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Abstract. To get insight into the segregation process of a polydisperse granular materials flow, we numerically investigated the migration process of particles in a rotating drum operating in the rolling regime by means of the discrete
element method. Particle migration is analyzed through the variation of the proportion of particles in different zones
where the flow property is characterized. The proportion of particles in different zones of the drum shows to increase
in the center of the flow radially and axially where a higher concentration of small particles is observed while its decreases in other zones with a higher concentration of larger particles. Interestingly, we find that the migration process of
particles leads to radial and axial segregation which is caused by a combination between the exerted fluctuation forces
on particles and its surrounding pressure gradient.
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1 Introduction
The segregation process has been a subject of particular interest
in granular materials for mainly separating material. The segregation is observed for materials having higher disparity in their
properties such as size polydispersity or density when materials are flowing in a particular regime [1–12]. The segregation
process is used in food, mining, pharmaceutical, or iron-ore
making industry [13–16]; we also observe this process in nature for phenomena such as debris flow or landslides [17–19].
The main observed segregation is based on material size disparity. A direct consequence of this size disparity is a sorting-like
process based on particle size while materials are flowing forming patterns of small and large particles and thereby affecting
the system evolution in terms of materials space distribution.
Depending on the configuration used (free flow on an inclined
plane, silo discharge or rotating drum) and the imposed flow
and boundaries condition (flow rate or confining conditions),
the observed segregation might be modified [20–25]. On an inclined plane or in a shear flow for example, the segregation
occurs following the parallel axis of the flow with patterns of
layers of particles with nearly the same size [17, 26–35] with
large particles moving toward the free surface while smaller are
migrating to the bottom. In the case of silo like discharge flow,
large particles shows to migrate toward the center on the silos

axis where the flow velocity shows to be higher while smaller
particles migrate aside [25, 36, 37]. For a rotating drum, two
types of patterns are observed: 1) axial where patterns occur
along the rotational axis of the drum and 2) radial with patterns appearing along the radial axis of the drum [20, 22, 38,
39] where in both cases, smaller particles migrate toward the
center of the flow (axially and radially) while large particles
are migrating to the extrema of the drum (side walls and to the
free surface).
Despite that, all previous works provide much information
from numerically and experimentally studies on the physics behind the segregation processes, they are mainly focusing on bidisparity properties while in nature and industrial process, particles have complex shapes and the third dimension (fully three
dimensions) shows that the segregation is more complex as a
process; this is the case for rotating drum for example where the
material flow is not in a trivial way [17, 19]. The main complexity in experimental and continuum modeling works [25, 27, 40,
41] is having access to micro-structure at the contact level that
might explain the phenomena that govern the segregation while
for numerical modeling using Descrete Element approach, the
limitation occurs in the time-consuming that took the simulations.
In this study, we are interested in the segregation that occurs in a rotating drum for polydisperse materials by means of
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numerical modeling approach using Discrete Element Method.
The main concern in this paper is the representativity of a granular polydisperse material besides the possibly time-consuming.
The flow in a rotating drum has several regimes [42–47]; we focus here on the rolling regime where the material flow as fluidlike. The polydisperse representative sample is generally generated using Particles Size Distribution PSD [10, 27, 48–51] that
consists of generating samples composed by several classes of
particles where in each class, belonging particles have the same
or nearly the same diameter. At a higher size ratio in diameters,
the number of particles in a constant volume increases, and this
increase is proportional to the simulation time. In this paper, we
used a reasonable size ratio to guarantee a reasonable simulation time. We analyze the effects of the size ratio on the flow
characteristics through the migration process of particles and
the possible physical origins of two distinct segregation axial
and radial through the local environment surrounding particles.
In this paper, we briefly introduce the numerical method in
section 2; we, in a second time, give a brief description on how
samples are generated with a short description on the choice
of the used parameters in section 3. In section 4, we discuss
the dynamic behaviors of the flow. We analyze the segregation mechanisms in section 5 and in section 6, we conclude
and gives a summary of salient results and routes of further
researches.

2 Discrete Element Method

The Discrete Element Method (DEM) has been used now
for several years in many applications to model granular materials [52–56]. By taking into account the particle interactions
(see figure 1.(a)) and based on a step-wise integration of the
equations of motion, we compute the dynamics of each particle i [56–60] following:
mi
Ii

f int

i
j

a)

fn
µfn

t

µfn
b)

(1)

kn δn + γn δ̇n
if
δn < 0
0
otherwise

(2)

where kn and γn are the elastic stiffness and the viscous damping, respectively. According to the the Coulomb friction law, a
threshold regarding the normal force µ fn is used where, µ is
the frictional inter-particles coefficient (see Fig.1.(c)) [61–64]
and it’s gives:
n
o
ft = −min (kt δt + γt δ̇t ), µ fn .
(3)
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d 2 ωi
= ∑ Mint
i
dt
all

where mi , si and g are respectively the mass, position, and
gravity acceleration vector of particle i. fint
i denotes the interparticles force, Mint
is
the
moment,
I
is
the rotational inertia
i
i
matrix and ωi is the rotation vector position for particle i.
The inter-particles forces are obtained using a frictional
contact type based on a visco-elastic model within the Signorini and Coulomb friction condition (see figure 1.(b–c)). For
this approach and in a more general way in contact mechanics,
the contact force fint
i has two parts: 1) normal contact force f n
and 2) tangential contact force ft . The normal force in DEM has
to obey the Signorini condition [58]. This means that as longer
as there is non geometrical contact between two particles, i and
j, given by the deflexion δn = |si − s j | − Ri − R j < 0 non interparticles contact force is calculated and if the contact exist, this
one is always positive to guarantee a repulsion/separation condition. Ri and R j are the radius of particle i and particle j. si and
s j are the position of particle i and j, respectively. This leads
to:
fn =
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d 2 si
= ∑ fint
i + mi g,
dt 2
all

c)

Fig. 1. (a) Geometrical contact representation between particle i and
j in a collection of particles. (b) Signorini condition for the contact
normal force fn as a function of the deflection δn and (c) Coulomb
frictional condition for the tangential force ft as a function of the tangential displacement δt with threshold µ fn where µ is the frictional
coefficient.

where kt and γt are tangential elastic stiffness and the corresponding viscous damping, respectively. δtR is the cumulative
tangential displacement calculated as δt = δ̇t dt where δ̇t is
the relative tangential velocity. One should notice here that δt =
0 the first time the contact is formed, then is set to δt = −µ kfnt |δ̇δ̇t |
t
when | ft | > |µ fn | and it is zero when the contact break.

3 Model sample settings
The particles was generated using a now well known Particle
Size Distribution (PSD) [10, 27, 48, 49, 51, 65] where a uniform
distribution in term of particles volume by class was imposed.
This approach guarantee a correct representative number of
particles for each class and allow to recover the classic grading curve. We generated four samples composed by spherical
4
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Fig. 2. Cumulative particle volume fraction as a function of the particle diameter d p for different values of size ratio α.

particles for different size ratio α = dmax /dmin with dmax , dmin
being the maximum and minimum particles diameter respectively. The used value of dmin and the covered range of α in
this study are presented in Tab.1. The PSD used in this paper
is based on the assumption that in each class i, the total volume is proportional to the corresponding particles volume ∼ di3
and this impose ni di3 to be constant where ni is the number of
particles in the considered class. For the class i, the numerical
fraction of particles is Pi and has to satisfy the following constraint Σi Pi = 1; and the distribution P of particles of diameter
d is given by:
d2 d2
P(d) = 2 2 max min
d −3
(4)
2
dmax − dmin
The grading curve of our generated samples are shown on Fig.2
where for each sample, we fixed the maximum number of generated particles to 50000.
The sample preparation follow two steps: 1) in the first step,
once particles size is generated, they are placed on a Cartesian
grid inside the drum with the filling degree of 20%, maintaining
the PSD conditions and the total number of particles at 50000,
this then imposes the drum diameter for each value of α, 2) in
a second step, the gravity is activated and a short simulation
is performed until the settling procedure is finished. The final
state after the settling procedure is shown in figure 3.(a) for α =
5. While particles are spheres and free, the drum is composed
of an assembly of tetrahedral particles (see Fig. 3) with two
lateral walls not represented here; the degree of freedom of all
tetrahedral particles are then controlled to finally impose the
drum rotation.
The flow in a rotating drum can be characterized by the
Froude number Fr but also the percentage of the filling degree
of material in the drum. The Froude number represent the ratio
between the kinetic energy and the gravitational potential energy of particles composing the flowing material. For a rotating
drum this leads to Fr ∝ Ω 2 dc /g [44, 42, 66]. Ω is the drum rotational speed, dc is the drum diameter and g is the gravitational
acceleration. The filling degree represent the proportion of the
drum volume occupied by the filled materials. As the flow has
to be consistant and continuous, we fixed Fr = 0.25 and the
drum was filled up to 20% for each value of α.

Fig. 3. Particles distribution after the settling step in the drum at Nr = 0
with the drum size (axial length 2L and the diameter dc ) and imposed
angular rotation velocity Ω (a). Final particles distribution at Nr = 20
in the drum (b). Both figures are made for the size ratio α = 5, the
color map indicates the particle size.

The choice of the used physical parameters such as the particles density or the size distribution as well as the filling level
is based on the granulation process of iron-ore in a rotating
drum [50, 67]. Classically in DEM to guarantee a lower elastic deflection, the particle stiffness is chosen based on the ratio
between the elastic deflection (at its contact point under the
loading correspond to the weight of the particle) and the dmin
and, this has to be at least below 0.01. This ensures the particle to be considered nearly as a rigid body with a negligible
contact deformation. Due to numerical constraints, the particles stiffness was fixed at a reasonable value as it imposes the

4
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Table 1. Parameters used in these simulations
Parameter
Minimum particle diameter
Size ratios
No. of particles
Filling level
Drum diameter
Friction coefficient
Normal stiffness
Tangential stiffness
Normal damping
Tangential damping
Particles density
Time step

Symbol
dmin
α
Np
f
dc
µ
kn
kt
γn
γt
ρ
δt

Value and Unit
10 µm
[2,5]
50,000
20 %
[1480,1800] µm
0.5
100 N/m
80 N/m
5.10−5 Ns/m
5.10−5 Ns/m
3500 kg.m−3
10−7 sec

compressibility of the material and therefore the time stepping.
In our work, the tangential stiffness kt of particles is 80% of
the value of the normal stiffness kn . Under their own weight,
two particles in contact with one of them fixed, the static maximal force is given by fn = mg = kn δn ; with hδn i = a dmin and
3 /6, this leads to a = (1/6)πd 2 ρg/k . Based on
m = πρdmin
n
min
our parameters (see Tab.1), a ' 2×10−8 which is small enough
for our assumptions of rigid-like particles (hδn i/dmin  0.01).
The rest of the parameters used in this paper are summarized
in Tab.1.

Fig. 4. The active-passive regions of a granular flow in a rotating drum
for the sample of the size ratio α =5 (A snapshot of the flow after
20 cycles in X—Z plan view). The color map on field represents the
particles velocity magnitude. β is the dynamic slope angle from Z axis
and r is the radial axis defined to be always perpendicular to the free
surface of the flow.

4 Flow characterization
The particles flow in the rolling regime has a fluid-like flow
with two main distinct regions: 1) an downward region known
as the passive region where particles are sheared and accelerated by the drum wall toward the drum rotation until particles
reach a dynamic slope angle of β ∼ 40.75 ± 1.75 degree from
the vertical z-axis as we observe on Fig.4 and, 2) the upward
region known as the active region where particles flow in the
opposite direction and are sheared and controlled by gravitational acceleration. Once particles reached the drum wall at the
downstream, they enter again in the passive region as we observed in Fig.4. In between these two regions, the limit is characterized by particles with a velocity field that is nearly zero as
we observe in Fig.4. We should notice here that β should vary
with Ω and the total mass of particles wherein our simulations
the total mass is controlled by the filling degree. In fact, when
Ω increases, β decreases due to the increase of the centrifugal
force; on the other hand, increasing the particle mass, introduces the inertia effect in the centrifugal force that decreases
also the value of β . Besides the radial (X–Z plan) flow characterization, we also analyzed the axial flow on Y -axis. Figure
5 shows the velocity field with a color map giving the axial
velocity magnitude vy . We see on this figure that there is a nonnegligible effect of the lateral walls that it is imposing a flow
of the particles from the lateral walls toward the center of the
drum when they leave the passive region to (upstream) the active region while they are pushed again to the lateral wall when
they migrate from the active to the passive region at the downstream.
In contrast with figures 4 and 5, we tracked the trajectories
of smaller and larger particles from four different positions.

Fig. 5. A snapshot of the flow after 20 cycles. Velocity field for α = 5
in Y –Z plan view. The color map on the field indicate the velocity
magnitude along Y axis.

Figure 6 shows the trajectory for radial and axial view of a
smaller and larger particle from their initially position at the
beginning of the simulation for the first drum rotational cycle
Nr = 0 (green on the color map) up to Nr = 20 (red on the color
map). Figure 6(a) shows the radial trajectory of a small particle going from the extrema toward the center while Fig. 6(d)
shows the radial trajectory of a large particle that is migrating from the center to the extrema as Nr increases. In the same
way, we tracked the trajectory of a small particle Fig. 6(b–c)
(in a Z −Y and X −Y plan view, respectively) for axial migra-
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tion; we observe in these two plans views that the small particle
migrate from the lateral extrema position (at the the y = L) to
the center of the drum (at y = 0) while the inverse migration is
observed for large particle on Fig. 6(e–f). Figures 6(a–f) gives
a more visually way of this migration but still can not explain
the mechanisms that are at the origine of such segregation; we,
in section 5, will discuss more on this in detail.
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Fig. 7. (a) Percentage number n of particles in the active and passive
regions as a function of the number of rotations of drum for different
values of α. (b) Average of percentage number of particles in the active n+ (•) and passive n− () regions from Nr = 5 to Nr = 20 for
different value of α. The dashed lines represent the fits.

In a more qualitative way, to charcterize this migration, we
measured the evolution of the proportion of particles in a selected zones during the rotation of the drum corresponding to
the actual number of particles in the selected zone over the total
number of particles in the drum. Figure 7.(a) shows the proportion n of particles in the active and passive regions as a function
of the number of rotations of the drum for different values of
α. We observe that after five rotations, the proportion n for the
passive region is stabilized at ∼ 62.5% and ∼ 37.5% for the
active region. This means that for a given filling degree and Ω ,
once the flow is established the two regions are explicitly defined. Looking closely, after the five first rotations, we observe
a small influence of the size ration α. Calculating the average
of this proportion number of particles in the active region n+
and the passive region n− between 5 and 20 rotations, we found
that the proportion n− of the passive region increasing with α

and shows to be tending to a plateau at a higher value of α
(see Fig. 7(b)). This implies a decreasing proportion number of
particles n+ in the active region that shows also to be tending
to a plateau (see Fig. 7(b)); this was also observed by Yang et
al [10]. In the same way, we analyzed the migration of particles through the evolution of the proportion of particles in the
passive-active region, we evaluated the evolution of the axial
proportion of particles na in three different zones A, B and C
(see Fig. 8 the position of each zone) and the radial proportion
of particles nr in zone D (see Fig. 8 the position of zone D).
Figure 9 shows the evolution of na for different values of α in
zone A, B and C where in all zones na start at ∼ 20%; we, at
first, found that while in zone A and B na increases with Nr and
be tending to a plateau at higher values of Nr , in zone C, na
is decreasing and it’s also tending to plateau at higher values
of Nr . It was also found that while in zone A and B increasing α is increasing na , the inverse tendency is observed in zone
C. Figure 10 shows the evolution of the radial proportion nr
for different values of α in zone D. We observe here that nr
increases from 52% rapidly before it tend a plateau at higher
values of Nr . The radial particle proportion nr also increases
with α.
The evolution of the particles proportion n+ , n− , na and
indicate a clear migration of particles from one zone to another. In fact, for the same occupied volume, when there is a
higher number of large particles than small particles, the proportion of the particles will be less and vice versa. As for all
our initial samples, the particle space distribution is homogeneous, the evolution of n+ , n− , na , and nr indicate a size-based
migration. From Fig.9 and Fig. 10, the variation of this proportion indicates that small particles migrate for the drum extreme
toward the center (to zone A) respectively to zone D while it’s
decreasing in zone C respectively out on zone D. Therefore,
preferential migration based on particle size is a first indicator
of the segregation behavior of polydisperse materials while is
flowing inside a rotating drum. We will discuss more in detail
this particle’s segregation process and its physical origins in
section Sec. 5.
nr

Fig. 8. (left figure) Schematic representation of three axial zones along
the drum length and delimitation of the left and right hand side of the
drum based on Y axis symmetry. (right figure) A schematic representation of the zone D where radial particles migration are calculated.
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Fig. 11. Exerted time-averaged force (on 20 rotational cycles) on particles as a function of particle diameter for α = 5. (a) Projected force
on X axis and (b) projected force on Z axis.

The segregation process in polydisperse granular materials
flowing shows to be governed by a surrounding particle pressure effect and the exerted force on particles during the flow
[26, 31, 34, 35]. In the case of a gravity driven flow, there exists
a natural pressure gradient that leads to migration behaviour of
large particles during the flow toward the lower pressure [30,
31]. One might expect a direct measurement of a lift force on
these large particles that should indicate the migration direction, however, this can occurs even when there is non trend in
the force applied on these large particles but this force plays
more a role in his fluctuation [26]. As discussed from Sec. 4,
two types of segregation based on particles migration are observed: 1) radial segregation and 2) axial segregation.
Figure 11 shows the the time average force (on 20 rotational
cycles) on X-axis (Fig. 11.(a)) and on Z-axis (Fig. 11.(b)), both
forces expressed for five selected diameters for the case of α =
5. The two forces gives the radial for as fr = fx cos(θ )+fz sin(θ ).
As observed by [26], there is non clear trend, however, we observe an important fluctuation in their error bar. In additional
to this radial force variation, we investigated the radial pressure σrr ; with σrr = AT σ A, A is a transformation matrix and
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Fig. 12. (a) Axial time-averaged confining stress hσyy i as a function of
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Fig. 13. Exerted time-averaged force on particles as a function of particle diameter for α = 5. (a) projected force on Y axis for the left hand
of the drum and (b) projected force on Y axis for the right hand of the
drum.

σ is the stress tensor in cartesian coordinates defined as


sin β 0 cos β
1 0 
A= 0
− cos β 0 sin β

erted on particles along the Y -axis. The pressure gradient here
is a direct consequence of the presence of the lateral wall, however, this pressure gradient tends to vanish after ∼ 10d along
Y -axis as we observed in Fig. 12 where we plotted the timeaveraged axial confining pressure hσyy i as a function of the
drum axial position y normalized by half length of the drum
L for the sample of α = 5. Figure 13.(a–b) shows the timeaveraged force projected on Y -axis for the left-hand side of the
drum fyl in Fig. 13.(a) and for the right-hand side of the drum
fyr in Fig. 13.(b) (see left and right hand side of the drum zone
in Fig. 8 left). Counter to the radial force fr , the axial force ( fyl
and fyr ) shows a clear tendency with the left hand being for his
major part negative and the right hand being mainly positive
with fluctuations that increase with the mean particle diameter
on both sides.

σ =

1
V

∑ lc ⊗ f c

c∈V

where V is the selected volume, l c is the branch vector connecting the center of mass of two particles in contact, f c is the
contact force and ⊗ denotes the dyadic product and the summation runs over all contacts in the selected volume. Figure 12(b)
shows the profile of σrr pressure as a function of the radial position r normalized by the drum radius Rc . One should expect
large particles to only at the free surface of the flow, but due
the particular flow characteristic these particles once reach the
downstream they reenter in the passive regime where with the
contribution of the the centrifugal force they stay near the drum
wall. The flow characteristic imply a radial segregation of large
particles at the extrema while smaller migrate to the center on
the flow (in zone D).
The axial segregation as well as for the radial segregation is
due to the pressure gradient and the fluctuation in the force ex-

6 Conclusions
In this paper, we used a 3D Discrete Element Method to study
the effects of particle size ratio for a polydisperse granular material on the segregation process and its flow behavior in a rotating drum. The polydisperse samples composed of 50000 spherical particles were generated using PSD approaches with 4 dif-
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ferent size ratios and were poured in a rotating drum composed
of polyhedral elements and operating in the rolling regime.
The material flow was characterized at first by two regions
in the drum radial axis where the flow is either governed by the
gravity named active region or governed by the drum rotation
within the contribution of the centrifugal force named passive
region. By analyzing the evolution of the proportion of particles
in four different zones during the flow, we evidenced two distinct migrations: 1) radial migration where large particles flow
at the free surface and in contact with the drum polyhedra and,
2) axial migration where small particles migrate to the center
of the drum. The two migration phenomena show an increase
in the center (radially and axially) as the size ratio increases.
The segregation process was analyzed, and we were capable to explain the physical mechanisms that are at the origin of
the process. Both axial and radial segregation have their origins
in the fluctuation force and pressure gradient exerted on particles and the capability of small particles to fill pore spaces left
behind by the large particles. While the pressure gradient for
the radial segregation comes from the gravity and centrifugal
force, the pressure gradient for the axial segregation is a direct
consequence of the lateral wall effects. One can remove this
axial pressure by using periodic boundary instead of the lateral
wall as in some industrial processes with the goal is to homogeneously mix materials, but this can also be interesting if the
goal is to separate particles based on their size.
Our results are based on a system of polydisperse granular
materials up to a size ratio of 5; one can increase the size ratio
using different types of PSD and analyze the spatial distribution of each size class at long-time simulation. From the same
PSDs at higher size ratio, it also will be interesting to investigate the agglomeration processes when a part of the material
is subjected to a cohesive force as the segregation phenomenon
may affect the nucleation, coalescence, accretion, or erosion
process that is important in mining, iron-ore making, and food
industries for example.
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53. P.K. Haff, B.T. Werner, Powder Technol. 48, 239 (1986)
54. H.J. Herrmann, S. Luding, Continuum Mechanics and Thermodynamics 10, 189 (1998)
55. C. Thornton, Powder Technology 109, 179 (1999)
56. F. Radjai, F. Dubois, Discrete-element modeling of granular materials (Wiley-Iste, 2011)
57. T.-T. Vo, Erosion dynamics of wet particle agglomerates, Computational Particle Mechanics 8 (2020) 601–612.
58. T.T. Vo, Journal of Rheology 64, 1133 (2020)
59. M.P. Allen, D.J. Tildesley, Computer Simulation of Liquids (Oxford University Press, Oxford, 1987)
60. J. Duran, A. Reisinger, P. de Gennes, Sands, Powders, and
Grains: An Introduction to the Physics of Granular Materials,
Partially Ordered Systems (Springer New York, 1999), ISBN
9780387986562
61. V. Richefeu, F. Radjai, M.S.E. Youssoufi, Eur. Phys. J. E 21, 359
(2007)
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