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Segregation induced by size, shape, or density difference of the granular material is inevitable in both
natural and industrial processes; unfortunately, the underlying mechanism is still not fully understood.
In view of the ubiquitous continuous particle size distributions, this study builds on the considerable
knowledge gained so far from binary-size mixtures and extends it to a ternary-size mixture to under-
stand the impact of the presence of a third particle size in the three-dimensional rotating drum operating
in the rolling flow regime. The discrete element method is employed. The evolution of segregation,
the active-passive interface, and the dynamical response of the particle-scale characteristics of the
different particle types in the two regions are investigated. The results reveal that the medium particles
are spatially sandwiched in between the large and small particles in both the radial and axial direc-
tions and therefore exhibit behaviors intermediate to the other two particle types. Compared to the
binary-size mixture, the presence of the medium particles leads to (i) higher purity of small particles
in the innermost of the radial core, causing a decrease of the translational velocity of small particles;
(ii) decrease and increase of the collision forces exerted on, respectively, the large and small particles
in both regions; and (iii) increase in the relative ratio of the active-passive exchange rates of small to
large particles. The results obtained in the current study therefore provide valuable insights regarding
the size-segregation dynamics of granular mixtures with constituents of different sizes. Published by
AIP Publishing. https://doi.org/10.1063/1.5008297

I. INTRODUCTION

Granular material is ubiquitous in the natural and indus-
trial processes. The intrinsic mechanisms governing the
granular flow behavior have been rigorously studied at the
leading edge of fluid mechanics, solid mechanics, rheology,
and statistical physics for centuries.1–3 As a simple geometri-
cal configuration yet representative of the complex phenom-
ena of granular flow, the rotating drum has been frequently
adopted to study the basic mechanisms related to the granular
flow from the physical perspective and also practical perspec-
tive with respect to the multitudinous industrial applications
(e.g., mixing, coating, drying, and chemical reactions in the
chemical, pharmaceutical, and metallurgical processes).1,4–6

As has been analyzed by Mellmann,7 the flow pattern in the
rotating drum can be categorized into six different flow regimes
(namely, sliding, avalanching, rolling, cascading, cataracting,
and centrifuging) as functions of rotating speed and drum
diameter. Furthermore, the difference in the particle proper-
ties (e.g., the size, density, and shape) of the granular mix-
ture unavoidably gives rise to radial and axial segregation
among the different particle types, which is a complex and

a)Author to whom correspondence should be addressed: JChew@ntu.edu.sg.
Tel.: +65 6316 8916.

incompletely understood phenomenon without parallel in flu-
ids.8,9 In most circumstances, the segregation among the gran-
ular mixture is undesirable, e.g., radial segregation in the
rotating drum could lead to poor contacting efficiency between
the gas and small particles in the core and thereby changes
the overall bed behavior, while axial segregation may result
in products of fluctuating quality.10 Thus, an in-depth under-
standing of the segregation phenomenon and the underlying
mechanisms in the rotating drum is critical for not only a fun-
damental understanding but also for the optimal design and
operation of this apparatus.

Numerous experimental efforts have focused on studying
the granular segregation phenomenon in the rotating drum,
with respect to the competition between mixing and segrega-
tion,11 segregation pattern,12,13 axial transportation,14 segre-
gation structure,15 axial segregation and band formation,16–18

and long-term coarsening.19 Interesting insights have been
obtained, such as, streaks of small particles were observed
within regions of large ones whereby the integer number of
streaks was fixed over a range of rotation rates;12 the axial
band dynamics was assessed to be driven by global convection
throughout the system;18 and the axial segregation of rotating
drum was concluded to have arose from multiple mecha-
nisms.17 Collectively, the experimental studies have advanced
the understanding of granular segregation in the rotating
drum.
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However, the opacity of the granular material impedes the
experimental quantification of some critical local characteris-
tics of the granular flow (e.g., contacting force and internal
segregation structure). To address this, numerical simulation
by means of the discrete element method (DEM) has been
widely employed due to the ability to track each particle and
thereby provide many physical quantities that cannot be easily
obtained experimentally.20–23 As computing speed and capac-
ity progressed, DEM has become an increasingly powerful
tool for exploring the mechanisms of dense granular flow.24,25

Through DEM, Rapaport26 has numerically modeled a binary-
size granular mixture in a three-dimensional (3-D) rotating
drum and shown that the results can reproduce the experimen-
tal observations of band formation, merging, and motion along
the axis. Also based on the DEM simulation, Finnie et al.27

studied the longitudinal and transverse mixing in the rotating
drum and concluded that the mixing speed decreases as the
rotational speed increases or the fill level increases. Taberlet
and Richard28 found that the axial diffusion characteristics
of a binary-size mixture in the rotating drum are such that the
axial dispersion of granular flow follows a Gaussian frequency
distribution. Rapaport29 studied the sensitivity of segregation
in the rotating drum to the numerical parameters adopted and
demonstrated the importance of an appropriate choice of inter-
action for representing the effective friction force. Chen et al.30

found via DEM that the particle velocity fluctuations are great-
est just below the surface and diminish through the depth of
the flowing layer. Furthermore, they numerically explored the
mechanism that triggers granular axial band formation in the
rotating drum and claimed that the axial segregation is initi-
ated by the end wall.31 Our recent DEM study32 investigated
the segregation of a bi-disperse granular mixture in a 3-D
rotating drum operating in the rolling regime and obtained
interesting insights like the collision forces exerted on the small
and large particles which are, respectively, slightly higher and
lower.

Although reports regarding granular segregation are not
lacking, most of them are focused on the segregation dynam-
ics of the binary-size mixture, despite the granular mixtures
being typical of polydisperse size distributions in nature and
in practical industrial processes. In the practical operation, it is
meaningful to explore the flow behavior of granular material
with more particle sizes than the more understood binary mix-
tures, as the realistic material always shows considerable size
ranges.33 Moreover, as highlighted by Newey and Ozik,34 the
number of particle sizes in a mixture is a useful variable for
investigating the granular segregation and also is valuable for
evaluating the predictive power of the segregation models that
have been developed for monodisperse and binary-size sys-
tems. Granular flow behaviors of ternary mixtures have been
reported in granular systems besides the rotating drum, and
the corresponding interesting phenomena have been obtained,
for example, in heap formation whereby alternative layers of
different particle sizes were observed,35 sandpile whereby the
importance of the ratios of the different grain types on pat-
tern formation was underscored,36 and hopper33 and vibrated
systems37 whereby the effect of a third granular material
on the discharge was reported. Exploring the effect of an
additional granular type in the more widely reported binary

mixtures is an important step towards more closely mimick-
ing the prevalent continuous particle size distributions and
is critical from both the perspectives of fundamental under-
standing and practical operations. The related studies on the
segregation dynamics of multiple-size granular mixtures in
the rotating drum are comparatively limited relative to that
of binary mixtures, and only the following experimental and
numerical ones are available in the literature. Das Gupta et al.10

experimentally found that the axial segregation of a ternary
mixture is similar to that of a binary mixture in that radial seg-
regation appeared before axial segregation. Newey and Ozik34

demonstrated experimentally that the bands in ternary mix-
tures oscillate axially under some conditions. Furthermore,
Hajra and Khakhar38 experimentally observed that the driving
forces causing the radial segregation of ternary mixtures con-
sisting of particles differing in size and density segregate may
complement or oppose each other. Using DEM, Rapaport39

reported that the band formation is such that the medium-
size particles tend to be located between alternating bands
of the large and small particles. Pereira and Cleary40 subse-
quently showed numerically that the extent of segregation of
a ternary mixture is much reduced compared to the equivalent
binary system. Recently, Alizadeh et al.41,42 experimentally
and numerically explored the mixing and segregation of gran-
ular flow of a mixture with four particle sizes in the rotating
drum and indicated that the medium-size particles are found
throughout the drum. The experimental work of Tilo19 demon-
strated that (i) the stripe stability due to granular segregation
can be controlled by the addition of a few percent of different-
sized grains and (ii) the bands of monodisperse small grains do
not show merging or coarsening, which raises the importance
of further studying the mechanism and the effect of adding
another granular material to the bi-disperse granular mixture.
The experimental work of Hajra and Khakhar38 illustrated
that in a few of the mixtures, the behavior of the system is
more complicated than that expected from pairwise interac-
tions due to the presence of the third component. Collectively,
although some understanding on the effect of multiple sizes in
the rotating drum has been obtained, a gap in the knowledge
base still exists regarding the fundamental aspects [e.g., the
velocity, force, and solid residence time (SRT)] of the differ-
ent particle types, the role of the third granular type, and the
related dynamical response to the radial and axial segregation
phenomena.

Accordingly, to further understand the segregation
dynamics of multi-component mixtures, the current study is
targeted at exploring the segregation dynamics by means of
DEM of the dense granular flow of a ternary-size mixture in
the three-dimensional (3-D) rotating drum operating in the
rolling flow regime, which is the typical operating mode in
industrial processes.42 At first, the general segregation trend
within the system is studied, followed by the identification
of the active-passive interface. Then, the dynamical response
to the segregation phenomenon, the axial distribution charac-
teristics, and the comparison between the active and passive
regions of the particle-scale quantities (i.e., the velocity and
collision force) of different particle types are discussed. After
that, the distribution of solid residence time in both the active
and passive regions and the exchanging intensity between the
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two regions are assessed. Finally, the spatially resolved dis-
tributions of the axial dispersion in the transverse plane and
axially are studied.

II. COMPUTATIONAL METHODS

In the current study, DEM is employed to resolve the gran-
ular behavior at the particle-scale level, that is, every particle is
tracked in the Lagrangian framework. Each particle interacts
with the neighboring particles, drum wall and the fluid. In view
of the gas density being three orders-of-magnitude smaller and
the gas motion being relatively negligible, the force exerted by
the gas phase is negligible and thus the force exerted on a spe-
cific particle consists of the gravity, the collision force due to
the neighboring particles and wall. In the Lagrangian frame-
work, the motion of a particle is governed by Newton’s second
law, and the corresponding governing equations for the trans-
lational and rotational motion of this particle can be described
as

mi
dvi

dt
=

∑k

j=1
Fc,ij + mig, (1)

Ii
dωi

dt
=

∑k

j=1
Mij, (2)

where mi and I i are, respectively, the mass and moment of
inertia of this particle; vi and ωi stand for, respectively, the
translational and rotating velocities of particle i; g, k, and t
represent, respectively, the gravitational acceleration, the total
number of particles and wall colliding with the current parti-
cle, and time instant; Fc ,ij and Mij stand for, respectively, the
collision force and torque generated between the colliding pair
of particle i and particle j.

In the rotating drum, the dense flow behavior of the solid
phase gives rise to intensive collisions between the neighbor-
ing particles. Thus, treating the collision behavior between
particles is critical for accurately capturing such collision-
dominated flow in the rotating drum. To achieve this, the
soft-sphere collision model initially proposed by Cundall and
Strack43 is adopted since it treats multiple collisions concur-
rently. In this model, the contacting process of neighboring
particles is achieved by using the combination of the spring,
dashpot, and slider to consider the overlap between them.
Between a colliding pair, the collision force (Fc ,ij) has a
strong relationship with the overlap displacement (δ) due
to the deformation of colliding pair and the relative collid-
ing velocity (vn,ij), and it can be divided into the tangential
(Fct ,ij) and normal (Fcn,ij) components along the tangential

and normal directions of the colliding pair. The equations for
evaluating the collision forces between collision pair can be
described as

Fc,ij = Fcn,ij + Fct,ij, (3)

Fcn,ij = kn,ijδn,ijn + γn,ijvn,ij, (4)

Fct,ij = min
{(

kt,ijδt,ijt + γt,ijvt,ij

)
, µFcn,ij

}
, (5)

where the n, t, n, and t stand for, respectively, the normal
component of a variable, the tangential component of a vari-
able, the normal unit vector, and the tangential unit vector;
µ is the friction coefficient adopted to evaluate the tangential
collision force when slide occurs between colliding particles.
The stiffness coefficient (k) and the damping coefficient (γ)
are related to the material property (i.e., Young’s modulus, the
Poisson ratio, and the restitution coefficient) and the related
calculation details can be found in Table I. Note that rolling
friction is included in some DEM models to account for vari-
ous rolling resistance effects (e.g., viscous hysteresis, surface
adhesion, and shape effects),44–46 but not in this study since
the lack of it still gave good agreement between the model
and experimental results in terms of various characteristics
assessed (e.g., depth of active region, dynamic angle of repose,
and streamwise velocity distribution).47

III. NUMERICAL SETUP AND MODEL VALIDATION
A. Numerical setup

The rotating drum studied in the current work is a 3-D
horizontal cylinder rotating around its central axis. It has a
diameter of 0.24 m in the transverse (x-y) plane and a length
of 0.72 m in the axial (z) direction. The Cartesian coordi-
nates are adopted with the origin in the geometrical center of
the system, the y-direction opposite to the direction of grav-
ity, the z-direction along the drum length, and the x-direction
perpendicular to both the y- and z-direction.

Figure 1 presents a 3-D illustration of the geometrical con-
figuration and the instantaneous distribution of the particles in
the rotating drum at the time instant of 260 s. The particles are
glass spheres with a density of 2500 kg/m3. A total number of
235 121 particles are used to fill the rotating drum to a volumet-
ric fill level of 35%. Specifically, the rotating drum contains
a ternary-size mixture, made up of particles with three differ-
ent diameters, namely, 6 mm (large), 4.5 mm (medium), and
3 mm (small), at a mass ratio of 1:1:1; the corresponding num-
ber of particles are 20 676, 49 015, and 165 430, respectively.

TABLE I. Details of the equations adopted to calculate the collision force in the soft-sphere collision model.

Normal and tangential stiffness coefficients kn ,ij and kt ,ij

kn,ij =
4
3 Y∗

√
R∗δn,ij , kt,ij = 8G∗

√
R∗δn,ij

Normal and tangential damping coefficients γn ,ij and γt ,ij

γn,ij = 2
√

5
6β

√
Sn,ijm∗, γt,ij = 2

√
5
6β

√
St,ijm∗

where the variables with asterisk stand for the reduced parameters and the corresponding variables are evaluated as:

β = ln(e)
√

ln2(e)+π2
Sn,ij = 2Y∗

√
R∗δn,ij , St,ij = 8G∗

√
R∗δn,ij , 1

Y∗ =

(
1−ν2

i

)
Yi

+

(
1−ν2

j

)
Yj

, 1
R∗ =

1
Ri

+ 1
Rj

, 1
m∗ =

1
mi

+ 1
mj

,

1
G∗ =

2(2+νi)(1−νi)
Yi

−
2
(
2+νj

) (
1−νj

)
Yj
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FIG. 1. Snapshot of the instantaneous particle distribution in the three-
dimensional (3-D) rotating drum at the time instant of 260 s.

Initially, all the particles are generated in the whole drum and
then allowed to fall freely by gravity to form a packed bed
when the total kinetic energy decays to zero. After this, the
drum starts to rotate at a speed of 11.6 rpm, which corre-
sponds to a Froude number8 of 0.000 457 and thus operates
in the rolling regime. Details related to the particle properties
and numerical parameters adopted are listed in Table II.

To track the velocity and position of the particles, the gov-
erning equations of motion are discretized and then integrated
with a time step of 1.0 × 10�6 s in the current study. Due to
the small time step adopted and a large number of particles
tracked, the whole system runs in the parallel mode with a
total number of 32 CPUs. A total duration of 280 physical
seconds is simulated.

B. Model validation

Proper validation of the numerical simulation is extremely
vital for the reliability of the numerical results and the related
discussions. For the current study, the numerical validation has
been carried out based on the experimental study on monodis-
perse particles in a rotating drum with the same dimensions.41

Several aspects related to the rotating drum operating in the
rolling regime have been evaluated and compared with the
experimental data, including the (i) the dynamic angle of
repose for the solid flow in the central and near-wall slice,
(ii) the active region thickness, and (iii) the time-averaged
velocity of particles parallel and perpendicular to the bed
surface. The numerical results of these aspects agree well
quantitatively with the experimental data of Alizadeh et al.,41

demonstrating the proper implementation and selection of the

TABLE II. Details of the physical and numerical parameters adopted.

Drum properties

Drum diameter (m) 0.24
Drum axial length (m) 0.72
Rotating speed (rpm) 11.6

Particle properties

Particle density (kg/m3) 2500
Particle diameter (mm) 6.0, 4.5, and 3.0
Young’s modulus (Pa) 1.0 × 108

Poisson ratio (. . . ) 0.24
Restitution coefficient of particle-particle collision (. . . ) 0.97
Restitution coefficient of particle-wall collision (. . . ) 0.85
Friction coefficient of particle-particle collision (. . . ) 0.30
Friction coefficient of particle-wall collision (. . . ) 0.35

numerical parameters for the current system. Details related
to the model validation can be found in our previous work.47

In contrast to the previous study on a monodisperse particle
system, this study focuses on (i) a ternary-size mixture with
the same material property and (ii) an extended drum length
that is twice that of the previous.47

IV. RESULTS AND DISCUSSION

To understand the segregation dynamics of the ternary-
size mixture in the rotating drum, several aspects of the particle
motion are presented here. First, the segregation behavior
of the mixture is qualitatively described via the instanta-
neous distribution of particles at several time instants, and
the active-passive interface is identified. Then, the segrega-
tion phenomenon is evaluated through the particle velocity,
collision force, and trajectory of each particle type. After that
for each particle type, the solid residence time (SRT) in each
region, the exchange rate of the particles between the active
and passive regions, and the axial dispersion tendencies are
assessed.

A. Dynamical segregation behavior

Figure 2 illustrates the instantaneous distribution of the
particles in the central (z/Z = 0, where z is the axial posi-
tion evaluated and Z is the half-drum length of 0.36 m) and
near-wall (z/Z ∼ 1) x-y slices of the rotating drum contain-
ing the ternary-size mixture at several different time instants.
The general flow characteristics and the dynamical segregation
behavior of the ternary-size granular mixture can be summa-
rized as follows. Initially at t = 10 s [Figs. 2(a) and 2(f)], radial
segregation is apparent, specifically in that the small particles
tend to dominate in the radial center at both axial positions,
with such radial segregation relatively more extensive near the
wall [Fig. 2(f)]. At t = 40 s [Figs. 2(b) and 2(g)], radial segrega-
tion is more extensive and axial segregation becomes clear. The
radial segregation is such that the radial core is almost wholly
composed of small particles at both axial positions, while the
radial demarcation between the medium and large particles is
less distinct though slightly more extensive at the central slice.
As for axial segregation, it is clear that the proportion of large
particles is lower at the central slice [Fig. 2(b)] and predomi-
nant at the near-wall slice [Fig. 2(g)]. At t = 140 s [Figs. 2(c)
and 2(h)], the segregation patterns appear to have stabilized
and remain similar beyond this time point [Figs. 2(d), 2(e),
2(i), and 2(j)]. At the central slice [z/Z = 0; Figs. 2(c)–2(e)],
the radial center of the bed is made up almost completely of
small particles, followed by an outer ring made up more domi-
nantly of the medium particles, and then the periphery consists
mainly of large particles. At the near-wall slice [z/Z ∼ 1;
Figs. 2(h)–2(j)], the large particles clearly dominate, although
a radial center with a higher proportion of the medium par-
ticles is visible. In general, the immediate appearance of the
radial segregation is mainly due to the void-filling percolation,
i.e., the random fluctuations within the flowing avalanche in
the active region open up inter-particle gaps and small parti-
cles more likely fall into the gaps under the effect of gravity.48

The intrinsic mechanism underlying the slow axial segrega-
tion is a long-existing puzzle to the physics community that is
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FIG. 2. Dynamical segregation behavior of the ternary-size mixture (the large, medium, and small particles are red, green, and blue, respectively) in the central
and near-wall (x-y) slices of the drum at several time instants. [(a)-(e)]: Central slice (z/Z = 0) and [(f)-( j)]: near-wall slice (z/Z ∼ 1). (a) t = 10 s, (b) t = 40 s,
(c) t = 140 s, (d) t = 200 s, (e) t = 260 s, (f) t = 10 s, (g) t = 40 s, (h) t = 140 s, (i) t = 200 s, and ( j) t = 260 s.

not fully resolved. Over the past decades, several mechanisms
have been proposed to elucidate the onset of this phenomenon,
but none can yet provide a complete and universally applica-
ble explanation. For example, Hill and Kakalios49 claimed that
the difference in the angle of repose of different particle types
results in axial segregation. By numerically comparing drums
with a wall or periodic boundary condition, Chen et al.31 pro-
posed that the end walls initiate the axial segregation via an
axial flow due to friction at the end walls,31 after which the
non-uniform distribution of axial flow velocity combined with
radial segregation due to percolation leads to the small particles
being driven further from the end walls and the accumulation
of large particles near the end walls.31 The faster radial seg-
regation and slower wall-induced axial segregation, as well
as the preferential radial segregation of the small particles to
the radial center and the axial segregation of the large parti-
cles to the wall, agree with previous studies.32,39 Furthermore,
this observed phenomena confirm the previous findings from
the studies of Hajra and Khakhar,38 Rapaport,39 and Pereira
and Cleary40 that the notable characteristic for the ternary-
size mixture, as compared with the binary-size mixture,32 is
that the medium particles tend to be in between the small and
large ones and the more obvious segregation of small particles
located in the innermost of the core and of large particles in
the near-wall region.

To illustrate the overall segregation behavior in the rotat-
ing drum, Fig. 3 presents the 3-D representation of the ternary-
size mixture in terms of iso-surfaces denoting positions at
which the mass fractions of each species are 0.5. Specifi-
cally, the red, green, and blue iso-surfaces represent posi-
tions at which the mass fractions of, respectively, the large,
medium, and small particles are 0.5 at the time instant of 260 s,
which corresponds to the instantaneous particle distribution
in Fig. 1. The size-segregation is clear. Radially, the small
particles are in the center and the large particles are in the

periphery, while the medium ones are in between. Axially,
the axial bands consisting almost completely of a single type
of particles are clear, in terms of two axial bands of large
particles at the end walls, followed by two adjacent narrower
axial bands of medium particles, and then by two axial bands
of small particles. Collectively, Figs. 2 and 3 indicate that
the medium particles are generally in between the small and
large particles, both radially and axially throughout the whole
drum.

B. Active-passive interface

In the rolling regime studied here, it is well known that
the rotating drum has two distinct regions, namely, the active
and passive regions, with significantly different granular flow
behaviors. Therefore, it is meaningful to geometrically sepa-
rate these two regions to better analyze the flow characteristics
of the different particle types of the ternary-size granular mix-
ture. Similar to the criterion adopted by previous reports,41,42,50

the active-passive interface is identified as the positions at
which the streamwise velocity of the particles equal zero

FIG. 3. 3-D illustration of the segregation structure of the ternary-size gran-
ular mixture in the rotating drum at the time instant of 260 s, whereby red,
green, and blue iso-surfaces represent positions at which the mass fractions
of, respectively, the large, medium, and small particles are 0.5.
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(i.e., the streamwise velocity transition between positive and
negative). Specifically, the streamwise velocity is that parallel
to the particle bed surface, and thus another coordinate sys-
tem x*-y* (Fig. 1) is adopted with the x* and y* axes being,
respectively, parallel and perpendicular to the bed surface. In
the current work, since the particles are tracked individually in
the Lagrangian framework, the mapping from the Lagrangian
framework to the Eulerian framework is achieved based on
each particle center. Similar to our previous work,47 this pro-
tocol is such that the rotating drum is first enclosed with a cube
with dimensions of 0.24 m, 0.24 m, and 0.72 m along the x, y,
and z directions, respectively, after which the cube is divided
into smaller grid cells with dimensions of 3 mm, 3 mm, and
12 mm along the x, y, and z directions, respectively. Subse-
quently, the instantaneous particle velocity in a local grid cell
i is evaluated as the mass-weighted average of the instant veloc-
ities of all the particles (Np) located in this cell at the time
instant evaluated by

Ui,t =

∑Np

j=1 mjvi,j∑Np

j=1 mj

(i = x, y, z), (6)

where vi ,j and mj are, respectively, the instantaneous velocity
and mass of the particle i. Finally, the time-averaged stream-
wise velocity of particles based on the local x*-y* coordinate
system is obtained by transcribing the particle velocity from
the x-y-z coordinate system and then time-averaging over all
the N t samples,

Usx∗ =

∑Nt
t=1

(
Ux,i · cos (θ) − Uy,i · sin (θ)

)
Nt

, (7)

where θ is the dynamic angle of repose evaluated as the slope
of the bed surface.

Based on the above-mentioned approach, Fig. 4(a)
presents the time-averaged streamwise velocity of the solid
phase in the central x-y slice of z/Z = 0. In general, the active
region is the upper part of the rotating drum where the parti-
cles cascade downwards, and the comparatively less vigorous
passive region is the lower part where the particles are carried
upwards by the drum wall. Similar to the trends for monodis-
perse47 and binary mixtures,32 Fig. 4(a) shows that the particles
generally follow semi-circular trajectories, with the stream-
wise velocities near the bed surface being significantly higher
due to rapidly falling behavior in the avalanche and opposite in
direction from that lower in the bed. Because of the change in

FIG. 5. Comparison of the active-passive interfaces along the axial length of
the rotating drum.

the direction of the particles as they fall along the bed surface
and approach the wall, the streamwise velocity (i.e., velocity
parallel to the bed surface) changes from positive to nega-
tive. Thus, the 3-D active-passive interface identified by the
positions at which the streamwise velocities are zero (i.e., tran-
sitions between positive and negative) is illustrated in Fig. 4(b).
It is evident that the active-passive interface is a smooth sur-
face across the entire axial drum length and becomes more
concave near the end walls.

Figure 5 further quantitatively compares the height of the
active-passive interface along the drum length to evaluate the
impact of the end walls. The curvatures of the interfaces are
similar. Notably, while the heights of the interfaces are similar
throughout approximately 80% of the axial length of the drum
(i.e., |z/Z | ≤ 0.91), those nearer the end walls (i.e., |z/Z | > 0.91)
become higher, reflecting the non-negligible influence of the
end walls on the active-passive interface, which is similar to
that in the monodisperse47 and binary-size mixture.32

C. Velocity distribution

In contrast to the monodisperse system, the size-
segregation phenomenon inherent in polydisperse mixtures
changes the distribution of the different particle types in both
the transverse and axial directions, which would affect the
distributions of the velocities of the different particle types.
Figure 6(a) presents the evolution of the instantaneous veloc-
ities (obtained by averaging over the whole drum) in all three
directions for each of the three particle types, while Fig. 6(b)
presents the time-averaged velocities with respect to the axial

FIG. 4. (a) Vectors of the time-
averaged streamwise velocity (Usx*) of
the particles in the central x-y slice of
z/Z = 0, and (b) 3-D illustration of the
active-passive interface identified by
the positions at which the streamwise
velocity (Usx*) in the rotating drum is
zero.
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FIG. 6. Velocity profiles in all three directions of each
particle type in the rotating drum: (a) evolution with time
of the instantaneous velocity of each particle type aver-
aged over the whole rotating drum and (b) time-averaged
velocities with respect to axial position.

position along the drum length (axially divided into 36 sec-
tions). Specifically, the profiles plotted with red, green, and
blue colors represent, respectively, for the velocities of the
large, medium, and small particle type, while the circle, tri-
angle, and star symbols stand, respectively, for the x, y, and z
components.

Three observations are clear in Fig. 6(a). First, the radial
segregation phenomenon at t < 40 s gives rise to the sharp
increase and decrease in the velocities, respectively, of the
large and small particles, whereas relatively negligible changes
in that of the medium particles. The greater changes of the
large and small particles are because of the radial segregation,
respectively, to the periphery and inner core, which thereby
causes the large particles to be in the faster-moving active
region and the small particles to be in the slower-moving pas-
sive region. As for the medium particles because they tend to
be sandwiched between the large and small particles (Figs. 2
and 3), they are scattered in both active and passive regions,
and correspondingly the change in their velocities is lesser.
Second, the change in velocities for all three particle types
are relatively lesser at t > 40 s due to the relatively negligi-
ble radial segregation. However, in contrast to t < 40 s, the
velocities of the large and small particles exhibit, respectively,
decreasing and increasing velocities. On the other hand, simi-
lar to t < 40 s, the change of velocities of the medium particles
is relatively lesser than that of the large and small ones. Third,
for all three particle types, the velocity component along the
x direction is the greatest due to the drum rotation, followed
by the velocity component along the y direction due to grav-
ity, and lastly the velocity component along the z direction
which is tied to end-wall effects and the slow axial segrega-
tion. Therefore, Fig. 6(a) indicates clearly that the radial and
axial segregation exerts limited influences on the velocities of
the medium particles.

As described above (Figs. 2 and 3), the axial segrega-
tion along the drum length leads to the re-distribution of
different particle types and also the formation of bands dom-
inated by a specific particle type, which would influence the
velocity magnitude of different particle types along the axial
(z) direction. To study this, the time-averaged (i.e., between
t = 4–280 s) velocity of each particle type in all three direc-
tions is quantified in each of the 36 sections along the drum
length, as displayed in Fig. 6(b). Five observations are noted.
First, the axial velocity distributions of all three directional
components of all three particle types are non-uniform, with
the flattest profiles exhibited by the medium particles. Sec-
ond, radial segregation gives rise to the greatest velocity

magnitudes for the large particles along the transverse plane
(i.e., x and y), followed by the medium particles and then the
small particles. Third, the formation of the bands of small
particles near the end walls (z/Z = ±0.8) leads to enhanced
velocities of the large and medium particles, since the dom-
inance of the small particles severely reduces the particle
number of these two particle types, which tend to be more
extensively radially segregated to the periphery and therefore
active region. Fourth, the formation of the bands of large par-
ticles at the end walls (z/Z ∼ ±1) severely diminishes the
velocities of the large particles due to the accumulation of
the large particles in the slower-moving inner core. Fifth, the
nearly generated bands of small particles near z/Z = ±0.6
give rise to larger velocity components of the small parti-
cles as they start to accumulate in the radial periphery. In
view of the two regions (i.e., active and passive) with dis-
tinctive flow behaviors, further assessment of the velocities is
carried out to understand the characteristics of a ternary-size
granular mixture. The velocity component of each particle
type in these two regions, based on the active-passive inter-
face detected above (Fig. 5), can be obtained by evaluating
the instantaneous mean velocity of all the particles of a spe-
cific particle type. The obtained means of all three velocity
(both translation and rotating) components of all three particle
types in the active and passive regions are listed in Table III.
In general, the rapid flow in the active region and the rel-
atively slower-moving passive region gives rise to the fol-
lowing: (i) whereas the translational velocities in the trans-
verse plane (i.e., Ux and Uy) are up to an order-of-magnitude
greater than that in the axial direction (i.e., Uz), the rota-
tional velocities in the transverse plane (i.e., ωx and ωy) are
lower than that in the axial direction (i.e., ωz); (ii) in the
transverse plane (i.e., x and y directions), the translational
velocities (i.e., Ux and Uy) in the active region are approx-
imately two times of the corresponding ones in the passive
region, while the rotating velocities (i.e., ωx and ωy) in the
active region are three to four times of that in the passive;
(iii) the transverse translational velocities (i.e., Ux and Uy)
increase with particle diameter in both the active and passive
regions, while the axial translational velocity (Uz) increases
with particle diameter in the active region but decreases
with particle size in the passive region; and (iv) the rota-
tional velocities in all three directions (ωx, ωy, and ωz)
decrease with particle diameter in both the active and passive
regions due to the decrease of moment of inertia. All these
observations for the ternary-size mixture are similar to that
for the binary-size mixture.32 Quantitatively comparing the
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TABLE III. The time-averaged translational and rotating velocities of the three particle types in the active and
passive regions of the rotating drum.

Ux (m/s) Uy (m/s) Uz (m/s) ωx (deg/s) ωy (deg/s) ωz (deg/s)

Large particles in active region 0.205 0.108 0.027 9.9 9.13 13.4
Medium particles in active region 0.178 0.096 0.026 12.78 12.4 16.45
Small particles in active region 0.12 0.07 0.024 18.2 18.7 22.23
Large particles in passive region 0.084 0.066 0.0049 2.21 2.3 3.4
Medium particles in passive region 0.078 0.059 0.0055 3.3 3.5 4.5
Small particles in passive region 0.064 0.045 0.0073 6.6 7.1 7.9

flow characteristics of the large and small particles with that
in the binary-size system, the presence of the medium par-
ticle type has the following effects on the translational and
rotational velocities: (i) it exerts negligible influence on the
velocities of the large particles along all three directions in
both the passive and active regions, which is mainly because
the large particles persist in preferentially segregating to the
periphery; (ii) it decreases the x- and y-directional transla-
tional velocities (Ux and Uy) of small particles by approx-
imately 10% in both the active and passive regions, which
is mainly because the small particles are more concentrated
towards the inner core, and thus exhibit a smaller velocity
in the transverse plane [Fig. 4(a)]; and (iii) the axial veloc-
ities (Uz) of both the large and small particles are similar
in both the ternary-size and binary-size mixtures, indicating
that the presence of the third particle type does not change
the random collisional motion of both the large and small
particles.

D. Collision level information

In the rotating drum, the frequent collisions between
neighboring particles and the corresponding collision-
dominated flow characteristics need to be understood for each
particle type. The motion of the particles especially in the
axial direction is strongly influenced by the collision between
particles, and thus a closer assessment of the collisions may
provide some insights into the complex phenomena like axial
segregation and band travelling. Figure 7 presents the contour
plot of the spatially resolved distribution of the mass-averaged
collision force between colliding particles in the central slice
z/Z = 0 of the rotating drum, with each black line represent-
ing the active-passive boundary in each slice. Three observa-
tions are worth noting. First, the collision forces in all three
directions in the active region are obviously larger than that
in the passive region due to the more rapid flow. Second,
the force distributions are different in the three directions.

FIG. 7. Contour plot of the spatially
resolved distribution of the mass-
averaged collision force exerted on the
colliding particles in the central slice
z/Z = 0 of the rotating drum, where each
black line stands for the active-passive
boundary: (a) Fx; (b) Fy; (c) Fz.
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For the x-component collision force [Fx; Fig. 7(a)], the great-
est Fx magnitudes lie at the lower end of the active region
due to the intensive collisions of the falling particles. For the
y-component collision force [Fy; Fig. 7(b)], the least Fy mag-
nitudes are in the radial core, while the greatest are near the
particle bed surface of the active region due to the intensive col-
lision induced by the falling particles. As for the z-component
collision force [Fz; Fig. 7(c)], the greatest Fz magnitudes are
at the two ends of the active region induced by collisions with
the drum wall. Third, compared to Fx and Fz, the Fy magni-
tudes are generally greater in the passive region, particularly
near the bottom wall, due to the gravitational force effects.
Qualitatively comparing the collision force distribution of the
ternary-size mixture with the binary-size granular mixture32

demonstrates that the presence of the third particle type does
not change the general distributions of this force in the rotating
drum.

To quantitatively compare the different flow character-
istics of each particle type induced by the size-segregation
effect, the evaluation of the collision force exerted on each
particle type is conducted by first non-dimensionalizing
the collision force with respect to the gravitational force.
Figure 8(a) presents the evolution of the non-dimensionalized
collision forces exerted on all three particle types along all
three directions. The trends are noted as follows: (i) the non-
dimensionalized forces exerted on the small particles are the
greatest along all three directions, followed by the medium
particles and then the larges particles; (ii) for the three force
components, the y-component is the largest, while the x- and
z-components are more similar; (iii) radial segregation within
the initial time period of 40 s gives rise to steeper changes
with time of the collision forces, especially the large and small
ones, while axial segregation leads to more gradual changes
with time.

To evaluate the effect of axial segregation on the colli-
sion forces, Fig. 8(b) presents the axial distribution of the
non-dimensionalized collision force exerted on the different
particle types. Specifically, the whole drum length was divided
into 36 uniform slices, and then the non-dimensionalized col-
lision forces are time-averaged within each slice. It is observed
that (i) across the whole drum length, the relative magnitudes
of the forces are the same as that in Fig. 8(a), and (ii) the for-
mation of the axial bands leads to non-uniform distributions
of the collision forces with peaks and valleys corresponding
to the axial bands of large and small particles, respectively.

The non-dimensionalized force of each particle type in
the two distinct regions of the rotating drum (i.e., active and

TABLE IV. The time-averaged non-dimensionalized collision force exerted
on the three particle types in the active and passive regions of the rotating
drum.

Fx/Gp (-) Fy/Gp (-) Fz/Gp (-)

Large particles in active region 1.84 2.65 1.97
Medium particles in active region 2.15 3.03 2.34
Small particles in active region 5.29 7.07 5.77
Large particles in passive region 0.88 1.6 0.89
Medium particles in passive region 0.83 1.32 0.87
Small particles in passive region 2.17 2.82 2.28

passive) is analyzed by averaging all the variables exerted
on the particles in the corresponding regions over the entire
simulation time. Table IV lists the values which indicate that
(i) along all three directions and in both regions, the colli-
sion force exerted on the small particles is two to three times
that on the large or medium particles, (ii) for all three particle
types, the collision force in the active region is about two times
of that in the passive region, and (iii) in both the active and
passive regions, for all three particle types, the y-component
collision force is the greatest, followed by the z-component and
then the x-component. Quantitatively comparing these with the
binary-size mixture32 reveals that the presence of the medium
particles decreases and increases the collision force exerted,
respectively, on the large and small particles in both the active
and passive regions.

E. Typical trajectory of the three particle types

To gain more insights on the radial segregation, Fig. 9
illustrates the typical trajectories of the three particle types
over the entire simulation duration. In general, the radial seg-
regation of the ternary-size granular mixture is such that the
small particles progressively congregate in the radial core, the
large ones in the radial periphery, and the medium ones sand-
wiched in between the other two. More importantly, presenting
the trajectories of the three particle types provides a direct
and vivid illustration regarding the residence time behavior,
the circulation, and also the exchanging tendencies between
the active and passive regions. In view of the different flow
behaviors, it is meaningful to evaluate these essential char-
acteristics in the two distinct regions of the rotating drum.
For instance, the rate of exchange of each particle type across
the active-passive interface can be tracked to provide insights
regarding the tendency of the particles to traverse the two
regions. Since every particle in the rotating drum is tracked

FIG. 8. Profiles of the non-dimensionalized collision
force exerted on the three particle types (red, green, and
blue represent large, medium, and small particles, respec-
tively) in the rotating drum: (a) evolution of the instanta-
neous non-dimensionalized collision force with time and
(b) time-averaged non-dimensionalized collision force
along the drum length (z).
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FIG. 9. Typical trajectory of the three
particle types within the entire sim-
ulation duration: (a) large particle;
(b) medium particle; and (c) small par-
ticle. Each black line represents the
active-passive interface.

via DEM, the sample size is extremely large and statistically
reliable.

F. Solid residence time (SRT)

Because of the very different characteristics of the active
and passive regions in the rotating drum, the duration that a
particle spends in each region directly dictates the extent of
heat and mass transfer and thereby the extent of treatment
(e.g., reaction and drying). For example, in the coating process,

the exposure of the granular material in the active region has a
strong effect on the coating efficiency and also the uniformity
of the coating. Therefore, the residence time of the particles in
both the active and passive regions is an important parameter
that significantly influences the overall system performance
but is challenging to characterize and predict.52 By means of
theoretical analysis and experiments, several empirical corre-
lations have been proposed to predict the solid residence time
(SRT) in the rotating drum.42,51 However, these correlations
are generally proposed for the whole system. In view of the

FIG. 10. Probability histogram of the
solid residence time (SRT) of each par-
ticle type in the active region over the
entire simulation duration, where each
blue line stands for the mean SRT:
(a) large particles; (b) medium particles;
and (c) small particles.
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FIG. 11. Probability histogram of the
solid residence time for each particle
type in the passive region over the entire
simulation duration, where each blue
line stands for the mean SRT: (a) large
particles; (b) medium particles; and
(c) small particles.

marked differences in behavior between the active and passive
regions, the more in-depth inspection of the SRT of each par-
ticle type in each of the two regions in this study would not
only enhance the accuracy of such predictions but also shed
new insights on the segregation phenomenon.

To evaluate the solid residence time (SRT) in each region,
a counter is assigned to every particle in the system to track the
time elapsed. Specifically, when a particle crosses the active-
passive boundary, the counter is zeroed and starts to record the
time the particle stays in this region until the active-passive
boundary is crossed again. Figure 10 illustrates the probabil-
ity histogram of the SRT of each particle type in the active
region of the rotating drum, where each blue line represents
the mean. General trends are described as follows: (i) the SRT
distributions of all three particle types in the active region are
approximately normal distributions with mean values approx-
imately corresponding to the peak values, which is mainly due
to the cyclic, regular motion of the particles (Fig. 9); (ii) at
the lower SRT values (<0.5 s), the probability is negligible
for the large particles but not for the small particles because
of the respective congregation in the radial periphery and core
[Figs. 9(a) and 9(c)]; (iii) the mean SRT of the large parti-
cles is greatest, followed by medium and then small because
the congregation of the larger particles in the radial periphery
implies greatest displacements [Fig. 9(a)]. Compared to the
binary-size mixture,53 the presence of the additional medium
particles does not qualitatively change the distribution of the
SRT values, but the quantitative impact is that the mean SRT of
the small particles becomes a little higher due to the increased
congregation to the radial core.

For the passive region, the SRT probability histogram of
each particle type is illustrated in Fig. 11. Similar to that in the
active region (Fig. 10), (i) the SRT distributions are dissimilar
among the three particle types, (ii) the mean SRT of the large
particles is the greatest, followed by the medium and then

small due to the preferential radial segregation (Fig. 9), and
(iii) the small particles exhibit the greatest probability of SRT
values<1.0 s, followed by the medium and then large particles,
due to the congregation of the small particles in the radial
core. In contrast to that in the active region (Fig. 10), (i) the
SRT distributions are not normal, particularly with the SRT
distribution of the large particles such that the peak is skewed
the most rightward; and (ii) the mean SRT values for each
particle type in the passive region are two to three times that in
the active region. Compared to that of binary-size mixture,53

the presence of the third particle type does not change the SRT
probability distribution of both the large and small particles in
the passive region. Collectively, these highlight the importance
of considering region (i.e., active and passive) and particle size
in characterizing SRT.

G. Exchange rates between active and passive regions

The particles continuously traverse between the active and
passive regions through the active-passive interface, and such
exchanges critically influence the performance and efficiency
of the rotating drum. The mass flow rates of each particle type
and all the particles between the active and passive regions
are quantified with respect to time in Fig. 12. Steep changes
in the exchange rates occur within the first 40 s due to radial
segregation, after which the changes due to the slow axial seg-
regation are gradual. More specifically, the radial segregation
causes the exchange rates of the large and medium particles to
decrease, while that of the small particles to increase because
of the preferential segregation of the large and small parti-
cles, respectively, to the radial periphery and core. Then the
axial segregation causes the opposite trends, as in the exchange
rates of the large and medium particles to increase, while that
of the small particles to decrease because the formation of the
axial bands consisting mostly of one particle type enhances
and diminishes the exchanges, respectively, of the large and
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FIG. 12. Evolution of the solid exchange rates of the three particle types
between the active and passive regions through the active-passive interface.

small particles. The greatest exchange rates of the small parti-
cles are tied to the lowest SRT values [Figs. 10(b) and 11(b)],
and vice versa for the large particles. Notably the exchange
rate of the medium particles is in between that of the large and
small and mimics the large particles more although with more
gentle changes with respect to time.

H. Axial dispersion behavior

The axial (z-directional) dispersion of the particles is an
important characteristic in the rotating drum that warrants
more understanding, since it underlies axial segregation. Pre-
vious efforts have shed some light,54 and this study aims to
advance the understanding through the Lagrangian perspec-
tive by means of Einstein’s equation.55 Figure 13 presents the
contour plots of the spatially resolved distribution of the axial

dispersion coefficients of the large, medium, and small par-
ticle types in the central slice z/Z = 0 of the rotating drum,
where each black line stands for the active-passive interface.
The local axial dispersion of each particle type is evaluated by
averaging the dispersion coefficients of all the particles of this
type throughout the entire simulation duration. In general, it
clear that the axial dispersion coefficients in the active region
are greater than that in the passive due to the greater axial
velocities (Table III), and the greatest dispersions for three
particle types lie near the particle bed surface, which is in
accordance with the collision force trends along this direction
(Fig. 7).

To evaluate the dynamical response of the axial dispersion
of the different particle types to the segregation phenomenon
in the rotating drum, Fig. 14(a) displays the evolution of the
axial dispersion coefficients (Dz) in the rotating drum over
the entire simulation duration. Similar to previous trends with
respect to time, the radial segregation gives rise to sharper
changes within the first 40 s and then the slower axial segrega-
tion causes slower changes subsequently. The axial dispersion
coefficients (Dz) are the greatest for the large particles, fol-
lowed by the medium and then small ones. This is tied to the
radial segregation of the large particles to the radial periphery
and thereby the active region.

The axial segregation has been shown to change the axial
distributions of the velocity (Fig. 6) and collision force (Fig. 8)
of the different particle types. Analogously, Fig. 14(b) illus-
trates the axial distribution profile of the time-averaged axial
dispersion coefficients (Dz) of the three particle types. Sim-
ilarly, the axial dispersion coefficients (Dz) are non-uniform
axially along the drum length. The axial dispersion intensities
of all three particle types are the greatest near the end walls and

FIG. 13. Contour plots of the spatially
resolved distribution of the axial dis-
persion coefficients in the central slice
z/Z = 0 of the rotating drum, where each
black line stands for the active-passive
interface: (a) large particles; (b) medium
particles; and (c) small particles.
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FIG. 14. (a) Evolution of the instantaneous axial disper-
sion coefficient for the different particle types over the
entire simulation duration and (b) axial distribution pro-
file of the time-averaged axial dispersion coefficient of
the different particle types along the drum length.

comparatively much lower away from the end walls. Among
the three particle types, the Dz values of the large particles are
the weakest at the end walls due to the axial band consisting
mostly of large particles and greatest away from the end walls
due to the radial segregation tendencies. Compared with the
binary-size mixture,56 the presence of medium particle type
does not obviously change the distribution pattern and also the
dispersion intensity of both particle types.

V. CONCLUSIONS

The size-induced segregation characteristics of the
ternary-size mixture (i.e., three different particle sizes) in
the rotating drum operating in the rolling mode is numeri-
cally investigated by means of the discrete element method
(DEM) in the Lagrangian framework. Based on the results,
the following conclusions can be drawn:

(1) The size difference of the particles of the ternary-size
mixture gives rise to the fast appearance of radial segre-
gation followed by the slow axial segregation, which is
similar to that of the binary-size mixture. Specifically,
along the transverse (x-y) plane, the small particles con-
gregate in the radial core, the large particles congregate
in the radial periphery, while the medium particles are
sandwiched in between. Along the axial direction, the
radial core of small particles nearly spans the whole
drum length, except at the end walls whereby axial bands
consisting mostly of the large particles exist. The radial
and axial segregation tendencies of the large and small
particles are similar to that in a binary-size mixture, and
the presence of the medium particles in the ternary-size
mixture is such that they are sandwiched between the
other two particle types in both the transverse and axial
directions.

(2) Similar to the systems with the monodisperse and
binary-size mixture, the active-passive interface can be
identified with positions of zero streamwise velocity and
has similar heights throughout most of the drum length
except near the end walls.

(3) The radial and axial segregation of the ternary-size mix-
ture changes the translational (U) and rotational (ω)
velocities of the different particle types. Sharper changes
with respect to time are exhibited by the large and small
particles, while more gentle changes are associated with
the medium particles. The greatest velocity magnitudes
are observed for the large particles, followed by the

medium and then the small ones because of the prefer-
ential radial segregation of the large and small particles,
respectively, to the periphery and core, and the medium
ones in between. The presence of the third particle type
in the ternary-size mixture exerts a negligible influence
on the velocities of the large particles in both the regions
but clearly decreases the translational velocity of the
small particles in the transverse plane.

(4) The collision force is expectedly greater in the active
region especially near the bed surface. The radial and
axial segregation leads to the variation and also the
non-uniform axial distribution of the collision forces
exerted on the three particle types in the rotating drum.
In general, the small and large particles experience,
respectively, the greatest and least non-dimensionalized
collision force along all three directions, which is sim-
ilar to that in the binary-size mixture. The effect of the
third particle type in the ternary-size mixture is such that
the collision forces on the large and small particles are,
respectively, decreased and increased in both regions.

(5) The segregation phenomenon leads to the greatest and
least SRT, respectively, for the large and small parti-
cles in both the active and passive regions. While the
SRT frequency distributions of all three particle types
are approximately normal in the active region, they are
not so in the passive region, and the mean SRT values in
the passive region are about two or three times of that in
the active region. Compared to the binary-size mixture,
the presence of the additional medium particles does
not qualitatively change the distribution of the SRT val-
ues, but the quantitative impact is that the mean SRT of
the small particles becomes lower due to the increased
congregation to the radial core.

(6) Radial segregation causes the exchange rates of the
large and medium particles to decrease, while that of
the small particles to increase, and then axial segrega-
tion causes the exchange rates of the large and medium
particles to increase, while that of the small particles
to decrease. The presence of the medium particle type
expectedly diminishes the rates of both the large and
small particles due to the reduced total mass of these two
particle types. Interestingly, the ratio of the exchange
rate of the small to large particles increases from 1.21
for the binary-size to 1.26 for the ternary-size, due to
the enhanced extent of radial segregation in the latter
case.
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(7) The spatially resolved axial dispersion intensities of
all three particle types are the greatest in the active
region especially near the bed surface. The large and
small particles exhibit the greatest and lowest dispersion
intensities throughout most of the drum length, and the
medium particles have intermediate values. The pres-
ence of the medium particle type does not obviously
alter the dispersion pattern and intensity for large and
small particle types.

The findings from the current work shed insights with
respect to segregation on the effect of an additional particle
type on the binary-size mixture, which has been popularly
studied. Two further knowledge gaps that warrant future stud-
ies are noted. First, a complete understanding of the intrin-
sic mechanism underlying axial segregation remains elusive,
despite the axial segregation phenomenon being observed
nearly 70 years ago. The inextricable role of friction induced
by the end walls suggests that a detailed analysis of particle-
particle and particle-wall friction forces generated upon col-
lision would be useful for deciphering the genesis of axial
segregation near the end walls and the band travelling phe-
nomenon. Second, although continuous particle size distribu-
tions are prevalent both in natural and industrial processes,
little is known on the effect of multiple particle sizes on gran-
ular segregation, at least in part because of the significantly
higher computational expense. The non-negligible impact of
an additional particle type on a binary-size mixture suggests
that further unraveling of the effect of multiple particle types
would be valuable.
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