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Synopsis

Previous work has shown that microwave heating ioleral ores induces fractures
around grain boundaries due to the differencesbsaption of microwaves and the
resulting differential thermal expansion among #agious mineral phases in the ore
particles. As a consequence, this reduces the grrequired in subsequent grinding
and enhances liberation of valuable minerals. Irs tstudy, first, the influences of
different variables on bulk strength reduction atmowave treated ores have been
investigated. Nine different binary ore models weam@nstructed by randomly
disseminating 10 vol.% microwave absorbing miner@stransparent matrices.
Computational simulations of heating, thermal damamd unconfined compressive
strength (UCS) tests on the conceptual binary drv@ge been undertaken by using
finite-difference modelling techniques. The inficef thermo-mechanical properties
of minerals on strength reduction of microwave teglores was examined. It was
shown that in general the thermal properties ofrtiierowave absorbing mineral and
the mechanical properties of the transparent mataxe the most significant effect on
the strength reduction. Binary ores containing anmmivave absorbing mineral that
has a high thermal expansion coefficient in a sgraransparent matrix achieved
higher reductions in strength. The influence ofaabsnt phase grain size on strength
reduction of ores was also quantified. It was shdhat for the same energy inputs
and mineral types, the reductions in strength wergh higher in coarse-grained
ores. It has also been shown that for the sameralogy and treatment condition,
ores with poorly disseminated heated phase achiewszh higher strength reduction.
The effect of microwave treatment on the mechasteaé of an ore sample was also
examined. It was demonstrated that unconfined cessgire strength is less sensitive
to microwave-induced micro-fractures and found @cabpoor descriptor of liberation

behaviour.

A new method of characterizing damage in microvieaeted ore using a continuum
approach was developed. The method measures thagedamround the grain

boundary regions during the heating process. Usimg method, it was possible to
elucidate in detail the influences of power densityineralogy, ore texture on
microwave treatment of ore. It was shown that t@ant of grain boundary damage

incurred at a specific power density and energyutnig dependent both on the ore



mineralogy and its texturéelhe energy inputs that were required for significén

10%) grain boundary damage in the ores range fro@® @ 7.06 kWh/t depending on
the power density applied, the ore mineralogy aadexture. It was also shown that
for a given mineralogy and ore texture there iscavpr density level below which no
further increase in grain boundary damage is pdsshy increasing exposure time.
The effect of pulse repetition frequency on gramurdary damage was also
elucidated using the methddlwas found that high pulse repetition frequencgies0

Hz) resulted in an amount of grain boundary damtmg was indistinguishable from
that caused by continuous wave operation for adfiggergy input. It has also been
shown that for a fixed microwave energy input testlresult would be obtained by

using the lowest possible pulse repetition freqyeara highest peak pulse power.

The effect of microwave treatment of ores at dfiertreatment conditions on the
extent of damage and crack pattern was also inya&d in detailusing bonded-

particle model (BPM). It has been shown that theoamh of micro-cracks and also
the cracks pattern in an ore sample after micronagatment significantly depend on
its mineralogy, microwave treatment condition (powensity) and absorbent phase
grain size. It has also been shown that a minimwwegp density is required to
localize damage around the grain boundary in an saeple. This minimum power

density was found to strongly depend on the oreralagy and its texture.

Initial simulation test work concerning the effe€tmicrowave treatment on liberation
of minerals is also presented. It has been showat thicrowave irradiation
considerably changed the fracture pattern of an oresimulated single particle
crushing. The fracture pattern of the ore treateéchigh power densityPy = 0.1 kW
/mntabs for 1 mswas along the grain boundary and the absorbenteminwas
intact. In the ore treated at lower power density the same energy input{R 1
W/mniabs for 0.1 s) both intergranular and transgranufaactures were observed.
However, in all cases the fracture patterns werefg@rentially localized around the

grain boundary compared to that of the untreateel. or



Opsomming

Vorige studies het getoon dat mikrogolfverhittimgn ymineraalertse tot breuke om die
ertskorrelgrense aanleiding gee, omdat die verskde mineraalfases in die
ertsdeeltjies die mikrogolwe verskillend absorbeem, dus ook verskillend uitsit.
Korrelgrensbreuke verminder die vereiste energidatere slypwerk, en verhoog die
vrystelling van waardevolle minerale. Hierdie swdiet eerstens die uitwerking van
verskillende  veranderlikes op die algehele steddmindering van
mikrogolfbehandelde ertse ondersoek. Hiervoor isgeneverskillende binére
ertsmodelle  vervaardig deur mikrogolfabsorberende inemale met &
volumepersentasie van 10% lukraak in deursigtigériks®e te versprei. Met behulp
van eindigeverskilmodelleringstegnieke is berekgsimulasies van verhitting,
warmteskade en onbegrensde druksterkte (“unconfioatbressive strength”) op die
konseptuele binére ertse uitgevoer. Die invloed vdarmomeganiese
mineraaleienskappe op die sterktevermindering vakragolfbehandelde ertse is
eerste onder die loep geneem. Daar is bevind datwdirmte-eienskappe van die
mikrogolfabsorberende mineraal, en die meganieseséiappe van die deursigtige
matriks, die beduidendste uitwerking op sterktevsdering het. Binére ertse wat
mikrogolfabsorberende mineraal bevat nehoé warmte-uitsettingskoéffisiént an
sterk deursigtige matriks, het groter sterkteveshings getoon. Die invioed van
korrelgrootte in die absorbeerfase op die sterktewedering van ertse is volgende
versyfer. Die studie het getoon dat, op grond vaeselfde energie-insette en
mineraalsoorte, grofkorrelrige ertse groter sterktemindering ondergaan het.
Eweneens is bewys dat, met dieselfde mineralogibebandelingsomstandighede,
ertse metn swak verspreide verhittingsfase ook groter steskt@indering ervaar.
Die uitwerking van mikrogolfbehandeling op die megae toestand varn
ertsmonster is boonop ondersoek. Die studie hetogetlat onbegrensde druksterkte
minder gevoelig vir mikrogolfgeinduseerde mikrolueeus, en as: swak aanwyser

van vrystellingsgedrag beskou word.

n Nuwe metode om skade by mikrogolfbehandelde trtsgpeer is gevolglik met
behulp vanin kontinuumbenadering ontwikkel. Dié metode meeskiele rondom die
korrelgrens gedurende die verhittingsproses. Deigldel van voormelde metode was
dit dus moontlik om die invloed van kragdigtheidhenalogie en ertstekstuur op die

mikrogolfbehandeling van erts deeglik te onders@aar is bevind dat die mate van



korrelgrensskade byk bepaalde kragdigtheid en energie-inset, van sodiel
ertsmineralogie as ertstekstuur afhang. Na gelaag glie toegepaste kragdigtheid,
die ertsmineralogie en ertstekstuur, het die véeeenergie-insette vir beduidende
(>10%) korrelgrensskade van 0,09 tot 7,06 kWh/tigse&l. Dit het voorts geblyk dat
enige bepaalde mineralogie en ertstekstuur @oninimum kragdigtheidsvlak beskik,
onder welke vlak geen verlenging in blootstelligdstnige verdere korrelgrensskade
kan veroorsaak nie. Die uitwerking van pulsherhadifvensie op korrelgrensskade is
ook met behulp van bogenoemde metode verklaasstDige het getoon dat, op grond
van n vaste energie-inset, hoé pulsherhaalfrekwenst® Hz) en gelykgolfwerking

presies dieselfde hoeveelheid korrelgrensskadgetatlg het.

Volgende is daar met behulp vargebondedeeltjiemodel (“bonded-particle model”)
noukeurig ondersoek ingestel na die uitwerking vamerskillende
mikrogolfbehandelingsomstandighede op die hoeviekeBi@de en die kraakpatroon
by ertse. Die studie het getoon dat die hoeveelmeikirokrake sowel as die
kraakpatroon inz mikrogolfbehandelde ertsmonstersirgroot mate van die betrokke
erts se mineralogie, mikrogolfbehandelingsomstameliig (kragdigtheid) en
korrelgrootte in die absorbeerfase afhang. Daaragk bevind datz minimum
kragdigtheid nodig is om skade tot die gebied o kdirrelgrens te beperk, welke
minimum kragdigtheid oénskynlik grotendeels deer eltsmineralogie en -tekstuur
bepaal word.

Die studie bevat ook die resultate van aanvangsisietoetse oor die uitwerking van
mikrogolfbehandeling op mineraalvrystelling. Die etee het getoon dat
mikrogolfbestralingz beduidende verandering tot gevolg het in die eeskpatroon
met gesimuleerde enkeldeeltjievergruising. Die kpa&roon van die erts wat by hoé
kragdigtheid(Py = 0,1 kW/mnabs vir 1 msbehandel is, het &l langs die korrelgrens
gestrek, terwyl die absorberende mineraal nog okgede was. In die erts wat by
laer kragdigtheid dog dieselfde energie-inset betehris (R = 1 W/mmiabs vir 0,1
s), is sowel tussenkorrel- as oorkorrelbreuke opg&mIin teenstelling met die
onbehandelde erts, was die breekpatrone by dierzkhde erts egter in alle gevalle

steeds merendeels rondom die korrelgrens geleé.
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Chapter 1

Introduction

The mining and the mineral processing industries are major consumers of energy
and contributors to environmental degradation. For instance, about 4% of the
CO, emitted to the atmosphere comes from the worldwide extractive metallurgy
industry (Forrest and Szekely, 1991). In mineral processing, the extraction of
values in an ore from the waste is an energy intensive and energy inefficient
process. It has been reported that about 1.14 - 1.86% of the total national energy
consumption is attributable to comminution in different mining countries
(Tromans, 2008). And according to Fuerstenau and Abouzeid (2002) only 0.1 -
1% of the energy input in conventional grinding is used to create new surfaces,
the rest is turned into noise and heat. Microwave processing of ores provides
substantial benefits in reducing energy consumption and environmental impacts

of these industries.

Microwave heating of mineral ores offers a potential mechanism to induce
fractures between the value in the ores and the waste material surrounding it, due
to the differential in absorption of microwaves and the differences in thermal
expansion among various minerals in ore particles (Walkiewicz et al., 1991;
Whittles et al., 2003; Jones et al., 2005). As a consequence, this reduces the
energy required in grinding to separate the value from the waste material
(gangue). Further, there is evidence that the microwave-induced micro-fractures
result in improved liberation and recovery due to grain boundary fracture and/or

preferential breakage, depending on the ore (Sayhoun et al., 2005).

Most of the earlier research has focused on laboratory-scale, exploratory efforts
(Walkiewicz et al., 1991; Kingman, 1998; Kingman et al., 2000a, b; Vorster et
al., 2001; Kingman et al., 2004a, b ; Sayhoun et al., 2005). The work by Kingman
et al. (2004a, b) has shown for the first time that microwave treatment of ores may
be economically viable by using very high power density for short exposure times.

The results from laboratory work showed a reduction in the required breakage
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energy of 30% and also an increase in liberation of over 100% in the +500 pum size

fraction using an energy input of less than 1 kWh/t.

However, in order to realize the potential benefits of microwave processing of
ores, much work remains to be done to scale up the process and system designs.
Process scaling needs model development, simulation and understanding of the

effect of microwave on the process materials (Bradshaw et al., 2007).

To date, there are no good models for understanding the behaviour of microwave
treated ores and there exist no predictive tools to forecast expected damage in an
ore for a given microwave treatment condition. Also it is difficult to analyze the
micro-fractures that are believed to occur during microwave treatment. Further,
no quantitative method exists for relating microwave operating parameters
(exposure time and power density) to thermal damage for different ore textures,

mineralogies and thermo-mechanical properties.

Accordingly, this work attempts to better understand the effect of mineralogy, ore
texture and microwave power delivery on microwave treatment of ores through
numerical modelling and simulation. The work also attempts to provide
guidelines regarding the design target and operating conditions for developing

microwave cavities for industrial application.

The organization of the thesis is as follows: a review of the major experimental
and theoretical studies carried out to date on microwave assisted comminution
and liberation of minerals is presented in Chapter 2. This chapter aims to provide
the reader with sufficient background to the study of microwave assisted
comminution and to understand the intentions of the body of work presented in

this thesis.

Chapter 3 discusses in general terms, the fundamental nature of microwave, how
microwaves are generated, and their interactions with materials, the different
microwave heating mechanisms and microwave system components. Brief notes
concerning dielectric properties measurements, power density, penetration depth

are also included in this chapter.
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Chapter 4 discusses the most common strength properties of rocks, the tests used
for estimating them, and the different failure criteria used in rock mechanics.
These include uniaxial compressive strength, stress-strain properties in unixial
compression and Brazilian tension test. The correlation between uniaxial
compressive strength and ore breakage parameters is also presented. In the second
part of the chapter, different numerical techniques currently in use in rock
mechanics including finite difference, finite element, distinct element, boundary

integral and hybrid methods are discussed.

Chapter 5 details the methodologies used to simulate thermal and mechanical
behaviour and the specification of thermo-mechanical properties that are required
to accurately describe thermal and mechanical behaviour of microwave treated
ores using a continuum analysis based on the 2-D finite difference modelling
software application, FLAC V4.0. In this chapter, the procedures for
implementation of models in FLAC, the different constitutive models available
and the specific application of each model are detailed. The chapter also discusses
the methodologies used for modelling microwave heating, thermally induced

stress and unconfined compressive strength test.

Chapter 6 discusses the results of different numerical simulations undertaken for
investigating the effect of different variables on bulk strength reduction of
microwave treated ore. The chapter details the studies designed to examine the
effects of thermo-mechanical properties of constituent minerals, microwave
absorbent phase grain size, microwave power delivery, absorbent phase modal
area, and absorbent phase dissemination on bulk strength reduction of ores.
Further, the effect of microwave treatment on mechanical state of an ore sample

is examined in this chapter.

Chapter 7 presents a new method of characterizing damage in microwave treated
ores using a continuum analysis. The method measures the damage around the
grain boundary regions during the heating process. The method is used to
quantify the damage induced in two microwave treated binary ores. The influence
of power density on microwave treatment of ores is elucidated using the
developed method. Construction of damage maps, which show damage as a

function of power density and treatment time for different binary ores and ore

-3-
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textures is carried out in this chapter. The effect of pulse repetition frequency on

grain boundary damage is also examined.

The first part of Chapter 8 details the methodologies used to simulate a
macroscopic behaviour of ore models and the specification of the microscopic
properties that are required in the models to accurately describe mechanical and
thermal behaviour of microwave treated ores using bonded-particle model (BPM).
The calibration steps that were followed to obtain the required macroscopic
properties of the ore models are also discussed. In the second part, the results of
simulation of microwave-induced micro-cracks in the ore samples obtained using
bonded-particle model are discussed. Damage maps, which show percentage of
micro-cracks as a function of power density and exposure time for different binary
ores are presented. At last, the results obtained from simulation of single particle

compression of untreated and microwave treated ores are presented.

Chapter 9 is a summary of the conclusions drawn from the work performed. It
presents the conclusions made from the result obtained using both continuum
approach and bonded-particle model. The practical implication of the results on
microwave assisted comminution and liberation of mineral are also addressed.

The chapter also presents the scope for some future work.
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Chapter 2

Literature Review

2.1 Introduction

Significant work has been undertaken to investighéeuse of microwave energy in
mineral processing. Despite the considerable eftbdt has been expended in
understanding the concepts and principles of miax@mreatment of ores, there are
no industrial applications of the technology toedafhis chapter reviews the major
experimental and theoretical studies carried outd&abe on microwave assisted

communition and liberation of minerals.
2.2 Experimental Studies

The first attempt to assess the heating ratesftgreint minerals within a dielectric
field, though qualitative in nature, was that cadrout by Chen et al. (1984). These
authors reported the result of heating forty mitseiadividually with microwave
energy. As they had difficulty in measuring the wete temperature during
microwave irradiation, they did not report temperatinstead they reported the
microwave power input. The minerals samples wemrattierised before and after
microwave heating. From the result of the studyas concluded that most silicate,
carbonates and sulphates, some oxides and somdidadpwere essentially
transparent to microwave radiation. However, mo$ptsdes, arsenides, sulphosalts

and sulphoarsenides heated strongly.

Walkiewicz et al. (1988) later completed a moreadetl qualitative study of
microwave heating characteristics of various mihara compound. All heating tests
were conducted on a 25 g powdered sample per balickamples were irradiated in
1 kw, 2.45 GHz applicator. The temperature of thengles was monitored by
employing a type K thermocouple an ungrounded higathed in Inconel 702. The
results obtained were similar to those of Chenle(1®84). Highest temperatures

were obtained for carbon and most of metal oxitlsst metal sulphides heated well
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without any consistent pattern. Metal powder anthescheavy metal halides also

heated well, gangue minerals such as quartz, ealoi feldspar did not heat.

The study also reported an important observatiahrdpid heating of ores minerals in
a microwave transparent matrix generated thermesstof sufficient magnitude that
can create microcrack along mineral boundaries.sfindy concluded that this kind of

microcracking has a potential to improve grindirfficeency as well as leaching

efficiency. Table 2-1 shows the results obtainechitural minerals.

Table 2-1: Effect of microwave heating on temperatie of natural minerals (Walkiewicz

et al., 1988)

Mineral Chemical Temperature®C) Time, min
composition

Albite NaAlSizOs 82 7
Arizonite FeOs.TiO, 290 10
Chalcocite CeS 746 7
Chalcopyrite CuFeS 920 1
Chromite FeGiO, 155 7
Cinnabar HgS 144 8
Galena PbS 956 7
Hematite FeOs 182 7
Magnetite FeO, 1258 2.75
Marble CaCQ 74 4.25
Molybdenite Mo$S 192 7
Orpiment ASS3 92 4.5
Orthoclase KAISOs 67 7
Pyrite Fe% 1019 6.76
Pyrrhotite FexS 886 1.75
Quartz SiQ 79 7
Sphalerite ZnS 87 7
Tetrahedrite CuShyS:3 151
Zircon ZrSig, 52 7
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McGill et al. (1988) reported the effect of powewrél on mineral heating rate. The
sample minerals were powdered and exposed to wamoigrowave power input
ranging from 500 to 200 W. All tests were conducted 25 g of sample. It was
observed that an increase in microwave power lexhtmcrease in the heating rate of
the minerals while low loss minerals such as quarid orthoclase did not heat

effectively regardless of the applied power.

Chunpeng et al. (1990) also conducted a researdnvestigate the response of
several oxides, sulphides and carbonate mineramsi¢cowave irradiation. All tests
were conducted on a 50 g powder sample per batithaninicrowave power input of
500 W of 2.45 GHz frequency and constant exposume {4 min). The results

indicated that the majority of oxide and sulphide@enals heated well.

Walkiewicz et al. (1991) later demonstrated that tapid heating of ores containing
microwave energy absorbing minerals in a non-aldsgrigangue matrix generated
thermal stress. This thermal stress caused mieckcalong the mineral grain
boundaries, as a result the ore became more ameetoadtinding. In their study, iron
ore samples were subjected to 3 kW, 2.45 GHz radiaand heated to average
maximum temperatures between 840 and 940°C. S.Bdébmicrographs confirmed
that fractures along grain boundaries and througtimigangue matrix were occured.
Standard Bond grindability tests showed that miewsv preheating of the ores
reduced the work index of iron ores by 10 to 24%wHver, this improvement was

not enough to compensate for the energy consumegfitire microwave preheating.

Walkiewicz et al. (1993) studied the effect of teargiure and power level on Bond
work index. A Taconite feed material was heatedanous temperature at 12 and 16
kKW. Improved values of grindability were obtained @l power level which
confirmed the hypothesis that microwave energyindace thermal stress cracking.
A comparison was also made between material h¢éat®@80 and 197C. It was found
that ores heated to the lower temperature showednaiderable decrease in Bond
work index and this significantly improved the caffectiveness of microwave

assisted grinding when compared to samples heat@8iXC.

Tavares and King (1996) investigated the effeatapfd microwave heating on single
particle comminution of ores by using a device emlUItrafast Load Cell (UFLC).
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The study was carried out on iron ore and tacamigesamples. The iron ore sample
consisted of polycrystalline of hematite, magnetitel quartz. The taconite sample
consisted of magnetite in a chert matrix. The agthesed a low power multimode
cavity operated at 2.45 GHz with a power range tf 1.2 kW. The sample mass was
about 10 grams. The effect of microwave and cotiweal thermal pre-treatment on
the fragmentation pattern was assessed through iextom of single particle

breakage function. The results indicated that tlaépre-treatment (both conventional
and microwave) improved breakage by producing & shithe top of the breakage

function to finer size without increasing signifitly and even decreasing the
proportion of fines. It was observed that the beggkfunctions of microwave treated

ores were consistently finer than those of coneerally heated samples.

Harrison (1998) investigated the heating charasties of twenty five minerals in a
650 W, 2.45 GHz microwave oven and classified tiemthree groups:

Group I: High heating rate (Common valuable oreerai)
-Minimum temperature 17& after 180 s

-Metalliferous ore minerals e.g. pyrite, galenagmetite, pyrrhotite,

bornite, chalcopyrite
Group II: Medium heating rate (some valuable oraeral)
-Temperature varies 69 - X1 @fter 180 s treatment
- Ore minerals e.g. ilimenite, hematitesseerite, bauxite

Group lll: Low heating rate (silicates, carbonatesl other typical gangue

minerals)
-Maximum temperature’®0after 180 s treatment

-Mainly gangue with some orenerals e.g. quartz, feldspar, calcite,

mica, barites, sphalerite, rutile.

Kingman et al. (1998) investigated the effect otmwave treatment on massive

Norwegian. ilmenite ore. The results showed thahsaterable reductions in
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comparative Bond work index could be achieved aftécrowave treatment. For
instance, up to 90% reduction in Bond work indexs \&ehieved after treatment for 60
seconds at 2.6 kW. Significant increases in comaentgrade and recovery of
valuable mineral were also demonstrated after a $tame magnetic separation
process. It was concluded that short, high-powerramiave treatments were most
effective because over exposure of the sample dedeductions in downstream
processing efficiency. This work was extended bygfan and Rowson (2000) to
examine the reason for possible increases in regook valuable minerals after
microwave treatment. It was shown that increasexdwvwery was not only due to
increase in liberation but also due to the enhaecgraf the magnetic properties of

the material.

Kingman et al. (2000a) carried out a study of tlifece of mineralogy on the

responses of ores to microwave radiation. Fouredsfit ores: massive ilmenite,
refractory gold, carbonatite and massive sulphiderewinvestigated. The work
demonstrated that ores that have consistent nhiggrand contain a good absorber
of microwave radiation in a transparent gangue imdtr be most responsive to
microwave treatment while ores that contain smadirtiples that are finely

disseminated in discrete element respond pooriyitsowave treatment in terms of
reduction in required grinding energy. It was atemcluded that the use of purpose
built more efficient microwave heaters may makertherowave treatment of ores of

certain mineralogy economic.

The influence of microwave treatment on flow shaign has also been investigated
by Kingman et al. (2000b). Rod mill feed from a Boéfrican copper plant was
subjected to microwave treatment at various poeeels for various exposure times.
The comparative Bond work index determined for eaamples was used to
investigate the performance and design of the agtuading for the ores. Using flow
sheet modelling software, it was shown that an apexuit mill followed by a closed
circuit ball mill could be replaced by a single apgngle circuit rod mill. However, it
was concluded that the technical benefits weractttre but the economics were poor,
as the reduction in work index was achieved at ligbrowave energy input. For

instance, a microwave energy input of 130 kWh/tcfmvave irradiation of 1 kg
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sample at 2.6 kW for 180 seconds) was requireg@daae the Bond work index from
13.1 to 2 KWhtt.

Vorster et al. (2001) investigated the effect ofcmowave treatment upon the
processing of two types of Neves Corvo copper ¢aemassive copper ore and a
massive copper-zinc ore). Grindabliy tests weredaoted on 500 g of the untreated
samples and samples microwave treated at 2.6 kWilifierent exposure times. The
results indicated a reduction in Bond work index 7@% after 90 s microwave
exposure for the massive copper ore. For the massigper-zinc ore that was water
qguenched after 90 s microwave exposure at 2.6 kv&daction in Bond work index
of 65% was obtained. Process simulation on the gqupeEkUSIMPAC showed
significant flowsheet changes were possible assaltref exposure to microwave

radiation and the subsequent reduction in workxnde

Kingman et al. (2004a) carried out a study to itigase the effect of applied
microwave power level, optimisation of microwaveergy transfer and microwave
cavity type on the required comminution energy. féheave power of 5, 7.5, 10, and
15 kW in single-mode and multimode cavity were @plto a lead-zinc ore of
different particle sizes. Point load and drop weitgsts were used to determine the
strength of the ore after each type of microwaeattnent. The results indicated that
both cavity type and microwave power level had gnificant influence on the
reduction in strength of the ore. For the same pa#&0 kW, a 5 s (an energy input
of 13.9 kWh/t) treatment was needed to obtain a S@®¥uction in strength in
multimode cavity but only 0.5 s (an energy inputlo89 kWh/t) was required for
greater reduction in a single mode cavity. Theyctated that microwave treatment
of ores can be economical by using a single mog#yceapable of producing high

electric field that is evenly distributed across thed ore stream.

Kingman et al. (2004b) investigated in detail tr@meinution behaviour of ore
treated at high microwave power for a short exposume in a single mode cavity. A
copper carbonitite ore samples were irradiated varaable power inputs (3-15 kW).
After microwave treatment; point load test, dropighé test, grindability test and
QEM*SEM liberation data were used to characterise dcomminution behaviour of
the treated ore. The results of the tests indic&edhe first time that significant

changes can be achieved by using a microwave pawerts that is potentially

-10 -
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economic. The drop weight test showed a reductiorequired breakage energy of
30%, grindability tests indicated that a reductid0% in specific breakage rate and
QEM*SEM also showed that the liberation in the 8%0n size fraction increased

over 100% using an energy input of less than 1 kWh/

Sahyoun et al. (2005) investigated the influencenorowave pre-treatment on
copper floatation. Nine representatives 1 kg ofpsspcarbonitite ore samples of rod
mill feed were used. All samples were treated single-mode microwave cavity at
power levels 5, 7.5,10 and 12 kW for exposure tiofe3.1 and 0.5 s. After treatment
the samples were ground in a steel rod mill. ThéB@g of each sample was used for
flotation in a 3 L Denver laboratory flotation ceffter flotation copper analysis was
carried out using acid dissolution and atomic ghison spectroscopy. The result
indicated that a higher initial recovery in the rmigave treated samples for all power
level and exposure time. It also showed that irgtnrga microwave power and
treatment time both improve the grade and recoaehjeved. At lower power level
the cumulative grade of the treated material waslai to that of untreated material.
A simple economic analysis was also carried out ubing the 4% increase in
recovery obtained due to microwave treatment (withadding the energy saving
from comminution) and the results indicated thagagback period time of less than 2
years required for the best scenario case wherel&syears of payback time needed

for the worst scenario.

Olubambi et al. (2007) investigated the influenoésnicrowave irradiation on the

heating characteristics, breakage response, maggrahnd the mechanisms of
dissolution in sulphuric acid and hydrochloric acldhe ore used for the study was a
complex sulphide ore and it consisted of silicaeste, ferrous sphalerite, galena,
pyrite and covelite. 100 g each of the represargaamples of the ore was treated in
a kitchen type microwave oven for 5 to 11 min. Maxm power of 1100 W was used
for the study. The results indicated that microwaeating at increased power and
time had a positive effect on size reduction. Digson potentials were shifted to

more negative values after microwave treatment, lewtdissolution currents,

dissolution current densities, and dissolution gatere also increased. It was
suggested that the increase in dissolution of therowave treated samples was

attributed to an increase in electrochemical sitssulting from an increase in the

-11 -
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number of cracks and increased pyrite phases wticmoted galvanic interaction

within the system.

Scott et al. (2008) investigated the effects ofrow@ve treatment on the liberation
spectrum of a rod-milled South African carbonatdee based on quantitative
mineralogical analysis. The ore was treated atowiave power of 10.5 kW for 0.5 s
in a single mode microwave cavity in batches ofgl khe treated and untreated ore
were subsequently grinded to 80%-8@@0. The microwave treated ore showed a
significant increase in the amount of liberatedpmpminerals in the relatively coarse
particle size range (106 to 3Q@n). Similar significant shifts in the liberationesgra
were noted for all the minerals in the ore. It wagygected that, as a result of
microwave pretreatment, intergranular fracture wasurred between microwave
susceptible and non-susceptible minerals, andthksdracture pattern was changed,

which altered the size distribution of the gangusenial.
2.3 Theoretical Studies

A number of theoretical studies have also beenethout on microwave treatment of
ores. The first attempt to model the thermally icell stress when an ore subjected to
microwave irradiation was that carried out by Saenet al. (1996). These authors
examined the feasibility of short pulsed microwave-treatment of ores using finite
element numerical modelling to predict the thermechanical response of a single
pyrite particle in a calcite matrix during microveatreatment. They predicated that a
significant temperature differential would occurtween the two phases and the
resulting thermal stresses would exceed the stiemigthe materials. The simulation
yielded promising results in terms of the magnitudestresses developed when a
short pulse of very high power densitiesx(10>W/m? for 40 ms and ¥ 10**W/m?®

for 40 us) were applied. They also suggested that the ecprd microwave assisted

grinding can be greatly improved by using very hpglwer for a short period of time.

Whittles et al. (2003) investigated the influenck ppwer density on strength
reduction by using a finite difference numerical dalting. The simulations were
carried on 15 mm x 30 mm size sample consisted 086,11 mni microwave

absorbing pyrite in a calcite matrix. A specifidwmetric heating rate was applied to

the pyrite grains and the subsequent thermal expangas modelled. No heat was
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applied to the calcite matrix. A variable power signbetween % 10° and 9x 10°
W/m® was used to represent the power density in a W6 %45 GHz multimode
microwave cavity. However, the method used for wlaking the power densities was
not mentioned. A power density of<10"* W/m® was assumed as a typical power
density in a 15 kW, 2.45 GHz single mode cavitye Exposure times used for the
simulations were between 1 and 30 s for the lowgyadensity and between 0.05 and
1 s for the high power density. After simulation leéating, uniaxial compressive
strength tests were undertaken. The results shakatdhigh power densities were
vital to rapid stress generation within the orenwmaSimulation of samples treated at
multimode microwave cavity showed reduction in gt from 126 to 79 MPa in 30
s. However, simulations of samples treated at aepaensity of 1 x 18 W/m?
showed a reduction in strength from 126 to 57 MPa.05 s. The authors suggested
that higher stress were possible in the high pavessity (1x 10" W/m®) case as
there was less time for conduction between theawiave responsive and transparent

phase.

Jones et al. (2005) later carried out a two dinerdifinite-difference simulation to
investigate in detail the thermal stress develognaend subsequent thermal damage
when an ore exposed to high electric field microsvanergy. The authors also
examined the effect of power density and absorlprdse grain size on peak
temperature attained by the simulated ore. The latea mineral ore comprised of a
pyrite grain in a calcite matrix. Simulations werarried out by varying the power
densities between % 1¢° and 1x 10" W/m?® for different exposure times. The
influence of particle size on the peak temperasttt@&ined also examined by using ten
different particle size of microwave absorbent ghayrite (50um - 500 pm).
Simulation results indicated that the stress regimmde pyrite is compressive
whereas outside the boundary shear and tensilesstne predominant. The peak
temperature attained in the particle generally aased with particle size. From
analysis of the stress regime, the authors sugljéisé intergranular fracture will be
dominant for spherical particle, but for particlevéating from spherical, transgranular

will be more prevalent.

The influence of microwave energy delivery methadstrength reduction was also
examined by Jones et al. (2007) using a two-dinoesasifinite difference thermo-
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mechanical simulation. The model ore was compriséda 1% pyrite particle
randomly disseminated in a calcite matrix. The mwave heating of the absorbent
phase was simulated by adding a volumetric powesitie in the particle. After
heating, the strength of the ore was quantifiedubing simulation of unconfined
compressive strength test. Lower power densitieging from 1x 10°- 1 x 10"
W/m?® and higher power densities betwees 10"*and 1x 10" W/m?® were used to
represent the power densities that could be expenteontinuous wave and pulsed
wave equipment, respectively. The results indicatedeneral that higher strength
reduction was obtained when the power density veag kigh and the exposure time
was very short. The authors also suggested thatefuhicrowave equipment should
be capable of producing power densities between10'° and 1x 10" W/m?® with
exposure times between 0.002 and 0.2 s in orddnaie a significant strength

reduction in the microwave treated ores.

Wang et al. (2008) studied the effect of microw&eating on thermal damage in a
conceptual ore consisted of pyrite in a calcitermdty using a thermal-based particle
model. In the model, it was assumed that microwawergy input completely
contributed to enhancing the repulsive bond sttebgtween the contiguous particles
and material’'s physical properties did not changeng a successive heating process.
The total particle size of the model material anel absorbent phase grain size were
not reported. Simulations were performed using podensities of 1x 10° and X
10" W/m® to describe the temperature profile, stress 8istion and the fracture
density within the model materials. The simulatiogsults indicated a higher
temperature gradient and thermal stress at theaotebetween the pyrite and calcite
phases when the power density was high for the sexpesure time. They also
showed that the fracture density (the ratio of nembf broken bonds to original
number of bonds) increased as the microwave expdsue (energy input) increased.
However, the effect of power density on temperapnaile, stress distribution and
fracture density for the same energy inputs wasmastigated. It is apparent that if
the exposure time is the same and the power deissitigh, the energy input to the
material will be high.
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2.4 Conclusions

Major experimental and theoretical studies on mierge assisted communition and
liberation of minerals have been reviewed in thaptér. In general, most of studies
have been exploratory in nature and have also pedormed on a laboratory scale.
However, results were very promising when they emenpared to conventional
technologies. The information presented in thisptétrahas shown that microwave
treatment of ore minerals can indeed reduce theggrrequired in grinding and also
increase liberation and recovery of minerals. Havewhere are no industrial

applications of the technology.

In order to realize the potential benefits of mave in mineral processing, much
work remains to be done to scale up the processgstdm designs. The effects of
mineralogy, thermo-mechanical properties, and exéutes on microwave treatment
of ores have not been investigated either expetiaigror theoretically. Further, it is
noted that there are no good models for understgnitie thermal and mechanical
behaviour of microwave treated ores and there axaspredictive tools to forecast
expected thermal damage (both bulk and local) filerdint ores (of different thermo-
mechanical properties, ore textures) for a givercrowave treatment condition

(power density and exposure time).

It is most likely that the required design paramse{@ower density, energy input) for
a microwave unit will be affected by mineralogye dexture and thermo-mechanical
properties. Thus, the effects of these variablestton design target should be
determined in order to scale up the technology ifatustrial application. It is

noticeable that numerical modelling and simulatdrihe process by using different

ore mineralogies and textures is of paramount itapce.
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Chapter 3

Microwave Fundamentals

3.1 Introduction

A basic understanding of microwaves and their adgons with materials is required
in order to appreciate the potential benefits, ab &s to understand the limitations, of
microwave processing of ores. Accordingly, the aifrthis chapter is to discuss in
general terms, the fundamental nature of microwhw®; microwaves are generated,
their interactions with materials, the differentcnawave heating mechanisms and
microwave system components. Further, brief notexerning dielectric properties

measurements, power density and penetration deptbresented.

3.2 Microwave

Microwaves are electromagnetic waves with wavelenghorter than one meter and
longer than one millimeter, or frequencies betw8@@ megahertz and 300 gigahertz
(Figure 3.1). The initial surge in microwave teclngy development was driven by
the military needs of the world war (Meredith, 199Bhe tremendous effort that went
into development of radar during World War |l geated a great body of knowledge
on the properties of microwaves and related tedgies (Stein et al., 1994). From a
commercial standpoint the microwave oven was €@lesteloped in 1951 when a large
floor standing model was produced by the Raytheompany of North America
(Osepchuck, 1984). For domestic purposes ovensniecavailable in the early
1960’s and from then a mass market was initiated.

In the past 40 years, the microwave oven has be@madispensable appliance in
most kitchens. Faster cooking times and energyngavover conventional cooking
methods are the main benefits (Meredith, 1998hd&lgh the use of microwaves for
cooking food is prevalent, the application of theshnology to the processing of

materials is a relatively new development. The wa$emicrowave energy for
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processing materials has the potential to offerilaimadvantages in reduced

processing times and energy savings.

Frequency (He)
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Figure 3.1: Electromagnetic spectrum and frequencigused in microwave

Microwaves have extensive application in the fiefdcommunication. However, the
federal communication commission (FCC) has allatatertain frequencies for
industrial, scientific, medical and instrumentatid8MI) applications. The two most
commonly used frequencies are 915 MHz (896 MHz k) Bind 2.45 GHz. Domestic

microwave ovens are a familiar example operatir@y4é GHz.
3.3 Microwave Heating

When an electric field interacts with a materiatioas responses may take place. In
conductors, electrons move freely in the materialeisponse to the electric field and
electric current results. However, microwave wél largely reflected from the surface
and therefore they are not effectively heated byrowave (Haque, 1998). In
insulator, electrons do not flow freely, but elecic reorientation or distortion of
induced or permanent dipoles can give rise to hgdtbtein et al., 1994). Materials

which are excellent absorber of microwave energycassified as dielectric. Thus, in
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general, natural materials can be classified inthoee: conductors, insulators

(transparent) and dielectric (absorber).
3.3.1 Difference between Conventional and Microwave Heatg

It is essential to understand the difference betweenventional and microwave

heating before discussing the potential advantagssciated in using the microwave
for material processing. In conventional thermalgesssing, energy is transferred to
the material through convection, conduction, ardiateon of heat from the surfaces
of the material. In contrast, microwave energy @ivéred directly to materials

through molecular interaction with the electromdgnéeld. In heat transfer, energy
is transferred due to thermal gradients, but mienmvheating is the conversion of
electromagnetic energy to thermal energy.

Unlike conventional heating ovens, microwave ovaresvery efficient in converting
energy into heat in the workload. In a large indakbven, the efficiency can be in
the region of 95% and the conversion of electrp@her into microwave power can
have an efficiency of 85% (Meredith, 1998). In digli, a conventional oven has to
be heated to a temperature substantially in exae#ise required temperature in the
workload; a microwave oven is normally heated teraperature not greater than the
required surface temperature of the workload. Ttkation and the convection heat
loss from the microwave oven are therefore sigaifity less because of its low
temperature. Further, energy saving arises becausenicrowave oven has
instantaneous control of power, which means thailiegum condition are rapidly
reestablished after a change, and start-up camd. rVery fast feed back control
loops can be used to control process parameterraety leading to improved
product quality (Meredith, 1998).

This difference in the way energy is delivered pasult in many potential advantages
to using microwaves for processing of materialsic&i microwaves can penetrate
materials and deposit energy, heat can be genetiatedghout the volume of the
material. The transfer of energy does not rely dfluslon of heat from the surfaces,

and it is possible to achieve rapid and uniformtinga(Thostenson and Chou, 1999).

In addition to volumetric heating, energy transieéla molecular level can have some

additional advantages. Microwaves can be utilizedstlective heating of materials.
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The molecular structure affects the ability of thierowaves to interact with materials
and transfer energy. When materials in contact Idifferent dielectric properties,

microwaves will selectively couple with the highess material. This phenomenon of
selective heating can be used for a number of m@pocluding microwave assisted

comminution and liberation of minerals.

Although direct heating by microwaves can offer atages over conventional heat
transfer, the different mechanism of energy transfemicrowave heating has also
resulted in several new processing challenges. lBecanergy is transferred by the
electromagnetic field, non-uniformity within theeetromagnetic field will result in
non-uniform heating. As materials are processeely thften undergo physical and
structural transformations that affect the dielegoroperties (Thostenson and Chou,
1999).

3.3.2 Microwave Heating Mechanism

Microwaves can be visualized as a high frequencsillasng electric (E) and
magnetic (H) fields as shown in Figure 3.2. Anythithat is put into this field, if it
may be electrically or magnetically polarised as thscillation frequency, will be

affected.

Figure 3.2: Electric and magnetic field in microwae
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Three principal microwave heating mechanism eXhiftaker, 1997):
1. Dipolar polarisation,
2. Conduction mechanisms

3. Interfacial polarisation
3.3.2.1 Dipolar Polarisation

Dipolar polarization is a polarization that is peutar to polar molecules. In polar
molecules, the different electronegativites of widlial atoms results in the existence
of a permanent electric dipole on the molecule {fédg3.3). The dipole is sensitive to
external electric fields, and will attempt to aligiith them by rotation, the energy for
this rotation being provided by the field. Thisligament is rapid for a free molecule,
but in liquids instantaneous alignment is prohibitey the presence of other
molecules (Whittaker, 1997). A limit is thereforkaged on the ability of the dipole to
respond to a field, which affects the behavior bé tmolecule with different

frequencies of electric field.

Under low frequency irradiation, the dipole mayatday aligning itself in phase with

the electric field. Whilst some energy is gainedttwy molecule by this behavior, and
some is also lost in collisions, the overall hegtaffect is small. Under the influence
of a high frequency electric field, on the othenthathe dipoles do not have sufficient
time to respond to the field, and so do not rotA®.no motion is induced in the

molecules, no energy transfer takes place, anceftre;, no heating (Whittaker,

1997).

g ‘, ‘)_; . /’

‘}" o g e

Figure 3.3: Dipolar polarisation Schematic

v
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Between these two extremes, at frequencies whiehapproximately those of the
response times of the dipoles, is the microwaveoregrhe microwave frequency is
low enough that the dipoles have time to resporitiéalternating field, and therefore
to rotate, but high enough that the rotation dazspnecisely follow the field. As the

dipole reorientates to align itself with the fielthe field is already changing, and a
phase difference exists between the orientatidhefield and that of the dipole. This
phase difference causes energy to be lost frordifede in random collisions, and to

give rise to dielectric heating.
3.3.2.2Conduction Mechanisms

When the microwave irradiated sample is an eladtgonductor, the charge carriers
(electrons, ions, etc.) are moved through the n@temnder the influence of the

electric field resulting in a polarisation. Theseluced currents will cause heating in
the sample due to any electrical resistance. Foerg good conductor, complete
polarisation may be achieved in approximately}®€econds, indicating that under the
influence of a 2.45 GHz microwave, the conductilegteons move precisely in phase
with the field (Whittaker, 1997). When the conduit$i of the material is very large

(typical for metal-like material), the fields atteate rapidly toward the interior of the

sample due to skin effect.

The skin effect is the tendency of an alternatitextec current (AC) to distribute
itself within a conductor so that the current dgnsear the surface of the conductor is
greater than that at its core. That is, the electrrent tends to flow at the "skin" of
the conductor (Meredith, 1998). The skin effectolres the magnetic properties of
the material. When a large current flows insidedample due to a high conductivity,
a combination of the magnetic filed with the cutr@noduces a force that pushes
conducting electrons outward into a narrow areacatjt to the boundary. The extent
of this skin-arm flow is called the skin depth,Skin depth is defined as the distance
into the sample at which the electric field is regld to 1/e of the surface value. The
following equation generally used to estimate tkia depth in a material (Stein et al.,
1994).
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0= i L 3.1
NTRA

O = the skin depth (m)

Where

Lo =4z x107 (H/m)
L = the relative permeability of the medium
p' = the resistivity of the mediun©m)

f =the frequency of the wave (Hz)

3.3.2.3Interfacial Polarisation

Interfacial polarization is most easily viewed asoabination of the conduction and
dipolar polarisation effects. This mechanism is am@nt for systems comprised of
conducting inclusions in a second, non-conductiragemial. An example would be a
dispersion of metal particles in sulphur. Sulplumicrowave transparent and metals
reflect microwaves yet, curiously, the combinatiborms an extremely good
microwave absorbing material (Whittaker, 1997).

3.4 Microwave Systems

Microwave systems consist of three major componehts source, the transmission
lines, and the applicator. The microwave sourceeg®rs the electromagnetic
radiation, and the transmission lines deliver thecteomagnetic energy from the
source to the applicator. In the applicator, thergn is either absorbed or reflected by

the material.
3.4.1 Microwave Sources

Generation of electromagnetic radiation resultsnfrine acceleration of charge. To
achieve the high power and frequencies required nidcrowave heating, most
microwave sources are vacuum tubes (Stein et 4)1 Some vacuum tubes that

have been used for microwave heating include magmgt traveling wave tubes
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(TWTSs), Klystrons, gyrotrons and power-grid tub&dnly magnetrons will be

discussed here.
3.4.1.1Magnetrons

These are the tubes used in conventional microvearems found in almost every
home and in industrial ovens. The magnetron isntlgr player in a class of tubes
termed ‘cross field so named because the basirdotion depends on electron
motion in electric and magnetic field that are gagicular to one another and thus
‘crossed’ (Stein et al., 1994). In Magnetron, ardical electron emitter or a cathode
is surrounded by a cylindrical structure, or anaatehigh potential and capable of
supporting microwave fields. Magnets are arrangeslpply a magnetic field parallel
to the axis and perpendicular to the anode catlebeldric field. The interaction of
electrons traveling in the cross field suppliediyy anode causes a net energy transfer
from the applied DC voltage to the microwave fiel@he interaction occurs
continuously as the electron transverse the catlandele region. The magnetron is
the most efficient microwave tubes, with efficieeiof 90% having been achieved
(Stein et al., 1994) with 70-80% efficiencies conmmo

The output power of the magnetron can be contraheough adjusting the period of
operation or adjusting the cathode current or mtgnigeld strength. In home
microwave ovens, the magnetron is operated atpfuer. During a specified time,
the current is turned on and off for segments efghriod, and the average power is
reduced. This on/off type of control is often reéel to as duty cycle control. If
continuous microwave power is required, the oufmwer of the magnetron tube can
be varied by changing the current amplitude of th¢hode or by changing the
intensity of the magnetic field. This allows vatialzontrol of the microwave power

within the range of the source (Thostenson and Ch&89).

3.4.2 Transmission Lines

The transmission lines couple the energy of theamiave source to the applicator. In
low power systems, the transmission lines are aftexxial cables, which are similar
to cables that are used on televisions. At higgueacies and output power, the losses

that occur in coaxial cables are significant, aray@guides are often the transmission
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line of choice in microwave heating systems. Wavaggi are hollow tubes in which
the electromagnetic waves propagate. The most cotlymsed cross-sections are

rectangular (Thostenson and Chou., 1999).

Two modes of microwave propagation are possibleaseguides: transverse electric
(TE) and transverse magnetic (TM). For the TE madde, electric intensity in the
direction of propagation is zero. For the TM modtle magnetic intensity in the
direction of propagation is zero. Every mathematscdution of the electromagnetic
wave in a rectangular waveguide can be decompaosediilinear combination of the
TE and TM modes (Stein et al., 1994). The most comnvaveguide mode is the
TE10 mode. The subscripts specify the mode of propagatind the mode indicates
the number of maxima and minima of each field invaveguide. In addition to
waveguides, there are several other transmissim domponents that are used for
equipment protection, sensing purposes, and cauptiicrowaves with the material

in the applicator (Thostenson and Chou., 1999).
3.4.3 Microwave Applicators

In simple term, microwave applicators are devited are designed to heat a material
by exposing it into a microwave field in a conteallenvironment. The objective is to
cause a controlled interaction between the micrewemergy and the material to
occur under safe, reliable, repeatable, and ecanoperating conditions (Meredith,
1998). Applicator may be conveyor operated; batcin@ase of indexing systems a
combination of both. Microwave energy may also bmbined inside the applicator
with other energy sources, such as hot air, infraaed steam in order to achieve

special results (Stein et al., 1994).

The design of the applicator is critical to micraeheating because the microwave
energy is transferred to materials through theiegar. The temperature fields within
the material undergoing microwave heating are iaity linked to the distribution of
the electric fields within the applicator (Merediti998). The most common
microwave applicators are the travelling wave, mualbde mode and single mode
applicators and there are advantages and disadenia using them. They will be

discussed in the following sections.
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3.4.3.1Multi-mode Applicators

Multi-mode applicators are the most common appic#gpes. They are capable of
sustaining a number of high order modes at the $am& In multi-mode applicators,
multiple field patterns are generated inside theitgawhich allows for uniform

heating of larger materials (Metaxas and Meredi®83). An example of a multi-
mode cavity is the home microwave oven. Microwawergy is introduced into a
closed metal box, and with the help of a smalltiotppropeller called a mode stirrer,
the microwave energy is scattered inside the owéarch uniformly heats the material

as it comes into contact with the electric fieléveloped by the microwave energy.

Unlike the design of single mode applicators, whacd designed based on solutions
of the electromagnetic field equations for a giagplicator geometry, the design of
multi-mode applicators are often based on trial armdr, experience, and intuition
(Thostenson and Chou, 1999). To establish a rebsonaiform electric field
strength throughout the cavity, it is desirableexzite as many of modes as possible
(Stein et al., 1994).

Key features of multimode cavity include:

- Suitability for bulk processing application
- Oven dimensions that are often determined by priodinrension
- Adaptability to batch or continuous product flow

- Performance that is less sensitive to product jeosdr geometry.

Kingman (1998) carried out detailed mineralogicalestigations into the effects of
microwave treatment on various ores using multimoaldty systems. It was found
that multimode cavity uses random heating pattéhad created intense hotsopts
within the samples. It was suggested that this tfpmicrowave applicators were not

ideal for treating minerals and ores.
3.4.3.2Travelling Wave Applicators

These are microwave applicators in which power, i@ a chamber from the
generator, is substantially absorbed by the wortklwdh the residue being dissipated

in an absorbing terminating load (Metaxas and M#énedl983). The microwave
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power is gradually absorbed by the load as thesliiag wave progresses along to the
end of the applicator. Their efficiency dependstondielectric properties of the load
and its cross sectional area. They are used onnconts flow basis, usually with a
conveyer belt. Travelling wave applicators are suitable for materials of low loss

because they become inconveniently long (Metaxdsviaredith, 1983).
3.4.3.3 Single-mode Applicators

In their simplest form, single-mode applicators sieh of a section of waveguide
operating at a frequency near cutoff (Stein et1l®94). In the microwave applicator,
theoretical analysis can be performed to deschbed¢sponse of microwaves. Given
the geometry of the applicator, it is often possitd solve the Maxwell equations
analytically or numerically with the appropriateumolary conditions. The design of
single mode applicators is based on solution oMla&well equations to support one
resonant mode. Consequently, the size of singleenaggblicators is of the order of
approximately one wavelength, and to maintain #somnant mode, these cavities
require a microwave source that has little varraiio the frequency output. Because
the electromagnetic field can be determined usiadyéical or numerical techniques,
the areas of high and low electromagnetic field Em®wn, and single mode
applicators have non-uniform, but predictable, tetenagnetic field distributions
(Stein et al., 1994). In general, single mode oavihave one “hot spot” where the
microwave field strength is high (Thostenson and«h1999).

Some advantages of single mode applicators aralaw/$:

- High electric fields are possible

- The applicators can operate in the standing oetray wave configurations.
- Fields are well defined

- Fields can be matched to product geometry

- The applicators are useful for heating both lowslasd high-loss materials
- The applicator are compatible with continuous proadiow

- High efficiency is possible
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The main disadvantage of single mode applicatotthas they are product specific
rather than general purposes and in operation eameby sensitive to changes in

product properties, geometry and position (Steia.etL994).

In general for the same power applied, a single encavity will establish much
higher electric field strengths than a travellingwe or multi mode cavity and for this
single mode cavity is most useful for treatmentas¥ loss dielectric (Metaxas and
Meredith, 1983).

Single mode cavity has been recently shown to helde for microwave treatment of
ore. The results of the study carried out by Kingreaal. (2004 a,b) indicated for the
first time that significant changes can be achidwgdising a microwave power input

that is potentially economic using single mode tavi
3.5 Dielectric and Magnetic Properties

Energy is transferred to materials by interactiérthe electromagnetic fields at the
molecular level, and the dielectric properties ewalty determine the effect of the
electromagnetic field on the material. Thus, thggats of the microwave/materials
interaction is of vital importance in microwave pessing. The interaction of
microwaves with molecular dipoles results in ratatiof the dipoles, and energy is
dissipated as heat from internal resistance tadtegion. Microwave propagation in
materials depends on the dielectric and magnetpesties of the medium. The
electromagnetic properties of a medium are chaiaete by complex permittivity )

and complex permeabilityf where:

e=g' —j&" 39

== ju" 3.3

Permittivity describes how an electric field affeand is affected by a dielectric
medium, and is determined by the ability of a matdo polarize in response to the
field, and thereby reduce the total electric figlside the material. Thus, permittivity
relates to a material's ability to transmit an &ledield. The real component of the

I

complex permittivity, & is commonly referred to as the dielectric constant
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permittivity while the imaginary partg” is the dielectric loss factor. The dielectric
constant,e’ characterizes the penetration of microwave ineorttaterial and the loss
factor, " indicates the material’s ability to store the giyeAnother commonly used

term for expressing the dielectric response iddks tangent where:-

n

£

tand = — 3.4
&

The loss tangent téns indicative of the ability of the material torogert absorbed

energy into heat.

Permeability is the degree of magnetization of @emna that responds linearly to an
applied magnetic field. In Sl units, permeabilisy measured in henries per meter
(H/m), or newtons per ampere squared. Similarlyrde and imaginary components

of the complex permeabilityy’ andy' , are the permeability and the magnetic loss

factor, respectively.
3.6 Dielectric Properties Measurements

Knowledge of dielectric data is essential in thesigie of the microwave heating
systems because it enables estimates to be mdke pbwer density dissipation and
the associated electric-field stress. The dielegiroperties of materials vary widely,
not only with composition, but also with densityentperature and frequency
(Meredith, 1998). As the dielectric properties govthe ability of materials to heat in
microwave fields, the measurement of these praggeds a function of temperature,
frequency, or other relevant parameters is veryont@mt. Physical interaction
mechanisms between electromagnetic field and nahtean be inferred from the
characteristics behavior of the complex permityivaf materials as function of

frequency and temperature (Stein et al., 1994).

Knowledge of the dielectric properties is also im@ot in supporting numerical
modeling and calculation of the absorbed powerritigion (power density) in the
samples heated using electromagnetic energy. Maasmt of complex permittivity
over a broad frequency band is required to comlgletearacterize the dielectric

properties of materials and to identify and chaazé the various relaxation
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processes (Meredith, 1998).The most common metbbd®lectric measurement are

transmission line, resonant cavity and free spaethodl.

The most common popular measurement techniqueshimacterization of complex
permittivity are transmission line methods. Theypyide broad band data from a
single test, are relatively simple to form and @¢ require large sample sizes (Stein et
al., 1994). In transmission line methods, compleattering parameters (S-
parameters) of a precisely machined sample platel ¢oaxial line or rectangular
waveguide are determined. Use of an automated netawalyzer simplifies the
measurements and the determination of S-paramét@ssmission-line methods are
useful in that they show relaxation behaviour arahgitions in permittivity with
changes in frequency for the material being tedtkvever, there are disadvantages
in using these methods. First, precise samplesfitritical, with air gaps causing
significant errors. Material that are brittle orffidult to machine are especially
troublesome. Second, elevated temperature measoi®msing transmission line

methods are very difficult (Tinga, 1992).

Cavity perturbation methods have also been widelgduto measure the complex
permittivity of material at microwave frequencieéBhe basic assumption of this
method is that the sample must be very small coetpaith the cavity itself, so that a
frequency shift that is small compared with theoremt frequency of the empty
cavity is produced by the insertion of the sam3eeif et al., 1994). The resonant
frequency and Q of the cavity are determined amdpawed with empty cavity values.
Cavity perturbation measurement can be highly ateurand are particularly

advantageous in the determination of small losgaan(Stein et al., 1994).

Free-space permittivity measurements are usefubdourate measurements at high
frequency (above 40 GHz), for composite samples lihge structural variations on
relatively large scale compared with sample sizzpiired for other measurement
techniques (Stein et al., 1994). For this methoglade of the sample material is
placed between a high-directivity transmitter areterver horns. Samples are
positioned at a given angle in the path of thedent beam and the transmission and
reflection coefficients are measured by the twonidal receiver horns suitably
aligned with respect to the incident beam and &mepde. The dielectric properties are
then measured from the observed transmission diedtren (Stein et al., 1994).
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3.7 Power Density

In microwave engineering, the amount of thermalrgyeeposited in to a material

due to microwave heating is called power density gimen by:

P, = 27fe,£'E,’ + 2rfu i'H )’ 35

WherePy is the power density (W/H, f is the frequency of the microwave radiation

(Hz), &,is the permittivity of free space (8.854 x"Y0F/m), £" is the dielectric loss

factor, E, is the magnitude of the electric field portiontbe microwave radiation

(VIm), p'" is the magnetic loss factor amdti, is the magnetic field (A/m). The terms

on the right side of the equation refer to elecnd magnetic losses, respectively. For
materials with no magnetic constituents the voluineatissipation of power can be

written as:-

P, =2/fe ' E° 3.6

It can be seen that the power density dissipatededrworkload is proportional to the
frequency of operation. The power density is alspeprtional to the loss factor which
depends on the frequency, temperature, composéimh moistures content. The
power density is also proportional to the squar¢hefelectric field Eo). Further, it

should be emphasized that determination of thereddeeld is not an easy matter, as
it varies from point to point inside the applicatdderedith (1998) mentioned the

following reasons why the electric field is not famm in microwave applicators:
a) the workload has boundary edges and corners, arsliiface may be
irregular, which causes field concentration byn'fing’

b) the workload may not be homogenous, with considera#riations in

permittivity

C) Metal structures may be present within the heatimgmber, especially

with sharp edges (they should be ‘rounded’).
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d) Dielectric structures may be present within thetingachamber to

support the workload
e) There may be standing wave due to reflection withenheating oven
f) Attenuation of energy propagating into the workloaaly occur

Q) Field concentration may exist adjacent to powezdtipn points where

the power flux density is high.

Due to the above reasons, estimating the powertgansa material using Equation
3.6 is not straightforward. Consequently, numerita@thods are normally used for
estimating the power density range that can be a®&gefor a given applicator

geometry, dielectric properties, microwave powet fiequency of operation.

Extensive experimental work and electromagnetiautation have been carried out in
Stellenbosch University, in the last ten years, f@asuring the dielectric properties
of monolithic and crushed ores samples and fomesiing the power densities in real
applicators. The results of a typical electromaigngmulation in a tunnel applicator
used for pilot scale treatment of crushed oresiguai 30 kW supply at 2.45 GHz, is
shown in Figure 3-4.

x 10°
Contour plot of Power Density [‘v"'.".-"l'ﬂg]
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Figure 3.4: Typical electromagnetic simulation resli showing power density

variation inside an applicator (Marchand, 2008)
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In this case, the bed of crushed ore was modeleaa ssid homogeneous material
with an effective bulk complex permittivity = 3.84- j0.28. The power densities
shown in the figure were obtained by dividing tletual power densities by 0.1. In
this way it is possible to correct for the homogemnassumption by assuming that the
power is dissipated in only 10 vol.% of the workdda.e. in this particular simulation
it was assumed that the ore consists of 10% miocrewabsorbent minerals by

volume).

As can be seen from the Figure 3-4, there is afgignt variation of power densities
inside the applicator. For example, for 30 kW syppsed in this simulation, the
power densities were in the range of 1¢° — 1 x 10° W/m®. However, it should be
noted the power density inside an applicator ispprtional to the power supply.
Thus, it is possible to achieve higher power déssithan this range by using high
power microwave equipment. The power densities shiomthe figure are typical of
the conditions under which ores are currently bdhegited at pilot scale. Greater
power densities are possible using high power puksguipment currently under
industrial development. In this type of equipmeeal pulse powers of the order of 1
MW can be obtained at pulse width ofid. As the pulse width is increased, the peak

pulse power decreases proportionally.
3.8 Penetration Depth

As a wave travels in to a dielectric-heating maleiits amplitude diminishes owing
to the absorption of power as heat in the matdnahe absence of reflected waves in
the material, the field intensity and its assodagiewer flux density fall exponentially
with distance from the surface (Meredith, 1998)c&ese the power absorbed in an
elemental volume of material is proportional to thewer flux density flowing

through it, the power dissipation also falls expurely from the surface.

The rate of decay of the power dissipation is action of both the relative
permittivity (€’) and the loss factorg"). The penetration deptB, (meter) is defined
as the depth into the material at which the power lhas fallen to 1/e (0.368) of its

surface value and is given as:-
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A
D, = 0 3.7

T

Where), is the free space wavelength.

The penetration depth is a very important paramfetea workload because it gives
an immediate first-order indication of the heatritsition within it (Meredith, 1998).

Table 3-1 shows penetration depth of some minerals.

Table 3-1: Penetration depth of some minerals (Haison, 1998)

Mineral Penetration depth at 2.45 GHz (m)
Quartz 5.86
Hematite 0.21
lImenite 0.31
Chalcopyrite 0.33
Pyrite 0.11
Magnetite 0.06
Galena 0.84

As can be seen from the table, the penetratiorhdafptnost minerals is greater than
50 mm. Thus, as long as the patrticle size is lems the penetration depth, it is logical
to assume that the absorbent mineral is evenlyetielay the incoming microwave

radiation i.e. volumetric heating assumption issceeble for small particle size.
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3.9 Conclusions

The fundamental nature of microwave, the differ@ntrowave heating mechanisms
and microwave system components are discusseceichépter. It has been noted
that the ability of microwaves to couple energyedily to the microwave absorbent
phases is the primary advantage of microwave psiogsas compared to
conventional techniques. The volumetric heatinditgbof microwaves allows for

more rapid, uniform heating, decreased processing tompared to conventional

heating.

It has been noted that it is extremely difficultpieecisely determine the power density
in a dielectric due to variation of electric fieldithin the applicator. However,

estimation of the power density range that candbéeaed in single mode and tunnel
applicators for a given microwave power, dielecproperties, applicator geometry
and frequency of operation is possible by utilizingmerical methods based on
solutions of the electromagnetic field equatiob$ias also been noted that volumetric

heating assumption is reasonable for small parsice.
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Chapter 4
Rock Strength Testing and Modelling

4.1 Introduction

The mechanical properties of the intact rock arepomary importance in rock
mechanics problems. Determination of the strengtpegrties of the rock and the
appropriate elastic constants is the principal stepny engineering design in rock.
This chapter discusses the most common strengthepres of rocks, the tests used
for estimating them, and the different failure enid used in rock mechanics. These
include uniaxial compressive strength, stress#sipabperties in uniaxial compression
and Brazilian tension test. The correlation betwemiaxial compressive strength and
ore breakage parameters is also presented. Inagiepart of the chapter, different
numerical techniques currently in use in rock meatgincluding finite difference,
finite element, distinct element, boundary integaad hybrid methods are briefly

discussed.
4.2 Strength Properties of Rocks

The ability of a material to resist externally apgl force is called its strength. In

engineering practice, strength may be regardetieafotce per unit area necessary to
bring about rupture at given environmental condgid¢Jumikis, 1979). The strength
properties of rock are dependent upon the intevadtetween the crystals, particles
and cementitious material of which it is composed such as cracks, joints, bedding
and minor faults as exist (Jaeger and Cook, 198%9¢. distribution of cracks, joint,

bedding and faults is so variable that the meclahpioperties of any large volume of
rock influenced by such separations have littleegainevidence for any other large
volume of rock. Therefore, the most basic mechampicgperties of rock are those of a
specimen of a size sufficient to contain a largenber of constituent particles but

small enough to exclude structural discontinuitiss, that it posses homogenous

properties (Jaeger and Cook, 1969).
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Rock strength can be defined only when all thengite governing factors such as
rock environment, size of rock specimen, kind, nstey and duration of load, lateral
confining pressure, temperature and failure cateare known (Stagg and
Zienkiewicz, 1968). The strength properties of a&krare also governed by the

qualitative and quantitative mineral compositiortled rock.

The strength of a rock may be established eithgrexentally by means of

laboratory testing of intact rock specimens andoforock-testing in situ. The latter is
performed because a rock may contain various kfideck imperfections and plane
of slippage (Jumikis, 1979). There are two waystl@ analysis of the strength of a
rock: static and dynamic method. The static properre computed from the stress-
strain response of a representative specimen ofmidterial subjected to a uniaxial
loading. The dynamic method is based on non-ddsteic geophysical

(seismic/acoustic) testing. It involves the measumet of compression and shear
wave velocities of a known frequency wave, tramgllithrough a representative

sample of the rock material.

Important static laboratory-tested strength proesertof rocks are: Compressive
strength (Uniaxial or unconfined compressive stiengnd Triaxial compressive
strength), Tensile strength, Direct shear strenB#émding or flexural strength and
Torsion test. The details of each test are discuss€Jaeger and Cook, 1969). Only
unconfined compressive strength and tensile stnesugt discussed here.

4.3 Uniaxial Compressive Strength (UCS) Test

The uniaxial compressive strength test is genefallgwn to be one of the most
rigorous strength tests of a material. It is als® ¢ommonest method for studying the
mechanical properties of rock (Jumikis, 1979). The&xial compressive strength test
is performed on cylindrical or prismatic or cubekapecimens by compressing or
loading them to failure (Brady and Brown, 1985)lexgth to diameter ratio from 2 -

2.5 is recommended to ensure a fairly uniform stogstribution in the sample and to
increase the possibility of a failure plane beirgefto form without intersecting the

resting head (Stagg and Zienkiewicz, 1968). Th& specimen usually fractures by
axial, brittle splitting or fail in shear, dependirup on the degree of the end
constraints at the ends of the rock specimen affére the platens of the testing
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machine and the surface quality of the parallelsenidthe rock specimen receiving
the load (Jumikis, 1979). Upon failure of the roskecimen at the ultimate
compressive stress, when the shear strength in its potential sheanelS-S is
exhausted, the sheared-off parts slide past edwr atross the inclined S-S plane |,
I.e. the rock fractures or fail in shear (Jumiki8y9).

Figure 4.1: Failure of rock specimen in UCS test

The unconfined compression test results also reddectly the unconfined shear
strengtht and the test parametepsand C commonly known as the angle of friction
and cohesion, respectively as a function of rupturgle ). Friction on the rupture
surface supports a considerable amount of axiesstrCohesion may be regarded as
the tangential strength (no-load strength).

The unconfined shear strengtis expressed by Coulomb’s shear strength equation:
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r=0,tang+C 4.1

Where

g

n

= % (1+ cos26) 4.2

From geometry of Mohr’s stress diagrapgand6 can be related as:

20=m/2+¢ 4.3

It is important to realize that the unconfined coegsive strength is not an intrinsic
material property. It strongly depends on the speai geometry or the loading

conditions used in the test.
4.4 Stress-strain Curve

The most common method of studying the mechanieggsties of rocks is by axial
compression of a circular cylinder. For any stiaggglied to the cylinder, the axial and
lateral strains may be measured either by strailgem attached to the cylinder or by
measurement of displacements (Stagg and Zienkied68).The stress—strain curve
is the graphical representation of the relationdtepwveen the stress, derived from
measuring the load applied on the sample, andttam sderived from measuring the
deformation of the sample. The nature of the cwames from material to material.
Figure 4.2shows a stress strain plot for the uniaxial congoesof a cylindrical rock

sample.
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Figure 4.2: Stress-strain response for a cylindridssample of rock under Uniaxial

compression

The region OA is the elastic zone and the slopa dihe in this region gives the
Young’'s modulus. Point A is called the yield poiBetween point A and B the rock
continues to deform without losing its ability tesrst load. This region is called the
ductile region. Beyond point B, the ability of theterial to resist load decreases with
increasing deformation and the rock enters theldniegion. Thus, point B denotes
the transition from ductile to brittle behaviourdatine stress at this point defines the
uniaxial compressive strength (UCS) of the matetédoted as CO. Sudden failure of
the material will then occur somewhere in the B@iar of the graph. The UCS is the
maximum force recorded at the point of ductiletl&itransition divided by the cross
sectional area of the sample. Typical values oldi& range from weak limestone at
< 50 MPa to highly competent microcrystalline Haisfat 450 MPa (Napier-Munn,
1996).
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4.5 Brazilian Tension Test

Determination of the tensile strength by directe@sion of a cylindrical specimen is
very difficult and is not commonly made becauseatistactory means has not yet
been devised to grip the specimen without intraglyiddending stresses (Stagg and
Zienkiewicz, 1968). The most practical method otedmining the direct tensile
strength for engineering purposes is accomplishedttaching, with epoxy resin,
metal end caps to cylindrical rock specimens wihaicghthen pulled in tension by wire
cables or roller chain which is often difficult atiche consuming. For this reason,
despite the importance of the tensile strengthogk rin practice and in connection
with theories of failure, the tensile strength i®sncommonly measured by rapid
indirect means (Jaeger and Cook, 1969). The meguéntly used indirect method for

determining the tensile strength of rock is thezBian tension test.

The Brazilian tension test (also known as the tapdjittensile test) is widely used to
evaluate the tensile strength of rocks, as it syea prepare and test specimen.
Compression-induced extensional fracturing gendrate this test is also more
representative of the in situ loading and failuireoeks. In the Brazilian tension test, a
circular disk placed between two platens is loadecbmpression producing a nearly
uniform tensile stress distribution normal to teaded (vertical) diametrical plane,
leading to the failure of the disk by splitting a¢pthe line of the diametrical loading

(Rocco et al., 1999).
P P
t
.‘_

Figure 4.3: Brazilian test for indirect tensile stiength
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The indirect tensile strength of a disc samplegUFe 4.3) of radius R and thickness t,

with known load at failure P is given by:-

g =—
t i 4.4

For most engineering purposes, it is probably sigffitly accurate for most problems
to assume a tensile strength of 5 - 10% of thexieli@wompressive strength of the
rock (Stagg and Zienkiewicz, 1968). More accuraiednination may not be justified
because of the wide range of tensile strengthsreédein a given suite of rock
specimens. In addition, directional variation isyvgreat in metamorphic rocks and in

thinly bedded sedimentary rocks (Stagg and ZienkzwL968).

4.6 Rock Failure Criteria

The failure of solid materials can be divided itw@ groups depending on the failure
characterises: brittle or ductile. For brittle ta@, there is a sudden loss of strength
once the peakdgeay has been reached. Despite the fact the rock megkbthere is
often still a residual strengtloty, which refers to the maximum post-peak stress
level that the material can sustain after substhdgformation has taken place (Brady
and Brown, 1985). The yield limiofq;) is the stress level at which departure from
the elastic behaviour occurs and the plastic peemiagieformation begins. For ductile
failure, the loss of strength is not that sudderioadrittle behaviour and there is a

small, or no, strength reduction when the yieldtlismmwreached (Figure 4.4).

Failure of intact rock can often be classified a#tlb. The harder igneous and some
metamorphic rocks often fail in a brittle manneredd sedimentary intact rocks tend

to fail in a more ductile manner (Edelbro, 2003).
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C A C A

a) Brittle behaviour b) Ductile behaviour

Figure 4.4: Stress- Strain curve for brittle (a) anl ductile material (b)

4.6.1 Mohr-Coulomb Failure Criterion

In Mohr-Coulomb failure criterion, the rock strength defined by the cohesive

strength C and the angle of frictigmand which is written as:

r,=C+o, tang 4.5

Where
Ts = the shear stress along the shear plane atdailur
C = the cohesive strength of the rock
0, = the normal stress acting on the shear plane

@= the friction angle of the shear plane

The equation above referred to as the Mohr-Coulortbrion and is applied in rock
mechanics for shear failure in rock, rock jointsl aack masses (Edelbro, 2003). The

Mohr-Coulomb criterion can also be expressed, imcgal stresses, as

2ccos @ 1+sin @
o 3(1-sin @) 1-sin @ 4.6

0-1/0-3 =

-42 -



Chapter 4 — Rock Strength Testing and Modelling

Or in many case written as :

o, =0, +ko, 4.7

Where Kk is the slope of the line relatiagandos. And o is the uniaxial compressive
strength. The Mohr-Coulomb criterion is linear Isirice rock can not sustain large
tensile stresses, a tensile cut-off is often inetudlhe values of the friction angie) (

and the cohesion (C) can be calculated using Eaop=a.8 and 4.9.

Sing=k-1/k+1 4.8
C:g‘cw 4.9
2cosy
T A

Tensile cut-off

11

b
o o
0.

Figure 4.5: Mohr-Coulomb failure criterion in terms of normal and shear stresses
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Tensile cut-off
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Figure 4.6: Mohr-Coulomb failure criterion in terms of principal stresses

4.6.2 Hoek-Brown Failure Criterion

The original Hoek-Brown failure criterion was deweéd for both intact rock and
rock mass. Hoek and Brown (1980) found that thekgaaxial strength of a wide
range of rock materials could be reasonably repteddyy the following equation:-

0, =0, +yM0,0, +s0?’ 4.10

Where m and s are constant, which depend on theegres of the rock and on the
extent to which it has been broken before beingestdd to the stress; andos ocis
the uniaxial compressive strength of the intackrowaterial. Ando; and o3 are the

major and minor principal stress at failure.

The Hoek-Brown failure criterion is widely acceptadd has been applied in a

number of projects around the world.
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4.6.3 Mohr-Coulomb Parameters from Hoek-Brown Failure Criterion

Most geotechnical softwares are written in termstlod Mohr-Coulomb failure
criterion in which the rock strength is definedthg cohesive strength C and angle of
friction, @. There is no a direct relationship between thedirMohr-Coulomb failure
criterion and the non-linear Hoek-Brown criteriomnsequently the determination of
the equivalent Mohr-Coulomb parameters (C @ntbr a rock that has been evaluated
as a Hoek-Brown material was a difficult probleno@k et al., 2002). This problem
was addressed in the 2002 edition of Hoek-Browiurficriterion and with the
associated Window program called ‘Roclab’ whichvyides a convenient means of
solving and plotting the equations presented inpgaper. Hoek et al. (2002) found
that the equivalent Mohr-Coulomb parameters for aemal can be obtained by
fitting an average linear relationship to the cugemerated by the generalized Hoek-

Brown criteria equation given below:-

ci

. a
C g,
g, =0, +Uci mbU—+S 4.11

Where mis a reduced value of the material constanamal is given by

m =m exp{GSl —100} 41
28-14D '
s and a are constants for rock mass given by tleniog relationship
B F{GSl —100}
szexp—— 4.13
9-3D
a=1+ 1[e_G% - e_z%} 4.14
2 6

Where D is a factor which depends upon the degreksturbance (0-1) and GSI is
the geological survey index (0-100). The estimat®rdone by fitting an average
linear relationship to a curve generated by sohigyation (4.10) for a range of
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minor principal stress values defined Gy« 03<0’3max as illustrated in Figure 4.7.
The fitting process involves balancing the areasvaland below the Mohr-Coulomb

plot. This result in the following equations forgha of friction ¢ ' and the cohesion

strengthc' :-
! a-1
¢: in_l 63”13 (S+ rnoo-Sn) : - 415
2(1+a)(2+a) +6am,(s+m,0,,)"
oo glar2a)sta-amoy fs+may)™ L1e
(L+a)(2+ a)y/L+ (Bam,(s+ m,0s,) ™) [(1+a)(2 + @)
Where
U3n = JI‘imax/Jci 4.17

The Mohr-Coulomb shear strengthy, for a given normal stress, is then found by

substitution of these values af ahd ¢ ' into Equation 4.18:

T, =Cc+0, tang 4.18
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Figure 4.7: Relationship between major and minor pincipal stresses for Hoek-Brown

and equivalent Mohr-Coulomb criteria

The equivalent plot in terms of the major and mipncipal stresses is defined by:

1

‘ ' ) 1+sing .
J_2ccosgo+1 smgoa_

" 1-sing 1-sing

4.19
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4.7 Other Methods of Rock Strength Testing
4.7.1 Point Load Test

The point load test is a fast and convenient wagetermine the strength and fracture
toughness of an ore. The point load index candeel ®o simultaneously characterise
rock for blastability and comminution processes NIRC). Point load tests give a
quick but reproducible method of determining urgdxcompressive strength of

samples without the need for large amounts of saim@paration..

Figure 4.8: Point load testing

The test is very simple; a particle is measured @aded between a pair of specially
shaped, hardened-steel tips (Figure 4-8). Fordhes applied between the tips and
the maximum force sustained by the particle is nided. Several empirical equations
have been developed to convert the test datggard then to an approximation of
compressive strength (Hoek and Brown, 1980). Thetroommon empirical equation

is given in Equation 4.20.
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045
(d:gth} x force

s50 = . 4.20
(4x widthx depth]
T

4.7.2 Drop Weight Test

Drop weight test is the most common method for ss8Bg impact breakage
characteristics of ores. The apparatus consisésssbtéel drop weight mounted on two

guide rails and enclosed in Perspex as shown imré&ig.9.

=

.. -||f| !l”

Figure 4.9: Drop weight testing device

The weight is released from a predetermined hdigha pneumatic switch and falls
under gravity to crush a single particle placedamsteel anvil. By changing the
released height and/or the mass of the drop wesghide range of input energy can
be produced. The standard drop weight devicetidfiivith a 20 kg mass, which can
be extended to 50 kg. The range of drop heightetsvéen 0.05 and 1 m, which
represents a wide operating energy range from @0 kWh/t (based on 10 to 50
mm particles) (Napier-Munn et al., 1996).
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The results from the drop weight test provide aergy input size/product size
relationship. This relationship is analyzed usingea of curves to describe the size
distribution produced from breakage events of iasieg size reduction or energy
input. The analytical procedure is based on theurapton that product size
distributions are a function of input energy ora@fie comminution energy (Ecs). To
model the breakage process the JKMRC developedthomhef relating energy to

geometric size reduction.

The basic principle of the method is as followsa Bingle particle is broken, the size
distribution of the daughter particles may be cdesd as aV2 series and a
cumulative size distribution graph plotted. Thepdras then replotted after dividing
the x-axis by the original particle size. A series ofrk&a points are then used to
describe the size distribution. These are defirgsed percentage passin@ fraction of
the original particle size. Thu, is the percentage passing half of the originag,siz
etc. The value ofy, i.e., the amount passing 10% the original mea@, $6 used as a
characteristic of size reduction and may be comsdta fineness index (Napier-Munn
et al., 1996). To make use of this technique, theker pointdy, ts, ts, tso andt;s are
stored in matrix form against,. This information is then used to calculate thiea
of A andb, which are defined as the ore impact breakagenpeteas.A andb are

related to Esandt;o by the following equation:-

Lo = Al_l_ e(_b'ECS)J 4.21

In order to accurately predict future mine and mithduction rates, knowledge of ore
grindability is essential. For this reason, varicesearches were carried out to
correlate the unconfined compressive strength ci with ore grindablity, as it may

be determined easily and at minimal cost. More aedes were undertaken to
examine potential relationships between UCS anddB&ork Index values (crushing,

rod mill and ball mill). Broch and Franklin (1978)ported that for 50 mm diameter
cores the uniaxial compressive strength is apprateiy equal to 24 times the point
load index (Equation 4-22). They also developez@ sorrection chart so that core of

various diameters could be used for strength déteation.

UCS =24 k59 4.22
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Bearman (1999) later showed that the point loa@xnd related to mode 1 fracture

toughness as:

Kic = 0.209 k5o 4.23

The fracture toughness has also been shown to &asteong correlation with the

breakage parameter A and b (Bearman et al, 199%ad shown that:-

B = 2.246% K 1098 4.24

A*b = 126.96x K ¢ 18463 4.25

By combing the above equations, it is possible abulate the impact breakage

parameters for a given UCS value as shown in Talile
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Table 4-1: Correlation of UCS and ore impact breakge parameters

UCS(MPa) lsso Kic Axb b A
300.00 12.50 2.61 21.56 0.44 49.04
290.00 12.08 2.53 22.95 0.47 49.29
280.00 11.67 2.44 24.49 0.49 49.54
270.00 11.25 2.35 26.19 0.53 49.81
260.00 10.83 2.26 28.08 0.56 50.09
250.00 10.42 2.18 30.19 0.60 50.38
240.00 10.00 2.09 32.55 0.64 50.68
230.00 9.58 2.00 35.21 0.69 51.00
220.00 9.17 1.92 38.23 0.74 51.34
210.00 8.75 1.83 41.65 0.81 51.69
200.00 8.33 1.74 45.58 0.88 52.07
190.00 7.92 1.65 50.11 0.96 52.46
180.00 7.50 1.57 55.37 1.05 52.88
170.00 7.08 1.48 61.53 1.15 53.33
160.00 6.67 1.39 68.82 1.28 53.81
150.00 6.25 1.31 77.53 1.43 54.33
140.00 5.83 1.22 88.06 1.60 54.88
130.00 5.42 1.13 100.97 1.82 55.49
120.00 5.00 1.05 117.05 2.08 56.15
110.00 4.58 0.96 137.45 2.42 56.87
100.00 4.17 0.87 163.89 2.84 57.68
90.00 3.75 0.78 199.09 3.40 58.59
80.00 3.33 0.70 247.45 4.15 59.61
70.00 2.92 0.61 316.64 5.21 60.80
60.00 2.50 0.52 420.89 6.77 62.20
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Once A and b are determined for a given UCS vdlyethe percentage passing one
tenth of the original particle size for a given aifie comminution energy can be

determined from the following equation:-

t, = Al_l—e(_b'ECS)] 4.26

Where Esis the specific comminution energy (kWh/t)

4.7.3 Ore Abrasion Test

Ore abrasion parameteyris a measure of the resistance of the ore to miorathe
standard abrasion test tumbles 3 kg of -55 + 38 panticles for 10 minutes at 70%
critical speed in a 305 mm by 305 mm laboratoryt fitted with 4 x 6 mm lifter bars
(Napier-Munn et al., 1996). The resulting produsthen sized and thegytvalue for
the product is determined. Anglis defined as the 1/1dj t;0. t; value is as low as 0.2
for very hard ores, to above 2 for very soft or@sjalue of 0.88 is indicative of a

medium resistance to abrasion (Napier-Munn etLl8bg).

In order to estimate the abrasion parameter framrtipact breakage parameter A and
b, a lower input energy of 0.118 kWh/t as suggesie (Napier-Munn et al., 1996)
was used in Equation 4-26 to calculatg then the abrasion parameter was obtained
as t= 1/100f t1p. The abrasion parameter is correlated with thedBeork index

(WI) though not strongly (Napier-Munn et al., 1996) as

t, =19.7wiI 4.27

From the information given above, it is possiblshow the correlations between the

different parameters as illustrated in Table 4.2.
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Table 4-2: Correlations of UCS with Bond work indexfor Ecs = 0.118 kWh/t

UCS (MPa) Axb b A ta W
300.00 21.56 0.44 49.04 0.25 26.18
290.00 22.95 0.47 49.29 0.26 25.02
280.00 24.49 0.49 49.54 0.28 23.87
270.00 26.19 0.53 49.81 0.30 22.73
260.00 28.08 0.56 50.09 0.32 21.61
250.00 30.19 0.60 50.38 0.34 20.51
240.00 32.55 0.64 50.68 0.37 19.42
230.00 35.21 0.69 51.00 0.40 18.36
220.00 38.23 0.74 51.34 0.43 17.31
210.00 41.65 0.81 51.69 0.47 16.27
200.00 45.58 0.88 52.07 0.51 15.26
190.00 50.11 0.96 52.46 0.56 14.27
180.00 55.37 1.05 52.88 0.61 13.30
170.00 61.53 1.15 53.33 0.68 12.35
160.00 68.82 1.28 53.81 0.75 11.42
150.00 77.53 1.43 54.33 0.84 10.51
140.00 88.06 1.60 54.88 0.95 9.63
130.00 100.97 1.82 55.49 1.07 8.78
120.00 117.05 2.08 56.15 1.22 7.95
110.00 137.45 2.42 56.87 1.41 7.15
100.00 163.89 2.84 57.68 1.64 6.38
90.00 199.09 3.40 58.59 1.94 5.65
80.00 247.45 4.15 59.61 2.31 4.95
70.00 316.64 5.21 60.80 2.79 4.30
60.00 420.89 6.77 62.20 3.42 3.69
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4.8 Numerical Methods in Rock Mechanics
4.8.1 Introduction

Numerical methods have been extensively used ik mechanics. They provide
extremely powerful tools for analysis and design esfgineering systems with
complex factors that were not possible or veryidiff with the use of the

conventional methods.

Generally, numerical methods can be classifiedoirthree categories: continuum
method, discrete method and hybrid method. Thecehof continuum or discrete

methods depends on many problem-specific factois naainly on the problem scale
and fracture system geometry (Jing, 2003). Theirmonin approach can be used if
only a few fractures are present. The discreteagmbris most suitable for moderately
fractured rock where the number of fractures is lrge for the continuum with

fracture elements approach. There are no absotitantages of one method over
another (Jing and Hudson, 2002).

Different numerical techniques in rock mechanicguding finite difference, finite
element, distinct element, boundary integral antridymethods will be discussed

briefly in the following sections.
4.8.2 Finite Difference Method (FDM)

Finite difference method is a numerical method dpproximating the solutions to
differential equations using finite difference etjoas to approximate derivatives.
Differential equations are solved by dividing thendhin into connected series of
discrete points called nodes. These nodes areathplisig points for the solution and
are linked using finite difference operators to tfeverning equations (Desai and
Christian, 1977). It is not necessary to combine ¢élement matrices into a large
global stiffness matrix as in the finite elementdab Instead, the finite difference
method regenerates finite difference equationsaah atep. Derivatives of governing
equations are replaced directly by algebraic expwas written in terms of field

variables, e.g. stress or displacement, at dispiates in space (nodes).
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The finite difference method allows one to followcamplicated loading path and
highly non-linear behaviour without requiring thengplex iterative procedure of a
standard implicit code. Finite difference method ¢t& used to discretize both time
and space. It also provides easy error estimaéionniques. It is particularly suitable
for large, non-linear problem which may involvelapke or progressive failure (Jing
and Hudson, 2002).

Finite difference method is difficult to use foragular shape domain or for problems
involving singularities, because the fine meshiaguired near the singularity cannot
be easily reduced for the rest of the domain. Tbeventional finite difference
method with regular grid systems does suffer frégrareomings, most of all in its
inflexibility in dealing with fractures, complex badary conditions and material
heterogeneity.

FLAC is the most well known computer code for stresalyamms for engineering

problems using finite difference/finite volume medhapproach. It is the most popular
numerical method in rock engineering with applicas covering from all aspects of
rock mechanics, e.g., slope stability, undergroumgenings, coupled hydro-

mechanical, coupled thermal-mechanical etc (1ta3@a0).
4.8.3 Finite Element Method (FEM)

In the FEM, the system is modeled by a set of gppate finite elements
interconnected at points called nodes. Elementsimag physical properties such as
thickness, coefficient of thermal expansion, dgnsfoung's modulus, shear modulus
and Poisson's ratio. Finite element method is tlstrwidely employed numerical
method for rock mechanics and rock engineeringddes not require detailed
programming experience to make efficient use of fihnge element approach to
problem solving in rock mechanics. However, famifjawith the fundamentals of the
technique and with practical guidelines for genmgatreliable results is essential
(Jing, 2003).

The formulation of finite element method is basedwariational statement of the
governing physics (Beer, 1983). Finite element methnalysis constitutes three steps

mainly, domain discretisation, local approximatiand assemblage and solution of
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global matrix equation. This method involves thpresentation of continuum as an
assembly of elements which are connected at desgueints called nodes. The
problem domain is divided into discrete elementgasfous shapes, e.g. triangles and
guadrilaterals in two-dimension cases and tetraimedrand bricks in three
dimensions. All forces are assumed to be transthitieough the body by the forces
that are set up at the nodes. Expressions for thesal forces, which are essentially
equivalent to forces acting between elements, @aguired to be established.
Continuum problem is analyzed in terms of setsaafah forces and displacements for

the problem domain.

The displacement components within the finite eletmeare expressed in terms of
nodal displacements. Derivation of these displacesnalescribes strain in the
element. The stiffness of the medium to this indus&ain determines stress in the
element. Total stress within an element can bedaut by superimposition of initial
and induced stresses. The matrix of each elemesstcrides the response
characteristics of the elements. These coeffimeatrices are based on minimization
of total potential energy. The elemental stiffnesatrices are assembled to give the
global stiffness matrix which is related to globdatce and displacement. As the
number of elements in a problem domain tends faitgf this is equivalent to solving

differential equation.

Finite element method suffers limitations when datiog fracture problems mainly

due to the limitation of small element size, coatins remeshing with fracture
growth, conformable fracture path and element eddesy and Hudson, 2002).

However to overcome this limitation, discontinua@ape functions (Wan, 1990) are
used for implicit simulation of fracture initiatioand growth through bifurcation

theory. Disadvantage of this method is that comalale time is required in preparing
input data for a typical problem. This is partiagbjecrucial in 3D problems and has
led to the development of sophisticated mesh gé@nara@rograms which eliminate

much of the tedium involved in data preparationef§iard, 1988).

Finite element method is computationally expensivéarge number of simultaneous
equations must be solved to obtain a solution.h& problem is non-linear, the
computation time increases enormously becausedtseod simultaneous equations

must be solved a number of times.
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4.8.4 Boundary Element Method (BEM)

The boundary element method is a humerical compuagtmethod of solving linear
partial differential equations which have been folaed as integral equations. The
integral equation may be regarded as an exactiolaf the governing partial
differential equation. The boundary element metlaittmpts to use the given
boundary conditions to fit boundary values into theegral equation, rather than

values throughout the space defined by a partidrdntial equation.

The boundary element method requires the disctetisaof the domain and, if
necessary the boundaries between the regions wiigremt properties. For two-
dimensional situations line elements at the boundgpresent the problem, while for
three-dimensional problems, surface elements ayeiresl (Beer, 1983). Thus, the
dimensionality of the problem is reduced by ones’i& particularly attractive as the
amount of data required to describe the problemrestly reduced as compared to
finite element method. Due to the boundary elenmegithods advantage in reducing
model dimensions, 3D application using the dispitamet discontinuity method for

stress analysis has become efficient (Jing and étydX002).

However, the computational algorithm is not soigtrdorward. In boundary element
method, a system of simultaneous equations in tefimsknowns associated with
nodes of the surface elements is solved. Bounddggial equation method solves
linear boundary value problems with known greencfiom solutions. Green’s
function solution and the governing differentialsm are used to formulate
boundary value problems as an equivalent surfaegnal. Boundary element method
can be direct or indirect depending upon the diffiémathematical approach, but for
either of them to be practical it is necessary @oable to compute economically a
function of two points in space known as the fundatal or basic singular solution.
Both of these two methods in their simplest formhifawo surfaces in space such as
crack are modeled (Jing, 2003).

Although boundary element method has been usedomplex rock mechanics
problems involving non-linear constitutive equasoand number of materials, this
method of analysis is particularly efficient in hogeneous, linear elastic problems in
three dimensions (Jing and Hudson, 2002). Advantdgeis method is reduced in
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complex non-linear material laws with sets of materbecause the surface needs to
be discretised wherever there is change of matgniaperties, and hence the
preparation of input data becomes more complicattadrices of the equations in this
method are not symmetric and banded as in finieneht method. Though the
number of equations to be solved is less, the ctatipn time is not reduced by the

same amount.
4.8.5 Distinct Element Method (DEM)

Distinct element method is one of the most rapd#tyeloping areas of computational
mechanics with a broad variety of applicationsankr mechanics. The term distinct
element method is a family of numerical methodscfimputing the motion of a large

number of particles. The fundamental assumptiothefmethod is that the material

consists of separate, discrete particles. Thedelgearmay have different shapes and
properties. The method was initially developed9@9 by Cundall and Strack.

In the distinct element method, the interactiorihaf particles is treated as a dynamic
process with states of equilibrium developing wivemehe internal forces balance.
The contact forces and displacements of a stressseimbly of particles are found by
tracing the movements of the individual particlddovements result from the
propagation through the particle system of distncea caused by specified wall and
particle motion. This is a dynamic process in whtioh speed of propagation depends
on the physical properties of the discrete systdine dynamic behaviour is
represented numerically by an explicit time stegpalgorithm, using a central-
difference scheme to integrate velocities and acaBbns. The distinct element
method is based upon the idea that time step chmsgnbe so small that, during a
single time step, disturbances cannot propagatm faoy particle further than its
immediate neighbours (Cundall, 2001).

The distinct element method utilizes the breakagedividually structural unit or
bonds to directly represent damage whereas comtirbased modelling represents

damage indirectly through empirical relation.

Distinct element technique method is capable oflyama multiple interacting

deformable continuous, discontinuous or fracturibgdies undergoing large
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displacements and rotations. Dynamic equilibriumaggn is solved for each body
subjected to boundary interaction forces. Thereisestriction on where one element
may make contact with another, and nodes may rcttevéh nodes or nodes with
element faces. Forces generated between the dogtattments can be made to obey

various interacting laws depending upon the physiature of simulation.

The main advantage of distinct element method dscépability to simulate the
fracture process which is not possible in the eantm approaches. UDEC, 3DEC
PFC and ESyS-Particle are the most popular compots used to perform static as

well as dynamic analysis using the distinct elehnmeethod.
4.8.6 Hybrid Methods

Hybrid methods combine different methods to takeaathges of each method while
avoiding many of its disadvantages (Jing and Hud206A2). Finite element method/
distinct element method is used for non-linearractured near fields where explicit
representation of the fracture is needed. Bounddeynent method is used for
simulating far field rocks as equivalent elastiotbouum. Hence, the hybrids of these
methods provide numerical technique for effectimpresentation of the effects of the
far field to the near field rocks (Jing and Huds002).

The use of hybrid methods in rock mechanics hasyrbenefits. However, ensuring
continuity conditions in the interface between oegi of different models is often
very difficult. This is particularly significant vén different material assumptions (e.g.
modeling different minerals in an ore) are madeg J2003).
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4.9 Conclusions

The most common strength properties of rocks,glestused for estimating them, and
the different failure criteria used in rock meclwnihave been discussed in the
chapter. It has also been shown that by combiniffigrent correlations, it is possible
to obtain a relation between uniaxial compressivength, ore breakage parameters
and Bond work index.

Various numerical methods in rock mechanics haw® dleen discussed in the
chapter. It is noted that there have been majogrpsses in numerical methods in
solving rock mechanics problems over the last desadowever, due to the inherent
nature of rock containing fractures and inhomoggneumerical modeling of rock is

demanding.

It has been noted that the choice of continuumiscrete methods depends on the
problem scale and fracture system geometry. Thérmzarm approach is suitable if
only a few fractures are present. The discreteagmbr is most suitable for modelling
moderately fractured rock and fracture processs Bhggests that it is advantageous
to use both continuum and discrete methods foebetderstanding of microwave
treatment of ore. For instance, continuum analgsis provide the distribution of
stresses inside an ore for a given microwave treatroondition easily and with less
computational time. Hence, it can be used for wtdading the effects of different
variables on microwave treatment of ores. The discelement method can be used
for better understanding of microwave induced mimacks and crack patterns for

different treatment conditions.

It has also been noted that it is not possibleotnpetely validate numerical models
by experiments in rock mechanics due to the assangpin mathematical models and
complexities like existing cracks, faults, grainubdary strength in rock. Further,
some of the input parameters are not usually medsamd availability of these data is
generally poor. However, numerical models can becessfully used for

corroborating hypotheses, elucidating discrepansiegporting design decisions and

guiding further study.
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Chapter 5

Numerical Methodology for Continuum Analysis

5.1 Introduction

This chapter details the methodologies used to lst@muhermal and mechanical
behaviour and the specification of thermo-mecharmecaperties that are required to
accurately describe thermal and mechanical behavabunicrowave treated ores
using a continuum analysis based on the 2-D fidifeerence modelling software
application, FLAC V4.0 The first section serves as an introductionFtcAC. In
section 5-3, the procedures for implementation oflets inFLAC are detailed; this
section also discusses the different constitutiviedets available and the specific
application of each model. Selection of mineralsl geometrical construction are
discussed in section 5-4 and 5-5. Sections 5-6-8odBtail the procedures followed
for modelling microwave heating, thermally inducestress and unconfined

compressive strength test.

5.2 FLAC (Fast Lagrangian Analysis of Continua)

FLAC (Fast Lagrangian Analysis of Continua) is a twmelnsional explicit finite
difference program for modelling soil, rock andustural behaviour. The program
simulates the behaviour of materials that may umigiastic flow when their yield

limits are reached (Itasca, 2000).

FLAC has been chosen as a suitable commercially alaitaigle for the purpose of
understanding microwave treatment of ores, adawal thermal-mechanical analysis
by combining the thermal option with the mechanicalculation.FLAC has been
previously used to successfully model microwavetihgaof binary ore and the
thermal stress development (e.g. Whittles et @032 Jones et al., 2005). The
thermal-mechanical coupling RLAC is one-way: temperature change may induce a
mechanical stress change as a function of the #lerpansion coefficient.
Mechanical changes in the body, however, do nailtres temperature change or

changes to thermal properties.
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In FLAC, materials are represented by zones, which foridatigat is adjusted by the
user to fit the shape of the object to be modelleath zone behaves according to a
prescribed linear or nonlinear stress/strain laweasponse to the applied forces or
boundary restraint$:LAC also contains the powerful built-in-programmingdaage
FISH (short forFLACIish.

FISH enables the user to define new variables and it It is a compiler;
programs entered viaFLAC data file are translated into a list of instrunscstored in
FLACs memory space; these are executed wheneWdiSH function is invoked.
FISH was developed to do things wiiLAC that were either difficult or impossible
with the existing code. For instance, it was pdssib write the thermal properties of
minerals as a function of temperature and to ino@fe it to the model, which was
apparently required for obtaining the temperatui@ile inside an ore for a given

treatment condition (e.g. Jones, 2004).

FLAC can be operated as either a menu-driven or commaweh computer
program. The menu-driven mode provides easy-toagsess td~-LAC operation by
generating and applying all the input requiredddfLAC simulation, in response to
point and click operations. The menu-driven modepasticularly important for
plotting temperature profiles and the material naedtal state (whether it reaches

yield or not) for a given microwave power densityglaxposure time.
5.3 Implementation of Model
5.3.1 Finite Difference Grid Generation

The fist step in any modelling problem involves stwuaction of the geometry of the
physical domain being analyzed. FbAC, this is done by construction of the finite
difference grid. Grid generation involves the shgpof the row and column grid to fit
the shape of the physical domain. A grid is defibgdpecifying the number of zones
“I” desired in the horizontal (x) direction, andetimumber of zones “j” in the vertical
(y) direction. The grid is organized in a row amduenn fashion. Any zone in the grid
uniquely identified by a pair of i,j indices. Simily, each grid point is identified by a
pair of i,j indices. It can be noted that if theme p zones in the x-direction and q
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zones in the y-direction, then there will be p +itd goints in the x-direction and q +1

grid points in the y-direction.

It should be noted that a balance must be struttkdss the accuracy required and the
solution speed when selecting the number of zoorea odel. The calculation speed
to reach a solution varies directly as a functiérihe number of zones. Figure 5-1

shows typical grid generated in a41@0 mm model.

JOB TITLE : grid generation 1071

FLAC (Version 4.00)

[ 0325

LEGEND

L 0275

-1.027E-02 <x< 2.027E-02
4 BBSE-03 <y< 3.521E-02

Grid plot
L1
a 5E -3

[ D225

[ 0a7s

[ 0125

[ 0.07s

Process Eng, Stellenbosch Univ T T T T T T T T T T T
-0.075 -0.025 0025 o07s 0125 0175
M0-1)

Figure 5.1: Grid generation inFLAC

5.3.2 Assigning Constitutive Models and Material Propertes

Once the grid generation is complete, one or moagenal models and associated
properties must be assigned to all zones in theemBHAC has ten built-in material
models but these models can be put in to three grainps:

1) Null model
2) Elastic model
3) Plastic model

An overview of the constitutive models availabld=-IDAC is presented below.
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5.3.2.1Null Model

Null model represents material which is excavatecmoved from the model. The
stresses within a null zone are set to zero; ny bades acts on these zones. The null
material may be changed to a different material ehdd a later stage of the

simulation (ltasca, 2000).
5.3.2.2Elastic Model

The models in this group are characterized by s#bler deformations upon
unloading; the stress-strain laws are linear anth-palependent. It includes the

elastic, isotropic model and elastic transversabyropic model.
a) Elastic, isotropic model

This model provides the simplest representatiomaterial behaviour. It is valid for
homogenous, isotropic, continuous materials thhtbéixlinear stress-strain behaviour

with no hysteresis on unloading.
b) Elastic, transversely isotropic model

This model gives the ability to simulate layerddséc media in which there are
distinctly elastic moduli in directions normal apdrallel to the layers.

The material properties that should be assignethfoelastic model are:

1) density
2) bulk modulus

3) shear modulus
5.3.2.3Plastic Model Group

The plastic models involve some degree of permampath dependent deformations
(failure); as a consequence of the non-linearityhef stress-strain relations (ltasca,
2000). The difference models are characterized bgirt yielding function,
hardening/softening functions and flow rule. Theldgifunctions for each model
define the stress combination for which plastiovltakes place. The plastic flow
formulation inFLAC rests on basic assumptions from plasticity thebat the total
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strain increment may be decomposed in to elasticpastic parts, with the elastic

part contributing to the stress increment by medran elastic law.

Some of the plastic models are discussed below,

a) Drucker-Prager model

This model may be useful to model soft clays witv friction angles;
however, this model is not generally recommendedafiplication to
geologic materials. It is included FLAC to permit comparison with

other numerical program results (Itasca, 2000).
b) Mohr-Coulomb model

The Mohr-Coulomb model is the conventional modelrépresent
shear failure in soils and rocks. The failure eapel for this model
corresponds to a Mohr-Coulomb criterion (sheardyieinction) with

tensile cut-off (tensile yield function).

For Mohr-Coulomb plasticity model, the requiredperties are:
1) density
2) bulk modulus
3) shear modulus
4) friction angle
5) cohesion
6) dilation angle; and

7) tensile strength

C) Ubiquitous-joint model

The ubiquitous-joint model is an anisotropic plesgi model that includes weak
planes of specific orientation embedded in a MobtiGmb solid. This is specifically

used for modeling thinly laminated material exhigtstrength anisotropy (e.g., slate)

- 66 -



Chapter 5 — Numerical Methodology fGontinuum Analysis

d) Strain-hardening/softening model

This model has been previously used and provenetsuitable for modelling the
thermally induced damage (Whittles et al., 2003te3p 2004, Jones et al., 2007). The
model is based on tHeLAC Mohr-Coulomb model. The difference, however, lies
the possibility that the cohesion, friction, di@tiand tensile strength may harden or
soften after the onset of the plastic yield. In th®hr-Coulomb model, those
properties are assumed to remain constant. Hegepdassible to define the cohesion,
friction and dilation as piecewise-linear functiafsa hardening parameter measuring

the plastic shear strain.

The initiation of material hardening or softenisgcommonly a gradual process once
plastic yield begins. At failure, deformation beasmtmore and more inelastic as a
result of micro-cracking in concrete and rock aradtiple sliding in soil. This also

leads to degradation of strength in these mateaatt the initiation of shear bands
(Itasca, 2000). The strain hardening/softening rhoaldows representation of

nonlinear material softening and hardening behavimsed on prescribed variations
of the Mohr-Coulomb model properties (cohesiongtiion, tensile strength) as a

function of plastic strain.

Figure 5.2 shows one-dimensional strain softeniogeh As can be seen, the curve is
linear to the point of yield; in that range theastris elastic only: e =®eAfter yield,
the total strain is composed of elastic and plgsdits: e =&+ € .

yield

A
L 4
'y
v

e e’

Figure 5.2: One dimensional strain- stress curve Wi strain softening
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5.4 Selection of Microwave Absorbent and Transparent Maerals

As has been discussed in Chapter 4, it is not Iples® completely validate numerical
models by experiments in rock mechanics due toagsmimptions in mathematical
models and complexities like fracture and grainraary in rock. This study also
focused on better understanding of the effectsiféérdnt variables on microwave
treatment of ores, not on modelling a specific émecordingly, the study was carried

out by constructing different conceptual ore models

To date, all theoretical studies of microwave tmeait of ores were carried out using
pyrite as a microwave absorber and calcite asresperent matrix (Salesman et al.,
1997; Whittles et al., 2003; Jones et al., 200&ned et al., 2007; Wang et al., 2008).
This is mainly due to the fact that most of thedsta were carried out only to
elucidate the extent of microwave induced strefsedifferent microwave treatment

conditions. The effects of mineralogy and ore textuave not been investigated.

In this study, four additional minerals have beeamined. These were galena and
magnetite as microwave absorbers and dolomite aadzjas transparent matrices.
The selection of minerals was based on absorptfomiorowave (high/good and

low/poor) and availability of thermo-mechanical pecties. Magnetite, galena and
pyrite were chosen, as they are known to be a ghsdrber of microwave energy
(Walkiewicz et al., 1988) and their thermal and hagcal properties are also known.

Calcite, dolomite and quartz were also selectettaassparent matrices, as they are
common gangue minerals found in many ores, thearntal and mechanical
properties are known and they are also known tmdreresponsive to microwave
(Walkiewicz et al., 1988; Kingman et al., 2004).eT¢onstruction of the ore models

were then made by disseminating one absorbing alilmea transparent matrix.

The following binary ores were modelled:

1) Pyrite-Calcite 4) Magnetite-Calcite 7) Galabakcite
2) Pyrite-Dolomite 5) Magnetite-Dolomite 8) Galebbalomite
3) Pyrite-Quartz 6) Magnetite-Quartz 9) Galenaafu
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5.5 Geometrical Construction

The maximum ore particle size that can be treated microwave system varies
according to the internal dimension of the microeaavity. The maximum diameter
of a single-mode microwave cavity is limited by tirequency of operation (refer
Chapter 3). Depending on the feed size, the red@pplicator size dimension can be
increased by using lower ISM frequencies of operatie.g. 915 or 433 MHz
(Bradshaw et al., 2007). Currently, the maximum paticle size that can be treated
in the 2.45 GHz tunnel applicator, which is beirsgpd for experimentation is about
31.5 mm. It is apparent that the particle sizehaf tnodels should be less than this
size. Accordingly, for all conceptual binary orestal particle size of 10 mm 20 mm
was used. The aspect ratio was based on the rewgntefor a standard UCS test as
has been discussed in Chapter 4

A fine resolution was adapted in order to ensuag titee rapidly changing temperature
and the stress fields that were anticipated tomamund the grain boundary could be
accurately captured by the model. Selection of zbme size was also based on
numerical stability and computational time. A zamee of 0.125 mm was chosen after
running simulations using different zone sizes.sThias done by comparing the
stress-strain curves obtained at each zone sizeaksudthe computational times
required. It was not possible to model real finahged ores, for which the grain size
would be less than 0.05 mm, as the computatiomak tfor such cases was
inconveniently long. Each binary ore was assignedraposition of 10% microwave

absorbing and 90% transparent minerals by area. ddmposition was deemed to be

typical composition of common sulphide dres

To examine the effect of grain size of the microevabsorbent phase on microwave
treatment of the ores, three different texturesewsmulated for each binary ore by
randomly disseminating different sizes, square sudangular shaped, microwave
absorber grains in the transparent matrix. Thegtnes were used to represent
coarse-grained (>100@m), medium-grained (25@m - 1000um) and fine-grained

texture (<250um). A texture parameter has also been used fotifgieny the grain

! This was obtained from MLA analysis of the oremated in the AMIRA P879A project, and thus
represents a typical mineralogy of industrial iagtr
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size distribution. This texture parameter was detitay modifying the King's texture
characterisation equation (King, 1991) in to twmensional forms and defined as:

AB
¢ = S %A 5.1

Where %% is interphase length per unit area of phase B ¢absp X is total Particle
size (equivalent diameter of a circle), ig area fraction of phase B(absorber) énd

the texture parameter.

In addition to the different absorbent grain sizegrder to include the shape effect to
the direction of the loading, three different shapé grain were used. These were:
rectangle, horizontal to the direction of loadinggtangle, vertical to the direction of
loading and square. It was not possible to genastiter shapes such as circle and
polygon randomly, as they distorted the zone aedted a ‘bad geometrguch that
the modeling cannot proceed further. This is int fawe of the main drawbacks of
using continuum approach. The maximum and minimuingsizes that were
possible to generate randomly in a 10 mn20 mm matrix were determined after
making simulations with different grain sizes. Tiheximum grain size was found to
be 2 mm and the minimum was 0.125 mm. Typical t@guwith their respective
texture parameters are shown in Figure 5-3, noé déach texture contains 10%
microwave absorbing mineral (black colour) by area:

Coarse-grained Medium-grained Fine-grained
{(=1000 pm) (230 pm -1000 pm) (= 250 um)
p=611.2 ip= 12224 ip=4839.6

Figure 5.3: Representation of different size microave absorbent grains in a transparent
matrix
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5.6 Power Density Specification inFLAC

As has been discussed in Chapter 3, it is extredi#flgult to precisely determine the
power density in the absorbing mineral grain dugaoation of electric field within
the applicator (refer section 3-7). However, fogigen microwave power, effective
dielectric properties, applicator geometry and detcy of operation, the power
density range within the applicator can be estichatng electromagnetic simulation
(e.g. Bradshaw et al., 2007). In this study, podesities ranging from £ 10" to 1 x
10" W/m® were used. These values were obtained from efeagoetic simulations
and deemed to be the power densities achievabteiment and future microwave
applicators (Bradshaw et al., 2007; Bradshaw e2@D9).

It was also assumed that the absorbing phase islyeveated by the incoming
microwave and the power density is zero in thesparent phase. Although this is
recognized as a bit simplistic approach it wassatered that the models would still
elucidate the major characteristics of microwawiduoed damage (e.g. Salesman et
al., 1997; Whittles et al., 2003; Jones, 2004).idaid~ISH code used for specifying

the power density in the absorbent phase is showiable 5-1.

Table 5-1:FISH code used for specifying power density in the abdzent phase

def source
loop i(1,horcoor) earch all zones
loop j(pbplone,ptminone)

if density(i,j)=7597 then ,apply volumetric heat the absorbent phase (Galen:

5%

)

command

interior source 5e8 i=ij=j ; Pd=5e8 W/
end_command

end_if

end_loop

end_loop

end

source , Execus
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5.7 Thermal Model

In FLAC, the differential expression of the energy balamae the following form:-

oT
—d.+q = M 5.2
ql,l qv mP at
Where g, = -0.(A0T) 5.3

qvis the volumetric heat intensity in (Wfjnwhich is equated to the power density
inside the material is thermal conductivity (W/m.K)p is the density of the material

(kg/m®) andC, is the specific heat capacity (J/kg.K).

The external boundaries of the transparent matmom® assumed to be thermally
insulated. More realistic boundary conditions sdalko take into account convection
and radiation. However, in this study, these weomswmered to be secondary
importance, as the microwave exposure times weng short. Accordingly,
convection and radiation were not incorporated intee model. The initial
temperatures of the ore models were set to BE€ 10 represent the temperature of

untreated ores in laboratory.

The heat conduction equation in two dimensionsbeawritten as:

0T 0°T _q, _ pC, T

5.4
x> oy> A A ot

The finite difference equation for a node i, j istained by applying conservation of
energy to a control volume about the nodal volu8iece the actual direction of heat
flow is often unknown, it is generally formulateg &ssuming that all heat flow is into

the node.
The finite difference approximations of the derivas in space and time are given as:

0°T :Tigl,j _ZTan +Ti:1,j

5.5
x> (AX)®
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O°T _ T =25 + T

i,j+1

5.6
ay’ (Ay)?

oT Ty —Tj T 5.7
ot At '

Where superscript n is used to denote the timerdkgee of the temperature T and

Ax andAy indicate the zone dimension in X and y directi@spectively.

Substituting Equations 5.5 to 5.7 in Equation 5d eearranging foAx = Ay (square
zone) gives:

AtA, q, At
(T T T T AT ) 5.8
pi’jcpi'j (9 p.;C,

1

1 _
TETY

And substitutingg, = Py, wherePyq = microwave power density within the material
(W/m°) gives-

n+ n AtAI
T =T+ J (

) P, At
. A + 1]
'Oiijpi,j (AX)Z

.G,

1,

— 41"

i

+T"

i,j+1

n +-|-n +-|-n

iy ¥l ¥ lija 5.9

And the temperature rise fod time increment is then obtained as:-

n+1 n At/1I j n n n n n Pd‘ At
AT =T -T" = L (T AT AT AT 4T )+ — % 510

m i-1j ol Tl Tl i
LR
The transient temperature distribution inside theéenie as a function of time during

the heating process can then be obtained by solfumtion 5.10 using intervals of

At until the specified time is reached.

It is apparent that the temperature rise withinrtheeral ore is strongly dependent on
the applied power density, the exposure time asdthermal properties. It is
emphasised, however, that the extent of the effibetisthese variables have on the

microwave-induced damage was unclear so far.
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5.8 Mechanical Model

FLAC allows thermal-mechanical analysis by combinirgttrermal option with the
mechanical calculation. All the features of thermalculation, including transient and
steady state heat transfer and thermal solutiora@aéable in a thermal-mechanical
calculation. The thermal-mechanical coupling is pted by the influence of
temperature change on the volumetric change oha.Zbhe thermally induced strain

after heating is given by:-

&, = a; AT, 5.11

Where
gj Is the strain in zone i,).
ajj is the thermal expansion coefficient (1/K)

ATj is the temperature change in zone i,j .

And the thermally induced stress within a zoneisamtropic elastic behaviour then

determined by Hoek’s law as:-

£ 5 5.12
g . = )
Y ‘1_2'4.; )

Where o;; is the isotropic thermally induced stress withie thone i,j, E is the

Young’s modulus of zone i, j and; is the Poisson’s ratio of zone i,j.

All material models inFLAC, except for the transversely-isotropic elastic eipd
assume an isotropic material behavior in the @asinge described by two elastic
constants: bulk modulu¥K] and shear modulu€3}. The elastic constantk and G,
are used ifFLAC rather than Young’s modulug, and Poisson’s rati@, because it is
believed that bulk and shear moduli correspond twenfundamental aspects of
material behavior than do Young’'s modulus and Poissratio (Itasca, 2000).

The elastic constants are related by the followigations:-
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=

K = ) 5.13

Gz 5.14
—2+v) '

The Mohr-Coulomb strain softening was used as arfaitriterion (refer section 5.3).
The strain softening model is a particular form obivtCoulomb model in which
some of the zones yielding parameters (cohesiactjofn, tensile strength) can be
modified after the onset of plasticity and it w#s three phases. The initial phase is
the elastic phase and its limiting strain is calbted by using elasticity and the
compressive strength of the material. The secondepisathe strain softening which is
a reduction in strength as a function of straindAlme last phase is the perfect plastic
deformation phase in which the material properdiesat residual strength value. The
rock strength in Mohr-Coulomb criterion is definggthe cohesive strength C and the

angle of frictiong according to the following equation:-

r,=C+o,tang 5.15

Wherets is the shear strength of the material apts the normal stress acting on the
shear plane. Since rock can not sustain largeleéessess, a tensile cut-off was also

included in the criterion.
5.9 Properties Data

5.9.1 Densities and Specific Heat Capacities

The densities of the minerals were obtained fromsBd®95). The specific heat
capacity of mineral varies with temperature anduakies reported by Knacke et al
(1991) were used. Table 5.2 shows the densitiesspadific heat capacities of the

minerals.
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Table 5-2: Densities and Specific heat capacities

Mineral Density Specific heat capacity (J/kg.K)
(kg/m*) 298 K 500 K 1000 K
Pyrite 5016 517.08 600.42 683.83
Magnetite 5206 654.22 829.81 865.65
Galena 7597 208.95 215.23 234.94
Quartz 2648 740.50 991.17 1167.17
Calcite 2712 817.70 1051.00 1238.50
Dolomite 3795 838.40 1013.60 1263.00

The heat capacities were approximated by using tmweat portions in order to

incorporate them iFLAC and the results are shown in Table 5-3.

Table 5-3: Specific heat capacities of minerals appximated by two linear portions

Minerals Temperature Specific heat capacity (J/kg.K
Magnetite T <500 K C, =0.8690r +39526
T=500 K C, =00713 +79412
Pyrite T <500 K C, =04126r +39413
T=500 K C, =01668 +51701
Galena T <500 K C, =0.031T +19968
T=500 K C, =0.0394 +19552
Quartz T <500 K C, =1.24101 +37070
T=500 K C, =03520r +81517
Calcite T <500 K C, =11550r +47351
T=500 K C, =03750r +863.50
Dolomite T <500 K C, =0.8670r +58004
T=500 K C, =0.5000r +76363

The FISH code used to specify specific heat capacity amation of temperature is

shown in Table 5-4.
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Table 5-4:FISH code used to specify specific heat capacity asumétion of temperature

for dolomite

if density(i,j) =3795 and

if (temp(i,j)+273) < 500 then
spec_heat(i,j)=(0.867*(temp(i,j)+273))+580.04
end_if

end_if

if density(i,j) =3795 and

if (temp(i,j)+273) >= 500 then
spec_heat(i,j)=(0.5*(temp(i,j)+273))+763.63
end_if

end_if

5.9.2 Thermal Conductivities

The thermal conductivities of minerals are oftenilabée for room temperature
condition only even though they are required atakd temperature. For this purpose
some empirical relationships have been proposedxapolation on the basis of the
data measured at elevated temperature. It is enzgkdasiowever, that there is no real
substitute for individual measurement. The mostaealkle and general empirical
relation for thermal conductivity of a mineral (T)) as a function ok (25) is that
proposed by Sass et al. (1992). The empirical celgbroposed by these authors is

shown below:-

A(T) = 40 5.16
1.007+T, 0.0036—&072
A(0)
Where T =temperature ifiC
A@0) =A(25,1.007+ 25, 0.0037- 0.0074 5.17
A@29
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Equation 5.16 is derived from the classical experital data set of Birch and Clark
(1940), who measured thermal conductivity as atfancof temperature in the range
0 — 200C and higher on 38 samples from a different typesocks including

volcanic, metamorphic, plutonic and sedimentarksod he thermal conductivities of
many minerals at normal temperature (25 =C35are reported by Diment and Pratt

(1988).

Table 5-5: Thermal conductivities at room temperatuwe (Diment and Pratt, 1988)

Mineral Thermal conductivity (W/m.K)
Pyrite 23.15
Magnetite 4.61
Galena 2.76
Quartz 6.15
Calcite 3.16
Dolomite 4.78

The data in Table 5-5 were then inserted in Equabid7 for estimation at higher

temperature. The estimated values are tabulat€dbte 5-6.

Table 5-6: Thermal conductivities as a function ofemperature

Mineral Thermal conductivity (W/m.K)
298 K 773 K 1273 K
Pyrite 23.15 9.48 5.85
Magnetite 4.61 2.37 1.57
Galena 2.76 1.85 1.37
Quartz 6.15 2.92 1.87
Calcite 3.16 1.92 1.36
Dolomite 4.78 2.65 1.72

The thermal conductivities of the minerals weretten again as a function of

temperature by using two linear portions in orderinput them inFLAC. The
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equations and typic&ISH code used for specifying the conductivity as acfiom of

temperature are shown in Table 5-7 and 5-8, resjedct

Table 5-7: Thermal conductivities of minerals appraimated by two linear portions

Minerals Temperature Thermal conductivity(A) (W/m.K)
Magnetite T <500C A(T) =-0.0047 + 473
T=500C A(T) =-0.0016T + 317
Pyrite T <500C A(T) = -0.0294T +2418
T=500C A(T)=-0.0073F +1311
Galena T <500C A(T) =-0.0020r + 283
T=500C A(T) =-0.0010r + 233
Quartz T <500C A(T) =-0.0068T + 632
T=500C A(T) =-0.002T + 397
Calcite T <500C A(T) =-0.0026T + 322
T=500C A(T) =-0.001T + 248
Dolomite T <500C A(T) =-0.0045T + 489
T=500C A(T) =-0.00191 + 358

Table 5-8:FISH code used to specify thermal conductivity as a fution of temperature

for dolomite

if density(i,j) =3795 and

if temp(i,j) < 500 then

conductivity(i,j)= ((temp(i,j))*(-0.0045))+4.89
end_if

end_if

if density(i,j) =3795 and

if temp(i,j) >= 500 then

conductivity(i,j)= ((temp(i,j))*(-0.0019))+ 3.58
end_if

end_if
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5.9.3 Thermal Expansion Coefficient

Thermal expansion coefficient also varies with temagfure. The values reported by

Clark et al. (1966) were used and are shown inel'ai.

Table 5-9: Thermal expansion coefficient as a funictn of temperature

Mineral Thermal expansion coefficient (1/K)(10P)

373K 473 K 673 K 873 K
Pyrite 27.3 29.3 33.9 -
Magnetite  26.5 28.5 34.9 41.5
Galena 61.2 61.0 63.2 66.8
Quartz 45.0 43.3 49.7 77.9
Calcite 13.1 15.8 20.1 24.0
Dolomite 18.4 215 26.6 314

The thermal expansion coefficients were also agprated by two linear portions and

the results and typic&lSH code used are shown in Table 5-10 and 5-11.
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Table 5-10: Thermal expansion coefficients of minais approximated by two linear

portions
Minerals Temperature Thermal expansion coefficienig)
(1/K)(10°)
Magnetite T<673K a =0.0280r +16. 056
T=2673K a =0.0330r +12.691
Pyrite T<473K a =0.0200r +19. 840
T=> 473K a =0.0230r +18421
Galena T<673K a =0.0067T +58. 710
T= 673K a =0.0180r +51.091
Quartz T<673K a =0.0157 +39. 156
T= 673K a = 014100 -45.193
Calcite T<673K a =0.0233 +4.398
T= 673K a =0.0199 +6.975
Dolomite T<673K a =0.02741 +8. 210
T= 673K a =0.0237T +10.691

Table 5-11:FISH code used to specify thermal expansion coefficieas a function of

temperature for dolomite

if density(i,j) =3795and

if (temp(i,j)+273) < 673 then
thexp(i,j)=((0.0274*(temp(i,j)+273))+8.210)*1e-6
end_if

end_if

if density(i,j) =3795and

if (temp(i,j)+273) >= 673 then
thexp(i,j)=((0.0237*(temp(i,j)+273))+10.691)*1e-6
end_if

end_if
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5.9.4 Bulk Modulus

The bulk modulusK) of a substance measures the substance's resistanoiform
compression. It is defined as the pressure increasded to affect a given relative
decrease in volume. The bulk modukisan be formally defined by the equation:

K= —Va—P 5.18

ov

Where P is pressure, V is volume, angP/0V denotes the partial derivative of
pressure with respect to volume. The Bulk modithe minerals were obtained from
Bass (1995) and the values have been tabulatedhie B5.12.

Table 5-12: Bulk moduli of minerals

Mineral Bulk modulus (GPa)
Pyrite 142.7

Magnetite 161.0

Galena 58.6

Quartz 37.8

Calcite 73.3

Dolomite 94.5

5.9.5 Shear Modulus

Shear modulus or modulus of rigidity, denoted®yand is defined as the ratio of
shear stress to the shear strain. Shear moduieaiinerals were obtained from Bass
(1995) and the values have been tabulated in Tabg

Table 5-13: Shear moduli of minerals

Mineral Shear modulus (GPa)
Pyrite 125.7

Magnetite 91.4

Galena 31.9

Quartz 44.3

Calcite 32.0

Dolomite 45.7
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5.9.6 Mohr-Coulomb Strength Parameters

The Mohr-Coulomb Strength Parameters of the ore® wletermined by using the
software package, 'RocLab’, which has been develoge an associated Windows
program in the 2002 edition of the Hoek-Brown feglcriteria (Hoek et al., 2002).
The software is normally used for obtaining the ieglent Mohr-Coulomb
parameters, namely cohesive strength and frictiogleafor a rock that has been
evaluated as a Hoek-Brown material. The input datuired for an intact and
undisturbed rock are the unconfined compressivength and the material constant
(m). Unconfined compressive strength values of B3, 144 MPa and 105.5 MPa
were used for quartz, calcite and dolomite orespeetively, which are typical
strength of quartzite, strong limestone and dolermick(Lama and Vutukuri, 1978
The Material constants were obtained from the smiwtself and these were 20, 12
and 9 for quartzite, limestone and dolomite rockpestively. Typical results from

‘RocLab’ are shown in Figures 5.4 - 5.6.
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Hoek-Brown Classification
iitact wriasial cormnp. strength (sigel) = 144 MPa
GEI=100 mi=12 Disturbance factor (D) =1
mtact modulus (E1) = 83800 MPa

Hoek-Brown Criterion
...... 1001 - II11:I=12.|:||:||:| s =1.0000 a=~0.500

Mohr-Coulomb Fit
cohesion = 27.903 MPa  friction angle =44.90 deg

Rock Mass Parameters
tensile strength = -12.000 MPa
uriazaal compressive strength = 144,000 MFa
global strength = 134,400 MPa
deformation modulus = 8332472 MPa

Shear stress (MPa)

Analysis of Rock Strength nsing RocLab

6n

Mormal stress (WMPa)

Figure 5.4: Estimation of Mohr-Coulomb strength parameters for calcite ore (RocLab)
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Hoek-Brovwn Classification
ntact uniazial comp. strength (sigen) = 105,35 MPa
GSI=100 wmi=9 Disturbance factor (D) =10
ntact modulus (Ei) = 113070 MPa

Hoek-Brown Criterion
mh=9.000 s=1.0000 a=0.500

Molr-Conlomb Fit
cohesion = 21,823 MPa  friction angle =41.75 deg

Fock Mass Parameters
tensile strength =-11.722 MPa
uniasdal compressive strength = 105500 MPa
global strength = 37,535 MPa
deformation modulus = 117400.36 MPa

Shear stress (MPa)

Analysis of Rock Strength using RocLab

6n

Mormal stress (MPa)

Figure 5.5: Estimation of Mohr-Coulomb strength parameters for dolomite ore

(RocLab)
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Analysis of Rock Strength using FocLab

Hoelk-Brown Classification

intact uniasal comp. strength (sigel) = 263 MPa
GSI=100 mi=20 Disturbance factor (00 =10
mtact modulus (Ei) = 95570 MPa

Hoelk-Brovwn Criterion
mh=20000 s=10000 a=02500

2001 Mohr-Coulomb Fit e
cohesion = 46947 MPa  friction angle =49 96 deg :

Eock Mass Parameters
tensile strength = -13.150 MPa
uraxial compressive strength = 263,000 MPa
global strength = 257 686 MPa
deformation madulus = 9502737 MPa

Shear stress (MPa)

. IDD ...................................... .......................................

a 10 200
Mortnal stress (MPa)

Figure 5.6: Estimation of Mohr-Coulomb strength parameters for quartz ore (RocLab)
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5.9.7 Strain Softening

In FLAC, it is possible to define the cohesion, frictiomddensile strength variation as
a function of the plastic portion of the strainoft8ning behaviours for the cohesion,
friction in terms of the shear strain could be give the form of tables. Each table
contains pairs of values: one for the parameter amel for the property value.
Softening of the tensile strength is described isimailar manner using the plastic
tensile strain. IFFLAC, it is assumed that the property varies lineadyween two
consecutive parameter entries in the table. Atitligation of tensile failure, the
tensile strength of a material will generally drimpzero (Itasca, 2000). The tensile
strength of the ores was deemed to fall to 0.1%r &t1% tensile strain and the
cohesion was specified to fall to 10% after 1% sh&eain. The Peak strength
(obtained from the previous section) and the redidirength for each matrix are
shown in Tables 5-14 and 5-15. In practice, softgrparameters must be calibrated
for each specific analysis with values that areegalfy back-calculated from result of

laboratory triaxial tests, which is usually an d&ve process.

Table 5-14: Peak strength

Mineral Cohesive strength (MPa) Tensile strength (MPa) Fricon angle ()
Quartz 46.95 13.15 50
Calcite 27.90 12.00 45
Dolomite 21.80 11.70 42

Table 5-15: Residual strength after 1% strain

Mineral Cohesive strength (MPa) Tensile strength (MPa) Fricon angle )
Quartz 4.69 0 50
Calcite 2.79 0 45
Dolomite 2.18 0 42

TheFISH code used for specifying the strain softeningpprtes is also shown in
Table 5-16.
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Table 5-16:FISH code used for modelling strain softening for calte

model ss

prop fric 45 tens 12e6 coh 27.9e6 i=1,horcoor jppdne,ptminone
prop ttab=1 ctab=2 i=1,horcoor j=pbplone,ptminone

table 1 0,12e6 0.001,0.12e6

table 2 0,27.9e6 0.01,2.79e6

group 'User: calcite' region horcoor horcoor

prop den=2712 bulk=7.33e10 shear=3.2e10 group 'Usatcite’
prop fric 45 tens 12e6 coh 27.9e6 group 'User: dgdc

Thus, it is now possible to simulate microwave imgpbf binary ores and observe the
temperature profile for a particular treatment abad. The following figures show
typical temperature profiles observed for the @isr microwave treatment. The full
simulation code used for modelling microwave heatifi a binary ore is shown in

Appendix B.

JOB TITLE - pyrite_calcite_fine_5e8 055 101

FLAC (Version 4.00)

[ 0300

LEGEND!

30-Oct-07 20:23
step 5000
Thermal Time  4.9997E-01
-7.203E-03 <x< 1.720E-02
T.735E-03 <y= 3.214E-02

[ 0.z60

Temperature
0.00E+00
5.00E+00
1.00E+01
1.50E+01
2.00E+01
2 50E+01

[ 0.z20

[ 0180

Contour interval= 5 00E+00

[ 0140

[ 0100

Process Eng, Stellenbosch Univ T T T T T T T T T T T
-0.040 0.000 0.040 0060 0120 0160
(=01

Figure 5.7: Temperature profile in fine-grained pyrite-calcite, treated atPy = 5E8 W/nT,
t=0.5s, Max Temperature = 25C
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Figure 5.8: Temperature profile in fine-grained pyiite-calcite, treated atPyg =1E9 W/n’,

t=0.5s, Max Temperature = 45C
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Figure 5.9: Temperature profile in fine-grained gakna-calcite, treated atPq = 1E9

W/m? t=0.5s, Max Temperature = 58C
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5.10 Simulation of Unconfined Compressive Strength Test

The effect of the microwave treatment on strengthuction of the ores was predicted
by the simulation of the unconfined compressiveergjth test on the thermally
damaged models. The uniaxial compressive strergghwas chosen, as it is the
commonest method for studying the mechanical ptgseof rock and it is possible to
correlate it with ore breakage parameters (refep@dr 4).

The simulation for unconfined compressive strerigt was made by modelling two
steel platens above and below the samples as @ewtimal arrangement in standard
test. The loading rate should be set sufficientbwwsenough to ensure the sample
remains in quasi-static equilibrium throughout test. After running simulation with
different loading rates, a velocity of*610° m/step was found to be slow enough for
the ore models considered and provide typicalrsti@e used for testing rock strength
in experiments. The velocity was applied at the o the bottom platens to
compress the samples. It is well known that thairstrate affects the unconfined
compressive strength of rock; thus, this velocigswixed for testing the untreated
and microwave treated materials. The steel was head@as an isotropic elastic
material with a bulk modulus specified as 210 GR& shear modulus specified as 81
GPa. The contact between the steel and the rockepassented by a spring-dashpot
type interface.

To monitor the load deformation relationship withime samples during testing,
history files were generated from the average steesditions at the top and bottom
boundaries. The models were run for a total of 40&@ps which was well above the
values at which the materials reached their unoedficompressive strength. The
complete simulation code-(SH) used for unconfined compressive strength test is
shown in Appendix C. On average a computationaé toh3 hours was required to

complete one simulation.

Typical fracture patterns of an untreated ore dtiading are shown in Figures 5-10
and 5-11. The rock specimen fractures by brittlétsyg and fail in shear, which is in
complete agreement with real experiment (refer @rag). Typical results of stress-

strain curve obtained from the simulation were alsown in Figures 5-12 and 5-13.
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Figure 5.10: Maximum shear strain contour after loaling (note the steel platens above

and below the sample)
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Figure 5.11: Mechanical state of a material afterdading
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Figure 5.12: Typical strain-stress curve for calde ore
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Figure 5.13: Typical strain-stress curve for quartz ore
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5.11 Conclusions

The methodologies used to simulate thermal and amecél behaviour and the
specification of the constitutive thermal and metbal models that are required in
FLAC have been discussed in the chapter. The therndainachanical properties for
each mineral and thEISH codes used for specifying the properties have laésnm
tabulated. The procedure for applying power densityfrLAC, hence, modelling
microwave heating, has been detailed. The modeal faesimulation of unconfined
compressive strength test is also presented. Hbve possible to carry out different
numerical experiments and to investigate the edffent different variables on
microwave treatment of ores. The results obtainesinf different numerical

experiments will be discussed in Chapter 6.
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Chapter 6
Results of Bulk Strength Simulation

6.1 Introduction

This chapter discusses the results of differentdtions undertaken for investigating
the effect of different variables on bulk strengtduction of microwave treated ores.
The first section details a study designed to eranthe effect of thermo-mechanical
properties of mineral constituents on strength cado of ores. The second section
examines the effect of microwave absorbent phaai@ gize. In the third section, the
effect of power density for a narrow range is iriggged. The effect of absorbent
phase modal area and dissemination are also peelsenthe fourth and fifth section,

respectively. In the sixth section, the effect eénowave treatment on the mechanical

state of an ore sample is examined.

6.2 Effect of Thermo-mechanical Properties on StrengthirReduction

6.2.1 Introduction

This section details the study carried out for stigating the effect of thermo-
mechanical properties of minerals on strength réolicof ores. A total of nine
different binary ore models were constructed. Nextseries of simulations of
microwave heating, thermal damaged unconfined compressive strength test were
carried out to illustrate the effects of thermo-heatcal properties of both the
microwave absorbent phase and the transparentxnmairstrength reduction of the

ores.
6.2.2 Methodology

The methodologies used for construction of the woredels and for modelling
microwave heating and unconfined compressive stinetest were all detailed in
Chapter 5. In this study, the conceptual ores wexposed to heating at power
densities of 1x 10° W/m® and 5x 10° W/m® for exposure times of 0.5 to 10 s. One

simulation was carried out by exposing nine différecoarse-grained ores to
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microwave at power density of 1 x °*1@/m> Another simulation was also
undertaken by changing the power density and tkieiree of the ores. The effect of
thermo-mechanical properties was then investigaigdcomparing the strength

reduction of the ores for the same texture andowiare treatment condition.
6.2.3 Results of Coarse-grained Binary Ores

The results of the unconfined compressive stremgsts of coarse-grained binary
ores treated at power density of 1 x° Y&/m® and at different exposure times are
tabulated in Table 6-1.

Table 6-1: Unconfined compressive strength of bingrores, coarse-grained textured(=
611.2), treated atPy = 1 x 10 W/m?

UCS UCS UCS UCS UCS UCS UCS
Binary ores (untreated) 0.5s 1ls 2s 5s 8s 10s

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

Galena-Quartz 231.5 191.5 135.0 99.5 51.0 47.0 47.0
Galena-Calcite 140.0 91.5 84.0 77.5 62.0 42.5 38.0
Galena-Dolomite 104.5 85.0 72.0 67.0 56.5 46.5 43.0
Pyrite-Calcite 127.0 126.0 106.5 93.5 67.5 49.5 40.5
Pyrite-Quartz 201.0 201.0 178.5 131.5 52.5 46.5 46.0
Pyrite-Dolomite 106.5 101.0 97.0 90.0 67.5 52.0 48.0
Magnetite-Calcite 128.5 127.5 120.0 101.0 64.5 45.0 42.0
Magnetite-Quartz 200.5 200.5 193.0 136.0 55.0 49.0 47.0
Magnetite-Dolomite 107.0 100.0 95.0 87.5 71.0 50.0 47.0
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6.2.3.1Effect of Absorbent Phase’s Thermo-mechanical Proptes

The results in Table 6-1 are plotted in Figures 6-b and 6-6 to illustrate the effect
of microwave absorber’s thermo-mechanical propeie strength reduction of ores.
Figure 6-1 shows the percentage reductions in giineaf different coarse-grained
quartz ores (consist of different microwave absotimeinerals). As can be seen, there
was a significant variation in strength reductiémsthe same texture and treatment
condition. The reduction in strength obtained falega-quartz was much higher than
that obtained for the other quartz ores at all syp® times. For instance, a reduction
of 17.2% was obtained at 0.5 s for galena-quartdswihere were no strength
reductions in pyrite-quartz and magnetite-quaresoilhe temperature profiles inside
the ores after 0.5 s are also shown in Figuresa®&24. As can be seen, the maximum
temperature obtained for galena-quartz was sigmflg high. A maximum
temperature up to 10C was obtained for galena-quartz whilst the maximum

temperatures for the other ores were beloW60

0
= *
70 A
B0
a0
40
30 A
20 7
10 7

I:I T T T T
1l 2 4 5] g 10

Exposure timeis)

% UCS reduction

|+ Galena-Guartz - Pyrite-Cluartz —— Magnet'rte-@uartﬂ

Figure 6.1: Strength reduction of quartz ores, coase-grained ¢ = 611.2) Py = 1x 10’
Wim?®
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As has been discussed in Chapter 5, the thermadlyced stresses in an ore are
directly proportional to the rise in temperatureurtRer, the thermal expansion
coefficient of galena is much higher than that @igmetite and pyrite. It can also be
seen that the difference in strength reductionsv&et magnetite-quartz and pyrite-
quartz was very small at all exposure times. Th&imam temperature rise obtained
for the two ores were also relatively similar. Afte s, the strength reductions were
almost the same for the three ores once they attahe maximum strength reduction.
Increasing the exposure time beyond 5 s did noaghdhe strength reductions of the
ores. It can be said that there is a point forwemimineralogy and power density
beyond which no further reduction in strength wohtl obtained by increasing the

exposure time.
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Figure 6.2: Temperature profile in galena-quartz ,coarse-grained ¢ = 611.2), treated at

Py=1x 10W/m3fort=0.5s
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Figure 6.3: Temperature profile in magnetite-quartz coarse-grained ¢ = 611.2),
treated atPy = 1x 10W/m3fort=0.5s
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Figure 6.4: Temperature profile in pyrite-quartz, coarse-grained ¢ = 611.2), treated at
Py=1x 10W/m*fort=0.5s
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Figure 6-5 shows the effect of microwave absorbgmise’s thermo-mechanical
properties on strength reduction of calcite oresreHagain, the strength reduction
obtained for galena-calcite was much higher tha dbtained for pyrite-calcite and
magnetite-calcite ores at all exposure times. Gataicite achieved much higher
strength reduction in particular below 2 s. Fotanse, a 40% reduction in strength
was obtained at 1 s for galena-calcite whereas d&% and 6.6% reductions were
obtained at this time for pyrite-calcite and magretalcite ore, respectively. The
effect on strength reduction of dolomite ores isoathown in Figure 6-6. Higher
reduction here also was attained by galena-doloonés than pyrite-dolomite and
magnetite-dolomite. Once again, it should be ndted the difference in strength
reductions between pyrite-dolomite and magnetiterdde was very small. In

general, binary ores that contain galena as micrevedsorber attained the highest
reductions in strength and similar strength redugiwere obtained for magnetite and

pyrite ores.
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Figure 6.5: Strength reduction of calcite ores, caae-grained @ = 611.2) Py = 1x 10°
W/m?®
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Figure 6.6: Strength reduction of dolomite ores, carse-grained ¢ = 611.2),Py = 1x 10°
W/m?

6.2.3.2Effect of Transparent Phase’s Thermo-mechanical Prgerties

Figures 6-7, 6-11 and 6-12 show the effect of tleemechanical properties of the

transparent phase on strength reduction of the &iigsre 6-7 shows the effect on
strength reduction of galena ores. It can be deantihere was a significant difference
in strength reductions between different galenas.ofEhe reduction in strength

obtained for galena-calcite was higher below 1 @wéler, after 1 s, a much higher
strength reduction was attained by galena-quadzekample, at 2 s, the reduction in
galena-quartz was 57% whilst 44.6% and 35.8% reshstwere obtained in galena-
calcite and galena-dolomite, respectively. The terafure profiles inside the ores
after microwave treatment for 2 s are also showhkigures 6-8 to 6-10. As can be
seen, the maximum temperatures obtained for afl were between 175 and 200

It appears that the thermal properties of the parent phase did not have a

significant effect on the maximum temperature atdiby the ores.
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Figure 6.7: Strength reduction of galena ores, coae-grained ¢ = 611.2)Py= 1% 10°

W/m?3
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Figure 6-11 shows the effect of thermo-mechanioaperties of the transparent phase
on strength reduction of pyrite ores. Again, it cha seen that there was a
considerable difference in strength reductions betwdifferent pyrite ores. The
strength reduction obtained for pyrite-quartz wasgcmhigher than that obtained for
pyrite-calcite and pyrite-dolomite. For example 5as, the reduction in strength was
73.8% in pyrite-quartz while 46.8% and 36.6% reotuns were obtained for pyrite-
calcite and pyrite-dolomite ores, respectively. Hdiect on strength reductions of
magnetite ores is also shown in Figure 6-12. Aslmageen, the difference in strength
reductions was very small below 2 s. However, aftes, highest reductions in
strength were obtained for magnetite-quartz whie fowest reductions were
obtained for magnetite-dolomite. For instance, st the reduction in strength attained
by magnetite-quartz was 72.5% whilst 49.8% and%®@3.&ductions were obtained for

magnetite-calcite and magnetite-dolomite, respelbiv
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Figure 6.11: Strength reduction of pyrite ores, comse-grained ¢ = 611.2) Py = 1x 10°
W/m?
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Figure 6.12: Strength reduction of magnetite oressoarse-grained ¢ = 611.2), Py = 1x
10°W/m?®
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6.2.4 Results of Fine-grained Binary Ores

In order to verify whether the trends that werensieethe previous section would be
repeated when the texture and power density aredyaanother simulation was
carried out by changing the power density value thwedtexture of the ores. For this
case, the power density was lowered t& 5¢® W/m® and fine-grained binary ores

were used. The simulation results obtained are showable 6-2.

Table 6-2: Unconfined compressive strength of bingrores, fine-grained texture ¢ =

4889.6), treated aPy = 5x 1 W/m?®

UCS ucCs UCS UCS UCS UCs UCS
Binary ores (untreated) 05s 1ls 2s 5s 8s 10s
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
Galena-Quartz 234.0 234.0 234.0 234.0 144.0 725 551
Galena-Calcite 140.0 140.0 139.0 137.0 1045 84.0 82.0
Galena-Dolomite 104.5 104.5 104.5 103.5 89.5 83.0 73.5
Pyrite-Calcite 135.5 135.5 135.5 133.5 128.5 112.0 99.5
Pyrite-Quartz 222.5 222.5 222.5 222.0 161.0 84.5 57.0
Pyrite-Dolomite 108.0 108.0 108.0 107.5 102.5 93.0 88.0
Magnetite-Calcite 136.0 136.0 136.0 134.0 128.0 114.5 102.0
Magnetite-Quartz 220.0 220.0 220.0 216.5 159.0 95.0 57.0
Magnetite- Dolomite 107.5 107.5 107.5 107.0 103.0 94.0 89.5
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6.2.4.1Effect of Absorbent Phase’s Thermo-mechanical Proptes

The results in Table 6-2 are plotted in Figures364-14 and 6-15 to illustrate the
effect of thermo-mechanical properties of the miaee absorbing mineral on the
strength reduction of fine-grained ores. Figure36shows the effect on the strength
reduction of fine-grained quartz ores. It can bensthat there were no reductions in
strength for all ores up to 2 s. However, after, 2 siigher strength reductions were
obtained for galena-quartz at all exposure times.example, a 39% reduction was
obtained for galena-quartz at 5 s whilst only 2&%¥uction was obtained for pyrite-
quartz and magnetite-quartz ores. Figure 6-11 shtwves effect of microwave

absorber’s thermo-mechanical properties on strerggthction of fine-grained calcite

ores. The general trend shown by quartz ores wecerapeated by calcite ores i.e.
below 2 s, there was little damage while beyonda2nsuch higher strength reduction
was obtained for galena-calcite. For instance, st e strength reduction obtained
for galena-calcite was 40% while the reductionssirength of pyrite-calcite and

magnetite-calcite were below 20%.
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Figure 6.13: Strength reduction of quartz ores, fie-grained ¢ = 4889.6)Py = 5x 10°
Wim?®
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Figure 6.14: Strength reduction of calcite ores, fie-grained @ = 4889.6)P; = 5x 1¢°
W/m?
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Figure 6.15: Strength reduction of dolomite ores,ifie-grained @ = 4889.6)P; = 5x 10°
W/m?
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The effect on strength reduction of fine-grainetbduote ores is also shown in Figure
6-15. As can be seen, the maximum strength reductiained here was about 30%
which was obtained for galena-dolomite treatedlfdrs. Here also the pattern seen in
calcite and quartz ores was repeated. It can absodted that the differences in
strength reductions between pyrite-dolomite and matitg-dolomite were very small

at all exposure times.
6.2.4.2Effect of Transparent Phase’s Thermo-mechanical Prgerties

Figures 6-16, 6-17 and 6-18 show the effect oftlemo-mechanical properties of
the transparent phase on strength reduction ofdgiaaed ores. As can be seen from
Figure 6-16, there was a considerable differented®n strength reductions obtained
for different fine-grained galena ores. The highststngth reduction was obtained for
galena-quartz ore while the lowest was obtainedyédena-dolomite at all exposure
times. For example, at 8 s, the reduction was 69%aiena-quartz, 40% in galena-

calcite and 20% in galena-dolomite.
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Figure 6.16: Strength reduction of galena ores, figrained @ = 4889.6)P, = 5x 1C°
W/m?
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The effect of thermo-mechanical properties of thendgparent phase on strength
reduction of fine-grained pyrite ores is also showfigure 6-17. As can be seen, the
strength reduction obtained for pyrite-quartz wascim higher compared to that
obtained for pyrite-calcite and pyrite-dolomite @ré&or example, at 5 s, the strength
reduction of pyrite-quartz was 27.6% while the it reduction of pyrite-calcite
and pyrite-dolomite were 5.2% and 5.1%, respectivieigure 6-18 shows the effect
on strength reduction of magnetite ores. It casdsn that the general trend shown by
galena and pyrite ores was also repeated for miégoees. For example, the strength
reduction at 10 s was 74.1% in magnetite-quart¥ #bmagnetite-calcite and 16.7%

in magnetite-dolomite.
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% UCS reduction
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Figure 6.17: Strength reduction of pyrite ores, fie-grained @ = 4889.6)Py = 5x 10’
W/m?®
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Figure 6.18: Strength reduction of magnetite oredjne-grained (= 4889.6) Py = 5x 10’
W/m?

6.2.5 Discussion and Summary

It has been shown that binary ores containing gal@s the microwave absorber
attained the highest reductions in strength. Tlis be explained by looking the
thermal properties in Tables 5.2, 5.6 and 5.9. Fiale 5.2, it can be seen that even
though the density of galena is higher than thanhaf@netite and pyrite (1.4 and 1.5
times), its specific heat capacity is 2.79 and 3i8tes lower than that of magnetite
and pyrite, respectively. This means that for tame power density and exposure

time, the temperature rise in galena was highéer(fégures 6-2 to 6-4).

Another property that is very important in therratiess development consequently in
strength reduction is the thermal expansion cdefiic As can be seen from Table 5-
9, the thermal expansion coefficient of galena ian@ 2.1 times that of pyrite and
magnetite, respectively. This implies that even tfog same temperature rise, the
strain developed in galena would be 2 and 2.1 tithas of pyrite and magnetite,

respectively.
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It can be seen from Tables 5-11 and 5-12 that tile and shear modulus of galena
are much lower than those of pyrite and magndtiis.known that a higher bulk and
shear modulus of the microwave absorbing minertlresult in higher stresses being
generated per unit strain. However, the strengtluaton obtained for pyrite and
magnetite ore were lower than that of galena oneisTit can be said that the effect of
thermal properties of the microwave absorbent pkasemuch higher than the effect

of its mechanical properties on strength reduatibtne ores.

As was shown in Chapter 5, the thermo-mechaniagleaties of pyrite and magnetite
are somewhat similar except that pyrite has a nimigiher thermal conductivity value
than magnetite. High thermal conductivity of thecrowwave absorbing mineral will
increase the conduction heat loss and as a conssgjudecrease the thermally
induced stresses. However, since the microwave sexpotimes were short, the
influence of thermal conductivity was not that sigrant compared to the effect of
other thermal properties such as specific heataigpand density. The temperature
profiles obtained for the two ores also confirmieid situation. As a result, pyrite and
magnetite ores achieved similar strength reducticegardless of a considerable
thermal conductivity difference. Nonetheless, isuggested that if the exposure times
were very long and the power density was very lagher strength reductions would

be expected in magnetite than pyrite ores.

It has also been shown that the effect of the tbemechanical properties of the
transparent minerals have also a significant eféecthe strength reduction. Highest
reductions in strength in general were obtainedqgimartz ores and the lowest were
obtained for dolomite ores. The strength reductiobtined for calcite ores were
between that of quartz ores and dolomite oresl| ggoaver densities and ore textures.
Looking the properties of the transparent minerdls;an be seen that there is a
significant difference between unconfined compresstrengths of the ores. The
unconfined compressive strengths of the quartz aree 2 - 2.5 times that of

dolomite and 1.25 - 1.5 times that of calcite. Thiags quartz ores, the transparent
mineral (matrix) is very strong and it is suggestieat this would facilitate fracture

during thermal expansion of the heated phase.

From Table 5-9, it can be seen that the thermahesipn coefficient of quartz is 2.5 -
3 times higher than that of calcite and dolomitas&l on only the thermal expansion
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coefficient difference between the microwave abswrland the transparent minerals,
one could expect for example that the strength atolu in galena-quartz would be
lower than in galena-dolomite, as the thermal egjmam coefficient difference is
higher in galena-dolomite. But a much higher reuctvas obtained for galena-
quartz. Thus, it can be said that the effect oflhess difference between microwave
absorber and transparent minerals is more signifithan the effect of thermal
expansion coefficient difference on bulk strenggttiuction. However, it was also seen
that below 1 s coarse-grained calcite ores achiexatlvely higher strength reduction
than coarse-grained quartz ores. It is suggestatl ttte high thermal expansion
coefficient of quartz (the transparent matrix) ntighso have a contribution for the

increase in bulk damage after 1 s.
6.2.6 Conclusions

This section has examined the effect of thermo-raeicial properties of minerals on
strength reduction when binary ores subjected torowmiave radiation. It has been
shown that the thermo-mechanical properties of bloghmicrowave absorbing and
microwave transparent minerals have a strong inflaeon strength reduction. It was
shown that in general the thermal properties ofnin@owave absorbing mineral and
the mechanical properties of the transparent mhatawe the most significant effect on
the strength reduction. Binary ores containing erawave absorbing mineral that has
a high thermal expansion coefficient in a strorap$parent matrix achieved higher
reductions in strength.
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6.3 Effect of Absorbent Phase Grain Size on Strength Reiction of

Microwave Treated Ores

6.3.1 Introduction

This section details the study undertaken for itigaing the effect of grain size of
the microwave absorbent phase on unconfined comipgeestrength reduction of
microwave treated ores. Simulation of microwave tinga thermal damagend

unconfined compressive strength tests were cawigdfor two binary ores, each
having three different textures (coarse, medium &nd-grained). The effect of
absorbent phase grain size was then examined bgarorg the reduction in strength

of the ores for the same microwave treatment cmmdit
6.3.2 Methodology

Based on the results from the previous section,ldiwary ores namely, galena-quartz
and magnetite-dolomite were selected for the stliig.two ores were chosen as they
attained the highest and the lowest strength remtu¢han any other binary ores.
Three different textures were constructed for eaatmary ore. The method for
constructing different textures was already disedss Chapter 5 and it will not be
repeated here. Typical ore textures are showngarEi6-19 again for clarity, note
that all ore textures contain 10% of microwave absg and 90% transparent
mineral by volume. The conceptual ores were thgrogad to microwave heating at
power densities of ¥ 10° W/m® and 5x 16 W/m® for 0.5 to 10 s. After heating, the
ores were subjected to unconfined compressive gitietest and the strength
reduction of each ore at each treatment conditias recorded.
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Coarse-grained Medium-grained Fine-grained
(=1000 pm) (230 um -1000 pm}) (=230 um)
p=611.2 p=12224 p=4882.6

Figure 6.19: Representation of different textures

6.3.3 Results and Discussion

The results of the unconfined compressive stretegts for galena-quartz treated at
microwave powelPy = 1 x 10° W/m® are shown in Table 6-3 and the reductions in
strength are also shown in Figure 6-20. It can densrom Table 6-3 that as the
texture parametealy increases (as the grain size decreases), the dantageed in the
samples become smaller. For example, a reductidly 8% was obtained for the
coarse-grained ore at 0.5 s while there were nactexhs at this time for both the
medium-grained and fine-grained textures. The amofienergy required to achieve
the same strength reduction as the coarse-graireed/as also considerably high for
the fine-grained one. For example, it can be skahit required an energy input of 1
x 10° J/n? to reduce the unconfined compressive strengthoafse-grained galena-
quartz ¢ =611.2 by 41% but more than 8 10° J/nT was needed to achieve the
same reduction for the fine-grained ongs<4889.6.
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Table 6-3: Unconfined compressive strength of galerquartz ore, treated atPy = 1 x 10

W/m?3

Texture UCS UCS UCS UCS UCS UCS UCS
parameter (untreated) 05s 1ls 2s 5s 8s 10s
(9) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
611.2 2315 191.5 135.0 99.5 51.0 47.0 47.0
1222.4 2245 2245 171.0 112.0 52.0 47.0 47.0
4889.6 232.0 232.0 232.0 176.0 54.0 47.0 47.0
80
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Figure 6.20: Strength reduction of galena-quartz ce, Py = 1x 10°W/m?

The possible reason for this can be explained bkitg the temperature profiles

inside the ores for the same treatment conditiagurEs 6-21 to 6-23 show the
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temperature profiles obtained for different textuadter 1 s microwave treatment. As
can be seen, maximum temperature of°Co@as achieved by the coarse-grained ore
while the maximum temperatures obtained for medgnained and fine—grained ore
were 125 and 8, respectively. It is evident that the fine-grainend medium-
grained ores lost heat by conduction more rapiglyther, the temperature gradients
for the coarse-grained were much higher aroundgtiaén boundary. This is most
likely due to the increase in heat transfer areafdse area to volume ratio) between
the microwave absorbent mineral and transparenixres the grain size decreases. It
is apparent that if the rise in temperature ingltke ore is low, then the thermally
induced stresses will also be low (refer Chaptefmaus, the damage induced in the

medium grained and fine grained ores were smailethie same treatment condition.

The difference in reduction of unconfined compresstrengths of the ores became
smaller as the exposure time increased and fir@llpres achieved the maximum
strength reduction. However, it should be noted tthe coarse-grained ore achieved a
considerable (> 40%) strength reduction in a shetposure time (< 1 s).
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Figure 6.21: Temperature profile in galena-quartz coarse-grained, treated aPy = 1 x
10°W/m3fort=1s
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Figure 6.22: Temperature profile in galena-quartz medium-grained, treated atPy = 1 x
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Table 6-4 and Figure 6-24 show the results of theoofined compressive strength
test of galena-quartz ores treatedPat 5x 10° W/m>. As it would be expected, the
reductions in strength obtained here were lowen ttie result obtained from the
previous simulation because of the power densifgr@ince. But here also the pattern
is repeated, i.e. higher strength reduction wasinbtl for coarse-grained ore than
medium-grained and fine-grained ore. As can be,se®me than 70% reduction in

strength was obtained at 5 s for coarse-grainedvbile the reduction in fine-grained

ones was below 40%.

Table 6-4: Unconfined compressive strength of galerquartz ore, treated atPy = 5x 10°

W/m?
Texture UCSs UCS UCS UCS UcCs UCS UCS
parameter (untreated) 05s 1ls 2s 5s 8s 10s
(9) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
611.2 236.0 236.0 209.0 135.0 68.0 52.5 51.5
1222.4 230.0 230.0 230.0 221.0 106.5 63.0 52.0
4889.6 234.0 234.0 234.0 234.0 144.0 72.5 52.5
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Figure 6.24: Strength reduction of galena-quartz ce treated atPy = 5x 10° W/m?®

The results of unconfined compressive strengthfeestnagnetite-dolomite treated at
microwave power aPy = 1 x 10° W/m® are shown in Table 6-5 and Figure 6-25. It
can be seen that the general trend shown by galesmdz was also repeated by
magnetite-dolomite i.e., highest reductions in rgjtb were obtained for coarse-
grained texture and the lowest obtained for the-firained ones at all exposure times.
For example, the reductions obtained at 5 s wer@?33or the coarse-grained, 23.8%

for the medium-grained and 18.1% for the fine-gediore.
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Table 6-5: Unconfined compressive strength of magtite-dolomite ore, treated atPy = 1

x 100 W/m?
Texture UCS UCS UCS UCS Ucs UCS UCS
parameter (untreated) 05s 1ls 2s 5s 8s 10s
(9) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
611.2 107.0 100.0 95.0 87.5 71.0 50.0 47.0
1222.4 107.0 106.0 103.5 99.0 81.5 57.0 49.5
4889.6 107.5 107.0 105.5 104.0 88.0 66.0 55.0

% UCS reduction

Time(s)

—e— Coarse-grained —e— Medium-grained —— Fine-grained ‘

Figure 6.25: Strength reduction of magnetite-dolonie ore, treated atPy = 1x 10°W/m?
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Table 6-6: Unconfined compressive strength of magtite-dolomite ore, treated atPy = 5

x 160 W/m?
Texture ucs UCS UCS UCS ucs UCS ucs
parameter  (untreated) 05s 1ls 2s 5s 8s 10s
(9) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
611.2 106.5 105.0 104.5 97.5 92.0 83.0 73.0
1222.4 107.0 107.0 105.5 104.0 95.0 88.0 83.5
4889.6 107.5 107.5 107.5 107.0 103.0 94.0 89.5

Table 6-6 shows the results of the unconfined cesgive strength test of magnetite-

dolomite treated at  10° W/m>. The reductions in strength are also shown inf€igu

6-26. Here also, highest reduction in strength was$ained for coarse-grained

magnetite-dolomite and lowest reduction was obthifeg fine-grained one at all

exposure times. For instance, at 10 s, the rechscticere 16.7% for the fine-grained,

22% for the medium-grained and 31.5% for the cograeed one. It is evident that

for the same energy input ob&10° J/nT the reduction in strength attained by coarse-

grained magnetite-dolomite was twice than thaired-Qrained one.
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Figure 6.26: Strength reduction of magnetite-dolonie ore, treated atPy = 5x 10°W/m?®

6.3.4 Conclusions

This section has examined the effect of grain sizemicrowave absorbent phase on
bulk strength reduction when binary ores exposaditwowave radiation. It has been
shown that binary ores with coarse-grained texaictgeved the highest reductions in
strength while lowest reductions in strength wedramed for fine-grained texture for
all binary ores. The following reasons are suggkgiethis: firstly, larger microwave
absorbing grains would create larger stresses glutirermal expansion, thus,
increasing fracture. Secondly, it can be seen fhiathe same percentage of the
microwave absorbent phase (10%), the heat tramsta (surface area to volume
ratio) between the microwave absorbent phase antspgarent matrix in the fine-
grained is much higher than in the medium-grained aoarse-grained ores as
indicated by the texture parameter. Thus, the diranred ores will loss heat by
conduction more rapidly during heating (refer ttmperature profiles in Figures 6-21
to 6-21). This will significantly decrease the teemgture gradient and consequently,

reduce the thermally induced stresses.
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6.4 Influence of Power Density on Strength Reduction dflicrowave

Treated Ores

6.4.1 Introduction

This section investigates the influence of powenstty on unconfined strength
reduction of microwave treated ores. It has beewipusly shown that power density
has a significant effect on microwave treatmentord (e.g. Whittles et al., 2003;
Jones et al., 2007). It was shown that by incrga#ie power density, significantly
greater stresses could be created for much lowenggnnputs. Previous simulation
work by Jones et al. (2007) indicated that higherngth reduction in strength was
obtained when the power density was very high aedekposure time was very short
for the same energy inputs. However, the power itiessralues used on that study
were between ¥ 10° and 1x 10®°W/m?®. The intention in that study was to examine
the effect of using future very high power pulsedcrowave equipment on
microwave treatment of ores. Hence, the power tiersnge was greater than that is
likely to be achievable in practice, either as auleof limitations in available
technology or because of the likelihood of dieliecbreakdown at the electric field
strengths required. In this study, the effect oivpodensity on the strength reduction

of ores for a narrow power density range is ingadéd.
6.4.2 Methodology

Here again, two binary ores, namely galena-quartzraagnetite-dolomite were used
for the study. In addition, two different texturésarse-grained and fine-grained)
were also simulated for each binary ore. Furthteidysng the effect of power density
for a narrow range would provide useful data fosigeing the required applicator as
there is variation in electric field inside the &pator (refer Chapter 3). As was
discussed previously, due to non-uniformity of glectric field, there would be a
power density variation inside the applicator. Acliogly, simulations were carried
out for the two binary ores by varying the powenslgy from 5x 10° to 1x10° W/m®.

Again, this power density range was assumed tgpoeal of the power density range
achievable using a 30 kW, 2.45 GHz supply in eithesingle mode applicator or

- 123 -



Chapter 6 — Results of Bulk Strength Simulation

continuous treatment applicator and further, witiie range of values obtained from

electromagnetic simulations performed elsewhere.
6.4.3 Results and Discussion

Figure 6-27 shows the results of simulations ofamficed compressive strength tests
of coarse-grained galena-quartz. The percentagetied in strength as a function of
power density is also shown in Figure 6-28. It banseen that even for the narrow
power density range examined; the results indictitatistrength reduction is strongly
dependent on power density. This can be noticetbbking the strength reduction
obtained at the same energy inputs. It can be #eem Figure 6-28 that 17.5%
strength reduction was achieved R = 1 x 10° W/m®, 0.5 s while the strength
reduction aPy = 5x 10° W/m®, 1 s was about 10%. After 5 s, the strength récist
obtained at different power densities were almbst $ame, as the ore reached its
maximum strength reduction. However, it should beed that aPy = 1 x 10° W/m®
the maximum strength reduction was achieved atteshexposure time. It is evident
that a small change in the power density had aifgignt effect on the strength

reduction of the ore.
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Figure 6.27: Unconfined compressive strength of cose galena-quartz ore, treated at

different power densities
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Figure 6.28: Reduction in strength of coarse-grairgegalena-quartz ore

Figure 6-29 shows the result of simulation of UESt$ of fine-grained galena-quartz.
The percentage reduction in strength is also shiowrable 6-7. As can be seen, there
were no strength reductions at all power denshisdew 1 s. However, after 1 s, the
pattern seen in the coarse-grained ore was repeateligher strength reduction was
obtained when the power density was high for teesanergy input. For example, it
can be seen that at 2 s, more than 24% strengtictred was achieved using power
density of 1x 10° W/m® while no strength reduction was obtainedPat= 5 x10°
W/m? and less than 5% strength reduction was achievg=a7.5x 10° W/m®. Here
also, it is evident that once the ore reached tleimmum strength reduction,
increasing the exposure time did not make any fsogmt change in strength. The
possible reason for this has already been discuasgdction 6.1 and is not repeated

here.
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Figure 6.29: Unconfined compressive strength of fatrgrained galena-quartz, treated at

different power densities

Table 6-7: Strength reduction of fine-grained galea-quartz, treated at different power

densities
Power density  (untreated) 05s 1ls 2s 5s 8s 10s
(W/m?) (%) (%) (%) (%) (%) (%) (%)
1x 10 0.00 0.00 0.85 2479  78.63 79.91  79.91
7.5% 10° 0.00 0.00 0.00 2.14 66.88 79.70 79.91
5x 10° 0.00 0.00 0.00 0.00 38.46 69.02 77.99
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In Table 6-8, the results of unconfined compressivength tests of coarse-grained
magnetite-dolomite are shown. Figure 6-30 also shdke percentage strength
reductions as a function of power density. It cansben that for this ore also power
density had a considerable effect on strength temtucHowever, for this ore the
maximum strength reduction was not obtained belows.1This is in fact due to its
less amenability to microwave treatment as disalissesection 6-1. Nonetheless,
here also it can be noted that it is still advaetag to operate at higher power
density. For instance, for the same energy inp&ofL0° J/n?, the strength reduction
obtained at power density ofxL10° W/m® was 33.6% while 31.8% was obtained at
power density of 5 10° W/m®. The increase in strength reduction for the higher
power density case for the same energy input carexptained by looking the
temperature profiles in Figures 6-31 and 6-32. &3 be seen, for the higher power
density case, a relatively higher maximum tempeeatwas obtained but more
importantly the temperature gradients were higheuarad the grain boundary regions.
Thus, this would increase the thermally inducedsstes and the damage incurred in
the sample. It can be noted that increasing thesxe time beyond 10 s for this ore
could increase the strength reduction, as the maxirstrength reduction has not been
yet reached, especially for the lower power densige. However, this would

significantly increase the energy cost and thusyldvaot be economical.

Table 6-8: Unconfined compressive strength of coagsgrained magnetite-dolomite

treated at different power densities

UCS UCS UCS UCS UCS UCS UCS

Power density (untreated) 05s 1ls 2s 5s 8s 10s

(W/m?3) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1x10° 107.0 100.0 95.0 87.5 71.0 50.0 47.0
7.5% 10° 107.0 101.5 100.0 96.0 86.0 65.5 54.5
5x 10° 107.0 105.0 104.5 97.5 92.0 83.0 73.0
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Figure 6.30: Unconfined compressive strength of cose-grained magnetite-dolomite
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Figure 6.31: Temperature profile in coarse-grainednagnetite-dolomite, treated atPy = 1

x 100W/m3fort=1s
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Figure 6.32: Temperature profile in coarse-grainednagnetite-dolomite, treated atPy = 5
x 1CW/m3fort=2s

Figure 6-33 shows the results of simulation obthifier fine-grained magnetite-
dolomite treated at different power densities. Hal®o the trend is repeated, i.e.
higher strength reduction was obtained when theepa®nsity was high for the same
energy inputs. Although the strength reductiontioled here were relatively low,
they still indicated that it is beneficial in terne$ energy cost to operate at higher
power density. For instance, ak110° W/m® and 1 s the strength reduced by 2.5 MPa
while at 5x 1 W/m® and 2 s the strength decreased only by 0.5 MPasithulation
results obtained for different binary ores in gahéndicated that the effect of power

density was significant even for the narrow powengity range.
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Figure 6.33: Reduction in strength of fine-grainednagnetite-dolomite ore ¢= 4889.6),

treated at different power densities

6.4.4 Conclusions

The influence of power density on unconfined comapiree strength reduction of
different microwave treated ores was investigada narrow range. It has been
shown that strength reduction of microwave treatees strongly depends on the
applied power density. It was illustrated that mcreasing the power density
dissipated in the absorbent phase, a higher buingth reduction of ore could be
achieved for the same energy input. The practiogllication of the results of this

study is that any microwave applicators intendetidaised for microwave treatment
of ores should be designed both for high power itherend uniform treatment

(electric field) as much as possible, as it hasls®wn a slight difference in power

density can cause a significant variation on theaige incurred in the particles.
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6.5 Influence of Absorbent Phase Modal Area on Strength

Reduction of Microwave Treated Ores

6.5.1 Introduction

Thus far, all simulations were carried out by usitngomposition of 10% microwave
absorbent phase and 90% transparent matrix assuhigig be a typical composition
of common ores. However, it was necessary to show the strength reduction of
ores affected by the composition of the heated@ahascordingly, this section details
a study designed to examine the influence of mien@vabsorbent phase modal area

on strength reduction of ores.
6.5.2 Methodology

Two fine-grained binary ores, namely galena-quantzZl magnetite-dolomite were
used for the study. Four different textures hawabgorbent phase modal areas of 5,
10, 20, and 50% were constructed for each binagybgrdisseminating the absorbent
phase randomly in the transparent phase accorditiget required composition. The
textures are shown in Figure 6-34 for clarity. Gaenulation was carried out by
varying the percentage of microwave absorbent pimaaesingle binary ore using the
same power density. For this case, all ores wepesed to microwave heating at a
fixed power density of ¥ 10° W/m® for 0.5, 1, 2, 5, 8, 10 s. Another simulation was
undertaken by varying the percentage of the abroftigase while fixing the energy
input; hence, different power densities were usedoth simulations, the ores were

subjected to unconfined compressive strength gpstfter heating.
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5% 10% 2% 50%

Figure 6.34: Representation of binary ores with difierent microwave absorbent phase

modal areas

6.5.3 Results and Discussion

The results of simulation of unconfined compresssieength tests obtained for
galena-quartz treated at fixed power density acevehin Table 6-9 and Figure 6-35.
It can be seen that a much more rapid strengthcteduwas obtained when the
absorbent modal area was high. For instance, a$,068.6% strength reduction was
achieved by the ore with 50% absorbent modal atekewo strength reductions were
obtained for the ores with 20, 10 and 5% modal .aFeather, at 1 s the strength
reduction for 50 and 20% absorbent area were 8t1726.8%, respectively while no

strength reductions were obtained for the ores titland 5% absorbent modal area.

However, it should be noted that as the absorbedahmarea increases for the same
power density, the energy input to the ores becdmgdeer. The temperature profiles
results shown in Figures 6-36 to 6-39 also confanies situation. Thus, theoretically
the results obtained were as expected.
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Table 6-9: UCS of galena-quartz of different absorbnt modal areas, treated aPy = 1 x

10° Wim®
Absorbent UCS UCS UCS UCS UCS UCS UCS
phase modal (untreated) 05s 1ls 2s 5s 8s 10s
area (%) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
5 232.5 232.5 232.5 232.5 144.5 76.5 50.5
10 232.0 232.0 232.0 176.0 50.0 46.5 46.5
20 235.0 235.0 172.0 65.0 46.5 46.5 46.5
50 240.5 75.5 46.5 46.5 46.5 46.5 46.5
250
200 +
< 150 -
=3
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Figure 6.35: UCS of galena-quartz of different abstvent modal areas, treated atPy = 1

x 100 W/m?
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Figure 6.36: Temperature profile in galena-quartz fine-grained, 5% absorbent phase,
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Figure 6.38: Temperature profile in galena-quartz fine-grained, 20% absorbent phase,
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Table 6-10 and Figure 6-40 show the result of satah of unconfined compressive
strength tests for magnetite dolomite of differeaxtures treated at the same power
density. It can be seen that the trend observeddimna-quartz is also repeated here,
i.e. as the absorbent modal area increases, theg#tr reduction becomes higher.
However, the extents of strength reductions wetethmsame. For instance, at 0.5 s,
only 10.6% strength reduction was obtained for netiggrdolomite with 50%
absorbent modal area. Nonetheless, the resultlstirly show that higher strength

reduction was achieved when the absorbent phasalraggh was higher.

It can be noted that depending on the mineralogy tarture of the ore a certain
energy input per unit volume of the ore should Issidated in order to obtain a
significant strength reduction. For instance, fog magnetite-dolomite ore considered

here with 50% absorbent modal area the energy inpeted was 2.8 10° J/n? of
the ore (5x 10° J/n? of the absorbent phase).

Table 6-10: UCS of magnetite-dolomite of differenabsorbent modal area, treated aPy

=1x 10 w/m?®

Absorbent UCS UCS UCS UCS UCS UCS UCS
phase modal (untreated) 05s 1ls 2s 5s 8s 10s
area (%) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

5 106.5 106.5 106.5 106.5 103.5 97.5 91.0

10 107.5 107.5 105.5 104.0 88.0 66.0 55.0

20 109.5 106.5 96.5 89.0 54.0 32.0 31.0

50 103.5 92.5 80.0 48.5 29.5 29.5 29.5
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Figure 6.40: UCS of magnetite-dolomite of differenabsorbent modal areas, treated at
Pg=1x 10° W/m®

The simulation results obtained by fixing the elargut while varying the absorbent
phase modal area for galena-quartz are shown itle Bl and Figure 6-41. As can
be seen, there were no strength reductions iexilites up to 2 s. However, after 2 s,
significant strength reductions were observed iroeds. It can be seen that for the
same energy input, the ore with 50% absorbent mackd achieved much higher
strength reduction than the other ores. This wsulghest that there is a direct relation
between strength reduction and absorbent modal pezeentage. However, a

relatively higher strength reduction was obtainedthe ore with 5% absorbent phase
modal area than the ore with 10%.

- 137 -



Chapter 6 — Results of Bulk Strength Simulation

Table 6-11: UCS of galena-quartz of different absdrent modal areas, treated at the

same energy input

Power  Absorbent UCS UCS UcCs UCS UCS UCS UCS
density phase (untreated) 05s 1ls 2s 3s 4s 5s
(W/m?3) modal (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
area (%)
2x10° 5 236.0 236.0 236.0 161.0 100.5 60.0 47.0
1x10° 10 232.0 232.0 232.0 176.0 107.0 70.5 50.0
5x 10° 20 236.0 236.0 236.0 149.0 86.5 62.0 48.0
2x 10 50 240.0 240.0 240.0 141.0 55.0 50.0 46.5
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Figure 6.41: UCS reduction of galena-calcite of dérent absorbent modal areas for the

same energy input
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Table 6-12 and Figure 6-42 show the result of sitmihs of magnetite-dolomite

when the energy input was fixed and the absorbentairarea was varied. As can be
seen, there were no any significant differencetiength reductions of the ores with
absorbent modal area of 5, 10 and 20%. Howeverth®rore with 50% absorbent

modal area a slightly higher strength reduction wlatained at all exposure times.

In general, the results suggest a direct relatietwéen absorbent modal area and
strength reduction even for the same energy inpHiswever, a more detalil
investigation is needed in order to obtain a fuflderstanding of the effect,

particularly when the absorbent modal area is bel6%.

Table 6-12: UCS of magnetite-dolomite of differenabsorbent modal areas, treated at

the same energy input

Power Absorbent uUcs ucs UCS UCS UCS UCS Ucs
density phase (untreated) 0.5s 1ls 2s 5s 8s 10s
(W/m?3) modal (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
area (%)
2x 10 S 107.0 107.0 1045 1025 88.0 67.0 56.0
1x 10 10 107.5 107.5 1055 104.0 88.0 66.0 55.0
5x 10° 20 109.5 109.5 108.0 103.5 86.5 66.0 54.5
2x10° 50 103.0 103.0 1015 95.5 79.5 62.5 49.0
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Figure 6.42: UCS reduction of magnetite-dolomite oflifferent absorbent modal areas

for the same energy input

6.5.4 Conclusions

The effect of absorbent phase modal area on strerduction of microwave treated
ores was investigated for two cases. The resultsradal by fixing the power density
indicated a higher strength reduction for the awél higher absorbent modal area.
However, it should be noted that as the absorbetaiarea increases for the same
power density, the energy input to the ore becohmgiser. The results obtained by
fixing the energy input also indicated in generatkatively higher strength reduction

for the ore with high absorbent modal area.

In a real applicator, for a fixed microwave poweadanineralogy, the power density
dissipated in the ore sample depends on the fracfi@bsorbent phase. It is apparent
that for the same electromagnetic properties, miglogver density will be dissipated
in the ore with smaller fraction of absorbent phdadewever, as the fraction of the
absorbent phase decreases for the same miner#teggftfective loss factor of the ore

will reduce, which lowers the power density.
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6.6 Influence of Absorbent Phase Dissemination on Strgyh

Reduction of Microwave Treated Ores

6.6.1 Introduction

It has been previously suggested that the degresiseémination of the absorbent
phase in an ore has an influence on the extentanfade incurred in microwave
treated ore (Kingman et al., 2000). However, qudigation of this effect exclusively
by experiment is very difficult. Accordingly, th&ection details the study carried out
for investigating the effect of microwave absorbphaise dissemination on strength
reduction of ores. The simulation results obtaif@dhree different textures (low to
high dissemination), each having the same absonpenial area and treated at the

same condition are presented.
6.6.2 Methodology

Different textures were constructed by placing fbunm absorbent grains (galena for
galena-quartz and magnetite for magnetite-dolomite}he transparent matrix at
different positions. The first ore consisted ofrfabsorbent grains, which were placed
with 1 mm horizontal difference and 2 mm verticdfedence. The second ore also
consisted of four absorbent grains, which werequaat 2 mm horizontal difference
and 4 mm vertical difference. The last ore (highigseminated case) consisted also
four absorbent grains but they were placed in 4 manzontal difference and 8 mm
vertical difference. The total particle size fof @les was 1&& 20 mm. The ores are

shown in Figure 6-32 for clarity.
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1 mm-2 mm 2 mm-4 mm 4 mm-8 mm

Figure 6.43: Representation of binary ore with diferent absorbent phase disseminations

The ores were then exposed to microwave heatipgwaer density of x 1¢° W/m?
for 0.5 s to 10 s. After heating, the ores wergextibd to an unconfined compressive
strength test. A similar simulation was also repddibr magnetite-dolomite ore.

6.6.3 Results and Discussion

The results of simulation of unconfined compressitrength test obtained for galena-
quartz are shown in Table 6-13 and Figure 6-44. pbecentage reductions in
strength are also shown in Figure 6-45. It can denghat there were no strength
reductions for all textures up to 2 s. Howevergrmf2 s, a much higher strength
reduction was obtained for the ore with poorly dmmated heated phase (1 mm - 2
mm difference). For instance, at 5 s, 43% stremgtiuction was obtained for the
poorly disseminated case while there was no sthemgtiuction for the highly
disseminated case. The trend is repeated at atlsexe times. It is apparent that a
higher energy input is needed for the highly disseted case in order to obtain a
significant strength reduction even if it was corsgw of the same minerals and also
had the same absorbent modal area.
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Table 6-13: Strength of galena-quartz for differentabsorbent phase disseminations,

treated atPy = 1x 10° W/m®

Dissemination UCS UCS UCS UCS UCS UCS UCS
(mm) (untreated) 05s 1ls 2s 5s 8s 10s
X Y (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1 2 234.0 234.0 234.0 206.5 133.0 112.0 89.0
2 4 230.0 230.0 230.0 230.0 191.0 141.5 124.0
4 8 222.5 222.5 222.5 222.5 222.5 188.0 156.5
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Figure 6.44: UCS of galena-quartz for different abgrbent phase disseminations, treated

atPy=1x 10 W/m?
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Figure 6.45: Reduction in strength of galena-quartor different absorbent phase

disseminations, treated atPy = 1 x 10° W/m?®

The possible reason for this is that when the miiexre absorbent grains are far way
from each other, they would lose heat more rapglihe adjacent transparent matrix.
In other words, they will not retain heat longdeelithe one with poor dissemination.
This can be also confirmed by looking at the terapge profiles obtained for the
ores. As can be seen from Figures 6-46 to 6-48nle@mum temperature achieved
by the ore with poorly disseminated absorbent phese higher. Further, it can be
seen that the temperature gradients were much thagband the grain boundary for
the ore with poorly disseminated heated phase. Assalt, a greater thermally
induced stresses will occur in the ore with poatigseminated heated phase, which

will result in a higher strength reduction.
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Figure 6.46: Temperature profile in galena-quartz ér poorly disseminated case (1 mm -
2 mm) treated atPy = 1x 10° W/m3for 5 s
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Figure 6.47: Temperature profile in galena-quartz ér fairly disseminated case (2 mm - 4
mm) treated atPy = 1x 10° W/m*for5 s
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Figure 6.48: Temperature profile in galena-quartz br highly disseminated case (4 mm -
8 mm) treated atPy = 1x 10° W/m3for 5 s

Table 6-14 shows the result of simulation of mag@etolomite ore. As can be seen,
higher strength reduction here also obtained ferwith poorly disseminated heated
phase. For instance, at 10 s, 12.5% strength redustas obtained for the poorly
disseminated case while only 2.5% was obtainethimhighly disseminated case.

In general the results indicated that for the samerowave absorbent phase modal
area, microwave treatment condition and mineralogfyength reduction of ore
strongly depends on the degree of disseminatidheofbsorbent (heated) phase in the
ore. Binary ores consisted of poorly disseminategoebent phase achieved much
higher strength reduction.
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Table 6-14: Strength of magnetite-dolomite for diférent absorbent phase disseminations
treated atPy = 1x 10° W/m?

Dissemination UCS UCS UCS UCS UCS UCS UCS

(mm) (untreated) 05s 1ls 2s 5s 8s 10s

X Y (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1 2 107.0 107.0 107.0 104.5 104.0 97.5 93.5
2 4 107.0 107.0 107.0 106.5 105.5 103.0 98.5
4 8 107.0 107.0 107.0 107.0 106 105.0 104.5

6.6.4 Conclusions

The influence of microwave absorbent phase dissainim on strength reduction of
microwave treated ores was examined. It has be@&wrshthat for the same
mineralogy, absorbent modal area, power densityeardgy input; strength reduction
of ores strongly depends on absorbent phase disagam. It was shown that ore with
poorly disseminated absorbent phase achieved migtlerhstrength reduction while
the lowest strength reduction was obtained for dhe with highly disseminated

heated phase.
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6.7 Effect of Microwave Heating on Mechanical State odn Ore

6.7.1 Introduction

This section details the study undertaken for itigasng the effect of microwave
treatment on mechanical state of an ore. Investigadf the mechanical state of
microwave treated ore was necessary, as the exptmes that were obtained from
the UCS simulation, in which a reduction in stréngiccurred, were very large
compared to that were needed for a significant awgment in liberation in
experimentt In a typical experiment using 15 kW microwave powat 2.45 GHz
single mode cavity, a significant increase in ldigm was observed at exposure time
as short as 0.1 s (Kingman et al., 2004). Howandhe UCS simulation, an exposure
time greater than 2 s was needed for significaenhgth reduction. Accordingly, the
effect of microwave treatment on the mechanicakestd the simulated ore particle
was examined in order to increase the sensitiviitthe simulation and to determine

whether UCS is an adequate descriptor of liberdigmaviour.
6.7.2 Methodology

Continuum analysis was carried out to understaedptiterns of stresses generated
inside an ore subjected to microwave at differaapiosure times. Although continuum
analysis does not allow visualization of crack @ggtion, it provides the distribution
of stresses inside an ore for a given microwavatrment condition. The ore used for
the study was a medium-grained galena-calcite. t&kgire is shown in Figure 6-49.
The ore was treated at power densityPpf= 5x 16 W/m®. This power density was
assumed to be typical power density in a 15 kW owave power, 2.45 GHz, single
mode cavity currently used for experimentation. Exposure time was started from
zero and increased gradually and the mechanidal stahe ore at each exposure time
was examined. In addition, the unconfined compvessirength of the ore at each

mechanical state was also recorded.

% These experiments are part of the AMIRA P 879 Ariivave Assisted Comminution and Liberation
Project 2007-2009, but are commercially sensitive may not be reported here.
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FLAC indicates the mechanical state of a material bpgu$éour different colours.
The available states and the specific colours #natused for indicating them are

given below:
__State Colours
Elastic salmon pink
At yield in tension yellow
At yield in shear or volume dark red
Elastic, yield in past purple

“Elastic” corresponds to the state of the intacttarial without any damage and is
indicated by salmon pink colour.

Regions of the material “at yield in tension” orat'yield in shear or volume” are
indicated by yellow and dark red colour, respedyive

“Elastic, yield in past” corresponds to regions véhéhe material has been at yield
previously but the stresses at the moment are bedeveriginal yield strength of the

material and it is indicated by purple colour.
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Figure 6.49: Representation of galena-calcite orehowing the different mineral phases
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6.7.3 Results and discussion

Figure 6-50 shows the mechanical state of the eferé microwave treatment. As
can be seen, the ore was elastic through out themeoas indicated by salmon pink
colour. Figure 6-51 shows the mechanical statehef dre after subjecting it to
microwave irradiation for 0.05 s. It can be seat 8ome of the regions in the vicinity
of the grain boundary has been yielded and tefeilere starts to occur even at this
short exposure time. Increasing the exposure ton21 s and then to 0.2 s gave rise
to a substantial damage as shown in Figures 6-826a58. This indicates that the
thermally induced stresses at these treatment tonsliwvere greater than the tensile
strength of the material and are sufficiently large cause micro-fractures. The
mechanical states for the longer exposure time8.%>s) are also shown in Figures
6.54 - 6.57. As can be seen, as the exposureitioneases, the region of damage
spreads to the bulk of the material. Tensile arebhsklamage were observed both in
the absorbent phase and in the transparent matribong exposure times. The
unconfined strength of the material at each medahrstate was also recorded and
shown in Table 6-15 and Figure 6-58.
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Figure 6.50: Mechanical state of galena-calcite, tireated
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Figure 6.51: Mechanical state of galena-calcite, ¢éated atPy = 5x 10° W/m?® for 0.05 s
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Figure 6.52: Mechanical state of galena-calcite, ¢atedPy = 5x 10° W/m®for 0.1 s
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Figure 6.53: Mechanical state of galena-calcite, ¢éated atPy = 5x 10° W/m®for 0.2 s
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Figure 6.54: Mechanical state of galena-calcite, ¢éated atPy = 5x 10° W/m®for 0.5 s
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Figure 6.55: Mechanical state of galena-calcite, ¢éated atPy = 5x 10° W/m*for 1 s
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Figure 6.56: Mechanical state of galena-calcite, ¢éated atPy = 5x10° W/m?®for 2 s
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Figure 6.57: Mechanical state of galena-calcite rdgated atPy = 5x 16 W/m®for 5's

Table 6-15: Unconfined compressive strength of gala-calcite treated atPy = 5x 10°

W/m? for different exposure times

UCS UCS UCS UCS uUcs UCS UCS UCS
(untreated) 0.05s 0.1s 0.2s 05s 1ls 2s 5s

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa (MPa)
139.0 139.0 139.0 139.0 137.5 130.0 112.0 76.5
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160

significant tensile damage was observed
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Figure 6.58: Unconfined compressive strength versumicrowave treatment time

It can be seen from Table 6-15 and Figure 6-58 thate was no change in the
unconfined compressive strength of the ore up s.0Deven though a significant
tensile damage was observed when we look at théamemal state of the material.
Significant change in unconfined compressive stiterwgas observed only after 1 s
where tensile and shear damage occurred througheutbulk of the sample. It

appears that unconfined compressive strength ofniiterial was less sensitive to the
micro-fractures that existed in the vicinity of tigeain boundary. This leads to the
requirement of a new method of quantifying damagere samples after microwave
treatment which is more sensitive to damage araynath boundary. This will be

examined in Chapter 7.
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6.7.4 Conclusions

The effect of microwave treatment on the mechanstate of an ore sample was
examined. And it was compared with the effect ofcnmivave treatment on

unconfined compressive strength reduction. It waseoved that even if a significant
tensile damage occurred in the vicinity of the grabundary at exposure times as
short as 0.05 s, there was no change in the umszhitompressive strength of the
ore. Significant reduction in unconfined compressstrength of the ore was observed
only at longer exposure time (> 1 s) where tensiel shear damage occurred
throughout the bulk of the sample. It appears timabnfined compressive strength of
the material is less sensitive to microwave indupgdro-fractures; hence, a poor

descriptor of liberation behaviour.

The practical implication of the results is thatngarison of microwave treated and
untreated ore should be made in terms of liberatiomaluable minerals instead of
bulk strength measures such as Point load and UGS.is due to the fact that a
considerable improvement in liberation for the mwave treated one may be
obtained without a significant change in the butkesgth of the ore as clearly

indicated in the simulations.
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Chapter 7

Quantifying Damage around Grain Boundaries

7.1 Development of New Method for Quantifying Damage ayund

Grain Boundaries
7.1.1 Introduction

To date, most theoretical studies on microwavdrreat of ores were investigated by
comparing the unconfined compressive strengtheaitéd and untreated ore (Whittles
et al., 2003; Jones et al., 2007). However, ited wnown that UCS is a bulk measure
of strength and does not indicate the local danzaigend the grain boundary, which
iIs more important when mineral liberation is thegassing goal. Simulation work in

the previous chapter indicated that under UCScesdlitions, localized stresses at the
grain boundaries of microwave treated ore couldobserved which exceeded the
strength of the material (refer section 6-7). Thesesses are indicative of localized
failure in the grain boundary regions. Howevenvés only once significant stresses
developed throughout the bulk of the sample thdiceable reduction in UCS

occurred. This leads to the requirement of a newhateof quantifying damage in the

ore samples after microwave treatment.

This chapter addresses this issue by presentingwa method of characterizing
damage in microwave treated ores. The method mesague damage around the grain
boundary regions during the heating process. Theeldeed method is used to

guantify the damage induced in two microwave tre¢hieary ores.
7.1.2 Numerical Methodology

Two binary ore models, namely galena-calcite andgmette-dolomite were

constructed. The selection was based on the simolaésults from the previous
chapter. Galena-calcite was selected as it wasrshowe the most amenable binary
ore in the short time (< 1 s) and magnetite-dolermtas chosen as it showed
relatively poor response to microwave treatment gamed to other binary ores. It
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should be noted that the responses observed framsiimulations were only
associated with thermo-mechanical properties ofctmestituent minerals and they do
not indicate the true responses of real ores fachwthe electromagnetic properties
will also have a significant effect.

7.1.2.1Geometrical Construction of Ore Models

The construction of the ore models was made by amhd disseminating one
microwave absorbing mineral in a transparent magor both binary ores, the total
particle size was fixed as 15 mm15 mm, typical of the particle size likely to be
treated in practice, and a zone size of 0.125 ms wgad. The conceptual ores here
also were assigned a composition of 10% of micraalysorbing mineral and 90%
transparent matrix by volume. For each binary dvey different textures were
simulated: coarse-grained (grain size = 1 - 2.5 pamgl ‘fine-grained’ (grain size =
0.125 - 0.25 mm). Real fine-grained ores, for witlod grain size would be less than
0.05 mm, were not modelled, as the computationale tifor such cases was

inconveniently long.

After disseminating the absorbing minerals in trengparent matrices, the zones
immediately surrounding the absorbing grain wemenidied and grouped as ‘grain

boundary regions’. It should be noted that accurepeesentation of the actual grain
boundary is not possible, as the grain boundanpmnsgare on too small a length scale
to resolve computationally. Typical coarse-graired fine-grained ores with grain

boundary regions are shown in Figures 7-1 to 7-4.
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Figure 7.1: Representation of coarse-grained galerzalcite with grain boundary regions
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Figure 7.2: Representation of fine-grained galenaadcite with grain boundary regions
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7.1.2.2Quantifying Damage

Previous simulation work by Salsman et al. (19963 alones et al. (2005)
demonstrated that rapid microwave heating of ordgaining a microwave absorbing
mineral in a non-absorbing gangue matrix can géadhermal stresses high enough
to exceed its strength. It is logical to assume ifhthe regions in which these stresses
exceeded the strength of the material could be tgieah it would be possible to
measure the damage induced around the grain baesddhis is the focus of the
present method.

In present method, the zones which make up the ¢p@indary regions as shown in
Figures 7-1 to 7-4 were examined during the hegtragess. A code was written
using FLAC's inbuilt computer programming languageélSH, which counts the
number of these grain boundary zones in which tress had exceeded the tensile
strength of the material. It was observed from $aton that the type of failure
around the grain boundary region is predominatehgite and failure in shear occurs
only after a long exposure time. This agrees whth fundamental aspect of brittle
failure, that the formation of tensile cracks puee failure in shear (Lama and
Vutukuri, 1978).

Previous simulation studies have also shown thatthtrix will be in tension during
thermal expansion of the absorbent phase and ¢estsésses that exceed the strength
of the material will be induced around the grairutdary (Salsman et al., 1996;
Whittles et al., 2003; Jones et al., 2005). Thyscdunting the zones at which the
tensile stress exceeds the tensile strength ofmtterial, it is possible to infer the
amount of fracture which could be induced aroursl ghain boundaries during the
heating process.

7.1.2.3Power Density and Exposure time

Simulations were performed using two different po@ensities. One simulation was
done with power density of & 10'° W/m* which is expected to be achievable in
future pulsed equipmehtAnother simulation was performed using power igraf

1 x 10° W/m® to represent the power density in 30 kW sourcé5 ZHz applicator

% In equipment under development in the AMIRA P &7project, millisecond pulses of the order of
several hundred kilowatts can be generated widnge of pulse repetition frequencies
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currently used for experimentation. These powerstiiess have been established by
consideration of measured net input power, sam@ssnand mass fraction of the
microwave absorbing phase.The exposure times fdr pawer density were started

from zero and increased until a significant damagse observed.
7.1.3 Results and Discussion

Figure 7-5 shows the mechanical state of coarseegtagalena-calcite ore before
microwave treatment. As can be seen, the ore vasielthrough out the volume.
Figures 7-6 and 7-7 show the temperature profittthe mechanical state of the ore,
respectively after subjecting it to microwave treent at a power density of<110"°
W/m?® for 0.75 ms. It can be seen that tensile failuaets to occur around the grain
boundary region even when the temperature gradienass the grain boundary is of
the order BC. It is important to note that it is not the akhgeltemperature which is
important in microwave treatment of ores, but ithe temperature gradient between
the absorbent and the transparent minerals. Thugas possible to induce stresses
which were greater than the strength of the mdtesth out significantly increasing
the absolute temperature of the material. The danaa this time was 36.6%. This
means that the tensile stresses in the 36.6% ajrtiie boundary zones exceeded the
tensile strength of the material (12 MPa). Incnegshe exposure time gave rise to a
substantial damage as shown in Figures 7-9 and ®-%das observed that zones of
damage were frequently rectilinear and aligned whthfinite difference grid. This is
most likely due the shape of the finite differerzmmes being square; however, for a

random shape of zones, it is expected that sudarpreial orientation would be lost.
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Figure 7.5: Mechanical State of coarse-grained gaile-calcite, untreated, Damage = 0 %
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Figure 7.6: Temperature profile in coarse grained glena-calcite treated atPy= 1 x 10"

W/m? for 0.75 ms
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Figure 7.8: Temperature profile in coarse grained glena-calcite treatedPy= 1 x 10'°

W/m?3for 1 ms
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Figure 7.9: Mechanical state of coarse-grained gaia-calcite treated atPy= 1 x 10"
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Figure 7.11: Mechanical state of coarse-grained gata-calcite treated atPg= 1 x 10'°
W/m? for 1.5 ms, Damage = 97.8%

Figure 7-12 shows the damage as a function of expdsme. It can be seen that as
the exposure time is increased, the damage incurrdge sample becomes higher. It
took approximately 1.75 ms in order to damage thi&egrain boundary region. It

should also be noted that most of the damage catinetween 0.5 and 1.5 ms. This
suggests that there is an optimum exposure timgeréor a known power density at
which the benefit of microwave irradiation of a sifie ore is at a maximum.

Figure 7-13 shows the results when the power densis lowered to ¥ 10° W/m®,

As would be expected, the damage was diminishedh®rsame energy inputs. For
instance, at X 10'° W/m® and 0.001 s the amount of grain boundary damage wa
74.3% while at x 10> W/m® and 0.01 s the damage was less than 50%. Itdws b
previously shown that if the power density is lomdahe exposure time is high, the
conduction heat loss from the absorbent phase wwmikigher. And this would result

in a lower temperature gradient between the twos@ghaSalsman et al., 1997;
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Whittles et al., 2003; Jones et al., 2007). Previsimulation work by Salsman et al.,
(1997) also showed a relatively flat temperaturefifgr around the grain boundary

region when the power density was lowered.
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Figure 7.12: Damage around grain boundary regionsfacoarse-grained galena-calcite
treated atPy= 1 x 10° W/m?
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Figure 7.13: Damage around grain boundary regionsfacoarse-grained galena-calcite
treated atPy= 1x 10° W/m?
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Figures 7-14 and 7-15 show the results of simuidio fine-grained galena-calcite. It
is evident that as the grain size decreases, theagka incurred in the samples
becomes lower. This suggests that a higher eneygy is required if it is desired to
have the same damage as for a coarse grained~orenstance, if one operates at a
power density of 1 x ZW/m* an energy input of 2.5 x 10/n? is required to
obtain a 30% grain boundary damage whilst less thanx 16 J/nT is needed to
achieve the same damage in coarse-grained onere@Bens for the higher energy
input requirement for the fine-grained ores werevmusly discussed in section 6-2
and will not be repeated here.
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Figure 7.14: Damage around grain boundary regionsfdine-grained galena-calcite
treated atPy= 1 x 10° W/m?
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Figure 7.15: Damage around grain boundary regionsfdine-grained galena-calcite
treated at Py= 1 x 10° W/m?

The results obtained for coarse grained magnetitertite ore are shown in Figures
7-16 and 7-17. It can be seen that for this ometlis a substantial difference between
operating at x 10 W/m?® and 1x 10° W/m®. Increasing the power density decreases
the required energy input considerably. For examipleg is desired to obtain 90%
grain boundary damage, it would require an enengyt of 1.5 x 18J/n at power
density of 1x 10° W/m®. However, if the power density were increased te 10"
W/m?, the required energy input would only be 4 ¥ 1@r’. The practical implication

of this is that it would be cheaper in terms ofrggeo operate at higher powers and
shorter times.
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Figure 7.16: Damage around grain boundary regionsfacoarse-grained magnetite-
dolomite treated atPy= 1 x 10°° W/m?
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Figure 7.17: Damage around grain boundary regionsfacoarse-grained magnetite-
dolomite treated atPy= 1 x 10° W/m?
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Figures 7-18 and 7-19 show the result of simulatidnfine-grained magnetite-

dolomite ore. As can be seen, the pattern obsdoregalena-calcite is repeated, i.e.
the damage decreases considerably as the graimssieereased. It indicates that a
higher energy input is needed than that requiredhi® coarse-grained one in order to
have the same damage. It is also evident that tisew® considerable difference

between operating at410"° W/m® and 1x 10° W/m®.

It can be seen from Figure 7-19 that increasingeposure time beyond 0.6 s did not
cause any significant increase in grain boundamyatge. It is evident that higher
power density is required in addition to higher rggeinput in order to achieve
significant damage in the ore. This suggests tbataf given mineralogy and ore
texture there is a power density level below whiah further increase in grain
boundary damage is possible by increasing expdsuee The possible reason for this

is that a longer exposure time increases the cdimiubeat loss from the absorbent
phase into the surrounding transparent matrix. Wuosld decrease the temperature
gradient between the two phasAs a consequence, the damage incurred at the grain
boundary would be diminished.
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Figure 7.18: Damage around grain boundary regionsfdine-grained magnetite-dolomite
treated atPy= 1 x 10° W/m?
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Figure 7.19: Damage around grain boundary regionsfdine-grained magnetite-dolomite
treated at Py= 1 x 10° W/m?

As can be seen from Figures 7-18 and 7-19, 84.68tada was obtained using an
energy input of 5 x1W/n? when the power density was<110"> W/m®, whereas only
51% damage was achieved at power density>»fL0° W/m® even if the energy input
is doubled. It is evident that a higher power dignisi needed for this ore in order to
induce a greater damage. The practical implicatibthis is that ores which appears
to be less amenable to microwave in continuous weay@pment (of low power

density) could be treated economically using vegh Ipower pulsed equipment.

It is well known within the microwave processinglfl that the most important design
parameters for a microwave unit are the requiredepalensity and energy input, as
these determine the required power and all othgigdespecifications required for an
economical analysis. The simulation results obthifiem this study in general
suggest that it would be necessary to determingetiparameters for different ore
types and design the required microwave systemrdicggdy in order to maximize the

benefit of microwave treatment of ores.
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7.1.4 Conclusions

A new method of quantifying damage around the gkmnndaries of microwave
treated ores has been developed. Using the mdtiedfluence of power density has
been elucidated. It has been shown that it is ples$o induce considerable grain
boundary damage without significantly increasing atbsolute temperature of the ore.
It has also been shown that it is possible to redtie required energy input
substantially by operating at higher power dendityvas shown that the amount of
grain boundary damage incurred at a specific posarsity and energy input is
strongly dependent both on the ore mineralogy &ntekture. It was also shown that
for a given mineralogy and ore texture there i®agr density level below which no

further increase in grain boundary damage is ptesbipincreasing exposure time.
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7.2 Construction of Damage Maps for Different Ores

7.2.1 Introduction

This section details how the method developed enptevious section was used for
constructing operating windows for different orgpds and textures. It has been
previously shown that the most important desigrapeaters for a microwave unit are
the required power density and energy inputs. Them@meters have not been
determined for different ore types and texturebegitheoretically or experimentally
(Bradshaw et al., 2007). The effects of mineralegyl grain-size of the absorbent
phase on the economic operating conditions of miav@ applicators have not been
yet investigated. Thus, the aim of this study wagive guidelines concerning the
operating conditions for current and future indastmicrowave applicators and to
examine how the design parameters are affectedibgralogy and texture of ores.
Damage maps which show damage as a function of pdevesity and treatment time

were constructed for two different binary ores,iehaving different textures.
7.2.2 Methodology

The construction of the ore models (galena-cabumig magnetite-dolomite) was again
made by randomly disseminating one microwave alsgrimineral in a transparent

matrix as detailed in the previous section. Herairggthe ores were assigned a
composition of 10% of microwave absorbing mineradl 80% transparent matrix by

volume. For each binary ore, two different textuveeye simulated: coarse-grained
(grain size = 1 - 2.5 mmand fine-grained (grain size = 0.125 - 0.25 mm)e Bhes

were then exposed to microwave at different povesisdies.

For coarse-grained galena-calcite, since damagehbserved at lower power density
(=1 x 10’ W/m®), the power densities used for constructing thexalle map were
between 1x 10" W/m® and 1x 10" W/m®. For coarse-grained magnetite—dolomite
and fine-grained galena-calcite, power densitiesjirg from 1x 10° W/m® to 1 x
10"W/m?*were applied. However, for the fine-grained magaedblomite, significant

damage was observed only at high power densityx(10° W/m®). Accordingly, the
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power densities used for constructing the damage wexe between ¥ 10° W/m®
and 1x 10"W/m3. Using the method developed in the previous sectdamage maps
which show contours of the fraction of grain boutydzones damaged as a function
of power density and exposure time were construtdeceach ore. Data used for
constructing the damage maps are presented in Appén(F1, F2, F3 and F4). It
should be noted that the axes on the damage mapsgarithmic to enable very short

treatment times and a wide range of power dendiibg plotted.
7.2.3 Results and Discussion

Figure 7-20 shows the damage map for coarse-grajaégha-calcite, which is the
binary ore most amenable to treatment due to thle thiermal expansion coefficient
of galena and being coarse-grained. Also shownhenfigure is a line of constant
energy input (19J/nfabsy. It can be seen that for this ore, grain boundkmage up
to 90% can be achieved at lower power densiy 1¢° W/m®) with energy input
less than 1DJ/nfabs (0.868 kWh/t). It can also be seen that timead@ contours are
always less steep or at most parallel to the cahstaergy contour. This indicates that
it is cheaper in terms of energy to operate at drighowers and shorter times,
provided that one increases the power density @odedses treatment time along a
contour at least as steep as the damage contduespractical implication of this is
that pulsed equipment (which is capable of prodwdilgh power densities) will be

cheaper than continuous wave equipment in ternesn@fgy cost.

At very short treatment times, the damage contangslines of constant energy input
become parallel, indicating that there would befurther energy saving by reducing
treatment time and increasing power. The optimatgradensity and treatment time
would be obtained by trading off energy savingsiregiathe increased capital cost
required to generate the extremely high power dessiFurther, one would also have
to realise that increased power density requireeased electric field strength which

increases the risk of dielectric breakdown.

* Energy per volume of the absorbent mineral
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Figure 7.20: Grain boundary damage in coarse-grairgtgalena-calcite

Figure 7-21 shows the damage maps for coarse-gramagnetite-dolomite. It can be

seen that the general trends shown by the magiuletibenite ore are qualitatively

similar to those of the galena-calcite ore; howgvtke power density required to

achieve similar amount of damage is higher forrttagnetite dolomite. For example,

it required a power density of at least 20° W/m®in order to obtain a 90% damage

it is evident that for this ore a rgklyi

with energy input of £ 10° J/nfabs. Thus,

high power density was required in order to hasgyaificant damage in the ore with

lower energy inputs.
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graimedremuired significantly higher

grained galealcite is shown in Figure 7-22.

Exposure Time (s)

power density in order to have the same damagdnesdarse grained ones. For
instance, if 80% or greater grain boundary damagmergy input of £ 10° J/nfabs

is desired, a minimum power density ofx810° W/m® is required, which is high
damage contours and lines of constant energy emgubot parallel at any point. Thus,
for this ore, increasing the power density up to 0" W/m>will decrease the energy

compared with that needed for the coarse-grainedAs can be seen, for this ore, the
input required for incurring the same amount of dgen That means significant
energy saving can be achieved by reducing treattireatand increasing power.

Figure 7.21: Grain boundary damage in coarse-grairgt magnetite-dolomite

It can be seen, as expected that the fine

The result of the simulations for fine-
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Exposure time (s)

Finally, the result of simulation of fine-grainedagnetite-dolomite is shown in Figure
thermal expansion coefficient of the absorbent ptaasl also being fine-grained. As
can be seen, the maximum damage that can be abfainthis ore using high power

density of 1x 10'* W/m*and with energy input of & 1¢° J/nfabs was about 50%. It
is evident that for this ore, in addition to higbvwger density, a relatively high energy

input was required in order to achieve the sameedegf damage as in the other ores.

7-23. This ore was the least amenable ore for miave treatment due to the low

Figure 7.22: Grain boundary damage in fine-grainedyalena-calcite
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Figure 7.23: Grain boundary damage in fine-grainednagnetite-dolomite

As can be seen, a minimum energy input of 2¢° J/ntfabs was required to obtain

provided that the treattimea at this energy input is less

damage greater than 80%

than 0.01 s. Thus, it is apparent that economigowiave treatment of such kind of

ore needs the use of high power microwave equipment
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7.2.4 Conclusions

Damage maps which show contours of the fractiograin boundary zones damaged
as a function of power density and exposure timewenstructed for different binary
ores and ore textures. It was shown that both tveep density and the energy input
required to cause a fixed amount of grain boundiyage strongly depend on the
ore mineralogy and its texture. It has been shdvan for ores relatively amenable to
microwave treatment, it was possible to incur gigant amount of grain boundary
damage at lower power density. However, a highewvepodensity (for the same
energy input) was needed to cause the same ambgnaio boundary damage for
ores less amenable to microwave treatment. Fordiiamed ores less amenable to
microwave treatment, both higher power density #&mgher energy input were

required to incur the same amount of grain boundargage.

The practical implication of this is that continsowave equipment could be
successfully used for ores relatively amenable irowave treatment. For such ores,
there would be no further energy saving by increapower density, which increases
the capital cost to produce the required micronexp@ipment. However, if the ore is
less amenable and fine-grained, then pulsed equipfwhich is capable of producing
high power densities) is needed for economic mien@reatment.
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7.3 Effect of Pulse Repetition Frequency on Grain Bounary

Damage

7.3.1 Introduction

Pulse repetition frequenc{the number of pulses transmitted per second) is an
important parameter in pulsed microwave equipmirftxes the amount of energy
available per unit pulse for a given microwave poamd exposure time. To date, the
effect of pulse repetition frequency (PRé&0) the extent of damage in microwave
treated ores is not known. Accordingly, differemnglations were undertaken to
investigate the effect of PRF on microwave treategds by varying the pulse
repetition frequency for a fixed energy input andsp width. Damage maps which
show the amount of damage as a function of pulgetiteon frequency and treatment

time for the same energy inputs were constructetixfo different binary ores.
7.3.2 Methodology

The ores used for the study were coarse-grainedngalalcite and magnetite-
dolomite. The construction of the ore models waslenly randomly disseminating
the absorbent phase in the transparent matrix susbed in the previous section
(refer to Figures 7-1 and 7-3). Here again, thaltparticle size for each binary ore
was fixed as 15 mmx 15 mm. The ores were also assigned a composifidid%
absorbent phase (galena or magnetite) and 90%ptaeerd® matrix (calcite or
dolomite) by volume. The grain size of the absotlygain for both ores was between
1- 2.5 mm.

Six different cases of heating were simulated fachebinary ore. The total energy
input (after 1 s exposure time) for each heatinmetyas fixed at 5 10" J/ntabs
(0.434 kWht) for galena-calcite andx210® J/nfabs (1.411 kWh/t) for magnetite-
dolomite. These total energy inputs were typicadrgy inputs required to have a
significant damage for the ores considered and wasgined from previous
simulation results (refer section 7-2). The firgating case represents heating in
continuous wave equipment. Pulsed type microwavatiige at five different
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operating conditions (Figure 7-24) was simulatedvayying the pulse repetition
frequency from 5 to 500 Hz for fixed pulse durat{on) of 1 ms and for a total time
of 1 s. Tables 7-1 and 7-2 show the different nvieree heating cases investigated for

Galena-calcite and Magnetite-dolomite respectively.

Pd

Time
Figure 7.24: Pulsed wavet = pulse duration (width), T = Period

Simulations for 10, 50, 100, 500 Hz pulsed wave famdhe continuous cases were
undertaken at 0.1 s intervals. However, for thezopidlsed wave case since there is

only one pulse in 0.2 s, simulation was carriedaiud.2 s intervals.

Table 7-1: Microwave heating cases used for treatingalena-calcite

Power Pulse Pulse repetition Total Total Total
Density width (ms) frequency (Hz) time energy energy
(W/mZabs) (s) (J/im*abs)  (KWht)
5E7 continuous - 1 5E7 0.434
1ES8 1 500 1 S5E7 0.434
5E8 1 100 1 5E7 0.434
1E9 1 50 1 5E7 0.434
5E9 1 10 1 5E7 0.434
1E10 1 5 1 SE7 0.434
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Table 7-2: Microwave heating cases used for treatinMagnetite-dolomite

Power Pulse Pulse repetition Total Total Total
Density width (ms) frequency (Hz) time energy energy
(W/mZabs) (s) (J/im*abs)  (KWht)
2E8 continuous - 1 2E8 1.411
4E8 1 500 1 2ES8 1.411
2E9 1 100 1 2ES8 1411
4E9 1 50 1 2ES8 1411
2E10 1 10 1 2E8 1.411
4E10 1 5 1 2ES8 1.411

7.3.3 Results and Discussion

The results of simulation of galena-calcite treaethe same energy inputs and with
different pulse repetition frequencies are showiable 7-3 and Figure 7-25. It can

be seen from Figure 7-25 that there was no sigmfidifference in damages between
that were obtained for the continuous wave andibleer pulse repetition frequencies
(= 50 Hz) cases. However, for the lower pulse repetifrequencies cases (PRF = 10
Hz and PRF = 5 Hz), much higher damages were iedudar the same energy inputs.
For instance, at 0.2 s, about 11 and 40% graindenyrdamage were obtained at PRF
=10 Hz and PRF = 5 Hz, respectively while the dgenfar the lower pulse repetition

frequencies were about 1%.

The mechanical states of galena-calcite treatetheatsame energy input of 0.434
kwh/t with PRF = 500 Hz and PRF = 5 Hz are alsonshin Figures 7-26 and 7-27.
The effect of pulse repetition frequencies can learty seen from the figures. It is
evident that operating at lower pulse repetiti@ytrencies considerably increased the

grain boundary damage.
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Table 7-3: Grain boundary damage (%) in galena-caite for different heating cases

PRF (Hz)

0.1s 0.2s

03s 04s 05

s 0.6s

0.7s 08ss091s

Continuous 0

500
100
50
10
5

0.88
0.88
0.88
1.03

10.75
39.91

3.82
3.82
4.42
5.15
23.1

10.62 23.86
10.45 23.12
11.63 24.74
12.96 27.69
38.59 50.37
75.52 -

35.12
34.31
36.08
38.43
63.18
87.48

48.45
45.94
46.98
49.33
74.81

63.62
61.56
63.47
64.09
80.85
93.07

71.42
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Figure 7.25: Grain boundary damage in galena-caloi for different microwave heating

cases
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JOB TITLE : Galena_calcite_1e8_1mspulse_500Hz_1s (+1071)

FLAC (Version 4.00)

[ 0180

LEGEND

step 100000
Thermal Time  1.0010E+00
-2.783E-03 <x< 1.778E-02
-2.783E-03 <y< 1.778E-02

[ o120

state
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Figure 7.26: Mechanical state of galena-calcite teged at PRF = 500 Hz, pulse width =1
ms, energy input = 0.434 kWh/t, total time =1 s

JOB TITLE : Galena_calcite_1e10_1mspulse_SHz_1s (MOA)

FLAC (Version 4.00)
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step 100000
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Figure 7.27: Mechanical state of galena-calcite teged at PRF = 5 Hz, pulse width = 1
ms, energy input = 0.434 kWh/t, total time =1 s
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The results of the simulation obtained for mageediblomite are shown in Table 7-4
and Figure 7-28. As can be seen, for this ore #it®ogdamage obtained at higher pulse
repetition frequencies were almost similar to tivais obtained for the continuous
wave case. It can also be seen that at PRF = 18nH2RF = 5 Hz, a much higher
grain boundary damage were occurred for the saragygnnput. It is apparent that
even at higher energy input (1.411 kWh/t), the dgenabtained for lower PRF cases
were much higher. For instance, at PRF = 5 Hz ddmmage was 93.3% while only
52.3% damage was achieved at PRF = 500 Hz.

It can be noted that it is always advantageouepmsit as much energy as possible in
a short time as possible so that higher temperajragient is achieved between the
microwave absorbent and the transparent phasesewowif the same energy is

spread over a longer time, the heat would have tongisperse into the transparent

phase and less damage would occur.

Table 7-4: Grain boundary damage (%) in magnetite-dlomite for different heating

cases

PRF(Hz) 0.1s 02s 03s 04s 05s 06s 0.7s 0.8s s091s

Continuous 0 193 223 7.01 1101 1754 2351 3393 43.75 51.62
500 0 208 241 7.14 10.11 16.52 22.77 3274 4434 5253
100 0 253 254 7.44 1027 16.96 23.81 3497 4583 53.72
50 0 267 297 848 12.08 1845 2574 41.07 50.29 57.88
10 14 1222 2471 33.03 4553 5565 64.28 69.34 7455 77.68

5 - 54.35 - 76.34 - 87.94 - 91.51 - 93.31
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Figure 7.28: Grain boundary damage in Magnetite-dadmite for different microwave

heating cases

The practical implication of this is that if pulsedcrowave equipment is operated at
high pulse repetition frequencies $0 Hz), it will lose the benefit of the high power
available and produce damage in ores similar totwha be achieved in continuous
wave equipment. In general, it can be said thaafiixed microwave energy input the
best result would be obtained by using the lowessible pulse repetition frequency
and highest peak pulse power.
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7.3.4 Conclusions

The effect of pulse repetition frequency on micreevéreated ores was examined by
varying the pulse repetition frequency for a fixatergy input and pulse width. It was
found that high pulse repetition frequenciassQ Hz) resulted in an amount of grain
boundary damage that was indistinguishable fromt ¢tlaased by continuous wave
operation for a fixed energy input. This implieattif pulsed microwave equipment is
designed to operate at higher pulse repetitiorugaqgies, it will lose the benefit of the
high power available and behave like continuousevaguipment. The result also
indicated that the most efficient use of microwawergy is in a single pulse of the
highest power assuming that there is no limitabarpower and that the pulse width
is fixed. In general, it was shown that for a fixedcrowave energy input the best
result would be obtained by using the lowest pdsgise repetition frequency and

highest peak pulse power.

- 188 -



Chapter 8 — Bonded-particle Modelling of Microwaneluced Damage

Chapter 8

Bonded-particle Modelling of Microwave-induced

Damage

8.1 Introduction

In Chapters 6 and 7, it was shown how continuuntyaisacan be used to understand
the patterns of stresses generated inside microwasted ores. Continuum analysis
provides easily and with a relatively less compatet! time the distribution of
stresses inside an ore for a given microwave treatncondition. Hence, it was
extensively used to understand the effect of dffervariables on microwave
treatment of ores. However, as has been discuseedChapter 4, explicit
representation of fractures is not possible usimgfiouum methods, as they require
continuity of the functions between the neighbogrgrid points. In addition, it was
not possible to generate irregular shaped absorgenns, which is expected in
natural ores. The discrete element method (DEM)then other hand utilizes the
breakage of individually structural unit or bondsdirectly represent damage. It is
also possible to create particles of arbitrary shiay attaching two or more particles
together. However, the specification of the geowefroperties and solution
conditions is not so straightforward as in contimuanalysis.

As Jing and Hudson (2002) have reviewed, the choiceontinuum or discrete
methods depends on many problem-specific factois naainly on the problem scale
and fracture system geometry. The continuum apprascsuitable if only a few
fractures are present. The discrete approach is sudgable for modelling moderately

fractured rock and fracture process.

There is a considerable variation in existing flawsnatural ores. Examination of
polished section using Scan Electro Microscopy ($ERbwed that some ores are
virtually free of pores and cracks and some haverg high concentration of flaws
(e.g. Tavares and King, 1995).This suggests th#t bwe continuum and discrete

approaches can be used for better understanditigg affect of microwave treatment
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depending on the nature of the ore (significancexsting cracks) and the kind of

investigation.

In this chapter, a discrete element method waizedilto simulate again the thermally
induced stresses and examine the micro-crack pdttenicrowave treated ores. The
intention was to better understand the crack patexf different ores (of different
mineralogy and texture) for different treatment aitions and to consolidate the
conclusions drawn from the continuum analysis. iBe@-2 serves as an introduction
to specific bonded-particle model code used in thisis PFC?® Version 4.0) In
section 8-3, the methodology used for modelling riincroscopic properties of the
model materials is detailed. Section 8-4 discusBesmodelling equations used for
coupling thermal and mechanical model and the Spation of thermal properties in
PFC. Sections 8-5 to 8-8 present the different contrdms made from this part of the

work.

8.2 Bonded Particle Modelling using Particle Flow CoddPFC?)

8.2.1 Introduction

The bonded-particle model software used for theysiuas the Particle Flow Code
(PFC?® Version 4.9. PFC?® models the movement and interaction of arbitrasized
circular particles by the distinct element meth@EK) (refer section 4-8). The
particles/balls may represent individual grainsigranular material or they may be
bonded together to represent a solid material, ichvcase, fracturing occurs via
progressive bond breakage. The particles are bigidleform locally at contact points
using a soft-contact approach, in which finite nakand shear stiffnesses are taken to
represent measurable contact stiffnesses. Any prsopm parameter, including

particle radius, may be changed at any time duisgnulation.

However, the specification of the geometry, prapsrand solution conditions is not
so straightforward iPFC?®® as in continuum methods, exemplified using software
programs such a@sLAC. With a continuum program, a grid is created jahistresses
installed, and boundaries set as fixed or fred®®&°, a compacted state cannot be
pre-specified in general, since there is no uniwyag to pack a number of particles
within a given volume (ltasca, 2008). A processlagaus to physical compaction
must be followed until the required porosity isabed. The initial stress state cannot
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be specified independently of the initial packingcs contact forces arise from the
relative positions of particles. Finally, the sedtiof boundary conditions is more
complicated than for a continuum program becausebtiundary does not consist of

planar surfaces.

An additional difficulty arises when it is requirdd match the behaviour of a
simulated solid (comprised of bonded particles)hwét real solid tested in the
laboratory. This is often a trial-and-error progess there is no complete theory that
can predict macroscopic behaviour from microscoproperties and geometry.
However, guidelines are given that should help he tmatching process (e.g.
Potyondy and Cundall, 2004). It should be realit®at such modelling is difficult

because it is exercising the limits of current kfexlge. However, by performing tests
with PFC?®, it is possible to gain some fundamental undeditenin damage

mechanics (Iltasca, 2008).

The calculation cycle irPFC?® is a timestepping algorithm that consists of the
repeated application of a force-displacement la@ach contact, the law of motion to
each particle and a constant updating of wall post At the start of each timestep,
the set of contacts is updated from the known garind wall positions. The force-
displacement law is then applied to each contaapttate the contact forces based on
the relative motion between the two entities atdhietact and the contact constitutive
model. Next, Newton’s second law (force = mass eebcation) is integrated twice
for each particle to provide updated velocities areiv positions. Also, the wall

positions are updated based on the specified e#ikities.
8.2.2 Contact Models

In PEC?®, particles interact with other particles, and withlls, through the forces
that develop at their contacts. Every contact imesltwo entities (ball-ball or ball-
wall) and occurs at a single point through whick ttontact force acts. A contact
model describes the physical behaviour occurring abntact. Although a particle
assembly may exhibit complex nonlinear constitutbehaviour, this behaviour is
achieved through the use of relatively simple ccntaodels (Itasca, 2008). Each

contact model may consist of up to three partsa(@yntact-stiffness model; (2) a slip
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and separation model; and (3) a bonding model. thhee elements of a contact

model are discussed below.
8.2.2.1Contact-Stiffness Models

There are two types of stiffness modelsPiRC?® (Figure 8.1): a linear model and a
simplified Hertz-Mindlin model. In the linear modethe forces and relative

displacements are linearly related by the constantact stiffnesses. In the simplified
Hertz-Mindlin model, the forces and relative dig@ments are nonlinearly related by
the non-constant contact stiffness, which is a tioncof the geometric and material
properties of the two contacting entities as waelltlae current value of the normal
force. The simplified Hertz-Mindlin model is appragie when modelling assemblies
having no bonds, experiencing small-strain condgi@and exclusively compressive

stresses. It is not suitable for modelling solidk@itasca, 2008).

In the linear model, the contact normal and sh&finesses k,and k) relate the

contact forces and the relative displacements & rtbrmal and shear directions

linearly as:-

F =kU 8.1

n n=n

AF, =k AU, 8.2

Where F, and F,normal and shear force, respectively. @nd U are normal and

shear displacement, respectively. The general cbhdgic is shown in Figure 8.1. In

this study, the linear model is utlized.
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Linear contact law .
"E‘i = 'R.n I‘-’In

AF, =k AU,
Hertz-Nindlin contact law

Mon-linear realation between
force and displacement

Slip condition

FE<uk

Figure 8.1: PFC?® contact logic

8.2.2.2Slip and Separation Model

This model allows two entities (ball-ball or balaWl) in contact to slide relative to
one another and to separate if they are not bomaheda tensile force develops
between them. The slip condition occurs when tleaslsomponent of force reaches
the maximum allowable shear contact force. Thisvedble shear contact force is
taken to be the minimum friction coefficient of ttveo contacting entities multiplied
by the magnitude of the compressive normal compooigiorce (see Figure 8.1). The
slip model continually limits the magnitude of thleear component of force to remain
below this maximum allowable value. The slip modé&do enforces a no-tension
criterion by removing the contact force if the &e8 are not bonded and a finite gap
forms between them. A virtual contact may existwaein two particles that are
separated (ltasca, 2008).

8.2.2.3Bonding Models

In PFC?®, there are two types of bonding models corresptmdwo physical
possibilities: contact bond and parallel bond. Bbading logic is illustrated in Figure
8.2. Contact bonds reproduce the effect of adhemiting over the vanishingly small

area of the contact point, thus the name contaat.bBarallel bonds reproduce the

- 193 -



Chapter 8 — Bonded-particle Modelling of Microwaneluced Damage

effect of additional material (e.g., cementatioapdsited after the balls are in contact.
The effective stiffness of this additional mateaats in parallel with the contact point

stiffness, thus the name parallel bond.

Contact bond logic

maodels adhesion over vanishingly small area of

N ;
, //_X-/I contact pomt.
N4

breals f normal or shear force exceeds bond

strength

does not resist moment

Parallel bond logic
models addittonal material deposited after
| / -\\I balls are in contact
f./- X,—/I breales if normal or shear stress exceeds bond
|:\ ) strength
N/

does restst moment

Figure 8.2: PFC?® bonding logic

A contact bond provides each contact point witlerssile normal and shear contact-
force strength. This allows a tensile force to dewebetween two particles. If the
magnitude of the tensile normal or shear contacefexceeds the respective strength,
the bond breaks. Two particles with a contact boslshve as though they are welded
together at the contact point; thus, no slip isspme while the bond remains intact.
However, a contact bond provides no resistanceotting. Contact bonds are
appropriate when one wishes to provide an absdbged limit on the tensile normal
and shear contact forces. In the absence of aaontad, the slip model is active,
which provides no tensile normal strength and Bntite shear contact force based on
the contact friction coefficient and the compressinormal contact force. Contact

bonds are often used to create bonded assembligart€les which will remain

- 194 -



Chapter 8 — Bonded-particle Modelling of Microwaneluced Damage

together after the confining walls have been rerdoveEhey are not suitable for

modelling fracture of solid intact rock.

A parallel bond approximates the physical behavaiia cement-like substance lying
between and joining the two bonded particles.  ba envisioned as a piece of
elastic glue that connects the two particles. Rarbbnds are appropriate when one
wishes to preclude the possibility of rolling withtoslip at each contact, and also
when one wishes to model the effect of a cememgbimcess occurring after an
assembly has already been loaded (Itasca, 2008)lldPdonds establish an elastic
interaction between particles that acts in paraigh the slip or contact-bond

constitutive models. They can transmit both foroel anoment between particles,
while contact bonds can only transmit force acahghe contact point. Thus, parallel
bonds are appropriate for modelling solid rock.

8.2.3 Choosing Microscopic Properties

While it is relatively easy to assign chosen micogsc properties to RFC?® model,

it is often difficult to choose such properties @t they represent a real intact
material (with the required macroscopic propertié®r codes that model continua
(e.g., finite-difference or finite-element progrgpnike input properties can be derived
directly from measurements on laboratory samplesvéver,PFC?° works at a more
basic level, as it synthesizes material behavimmfthe micro-components that make
up the material. If the properties and geometriheSe micro-components are known,
then they can be used directly as inpuP®C?. But if it is desired to simulate a
solid, such as rock, the properties of the micrpgc@onstituents are not usually
known. In this case, “inverse modelling” should Umed i.e., perform a number of
tests on samples with assumed properties and centparresults with the desired
response of the real intact material. When a maashbeen found, the corresponding
set of properties may be used in the full simufatidhis inverse modelling method

was also used in this study.
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8.3 Mechanical Modelling
8.3.1 Introduction

In a broad sense, one can characterize any modal syinthetic material by the
parameters of deformability and strength. In otdeensure that a particular model is
reproducing desired physical behaviour, it is neagsto relate each model parameter
to a set of relevant material properties. In theecaf thePFC model, the model
parameters cannot, in general, be related directlya set of relevant material
properties because the behaviour of B#C model is also affected by particle size

and packing arrangement (Iltasca, 2008).

For continuum models, the input properties (suchlastic modulus and strength) can
be derived directly from measurements performedaboratory specimens. For the
PFC model, which synthesizes macro scale material\betafrom the interactions

of micro scale components, the input propertieshef components usually are not
known. The relation between model parameters amdnmomly measured material

properties is only known a priori for simple padakiswrrangements.

For the general case of arbitrary packings of eabiy sized patrticles, the relation is
found by means of aalibration processin which a particular instance of RFC
model (with a particular packing arrangement aricbsenodel parameters) is used to
simulate a set of material tests (e.g., unconfecmdpression test, Brazilian test, etc.).
The PFC model parameters are then chosen to reproduceetbgant material
properties as measured in such tests.

8.3.2 Calibration Steps Followed
8.3.2.1 Specification of Specimen Geometry

The first step in the calibration process is speaifon of specimen geometry. This
includes total particle size (width and height)l] b@nimum size (R,») and the radius
ratio (RnafRmin) Of the balls. For the binary ore models examirtbd, total particle
size was fixed as 20 mm40 mm. This total particle size was within thegarf the
particle size that is required in current microwaweguipment used for

experimentation. The aspect ratio was based oretiigrement for a standard biaxial
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test. The minimum radius of the balls for all madelas fixed at 0.1 mm. Potyondy
and Cundall (2004) demonstrated that ball sizenisn&insic part of the material

characterization that affects the Brazilian tenstiength thus, it cannot be regarded
as a free parameter that only controls model réisoluThey also showed that for a
given microscopic bond strength, decreasing thedie (increasing the number of

balls) will decrease the tensile strength of theéemal.

The model materials were produced by using the nakigenesis procedure PFC.

The material-genesis procedure RFC produces a synthetic material consisting of
balls in a material vessel such that it forms atragpic and well-connected system at
a specified confining pressure. The ratig{fRmin) was set to 1.66 to produce an

arbitrary isotropic packing as suggested by Potyarttd Cundall (2004). The radius

multiplier (4 ), which is used to set the parallel-bond radii vsas equal to 1 to
produce a material with cement that completelys fthe throat between cemented
particles. The final bonded particles of the modgserated after the material genesis
procedure was consisted of 13244 balls. Figures&evs the specimen filled with

balls.

Job Title: sW_mL
View Title: Material regions (1,2....) = (bla,blu.gre red.mag....)

PFC2D 4. 00
Step 26510

View Size:
X:-2.080e-002 <=> 2.080e-002
Y:-2.202e-002 <=> 2.202e-002

Ball

Process Engineering
Stellenbosch University

Figure 8.3: Specimen showing balls
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8.3.2.2Specification of Microscopic Properties

After the specimen geometry was constructed, asefitests was performed in order
to determine and match the macroscopic elasticgties of the samples by varying
the microscopic properties. The complete set ofonparameters that characterize a

parallel-bonded material is given in Table 8-1.

Table 8-1: Complete set of micro-parameters that cracterize a parallel-bonded

material
Symbol Description
Db Ball density
Rmin Minimum radius of the ball
Rmax Rmin Ratio of maximum radius to minimum radius of the
ball
A Radius multiplier used to set the parallel-bondirad
Ec Young’s modulus at each particle-particle contact
(k. /k.) Ratio of particle normal to shear stiffness
EC Young's modulus of each parallel bond
k. /k.) Ratio of parallel-bond normal to shear stiffness
u Particle friction coefficient
O. (Mean & std. dev.) Normal(tensile) strength of the cement
7. (Mean & std. dev.) Shear strength of the cement

The macro mechanical properties of minerals modedlee tabulated in Table 8-2.
The elastic properties of the minerals, Young's Mad (E) and Poisson ratio)(

were calculated from their bulk (K) and shear (@duli, which were obtained from
Bass (1995) and the tensile strengths of the mimevare typical values quoted for

the minerals in (Lama and Vutukuri, 1978).
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Table 8-2: Macro mechanical properties of minerals

Mineral p (kg/m®) K(GPa) G (GPa) E (GPa) v a: (MPa)
Calcite 2712 73.3 32.0 83.8 0.31 12
Dolomite 3795 94.5 45.7 118.1 0.29 11.7

Magnetite 5206 161.0 91.4 230.6 0.26 15
Galena 7597 58.6 31.9 81.0 0.27 12

One of the disconcerting issues in uskiigC to represent a material is that when one
wants to match the compressive strength of the moaéerial, the tensile strength
that would be obtained is about 0.25 of the uniag@mpressive strength. This is
disproportionately high, compared with most rockbeve the ratio is typically
reported as 0.04 to 0.1 (Cho et al, 2007).

Diederichs (2000) showed that wheRC was calibrated to the uniaxial compressive
strength, it significantly over-predicted the téasstrength. Potyondy and Cundall
(2004) also demonstrated that calibrat?figC to the uniaxial strength gave very low
triaxial strengths and required a cluster logidricrease the friction angles to more
realistic values. Currently, it is not possible nmatch both tensile strength and
compressive strength of a material using the sanierostopic properties of

spherical/circular particles. Thus, the materiegrsgith could be calibrated either with

uniaxial compressive strength or the Brazilian ilerstrength but not with both.

However, as has been shown previously by many esutirad also in Chapter 7 in this
study, the main cause of the damage in an ore afterowave treatment is the
thermally induced tensile stresses during the esipanof the absorbent phases,
exceeding the tensile strength of the ore (Salseta., 1996; Whittles et al., 2003;
Jones et al., 2005). Thus, it is noticeable thatstech model, the tensile strength is
more important than the compressive strength of rttegerial. Accordingly, the
strengths of the model materials were obtained doyparing the model Brazilian
tensile strength with the tensile strength of treemals. However, biaxial tests were
also performed to match the elastic propertiehefmaterials.
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8.3.2.3Biaxial Test for Matching Elastic Properties

The bulk properties of angiven synthetic material can be determined by pariiog

a series of tests on that particular material. €hests are performed numerically, and
are designed to simulate similar tests performetieniaboratory. One such test is the
biaxial test. It can be used to estimate the elasid plastic material responses. The
procedures necessary to perform a biaxial testguBFC?" are detailed in (Itasca,
2008). In this study, a series of biaxial teststib@ model materials (obtained by
altering thePFC?® micro-properties) were performed.

To reproduce a given modulus, the bond strengthie s&t to a large value to prevent
bond failure and thereby force the material to behalastically and then a series of
biaxial tests were performed to obtain the modwliuthe model materials. Then, the
microscopic moduli were chosen to match the Youmgduli of the minerals.

PFC simulates a biaxial test by confining a rectangudample (comprised of a
compacted particle assembly) within four walls (Fey 8.4). The top and bottom
walls simulate loading platens, and the left amghtrvalls simulate the confinement
experienced by the sample sides. The sample wdsdda a strain-controlled fashion

by specifying the velocities of the top and bottemlls.

During all stages of the test, the velocities @& tbft and right walls were controlled
automatically by a numerical servomechanism (imgletad via aFISH function)
that maintains a constant confining stress withim s$ample. The stresses and strains
experienced by the sample were determined in aa¥fashion by summing the
forces acting upon, and relative distance betwéwsn,appropriate walls. Materials
responses were computed by tracking the varioessstind strain quantities using the
HISTORWYlogic.
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Job Title: s\W_mL
View Title: Material vessel (walls) and material (balls, clumps & pbonds).

PFC2D 400
Step 23281

View Size:
X:-2.494e-002 <==> 2.494e-002
Y:-2.640e-002 <=> 2.640e-002

Wall

Process Engineering
Stellenhosch University

Figure 8.4: Specimen with confining walls preparedor biaxial test

The loading rate should be set sufficiently slowwegh to ensure the sample remains
in quasi-static equilibrium throughout the test ahduld be stable so as not to induce
any possible strength increase or unexpected rahtesponses within the simulated
models (Itasca, 2008). One can ensure that suds@omse has been obtained by
conducting a strain-controlled test at a seriescafistant platen velocities, and
demonstrating that the response is the same foplalen velocities below some
critical velocity. After running the test with défent loading rates, a value of 0.02 m/s
was found to be slow enough for the specimens deresd in this study and this was

set for testing all the model materials in biaxest tests at 0.1 MPa confinement.

Figures 8-5 to 8-8 show the final results of siniolaof the biaxial tests for different

model materials.
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Job Title: sW_mL_tAucs
View Title: Axial and confining stress vs. axial strain
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Figure 8.5: Biaxial test final result of calcite (Young’s modulus = slope = 83.3 GPa)
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View Title: Axial and confining stress vs. axial strain
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Figure 8.6 : Biaxial test final result of galena (Yung’'s modulus = slope = 80.5 GPa)
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Figure 8.7: Biaxial test final result of dolomite {foung’s modulus = slope = 118.5 GPa)
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Figure 8.8: Biaxial test final result of magnetite(Young’'s modulus = slope = 232.8 GPa)
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The ratios of normal to shear stiffness are nonyneliosen to match the material
Poisson’'s ratio. However, as Potyondy and Cundall0O4) mentioned, direct

comparison of Poisson's ratio RFC?® with laboratory result is not that meaningful
because of the limitation in 2D analysis PFC. The fundamental assumption for
particle elements employed PFC? is that particles are either disks having finite
thickness or spheres having single layer towardobyiane direction. The former is

similar to the plane strain condition and the latte similar to the plane stress

condition in continuum mechanics.

However, unlike continuum mechanics assumptiorretiie no out of plane stress in
plane strain and no out of plane strain in plamesstinPFC?°. Hence, attempts to
match volumetric strain or Poisson's ratioARC?® material to match 3D physical
material are not always successful (Potyondy anad@ily 2004). Hence, no attempt
was made for calibrating the ratio with laboratoegults and it was fixed to be 2.5

which is typical value used for most common rockd@t al., 2007).

Next, the cement shear and tensile strength weregsgl to one another so as not to
exclude mechanisms that may only be activated leyarshear failure. Potyondy and

Cundall (2004) demonstrated that by settidg=7,, both tensile and shear micro

failures can be allowed to occur.

For all the models a 20% ratio of standard deunatomean of the cements strength
was used, assuming the materials to be brittles Wais deemed to be typical value for
a brittle rock (Itasca, 2008). In general,P&C material with a small standard
deviation to mean ratio will fail in a brittle fasim (predominantly in tension,
whereby bond normal strength is exceeded), whiteaterial with a large ratio will
fail in a ductile fashion (predominantly in shearhereby bond shear strength is

exceeded).

Potyondy and Cundall (2004) also demonstrated ttiafarticle-friction coefficient
appears to affect only post-peak response, arsdnibt yet clear to what it should be
calibrated. Thusy = 0.5 was set for all models as a reasonable nonvadue (ltasca,
2008).
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8.3.2.4Brazilian Test for Matching the Tensile Strengths dthe Materials

Finally, a series of Brazilian tests was perforngdvarying the mean value of the
cement strengths to match the tensile strengthiseomaterials. The tests were made
upon specimens created in the polyaxial cell. Adlllsr were frictionless, and the
normal stiffnesses of the platen walls and congniralls were set equal to 1 and 0.1,
respectively, times the average particle norméhsss of the material (Itasca, 2008).
The polyaxial specimens were seated. Axial andicogf stresses were applied by
activating the servomechanism for all opposing syahd cycling (Itasca, 2008). The

specimens were trimmed into disk shapes that wecentact with the lateral walls.

Next, the top and bottom walls were moved apara lwstance of 05 w, and their
velocities were set to zero throughout the remaimadethe test. This was done to
ensure that only the lateral walls will be in cantavith the specimen during the
subsequent testing. The specimen was loaded byngntve horizontal platens toward
one another at the final velocity,,Vusing the platen-based loading. The average
force ) acting on the lateral walls (obtained by averggime total force acting on
each lateral wall) was monitored, and the maximwtuer was recorded. During a
typical test, this value will increase to some maxin and then decrease as the

specimen fails.

The loading rate for Brazilian test should alsoda¢ sufficiently slow enough to
ensure the sample remains in quasi-static equihiorthroughout the test and should
be stable so as not to induce any possible strengtease or unexpected material
responses within the simulated models (PotyondyG@madall, 2004). After running
the test with different loading rates, a value @f10m/s was found to be slow enough
for the specimens considered and this was sete&ting all the model materials in

Brazilian test.
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bonded particle
assemnbly

Figure 8.9: Sketch of Brazilian test

After the Brazilian test was completed, The peakddF:) acting on the platens was
extracted automatically. The Brazilian tensile siith, o;, was then computed by
using Equation 8.3.

0, =— ,t=10 8.3
TR1

Where R is the radius of the Brazilian disk.

Figures 8-10 to 8-13 show the final result of th@a#flian tests for different model

materials.
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Job Title: sW_mL_tAbt
View Title: Brazilian test: axial force vs strain and cracks
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Figure 8.10: Brazilian test final result of calcite F; = 3.77x 10° N ,6,= 12.01 MPa
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Figure 8.11: Brazilian test final result of dolomit, F; = 3.70x 10° N, 6,= 11.78 MPa
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Job Title: sW_mL_tAbt
View Title: Brazilian test: axial force vs strain and cracks
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Figure 8.12: Brazilian test final result of galenaf; = 3.78x% 10° N, 6,= 12.04 MPa
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Figure 8.13: Brazilian test final result of magnetie, F; = 4.70x 10° N, 6,= 14.98 MPa
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8.3.2.5Density of Ball

When representing a solid continuum, the densitthefball (0,) should be chosen
such that théFC?® material has the same total mass in a fixed volafeaterial as

does the physical material. This condition is $etisby settinga, as:-

Py I%__ n) 8.4

Wherep is the density of the solid continuum, and n ig #verage porosity of the
PFC?® material. For densely packed and bonB&€*° assemblies, the value of n is
fixed by the initial microstructure and is approxit@ly 0.16 (Itasca, 2008). Table 8.3

shows the bulk densities and ball densities ohtlagerials modelled

Table 8-3: Bulk densities and ball densities of mirals

Mineral Bulk density(0) (kg/m°) Density of ball (a,)(kg/m®)
Calcite 2712 3228.6
Galena 7597 9044.0

Dolomite 3795 4517.9

Magnetite 5206 6197.6

Tables 8-4 to 8-7 show the complete model mechbmizao properties used for

modelling the materials.

Table 8-4: Model micro properties for calcite

Grains Cement
0 = 3228.6 kg/m A =1
E.= 66 GPa E. = 66 GPa
Rmin= 0.1 mm (k./k.)=2.5
RmaRmin = 1.66 O, =T,= (meant std.dev) = 5k 10 MPa
(k,/k,)=2.5
pH=0.5
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Table 8-5: Model micro properties for dolomite

Grains Cement

0 = 4517.9 kg/m A =1

E. = 95.5 GPa E. =955 GPa

Rmin= 0.1 mm (k./k.)=2.5

RmaRmin = 1.66 0, =T,= (meant std.dev) = 4% 10 MPa

(ko/k:)=2.5
H=0.5

Table 8-6: Model micro properties for galena

Grains Cement

0 = 9044 kg/n A =1
E.=64.5 GPa E.=64.5 GPa
Rmin= 0.1 mm (k./k.)=2.5

RmaRmin = 1.66
(ka/ks)=25
H=0.5

Ql

. = I.= (meant std.dev) = 5% 10 MPa

Table 8-7: Model micro properties for magnetite

Grains Cement

0= 6197.6 kg/m A =

E.= 188 GPa E. =188GPa

Rmin= 0.1 mm (k./k.)=2.5

RmaRmin = 1.66 O, = T.= (meant std.dev) = 56 11 MPa

(k,/k,)=2.5
nH=0.5
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8.4 Thermo-mechanical Coupling

8.4.1 Modelling Equations

PFCsupports both thermal-only and coupled thermal-rapal analysis. Simulation
of transient heat conduction and storage in maseansisting of particles, and

development of thermally induced displacementsfarzks are possible.

In PFC, the thermal material is represented as a netahnleat reservoirs (associated
with each particle) and thermal pipes (associatigd the contacts). Heat flow occurs
via conduction in the active pipes that connectréservoirs. Each ball represents a
heat reservoir. Associated with each reservoirtesngperature, a mass, a volume, the
specific heat, and coefficient of linear thermalpamsion. The temperature is
computed during the thermal simulation, and thesrasd volume are determined

from the ball density, radius and assumed shape.

A thermal pipe is associated with each contact, dnly some of these pipes are
active. A pipe is active if the two particles a¢ tbontact are overlapping, or if a bond
Is present. A pipe joins two reservoirs, and héa fonly occurs through pipes.
Associated with each pipe is a pow@r,and a thermal resistanag,Each pipe has a
finite length that is equal to the distance betwg®ncentroids of the two connected

particles (Itasca, 2008).

Thermally induced strains for a temperature chgdg are produced in the model
material by modifying the particle radii and thede carried in each parallel bond to
account for the thermal expansion of both partieled the bonding material that join

them. For a temperature changd) the change in radius is given by:-

AR = aRAT 8.5

Where R is the radius of the ball

And the change in the normal component of the orak (IF") as:-
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AF" =k, A@LAT) 8.6

Where k,, is the bond normal stiffness, A is the area ofttbed cross section arm

is the expansion coefficient of the bond materiakén equal to the average value of
the expansion coefficients of the particles attthe ends of the pipe associated with
the bond) and L is the bond length.

8.4.2 Power Density Specification inrPFC

In PFC, like FLAC, a heat-generating source can be assigned topaatible in the
specified range. However, PFC, the heat generating source is in units of Whaset
IS no explicit representation of the boundary (kmliin a continuum code, where zone
surfaces comprise the boundary). Hence, the povessity (W/nf) should be
multiplied by the volume of each ball/particle inder to assign a power source in
each ball. Whenever a heat source is applied tartcle, its value replaces the
existing source strength. Table 8-8 showsRH&H code used for specifying power

density in the absorbent mineral.

Table 8-8: Power density specification ilPFC

def powerdensity

powerdensity=1ell : power sigr{W/nt) value
end

thermal set dt_max 1e-6 ; thermal stepdim

def source ; specify Heat-generating source (in tsof W)
bp=ball_head

loop while bp # null ; Search all balls

if b_dens(bp)= 9044 then ; apply power (W) to tiesorbent phase(galena)
power_inwatt=powerdensity*(22/7)*b_rad(bp)*b_rad(pf
b_thpsrc(bp)=power_inwatt

end_if

bp=b_next(bp)

end_loop

end

source ; execute
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8.4.3 Specification of Thermal Properties inPFC
8.4.3.1Specific Heat Capacity of Ball

Specific heat capacity of the ball should be satakgo the value for a solid
continuum (Itasca, 2008). The specific heat capaifithe balls for each mineral was
written as a function of temperatureRC's FISH code. Table 8-9 shows th¢SH

code used for specifying the heat capacity of gaksa function of temperature.

Table 8-9FISH code used for specifying specific heat capacity ghlena as a function of

temperature in PFC

if b_dens(bp) = 9044 &

if (b_thtemp(bp) + 273) < 500 then
b_thsheat(bp)=(0.0311*(b_thtemp(bp)+273))+199.68
end_if

end_if

if b_dens(bp) = 9044 &

if (b_thtemp(bp) + 273) >= 500 then
b_thsheat(bp)=(0.03942*(b_thtemp(bp)+273))+195.52
end_if

end_if

8.4.3.2Thermal Resistance per unit Length

In PFC, the thermal resistance per unit lengfhghould be specified to all pipes. It is
also possible to directly specify a mean thermahdcetivity of the thermally
isotropic material and the software will automaticaompute the value of that, if
assigned to all pipes produce the required meammtdeconductivity. For the ore
models considered, the mean thermal conductiwtiee specified. It is not possible
to specify thermal conductivity as a function ainfgerature irPFC; hence, constant
values were assigned. Table 8-10 shows RieH code for specifying the mean
thermal conductivity of calcite iRFC.

Table 8-10:FISH code used for specifying mean thermal conductivitfor calcite

CONFIG therm

THERM MAKE conductivity 3.16 measure 2
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8.4.3.3Thermal Expansion Coefficient of Ball

The thermal expansion coefficient value of the bedls set to be equal to thermal
expansion of the solid material. This appears ta Ipdane stress condition; however,
as has been discussed in section 8-3, there isitnof @lane stress in plane strain and
no out of plane strain in plane stresRC?". Table 8-11 shows tHeISH code used

for specifying thermal expansion coefficient ofeya as a function of temperature.

Table 8-11FISH code used for specifying thermal expansion coefi@t of galena as a

function of temperature in PFC

if b_dens(bp) = 9044 &

if (b_thtemp(bp) + 273) < 673 then
b_thexp(bp)=((0.0067*(b_thtemp(bp)+273))+58.710y14 e
end_if

end_if

if b_dens(bp) = 9044 &

if (b_thtemp(bp) + 273) >= 673 then
b_thexp(bp)=((0.0180*(b_thtemp(bp)+273))+51.091)4e
end_if

end_if

The complete simulation codes used for modellingcrowave heating and
guantifying microwave-induced micro-cracks for edwhary ore are presented in

Appendices K and N.

- 214 -



Chapter 8 — Bonded-particle Modelling of Microwaneluced Damage

8.5 Microwave-induced Micro-cracks in a Simple Ore Modé

8.5.1 Introduction

It has been shown previously using the continuupr@xh that power density has a
significant effect on the extent of damage in micawe treated ore. However, this
was done by quantifying the stress distributionthe ore samples, as it was not

possible to simulate crack propagation using aicoaim approach.

The brittle failure of rock is a progressive prazel involves initiation, growth,

interaction and coalescence of micro-cracks leadmghe formation of macro-

fracture. A test was required to quantify thermatiguced micro-cracks and examine
the crack pattern directly instead of the indimeetthod used previously. Accordingly,
this study details how the distinct element methvad used to quantify micro-cracks
induced by microwave irradiation. The aim was tdtdreunderstand the crack
formation and propagation in a microwave treatex] bence, a simple texture model
was used for the study. Prior to simulation, it wiasught that there would be a

marked difference in crack pattern in ore sampated at different power densities.
8.5.2 Methodology

PFC allows visualization of crack propagation and ajsantification of micro-cracks
inside the model material. By definition: Micro-ckaoccurs when the stress in the
bond exceeds the assigned normal (tensile) or stesargth. Failure of a bond leads

to a force redistribution around the breakage ¢hatlead to further breakage.

Micro-cracks in aPFC?® synthetic specimen may only form between bonded
particles. Thus, the number and location of po#tmtiicro-cracks are limited by the
number and location of the bonds in the initialcspen. The geometry and location
of each micro-crack are determined by the sizes @mdent locations of the two
parent particles from which the micro-crack origeth
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Each micro-crack is assumed to be a cylinder wiaose lies along the line joining
the two parent particles. The geometry and locatoa fully described by the
thickness, radius, and unit-normal and centroidtion. The thickness equals the gap
between the two parent particles. The unit norsalirected along the line joining the
centres of the two parent particles and the ceahtlies along the line between the
centres of the two parent particles and bisects giye between the two parent

particles.

The ore used for the study was a simple galenatealwodel consisting of a single
spherical galena particle (2 mm) placed inside lendgical calcite matrix (5< 10
mm) as shown in Figure 8-14. The ore was treatgdwaer densities of £ 10° W/m®
and 1x 10" W/m®. The crack pattern and the number of micro-frastufor a
particular microwave treatment condition were tegamined. Micro-cracks that have
formed as the result of the parallel-bond normahgile) strength having been
exceeded were indicated by black colours. Micraksahat have formed as the result
of the parallel-bond shear strength having beereeded were indicated by red

colours.

Job Title: sW_mL
View Title: Cracks (lines): [hlack/red]=normal/shear fail (mag=1.00000000000e+00|

PFC2D 400
Step 25232 15:24:00 Thu May 07 2009

View Size:
X:-2.078e-002 <=> 2.078e-002
¥:-2.200e-002 <=> 2.200e-002

micro-cracks (0)

Group
calcite
galena

Process Engineering
Stellenbosch University

Figure 8.14Intreated galena-calcite simple model
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8.5.3 Results and Discussion

Figures 8-15 shows the crack pattern and the nurmbenicro-fractures that were
observed when the ore was treated at power denfsity 10° W/m®. As can be seen,
most of the cracks are tensile cracks (black c@ladnich are radially oriented and
originated from the absorbent phase boundary. Thiprimarily due to the high
tensile stresses, which were induced during therthkeexpansion of the absorbent
phase. Micro-fractures can be seen around the -grmaindary and on the calcite
matrix. Few micro- fractures were also occurredd@she absorbent phase. However,
most of the damage was outside the microwave absbgihase (galena). It can be
noted that the type of failure around the grainraauy region was predominately a
tensile one. This was also seen when the contirpprnoach was used (refer Chapter
7). More damage was induced both around the graumdary and on the calcite

matrix as the exposure time increased.

Py=1x10°W/m3 0.1s Py=1x10°W/m? 02s Py=1x10°W/m? 03s

(Micro-cracks = 545) (Micro-cracks = 795) (Micro-cracks = 938)

Figure 8.15: Crack pattern in galena-calcite aftemicrowave treatment atPy; = 1x 10°
W/m?
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The results of simulation at a higher power densfty x 10** W/m® are shown in
Figure 8-16. It can be seen, as expected, that aemeage was incurred in the ore
when the power density increased for the same gnepgit. This can be noticed by
comparing the number of micro—fractures obtainedtfi®@ same energy input. But
more importantly, the fracture patterns obtainedifrent power densities were also
quite unlike. As can be seen from Figure 8-16,ttnss were more localized around
the grain boundary for the high power density casere was almost no damage
(fracture) in the absorbent phase. It is evideat this advantageous to deposit much
energy in a shorter time so that damage is mor@ikmxl around the grain boundary.
This is also in complete agreement with the reslitained using a continuum
approach (refer Chapter 7). It is expected thasfmh microwave treatment condition
there would be a possibility of liberation of thesarbent mineral at original size. The
advantage of using high power equipment for micrevaeatment of ores can be
clearly seen from the figures.

Pg=1 x 10" W/m?®, 1ms Py=1x 10" W/m?, 2 ms Py=1x 10" W/m?, 3 ms
(Micro-cracks = 623) (Micro-cracks = 864) (Micro-cracks = 964)

Figure 8.16: Crack pattern in galena-calcite aftemicrowave treatment atPy = 1 x 10"
W/m?
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The pattern of fractures obtained for the high pogensity case closely matched the
Scanning Electron Microscopy (SEM) image shown iguFes 8-17, which was
observed experimentally. The ore consists of clpaidte in a calcite matrix and it
was exposed to microwave irradiation of microwaeev@r 3 MW and pulse duration

of 1 us at a pulse repetition frequency of 50 Hz fortaltof 10 s.

e o

Figure 8.17: Chalcopyrite particle in calcite matrix after exposed to pulsed microwave

8.5.4 Conclusions

The effect of microwave treatment of an ore atedéht power densities on the extent
of damage and crack pattern was investigated.slilegn shown that it is possible to
induce greater number of micro-fractures for theesanergy input by operating at
higher power density. It was also shown that theroacracks for the high power
density case were more localised around the graimdbary. It is suggested that this
effectively facilitates liberation at original siaad it also negates the need for further

grinding to separate the heated phase from thegesant matrix.
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8.6 Microwave-induced Micro-cracks for Randomly Dissemnated
Absorbent Phase

8.6.1 Introduction

The previous section showed how the distinct eléemmethod can be used to simulate
and quantify thermally induced micro-fractures in are sample. This section
presents the results of simulations of differemtaby ores having realistic textures
exposed to microwave at different treatment cood#i The aim was to investigate in
detail the effect of power density, mineralogy aatusorbent phase grain size on

extent of damage and fracture pattern in microvieaegted ores.
8.6.2 Methodology

The model materials were produced by using the ma&igenesis procedure iRFC

as discussed in section 8-3. For this case, difftareegular shaped absorbent phase
(galena/magnetite) grains were randomly dissemihate a transparent matrix
(dolomite/calcite). The ores were assigned a compnonsof 10% of microwave
absorbing mineral and 90% transparent matrix bymweal. The total particle size was
20 x 40 mm. For each binary ore, two different textuvesre simulated: coarse-
grained (grain size = 1 - 2.5 mpgnd fine-grained (grain size = 0.1 - 0.25 mm).
Typical textures are shown in Figure 8-18. Eachveas then exposed to microwave

at different power densities ranging fromx 10° W/m® to 1x 10" W/m®.
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(a) (b)

Figure 8.18: Typical texture showing microwave abstent phase (yellow) in
transparent matrix (green) for a coarse-grained (apnd fine-grained (b) ores
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8.6.3 Results and Discussion

Figures 8-19 shows the result of simulation of seagrained galena-calcite treated at
a lower power density of £ 10> W/m®. As can be seen, few micro-cracks (tensile),
which were originated from the absorbent phasee(ggl and propagated randomly,
were induced even if the exposure time was incteapeo 6 s. The driving force for
the failure is generally believed to bee strong tensile stresses at the grain boundary
of the absorbent phase. Increasing the exposueeitioneased the number of micro-
fractures. However, the crack propagation patteraie similar i.e. they started from
the absorbent phase boundary and propagated mtatbite matrix randomly. As can
be seen, only few cracks were observed aroundrdia Houndary and most of the
cracks were induced in the calcite matrix. Micraaks can also be seen inside the
absorbent phase (galena).

This type of damage would not have a significanbdfié in mineral processing
operation, as the damage occurred randomly inuheds the sample. In addition, the
energy input required to induce significant micragks even in the bulk of the
sample was relatively large (> 4 kWh/t). The reafwrthis was previously explained
using continuum approach, it was noted that whermpthwer density was low and the
exposure time was long, there would be a signifit@at loss by conduction from the
absorbent phase to the transparent matrix. Thisldvdecrease the temperature
gradient between the two phases. Thus, as the esgtisne increased, cracks will
occur on the bulk of the sample randomly. Howewsrywas discussed in section 8-3,
since there is a variation of bond strength ingd®~C material (the bond strength
was specified with a mean and standard deviatidnyyas suggested that crack
propagation will follow areas at which the boncesfgth is low. In reality these areas

could be natural flaws and pre-existing cracks.

The results of simulation of coarse-grained galeslaie treated at power density of
Py = 1x 10° W/m?® are shown in Figure 8-20. As can be seen, fordds®, cracks start
to occur at short exposure time of 0.05 s. It&iso be seen that for the same energy
input, more damage (number of micro-cracks) wasried in the ore when the power
density increased. This can be observed by conpé#nm number of micro—fractures
obtained atPy = 1 x 10° W/m® for the same energy input. In addition, the freetu

pattern observed was also quite different. It cansben that most of the damage
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occurred around the grain boundary of the absorpbase. However, cracks were

also observed inside the absorbent phase espeasathe exposure time increased.

Figures 8-21 and 8-22 show the results of simutatibcoarse-grained galena-calcite
treated at high power density o&110'° W/m® and 1x 10" W/m®, respectively. The
effect of power density on microwave treatment i@ can be clearly seen from these
figures. From Figure 8-22, it can be seen that dgnveas more localized around the
grain boundary compared to the damage obtainealesripower densities. However,
as exposure time increased, few cracks insideliberbent phase were also observed.
It is noticeable that for this case the exposuretshould be below 0.03 s in order not
to damage the absorbent mineral. In addition, shtecrease in the number of micro-
fractures that would be obtained by increasingakgosure time (hence, the energy
input) slowed after this time, indicating that thenount of damage tends to an
asymptotic value. This situation was previouslynseden the continuum approach

was used (refer Chapter 7).

It can be seen also from Figure 8-Bg € 1x 10" W/m®) that relatively more damage
(number of micro-fractures) was obtained as thegrayensity increased at all energy
inputs. However, the crack pattern was very sintitathat was seen for the power
density of 1x 10'° W/m>. As can be seen the majority of the damage wasdrthe

grain boundary and there was almost no damageeirtsied microwave absorbent
phase. The practical implication of this is that $och kind of microwave treatment
conditions, there would be a possibility of libévat of the absorbent mineral at
original size. It is also expected that the enesguired for grinding the damaged ore

for this case would be significantly reduced.
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Pa=1x10°W/m? 1s Py=1x10°W/m? 2s Py=1x10°W/m? 3s
(Micro-cracks = 21) (Micro-cracks = 200) (Micro-cracks = 624)

Py=1x10°W/m° 4s Py=1x10°W/m® 5s Pi=1x10°W/m® 6
(Micro-cracks = 890) (Micro-cracks = 1200) (Micro-cracks = 1411)
calcite
galena

Figure 8.19: Micro-cracks in coarse-grained galenaalcite, treated atPq = 1x 10° W/m
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Py=1x10°W/m? 0.05s Py=1x10°W/m? 0.1s Py=1x10°W/m® 0.2s
(Micro-cracks = 115) (Micro-cracks = 1068) (Micro-cracks = 2164)

Pg=1x10°W/m? 0.3s Pg=1x10°W/m® 0.4s Pg=1x10°W/m® 05s
(Micro-cracks = 2653) (Micro-cracks = 3045) (Micro-cracks = 3269)
calcite
galena

Figure 8.20: Micro-cracks in coarse-grained galenaalcite, treated atPy = 1x 10° W/m?®
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Py=1 x 10" W/m?, 0.005 s Py=1x10""W/m? 0.01s Py=1x10"wW/m? 0.02s
(Micro-cracks = 395) (Micro-cracks = 2037) (Micro-cracks = 3357)

Py=1x10""W/m? 0.03 s Py=1x10"°W/m° 0.04s Pyg=1x10""W/m? 0.05s
(Micro-cracks = 3707) (Micro-cracks = 3902) (Micro-cracks = 4046)
calcite
galena

Figure 8.21: Micro-cracks in coarse-grained galenaalcite, treated atPy = 1x 10" W/m?®
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Py=1x 10" W/m? 0.5 ms Py=1x 10" W/m? 1 ms Py=1x 10" W/m?®, 2 ms
2271) (Micro-cracks = 3600)

(Micro-cracks = 482) (Micro-cracks

Py=1x 10" W/m? 3 ms Py=1x 10" W/m?®, 4 ms Py=1x 10" W/m? 5ms
(Micro-cracks = 3900) (Micro-cracks = 4041) (Micro-cracks = 4089)
calcite
galena

Figure 8.22: Micro-cracks in coarse-grained galenaalcite, treated atPy = 1x 10" W/m?®
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Figure 8-23 shows the results of simulation of fgmained galena-calcite treated at
power density of & 10° W/m®. Although simulation was carried out for this @
power density of & 10 W/m®, no significant damage was observed in the ore eve
when the exposure time was increased up to 10nlbe seen from Figure 8-24 that
relatively few cracks were induced in the ore sarglen at a power density ofx1
10° W/m®. The effect of absorbent phase grain size carldslyg seen by comparing
this figure with Figure 8-20. Although both oresnssted of the same volume of
absorbent mineral and treated at the same enepgy amd power density, the amount
of damage incurred in the ore samples were coraitiedifferent. It can be seen that
the power density and the energy input requiredterfine-grained ore was one order
of magnitude higher than that required for the seagrained ore. As can be seen, the
crack pattern for the fine-grained obtained at 10° W/m® was very similar to that
was obtained for the coarse-grained ore atlf’ W/m? i.e. micro-cracks started from

the absorbent phase boundary and propagated talitiee matrix randomly.

The results of simulation of fine-grained galenkita treated at the higher power
density of 1x 10" W/m® are shown in Figure 8-24. It can be clearly sdwt &
substantial increase in damage was obtained wheepdiver density was increased
for the same energy input. The general trend oleskefor the coarse-grained ore was
also repeated for the fine-grained ones i.e. dt pmwver density more micro-fractures
for the same energy input was observed and morertatly these micro-fractures
mostly occurred around the grain boundary. Howefegrthis ore the effect of power

density was considerably higher.

In general, it can be noted that for the same ralogy and volume of microwave

absorbent mineral, the energy input and the povessity that were required to

induce significant damage in an ore sample (whiabuld reduce the required

grinding energy and enhance liberation) depenagtyoon the absorbent phase grain
size. Higher power density and higher energy inpere required for the fine-grained

one. This was also in agreement with the resultsiodd using the continuum

approach (refer Chapters 6 and 7).
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In Figure 8-25, the result of simulation of coaggained magnetite-dolomite treated
at a power density of £ 10° W/m® is shown. It should be noted that the grain-size
and the volume of the absorbent phase of this ere the same as that of the coarse-
grained galena-calcite and only the mineralogy diferent. Simulation was also
carried out for this ore at a power density of 1 W/m* however, no significant
damage was observed up to 10 s. It can be seenFRigare 8-25 that significant
damage was observed at power density of 1° W/m® after 0.4 s. However, the
crack patterns were very different from that obgdirfor the coarse-grained galena-

calcite at the same treatment conditions.

It can be seen that for this ore, at this powesiignalthough the micro-cracks started
from the absorbent phase grain boundary, they weteconfined to that region;
instead they propagated to the transparent masmdamly. It has been shown
previously that this ore is less amenable to mienetreatment due to the constituent
minerals’ thermo-mechanical properties. The thermeapansion coefficient of
magnetite is considerably lower than that of galémaddition, the thermal expansion
coefficient difference between magnetite and dolens not as large as that between
galena and calcite. Thus, it was suggested thatwioiuld considerably affect the
cracks pattern. Previous simulation using the oomtin approach also demonstrated
this situation. It was shown that for a given maiegy and ore texture there is a
power density level below which no further increasegrain boundary damage is
possible by increasing exposure time. If a powearsdg lower than this minimum is
dissipated, increasing the exposure time can cdasgge but the damage would be
all over the bulk of the ore sample. Thus, the Itesbtained here was also in
agreement with that result.

The result of simulation of coarse-grained mageetilomite treated at the higher
power density of & 10" W/m?® is shown in Figure 8-26. As expected, greater dgma
was induced in the ore for the same energy inpdttae damage was also more
localised around the grain boundary. It can alsgdmn that for this ore the effect of
power density was considerably high particularlytiom nature of crack pattern in the
ore sample. This also suggests that for a givereraiogy and ore texture, a certain
minimum power density should be dissipated to isealamage around the grain

boundary.
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Py=1x10°W/m® 0.15s Py=1x10°W/m? 0.2s Ps=1x10°W/m® 0.4s
(Micro-cracks = 15) (Micro-cracks = 71) (Micro-cracks = 720)

Py=1x10°W/m® 0.6 s Py=1x10°W/m° 0.8s Ps=1x10°W/m® 1s
(Micro-cracks = 1105) (Micro-cracks = 1341) (Micro-cracks = 1489)
ﬂ Dolomite

magnetite

Figure 8.25: Micro-cracks in coarse-grained magnetie-dolomite, treated atPy = 1x 10°
W/m?
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Pg=1x10"W/m®? 0.001s Py=1x10"W/m% 0.002s Py=1x10" W/m® 0.003 s
(Micro-cracks = 64) (Micro-cracks = 1009) (Micro-cracks = 1957)

Py=1 x 10" W/m® 0.004 s Py=1x10"W/m® 0.005s  Py=1x10"W/m® 0.006 s
(Micro-cracks = 2449) (Micro-cracks = 2837) (Micro-cracks = 3089)

! Dolomite
magnetite
Figure 8.26: Micro-cracks in coarse-grained magnetie-dolomite, treated atPy = 1x 10"

W/m?
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Figure 8-27 shows the results of simulation of fgmained magnetite-dolomite treated
at a power density of X 10° W/m®. This ore was the least amenable ore for
microwave treatment due to both thermo-mechanicapgrties of the constituent
minerals and its texture. As can be seen, therealvasst no damage (no significant
micro-fractures) at power density ofxL10° W/m® even if the exposure time was
increased to 1 s. It has been shown previouslyftrahe coarse-grained magnetite-
dolomite considerable damage occurred at this palgasity in 0.4 s. The effect of
texture on microwave treatment of an ore can barlglseen by comparing this figure
with Figure 8-26.

It can be said that for this ore, power densitylof 10 W/m® was not enough to
cause significant thermally induced stresses exagethe bond strength (both in
tensile and in shear). As has been discussed reantie of the reasons for this is the
increase in surface area to volume ratio or heatister area as the absorbent grain
size decreases, which enhances the conductioridssatrom the absorbent phase to
the transparent matrix. However, as was shown pusly if the exposure time was
increased beyond 1 s at the expense of increaggdyemput (energy cost), a random

micro-fractures throughout the bulk of the sampuleld still be obtained.

The results of simulation of fine-grained magnetitdomite treated at power density
of 1 x 10" W/m? is shown in Figure 8-28. Significant micro-craskarted to occur at
this power density at exposure time of 0.002 s. mieo-cracks for this ore at higher
power density also originated from the absorbeasplgrain boundary and there were
few micro-cracks inside the absorbent phase. Aga&rg, for the high power density
case, considerable micro-fracturing occurred aratedgrain boundary for the same
energy input compared to that were obtained at igweever density. It can be seen
that once significant micro-fractures start to acdorce redistribution around the
breakage leads to further breakage of bonds and amat more micro-fractures were
induced. It can also be seen that for this orehiat power density, increasing the
exposure time beyond 0.006 s didn’'t have any bemeferms of liberation. However,

this will increase the bulk damage, which redubesenergy required for grinding.
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Py=1x10°W/m® 0.15s Py=1x10°W/m® 0.2s Py=1x10°W/m® 0.4s

(Micro-cracks = 0) (Micro-cracks = 0) (Micro-cracks = 2)

Ps=1x10°W/m® 0.6 s Ps=1x10°W/m® 0.8s Ps=1x10°W/m® 1s
(Micro-cracks = 4) (Micro-cracks = 7) (Micro-cracks = 11)
! Dolomite
magnetite
Figure 8.27: Micro-cracks in fine-grained magnetitedolomite, treated at Pd = 1x 10°
W/m?
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Py=1x 10" W/m® 0.001 s Py=1x10"W/m3 0.002s Py=1x 10" W/m® 0.004 s
(Micro-cracks = 12) (Micro-cracks = 482) (Micro-cracks = 3745)

Py=1x10"W/m3 0.006s Py=1x10"W/m? 0.008s Py=1x 10" W/m? 0.01s

(Micro-cracks = 5788) (Micro-cracks = 6810) (Micro-cracks = 7349)
! Dolomite
magnetite
Figure 8.28:Micro-cracks in fine-grained magnetite-dolomite, treated atPy = 1x 10
W/m?
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8.6.4 Conclusions

The effects of power density, mineralogy and absatriphase grain size on the extent
of fracture and type of crack pattern in microwareated ores were investigated in
detail using distinct element method. It has beeows that the amount of micro-
cracks and also the cracks pattern in an ore samifpde microwave treatment
significantly depend on its mineralogy, microwaveatment conditions (power
density) and absorbent phase grain size. It hasbalsn shown that a minimum power
density is required to localize damage around ttaéngooundary in an ore sample.
This minimum power density was found to stronglpeled on the ore mineralogy and
its texture. The results obtained were in agreemtit those obtained using the

continuum approach.
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8.7 Construction of Damage Maps for Different Ores in €rms of

Percentage of Micro-cracks

8.7.1 Introduction

This section details the study carried out for tutsing damage maps for different
ores in terms of percentage of micro-cracks foriowsr microwave treatment
conditions. Damage maps which show percentage aforfiiactures as a function of
power density and exposure time for different aed ore textures were constructed.
It should be noted that similar damage maps wenstoacted using the continuum
approach in section 7-2. However, the damage mmftsat study were constructed by
examining the thermally induced stresses around gfsn boundaries and by

comparing those stresses with the bulk strengtheofnaterial.

As has been discussed in section 8-3, the bondagstreof the PFC material is

significantly higher than its bulk strength. It hiasen shown that for the binary ore
models constructed, the bond strengths were alwauttimes their bulk strengths.
Thus, the results from this study should not be maned directly with the results

obtained in section 7-2. However, qualitative corgmas can be made.
8.7.2 Methodology

The ore models used for the study were the sartteoas used in the previous section.
In total, four different binary ore models were éstigated. These were coarse-
grained galena-calcite, fine-grained galena-calcibarse-grained magnetite-dolomite
and fine-grained magnetite-dolomite. The constamctf the damage maps was made
as follows. First, each ore was treated at diffepwer densities ranging fromxl

16 W/m® to 1 x 10" W/m®. The energy inputs used at each power density were
between 1x 10¢° J/nt and 1x 10° J/n?. This means that for example, the exposure
times used for the power density ox110° W/m® were between 0.1 s and 1 s. The
number of micro-cracks at each treatment conditi@s then quantified. Typical

results are shown in Figures 8-29 to 8-32.
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Figure 8.29:Number of micro-cracks as a function of exposureime for coarse-grained

galena-calcite treated aPy = 1x 10*W/m?®
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Figure 8.30:Number of micro-cracks as a function of exposure tne for fine-grained

galena-calcite treated aPy = 1 x 10" W/m?
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Figure 8.31:Number of micro-cracks as a function of exposure the for coarse-grained

magnetite-dolomite treated atPy = 1 x 10"'W/m?
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Figure 8.32: Number of micro-cracks as a function foexposure time for fine-grained

magnetite-dolomite treated atPy = 1 x 10"'W/m?®
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Next, the maximum number of micro-cracks for a ctatgfailure of the material was
determined for each ore by increasing the exposone as required as possible until
it reaches its maximum. This maximum number of oworacks was found to
strongly depend on mineralogy and ore texturess Wpparent that the maximum
number of micro-cracks also depends on the totdiggasize and number of balls;
however, these were the same for all ores. Thenpéncentage of micro-cracks was
defined as the number of micro-cracks obtainetiat treatment condition divided by
the maximum number of micro-cracks for a complet#ufe of the material. For
example, from Figures 8-29 and 8-30, it can be skahthe maximum number of
micro-cracks for coarse-grained and fine-graindérgacalcite were about 4400 and
8800, respectively. Similarly, the maximum numbefsmicro-cracks for coarse-
grained and fine-grained magnetite-dolomite wes® aletermined and these were
found to be about 3600 for the coarse-grained a#dO 8for the fine-grained

magnetite-dolomite.

Ultimately, damage map which shows contour of taeegntage of micro-cracks as a
function of power density and exposure time forheare was constructed. It should
be noted that the axes on the damage maps ardttmgjarin order to plot very short

treatment times and a wide range of power densilesa used for constructing the

damage maps are presented in Appendix O (01, 02n04).
8.7.3 Results and Discussion

Figure 8-33 shows the damage map for coarse-grajaksha-calcite. It can be seen
that for this ores, a minimum power density of 50° W/m*abs was required in order
to cause significant micro-fractures at energy trgful@® J/ntabs (0.868 kWhft). It is
apparent that increasing the power density forahisup to= 5 x 10° W/m®, increased
the amount of micro-fractures obtained at the samergy input. However, it can
also be seen that the damage contours were almacasfigh to the constant energy
contour starting from % 10° W/mabs. This means that it will be cheaper in terms of
energy to operate at higher power density and shdirnes up to 5x 10° W/m®.
Increasing the power density beyondk5.0° W/m®abs didn’t cause any additional
micro-fractures for the same energy input. As heentshown in the previous section,

the fracture patterns were also similar at veryhhmpwer densities. This can be
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observed by looking the fracture patterns obtaiaed x 10'° W/m® and 1x 10"
Wim?®.

T T LT ITT y : . ' i , ERE BD
80

70

Power density (Wm3)

20

Exposure time (s)

Figure 8.33: Damage map in terms of percentage ofiano-cracks for coarse-

grained galena-calcite

The result of the simulations for fine-grained galealcite is shown in Figure 8-34.

It can be seen, as expected, that higher poweritgdewss required to induce

significant micro-fractures compared to that wasdwel for the coarse-grained one. In
addition, the energy inputs required were alsdiradly high. As can be seen, for this
ore, a minimum power density of x4 10° W/m® was needed to induce significant
micro-cracks at an energy input ofx210® J/nfabs. It can be seen that for this ore
significant energy saving can be achieved by redutieatment time and increasing
power. Thus, operating at high power density fag tre has two advantages; first, it
will reduce the energy required for causing miaaxtures. Second, as it has been

shown in the previous section, operating at higlvgyadensity will enhance liberation
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for this ore, as the micro-fractures will be mooedlised around the grain boundary.
Thus, practically, microwave treatment of such kafidbre should be performed using

high power microwave equipment.

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

Power density (WWm=)

___________

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

10 107 10 10
Exposure time (s)

Figure 8.34: Damage map in terms of percentage ofiano-cracks for fine-grained

galena-calcite

In Figure 8-35, the damage maps obtained for cegna@eed magnetite-dolomite is
shown. As can be seen, the energy input and thempdeansity required to cause the
same amount of micro-fractures as the coarse-gfaigalena-calcite were
considerably high. The effect of mineralogy canchearly seen by comparing this
figure with Figure 8-33. For example, it requiregp@wver density of at least810°
W/m? in order to cause significant micro-fractures rrgy input of 2« 16° J/ntabs.

It can also be noted that the general trend showrcdarse-grained magnetite-

dolomite ore was qualitatively similar to that wasen for coarse-grained galena
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calcite ore i.e. higher micro-fractures were olagdirwhen the power density was

increased for the same energy input.

Pawer density (Wim3)

Exposure time (s)

Figure 8.35: Damage map in terms of percentage ofiono-cracks for coarse-grained
magnetite-dolomite
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Power dengity (Wm)

; I IR
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Figure 8.36: Damage map in terms of percentage aficro-cracks for fine-

grained magnetite-dolomite

Figure 8-36 shows the damage maps obtained fomgfiamed magnetite-dolomite. As
can be seen, the energy input and the power deresjyired to cause significant
micro-fractures were substantially high. This oresswthe least amenable to
microwave treatment due to both its mineralogy &mdure. A considerably high
power density about 2 10" W/m® was needed to cause significant micro-fractures at
high energy input of & 1¢° J/nfabs. It is apparent that both high power density an
high energy input was required to cause significaitto-fractures in this ore. Again,
the effect of texture on microwave treatment of ae can be clearly seen by
comparing this figure with Figure 8-35.
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8.7.4 Conclusions

Damage maps which show the percentage of micrdsras a function of power
density and exposure time for different binary caed ore textures were constructed.
It has been shown that for a given ore mineralagy txture, there exists a power
density beyond which no further increase in migexzfures would be obtained for the
same energy input. In addition, it has been shdanhfor the same power density and
energy input, the fraction of micro-fractures inddcby microwave considerably

depends on the ore mineralogy and its texture.

The energy input and the power density requiredsfgnificant micro-fractures in
PFC materials were relatively higher than those olgtdinusing a continuum
approach. However, the damage maps were qualitativery similar to those

obtained using a continuum approach.
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8.8 Initial Investigation of the Effect of Microwave Treatment on

Liberation of Minerals

8.8.1 Introduction

During crushing in equipment such as jaw crusheds ralls crushers, fracture and
hence size reduction is achieved by compressiaougi forces applied between
rigid surfaces. Understanding the breakage patérmicrowave treated ores in a
crusher is very useful for selecting the appropriausher, which is currently under
investigation. The discrete element method has geraw be a good solution for
investigating bulk breakage of a particle. In théxtion, simulation of single particle
compression of microwave treated and untreatedvere undertaken to investigate

the effect of microwave treatment on liberatiomoherals.
8.8.2 Methodology

The ore model used for the study was galena-cabcge As a preparation for single
particle compression test, the model was trimmeid ia disc shape. It consisted of a
single circular 2 mm galena placed inside a 10 mamdter calcite matrix. The single
particle compression test was carried out for tliiéferent cases. First, simulation of
single particle compression of untreated ore wadetiaken. This was done as a
reference and to see how the fracture pattern @samag a result of microwave
irradiation. Single particle compression of micrewareated ore was investigated for
two different treatment conditions: low and highygo density cases. The mechanical
states of the ore after microwave treatment aegifit power densities for the same

energy input are shown in Figures 8-37 and 8-38.
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Figure 8.37: Micro-cracks in galena-calcite treatedt power density of 1x 106 W/m? for

0.1s
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Figure 8.38: Micro-cracks in galena-calcite treatect power density of 1x 10" W/m? for

1ms
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The crushing process was simulated by placing tamlfel walls above and below
the samples as shown in Figure 8-39. The straim oatrock fragmentation in a
crusher is in the range of 10 10fs™ (Wang et al., 2009). In this study, a constant
vertical velocity of 0.2 m/s was applied at the topl the bottom walls to compress
the samples. This corresponds to a strain rateO0o§%4 The time step for the
calculation was about® 108, All simulations were run for the same numberteps;
hence, the final gab of the walls for each simafatvas fixed. The fracture pattern of

microwave treated and untreated ore were then cadpa
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Figure 8.39: Preparation of ore for single particlecompression test
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8.8.3 Results and Discussion

Figure 8-40 shows the fracture pattern of the watéek ore after single particle
compression test. As expected, the fracture wass splitting mode due to the high
tensile stress orthogonal to the direction of logdiCenter crack initiation and crack
propagation along the loading diameter was occuriédwever, more random
fractures were also seen after the material slgditgathe loading diameter. This is a
typical type of failure for most rocks in compressiwhich is usually occurred in
Brazilian test (Rocco et al., 1999; Tang et alQ0
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Figure 8.40: Fracture pattern of untreated galena-alcite

The result of simulation of the ore treated at podensity of 1x 10° W/m® for 0.1 s

is shown in Figure 8-41. As can be seen, the fragbattern is quite different from
that was seen for the untreated ore, as most diradlctures were occurred along the
grain boundary. However, it can be seen that tiserdent phase was also fractured.
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This might be due to the existence of incipient novcracks inside the absorbent
phase after microwave treatment (refer Figure 8-BAhould also be noted that the
absorbent phase was exactly at the center of ttexmahere high tensile stress
orthogonal to the direction of loading occurredughthis will also increase the

probability of fracture of the absorbent phase.

It is expected that liberation would be enhancedmast of the absorbent particles
detach from the matrix. However, the liberatioresjthe size at which the absorbent
mineral is liberated) would decrease, as transdmaritactures were also created in

the absorbent phase.
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Figure 8.41: Fracture pattern of galena-calcite trated at power density of 1x 16> W/m?®
for0.1s

The result of the simulation obtained for the hjgwer density cas®, = 1 x 10"
W/m* t = 1 ms is shown in Figure 8-42. It can be s#en there was almost no

damage in the absorbent phase for this case. Tieet ebf power density on
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microwave treatment of ores can be clearly seem fifee figure. As can be seen, for
the high power density case, the fracture pattexs along the grain boundary and the
microwave absorbent mineral was intact. It shoudd e emphasised that this was
achieved using an economically viable specific mi@ve energy input of ¥ 10
Jintabs (0.96 kWhit).
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Figure 8.42: Fracture pattern of galena-calcite trated at power density of 1x 10'* W/m?®

for 1 ms

It should be noted that the breakage behaviour asfighes in a crusher is very
complex. The breakage behaviour of a single partiathout confinement may not
sufficiently represent the effect of stressingrgéanumber of particles, which induces
more complicated loading conditions for particlefaces (Liu et al., 2005). However,
from the results of this study it is evident thaicrowave irradiation can indeed
change the fracture pattern of an ore considerdtbly.suggested that future work be
continued for simulating the confined bed commiomtof microwave treated ores in

order to fully understand the process.
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8.8.4 Conclusions

Initial investigation of the effect of microwaveeitment on liberation of mineral was
carried out by comparing the fracture pattern dfeated and microwave treated ores.
It has been shown that microwave irradiation casrsidly changed the fracture
pattern of an ore in a simulated single particlasbmg. In the ore exposed to
microwave at lower power density, fractures aldmg grain boundary and also inside
the absorbent mineral were observed. The fractateenm of the ore treated at high
power density was along the grain boundary andatteorbent mineral was intact.
However, in all cases the fracture patterns weedepentially localized around the

grain boundary compared to that of the untreatexdl tiris suggested that future
simulation work be continued by modelling more istad ore textures for

investigating the fracture pattern of microwaveateel ores in a confined bed
comminution. And it would also be very useful ifrgilation models are constructed

for quantification of the effect of microwave trent on liberation of minerals.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

Comminution forms a large proportion of any mingrebcessing plant’s capital and
operating costs; 30-50% of the total plant powamdand up to 70% for hard ores is
attributable to comminution (Napier-Munn et al, &829Thus, there is much to be
gained from improving the process. Currently, oreaavhich has shown a significant
promise in improving comminution efficiency is noevave treatment of ores.

Microwave heating of mineral ores induces fractareund grain boundaries due to
the differences in absorption of microwaves and ribgulting differential thermal

expansion among the various mineral phases in hgarticles. As a consequence,
this may reduce the energy required in subsequamndigg and enhance liberation of
valuable minerals. The potential benefits of micawes heating also include increased

mill capacity, reduced mill wear, and reductiorsiimes production.

Application of microwave energy at high power degnsind with short exposure time
has been the focus of recent work. The work by Kiag et al. (2004a, b) has shown
for the first time that microwave treatment of oreay be economically viable by
using very high power density for short exposunees8. However, much work still
remains to be done to scale up the process anensystsigns. Process scaling needs
model development and simulation. Numerical simaihais particularly important for
understanding the interaction between the microveangethe constituent minerals, as

it provides insightful and complete information ttltan not be measured or difficult
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to acquire via experiment. It also offers an alirre tool of various investigations,
instead of carrying out expensive, time-consuming@\w®n dangerous experiment in
laboratories. Further, it can provide a design éargnd operating condition for

developing microwave applicators for industrial qggion.

The first part of this study has considered theeatf of different variables on
microwave treatment of ores. These include theuanftes of thermo-mechanical
properties of minerals, absorbent phase grain gi@aeier density, absorbent phase
dissemination and absorbent modal area. The aithisfpart of the study was to
better understand the influences of these variatethe heating rates and strength
reduction of the ores and to identify ores, which more amenable to microwave

treatment.

The effect of thermo-mechanical properties of mahesn strength reduction of
microwave treated ores was investigated in detailttie first time. Nine different

binary ore models were constructed by randomlyedmssating microwave absorbing
minerals in transparent matrices. It was shown timatthermo-mechanical properties
of both the microwave absorbing and the transparemérals have a strong influence
on strength reduction. It has been shown that mege the thermal properties of the
microwave absorbing mineral and the mechanical gntags of the transparent matrix
have the most significant effect on the strengttuction. Binary ores containing a
microwave absorbing mineral that has a high theexphnsion coefficient in a strong

transparent matrix achieved higher reductionsrigngfth.

The effect of absorbent phase grain size on bukngth reduction of microwave
treated ores was also examined. It has been shbainthe grain size of the

microwave absorbent phase considerably affectexbent of damage in microwave
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treated ore for the same treatment condition. ¥ wlaown that for the same power
density, energy input and mineral types, the radaostin strength were much higher

in coarse-grained ores.

The influence of power density on unconfined corapiee strength reductions of
microwave treated ores was also investigated foaraow range. It was shown that
strength reduction of microwave treated ores sitsodgpends on the applied power
density. It was illustrated that by increasing th@wer density dissipated in the
absorbent phase a higher bulk strength reductioar®fcould be achieved for the

same energy input.

The influence of microwave absorbent phase dissatiom on strength reduction of
microwave treated ores was also examined. It has lshown that for the same
mineralogy and microwave treatment condition, gjtlen reduction of ores
significantly depends on the degree of disseminabibthe absorbing mineral in the
ore. It was shown that ores with poorly dissemitidteated phase achieved much

higher strength reduction.

The effect of microwave absorbent phase modal amastrength reduction of
microwave treated ores was also investigated. Hselts obtained by fixing the
applied power density indicated a higher strengttiuction for ores with higher
absorbent modal area. The results obtained bydfithie energy input also indicated a

relatively higher strength reduction for the oraghwhigh absorbent modal area.

The effect of microwave treatment on the mecharstate of an ore sample was also
examined. It was observed that even if a signiticansile damage was occurred in
the vicinity of the grain boundary at lower eneigput, there was no change in the

unconfined compressive strength of the ore. Redudi unconfined compressive
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strength of the ore was observed only at higherggneput where tensile and shear
damage occurred throughout the bulk of the samplevas demonstrated that
unconfined compressive strength of an ore is lessiBve to microwave induced

micro-fractures and found to be a poor descriptdiberation behaviour.

A new method of quantifying damage around the gkmnndaries of microwave
treated ore has been developed. Using the methedintluence of power density,
mineralogy and absorbent phase grain size hasddeeidated. It has been shown that
it is possible to induce considerable grain boupddmage without significantly
increasing the temperature of the ore. It has bBEen shown that it is possible to
reduce the required energy input for inducing aegiamount of grain boundary
damage substantially by operating at higher poweassity. It was also shown that the
amount of grain boundary damage incurred at a Bpgmwer density and energy
input is dependent both on the ore mineralogy dwbident phase grain size. It has
also been demonstrated that for a given mineratogly ore texture there is a power
density level below which no further increase iaigiboundary damage is possible by

increasing exposure time.

The developed method was also used to construcagamaps which show contour
of the fraction of grain boundary zones damaged asction of power density and
exposure time for different binary ores and oretuess for a range of operating
conditions. The intention of this part of the waoslas to provide design target and
operating conditions for current and future indiastmicrowave applicators. It was
shown that both the power density and the energutimequired to cause a fixed
amount of grain boundary damage strongly dependhenore mineralogy and its

texture. It has been shown that for ore relativatgenable to microwave, it was
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possible to incur significant amount of grain boarnd damage at lower power
density. However, higher power density (for the sagnergy input) was needed to
cause the same amount of grain boundary damageor®rless amenable to
microwave. For less amenable fine-grained ore, haher power density and higher

energy input were required to incur the same amotigtain boundary damage.

The energy inputs that were required for signifta@n10 %) grain boundary damage
in the ores range fromx10" to 1x 10° J/ntabs (0.087 - 7.055 kWh/t) depending on
the power density applied, the ore mineralogy asdtéxture. The results also
indicated that continuous wave equipment could becessfully used for ores
relatively amenable to microwave treatment. Fohsures, there would be no further
energy saving by increasing power density, whicbrdases the capital cost to
produce the required microwave equipment. Howefeeress amenable fine-grained
ores, pulsed equipment (which is capable of produdigh power densities) is

needed for economic microwave treatment.

The effect of pulse repetition frequency on gramsbdary damage was also
examined. It was found that high frequency pulgeetion frequencies>50 Hz)

resulted in an amount of grain boundary damagewhatindistinguishable from that
caused by continuous wave operation for a fixedrggnenput. The practical

implication of this is that if pulsed microwave gguent is designed to operate at
higher frequencies, it will lose the benefit of thigh power available and behave like
continuous wave equipment. In general, it has lsbemvn that for a fixed microwave
energy input the best result would be obtained &ingithe lowest possible pulse

repetition frequency and highest peak pulse power.
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A bonded-particle model (BPM) was also used to stigate the effects of power
density, mineralogy and absorbent phase grain@izthe extent of fracture and type
of crack pattern in microwave treated ores. Thededrparticle model utilizes the
breakage of individually structural bonds to dikgaepresent damage. It was also
possible to create arbitrary shape of absorberggpbeain by attaching particles/balls
together. The results from this work showed thatamount of micro-cracks and also
the crack patterns in an ore sample after microviagment significantly depend on
its mineralogy, microwave treatment conditions abdorbent phase grain size. It has
also been shown that a minimum power density igired to localize damage around
the grain boundary in an ore sample. This minimurwegr density was found to
strongly depend on the ore mineralogy and its textrhis was in complete

agreement with the result obtained using a contmapproach.

Damage maps which show the percentage of micrdesras a function of power

density and exposure time for different binary oessl ore textures were also
constructed using bonded-particle model. It waswshohat the amount of bond

breakage in an ore sample depends strongly ondherpdensity. It has also been
shown that for a given ore mineralogy and textuhere exists a power density
beyond which no further increase in micro-fractunesild be obtained for the same
energy input. In addition, it was shown that foe tame power density and energy
input, the percentage of micro-fractures inducedriigrowave considerably depends

on the ore mineralogy and its texture.

Initial work concerning the effect of microwave dtment of ore on liberation of
mineral was also carried out by comparing the @nactpattern of untreated and

microwave treated ores in a simulated single dartompression. It has been shown
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that microwave irradiation substantially changed tfacture pattern of an ore. The
fracture pattern of the ore treated at high povesrsdty was along the grain boundary
and the absorbent mineral was intact. In the @&téd at lower power density for the
same energy input, both intergranular and transdganfractures were observed.
However, in all cases the fracture patterns weedepentially localized around the

grain boundary compared to that of the untreated or

9.2 Future work

The first part of this thesis has discussed inibdta influences of different variables
on microwave treatment of ores. It is recommendhed further work be carried out
using the result obtained from this part of thedgtin conjunction with dielectric
properties data, in developing a decision treeclvitan be used for selecting ores
amenable to microwave treatment, and for elucidative practical success or failure

of particular ores to treatment.

Different damage maps which show damage as a amaif power density and
treatment time were constructed for different oeewl ore textures using both
continuum analysis and bonded-particle model. Tioesdd also be combined with
electromagnetic simulation to provide design taggamd operating conditions for
microwave applicators being developed for induktgplication (e.g. Bradshaw et
al., 2009). This needs a precise determinationogfgp density inside the absorbent
phase. Future advances on measuring dielectric egiep of minerals and

electromagnetic modeling are required.

This study also showed the effect of microwavetinemt of ore on liberation of
mineral by using a simple model of crushing. Howeweore investigation is needed

in order to fully understand the breakage behavaumicrowave treated ores. It is
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recommended that future simulation work be contihbg modelling more realistic
ore textures and crushers. Investigations of tfileences of crusher type, crushing
speed (strain rate), crushing gap, etc on libanatibminerals are decisive, as these
have considerable effects on the downstream primgess microwave treated ores

and affect directly the optimal plant configuration

Simulations of fragmentation behaviour, particleesidistribution and liberation
degree during bed comminution of microwave treateds are of paramount
importance. Further, future simulation work shoufdcus emphatically on
quantification of the effects of microwave treatmem liberation of minerals by
modelling more realistic ore mineralogy and textu@nce this is achieved,

experimental verification of the modelling residtsould be carried out.
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Appendix B: Simulation code used for modelling micowave heating
of a binary ore

config thermal ; set thermal model
def diam

diam=10 ; set diameter
end
def zonemm
zonemm=0.125 ; set zone size
end
def horcoor
horcoor=diam/zonemm ; set width
end
def totalheight
totalheight=3*horcoor ; total height including the steel platens
end
def xplone

xplone=horcoor+1 ; total number of zones in the X-direction

end

def heightplone

heightplone=totalheight+1 ; total number of zones in the Y-direction
end

grid horcoor,totalheight ;. specify grid area

def pbcoor ; specify coordinate and node of lower platen

pbcoor=(horcoor*0.5)-1
end

def ptcoor
ptcoor=totalheight - pbcoor

end

def pbplone
pbplone=pbcoor+1
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end
def pbminone
pbminone=pbcoor-1

end

def ptminone ; specify coordinate and node of upper platen
ptminone=ptcoor-1

end

def ptplone

ptplone=ptcoor+1

end

def xright ; specify coordinate and node of upper platen
xright=diam*0.001
end

def ytop
ytop=xright*4

end

def platbot
platbot=xright*0.5
end

def platop
platop=ytop-platbot
end

; generate sample (ore model) area
gen 0.0,0.0 0.0,platbot xright,platbot xright,0.0 i1 xplone j 1 pbcoor
gen 0.0,platbot 0.0,platop xright,platop xright,pl atbot & i 1 xpone |
pbplone ptcoor
gen 0.0,platop 0.0,ytop xright,ytop xright,platop & i1 xplone j
ptplone heightplone
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model ss ; specify strain softening properties

prop fric 45 tens 12e6 coh 27.9e6 i=1,horcoor j=pb  plone,ptminone
prop ttab=1 ctab=2 i=1,horcoor j=pbplone,ptminone

table 1 0,12e6 0.001,0.12e6

table 2 0,27.9e6 0.01,2.79e6

; specify the matrix mechanical properties
group 'User: calcite' region horcoor horcoor
prop den=2712 bulk=7.3299993e10 shear=3.1999998e10 group 'User:
calcite'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: calc ite

; specify the percentage of microwave absorber area
def percent

percent=0.125*(horcoor*(totalheight-horcoor))

end
; Correction of percentage for multiple zones
def corecl
corecl1=0.4*(percent/128)
end
def corec2

corec2=0.2*(percent/64)
end

def corec3
corec3=0.4*(percent/128)

end
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; Randolmly generate absorber grain, count and outplsé number of absorbe

Zones

def randomMGNL1 loop m(1,corecl)
coox=(urand*horcoor)

cooy=(urand*(totalheight-horcoor)) + (horcoor*0.5)

x1=coox+1 ; specify width of the grain(=8 zone size)
yl=cooy+15 ; specify height of the grain(=16<zone size)
command

model ss  ; mechanical properties of galena

group 'user:galena’i coox X1 jcooy Y1
prop density=7597 bulk=5.86e10 shear=3.19e10 group  'user:galena’
prop fric 45 tens 12e6 coh 27.9e6 group 'user:gale na’'
end_command
end_loop
end
randomMGN1
def pbcoorplus2
pbcoorplus2=pbcoor+2
end
def ptcoorminusl
ptcoorminusl=ptcoor-1
end
; count the number of absorbent grains
def pyrconl
loop i (1,horcoor)
loop j (pbcoorplus2,ptcoorminusl)
if model(i,j) # 1 then
if density(i,j)> 4000.0 then
pyrcl =pyrcl+1
end_if
totl =totl +1
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end_if
end_loop
end_loop
command

print pyrcl
print totl
end_command

end

pyrconl

; Randomly generate another grain size
def randomMGN2
loop m(1,corec?2)
coox=(urand*horcoor)
cooy=(urand*(totalheight-horcoor)) + (horcoor*0.5)
X2=coox+7 ; specify width of the grain(=8<zone size)
y2=cooy+7 ; specify height of the grain(=8 zone size)
command
model ss ; mechanical properties of galena
group 'user:galena’ i coox X2 jcooy Y2
prop density=7597 bulk=5.86e10 shear=3.19e10 group  'user:galena’
prop fric 45 tens 12e6 coh 27.9e6 group 'user:gale na'
end_command
end_loop
end
randomMGN2
def pbcoorplus2
pbcoorplus2=pbcoor+2
end
def ptcoorminusl
ptcoorminusl=ptcoor-1
end
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; count the number of absorbent grain
def pyrcon2
loop i (1,horcoor)
loop j (pbcoorplus2,ptcoorminusl)
if model(i,j) # 1 then
if density(i,j)> 4000.0 then
pyrc2 = pyrc2 +1
end_if
tot2 =tot2 + 1
end _if
end_loop
end_loop
command
print pyrc2
print tot2
end_command
end
pyrcon2

; Randomly generate another grain size

def randomMGN3
loop m(1,corec3)
coox=(urand*horcoor)
cooy=(urand*(totalheight-horcoor)) + (horcoor*0.5)
X3=Cc00x+15
y3=cooy+7
command
model ss
group 'user:galena’i coox X3 jcooy Y3

prop density=7597 bulk=5.86e10 shear=3.19e10 group  'user:galena’

prop fric 45 tens 12e6 coh 27.9e6 group 'user.gale na

end_command
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end_loop
end
randomMGN3
def pbcoorplus2
pbcoorplus2=pbcoor+2
end
def ptcoorminusl
ptcoorminusl=ptcoor-1
end
; count the number of absorbent grain
def pyrcon3
loop i (1,horcoor)
loop j (pbcoorplus2,ptcoorminusl)
if model(i,j) # 1 then
if density(i,j)> 4000.0 then
pyrc3 = pyrc3 + 1
end_if
tot3 =tot3 + 1
end_if
end_loop
end_loop
command
print pyrc3
print tot3
end_command
end

pyrcon3

; apply power density in the absorbent grain
def source
loop i(1,horcoor)
loop j(pbplone,ptminone)
if density(i,j)=7597 then
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command

interior source 1e9 i=i j=5j
end_command

end_if

end_loop

end_loop

end

source

; initialize temperature and specify thermal propezs of both the

absorbent and the transparent mineral as a functiohtemperature

initial temperature 10 i 1 xplone j pbplone ptminon e
model th_isotropic i 1 xplone j pbplone ptminone

def trop

loop i(1,horcoor)

loop j(pbplone,ptminone)

if density(i,j)<3000 and ; thermal expansion coefficient of calcite
if (temp(i,j)+273)<673 then
thexp(i,j)=((0.0233*(temp(i,j)+273))+4.398)*1e-6

end_if

end_if

if density(i,j)<3000 and

if (temp(i,j)+273 )>= 673 then
thexp(i,j)=((0.0195*(temp(i,j)+273))+6.975)*1e-6

end_if

end_if

if density(i,j)<3000 and ; thermal conductivity of calcite
if temp(i,j)<500 then
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conductivity(i,j)= ((temp(i,j))*(-0.00261))+3.225
end_if

end_if

if density(i,j)<3000 and

if temp(i,j) >= 500 then
conductivity(i,j)=((temp(i,j))*(-0.00112))+2.48
end_if

end _if

if density(i,j)<3000 and ; specific heat capacity of calcite
if (temp(i,j)+273)<500 then
spec_heat(i,j)=(1.155*(temp(i,j)+273))+473.51

end_if

end_if

if density(i,j)<3000 and

if (temp(i,j)+273) >= 500 then
spec_heat(i,j)=(0.375*(temp(i,j)+273))+863.5

end_if

end_if

if density(i,j)>4000 and ; thermal conductivity of galena
if temp(i,j)<500 then

conductivity(i,j)= ((temp(i,j))*(-0.00196))+2.83

end_if

end _if

if density(i,j)>4000 and

if temp(i,j) >= 500 then

conductivity(i,j)= ((temp(i,j))*(-0.00096))+2.33

end_if

end _if

if density(i,j)>4000 and ;  specific heat capacity of galena
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if (temp(i,j)+273)<500 then
spec_heat(i,j)=(0.0311*(temp(i,j)+273))+199.68
end_if

end_if

if density(i,j)>4000 and

if (temp(i,j)+273) >= 500 then
spec_heat(i,j)=(0.03942*(temp(i,j)+273))+195.52
end_if

end_if

if density(i,j)>4000 and ; thermal expansion coefficient of galena
if (temp(i,j)+273)<673 then
thexp(i,j)=((0.00667*(temp(i,j)+273))+58.71)*1e-6
end_if

end_if

if density(i,j)>4000 and

if (temp(i,j)+273)>= 673 then
thexp(i,j)=((0.018*(temp(i,j)+273))+51.091)*1e-6
end_if

end _if

end_loop

end_loop

command

step 100 ; solve for 100 step
end_command

end

set thdt=0.000001 ; set thermal step

trop ; execute (100¢ 0.000001 s)
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Appendix C : UCS test simulation code

restore galena_calcite_fine_5e8 0.5s.sav , restore microwave heated ore

; specify steel platens properties
mod EL i=1,horcoor j=1,pbminone
prop den=7500 bulk=21e10 shear=8.1e10 i=1,horcoorj =1,pbminone
mod EL i=1,horcoor j=ptplone,totalheight
prop dens=7500 bulk=21e10 shear=8.1e10 i=1,horcoor
j=ptplone,totalheight
; specify interface coordinates and stiffness paragrst

INT 1 ASIDE FROM 1,pbcoor TO xplone,pbcoor BSIDE FR OM
1,pbplone &

to xplone,pbplone

INT 1 KN 2E12 KS 5E12 FRIC 32

INT 2 ASIDE FROM 1,ptcoor TO xplone,ptcoor BSIDE FR OM 1,ptplone

to xplone,ptplone

INT 2 KN 2E12 KS 5E12 FRIC 32 ; specify stiffness parameters for

interface

SET thermal=off ; set thermal model off
set st_damp comb ; set damping conditions
ini sxx=01i 1 xplone j 1 totalheight ;  Initialize all parameter

ini sxy=0i 1 xplone j 1 totalheight
ini syy=0i 1 xplone j 1 totalheight
ini szz=0i 1 xplone j 1 totalheight
ini ydis=0i 1 xplone j 1 totalheight
ini xdis=0 i 1 xplone j 1 totalheight
ini xvel=0 i 1 xplone j 1 totalheight
ini yvel=0 i 1 xplone j 1 totalheight

apply yvel=-5e-9 j=totalheight ; apply vertical velocities

apply yvel=5e-9 j=1
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def load
loop st(1,8000) ; set loading simulation
top_stress=0 ; set initial loading conditions

bot_stress=0

loop ts(1,igp-1) ; total stress at each platens
top_stress=top_stress + syy(ts,totalheight);
bot_stress=bot_stress + syy(ts,1);

end_loop
top_stress=top_stress/xplone ; average stress for top platen
bot_stress=bot_stress/xplone ; average stress for bottom platen

av_stress=(top_stress + bot_stress)/2 ;  define stress parameter (average

ve= (ydisp(40,1)-ydisp(40,240))/(y(40,240)-y(40,1)) ;define strain

parameter

command

print bot_stress ; print bottom stress

print top_stress ; print top stress

history av_stress ; specify history logged for average stress
history ve ; specify history logged for strain

step 5 ; logged every 5 steps

end_command

end_loop

end

load ; execute loading function (stress-strain curve caow be obtained by

writing ‘His -1 vs 2’ in the command window)

)
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Appendix D: Simulation code used for specifying aligbent phase
with grain-boundary

config thermal
def diam
diam=15 ; specify width
end
def zonemm
zonemm=0.125 ; specify zone size
end
def horcoor

horcoor=diam/zonemm ; total zones in the x-direction

end

def totalheight

totalheight=horcoor ; total zones in the y-direction
end

def xplone

xplone=horcoor+1 ; total nodes in the x-direction
end

def heightplone

heightplone=totalheight+1 ; total nodes in the Y-direction
end

grid horcoor,totalheight ;  form grid

def xright

xright=diam*0.001 . specify X-coordinate
end

def ytop

ytop=1*xright ; specify Y-coordinate

end

gen 0.0,0.0 0.0,ytop xright,ytop xright,0i 1 xplo  ne j 1 heightplone
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; Mechanical properties of calcite
model ss
prop fric 45 tens 12e6 coh 27.9e6 i=1,horcoor j=1, totalheight
prop ttab=1 ctab=2 i=1,horcoor j=1,totalheight
table 1 0,12e6 0.001,0.12e6
table 2 0,27.9e6 0.01,2.79e6
group 'User: calcite' region horcoor horcoor
prop den=2712 bulk=7.3299993e10 shear=3.1999998e10 group 'User:
calcite'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: calc ite

def percent
percent=0.05*(horcoor*totalheight) ; define absorbent percentage
end
; Correction factor for different grain size
def corecl
corec1=0.2*(percent/2)
end
def corec2
corec2=0.6*(percent/4)
end
def corec3
corec3=0.2*(percent/2)

end

; Randomly generate absorbent grain with grain boumga
def randomMGN1
loop m(1, corecl)
coox=(urand*horcoor)
cooy=(urand*totalheight)

x1l=coox
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yl=cooy+1
Xgl=coox-1
Xg2=x1+1
ygl=cooy-1
yg2=y1l+1

command
model ss
; Grain boundary mechanical properties (grain boundars defined by a

single zone next to the absorbent phase)

group 'User: grainboundary' i xg1 coox j ygl yg2
prop den=2712.1 bulk=7.3299993e10 shear=3.1999998el 0 group 'User:
grainboundary'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

group 'User: grainboundary' i coox x1 j ygl cooy
prop den=2712.1 bulk=7.3299993e10 shear=3.1999998el1 0 group 'User:
grainboundary'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

group 'User: grainboundary' i x1 xg2 j ygl yg2

prop den=2712.1 bulk=7.3299993e10 shear=3.1999998e1 0 group 'User:
grainboundary'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

group 'User: grainboundary' i coox x1 j y1 yg2
prop den=2712.1 bulk=7.3299993e10 shear=3.1999998el 0 group 'User:
grainboundary'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

; Mechanical properties of galena
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group 'user:galena’ i coox x1 jcooy yl
prop density=7597 bulk=5.86e10 shear=3.19e10 group  'user.galena’

prop fric 45 tens 12e6 coh 27.9e6 group 'user.gale na

end_command
end_loop
end
randomMGN1
; count the number of absorbent grain zone

def pyrconl
loop i (1,horcoor)
loop j (1,totalheight)
if model(i,j) # 1 then
if density(i,j)> 4000.0 then
pyrcl = pyrcl +1
end_if
totl =totl +1
end_if
end_loop
end_loop
command
print pyrcl
print totl
end_command
end
pyrconl

; generate another absorbent grain with grain boungar
def randomMGN2
loop m(1,corec?2)
coox=(urand*horcoor)
cooy=(urand*totalheight)

x2=coox+1 ; absorbent grain width
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y2=cooy+1 ; absorbent grain height

; Grain boundary coordinates
Xgl=coox-1
Xg2=x2+1
ygl=cooy-1
yg2=y2+1
command

; Grain boundary mechanical properties

model ss
group 'User: grainboundary' i xg1 coox j ygl yg2
prop den=2712.1 bulk=7.3299993e10 shear=3.1999998el1 0 group 'User:
grainboundary'
prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

group 'User: grainboundary' i coox x2 j ygl cooy
prop den=2712.1 bulk=7.3299993e10 shear=3.1999998el 0 group 'User:
grainboundary'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

group 'User: grainboundary' i x2 xg2 j ygl yg2
prop den=2712.1 bulk=7.3299993e10 shear=3.1999998el 0 group 'User:
grainboundary'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

group 'User: grainboundary' i coox x2 j y2 yg2
prop den=2712.1 bulk=7.3299993e10 shear=3.1999998el1 0 group 'User:
grainboundary'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

group 'user:galena’ i coox X2 j cooy y2
prop density=7597 bulk=5.86e10 shear=3.19e10 group  'user:galena’
prop fric 45 tens 12e6 coh 27.9e6 group 'user:gale na’'
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end_command
end_loop
end
randomMGN2
; Count the number of absorbent phase zones

def pyrcon2
loop i (1,horcoor)
loop j (1,totalheight)
if model(i,j) # 1 then
if density(i,j)> 4000.0 then
pyrc2 = pyrc2 + 1
end _if
tot2 =tot2 + 1
end_if
end_loop
end_loop
command
print pyrc2
print tot2
end_command
end
pyrcon2

; Generate another absorbent (galegaain size with grain boundary
def randomMGN3
loop m(1,corec3)
coox=(urand*horcoor)
cooy=(urand*totalheight)
Xx3=coox+1

y3=cooy

Xgl=coox-1
Xg2=x3+1
ygl=cooy-1
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yg2=y3+1

command

model ss

; Grain boundary mechanical properties
group 'User: grainboundary' i xg1 coox j ygl yg2
prop den=2712.1 bulk=7.3299993e10 shear=3.1999998el1 0 group 'User:
grainboundary'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

group 'User: grainboundary' i coox x3 j ygl cooy

prop den=2712.1 bulk=7.3299993e10 shear=3.1999998el1 0 group 'User:
grainboundary'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

group 'User: grainboundary' i x3 xg2 j ygl yg2
prop den=2712.1 bulk=7.3299993e10 shear=3.1999998el 0 group 'User:
grainboundary'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

group 'User: grainboundary' i coox x3 j y3 yg2
prop den=2712.1 bulk=7.3299993e10 shear=3.1999998el 0 group 'User:
grainboundary'

prop fric 45 tens 12e6 coh 27.9e6 group 'User: grai  nboundary'

; Mechanical properties of galena
group 'user:galena’ i coox X3 j cooy Y3
prop density=7597 bulk=5.86e10 shear=3.19e10 group  'user.galena’
prop fric 45 tens 12e6 coh 27.9e6 group 'user:gale na'
end_command

end_loop
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end
randomMGN3
; Count again the number of absorbent phase zones
def pyrcon3
loop i (1,horcoor)
loop j (1,totalheight)
if model(i,j) # 1 then
if density(i,j)=7597 then
pyrc3 = pyrc3 + 1
end_if
tot3 =tot3 + 1
end _if
end_loop
end_loop
command
print pyrc3
print tot3
end_command

end

pyrcon3

; Initialize temperature and specify thermal propess
initial temperature 10 i 1 xplone j=1, heightplone
model th_isotropic i 1 xplone j=1, heightplone
def trop
loop i(1,horcoor)
loop j(1,totalheight)

; specify thermal expansion coefficient of calcite

if density(i,j)<3000 and
if (temp(i,j)+273)<673 then
thexp(i,j)=((0.0233*(temp(i,j)+273))+4.398)*1e-6
end_if

end_if
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if density(i,j)<3000 and
if (temp(i,j)+273)>= 673 then
thexp(i,j)=((0.0195*(temp(i,j)+273))+6.975)*1e-6
end_if
end_if
; specify thermal conductivity of calcite
if density(i,j)<3000 and
if temp(i,j)<500 then
conductivity(i,j)= ((temp(i,j))*(-0.00261))+3.225
end_if
end_if
if density(i,j)<3000 and
if temp(i,j)>= 500 then
conductivity(i,j)=((temp(i,j))*(-0.00112))+2.48
end_if
end _if
; specify specific heat capacity of calcite

if density(i,j)<3000 and
if (temp(i,j)+273)<500 then
spec_heat(i,j)=(1.155*(temp(i,j)+273))+473.51
end _if
end_if
if density(i,j)<3000 and
if (temp(i,j)+273) >= 500 then
spec_heat(i,j)=(0.375*(temp(i,j)+273))+863.5
end_if
end_if

; specify thermal conductivity of galena
if density(i,j)>4000 and
if temp(i,j)<500 then
conductivity(i,j)= ((temp(i,j))*(-0.00196))+2.83
end _if

end_if
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if density(i,j)>4000 and
if temp(i,j)>= 500 then
conductivity(i,j)= ((temp(i,j))*(-0.00096))+2.33
end_if
end_if
; specify specific heat capacity of galena

if density(i,j)>4000 and
if (temp(i,j)+273)<500 then
spec_heat(i,j)=(0.0311*(temp(i,j)+273))+199.68
end_if
end_if
if density(i,j)>4000 and
if (temp(i,j)+273)>= 500 then
spec_heat(i,))=(0.03942*(temp(i,j)+273))+195.52
end_if
end _if

; specify thermal expansion coefficient of galena
if density(i,j)>4000 and
if (temp(i,j)+273)<673 then
thexp(i,j)=((0.00667*(temp(i,j)+273))+58.71)*1e-6
end _if
end_if
if density(i,j)>4000 and
if (temp(i,j)+273)>= 673 then
thexp(i,j)=((0.018*(temp(i,j)+273))+51.091)*1e-6
end_if
end_if

end_loop
end_loop
command
end_command

end
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set thdt=0.000001 ; set thermal step time
trop ; execute

save galena_calcite_model_finetexture 5%.sav ; save model
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Appendix E: Simulation code used for quantifying gain boundary
damage

restore galena_calcite_model_finetexture_5%.sav ; restore model
set thdt=0.000001 ; set thermal step time
def sourcelon ; apply power density in the absorbent phase

loop i(1,horcoor)
loop j(1,totalheight)
if density(i,j)=7597 then
command
interior source 2.5e10 i=i |5 ; apply power density of 2.5e10
end_command
end_if
end_loop
end_loop
command
step 100 ; solve for 100 steps
end_command
trop ; update thermal properties
end
; call sourcelon for required number of steps
def treat
loop n(1,10)
sourcelon
end_loop
end
treat ; treat the ore for (10x 100 x 0.000001) s

def damage2 ; define damage function
loop i(1,izones) ; search all zones
loop j(1,jzones) ; search all zones
if model(i,j)#1 then
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if cohesion(i,j)< 27.9e6 and

if density(i,j)=2712.1 then ; if the cohesive strength is less than the orgina
cohesive strength and if it is a grain boundarynag count it

cd=cd+1

end_if

end_if

if tension(i,j) < 12e6 and

if density(i,j)=2712.1 THEN ; if the tensile strength is less than the orginal
tensile strength and if it is a grain boundary zen count it

td1=td1+1

end _if

end_if

if density(i,j)=2712.1 then

totbd=totbd + 1 ;count total grain boundary zones
end_if

tot=tot+1 ;count total number of zones

end _if

end_loop

end_loop

command

print cd ; display number of zones damaged in cohesion
print td1 ; display number of zones damaged in tension
print tot ; display total zones

print totbd ; display total grain boundary zones

end_command

cd=0 ; start from zero for the next simulation
td1=0 ; start from zero for the next simulation
totbd=0 ;start from zero for the next simulation
tot=0 ;start from zero for the next simulation
end

damage2
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Appendix F: Data used for constructing damage maps terms of

grain boundary damage for different ores

Appendix F1: Galena-Calcite, Coarse-grained

Pd=1 E+07 W/m

Time (s) 0 1 2 4 5 8 10
% damaged
zones 0.00 0.00 2.84 13.56 18.14 41.48 | 56.15
Pd=2.5 E+07 W/ni
Time (s) 0 0.4 0.8 1.6 2 3.2 4
% damaged
zones 0.00 2.37 7.57 29.97 35.17 55.84 | 71.14
Pd=5 E+07 W/n?
Time (s) 0 0.2 0.4 0.8 1 1.6 2
% damaged
zones 0.00 3.47 14.20 42.90 52.37 77.29 | 88.64
Pd=7.5 E+07 W/M
Time (s) 0 0.13 0.27 0.53 0.67 1.07 1.33
%
damaged
zones 0.00 4.73 26.97 60.09 73.19 90.06 | 94.95
Pd=1 E+08 W/n?
Time (s) 0 0.1 0.2 0.4 0.5 0.8 1
%
damaged
zones 0.00 5.68 35.80 71.77 82.02 95.43 | 96.85
Pd=2.5 E+08 W/ni
Time (s) 0.00 0.02 0.04 0.06 0.08 0.12 0.20
%
damaged
zones 0.00 2.21 17.19 59.62 81.70 95.11 | 98.42
Pd=5 E+08 W/n?
Time(s) 0 0.01 0.02 0.03 0.04 0.06 0.08
%
damaged
zones 0.00 3.15 36.12 71.45 91.96 97.48 | 98.11
Pd=7.5 E+08 W/ni
Time (s) 0 0.01 0.015 0.02 0.03 0.04 0.05
%
damaged
zones 0.00 10.09 55.21 79.97 96.21 98.11 | 98.58
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Pd=1 E+09 W/m

Time (s) 0 0.005 0.01 0.015 0.02 0.025 | 0.035
%
damaged
zones 0.00 3.15 48.42 82.49 93.69 97.16 | 98.74
Pd=2.5 E+09 W/ni
Time (s) 0 0.002 0.003 0.004 0.005 0.008 0.01
%
damaged
zones 0.00 4.42 26.03 62.78 83.44 98.11 98.74
Pd=5 E+09 W/n?
Time (s) 0 0.001 0.0015 0.002 0.0025 0.003 0.005
%
damaged
zones 0.00 4.42 29.18 64.20 82.33 91.80 98.58
Pd=7.5 E+09 W/
Time (s) 0 0.0005 0.001 0.0015 0.002 0.0025 0.003
%
damaged
zones 0.00 1.74 29.50 74.76 91.64 97.95 98.26
Pd=1 E+10 W/n?
Time (s) 0 0.0005 0.00075 0.001 0.00125 0.0015 0.00175
%
damaged
zones 0.00 457 36.59 74.29 91.64 97.79 98.74
Pd=2.5 E+10 W/m
Time (s) 0 0.0002 0.0003 0.0004 0.0005 0.0006 0.0007
%
damaged
zones 0.00 457 36.44 70.66 87.54 97.00 98.58
Pd=5 E+10 W/n?
Time (s) 0 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035
%
damaged
zones 0.00 457 40.69 76.18 95.74 98.11 98.90
Pd=7.5 E+10 W/ni
Time (s) 0 0.00005 0.0001 0.00015 0.0002 0.00025 0.0003
%
damaged
zones 0.00 1.89 40.54 84.70 97.95 99.05 99.21
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Pd=1 E+11 W/n?

Time (s) 0 0.00005 | 0.000075 0.0001 0.000125 0.00015 0.0002
%
damaged
zones 0.00 4.57 40.06 75.71 92.74 97.79 99.05
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Appendix F2: Galena-Calcite, Fine-grained

Pd=1 E+08 W/

Time (s) 0 0.75 1 1.5 2 4 6
%
damaged
zones 0 2.76 17.11 54.67 69.38 89.12 | 93.32
Pd=2.5 E+08 W/ni
Time (s) 0 0.2 0.4 1 15 2 3
%
damaged
zones 0.00 0.61 23.63 77.68 87.98 92.18 | 93.87
Pd=5 E+08 W/n?
Time(s) 0 0.1 0.3 0.6 0.8 1.2 15
%
damaged
zones 0.00 1.75 58.19 82.83 89.36 93.28 | 94.00
Pd=7.5 E+08 W/ni
Time (s) 0 0.075 0.1 0.2 0.4 0.6 1
%
damaged
zones 0 7.95 14.61 61.15 83.33 91.48 | 93.85
Pd=1 E+09 W/n?
Time (s) 0 0.05 0.1 0.2 0.3 0.4 0.6
%
damaged
zones 0.00 4.71 37.96 73.98 83.51 90.03 | 93.47
Pd=2.5 E+09 W/ni
Time (s) 0 0.01 0.02 0.04 0.08 0.16 0.2
%
damaged
zones 0.00 4.25 33.49 65.27 85.09 92.23 | 93.06
Pd=5 E+09 W/n?
Time(s) 0 0.03 0.005 0.01 0.02 0.04 0.1
%
damaged
zones 0 1.31 14.26 52.45 76.96 91.09 | 95.07
Pd=7.5 E+09 W/
Time (s) 0 0.002 0.003 0.009 0.012 0.02 0.03
%
damaged
zones 0 2.69 23.45 78.49 86.01 92.31 | 94.00
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Pd=1 E+10 W/n?

Time (s) 0| 0.0015 0.002 0.003 0.006 0.01 | 0.016
%
damaged
zones 0.00 4.34 20.61 43.54 78.60 91.07 | 94.24
Pd=2.5 E+10 W/ni
Time (s) 0| 0.0005 0.001 0.0015 0.002 0.003 | 0.004
%
damaged
zones 0.00 1.01 38.79 63.19 77.25 90.03 | 94.96
Pd=5 E+10 W/n?
Time(s) 0| 0.0003 0.0004 0.0005 0.0008 0.0012 | 0.002
%
damaged
zones 0.00 11.35 29.50 45.38 75.93 90.65 | 96.08
Pd=7.5 E+10 W/ni
Time (s) 0| 0.0002 0.0003 0.0004 0.0006 0.0008 | 0.001
%
damaged
zones 0.00 11.59 37.91 59.18 81.71 91.59 | 94.55
Pd=1 E+11 W/n?
Time (s) 0| 0.0001 0.0002 0.0003 0.0005 0.0008 | 0.001
%
damaged
zones 0.00 0.11 29.74 58.87 85.57 95.68 | 96.89
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Appendix F3: Magnetite-Dolomite, Coarse-grained

Pd=1 E+08 W/

Time (s) 0 1 2 3 4 5 8
% damaged
zones 0.00 1.93 12.50 46.58 76.79 87.05 90.18
Pd=2.5 E+08 W/
Time (s) 0 0.4 0.6 0.8 1 15 2
% damaged
zones 0.00 11.46 35.12 61.61 80.21 90.48 | 92.71
Pd=5 E+08 W/n?
Time (s) 0 0.1 0.2 0.3 0.4 0.5 0.6
% damaged
zones 0.00 4.76 42.41 76.49 91.07 94.94 | 9554
Pd=7.5 E+08 W/ni
Time (s) 0 0.05 0.1 0.15 0.2 0.3 0.4
%
damaged
zones 0.00 3.57 37.35 73.21 88.24 96.28 97.47
Pd=1 E+09 W/n?
Time (s) 0 0.05 0.075 0.1 0.15 0.2 0.25
%
damaged
zones 0.00 11.16 58.48 77.08 92.26 95.98 97.32
Pd=2.5 E+09 W/
Time (s) 0 0.005 0.01 0.015 0.02 0.03 0.05
% damaged
zones 0.00 0.30 7.29 60.71 90.92 95.68 | 96.43
Pd=5 E+09 W/n?
Time (s) 0 0.0025 0.005 0.0075 0.01 0.012 | 0.015
% damaged
zones 0.00 0.30 11.46 81.85 96.88 98.51 | 98.66
Pd=7.5 E+09 W/ni
Time (s) 0 0.002 0.003 0.004 0.005 0.008 0.01
% damaged
zones 0.00 1.04 6.70 44.35 88.69 98.81 99.11
Pd=1 E+10 W/n?
Time (s) 0 0.002 0.0025 0.003 0.004 0.005 0.006
%
damaged
zones 0.00 3.27 13.99 50.60 95.24 98.81 99.11
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Pd=2.5 E+10 W/ni

Time (s) 0| 0.0005 0.00075 0.001 0.00125 0.0015 | 0.002
%
damaged
zones 0.00 0.60 3.13 27.83 77.83 97.62 | 99.26
Pd=5 E+10 W/
Time (s) 0| 0.0003 0.0004 0.0005 0.0006 0.00075 | 0.001
%
damaged
zones 0.00 1.49 5.21 28.42 70.98 98.07 | 99.40
Pd=7.5 E+10 W/ni
Time (s) 0| 0.0002 0.0003 0.00035 0.0004 0.0005 | 0.0006
%
damaged
zones 0.00 1.49 11.31 38.69 68.45 97.77 99.40
Pd=1 E+11 W/n?
Time (s) 0 | 0.00015 0.0002 0.00025 0.0003 0.00035 | 0.0004
%
damaged
zones 0.00 1.49 5.21 24.70 69.20 92.41 98.66
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Appendix F4: Magnetite-Dolomite, Fine-grained

Pd=1 E+9 W/n?
Time (s) 0 0.1 0.2 0.4 0.6 0.8 1
%
damaged
zones 0.00 0.00 0.09 10.36 43.16 49.18 | 51.16

Pd=2.5 E+9 W/n?

Time (s) 0 0.04 0.08 0.16 0.24 0.32 0.4
%
damaged
zones 0.00 0.00 4.16 28.37 4552 55.61 | 57.26
Pd=5 E+9 W/n?
Time (s) 0 0.02 0.04 0.08 0.12 0.16 0.2
%
damaged
zones 0.00 1.20 20.22 61.62 71.16 73.56 | 74.17

Pd=7.5 E+9 W/n?

Time (s) 0| 0.0133 0.027 0.053 0.08 0.107 | 0.133
%
damaged
zones 0.00 4.21 42.89 73.76 80.87 82.38 | 82.85

Pd=1 E+10 W/n?

Time (s) 0 0.01 0.015 0.02 0.03 0.04 0.05
%
damaged
zones 0.00 7.02 33.45 57.71 73.97 81.54 | 84.57

Pd=2.5 E+10 W/ni

Time (s) 0 0.002 0.003 0.004 0.005 0.006 | 0.008
%
damaged
zones 0.00 2.07 27.79 52.40 69.60 79.62 | 89.84

Pd=5 E+10 W/n?

Time (s) 0 0.001 0.0015 0.002 0.0025 0.003 | 0.005
%
damaged
zones 0.00 4.50 39.80 66.04 78.73 88.06 | 97.68

Pd=7.5 E+10 W/ni

Time (s) 0| 0.0005 0.00075 0.001 0.0015 0.002 | 0.003
%
damaged
zones 0.00 0.25 21.31 41.71 72.36 90.25 | 97.64
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Pd=1 E+11 W/n?

Time (s) 0| 0.0005 0.00075 0.001 0.00125 0.0015 | 0.0025
%
damaged
zones 0.00 3.05 49.46 68.49 79.91 87.80 98.48
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Appendix G: Simulation code used for quantifying danage for
pulsed wave heating of Galena-calcite

restore galena_calcite_coarse_model.sav ; restore model
set thdt=0.000001 ; set thermal step
def sourcelon ; apply power density in galena (when pulse is on)

loop i(1,horcoor)
loop j(1,totalheight)
if density(i,j)=7597 then
command
interior source 2.5e10 i=i |5
end_command
end_if
end_loop
end_loop
command
step 100 ; apply for 100 steps ( 108 0.000001 s)
end_command
trop
end
; remove the heat source (when pulse is off)
def sourceloff
loop i(1,horcoor)
loop j(1,totalheight)
if density(i,j)=7597 then
command
interior source 0 i=i j5j , power density is zero when pulse is off
end_command
end_if
end_loop

end_loop
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command

step 4900 : heat source is zero for 4900 steps (4290.000001 s)

end_command
trop

end

def treat ; define pulse heating

loop n(1,2)

sourcelon ; pulse on

sourceloff ; pulse off

end_loop

end

treat ; treat for total step of 25000 = 10000 steps = 0.001 s

; quantify grain boundary damage (refer Appendex d)

def damage2

loop i(1,izones)

loop j(1,jzones)

if model(i,j)#1 then

if cohesion(i,j)< 27.9e6 and
if density(i,j)=2712.1 then
cd=cd+1

end_if

end _if

if tension(i,j) < 12e6 and

if density(i,j)=2712.1 THEN
td1=td1+1

end_if

end _if

if density(i,j)=2712.1 then
totbd=totbd + 1

end_if
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tot=tot+1
end_if
end_loop
end_loop
command
print cd
print td1
print tot
print totbd

end_command

cd=0
td1=0

totbd=0
tot=0
end

damage2

: Execute
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Appendix H: Simulation code used for quantifying danage for
pulsed wave heating of Magnetite-Dolomite

restore magnetite _dolomite_model2.sav  ; restore magnetite-dolomite model

set thdt=0.000001 ; set thermal step time

def sourcelon . apply power density in magnetite(when pulse g o
loop i(1,horcoor)
loop j(1,totalheight)
if density(i,j)=5206 then
command
interior source 4e9 i=i j5j . apply power density of 4e9 Wim
end_command
end_if
end_loop
end_loop
command
step 100 ; apply for 100 steps( 108 0.000001 s)
end_command
trop
end
; remove the heat source (when the pulse is off)
def sourceloff
loop i(1,horcoor)
loop j(1,totalheight)
if density(i,j)=5206 then
command
interior source 0 i=i j5j , power density is zero when pulse is off
end_command
end_if

end_loop
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end_loop

command

step 1900 ; heat source is zero for 1900 steps (1960.000001 s)
end_command

trop

end

def treat ; define pulsed heating

loop n(1,5)

sourcelon ; pulse on

sourceloff ; pulse off

end_loop

end

treat ; treat for 5 x (100 + 1900) = 10000 steps =0.01 s

; Quantify grain boundary damage
def damage2
loop i(1,izones)

loop j(1,jzones)

if model(i,j)#1 then

if cohesion(i,j)< 21.7e6 and
if density(i,j)=3795.1 then ; if the cohesive strength is less than the orgina
cohesive strength and if it is a grain boundarynsy count it

cd=cd+1
end _if

end_if

if tension(i,j) < 11.7e6 and
if density(i,j)=3795.1 then
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td1=td1+1 ; if the tensile strength is less than the orgini@nsile strength

and if it is a grain boundary zone, count it

end_if
end_if

if density(i,j)=3795.1 then ; count all grain boundary zones
totbd=totbd + 1

end_if

tot=tot+1 ; ; count all zones
end _if
end_loop

end_loop

command

printcd ; display number of zones damaged in Cohesion
print td1l ; display number of zones damaged in tension
print tot ; display total number of zones

print totbd ; display total number of grain boundary zones
end_command

cd=0 ; start from zero for the next simulation

td1=0 ; start from zero for the next simulation

totbd=0 ; start from zero for the next simulation

tot=0 ; start from zero for the next simulation

end

damage2 ; Execute
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Appendix I: Material parameters used for modellingcalcite ore in
PFC

;fname: mL-param.dat

; Must provide functions: {mg_set, mp_set}.

def mg_set
mg_Rrat=1.66 ; set ball size ratio

mg_ts0=-0.1e6 , set target isotropic stress

end

def mp_set
ba rho(1) = 3228.6 ; set density of ball
ba Ec(1) = 66e9 ; set ball modulus
ba fric(1) = 0.50 ; set friction coefficient
pb_add =1 ;add parallel bond

pb_Ec(1) = 66e9 ; set bond modulus

pb_sn_mean(l) = 51e6 ; set mean normal strength

pb_sn_sdev(l) = 10e6 ; setnormal strength std.dev

pb_ss mean(l) =51e6 ; set mean shear strength

pb_ss sdev(l) = 10e6 ; set shear strength std.dev
end

Return ; Execute

;EOF: mL-param.dat
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Appendix J: Simulation code (PFC_FISH) used for radomly
disseminating galena in calcite

;fname: groupl.dat

restore all calcite_model.sav; restore all calcite model

; group calcite
group calcite range x=-20e-3,20e-3 y=-40e-3 ,40e-3

prop dens = 3228.6 range group calcite

; randomly generate irregular shaped galena graim the first quarter
def random1

loop n (1,4) ; number of grains

xx=(urand*12e-3)

yy=(urand*24e-3)

_ XX=-1*XX

_yy=-1*yy

k1=xx+0.75e-3 ; specify grain width
k2=yy+1.5e-3 ; specify grain height
command

group galena range x=xx,k1 y=yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena

prop pb_kn =3.2e14 pb_ks =1.28el14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(xx,yy) rad=0.000 5 ; specify grain radius

prop dens = 9044 range group galena ; mechanical properties of galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
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prop pb_kn = 3.2e14 pb_ks =1.28e14 range group gal

ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command
end_loop
end

randoml

; generate another shape in the same quarter (first

def random12

loop n (1,3) ; number of grains
xx=(urand*12e-3)
yy=(urand*24e-3)

_XX=-1*XXx

_yy=-1*yy

k1=xx+0.75e-3 ; specify grain width
k2=yy+1.5e-3; specify grain height

command
group galena range x=xx,k1 y=yy,k2

prop dens = 9044 range group galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro
prop pb_kn = 3.2e14 pb_ks =1.28e14 range group gal

; mechanical properties of galena
up galena

ena

prop kn =1.28el11l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(xx,yy) rad=0.000

prop dens = 9044 range group galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal

75; specify grain radius
; mechanical properties of galena
up galena

ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command
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end_loop
end
random12

; generate another shape in the same quarter(first)
def random13
loop n (1,4) ; number of grains
xx=(urand*12e-3)
yy=(urand*24e-3)
_XX=-1*XX
_yy=-1*yy
kl=xx+1.5e-3 ; specify grain width
k2=yy+0.75e-3 ; ; specify grain height
command

group galena range x=xx,k1 y=yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena

prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el11l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(k1,k2) rad=0.000 5; specify grain radius
prop dens = 9044 range group galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena

prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el11l ks =51.2e9 range group galena

end_command

end_loop
end

random13
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generate another shape in the same quarter(first)
def random14

loop n (1,4) ; number of grains
xx=(urand*12e-3)

yy=(urand*24e-3)

_XX=-1*XX

_yy=-1*yy

kl=xx+1.5e-3 ; specify grain width
k2=yy+0.75e-3 ; specify grain height

command

group galena range x=xx,k1 y=yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena

prop pb_kn =3.2e14 pb_ks =1.28el14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(k1,k2) rad=0.000 75; specify grain radius
prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena

prop pb_kn =3.2e14 pb_ks =1.28el14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command
end_loop

end
random14

; randomly generate irregular shaped galena graimthe second quarter
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def random21

loop n (1,4) ; number of grains
xx=(urand*12e-3)

yy=(urand*24e-3)

_XX=-1*XXx

_yy=-1*yy

k1= xx+0.75e-3 ; specify grain width
k2=_yy+1.5e-3; specify grain height

command

group galena range x=_xx,k1 y=_yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena

prop pb_kn =3.2e14 pb_ks =1.28el14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(_xx, yy) rad=0.0 005

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena

prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

end_loop

end

random21

; generate another shape in the same quarter(segond

def random22
loop n (1,4)

xx=(urand*12e-3)
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yy=(urand*24e-3)
_XX=-1*Xx
_yy=-1*yy
kl=_xx+0.75e-3
k2=_yy+1.5e-3

command

group galena range x=_xx,k1 y=_yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el11l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(_xx,_yy) rad=0.0 0075

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28el14 range group gal ena

prop kn =1.28el11l ks =51.2e9 range group galena

end_command

end_loop

end

random22

;generate another shape in the same quarter(second)

def random23
loop n (1,3)
xx=(urand*12e-3)
yy=(urand*24e-3)
_ XX=-1*XX
_yy=-1*yy
kl1=_xx+1.5e-3
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k2=_yy+0.75e-3

command

group galena range x=_xx,k1 y=_yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(k1,k2) rad=0.000 5

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

end_loop

end

random23

; generate another shape in the same quarter(segond

def random24

loop n (1,3) ;generate 20 groups

xx=(urand*12e-3)

yy=(urand*24e-3)

_XX=-1*xXx

_yy=-1*yy

k1= xx+1.5e-3

k2=_yy+0.75e-3

command

group galena range x=_xx,k1 y=_yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena
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prop kn =1.28el1l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(k1,k2) rad=0.000 75

prop dens = 9044 range group galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal
prop kn =1.28el1l ks =51.2e9 range group galena

end_command
end_loop
end

random24

; randomly generate irregular shaped galena gram the third quarter

def random31
loop n (1,4)
xx=(urand*12e-3)
yy=(urand*24e-3)
_ XX=-1*XX
_yy=-1*yy
kl=_xx+1.5e-3
k2=yy+0.75e-3

command
group galena range x=_xx,k1 y=yy,k2
prop dens = 9044 range group galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal
prop kn =1.28el1l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(k1,k2) rad=0.000 5

; mechanical properties of galena
up galena

ena

; mechanical properties of galena
up galena

ena
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prop dens = 9044 range group galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro
prop pb_kn = 3.2e14 pb_ks =1.28e14 range group gal

; mechanical properties of galena
up galena

ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

end_loop
end

random31

; generate another shape in the same quarter(third)

def random32
loop n (1,4)
xx=(urand*12e-3)
yy=(urand*24e-3)
_ XX=-1*XX
_yy=-1*yy
kl=_xx+1.5e-3
k2=yy+0.75e-3

command
group galena range x=_xx,k1 y=yy,k2
prop dens = 9044 range group galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal

; mechanical properties of galena
up galena

ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(k1,k2) rad=0.000 75

prop dens = 9044 range group galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal

; mechanical properties of galena
up galena

ena

prop kn =1.28el11l ks =51.2e9 range group galena
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end_command

end_loop

end

; generate another shape in the same quarter(third)

random32

def random33
loop n (1,3)
xx=(urand*12e-3)
yy=(urand*24e-3)
_ XX=-1*XX
_yy=-1*yy
kl=_xx+0.75e-3
k2=yy+1.5e-3
command

group galena range x=_xx,k1 y=yy,k2

prop dens = 9044 range group galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro
prop pb_kn = 3.2e14 pb_ks =1.28e14 range group gal

; mechanical properties of galena
up galena

ena

prop kn =1.28el1l1 ks =51.2e9 range group galena

end_command

command

group galena range circle center=(_xx,yy) rad=0.00

prop dens = 9044 range group galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal

05
; mechanical properties of galena
up galena

ena

prop kn =1.28el11l ks =51.2e9 range group galena

end_command

end_loop
end

random33
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; generate another shape in the same quarter(third)

def random34

loop n (1,3)

xx=(urand*12e-3)

yy=(urand*24e-3)

_XX=-1*XX

_yy=-1*yy

k1= xx+0.75e-3

k2=yy+1.5e-3

command

group galena range x=_xx,k1 y=yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(_xx,yy) rad=0.00 075

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

end_loop
end
random34

; randomly generate irregular shaped galena graim the fourth quarter

def random41
loop n (1,4)
xx=(urand*12e-3)

yy=(urand*24e-3)
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_XX=-1*XX
_yy=-1*yy
kl=xx+1.5e-3
k2=_yy+0.75e-3

command

group galena range x=xx,k1 y=_yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(xx,_yy) rad=0.00 05

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

end_loop
end
random41

; generate another shape in the same quarter(foyrth

def random42
loop n (1,4)
xx=(urand*12e-3)
yy=(urand*24e-3)
_XX=-1*XXx
_yy=-1*yy
k1l=xx+2e-3
k2=_yy+0.75e-3

- 326 -



Appendices

command

group galena range x=xx,k1 y=_yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el11l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(xx,_yy) rad=0.00 075

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el11l ks =51.2e9 range group galena

end_command

end_loop

end

random42

; generate another shape in the same quarter(foyrth

def random43

loop n (1,3)

xx=(urand*12e-3)

yy=(urand*24e-3)

_ XX=-1*XX

_yy=-1*yy

k1=xx+0.75e-3

k2=_yy+1.5e-3

command

group galena range x=xx,k1 y=_yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
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prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

command

group galena range circle center=(k1,k2) rad=0.000 75

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena

prop kn =1.28el1l ks =51.2e9 range group galena

end_command

end_loop
end

random43

; generate another shape in the same quarter(foyrth

def random44

loop n (1,3)

xx=(urand*12e-3)

yy=(urand*24e-3)

_ XX=-1*XX

_yy=-1*yy

k1=xx+0.75e-3

k2=_yy+1.5e-3

command

group galena range x=xx,k1 y=_yy,k2

prop dens = 9044 range group galena ; mechanical properties of galena
prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena
prop pb_kn =3.2e14 pb_ks =1.28el14 range group gal ena

prop kn =1.28el11l ks =51.2e9 range group galena

end_command
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command

group galena range circle center=(k1,k2) rad=0.000 5

prop dens = 9044 range group galena ; mechanical properties of galena

prop pb_nstrength=51e6 pb_sstrength=51e6 range gro  up galena

prop pb_kn =3.2e14 pb_ks =1.28e14 range group gal ena
prop kn =1.28el1l ks =51.2e9 range group galena

end_command

end_loop
end

random44

; show the different mineral phases
plot set title text 'Different mineral phases'
plot creat the_groups3

plot add group BLUE yellow

plot show
print group ; print the number of balls covered by galena
save galena_calcite_model_ball new.sav ; save the model
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Appendix K: Simulation code (PFC_FISH) used for moelling
microwave heating and quantifying microwave-inducedmicro-cracks
in Galena-calcite

;fname: heatingmodel_galena-calcite. DAT

; start from new
new
set safe_conversion on
SET disk on ; model unit-thickness cylinders
SET echo off ; load support functions
call %fist%\fist_new.dvr
call %fist%\2d_3d\md_setup.fis
call %fist%\2d_3d\md.FIS
call %fist%\2d\et2.FIS
call %fist%\2d_3d\flt.FIS
call %fist%\2d_3d\fishcall.FIS

SET echo on
restore galena_calcite_model_ball_new.sav; restore galena-calcite model
mv_remove ; remove walls and allow specimen to relax

solve ratio=1e-5

save relaxed2.sav

restore relaxed2.sav : restore relaxed model
SET echo off

call crk.FIS : call crack FISH function

SET echo on

crk_init; Intialize crack
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CONFIG therm
THERM PROP sheat=817.70 exp=13.1e-6 , specify initial properties

THERM MAKE conductivity 3.16 measure 2 , specify thermal conductivity

THERM INIT temp=10.0 , specify initial temperature
def powerdensity
powerdensity=1ell ; specify power density

end

thermal set dt_max 1e-6 ; specify thermal step time

thermal set substep 100 ; specify number of mechanical steps per unit therm

step

; apply power density in galena

def source

bp=ball_head

loop while bp # null

if b_dens(bp)= 9044 then
power_inwatt=powerdensity*(22/7)*b_rad(bp)*b_rad(bp  )*1
b_thpsrc(bp)=power_inwatt

end_if

bp=b_next(bp)

end_loop

end

source ; Execute source(apply power density)
; specify thermal properties

def trop

bp=ball_head

loop while bp # null

; specify specific heat capacity as a function of {genature for galena
if b_dens(bp) = 9044 &

if (b_thtemp(bp) + 273) <500 then
b_thsheat(bp)=(0.0311*(b_thtemp(bp)+273))+199.68

- 331 -

al



Appendices

end_if

end_if

if b_dens(bp) = 9044 &

if (b_thtemp(bp) + 273) >= 500 then
b_thsheat(bp)=(0.03942*(b_thtemp(bp)+273))+195.52
end_if

end_if

; specify specific heat capacity of temperature @ailcite

if b_dens(bp) = 3228.6 &

if (b_thtemp(bp) + 273) < 500 then
b_thsheat(bp)=(1.555*(b_thtemp(bp)+273)) + 473.51

end _if

end_if

if b_dens(bp) = 3228.6 &

if (b_thtemp(bp) + 273) >= 550 then
b_thsheat(bp)=(0.375*(b_thtemp(bp)+273))+863.5

end_if

end_if

; specify thermal expansion coefficient as a functiofitemperature for galena
if b_dens(bp) = 9044 &

if (b_thtemp(bp) + 273) < 673 then
b_thexp(bp)=((0.00667*(b_thtemp(bp)+273))+58.71)*1e -6
end _if

end_if

if b_dens(bp) = 9044 &

if (b_thtemp(bp) + 273) >= 673 then
b_thexp(bp)=((0.018*(b_thtemp(bp)+273))+51.091)*1e- 6
end _if

end_if

; specify thermal expansion coefficient as a functiohtemperature for calcite

if b_dens(bp) = 3228.6 &
if (b_thtemp(bp) + 273) < 673 then
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b_thexp(bp)=((0.0233*(b_thtemp(bp)+273))+4.398)*1e- 6
end_if
end_if
if b_dens(bp) = 3228.6 &
if (b_thtemp(bp) + 273) >= 673 then
b_thexp(bp)=((0.0195*(b_thtemp(bp)+273))+6.975)*1e- 6
end_if
end _if
bp=b_next(bp) ; loop
end_loop
command
step 100 ; treat for 100 steps
end_command
end
; call trop for updating thermal propertgeand treat the material for the
required exposure time
def calltrop
loop n (1,10)
command
trop
end_command
end_loop
end
calltrop ; Execute
crk_makeview ; Quantify and plot micro-cracks
plot add group green yellow sort on outline off
plot set background white
plot set foreground blue
plot show ; Show microwave treated ore
save galena_calcite_coarse_l1lell 0.00l1s.sav ; save microwave treated ore
return
;EOF: heatingmodel.DAT
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Appendix L: Material parameters used for modellingdolomite ore in
PFC

;fname: mL-param.dat

; Must provide functions: {mg_set, mp_set}.

def mg_set
mg_Rrat=1.66; set ball size ratio
mg_ts0=-0.1e6, set target isotropic stress

end

def mp_set

ba_rho(1) =4517.9 ; set density of ball

ba Ec(1) = 95.5e9 ; set ball modulus

ba_fric(1) = 0.50 ; set friction coefficient
pb_add =1 ;add parallel bond
pb_Ec(1) = 95.5e9 ; set bond modulus
pb_sn_mean(1l) = 49e6 ; set mean normal strength
pb_sn_sdev(1) = 10e6 ; set normal strength std.dev
pb_ss_mean(1) = 49e6 ; set mean shear strength
pb_ss sdev(1l) = 10e6 ; set shear strength std.dev

end

return

;EOF: mL-param.dat
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Appendix M: Simulation code (PFC_FISH) used for ramlomly
disseminating magnetite in dolomite

;fname: groupl.dat

restore all_dolomite_model.sav; restore all dolomite model

; group dolomite

group Dolomite range x=-20e-3,20e-3 y=-40e-3 ,40e- 3

prop dens = 4517.9 range group Dolomite

; randomly generate irregular shaped magnetite gran the first quarter

def random1

loop n (1,4) ; number of grains
xx=(urand*12e-3)

yy=(urand*24e-3)

_ XX=-1*XX

_yy=-1*yy

k1=xx+0.75e-3; specify grain width
k2=yy+1.5e-3 ; specify grain height
command

group magnetite range x=xx,k1 y=yy,k2

:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite

prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite
prop kn = 3.76el1l ks =1.502ell range group magnet ite

end_command

command
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group magnetite range circle center=(xx,yy) rad=0.0  005; specify grain
radius

:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

end_loop

end

random1

; generate another shape in the the same quartesf)i

def random12
loop n (1,3)
xx=(urand*12e-3)
yy=(urand*24e-3)
_XX=-1*XX
_yy=-1*yy
k1=xx+0.75e-3
k2=yy+1.5e-3
command
:mechanical properties of magnetite
group magnetite range x=xx,k1 y=yy,k2
prop dens = 6197.6 range group magnetite
prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite
prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command
command

:mechanical properties of magnetite

group magnetite range circle center=(xx,yy) rad=0.0 0075
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prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

end_loop

end

random12

; generate another shape in the the same quartesf)i

def random13
loop n (1,4)
xx=(urand*12e-3)
yy=(urand*24e-3)
_XX=-1*XX
_yy=-1*yy
k1=xx+1.5e-3
k2=yy+0.75e-3

command
group magnetite range x=xx,k1 y=yy,k2
;mechanical properties of magnetite
prop dens = 6197.6 range group magnetite
prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite
prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command
command

:mechanical properties of magnetite

group magnetite range circle center=(k1,k2) rad=0.0 005
prop dens = 6197.6 range group magnetite
prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
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prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite
prop kn = 3.76ell ks =1.502ell range group magnet ite

end_command

end_loop
end
random13

; generate another shape in the the same quartesf)i

def random14
loop n (1,4)
xx=(urand*12e-3)
yy=(urand*24e-3)
_XX=-1*XX
_yy=-1*yy
k1=xx+1.5e-3
k2=yy+0.75e-3

command
group magnetite range x=xx,k1 y=yy,k2
:mechanical properties of magnetite
prop dens = 6197.6 range group magnetite
prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite
prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command
;mechanical properties of magnetite
command
group magnetite range circle center=(k1,k2) rad=0. 00075
prop dens = 6197.6 range group magnetite
prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite
prop kn = 3.76ell ks =1.502ell range group magnet ite
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end_command

end_loop
end

random14

; randomly generate irregular shaped magnetite gran the second quarter

def random21
loop n (1,4)
xx=(urand*12e-3)
yy=(urand*24e-3)
_XX=-1*XX
_yy=-1*yy

k1= xx+0.75e-3
k2=_yy+1.5e-3

command

group magnetite range x=_xx,k1 y=_yy,k2

:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(_xx,_yy) rad=  0.0005
;:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
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end_command
end_loop
end

random21

; generate another shape in the the same quarter(sel)

def random22
loopn(1,4) ;
xx=(urand*12e-3)
yy=(urand*24e-3)
_ XX=-1*XX
_yy=-1*yy

k1= _xx+0.75e-3
k2=_yy+1.5e-3

command

group magnetite range x=_xx,k1 y=_yy,k2

:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(_xx,_yy) rad=0  .00075
;:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite

end_command
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end_loop
end
random22

; generate another shape in the the same quarter(sl)

def random23

loop n (1,3)

xx=(urand*12e-3)

yy=(urand*24e-3)

_XX=-1*XX

_yy=-1*yy

k1= xx+1.5e-3

k2=_yy+0.75e-3

command

group magnetite range x=_xx,k1 y=_yy,k2

:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite
prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(k1,k2) rad=0. 0005

:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

end_loop

end
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random23

; generate another shape in the the same quarter(sel)

def random24

loop n (1,3)

xx=(urand*12e-3)

yy=(urand*24e-3)

_XX=-1*XX

_yy=-1*yy

kl=_xx+1.5e-3

k2=_yy+0.75e-3

command

group magnetite range x=_xx,k1 y=_yy,k2

:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite
prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(k1,k2) rad=0.0 0075
:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite
prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

end_loop

end

random24

; randomly generate irregular shaped magnetite gran the third quarter

def random31

- 342 -



Appendices

loop n (1,4)
xx=(urand*12e-3)
yy=(urand*24e-3)
_XX=-1*XX
_yy=-1*yy
kl=_xx+1.5e-3
k2=yy+0.75e-3

command

group magnetite range x=_xx,k1 y=yy,k2

;mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(k1,k2) rad=0. 0005
;mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite

end_command

end_loop

end

random31

; generate another shape in the the same quarter(h

def random32
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loop n (1,4)
xx=(urand*12e-3)
yy=(urand*24e-3)
_XX=-1*XX
_yy=-1*yy
kl=_xx+1.5e-3
k2=yy+0.75e-3

command

group magnetite range x=_xx,k1 y=yy,k2

;mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(k1,k2) rad=0. 00075
;mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

end_loop

end

random32

; generate another shape in the the same quarter(h

def random33
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loop n (1,3)

xx=(urand*12e-3)

yy=(urand*24e-3)

_XX=-1*XX

_yy=-1*yy

kl=_xx+0.75e-3

k2=yy+1.5e-3

command

group magnetite range x=_xx,k1 y=yy,k2

;mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite
prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(_xx,yy) rad=0  .0005
;mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite
prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

end_loop

end

random33

; generate another shape in the the same quarter(h

def random34
loop n (1,3)
xx=(urand*12e-3)

yy=(urand*24e-3)
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_XX=-1*XX

_yy=-1*yy

kl1=_xx+0.75e-3

k2=yy+1.5e-3

command

group magnetite range x=_xx,k1 y=yy,k2

;mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(_xx,yy) rad=0. 00075
;mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite

end_command

end_loop
end

random34

; randomly generate irregular shaped magnetite gran the fourth quarter

def random41
loop n (1,4)

xx=(urand*12e-3)
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yy=(urand*24e-3)
_XX=-1*Xx
_yy=-1*yy
k1=xx+1.5e-3
k2=_yy+0.75e-3

command

group magnetite range x=xx,k1 y=_yy,k2

:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(xx,_yy) rad=0  .0005
:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite

end_command

end_loop
end
random41

; generate another shape in the the same quarteu(tt)

def random42
loop n (1,4)
xx=(urand*12e-3)

yy=(urand*24e-3)
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_XX=-1*XX
_yy=-1*yy
k1=xx+2e-3
k2=_yy+0.75e-3

command

group magnetite range x=xx,k1 y=_yy,k2

:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(xx,_yy) rad=0. 00075
:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

end_loop

end

random42

; generate another shape in the the same quarteu(tt)

def random43
loop n (1,3)
xx=(urand*12e-3)
yy=(urand*24e-3)
_XX=-1*XX

_yy=-1*yy

- 348 -



Appendices

k1=xx+0.75e-3

k2=_yy+1.5e-3

command

group magnetite range x=xx,k1 y=_yy,k2

:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(k1,k2) rad=0. 00075
:mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4e14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite

end_command

end_loop

end

random43

; generate another shape in the the same quartau(th)

def random44
loop n (1,3)
xx=(urand*12e-3)
yy=(urand*24e-3)
_ XX=-1*XX
_yy=-1*yy
k1=xx+0.75e-3
k2=_yy+1.5e-3

command
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group magnetite range x=xx,k1 y=_yy,k2
;mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite
end_command

command

group magnetite range circle center=(k1,k2) rad=0. 0005
;mechanical properties of magnetite

prop dens = 6197.6 range group magnetite

prop pb_nstrength=56e6 pb_sstrength=56e6 range gro  up magnetite
prop pb_kn =9.4el14 pb_ks =3.76el14 range group mag netite

prop kn = 3.76ell ks =1.502ell range group magnet ite

end_command

end_loop

end

random44

plot set title text 'Different mineral phases' ; show different mineral phases
plot creat the _groups3 ; creat groups

plot add group BLUE yellow

plot show
print group ; Print number of balls covered by magnetite

save magnetite_dolomite_model_ball_new.sav ; save treated ore
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Appendix N: Simulation code (PFC_FISH) used for modlling
microwave heating and quantifying microwave-inducedmicro-cracks
in Magnetite-dolomite

;fname: heatingmodel_magnetite_dolomite.DAT

; start as a new
New
set safe_conversion on
SET disk on ; model unit-thickness cylinders
SET echo off ; load support functions
call %fist%)\fist_new.dvr
call %fist%\2d_3d\md_setup.fis
call %fist%\2d_3d\md.FIS
call %fist%\2d\et2.FIS
call %fist%\2d_3d\flt.FIS
call %fist%\2d_3d\fishcall.FIS
SET echo on

restore magnetite_dolomite_model_ball_new.sav ;re  store

mv_remove ; remove walls and allow specimen to relax
solve ratio=1e-5

save relaxed2.sav
restore relaxed2.sav ; restore relaxed model
SET echo off

call crk.FIS : call crack FISH function
SET echo on
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crk_init ; initialize cracks

CONFIG therm

THERM PROP sheat=838.4 exp=18.4 ; set initial properties(not actual)
THERM MAKE conductivity 4.78 measure 2 ; set thermal conductivity

THERM INIT temp=10.0 ; set initial temperature

def powerdensity

powerdensity= 1e10 ; set power density
end
thermal set dt_max 1e-6 ; setthermal step time

; specify power density to be applied togmetite
def source
bp=ball_head
loop while bp # null
if b_dens(bp)= 6197.6 then
power_inwatt=powerdensity*(22/7)*b_rad(bp)*b_rad(bp
b_thpsrc(bp)=power_inwatt

end_if

bp=b_next(bp)

end_loop

end

source ; execute and apply power density

)1

- 352 -



Appendices

; specify thermal properties of minerals as a fttion of temperature
def trop
bp=ball_head
loop while bp # null

; specify specific heat capacity of magnetite
if b_dens(bp) = 6197.6 &
if (b_thtemp(bp) + 273) <500 then
b_thsheat(bp)=(0.869*(b_thtemp(bp)+273))+395.26
end_if
end_if
if b_dens(bp) =6197.6 &
if (b_thtemp(bp) + 273) >= 500 then
b_thsheat(bp)=(0.0714*(b_thtemp(bp)+273))+794.12
end_if
end _if

; specify specific heat capacity of dolomite

if b_dens(bp) = 4517.9 &

if (b_thtemp(bp) + 273) <500 then
b_thsheat(bp)=(0.867*(b_thtemp(bp)+273))+580.58
end_if

end_if

if b_dens(bp) =4517.9 &

if (b_thtemp(bp) + 273) >= 500 then
b_thsheat(bp)=(0.5*(b_thtemp(bp)+273))+763.63
end_if

end _if

; specify thermal expansion coefficient of magnetit
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if b_dens(bp) = 6197.6 &

if (b_thtemp(bp) + 273)< 673 then
b_thexp(bp)=((0.028*(b_thtemp(bp)+273))+16.056)*1e- 6
end_if

end_if

if b_dens(bp) = 6197.6 &

if (b_thtemp(bp) + 273) >= 673 then
b_thexp(bp)=((0.033*(b_thtemp(bp)+273))+12.691)*1e- 6
end_if

end_if

; specify thermal expansion coefficient of magnetit

if b_dens(bp) = 4517.9 &

if (b_thtemp(bp) + 273)< 673 then
b_thexp(bp)=((0.0274*(b_thtemp(bp)+273))+8.20)*1e-6
end_if

end_if

if b_dens(bp) = 4517.9 &

if (b_thtemp(bp) + 273) >= 673 then
b_thexp(bp)=((0.0237*(b_thtemp(bp)+273))+10.69)*1e- 6
end_if

end_if

bp=b_next(bp) ; loop next ball

end_loop

command

step 100 ; treat for 100 steps

end_command

end

; call trop and treat the material by updating thedimal properties
def calltrop
loop n (1,10)
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command

trop
end_command
end_loop

end

calltrop

crk_makeview ; quantify and locate micro-cracks

; plot the model with micro-cracks

plot add group green yellow sort on outline off
plot set background white

plot set foreground blue

plot show

save magnetite_dolomite_ball_coarse_1e10 0.001s.sav

treated ore

return

;EOF: heatingmodel_magnetite_dolomite.DAT

; save microwave

- 355 -




Appendices

Appendix O: Data used for constructing damage maps terms of
perecentage of micro-cracks for different ores

Appendix O1: Galena-calcite, Coarse-grained

Pd = 1E8 W/n?

Time(s)

0

0.5

10

Number
of
Micro-
cracks

21

200 624

890

1200

1411

1611

1772

1911

2090

Micro-
cracks
(%)

0| 0.05

0.48

4.55 | 14.18

20.23

27.27

32.07

36.61

40.27

43.43

47.50

Pd = 2.5E8 W/ni

Time(s)

0

0.2

0.4

0.8 1.2

1.6

2.4

2.8

3.2

3.6

Number
of
micro-
cracks

21

169

895 | 1378

1690

1969

2160

2336

2481

2636

278

0

Micro-
cracks
(%)

0]0.48

3.84

20.34 | 31.32

38.41

44.75

49.09

53.09

56.39

59.91

63.1

8

Pd = 5E8 W/n?

Time(s)

0

0.1

0.2 0.4

0.6

0.8

1.2

1.4

1.6

1.8

Number
of
Micro-
cracks

55

586 | 1505 | 2026

2318

2548

2808

3022

3132

3306

3410

Micro-
cracks
(%)

0.00

1.25

13.32 | 34.20 | 46.05

52.68

57.91

63.82

68.68

71.18

75.14

77.50

Pd = 7.5E8 W/n?

Time(s)

0

0.067

0.133 | 0.266

0.4

0.53

0.66

0.8

0.93

1.06

1.

2 1.33

Number of

micro-
cracks

86

849 | 1873

2347

2702

2946

3163

3304

3414

3556 3631

Micro-

cracks (%)

0.00

1.95

19.30 | 42.57

53.34

61.41

66.95

71.89

75.09

77.59

80.82 | 82.52
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Pd = 1E9 W/n?

Time(s) 0] 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Number
of

Micro-
cracks 0| 115 | 1068 | 2164 | 2653 | 3045 | 3269 | 3428 | 3574 | 3688 | 3770 | 3853

Micro-
cracks
(%) 0.00 | 2.61 | 24.27 | 49.18 | 60.30 | 69.20 | 74.30 | 77.91 | 81.23 | 83.82 | 85.68 | 87.57

Pd = 2.5E9 W/n?

Time(s) | 0.00 | 0.02 | 0.04| 0.08| 0.12| 0.16| 0.20| 0.24| 0.28| 0.32| 036 | 0.40

Number
of

Micro-
cracks 0| 242 | 1504 | 2746 | 3315 | 3606 | 3811 | 3928 | 4014 | 4099 | 4145 | 4210

Micro-
cracks
(%) 0.00 | 5.50 | 34.18 | 62.41 | 75.34 | 81.95 | 86.61 | 89.27 | 91.23 | 93.16 | 94.20 | 95.68

Pd = 5E9 W/n?

Time(s) 0/001| 002| 0.04| 0.06| 0.08 01| 012| 0.14| 0.16]| 0.8 0.2

Number
of

Micro-
cracks 0| 329 | 1809 | 3079 | 3578 | 3806 | 3948 | 4049 | 4129 | 4195 | 4232 | 4285

Micro-
cracks
(%) 0.00 | 7.48 | 41.11 | 69.98 | 81.32 | 86.50 | 89.73 | 92.02 | 93.84 | 95.34 | 96.18 | 97.39

Pd =7.5 E9 W/ni

Time(s) 0| 0.0067 | 0.013 | 0.026 | 0.04 | 0.053 | 0.066 | 0.08 | 0.093 | 0.106 | 0.12 | 0.133

Number
of Micro-
cracks 0 376 | 1942 | 3236 | 3661 | 3870 | 4001 | 4121 | 4210 | 4269 | 4320 | 4381

Micro-
cracks
(%) 0.0 8.55 | 44.14 | 73.55 | 83.20 | 87.95 | 90.93 | 93.66 | 95.68 | 97.02 | 98.18 | 99.57
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Pd =1 E10 W/n?

Time(s) 0| 0005| 001| 002| 0.03| 0.04| 005| 0.06| 0.07| 0.08]| 0.09 0.1
Number

of Micro-

cracks 0| 395| 2037 | 3357 | 3707 | 3902 | 4046 | 4129 | 4192 | 4275 | 4324 | 4365
Micro-

cracks

(%) 0.0 | 8.98|46.30 | 76.30 | 84.25 | 88.68 | 91.95 | 93.84 | 95.27 | 97.16 | 98.27 | 99.20
Pd =2.5 E10 W/m

Time(ms) 0 2 4 8 12 16 20 24 28| 32 36 40
Number

of Micro- 430

cracks 0 459 | 2155 | 3495 | 3835 | 3992 | 4098 | 4175 | 4238 0| 4351 | 4386
Micro-

cracks 97.

(%) 0| 10.43|48.98 | 79.43 | 87.16 | 90.73 | 93.14 | 94.89 | 96.32 | 73| 98.89 | 99.68
Pd =5 E10 W/n?

Time(ms)| o 1 2 4 6 8 10 12 14 16 18| 20
Number

of Micro-

cracks 0| 464 | 2195 | 3592 | 3897 | 4045 | 4122 | 4190 | 4234 | 4295 | 4345 | 4383
Micro-

cracks

(%) 0| 10.55 | 49.89 | 81.64 | 88.57 | 91.93 | 93.68 | 95.23 | 96.23 | 97.61 | 98.75 | 99.61
Pd =7.5E10 W/ni

Time(ms) 0 067 | 1.33| 2.66| 4.00| 532| 6.67| 8.00| 9.32|10.64 | 12.00 | 13.33
Number

of Micro-

cracks 0 469 | 2243 | 3635 | 3944 | 4065 | 4140 | 4199 | 4233 | 4289 | 4341 | 4379
Micro-

cracks

(%) 0| 10.66 | 50.98 | 82.61 | 89.64 | 92.39 | 94.09 | 95.43 | 96.20 | 97.48 | 98.66 | 99.52
Pd =1E11 W/n?

Time(s) 0 05| 1 2 3 4 5 6 7 8 9 10
Number

of Micro-

cracks 0| 482 | 2271 | 3600 | 3900 | 4041 | 4089 | 4124 | 4161 | 4187 | 4215 | 4266
Micro-

cracks

(%) 0| 10.95| 51.61 | 81.82 | 88.64 | 91.84 | 92.93 | 93.73 | 94.57 | 95.16 | 95.80 | 96.95
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Appendix O2: Galena-calcite, Fine-grained

Pd =1E9 W/nT

Time(s)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Number
of Micro-
cracks

15

92

239

456

786

1258

1685

2144

2473

2926

Micro-
cracks
(%)

0.00

0.17

1.05

2.72

5.18

8.93

14.30

19.15

24.36

28.10

33.25

Pd =2.5 E9 W/ni

Time(s)

0

0.04

0.08

0.12

0.16

0.2

0.24

0.28

0.32

0.36

0.4

Number
of Micro-
cracks

133

626

1433

2212

2930

3381

3767

4158

4451

4710

Micro-
cracks
(%)

0.00

151

7.11

16.28

25.14

33.30

38.42

42.81

47.25

50.58

53.52

Pd =5 E9 W/n?

Time(s)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

Number
of Micro-
cracks

492

2126

3528

4341

4847

5287

5600

5929

6102

6296

Micro-
cracks
(%)

0.00

5.59

24.16

40.09

49.33

55.08

60.08

63.64

67.38

69.34

71.55

Pd =7.5 E9 W/n?

Time(s)

0

0.0133

0.0266

0.04

0.0532

0.0665

0.08

0.0931

0.1064

0.12

0.133

Number
of Micro-
cracks

825

3319

4701

5454

6031

6282

6548

6761

6888

6986

Micro-
cracks
(%)

0.00

9.38

37.72

53.42

61.98

68.53

71.39

74.41

76.83

78.27

79.39
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Pd =1 E10 W/n?

Time(s) 0 0.01 0.02| 0.03| 0.04| 0.05 0.06 | 0.07| 0.08| 0.09 0.1
Number

of Micro-

cracks 0| 1141 | 4060 | 5498 | 6178 | 6546 | 6801 | 6974 | 7143 | 7284 | 7347
Micro-

cracks

(%) 0.00 | 12.97 | 46.14 | 62.48 | 70.20 | 74.39 | 77.28 | 79.25 | 81.17 | 82.77 | 83.49
Pd =2.5 E10 W/m

Time(s) 0| 0.004| 0.008|0.012| 0.016 | 0.02 | 0.024 | 0.028 | 0.032 | 0.036 | 0.04
Number

of Micro-

cracks 0| 1966 | 5977 | 7104 | 7605 | 7862 | 8008 | 8107 | 8197 | 8250 | 8303
Micro-

cracks

(%) 0.00 | 2234 | 67.92|80.73 | 86.42 | 89.34 | 91.00 | 92.13 | 93.15 | 93.75 | 94.35
Pd =5 E10 W/n?

Time(s) 0| 0.002| 0.004 |0.006 | 0.008 0.01 | 0.012 | 0.014 | 0.016 | 0.018 | 0.02
Number

of Micro-

cracks 0| 2351| 6687 | 7670 | 8090 | 8319 | 8431 | 8560 | 8625 | 8700 | 8712
Micro-

cracks

(%) 0.00 | 26.72| 75.99 | 87.16 | 91.93 | 94.53 | 95.81 | 97.27 | 98.01 | 98.86 | 99.00
Pd =7.5 E10 W/m

Time(ms) 0 1.33 2.66 | 4.00 5.32 6.65 8.0 | 9.31| 10.64 | 12.00 | 13.33
Number

of Micro-

cracks 0| 2510| 6916 | 7910 | 8278 | 8461 | 8551 | 8636 | 8689 | 8733 | 8754
Micro-

cracks

(%) 0.00 | 2852 | 78.59 |89.890 | 94.07 | 96.15 | 97.17 | 98.14 | 98.74 | 99.24 | 99.48
Pd =1 E11 W/n?

Time(s) 0| 0.001| 0.002 | 0.003 | 0.004| 0.005]|0.006 | 0.007 | 0.008 | 0.009 | 0.01
Number

of Micro-

cracks 0| 2606 | 7036 | 8036 | 8381 | 8516 | 8614 | 8694 | 8716 | 8745 | 8767
Micro-

cracks

(%) 0.00 | 29.61 | 79.95|91.32|9524| 96.77 | 97.89 | 98.80 | 99.05 | 99.38 | 99.63
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Appendix O3: Magnetite-dolomite, Coarse-grained

Pd =1E9 W/nT

Time(s)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

Number
of Micro-
cracks

13

71

483

720

981

1105

1225

1341

1404

1489

Micro-
cracks
(%)

0.00

0.36

1.97

13.42

20.00

27.25

30.69

34.03

37.25

39.00

41.36

Pd =2.5E9 W/n?

Time(s)

0.00

0.04

0.08

0.12

0.16

0.20

0.24

0.28

0.32

0.36

0.40

Number
of Micro-
cracks

17

448

962

1308

1694

1854

2014

2197

2356

2474

Micro-
cracks
(%)

0.00

0.47

12.44

26.72

36.33

47.06

51.50

55.94

61.03

65.44

68.72

Pd =5E9 W/nT

Time(s)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

Number
of Micro-
cracks

31

613

1257

1779

2150

2388

2567

2770

2888

2988

Micro-
cracks
(%)

0.00

0.86

17.03

34.92

49.42

59.72

66.33

71.31

76.94

80.22

83.00

Pd =7.5E9 W/n?

Time(s)

0.00

0.01

0.03

0.04

0.05

0.07

0.08

0.09

0.11

0.12

0.13

Number
of Micro-
cracks

42

683

1474

1989

2331

2581

2795

2922

3062

3170

Micro-
cracks
(%)

0.00

1.17

18.97

40.94

55.25

64.75

71.69

77.64

81.17

85.06

88.06
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Pd =1E10 W/n?

Time(s) 0.00 0.01| 0.02]| 0.03| 0.04 0.05| 0.06| 0.07| 0.08| 0.09]| 0.10
Number

of Micro-

cracks 0 44 | 750 | 1587 | 2022 2409 | 2721 | 2929 | 3074 | 3167 | 3282
Micro-

cracks

(%) 0.00 1.22 | 20.83 | 44.08 | 56.17 66.92 | 75.58 | 81.36 | 85.39 | 87.97 | 91.17
Pd =2.5 E10 W/ni

Time(s) 0| 0.004 |0.008 | 0.012 | 0.016 0.02 | 0.024 | 0.028 | 0.032 | 0.036 | 0.04
Number

of Micro-

cracks 0 58 | 942 | 1772 | 2275| 2590 | 2843 | 3087 | 3238 | 3340 | 3447
Micro-

cracks

(%) 0.00 1.61 | 26.17 | 49.22 | 63.19 | 71.94 | 78.97 | 85.75 | 89.94 | 92.78 | 95.75
Pd =5 E10 W/n?

Time(s) 0| 0.002 | 0.004 | 0.006 | 0.008 0.01 | 0.012 | 0.014 | 0.016 | 0.018 | 0.02
Number

of Micro-

cracks 0 64| 999 | 1880 | 2425 | 2784 | 2986 | 3163 | 3312 | 3403 | 3494
Micro-

cracks

(%) 0.00 1.78 | 27.75 | 52.22 | 67.36 | 77.33 | 82.94 | 87.86 | 92.00 | 94.53 | 97.06
Pd =7.5 E10 W/ni

Time(ms) 0| 1.33| 2.66| 4.00 5.32 6.65| 8.00| 9.31]10.64 | 12.00 | 13.33
Number

of Micro-

cracks 0 64 | 1008 | 1939 | 2431 | 2831 | 3089 | 3242 | 3358 | 3461 | 3567
Micro-

cracks

(%) 0.00 | 1.78|28.00 | 53.86 | 67.53| 78.64 | 85.81 | 90.06 | 93.28 | 96.14 | 99.08
Pd =1E11 W/n?

Time(s) 0| 0.001 | 0.002 | 0.003| 0.004 | 0.005 | 0.006 | 0.007 | 0.008 | 0.009 | 0.01
Number

of Micro-

cracks 0 64 | 1009 | 1957 | 2449 | 2837 | 3089 | 3271 | 3383 | 3459 | 3520
Micro-

cracks

(%) 0.00 1.78 | 28.03 | 54.36 | 68.03 | 78.81 | 85.81 | 90.86 | 93.97 | 96.08 | 97.78
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Appendix O4: Magnetite-dolomite, Fine-grained

Pd =1E9 W/nT

Time(s) o] 01| 02| 03 0.4 05| 06| 07| 08| 09 1

Number of
Micro-
cracks 0 0 0 2 2 3 4 6 7 8 11

Micro-
cracks (%)| 0.00| 0.00| 0.00| 0.02 0.02 0.04| 0.05| 0.07| 0.08| 0.10| 0.13

Pd =2.5 E9 W/n?

Time(s) 0| 0.04]| 0.08| 0.12 0.16 02| 0.24 0.28| 0.32| 0.36 0.4
Number of

Micro-

cracks 0 0 2 6 22 39 53 93| 136| 200| 331
Micro-

cracks (%)| 0.00| 0.00| 0.02| 0.07 0.26 0.46 | 0.63 111 | 1.62 | 2.38| 3.94

Pd =5 E9 W/n?

Time(s) 0| 0.02| 0.04]| 0.06 0.08 01| 0.12 0.14]| 0.16 | 0.18 0.2

Number of
Micro-
cracks 0 1 14 55 137 287 | 487 732 | 996 | 1318 | 1565

Micro-
cracks (%)| 0.00| 0.01| 0.17| 0.65 1.63 3.42 | 5.80 8.71 | 11.86 | 15.69 | 18.63

Pd =7.5 E9 W/n?

Time(s) 0 0.0133 | 0.0266 | 0.04 | 0.0532 | 0.0665 | 0.08 | 0.0931 | 0.1064 | 0.12 | 0.133

Number
of Micro-
cracks 0 1 32| 175 403 757 | 1234 1656 1948 | 2288 | 2507

Micro-
cracks
(%) 0.00 0.01 0.38| 2.08 4.80 9.01 | 14.69 | 19.71| 23.19 | 27.24 | 29.85

Pd =1E10 W/n?

Time(s) 0| 001| 002| 003| 004| 005| 006| 0.07| 0.08]| 0.09 0.1

Number of
Micro-
cracks 0 1 70 | 300 719 1331 | 1902 | 2393 | 2670 | 3048 | 3317

Micro-
cracks (%)| o0.00| 0.01| 0.83| 3.57 8.56 | 15.85 | 22.64 | 28.49 | 31.79 | 36.29 | 39.49
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Pd =2.5E10 W/mi

Time(s) 0| 0.004 | 0.008 | 0.012 | 0.016 0.02 | 0.024 | 0.028 | 0.032 | 0.036 | 0.04
Number of

Micro-

cracks 0 5| 226| 1066 | 2287 | 3262 | 4006 | 4632 | 5059 | 5360 | 5647
Micro-

cracks (%)| 0.00| 0.06| 2.69 |12.69 | 27.23| 38.83 | 47.69 | 55.14 | 60.23 | 63.81 | 67.23
Pd =5E10 W/n?

Time(s) 0 | 0.002 | 0.004 | 0.006 | 0.008 0.01 | 0.012 | 0.014 | 0.016 | 0.018 | 0.02
Number of

Micro-

cracks 0 9| 375| 1627 | 3134 | 4327 | 5097 | 5674 | 6064 | 6389 | 6713
Micro-

cracks (%)| 0.00| 0.11| 4.46|19.37 | 37.31| 51.51|60.68| 67.55| 72.19 | 76.06 | 79.92
Pd =7.5E10 W/ni

Time(ms) 0| 1.33| 2.66| 4.00 5.32 6.65 | 8.00| 9.31| 10.64 | 12.00 13.3
Number of

Micro-

cracks 0 10| 449 | 1861 | 3600| 4778 | 5525 | 6156 | 6535 | 6872 | 7137
Micro-

cracks (%)| 0.00| 0.12| 5.35|22.15| 42.86| 56.88 | 65.77 | 73.29 | 77.80 | 81.81 | 84.96
Pd =1E11 W/n?

Time(s) 0 | 0.001 | 0.002 | 0.003 | 0.004 | 0.005 | 0.006 | 0.007 | 0.008 | 0.009 | 0.01
Number of

Micro-

cracks 0 12| 482 | 1984 | 3745| 5031 | 5788 | 6386 | 6810 | 7078 | 7349
Micro-

cracks (%)| 0.00| 0.14| 574 |23.62| 4458 | 59.89 | 68.90 | 76.02 | 81.07 | 84.26 | 87.49
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Appendix P: Simulation code (PFC_FISH) used for moelling single
particle compression

restore galena_calcite_ball_new_oneparticle_1e9 0.1 s.sav; restore

microwave treated ore

SET THERM OFF MECH ON ; set thermal model off and mechanical model on

def make_walls ; create walls
command
wall id=1 kn=5e8 ks=5E8 nodes (5e-3, 5e-3) (-5 e-3, 5e-3)
end_command
command
wall id=2 kn=5E8 ks=5E8 nodes (-5e-3,-5e-3) (5e -3,-5e-3)
end_command
end
make walls ; Execute and make walls
def _vfinal
_vfinal= 0.2 ; velocity of walls

end

def nsteps

_nsteps= 2000 ; total number of steps

end

def nchunks

_nchunks=80 ; number of steps per iteration
End

def accel_platens
_niter =_nsteps/ _nchunks ; iteration to reach the velocity
loop _chnk (1, _nchunks)
_vel = _chnk*(_vfinal/_nchunks)

_mvel =-_vel
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command
wall id 2 yvel= _vel ; specify velocity of the bottom wall
wallid 1 yvel=_mvel ; specify velocity of the top wall
cycle _niter

end_command
end_loop
end

accel_platens , Execute
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