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Abstract

Granular segregation is a common occurrence in the pharma-
ceutical and food industries, although typically it is usidable

as segregation leads to non-uniformity in end products lansl t
lowers the overall product quality. It is well-known thagse-
gation occurs due to differences in the species composiag th
mixture such as particle size, shape or density; unforaipat
this is often an unchangeable quality. The question is tlogn h
to minimize (or enhance, depending on the application) ¢ge s
regation, given a mixture that cannot be changed; thus,ahe f
cus of this work is on external factors that can be controlled
Specifically, considering a dry granular chute flow, we focus
on chute-related factors such as the inclination angldacair
roughness, fill volume, cross-sectional profile, and base pr
file of the chute. We present here, the investigation regtdts
date) into some of these factors, for a mixture comprising tw
species of different size. The numerical simulations were c
ducted using the discrete element method (DEM) specifically
using the open-source code LIGGGHTS developed for granular
simulations. A small-scale table-top experiment consistf

an acrylic chute, approximately 1m in length with variabie i
clination angle, was used to obtain results both for obbgira
preliminary understanding, as well as to validate the nigakr
simulations. Monitoring the rate and extent of segregatiban
varying each investigated factor, unsurprisingly we firat the
segregation dependency is not straightforward, due toehe s
sitivity of the granular flow’s velocity profile. Formulatioof a
general guideline or optimal set of conditions, will thuguie
further investigation using other granular compositionsvall.

Introduction

Granular materials can be seen in processing industriexdf f
pharmaceuticals, detergents, chemicals, paints, cassnetic.
During handling of these products, stirring, shaking orailng

can cause segregation which is sometimes a problem in these
industries. Segregation is the separation of differentigas

in the mixture. Even if the particles are mixed initially,eth
mechanical processes lead to separation that is, theyatepar
into clusters of similar particles based on differencesize,s
shape or density. In industries, this segregation of gegimay
give rise to non-uniformity in products and ultimately affe

the product quality. Although the root cause of segregaton
differences of the particles making up the mixture, ofteeis

we have little to no control over the mixture composition. As
such the overarching goal of this research is to study how the
segregation process can be affected by external pararsetdrs

as the inclination of the chute transporting the chute, &sath
fects the flow velocity and therefore the segregation, audiy.

Segregation aside, the flow of granular particles have beeh s
ied widely through both numerical and physical experiments
Bi et al. [2] investigated experimentally the influence ot-bo
tom roughness on monodisperse disks flowing down an inclined
chute. They studied the positions, velocities, and ratatisith
respect to different inclinations. Tai and Lin [16] preshte-
sults of granular flow in an inclined chute into the horizdnta
run-out zone. They studied the motion of granular masses and
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Figure 1: 2D sketch of experimental setup

evolution of deposition heaps. Sheng et al. [15] conducked e
periments to study the characteristics of quasi two-dinosad
granular flows down in an inclined straight rectangular ehut
Zhou and Sun [18] used particle flow code (PFC) to numeri-
cally model the solid particles. They studied the effecttudre-

nel confinement, shear rate and variation in flow regi8alinic

et al. [12] used the optimal control theory to find the optimum
chute profile at maximum exit velocity of granular material.
Brodu et al. [3] studied the flow of the granular material in
an inclined plane with flat base. They varied the material pa-
rameters and basal conditions and found a new pattern in high
speed flows of granular material.

Deng et al. [5] discussed the segregation of tridisperseugra
lar materials flowing down a chute. They made a continumm
transport model and studied the effects of relative parsite,
diffusion and velocity profile on segregation charactearsst
Much previous works are either on developing a new model
[10, 14, 17] on predicting the segregation or controlling plar-

ticle properties [13, 1, 11] in heap flow and rotating drum -mix
ers. From literature, many numerical simulations and exper
ments are carried out to study the behavior of granulargesti
flowing through chutes. There are also numerous studies on
segregation and its underlying mechanisms, but none on how
the segregation can be minimized by controlling externed fa
tors. In this paper, we present the preliminary results of ou
numerical and experimental investigation into one suctofac

the effect of fill volume on segregation.

Experimental Setup

We study the flow of different volume of two-sized particlemi

ture down an inclined semicircular chute. The experimental
setup is shown in Fig.1, where a Perspex pipe of 0.15m diame-
ter is cut into semicircle to simulate in a chute of lengthni..3
First, the chute is adjusted to a predetermined angle, and an
acrylic stopper is placed at the 0.3m mark of the chute to sig-
nify the starting position of the glass beads. Then, dependi
upon the percentage of fill volume, the number of small and
big particles will be evenly mixed and placed before the stop
per. This percentage of fill volume is calculated as per thigin
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Figure 2: Volume fraction of small particles in bin

height at the chute entry gate to which itis filled. The cditat

bin is placed at the bottom near the exit of the chute. We have
used three partitions in the collection bin made of perspbe

two sizes of glass beads - 2mm and 3mm diameter have identi-
cal density. They are allowed to flow down the chute inclined a
30° to the horizontal.

Relative solid volume fraction for 2mm particles is given by

Nl ><V1

P= Ny V1N x Vs @)

whereN; andN, are the number of small and larger particles
respectivelyV; andV, are the volume of small and larger par-
ticles respectively. We measure the mass of beads in each par
tition and use it to determine the degree of segregatiomlas f

lows. _
S /Zi”:l(q; - 9? @

where@ is the relative solid volume fraction of small particles
in i partition of the collection bin ang is the initial solid vol-
ume fraction, i.e. 0.3 as for small particles.

Using this standard deviation expression, ‘0’ would cqooesd
to a uniform mixture. Thus the larger the value of S, the more
segregation has occurred.

Results of Physical Experiments

The relative solid volume fraction of small particles in lkrdoin

for different fill volume is shown in Fig. 2. Bin 1 is the closes
to the bottom of the chute, while bin 3 is the furthest. Gelhera
we expect that particles near the top of the granular flow will
fall into bin 3, while particles near the bottom of the flow il
fall into bin 1.

From Fig. 2, we find that for the lowest initial fill volume (20%
the relative solid volume fraction of the small particlegligse

to 0.3 (the initial relative volume fraction of small patés)

in all 3 bins, which implies that not much segregation has oc-
curred. For the higher initial fill volumes, we observe that t
relative solid volume fraction of small particles is grestie bin

1, and lowest in bin 3. This implies that the small particlageéh
segregated towards the bottom of the flow. Comparing within
each bin, it appears that the segregation is increased igtieh
initial fill volume. This is seen more clearly from the plot of
segregation intensity for different fill volumes, shown iig F3.

There is a clear increase in segregation intensity witheirfit!
volume up to 53%, followed by a sharp drop. We theorise that
this is because at low initial fill volumes, the layer of pelas

is small (sometimes only 1 layer), which makes it difficult fo
segregation (via percolation or kinetic sieveing) to occAs
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Figure 3: Segregation Intensity of particles in bin

the initial fill volume increases, the number of layers irse
and so more segregation can occur. However beyond a critical
fill volume (around 50%), there are enough particles such tha
segregation along the length of the granular flow (that igela
particles move towards the front of the flow) becomes more sig
nificant, and therefore the ‘vertical’ segregation as messby

the bins is no longer as distinct.

Aside from this, the absolute mass of particles falling iohea
bin is also not uniform — this could lead to misleading interp
tations of the physical experiment results. While finer slims
could remedy this issue slightly, we believe that using nume
ical simulations would shed more light on both this as well as
the segregation process within the chute itself.

Numerical Setup

Cundall and Strack [4] first proposed the discrete element
method (DEM) in 1979. It calculates and updates the posi-
tions and velocities of every single particle at each in@em
tal timestep. The numerical simulation is performed using a
open source discrete element method (DEM) particle simula-
tion software called LIGGGHTS [9]. The repulsive contact
force between a pair of overlapping granular particles irBEq
are modeled based on Hertzian contact theory [6, 7].
F =Fn+Ft = (Kndn —YnVn) + (Ktdt — vtvt) (3)
whereF, andF; are the components normal and tangential to
the plane of contact. The subscripts 1 and 2 in the formulae
mentioned in Table 1 refer to the two contacting particles.

Ft <HFn
p = coefficient of friction
On = overlap distance of two particles
o = tangential displacement vector between 2 particles
Vn, i = hormal and tangential component of the relative velocity
of 2 particles
G = Shear Modulus

Specifically, we model the flow of a fixed volume of binary
granular mixture (composed of spheres) down a rigid waltehu
with semi-circular cross-section. The only external farcéhe
simulation is gravity. Just as in the physical experimeng t
chute used is of length 1.3m, and the granular particlesrare i
serted at 0.3m from the end. In the present simulation, 3mm
and 2mm diameter particles at 100g/s mass flow-rate disédbu
with mass ratio of 0.3:0.7 are inserted. The other mater@p
erties used for the numerical simulation are listed in table
The flow of particles in the chute inclined at°3® the horizon-
tal axis are observed.
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Table 1: Formulae for calculating force components for a pai

of particles in contact

Youngs Modulus (E) % 10° Pa
Density ) 2500 kg'm?
Particle-particle restitution coefficient () 0.9
Particle-particle friction coefficienty 0.3
Poissons ratiou) 0.45

Time step (dt) 0.01 millisecond

Table 2: Material properties of particles
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Figure 4: Evolution of average transverse velocity Vx of
particles at midpoint of chute, for different initial fill iames
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Figure 5: Evolution of average streamwise velocity Vz of
particles at midpoint of chute, for different initial fill Wiames
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Figure 6: Evolution of relative solid volume fraction of skina
particles at midpoint of chute, for different initial fill iames

Results of Numerical Simulation

Figures 4 shows the time evolution of average cross-streiam w
velocities of small particles for a small section halfwayo

the length of the chute. From Fig. 4, we see that the average
normal velocities of the small particles are more than thgela
ones. This means that the larger particles are flowing atecent
and small particles are flowing at edges. As the fill volume in-
creases, the cross-stream velocity Vx decreases, whidiesnp
there is little movement of particles from the center, ite par-
ticles are moving together. Thus, the segregation in ctosars
direction decreases with an increase in fill volume.

Figures 5 and 6 show the time evolution of average streamwise
velocities as well as the relative solid volume fraction iwiadl
particles for a small section halfway down the length of the
chute. Only a portion of the initial fill volumes investigdtare
presented here for clarity. Note that due to the small volome
particles, the flow height was typically not very high andshu
vertical profiles of solid volume fraction and velocity weret
measured.

We observe a general decrease in the downstream velocity of
small particles in Fig. 5. This is in keeping with reportaeia-

ture observations of segregation along the granular floerevh
the large particles are generally faster than the smalighest

[8]; it also supports our hypothesis regarding the drop ot se
regation intensity observed in Fig. 3 for the highest inhifikh
volume. . Figure 6 shows three different stages:

1. For the first=0.1s, the particles are still evenly mixed.
This is reflected by the relative solid volume fraction being
close to 0.3 (the initial relative volume fraction).

2. Over the nexte 0.2s, the relative solid volume fraction of
small particles decreases. This indicates that large-parti



cles have moved faster than the small particles, implying

segregation along the chute.

3. Finally, the relative solid volume fraction of small part

cles increases again, which is due to the decreasing num-

ber of large particles left in the chute.

It must be noted, however, that while these changes can be ob-

served the magnitude is relatively small. This implies ged-
regation along the chute flow is relatively low. The only gxce
tion is at the highest initial fill volume investigated (60%9r

which the changes occur both earlier and more sharply — this
implies that near 60% initial fill volume, the total mass of-pa
ticles has become large enough that segregation along tite ch

flow is now starting to be significant.

Conclusions

Considering observations from both the physical and numeri
cal investigations, we conclude that even in a chute as sisort

1min length, segregation occurs in both the transverser(@ipr

and streamwise directions. The extent of vertical segimgat

increases with initial fill volume. Segregation along thaiteh
flow, however, is not significant until at higher initial fillol
umes. Thus to maximise segregation, initial fill volumeswtio
be as high as logistically possible. Conversely to mininsisg-
regation, low initial fill volumes would be better, althouttis

is not preferable in terms of (industrial process) efficienc

We acknowledge, however that in an industry it is unlikely fo
granular flows to involve only such low volumes of material.
Our logical next step is thus to investigate the effect of fill
volumes using simulations with periodic boundary condisio
Other aspects currently under investigation include oitieli-
nations as well as the surface roughness of the chute.
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