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Abstr act

It is known that discrete element method modelling NDBf rock size reduction can be achieved by
two approaches: the population balance model (PBM) thiedbonded particle model (BPM).
However, only PBM has been successfully used in DEMeattiog cone crusher in the literature. The
aim of this paper is to explore the feasibitiiyusing the BPM to represent the sieduction of rock
experienced within the cone crusher chamber. The feddparticles were represented by isotropic
dense random packing agglomegafehe simulation results were compared with the PBM Isitimn
results, and it was showthat the BPM cone crusher model was able to satisfigcteplicate the
performance of a cone crusher as well and it can provade accurate prediction of the percentage
of the fine products. In addition, the novel contribothere is that the rock feed material comgrise
particles of realistic shapes which break into morestéadily shaped fragments compared with the

fragments with defined shapes in the PBM model.

Introduction

The cone crushelis the most common type of mineral comminution machfiadis used widely in
the minerals and aggregates extractive industries &hanedium or above medium sized rocks. The
use of an incremental build and the testing of aftermadesign prototypes is expensive, often
requiring the production and several model&démtify the required an economic improvement in the
crusher performance. The developmentaofalidated computational simulation mode afcone
crusher could significantly reduce the required leae temd costs. The discrete element method
(DEM) (Cundall and Strack, 1979) provides a potentialhoetto investigate the mechanical
behaviour of the flow and breakage of granular materidboth the micro and macro scales. The
PBM approach replaces the predicted failed parent paicienumber of new and smaller fragments
while the BPM approach represents individual particeearaassembly of bonded micro-spheres, with
breakage simulated by the failure of some of the boiitie. Population Balance Model (PBM)
(Herbst et al, 2003) has already successfully beeniedpmi DEM modelling cone crusher
performance (Lichter et al, 2009; Li et al, 2014). Hesve as the progeny fragments have to be
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formed and located at the position of the parent f@rtibe PBM approach cannot replicate the
movement of the original parent and the subsequegepy particles formed post failure. In contrast,
BPM can consider the particle movement as a result @fishing sequence as the agglomerate is
directly broken into smaller particle§he research results presented in this paper explore the
feasibility of the use of BPM to simulate the performaoica cone crusher using DEM, the feed rock
particles are representdy a collection of dense rand@ympacled agglomerates of bonded micro-
spheres, and the simulation results will be compaitdtihe PBM simulation results provided by Li

et al (2014).

The construction of DEM cone crusher model

The program PFC3D (Itasca, 2008) and the prototype comhasrgonstructed by Li et al (2014)
were used in this study. Figur¢ 1and Figure 2 illustigpical vertical and horizontal cross-sectional

views through a cone crusher. Tablke 1 shows the sfatee prototype cone crusher and the

corresponding parameters are illustrated in Fig 1.réhder is referred to the work of Li et al (2014)
for the details of the geometry of the cone crusher. Fgjsigows an illustration of the representative
3D rendered surfaces of the mantle and concaves fornfed aitypical DEM cone crusher model.

Table 1. Parameter val ues used to construct the DEM cone crusher model

F(mm) [ CSS(mm)| s(mm) [5() () ¥ (%) AL(mm) | D(mm)

55 12-18 4.5 1822 45 2 50 300




Figure 1. A vertical cross-section view through atypical cone crusher.
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Figure 2. A horizontd cross-section view through a typical cone crusher



Figure 3The DEM cone crusher model

Agglomer ate cali br ation

Various types of agglomerates has been used for DEMIingdef particle breakage: hexagonal
closed packing agglomerate (Cheng et al, 2003; Lid4;20im and McDowell, 2007), agglomerates
generated by the radius expansion method (Cil and lAisBD12; Potyondy & Cundall, 2004) and
dense random packing agglomerates (Li et al, 2018)a Aense and isotropic particle is desired, the
dense random agglomerate generated by Li et al (2048)uaed in this study which is achieved by
inserting particles to fill the voids in the agglomeratfhe generation detail is given in detail by Li et
al (2013).

Li et al (2014) diametrically crushed granite ballesttiples of three sieve size fractions and found
that for each size fraction the tensile strengths of &figes followed the Weibull distribution
(Weibull, 1951). The tensile strengths were then useti@ breakage criterion their PBM modelling
of the cone crusher performance. In order to compare with &i (2014)s PBM simulation results,
the agglomerates are calibrated to have same testedegths distribution with granite ballast
particles crushed in Li et al (2014)diametrical compression tests. The spherical densgoman
packing agglomerate used here is an isotropic patticlet al, 2013); in this case it is expected that
the strength of the agglomerate is proportional to tvel Istrength (Cil et al, 2013; Li, 2013). Thus,
the modelling of the variation of particle strengthg be achieved by simply giving each agglomerate
a single value of bond strength which is taken fromrtievant distribution of the experimental

results The calibration process is as following

e The Youndg's modulus was chosen with a Poisson ratio of 0.jite an initial elastic

response which matched the experiments.

e The agglomerate was given a random bond strengthmags a Weibull modulus equal to

that for the Weibull distribution of particle strengthshe experiments.



e This agglomerate asthen crushed to obtain &gength o.

e The bond strength was then scaledfe)o (to obtain the assumed 37% bond strength Bo.

e The agglomerates were then assumed to have a bongtbtggven by a Weibull distribution

with the chosen m and a 37% bond strength Bo.

McDowell and Li showed in the discussion Cil et (a013) that the crushed agglomerates had
approximately the same distribution of strengths asatbsumed bond strength distribution, if the

average bond strength is scaled to give the correcagereagglomerate strength, and the reader is

referred to Figure 6 of that discussion. The calibratedonmput parameters were showp in Tahle 2

Further explanations of the definitions of the parametergyiven by Itasca (2008).

Table 2 Input values of micro parameters of the agg omerate used in BPM DEM cone crusher model

Parameter values
micro-ball radius 0.0025m
micro-ball density 2700 kg/m’
friction coefficient 0.5
Young's Modulus 70GPa

Poisson's ratio 0.2
parallel bond radius multiplier 1
parallel bond normal stiffness 5%10"*N/m
parallel bond shear stiffness 2*10" N/m
37% normal/shear bond strength, Bo 60MPa

Smul ation procedur e

The DEM simulation models used 100 particles adebd material. The sizes of the particles were
chosen to be in the rand&-28mm, which is smallest size fraction of the ballatticles crushed
experimentally (to save computational time).The nundbespheres in each agglomerate ranges from
1,328 to 1,512 and the total number of the spheresrigriineé 100 particles is 141,368.The particle
shape was also considered and this is a unique fezttine approach presented in this pe@ure

details the modellingtages used to generate the irregular agglomerate shapes

e Generate a spherical random dense packing agglomératéius ratio 4 (the ratio of
the radii of the largest and smallest spheres in thmgrate); a radius ratio of 4 is
lowest ratio required to generate a dense isotropiccleantising the filling void
method proposed by Li et al (2013). The radius ofailjglomerate should be at least

equal to the measured sieve size of the real particle.



e Calculate the three dimensional external profile of riwl particle. The tool used
here was a 3D laser digitizer.
e Check the centres of all the spheres in the agglomé&ratgect the spheres whose

centredie outside the boundary.

Figure 4The mode ling procedure used to generateirregular particle shapes

The simulation procedure was showvﬁ in Figure 5, wdiepicts animation stills of the sequential

stages of the solution of the model. The proceduas ®llows:

e 100 particles of radius 28mm were randomly generatedeirtbe artificial cylinder
wall above the mantle - see Figure 5(a).

e The spheres are replaced by agglomerates - see bigiire

e The agglomerates are deposited into the feed binrayitg The bonds of the
agglomerates are given an artificially high bond stitetig avoid breakage during the
deposition process. A flat artificial wall is constregtabove the concave to avoid the
particles dropping into the chamber directly- see Figcg.

e The bonds in the agglomerates are re-allocated themtaiwalues. The flat artificial

wall is then deleted to allow the particles to flowoithe chamber - see Figure 5(d)



e The mantle is rotatedsee Figure 5(d)-(e).

© @ G

Figure 5Snapshots of the crusher Smulation in action using BPM approach

Results

The sizes of the fragments were calculated as theadepti radius, expressed as:

M
R =" |————— |
dmp(l—P) Equation 1

wherefsrepresents the equivalent radius of the fragment andridte the cumulative mass of all

the spheres included in the fragmenis, the density of micro spheres which is 2700Kg&mown in

Table 2, and P is the porosity of the initial aggloate which is 0.31(Li et al, 2013).

The stills shownin Figure 5 show that some fragments are projected ugwaud of the crusher
chamber or bin, this dynamic phenomenon is causqsitigle collisions and may also occur in the
operation of real cone crush@' ure §6 shows a graphical comparison of the pretictenulative
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product size distributisfor the two breakage models using the same cone crosiue geometry
and operational condition§he PBM curve is replotted based lanet al (2014) simulation result in
which there are the same geometry of the cone crusbesathe eccentric speed and the same particle
strengths. The CSS and eccentric speed were 15mn0a@rghy respectively. An examination of the
data presented shows that for any sieve size, thelativaumass percentage produced by the BPM is
always higher than that computed by the PBM. Theegtrglifferences between the predicted
solutions occur at the finest size 2mm. The cumedatiass of products finer than 2mm for the BPM
and PBM models are 9.8% and 0.5%, and this makeBRi curve more consistent with a
traditional product curve of cone crusher, Figure 7 (HufH2010) shows an example of product
curves of cone crusher of various eccentric speeds ustiryd The difference between the predicted
distributions decreases for the largest particles siteshould be noted that the simulation of the
crushing of the agglomerate feed in the cone crush&rlfaddays on a PC with a specification of
Intel(R) Core(TM)2 Q9650 up to 3.0GHz. The BPM methodhésefore seen to be computationally
very time consuming the equivalent simulation using the PBM particle aepment method only
took up to 20 days. However, the purpose of this paps been a feasibility study to establish
whether it is possible to model the crushing of pasiaf realistic shapes in a cone crusher and this
has found to be possible and to give realistic resufisis makes it possible to run simulations with
different feeds and models and crusher geometries tblisstevhich parameters can be adjusted to

increase comminution efficiency and therefore inform desfigrew prototypes.
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Figure 6 Comparison of BMP cone crusher and PBM cone crusher
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Figure 7 Traditional product curve of cone crusher (Data source: Hulthen, 2010)

Conclusions

A prototype DEM cone crusher model has been succegsshufistructed using the bonded particle
model. The feed particles were represented by densemgratking agglomerates. The agglomerates
were calibrated to have the same tensile strengtlisbdison with experimental diametrically
crushed granite ballast particles. The comparison RBM simulation results in literature shows the
BPM cone crusher model was able to satisfactorily reglita¢ performance of a cone crushidus

it has been possible to model rock breakage in a camtioninmachine with an eccentrically rotating
cone using alternative and complimentary methods,namdelling the fracture of irregular shaped
particles using agglomerates of bonded particles hexs $fgown to be possible. Based on the fact that
the BPM model considers the particle flow as a resfutrushing sequence and it provides more
accurate results of fine products, it can be very ugafelh it consumes more computation time than
PBM model.
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