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ABSTRACT

The generation of dust from mineral extraction @ndcessing sites is related to the
mechanisms of formation exhibited by the variousermals handling processes which
are undertaken. For example processes such asgi@yrinding, transfer of materials
with conveyor belts might generate dust fractiopsabrasion, and the use of draglines
or the tipping of material are liable to generatistddue to impaction. Previous research
investigations have attempted to quantify dustlketbg the development of a variety of
laboratory based dustiness tests, which simulatenuan handling processes. These
laboratory tests can be very useful tools for gtatinte studies of the dust generation
potential of materials if they relate accuratelythe process under investigation. This
paper presents the development of an experimentallgated model to improve the
fundamental understanding of the breakage mechan@ssociated with the dust
generated by of one of the most popular dustinests,tthe HSE-WSL rotating drum
apparatus applied to rock samples obtained frorargel UK limestone quarry. This
investigation employed both an experimental and pdational approach. The
experiments conducted explored the kinetics of tthmbling action for a variety of
single sized limestone fractions. The resultanakage processes produced by the mill
were modelled using the specific rate of breakagkthe breakage distribution function
determined from experiment. Further experimentatstigations were performed using
a high speed video system to identify both the dyina of the limestone charge in the
tumbling mill, and the participating breakage methas. Finally, a computational
discrete element model (DEM) was employed to pteahcticle motion, fragmentation
and energy distribution in the tumbling mill. A cparison of the experimental and
computational results have concluded that the geioarof the resultant dust fraction is
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solely due to abrasion caused by the frictiondirstj of particles on the drum walls and
over other particles. This conclusion indicates tine HSE-WSL mill replicates the
industrial processes that they are liable to predparticulates by abrasion (e.g.
conveyor belts, sieving, mills). The breakage pssoef the tumbling mill followed the
first order kinetics hence the tumbling action @enpredictable. The subsequent DEM
models have verified that operational parameters. @rocess such as the rotational
speed, the power draw and the sample mass ardyctesavant to the dust generation
potential of a material. This in depth investigatiof the involved mechanisms in
industrial processes has proved to compare well thie liberation dust and it may be
used to predict trends and evaluate the impactspkaific event.

Keywords: DEM modelling; Dust generation potential; WSL tumg mill; Particle
motion; Experimental dustiness test

1. INTRODUCTION

The dustiness of a material is defined as beingeasure of its propensity to generate
dust from a bulk source (Higman, 1985). Dustinessclosely dependent on the

materials handling processes which are taking pl@g. materials transport and

comminution). An understanding of and the abilaypredict the dustiness of a material
is important as dust is potentially hazardous ®ehvironment, the human health, the
safety and the productivity of a processing plémtaddition, air quality standards and
occupational health limits, aim to delimit, preveahnd control particulate matter

emissions originated by the industrial sector (Retai et al., 2005).

To try and quantify the dust generation potentialily certain material handling
processes a range of dust measurement techniques been developed. These
dustiness tests can be categorised into the fallgpwiree groups (British Occupational
Hygiene Society Technology Committee, 1985; Higmkd85; Lyons and Mark, 1994;
Schneider and Hjemsted, 1996):

() Impact or single drop methods. The test materld feom a certain height onto a
metal surface in an enclosed chamber.

(i)  Fluidization methods. A current of air passes tgtoa bed of coarse particles
mixed with the test material at a sufficient vetgpdb overcome the inter-particle
bed forces and to cause dispersion.

(i) Rotating drum methods. The test material is repiatéted by a series of blades
and dropped into the drum chamber as it rotates.

The use of rotating drum tests has been most popslahey are the most versatile.
They have the advantage that fine, lumpy, dry onmlanaterial can be easily tested,
allowing a range of mass concentrations and saetifms (powders, pellets, granular
material) to be selected. The dust measuremerst pesvide a quantitative measure of
the particulate matter generation potential ofedé#ht materials. This paper reports the
results of an experimental and computational ingatbn to identify the dust
generation mechanisms present within a WSL dustitess drum (HSE-WSL).
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In the mining industry dust can potentially be gated and emitted during all stages of
extraction, preparation and processing. In a repesgarch investigation (Petavratzi et
al., 2007) a series of rotating drum dustinesstesre undertaken on a crushed pure
limestone from a Derbyshire quarry in the UK usthg Warren Spring Laboratory
(WSL) rotating drum test method (HSE-WSL). The firgs of this work revealed that
the mass and size distribution of the sample chartgebling time and the amount of
initial fines all influenced the final dust yiel@hese findings are significant because
they indicate that the volume of dust produced ddpeupon both the operational
parameters and material properties. An understgndin these relationships may
therefore assist the estimation of possible dustces associated with the various
stages of a mineral flow sheet.

Although dustiness tests provide a method of gfiang the propensity of material to
produce dust, the dustiness prediction is validy dat those processes for which the
mechanism of dust production is replicated by tbst tmethod. The test method,
therefore, has to simulate the relevant mechanfsdust production for the result to be
meaningful. The objective of the research preseimehis paper was to investigate the
mechanism responsible for dust production that scouthe HSE-WSL rotating drum
test and hence identify the actual processes whiete mechanisms simulate. For these
experimental and theoretical investigations a adshigh-purity-limestone particles
obtained from a local Derbyshire quarry in the Ukrevused.

The mechanisms of dust generation in the tumbliflgwere investigated using both
experimental and computational methods. Experintientatook place through two
different procedures. Initially the kinetics of thembling action were explored for a
variety of single sized limestone fractions, by docting the WSL test for a range of
tumbling times and surveying the effect which tletation period has on the test
samples. The specific rate of breakage of each mlifieaction tested was calculated
and conclusions were drawn upon the probabilittheflimestone fractions to break and
generate dust. The behaviour of the limestonegbestin the drum during the rotating
action was further investigated and recorded uaihggh speed video system. The high
speed camera assisted the understanding of thentysaf the limestone charge in the
tumbling mill, and the participating breakage methas identified. In addition, the
tumbling mill was simulated through computationt#ps using the discrete element
modelling (DEM) method. The DEM model was constedctto provide a more
fundamental understanding of the particle motidhns,fragmentation processes and the
energy distributions within the tumbling mill. Thesults of the experimental and
computational studies were compared and conclusicasn regarding the mechanisms
causing dust generation and the effectivenesseofMBL rotating drum test to simulate
common processes of mineral sites with high dusdyetion potential.

2. BREAKAGE MECHANISMSIN COMMON GRINDING MILLSAND
THEIR RELATION TO DUST GENERATION

Although the HSE-WSL tumbling mill is not a grindimill, nevertheless some of the
mechanisms of dust production associated with tunglills will occur in grinding
mills as the operational principles are similar.gmnding mills, such as autogenous
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mills, there are various mechanisms that take phabéch result in particles breakage
and diminishing particle size. During tumbling, ticles are lifted to the top of the mill
and subsequently move perpendicular to the planeootact, impacting on other
particles or on the drum walls, which produce beegs (Fig. 1). At the same time, part
of the charge is active in producing abrasion atritian breakage due to inter-particle
contacts and particle-wall contacts (Napier-Munnakt 1996). Mineral processing
engineers often investigate the breakage pattesasdf in grinding mills so as to
optimise their performance (e.g. minimise energysconption, and fines concentration)
and to increase throughout.

Impact Attrition Abrasion
——- —
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__Abrasion/attrition
zone
-

Impact zone~"

Fig. 1- The tumbling action and associated breakagehanisms (Napier-Munn,
Morrell, Morrison, and Kojovic 1996)

A similar investigative approach may be taken teestigate the breakage events within
a HSE-WSL dustiness tumbling drum, to determiridef breakage of the test particles
is responsible for the generation of dust and tentiy what are the principle
mechanisms acting on the particles of this paiicuest that contribute to the
production of fine particulate matter. In additionpre fundamental understanding of
the dust generation process of the tumbling testateow critical comparisons to be
made upon the industrial handling processes whietbast represented by the dustiness
test.
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3. THEWARREN SPRING LABORATORY ROTATING DRUM TEST

The Warren Spring Laboratory rotating drum (HSE-W34& comprised of a dust
generator and a dust sampler. The focus of thesiigation reported in this paper is the
dust generation process. A detailed descriptiorthef testing procedure using the
complete set up of the HSE-WSL test can be founthéntechnical literature (Health
and Safety Laboratory, 1996). The rotating drum poses a stainless steel drum of
0.3m diameter with conical ends. The length ofaylendrical drum body is 0.228m and
the length of each conical end section is 0.13 ightEvanes are eccentrically mounted
on the inside of the cylindrical body of the druta, promote the lifting and falling
action on the material. The drum rotates on agfaiollers mounted on a support frame.
The rotation of the rollers and hence drum areedriby a variable speed motor, set at
30 rpm. A schematic representation of the tumbtmid may be seen in Fig. 2.

] P

Fig. 2 - The HSE-WSL rotating drum. The cross sectf the drum also presents the
blades attached in the inlet of the drum

0.13m | 0.223m | 0.13m
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4. MATHEMATICAL MODELLING OF BREAKAGE PROCESS OF
TUMBLING MILL

The breakage of the particle charge within thetimgatumbling mill was modelled
using a population balance approach, to exploteeiforeakage mechanisms that occur
within the drum may be predicted and follow someown principles. The model was
based on the concepts of the specific rate of lagmkand the breakage distribution
function. The background to the adoption of this approadutined in detail by Austin

et al., (1994) The specific rate of breakagg B the probability of a particle from size
fraction j being broken in unit time (specific tulimg time interval) (Rhodes, 2003).
The breakage distribution function b(i,j) gives thebability that a particle of size
fraction j breaks into a particle of size fractiowhere j < i (a lower number size class
refers to a size fraction of greater dimension)e Thodelling of the tumbling mill
breakage process is based on the hypothesis thdighppearance rate of particles in a
given size interval can be proportional to the anmtoof that size remaining. The
population balance equation is given as Eq. 1. t{Awt al., 1984).
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(|

Wherew; is the mass fraction of all particles in the tumdldrum that fall into size
classi, S the breakage rate of particles in size clas®idb; is the breakage function ,
which refers to the breaking of the size interjvedlative to the size classif only the
top size fraction is considered then Eq. 1 canebgitten to a more simplified format
shown in the following Eq. 2.

- sw 2)

The integration of Eg. 2 gives following Eqg. 3:

W (t) _
nm—s,t 3)

Wherew;(0) is the relative amount of material of size the mill at initial time (zero).

4.1 Assistance of the Breakage M odelling Process by Experimentation

In order to model the breakage process of the tmgohill and to calculate the specific
rate of breakage (Sand the breakage distribution function b(i,j) ®omata were
generated from experiments. Modelling on the tuntpinill generated for four single
size limestone fractions. Hence, the limestone segmrate by sieving into four distinct
size fractions of 150g, which were namely 3.35 86fhm, 2.36 to 1.7 mm, 1.7 to
1.18mm and 1.18 to 0.85mm. The single fractionsewested at various tumbling time
intervals as shown in Table 1.

Table 1- Single fractions of limestone and tumbliinge intervals
used to investigate the dynamics of the WSL tungjoiiill.

Limestone Fractions Tumbling Time (minutes)
3.35x2.36mm
2.36x1.7mm
1.7x1.18mm 123457915
1.18x0.85mm

At the end of each experiment the limestone padieand fine material were recovered

from the mill and sieved using 42 sequence of sieves from the top size of the feed
down to 53m.

4.2 Analysisof Test Results

For each of the four size fractions the breakadecgen functionS was calculated by
plotting the natural logarithm of the relative ambwf material greater than a size
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against the cumulative tumbling time. Fig. 3 présehe particle size distribution of the
-3.35+2.36mm fraction as produced after differemlbling times. Fig. 4 shows a plot
of the mass retained against the cumulative turgblime. Fig. 5 presents the
approximation of the data to first-order kineticgl@ghe specific rate of breakage values
(S) obtained for the different single size fractions.
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Fig. 3 - The particle size distribution of the 8+2.36mm fraction produced for
tumbling times 1, 3, 7 and 15 minutes
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Fig. 5 - Natural logarithm of the percentage owrsilotted against the
sample charge tumbling time

An analysis of the resultant particle size disttidnu indicated that greater the tumbling
time, the finer were the resultant particle sizstrihutions. The effect that increased
tumbling time had on the particles tested was @algrly intensive at smaller sizes (i.e.
below 1.7mm for the -3.35+2.36mm fraction). Henoereéasing the tumbling time

causes an increase in the concentration of fingslying that mainly surface breakage
occurs due to the wear of particles on its surfgcabrasion and chipping.

The values obtained for the specific rate of brgakparameters for the -2.36+1.7 mm
and 1.7+1.18 mm fraction, were higher than the serairaction -3.35+2.36mm. It was
concluded that these two fractions have a greatéengial to break, thus limestone
exhibits selective breakage. The -1.18+0.85 mmeprtssthe lower specific breakage
rate. A similar trend has been observed when threeptage of mass retained was
plotted against the tumbling time. Fig. 4 shows tha disappearance rates are more
rapid initially for tumbling time up to 4 minutesyhilst for increasing times, past 4
minutes, the rate of breakage is lower. For tungbtimes greater than 9 minutes no
further breakage was observed. This observatiopatsp the proposition that as the
surface asperities are removed, the particles besmnoother and the rate of production
of fine progeny will decrease.

Previous studies (Petavratzi et al., 2007) weredaoted to explore the effect that
tumbling time (1 to 5 minutes) has on dust yieldr (& limestone sample of 100g,
<3.35mm). They found a linear relationship betwdentumbling time and dust yield.
The dust yield increased rapidly for tumbling timgsto 3 minutes. Also dustiness tests
on a single size limestone fraction (10mm particlseowed that increasing the
tumbling time from 1 minute to 3 minutes doubled ttust yield. This result comes in
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good agreement with the disappearance rates oloséwehe single size fractions of
limestone, which also increase with extended tumgitime up to 4 minutes.

The values of the breakage distribution functioij)o(ere used to describe the size
distribution of the breakage product. Some of thesellts are presented in Table 2. In
addition the specific rate of breakage and theKkamgea distribution function were used
to predict the product size distribution of a linmege feed <3mm (150g). The product
size distribution was also determined by sievingd te results were compared with the
predicted ones. Both the feed and measured praizestdistributions are expressed as
fractions of the mass retained at a particularigarsize interval to the total mass of the
sample. The product size distribution was prediatsishg the following Eqg. 4 (which
results from the modification of Eqg. 1). Since wiMyand wj=yjM, where M is the total
mass of feed material and yi is the mass fractiosize interval i, then we can write a
similar expression for the rate of change of maastibon of material in size interval, i
with time (Eg. 4) (Rhodes, 2003). Some of the tsspibtained are presented in table 3.

o6, i)syy;}-svi ()

Table 2 - The specific rate of breakage and breakawgction for the tumbling
mill and tumbling time 3 minutes

Interval (mm)  3.35x2.36 2.36x1.7 1.7x1.18 1.18x0.85
Sj 0.0088 0.0149 0.01 0.0053
b(1,)) 0 0 0 0
b(2,)) 0.83 0 0 0
b(3,)) 0.05 0.84 0 0
b(4.)) 0.02 0.05 0.71 0

An analysis of the data presented in Table 3, cmed that the predicted and measured
product size distributions present were in gooceagrent. A similar conclusion was
drawn for the results obtained for the other tundplimes employed. Thus, with a set
of specific rate of breakage and breakage functadoes for a given feed material, the
product size distribution after a given time in W&L mill may be determined.

Table 3 - Prediction of the product size distribaitof a limestone <3mm feed, for 150g,
tumbling time 3 minutes. The product size distritnitis also
determined by sieving (measured product)

Interval (mm) 3.35x2.36 2.36x1.7 1.7x1.18 1.18x0.85
Interval No | 1 2 3 4
Feed
Fraction 0.21 0.18 0.15 0.1
Prediction for
product
Fraction 0.19 0.17 0.15 0.1
Measured
product
Fraction 0.25 0.19 0.13 0.09
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The results of the population balance modellinthefbreakage process indicate that the
breakage process can be satisfactorily predicted) dgst-order kinetics. This implies
that the breakage mechanisms in the mill are pi@olie and consequently the WSL
drum test can be considered to simulate commonlimgnprocesses. Therefore it can
be concluded that tests such as the ones desénlibs paragraph, could prove good
predictors of the material behaviour under certaiocesses and its dependency to
dustiness levels. These observations also suggasoptimisation of certain industrial
processes to lower dust emissions would be posaidecould be predicted from the
laboratory tumble mill test.

5. FURTHER EXPERIMENTAL STUDIESON WSL ROTATING DRUM

Although some interesting preliminary conclusionsrevdrawn from the experiments
performed to study the kinetics of the HSE-WSL tlindbdrum, it was not possible to
distinguish what was the impact of each one ofrtleehanisms (impact, abrasion) that
acted on the particles in the mill. Consequently, fusther experimental and
computational study was conducted in an attempti¢atify the mechanisms of dust
production in the tumble mill. A series of labomgt@xperiments were conducted using
a high speed video camera, to record the tumblitigraof the particles within the mill.
The computational modelling was undertaken using ttiree dimensional discrete
element modelling method (DEM) The computationaldeis were constructed using
the commercial PFE (Itasca, 2003) code and are presented in a lat¢ios.

5.1 Video Recording of Tumbling Action of Particles

The tumbling motion of the particles in the WSL nirwvas recorded using the Kodak
EM high speed video system. The Kodak EM (electranémory) system records high
speed events and provides immediate slow-motioybplek. The system consists of a
Kodak ektapro hi-spec processor, a Kodak ektaprsplc imager, a monitor, light
sources and a PC. The experimental set up carebars€&ig. 6.

To permit an interior view of the rotation of tharpcles, Perspex observation windows
were fitted to the conical ends of the drum. Theew images were recorded
perpendicularly through one of the Perspex observatindows. In addition, a pair of
spot lights was set at each conical end to imptbeedetail of the images. The video
system recorded directly on solid state memory Z@rseconds at 1000 frames per
second. The full picture size definition was 24Qets horizontal, 200 pixels vertical
and with 625 pixels grey levels. Images were doadém through a Kodak interface to
a 300 MHz Pentium Il personal computer for subsatpest processing.

For these studies, limestone particles of 10mmiesisige were used at charge masses of
1509, 200g and 400g. The rotation speed of thewai#8 kept constant at 30 rpm. The
tumbling action was recorded until the memory & tideo system was full. An edited
fraction of the resultant video frames (up to 50@re downloaded to a personal
computer for further processing.
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Fig. 6 - The experimental setup of the recordintheftumbling drum
5.2 Experimental Observationsusing High Speed Video System

An analysis of the recorded video images of theblimg process showed that the
limestone particles were transferred with the hafighe lifter bars to the top of the
drum, from where they were allowed to follow a fried! trajectory and eventually
impact at the bottom of the drum. The same processinued several times until the
test was completed.

The size of the limestone particles was smallem tha lifter bars (25mm), therefore the
particles remained in contact with the sides ofdhen and the inner edge of the blades
until the influence of gravity was greater than anker applied force, normally at a
position close to vertical. For sample charge masdebelow 4009 this behaviour
resulted in the impact of particles in discretergseand not continuously as a cluster of
particles sliding off the lifter bars. During thepacts it was also observed that the
particles did not fragment, implying that dust vaa$ generated due to volume breakage
of particles. Also, particle to particle impactsdanteraction was low for small masses
of limestone (i.e. for mass charges of 150g andyR@or samples of mass greater than
200g, particle to particle interactions were preskre to sliding of particles caused by
the rotation of the mill as well as due to impaetvieen particles during free fall. For
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sample masses greater than 200g impact betweeclgmduring freefall were observed
at higher rates.

Fig. 7 - A video still of the recorded tumbling iact of the 10 mm limestone particles in
the HSE-WSL mill recorded by the high speed vidgsiem

From an analysis of the video stills it was coneldidhat during their capture and
rotational transport the particles would diminidieit size due to abrasion during
frictional sliding and inter particle contacts. $habrasive action would cause surface
asperities on the particle to be removed and gémére dust fractions.

It can be considered that for breakage of a partloccur and new fracture surfaces to
form then the particle must possess sufficienttiGnenergy. The kinetic energy of the
particles in the mill is therefore closely relatedthe probability for breakage to occur.
If breakage does not take place, then the partidesiot generate sufficient kinetic
energy. The kinetic energy of the particles wa®mined by tracking the trajectories
of individual particles on a frame by frame bas@f the top of the mill to the impact
point. The velocity { in m/sec) of the particles was calculated from ¢hange in
horizontal ¢(Ix) and vertical dy) distances as a function of tindt)(using Eq. 5.

2 2
V= \/(%) +(%j  [m/s] 5)

The kinetic energy of the particles is given by atpn 6, wherem is the mass of test
sample (i.e 150g or 200g) amdm/sec) is the velocity of the particles.

B ==mv? [] (6)

The patrticles (150g, 10mm) and reached their maxinaalocity, thus their uppermost
kinetic energy, close to impaction. The particldoegy was 1.59 m/sec, whilst the
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kinetic energy was determined as 0.001 Joules.vElaxity and kinetic energy results
represent average values from repetitive tests.ekperimental results for the kinetic
energy of the limestone particles are compared withdelling data, whereas the
minimum kinetic energy requirements for fragmematio occur are calculated and
presented in the following paragraphs.

5.3 Energy Lossesupon Impact

Upon the impact of the falling particles with thetiom of the drum the vast majority of
the kinetic energy is lost and therefore not atdélgo form new surface on breakage.
However, any small asperities in the line of thes#lisions will experience extreme
stress and be destroyed and produce fine progemy.amount of energy loss upon
impact can be estimated by the Coefficient of Retstn (CoR) of the particle-steel
impact. The CoR was calculated using a simple wdsdre a limestone particle was
released from a measured height equal to the déanoétthe mill. The Kodak EM
system was used to record the impaction of thagmrmnto steel surface, whilst the
trajectory of the particle was tracked down franyeflame so as to get an accurate
measurement of the rebound height. The experimast nepeated three times and an
average rebound height determined. The coeffi@éntstitution was then calculated as
being the square root of the ratio between theameheight of rebound and the drop
height. The determined value of CoR was 0.31. Tedficient of restitution can also be
defined as the ratio between the velocity beforé after impact. Assuming a particle
velocity prior to impact equal to 1 m/sec it candmsimated that for a coefficient of
restitution of 0.31 approximately 90% of the kiee#nergy would be lost on impact. It
was observed, similarly in the tumbling drum télsat fragmentation did not occur. The
energy losses were therefore attributed to kirextiergy dissipation (i.e. particles spin)
or transformation of the kinetic energy to otheergy forms (i.e. heat, sound) and lost
to transmission through the base of the samplereftwe, only a small proportion of
the kinetic energy during impact was absorbed bypéuticle, which was not enough to
break it.

An analysis of the experimental data obtained ftbm high speed video system test
showed further that the HSE-WSL test simulates wedl industrial processes, where
dust is generated due to abrasion of the rockgb@stsuch as on conveyor belts, sieves,
haulage roads etc.
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Fig. 8 - The limestone particle at the highest fimsiafter rebounding
on the steel surface.

6. COMPUTATIONAL MODELLING OF TUMBLEMILL

Computational modelling of the tumble mill was urtdken to provide a more
fundamental understanding of the mechanisms of deseration that were observed
within the mill and also to identify the mill paraters that affect the quantity of dust
produced. The modelling was undertaken using tlséindt element modelling code
PFCP Version 3.0 produced by Itasca (ltasca, 2003)hd\igh the DEM method was
developed in 1979 (Cundall and Strack, 1979) it maly around 1990 that Mishra and
Rajamani (1992) adapted the scheme to solving tagniphill problems as this method
was too demanding for the computational technokaigthat time. The distinct element
method has now been adopted as an established anfethpredicting particle motion
and energy distributions in tumbling ball mills @gljevic, 2003 & 2004; Morrison and
Cleary, 2004; Li, 2002; Mishra and Chenug, 1999préMrecently application of the
DEM technique for modelling power draw demonstratteak the numerical approach
produced results that were close to monitored walred comparable with the results
obtained using empirical based models (Djordjexx)3; Cleary, 2001).

6.1 Discrete Element Numerical M odelling

The DEM models may be used to simulate the movemedtinteraction of spherical
elastic particles during discrete intervals of timeing a time stepping explicit
numerical scheme (Cundall and Strack, 1979). Theicfes interact with adjacent
particles and boundaries known as walls when consadetected. These mechanical
interactions are governed by Newton’s dynamic lafvenotion and contact logic. The
DEM method uses a soft contact logic, whereby tntigles are allowed to overlap, to
predict the forces and moments generated due tlpatio particle and particle to wall
interactions. These forces and moments are thahtasmalculate the displacements and
rotations of the particles by numerical integratadrNewton’s dynamic law of motion.
Non-spherical particles may be constructed usintump logic that allows individual
particles to be permanently joined together to esent a non-regular particle
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agglomeration. As the system behaves in an elastitner, energy losses in the system
has to be accounted for explicitly using a damgargiulation that modifies the particle
velocities and forces. The numerical method usedntegrate the dynamic law of
motion is the centred finite difference method vetigr the forces and displacements of
each individual particle is determined at indivitltime step with velocities being kept
constant during the time step. This numerical metttegyuires that the time step is of a
size whereby non-linear responses of the systenm s& non-linear changes in
magnitudes and directions of velocity do not oabuning each calculation step.

6.2 Modelling Methodology

The DEM method adopts a soft contact logic whererlaps of the contacting particles
are allowed and used to determine the contact $ord@FCP has two inbuilt contact
laws; firstly a linear law where the contact normaald shear force acting are linearly
related to the degree of normal overlap and shisptadtement, and secondly a more
complex Hertzian non-linear contact law whereby tioemal stiffness of the particle
increases with increasing overlap to account ferdteater contact surface when two
spherical particles are pressed together. A studgreby both contact laws have been
utilised for the modelling of tumble mills is dedmd by Mishra (2003). For the
purposes of the modelling the linear law was adbpaed the key features are
summarised below.

For the linear law the normal contact force is gibg the following Eq. 6.

F=K.W".n IN] (6)
Where
F = force acting normal to the surface at the pofrdontact [N],
K" = stiffness of the particle [N/m],
U" = magnitude of overlap [m], and
N = normal unit vector to the contact plane.

The shear force acting at the point of contactaisutated incrementally by adding an
incremental force determined using the following E@t each time step.

AR =-K°AUi® ,[IN] 7
where
AF® = increment of shear force [N],
K® = shear stiffness of particle [N/m], and
AUI® = increment of relative shear displacement (correfaedotation)[m].

Thus at the end of every time step, the shear féitds updated by addingF°to the
existing value of Fafter it has been corrected for rotational movemoéthe contacting
plane during the time increment. The normal andslierce vectors can be added to
form one contact force vector &s follows.

F= R+F » [N] (8)
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6.2.1 Limiting frictional force

The magnitude of the shear force is limited by mh@imum resistance to frictional
sliding. In PFC3D frictional sliding is controlldry a Coulombic law Eq. 9.

Fs(max=H.Fn , [N] 9)

where

Fsmaxy = maximum allowable shear force [N],
U friction coefficient, and

Fn normal force [N].

This new force vector is then used to determinergiseltant force and moments acting
on the two contacting particles.

Frictional sliding is a process whereby energy issdirectly modelled in the system. It

has been shown by Mishra and Rajamani (1992), Miahd Thornton (2001) and Van

Nierop et al. (2001) that the power draw of milespdnds on the coefficient of friction

and is particularly sensitive to this parametehnigher mill speeds. Also the process of
dust generation observed in the tumble mill i.atigie to particle and particle to steel

attrition occurs as a result of frictional sliding.

6.2.2 Damping logic

Removal of excess energy from the particulate systecurs during frictional sliding of
the particles. However energy loss due to fricticsi@ing is not usually sufficient to
simulate all the energy losses within the systenr, ihstance localised plastic
deformation at the point of contact, particle hegtiattenuation of energy within the
walls of the mill and sound energy losses, ancefloee the motions of the particles will
then not be sufficiently damped. A damping of tly@amic force-displacement law is
thus required to accurately simulate the forces motions of the system. PEChas
several in-built damping laws. The damping logia cgither be local non-viscous
whereby the velocities of the particles are reduned factor, to dampen down motion,
or viscous damping whereby numerical equivalentadomal and shear dashpots are
added at each contact. Non-viscous damping ispprbariate for particles in free flight
and therefore viscous damping was utilised withim modelling. In viscous damping a
damping force is added to the contact force. Thapilag force is dependant on the
particles impact velocity and is determined usmitpfving Eq. 10.

Di=G[Vi] ,I[N] (10)
where
Di = damping force [N],
Ci = damping constant [kg/s], and
[Vi] = magnitude of the particle velocity [m/s].

The damping constant used in Eq. 10 is determiyassing Eq. 9.

G = B.CG™™ | [kgls] (11)
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where
C°" = critical damping constant [kg/s] and
Bi = critical damping ratio.

The critical damping constant depends on the madssaffness of the particle and is
given by following Eq. 12.

C"=2.(m.K)°° , [kg/s] (12)

The critical damping ratio is required as an inpatameter when using the viscous
damping models and can be determined by calibratitimthe measured coefficient of
restitution of the particles. If the critical damgiratio is <1 then the response is of
decaying oscillations and the particle is said ¢oumder damped. This is the natural
condition when the coefficient of restitution isgter than zero.

6.3 Numerical Modelling of Tumble Mill

The tumble mill simulation can be considered to pase of two components which
were namely the mill itself and the mass of pagdhside the mill.

6.3.1 DEM model of the particles

The sub-angular equate shaped particle used inlaberatory experiments was
represented as a bonded agglomerate of six sphelastic particles. The unbreakable
agglomeration was formed using clump logic. Thiswadertaken to ensure that upon
impact the centre of gravity of the particle did fie directly over the point of impact
and thus the particle may spin on impact replicatime behaviour that is observed in
the tumble mill. A picture of a typical particle shown in Figure 9.

Fig. 9 - PFEP particle formed by clump logic
6.3.2 Material Properties

The friction angle of the wall/particle contact wastained by undertaking a simple tilt
test whereby a single particle was placed on ashetet of stainless steel which was
tilted until the particle started to slide. The kngf sliding was measured to provide an
estimate of the friction angle. This simple expennhwas repeated several times and
the average friction angle determined using thisho was 21 To ensure that the
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friction angle produced the correct trajectory lué particle in the mill, the trajectory of
a single particle around the drum was comparedhdad derived from the video of the
tumble mill. It was considered that if the partitlaced a similar trajectory to a particle
in the actual mill the frictional parameters foe tivalls and particles would be correct.

As previously discussed the coefficient of resimutof the particles was determined by
experiment to be 0.31. In the construction of tredat viscous damping was adopted,
which required the determination of the criticalngang ratio. The coefficient of

restitution and critical damping ratio can be redatin the model the relationship was
determined by calibration by simulating the drogpof a single particle onto a steel
plate and measuring its rebound height. The impogaof this parameter was also
highlighted by Djordjevic (2005), who found fromrpanetric studies that the viscous
damping ratio of the particles is a very significgarameter in the DEM of tumble

mills.

The normal and shear stiffness (Table 4) were waleftom those previously used for
the modelling of particles in a tumble mill (Djoedic, 2005). The values are lower than
those typically measured for real rock particlésowever, Djordjevic found that the
predicted power draw remained constant within aavarange on varying the stiffness
over the range of 10 to 5,000 kNmHe concluded that the results of the simulatien a
not particularly sensitive to the stiffness parameind that it is desirable to reduce the
particle stiffness to a value below the measurddegto ensure that the simulation can
be undertaken in a reasonable amount of time.

Table 4 - Detailed physical properties of the p#t used within the
DEM simulation models

Density | Coefficient| Coefficient Particle stiffness
kg/m® | of friction of N/m
Restitution| Normal Shear
stiffness | stiffness
2800 0.5095 031 | 4x10° 3x10°

6.3.3 Model of tumble mill

The model of the tumbling mill consisted of a coexplpolygonal assembly of
rectangular walls. The walls act as boundary camtit on the particle assembly. If
contact is detected between a particle and a visglh ta contact logic is used to
determine the nature if the interaction. The patamsethat define the wall and govern
its interactions with contacting balls are the naknstiffness, shear stiffness and
frictional coefficient. The physical system consisf a series of walls representing the
mill (Figs. 11 and 12). The stiffness and frictibparameters of the walls were assumed
to be equivalent to the parameters of the partahekare given in Table 5.
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Fig. 10 - Comparison between trajectory measuredenaboratory
experiment and that predicted by the DEM model

Table 5 - Stiffness and frictional parameters efdhum walls

Stiffness Friction
N/m coefficient
Kn Ks U
4x10 3x10 0.5095

6.4 Numerical Modelling Programme

The computational model simulations of the mill dendivided into two sets. The first
set was undertaken to investigate the affect dfigg@armass on the generation of dust
within the tumble mill, whilst the second set waglertaken to asses the affect of rate
of rotation of the mill on the characteristics afstigeneration in the mill whilst keeping

the particle mass constant.

Four model simulations of the laboratory experirsemtere undertaken but with
different particle masses. The four simulations summmarised in Table 6 below and
represent particle masses of 150 grams, 200 g@@fsgrams and 400 grams.

Table 6 - Number of particles simulated for eactssrfeaction in PFC model

Total mass Number of

(grams) particles
Model 1 150 180
Model 2 200 264
Model 3 300 396
Model 4 400 528
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Fig. 11 - End elevation view of the WSL drum
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Fig. 12 - Side elevation view of the WSL drum

The speed of revolution of the mill for this setsfnulations was 30 revolutions per
minute, equivalent to that used in the laborat@std. The critical velocity of the

computer simulation of mill was determined to beré6olutions per minute, thus the
modelled speed represented approximately 48% ofcthieal speed. The adopted
method involved firstly the generation of the cledpparticles in the centre of the mill.
The particles were then allowed to settle undevityrat the base of the drum prior to
the commencement of the revolutions. The stable 8tap was 6.58 x fsec and each

model was run for 3,000,000 steps representingdl8econds of rotation. During the
simulation, historical data files logged the fractal energy, kinetic energy and the
boundary energy at 1000 step (0.00658 secondyaiter

6.4.1 Effect of sample size on energy used for attrition processes

Figure 13 illustrates the prediction of the amooienergy dissipated due to frictional
sliding, that is the identified mechanism of dushegration. Again the energy rate due to
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frictional sliding increased approximately lineaviyth mass of particles in the mill at
the rate of 0.0009 joules/sec/gram. The increasthefenergy absorption rate due to
frictional sliding with increasing mass predictattiproduction of fines should increase
with mass of material within the mill. The increasethe volume of fines produced
would be expected to generate a greater volumeustf groduced. This conclusion has
been justified by earlier experiments on the depany of the mass of material to the
dust yield, for a limestone sample. These investiga have shown that dust levels
increase as the sample mass increases up to 4B@ginfa different instance a positive
correlation between fines accumulation in the naiild dustiness levels has been
observed. Dustiness measurements are normallyemted by several parameters such
as material properties (e.g. particle size, mogsttontent) and operational parameters
(e.g. tumbling time). Therefore it is with cautidhat the modelling prediction of
increasing frictional energy with mass should beduso infer the increased dust
production in the tumble mill.

The percentage of energy draw from the tumble thét was used in frictional sliding
is shown in Figure 14. The modelling indicates thiah increasing mass the amount of
energy that is utilised for frictional sliding ireases from 23.5 % of power draw for 150
grams particle mass to 30 % for 400 grams mass.

An analysis of the results presented on Fig. 14 cwaglude that a greater degree of the
power draw from the mill is used to produce abnasamd therefore dust. This was
attributed to the greater degree of particle tdiglarcollisions that occur with a higher
mass of material and hence a greater number a€lesrtn the mill. The modelling also
indicates that once the mill reaches a steady #tate the total amount of energy used
in frictional sliding will be directly proportionalo the tumble time i.e. it would be
expected that the dust generated would increaseliagar function of time. This was
also inferred in dustiness testing where it wamébthat an increase in testing time
corresponds to a linear increase in the volumeaust denerated.

0.35 4
y=0.0009x - 0.0535

0.3 A
0.25

0.2 4

joules/sec

0.05 A

0 T T T T 1

0 100 200 300 400 500
mass (grams)

Fig. 1310 - Rate of energy dissipation due toifsiwl sliding
as a function of total mass in PFC model
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Fig. 14 - Friction energy rate as percentage ofgyawaw
against mass of sample in PFC model

6.4.2 Affect of mill rotational velocity on dust generation and power draw

A further set of model simulations were performed & particle mass of 200 grams,
whereby the affect of the rotational velocity ofetmill on power draw and dust
production was investigated. The general methogosappted was the same as for the
first set of models, with each simulation representl9.75 seconds of rotation.
However the rotational velocity of the drum wasiedrto simulate critical velocities of
20 %, 35%, 48 %, 65%, 73 %, 90% and 99%. The t@ijies of a single particle for
each of these velocities are shown in Fig. 15.

The affect of the mill rotational velocity was irstgyated in terms of net power draw,
frictional energy dissipation and the ratio betwdaational energy rate and power
draw. Figure 15 shows the affect of rotation speegower draw and indicates that the
maximum power draw occurred at approximately 63ktcat velocity.

The general shape of the graph is similar to tealte of a modelling exercise by Misra
and Cheung (1999) but differs in that they foundl ttihe highest mill power is drawn
for mill speeds between 70 to 85% critical velocity

The rate of energy loss due to frictional slidiigree various mill velocities is shown in
Figure 16. Although there is a degree of scattehendata the graph shows a general
trend of increasing rate of energy loss due tdidmal sliding with mill speed.

The frictional energy loss as a percentage of tdveep drawn from the mill is shown in
Fig. 17. This figure clearly indicates that the miom occurs at approximately 63% of
the critical velocity of mill.
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Fig. 15 - A plot of the predicted single partidajéctories in PFC model
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Fig. 1611 - The relationship between rotationahdspeed and power
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Fig. 18 - The frictional energy loss as a perceataighe power drawn for various mill
speeds in PFC model

However, although the maximum power draw is predicio occur at approximately
63% critical velocity the amount of the power drthat is used for frictional abrasion,
and therefore dust generation, is at a minimumha velocity (Figure 18). This
indicates that if the drum was of a sufficient siae fragmentation to occur optimum
fragmentation with minimal dust production due ttrasion would occur at
approximately 63% critical mill speed.

7. DISCUSSION AND CONCLUSIONS

Both the experimental and computational steps Isevn that dust generated in the
tumbling mill is mainly due to one mechanism thatabrasion, which is caused by the
frictional sliding of particles on the drum wallsdaover other particles.

The breakage process of tumbling mill follows timstforder kinetics, which implies
that the mechanisms of the tumbling mill may bedmtable, whereas the HSE-WSL
drum can find application on the simulation of coamhandling processes.

The experiments and mathematical calculations dhawvthe particles would not have
sufficient kinetic energy for fragmentation to ocdar mill size used. Approximately
90% of the kinetic energy is lost on impact, legvionly a small percentage to be
absorbed by the particles, which cannot break th&mo sets of PF& DEM
simulation models of the mill were solved. Thetfsst investigated the affect of mass
of sample on dust production and power draw andicateld that there was a linear
relationship between power draw and mass of pasgtiagl mill. The amount of energy
dissipated due to frictional sliding also increase@arly with particle mass. It was
conjectured that the amount of dust production @dnd directly related to energy used
in sliding and it was therefore seen that there wamsitive relationship of the dust
yield produced and particle mass at a fixed rotaspeed. This statement has been
confirmed by earlier studies on the dependencyaofipde mass to the dust yield of
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limestone. The second series of models investigdteaffect of mill velocity on dust
production. This set of models indicted that powdraw was a maximum at
approximately 63% critical speed but the ratio ew energy loss to frictional sliding
and power draw was a minimum at this speed. It emaluded that if mill was of a
sufficient size for fragmentation to occur optimdragmentation with minimal dust
production due to abrasion would occur at approtetye3% critical speed.

The findings of this work indicate that the partade matter generation potential of
industrial processes that they mainly produce dwmstabrasion is analogous to
operational parameters of these processes. Optianisaf parameters that have the
greatest influence in the process can result to ehakiction. For instance, optimising
the velocity of conveyor belts or the velocity oéhicles in haulage roads could
minimise the generation of particulate matter. éptth investigation of the mechanisms
involved in industrial processes has proved to ammpvell with the dust liberation

potential and it can be used to predict trendsesadlate the impact of a specific event.
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