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The rich phase behavior of granular beds of bidisperse hard spherical particles in a
rotating horizontal drum is studied by Discrete Element Method (DEM) simulations.
Several flow regimes and various forms of radial segregation, as well as mixing, are
observed by systematically varying the operational parameters of the drum, i.e. fill
level and angular velocity, over a wide range. Steady states after several dozen revolu-
tions are summarized in two bed behavior diagrams, showing strong correlations
between flow regime and segregation pattern. An entropy method quantifies the overall
degree of mixing, while density and velocity plots are used to analyze the local proper-
ties of the granular bed. The percolation mechanism may provide a qualitative expla-
nation for the distinct segregation processes, and for the transient mixing in nonra-
dially segregated beds. Initially blockwise segregated beds are found to mix before
radial segregation sets in. High fill fractions (>65%) show the most intense segrega-
tion. © 2008 American Institute of Chemical Engineers AIChE J, 54: 3133-3146, 2008
Keywords: radial segregation, inverted segregation, order parameter, segregation
mechanism, bed behavior diagram
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Introduction

Granule mixing is a common and important unit operation
in the food industry. It is for example applied in freeze
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drying, in the production of instant soups, and to coat snacks
and candies. The fundamental phenomena in granule mixing
are still imperfectly understood,' making it difficult to a
priori predict the effectiveness of mixing processes. Opera-
tions aimed at mixing polydisperse granules may even result
in segregation. Although granular mixing has been the sub-
ject of research for some time,>* the translation of the more
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fundamental findings into predictions for practical processes
is still sketchy. In addition, the range of parameter values
studied sofar is rather limited. From this perspective, we here
report a systematic study of mixing and segregation in a bed
of bidisperse granules in a rotating horizontal drum, which is
the simplest geometry relevant in industrial practice.

Simulations of granular materials are based on either dis-
crete elements or continuum models. The discrete element
methods (DEM) combine semi-empirical models for the
interparticle interactions with the equations of motion from
classical mechanics to simulate the explicit paths of all gran-
ules in the drum, thus yielding realistic predictions of the
mixing process. This approach is very demanding computa-
tionally, which strongly limits the number of granules and
the number of revolutions in a simulation. Continuum models
dispense with the discrete particles and can therefore be
scaled up more easily. But the constitutive relations that
serve as the foundation for continuum modeling are difficult
to come by, and often only applicable to specific systems
and conditions. Here we have chosen for DEM simulations,
since in this approach the phenomena emerging in the simu-
lations are expected to be the least affected by the details
and approximations of the simulation model.

In this article, DEM simulations are presented of the mixing
of bidisperse, nearly incompressible, spherical granules in a
rotating horizontal drum, with the aim to analyze the mixing
and segregation behavior of cohesionless particles. Even in
this simple system, several segregation processes are known
to occur: radial segregation,”® inverted segregation,®” axial
segregation,z’m_12 radial streaking,l’13_15 double radial segre-
gation”'*'® and formation of unmixed cores.*'” To limit the
number of possible segregation processes, we have chosen to
follow Dury and Ristow’ by focusing on quasi-2D systems,
meaning that the drum has a depth of 8.3 (12.5) times the diam-
eter of the largest (smallest) particle to suppress axial trans-
port and thus axial segregation. The two types of particles dif-
fer in size, which at identical specific gravities implies that
they also differ in mass, while the particles are identical in all
other respects. Of primary interest in this study are the fill
level and the rotational velocity of the drum, as it is our objec-
tive to analyze how these two easily tuneable operational
parameters determine the mixing and segregation process.

Mixing and segregation in a rotating drum is believed to
take place predominantly in the topmost tilted layer of the
granular bed, where the particles move, individually or col-
lectively, from one side of the drum downhill to the opposite
site. Six regimes of particle flow in this flowing layer have
been identified,'®? namely the sliding, avalanching a.k.a.
slumping, rolling, cascading, cataracting and centrifuging
regimes. Industrial mixing operations are typically performed
in the rolling or cascading regime, and sometimes in the cat-
aracting regime, whereas the sliding regime is avoided for its
poor mixing behavior. Previous studies'>*"*** have
focused on a limited range of fill levels and rotational veloc-
ities, and consequently have predominantly analyzed the
avalanching and rolling regimes. By considerably extending
the ranges of these two operational parameters, we have
been able to study the cascading, cataracting and centrifug-
ing regimes as well. These three regimes will therefore be
discussed in more detail than the rolling regime. Simula-
tions in the latter regime are included to validate our model
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against previous studies, and to complete the emerging
physical picture.

The simulations presented here are analyzed using a series
of methods to further the understanding of the observed mix-
ing and segregation processes, and the roles played herein by
the fill factor and the angular velocity of the drum. Quantita-
tive data on the degree of mixing, both in the steady state and
as a function of time, are obtained by an entropy-based char-
acterization method.?¢>’ Density maps and velocity vector
maps are used to analyze the tilted flowing layer on top of the
bed. Velocity-difference vector maps are helpful in the identi-
fication of the specific regions where the small and large par-
ticles are being separated. A bed behavior diagram depicting
the dependence of the flow regime on the fill level and angu-
lar velocity shows a remarkable agreement with the bed
behavior diagrams collected previously for monodisperse
systems.'” The steady state degree of mixing is also plotted
as a function of these two operational parameters. From this
detailed analysis the general picture appears that a percola-
tion mechanism,*® i.e. small particles falling through the
voids in the flowing layer, is responsible for translating the
flow regime into a steady state segregation pattern.

This article is organized as follows: In the next section the
simulation model and the aforementioned analysis methods are
introduced briefly. The simulation results are presented and
discussed in the results and discussion section, followed by a
summary of the main conclusions in the conclusions section.

Model Description and Characterization
of Mixing

Discrete element modeling (DEM)

To model time-dependent particle positions in a rotating
drum, a discrete element model (DEM) is used.>*>'* Par-
ticles are assumed to be spherical, interacting only by contact
forces both normal and tangential to their touching surfaces.
The normal force exerted on sphere i by sphere j is described
using a linear spring and dashpot model:

FZ = *k,,(s,'jfl,'j - 1’]nLC V;, (1)
with k, the elastic stiffness of the particles, J;; their apparent
overlap width, n; the normal unit vector from the centre of
particle i to the centre of particle j, and V;’, their relative ve-
locity along this normal. The normal damping coefficient 7,
is related to the energy restitution coefficient e, of particle-
particle collisions.*

In the description of the tangential friction force one has
to distinguish between the sticking and the sliding regime. In
Schifer’s approximation® of the Coulombic friction model,
the tangential force in the sticking regime reads as

Fj = —nv); @

with 7, the viscous friction coefficient. The tangential veloc-
ity difference at the point of contact is given by

vy = (Vi = ¥) = i+ (i + rjoy) X iy )

where v;, w;, and r; are the velocity, angular velocity and ra-

dius of particle i, respectively. The maximum attainable fric-
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ront view

X

Figure 1. Front view and side view of the drum, illus-
trating the relative dimensions of the drum
and the particles.

The straight lines show the edges of the elongated grid cells
used in the calculation of the order parameter. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

tion force in the sticking regime, which is also the friction
force in the sliding regime, reads as

Fj = —u|Fjt; “
with p the Coulombic friction coefficient and f,-j the unit vec-
tor along the tangential velocity. Note that Schéfer’s approxi-
mation® circumvents the discontinuity in the Coulomb
model by allowing the particles to slide very slowly in the
sticking regime. Both normal and tangential forces cease
when the particles are not in contact anymore, i.e. for
0 < 0.

The interactions of particles with the drum walls are of the
same form as the particle-particle interactions, where distan-
ces and velocity differences are now calculated relative to
the contact point(s) with the walls. The cylindrical drum wall
of radius R and length L is oriented with its rotation axis
along the y-axis and is closed by flat circular walls at either
end, see Figure 1. The origin of our coordinate system coin-
cides with the center of the drum. A gravitational force pulls
along the negative z-direction. The total force Fi* and torque

Table 1. Simulation Parameters in This Work and two Related Studies by Dury and Ristow’ and Schutyser et a

T on particle i are obtained by summation of all forces
with respect to that particular particle, including contact
forces exerted by the drum walls and gravity. We solve the
particles’ motions by numerically integrating Newton’s sec-
ond law of motion using the half-step ‘leap-frog’ scheme™®
with a fixed time step At.

The simulation parameters employed in this study are pre-
sented in Table 1, along with the parameters of the similar
models by Dury and Ristow’ and by Schutyser ef al.’” and
are discussed further in the section ‘discussion of the model’.
The starting configurations of our simulations were created
by placing between 2000 and 8000 particles randomly in the
drum, avoiding overlap, followed by a short simulation to
condense the bed under the influence of gravity. By initially
placing small particles on the right side (x > 0) and large
particles on the left side (x < 0) of the drum, we arrived at
the block-wise segregated starting configuration of Figure 2A.
After all particles had settled, their velocities were set to
zero before setting the drum in motion.

Analysis methods

Characterization of Mixing. Several methods to quantify
the time dependent degree of mixing or segregation have
been described in literature'**%7>%3 Here we use a method
based on the entropy of mixing®®?’ because it combines
simplicity and a convenient interpretation with portability
across reactor geometries and a pedigree in statistical
mechanics. After defining a grid of n, X n, X n. cells, (see
Figure 1), the local mixing entropy s(k) in each grid cell
k = (kky,k.) is calculated using Boltzmann’s expression

s(k) = x,(k) Inx, (k) + x5 (k) Inxy, (k), %)
where x,(k) is the number fraction of particles of type x in
cell k. The local entropy is defined to be zero if the cell con-
tains no particles, or particles of one type only. The local
entropies are then weighted by the number of particles in

that cell, n(k), to yield the global entropy at time ¢,

]lvzs(k,r)n(k, 1), (6)

k

S(1)

130

Description (unit) This Work Dury and Ristow Schutyser et al.
Radius particle a, r, (mm) 1.0 1.0 4.9
Radius particle b, r, (mm) 1.5 1.5 -
Total volume fraction a/b 1 1 Monodisperse
Number of particles 2000-8000 «300-17,000 36,000
Number ratio N,/N;, 3.375/1 3.375/1 Monodisperse
Drum length L (mm) 25 25 220
Drum radius R (mm) 35 35 350
Specific gravity p (kg m ) 2500 2500 2900
Restitution coefficient particle-particle e, (-) 0.831 0.831 0.1
Restitution coefficient particle-wall e, (—) 0.9 0.9 0.1
Dynamic interparticle friction coefficient p (=) 0.5 0.19 0.5
Dynamic particle-wall friction coefficient u (—) 1.5 0.6 1.5
Viscous interparticle friction coefficient #, (kg sh 1.0 - 1.0
Viscous particle-wall friction coefficient 1, (kg s~ ") 3.0 - 3.0
Stiffness coefficient k, (Nm™ ') 125 60,000 125
Time step At (s) 2X107° Unspecified 2x107°
Fill level (%) 25-92 10-95 25
Rotational speed drum o (rad s~ ') 1.57-28 1.57 0.05-0.21
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Figure 2. Four snapshots depicting cross-sections of
half-filled drums at various angular velocities
of the drum, with the large (small) particles
drawn in dark (light) gray.

The four pictures correspond to the four marked points in
Figure 3, showing (A) the blockwise segregated starting
configuration, (B) a radially segregated drum in the rolling
regime, (C) a well mixed bed in the cascading regime and
(D) an inverse segregated drum in the cataracting regime.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

where N =3, n(k) is the conserved total number of par-
ticles. The global entropy is finally normalized, relative to
the average global entropies Sp,ix of perfectly mixed and S,
of perfectly segregated systems. The global entropies of these
reference states are calculated by running the above proce-
dure on sets of randomly created homogeneously mixed and
fully segregated systems. This normalization procedure leads
to a conveniently scaled mixing parameter,

¢(f) = (S(t) - Sseg)/(smix - Sseg)a (7

with ¢ = 1 for a mixed system and ¢ = 0 for a fully segre-
gated system. In contrast to several earlier methods,**" the
current method is readily applied to different types of segre-
gation. For small cubic grid cells, {n,, n,, n.} > 1, the
method detects any kind of segregation; using bar-like cells
aligned along the cylinder axis, {n,, n.} > 1 and n, = 1,
makes the method specific for radial segregation; slices per-
pendicular to the cylinder axis, n, = n,, = 1 and n, > 1,
render the technique sensitive to axial segregation. Here we
follow the second approach, with n, = n,, to arrive at the
grid depicted in Figure 1. We emphasize that this mixing pa-
rameter is not meant as an exhaustive characterization of the
ordering in the system. For example, a radially segregated
state with a core of small particles will have approximately
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the same mixing parameter as the inverted segregated state
with a core of large particles (see Figures 2 and 3). After vis-
ual inspection of snapshots and movies made from the simu-
lations with the VMD package,41 we defined a system as
‘mixed” at ¢ > 0.9 and as ‘segregated’ at ¢ < 0.65, with in-
termediate values indicating a partially segregated state.

To evaluate the influence of the grid dimensions n, and n,
on the mixing parameter, we calculated ¢ for one simulation
using a variety of grid sizes. As Table 2 shows, grids con-
taining 10 X 10 to 28 X 28 cells yield nearly identical mix-
ing parameters of 0.57 = 0.03 in the steady state. Grids of
less than 10 X 10 cells yield a spurious rise of the mixing
parameter, indicating that they are too coarse to capture the
segregated structure. For grids with more than 28 X 28 cells,
the cells do not contain sufficient particles to be representa-
tive and the entropy of the well-mixed state S,,;x deviates too
much from the theoretical value of —0.54. Moreover, the
widths of these cells are smaller than the diameter of the big-
ger particle. In this article we have chosen for a grid of
12 X 12 cells.

To establish the reproducibility of our simulation results
and to estimate the confidence interval of the mixing parame-
ter, a dozen microscopically distinct, yet macroscopically
identical block-wise segregated configurations were created
by changing the seed of the random number generator. The
simulations started from these configurations display very
similar dynamics, with inter-simulation fluctuations in ¢(r)
characterised by a standard deviation of about 0.03 at any
time ¢ after the start of the simulation. It appears, therefore,
that the evolution on the macroscopic level is rather insensi-
tive to the microscopic details, and hence the process is suffi-
ciently repeatable to be of practical relevance. We will con-
sider configurations to be equivalently mixed if their mixing
parameters differ by less than 0.03.

o — .57 radls, Fr=0.008 | -
o —— 3.14 rad/s, Fr=0.04
02" 12.6 rad/s, Fr=06 | —
- = |50 rads, Fr=08

YA vowo 16,8 radls, Fr=1.0 1

T R
Number of Revolutions (-}

Figure 3. The degree of mixing, as calculated by the

entropy method discussed in the Characteri-

zation of Mixing section, plotted against the

number of drum revolutions at five angular

velocities.

The simulations start with a blockwise segregated drum, at
50% fill level. Snapshots of the bed at the four marked
points are presented in Figure 2. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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Table 2. Influence of the Number of Grid Cells on the Mixing Parameter ¢ in the Steady State of a Simulation with
Fill Level 50%, » = 1.57 rad/s and Other Parameters as in Table 1

No. of Cells No. of Particles
ne X n. Cell Size® Per Cell *° Seeg St

16 5.8 491 0.77 -0.09 —0.54

36 3.9 233 0.67 —0.08 —0.54

64 2.9 143 0.64 -0.07 —0.53
100 2.3 98 0.60 —0.06 —0.53
144 1.9 70 0.58 —0.06 —0.53
196 1.7 51 0.58 —0.06 —0.53
256 1.5 41 0.57 -0.05 -0.52
324 1.3 32 0.56 —0.05 —0.52
400 1.1 26 0.56 —0.05 -0.52
484 0.9 22 0.56 —0.05 —0.51
576 0.9 19 0.55 —0.05 —0.51
784 0.8 14 0.54 —0.04 —0.50
1296 0.6 9 0.52 —0.04 —0.46

The entropies Si, and Sy are obtained by averaging over sets of randomly produced segregated and mixed configurations, respectively, under identical

conditions.

“In multiples of the largest particle diameter.

Average number of small and large particles in occupied cells.
“Order parameter after 35 revolutions.

Bed Expansion. Bed density plots, like Figure 4A and
4D, give impressions of the global and local expansions of
the bed and the distribution of voids during mixing and seg-
regation. The drum is divided into 28 X 28 cells along the
xz plane and the occupied volume per cell is averaged over
the last 10 revolutions of the simulations. These values are
then normalized by the accessible volumes of the cells, to
account for the restrictions posed by the hard walls. Density
plots in which only one type of particle is taken into account

015

0.25
m (.35
0.45
0.55
0.65
0,75

0.05
015
0.25
0.35
0,45
0.35

D

(not shown) clearly illustrate the radial cores of small par-
ticles for low rotational speeds and of large particles for high
angular velocities of the drum. Because of the quasi 2D ge-
ometry of the drum, we do not observe any appreciable axial
segregation in analogous density plots along the xy and yz
planes (not shown).

Local Velocities. Velocity vector plots are made with the
same grid cells as the bed expansion plots, using a mass-
weighted average of the particle velocities in the x and z

Figure 4. Analysis of the bed properties in a rotating drum at 50% fill level, for angular velocities in the rolling re-
gime (1.57 rad/s; plots A, B, and C) and the cascading regime (12.56 rad/s; plots D, E, and F).
From left to right: the local density of the bed (plots A and D), the average velocity of the particles relative to a rigid body rotation (v; —
oy X r; plots B and E, with the reference vectors in the top right corner representing 0.1 and 0.8 m/s respectively), and the segregational

velocity difference between small and large particles (v, — vy,; plots C and F with the reference vectors in the top right corner indicating
0.01 and 0.03 m/s, respectively). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 5. Vector plots of the standard deviations in the
particle velocities, for 50% filled drums in a
steady state at (A) 1.57 rad/s, (B) 6.28 rad/s,
(C) 16 rad/s, and (D) 18 rad/s.

The x and z components of the vectors represent the stand-
ard deviations in the local particle velocities along the x
and z directions, respectively. The reference vectors in the
four plots correspond to 1/80, 1/60, 1/35, and 1/50 m/s
respectively. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

directions. These plots, e.g. Figures 4B, E, clearly illustrate
where the motion of the granular bed deviates from a solid
body rotation around the axis of the drum. The net segrega-
tion/mixing flux is nicely visualized as the difference
between the local average velocities of large and small par-
ticles, see Figures 4C, F. These velocity difference plots are
made for homogeneously mixed systems, in which the aver-
aging covers only a short timespan before significant demix-
ing sets in. For clarity, grid cells containing merely one type
of particles are omitted in the difference plots. To study the
effect of dispersion by random collisions (also called random
collision diffusivity), we have also calculated the standard
deviations of the x and z velocity components of the par-
ticles, per particle type and per cell, as shown in Figure 5.
Discussion of the Model. The employed simulation
model is largely based on the model by Dury and Ristow,’
but differs from their model in several respects. To create a
simple model with few tunable parameters, our implimenta-
tion does not include the tangential deformation forces intro-
duced by Walton and Braun®? and Cundall and Strack,31 nor
do we have a rolling friction with the wall’: these forces are
only relevant at low or vanishing rotational drum veloc-
ities,>> while we are interested in the higher angular drum
velocities required for the rolling regime and beyond. The
model parameters listed in Table 1 are derived from the pa-
rameters employed by Dury and Ristow,” and supplemented
with elasticity and friction coefficients from Schutyser
et al.> These coeffients lie in the typical ranges employed in
various simulation studies.**** In a fortcomming article we

3138 DOI 10.1002/aic

Published on behalf of the AIChE

present a discussion of these parameters, showing that the
bed dynamics is relatively insensitive to the precise values of
these coefficients, with significant deviations in the bed dy-
namics occurring only for values well outside the conven-
tional ranges. Since the time step of the integration algorithm
is mainly determined by the elastic stiffness k, of the par-
ticles, we have opted for a relatively low elasticity k, = 125
N/m to make longer simulations feasible. Here again, the
precise value is of limited practical effect as long as the par-
ticles possess a well-defined excluded volume. The maximum
allowed time step follows from the condition that the equa-
tions of motion should be integrated sufficiently accurately.
Schifer’s criterion™ suggests Ar = 0.017, with t the collision
time, but our tests on conservation of linear and angular mo-
mentum (and on conservation of energy for e, = 1) for bi-
nary collisions and on conservation of energy in partially
filled drums suggested a smaller time step of 0.0025 7t is
needed to ensure accuracy. Visual inspection of a half-
filled drum rotating at a quarter revolution per second
showed that our model behaves similar to that of Dury and
Ristow’ (not shown), in further support of the above
expressed viewpoint that the differences between the mod-
els are of little relevance at the simulated angular drum
velocities.

To assess the influence of the end walls of the drum in the
current quasi-2D geometry, with a drum length amounting to
8.3 (12.5) times the diameter of the largest (smallest) parti-
cle, the simulations of the aforementioned half-filled refer-
ence system of Dury and Ristow’ were repeated for two
different drums. Neither a drum with periodic boundary con-
ditions along the axial direction nor a drum with a doubled
drum length revealed any significant differences from the
standard geometry. An obvious effect of the limited drum
depth is the suppression of axial segregation, as desired in
this study on radial segregation.

A number of general observations, which the bidisperse
system shares with the monodisperse systems of Nakagawa®’
in the rolling regime, are illustrated in Figure 4. We see that
the bed can roughly be divided in two parts, see Figure 4B:
the passive bulk in which particles undergo solid body
rotation around the cylinder axis and the active layer in
which the particles undergo collective linear translation due
to the sliding motion. In the latter layer the particles also ex-
perience a diffusional/random motion relative to each other,
resulting from interparticle collisions (Figure 5A). The bed
density increases moving along the surface normal from the
free surface of the bed down to the passive bulk, see Fig-
ure 4A. The velocity parallel to the free surface varies along
the flowing layer with a maximum approximately halfway
down the slope, see Figure 4B, where the layer thickness and
the diffusional motion also reach a maximum, see Figures
4A and 5A. Similar results have been obtained in experi-
ments on bidisperse and monodisperse systems,*’ strengthen-
ing our confidence in the model.

In previous studies, it has been assumed that the flow
regimes are unequivocally characterized by the Froude num-
ber, defined as the dimensionless ratio of centrifugal and
gravitational forces,z’9

Fr=oiR-r)/g, 3)
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Figure 6. The order parameter as a function of time,
illustrating the effect of the Froude number
on the mixing dynamics of the half-filled
drum.

The Froude number was varied either by chan;ing the
angular velocity of the drum (at ¢ = 9.81 m/s”) or by
changing the gravitational acceleration (at wg =1.57 rad/s).
The simulations lasted for a total of 40 revolutions, but all
significant changes in the order parameters occurred inside
the depicted range of revolutions.

with @y the angular velocity of the drum and g the gravity
acceleration. To validate this assumption, three simulations
were performed at Fr = 0.14, 0.56 and 0.8 by varying the
rotational speed of the drum at fixed standard acceleration of
g = 9.81 m/s’. Three additional simulations were performed
at identical Fr values by varying the gravitational accelera-
tion at a constant rotational speed of a quarter revolution per
second. In Figure 6 we see small differences between each
pair of mixing parameter curves at identical Fr, especially in
the first 5 revolutions at the largest Fr value. Apparently, the
process dynamics at high Fr values are not completely char-
acterized by this dimensionless number, but since this effect
is small it is disregarded and Fr will be used in this study as
the parameter determining the flow regime.

Results and Discussion

In this section the results of our simulations are presented
and discussed. The two operational parameters of the system,
namely the angular velocity and the fill level, have been var-
ied systematically to study their impact on (the evolution of)
the mixing/segregation process; all other system parameters
are kept fixed as stated in Table 1. The first subsection
describes the effect of the drum velocity for a half filled
drum, the next subsection analyses the influence of the fill
level at constant angular velocity, and in the third subsection
both parameters are varied systematically to scan the parame-
ter space.

Rotational velocity

The angular velocity of the drum is an important opera-
tional parameter. We first study its influence on the segrega-
tion and flow regimes in the steady state, followed by a dis-
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cussion of how the various flow regimes may explain the
evolutions of the distinct segregated states.

Steady State. The steady state mixing parameter ¢ of a
half-filled drum in the steady state, i.e. after 30 revolutions,
is depicted in Figure 7 as a function of the Froude number.
The degree of mixing first increases with the rotational
speed, exhibits a broad maximum, and then rapidly decreases
again. Visual inspection of the simulations reveals that these
three regimes roughly coincide with three different ordering
regimes and with three different flow regimes; the latter are
identified using the criteria of Mellman.'® At relatively low
rotational speeds radial segregation takes place (10 * < Fr <
0.023; region RS in Figure 7), while the flow profile is char-
acteristic of the rolling regime (10™* < Fr < 0.035; region
RO in Figure 7). At intermediate speeds the system mixes
relatively well (0.25 < Fr < 0.68; region MX in Figure 7).
The flow profiles observed in this regime are indicative of
cascading (0.12 < Fr < 0.46; region CS in Figure 7), with a
gradual transition to cataracting (0.46 < Fr < 0.68). At high
rotational speeds inverted segregation sets in (0.85 < Fr <
1.4; region IS in Figure 7), coinciding with the cataracting
profile (0.77 < Fr < 1.0; region CT in Figure 7) and the
transition flow profile between cataracting and centrifuging
flow (1.0 < Fr < 2.23). Please note that this latter system
may not completely have reached steady state yet due to its
slow re-ordering dynamics. With increasing angular velocity
the centrifuging regime (Fr > 2.23; not shown in Figure 7)
is established. In this regime the whole system is stagnant
with the centrifuging particles forming a layer covering the
entire wall. The observed relation between the flowing

RS MX IS
—————r———————— ——
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Figure 7. The mixing parameter ¢ of the steady state
in half-filled drums with various rotational
velocities, plotted against the corresponding
dimensionless Froude number.

The ranges of different flow regimes are marked at the bot-
tom, with “RO” denoting rolling, “CS” for cascading and
“CT” for cataracting. At even higher Froude numbers,
1.0 < Fr < 2.23, the cataracting-centrifuging regime is
observed, finally progressing into a centrifuging regime for
Fr > 2.23. The ordering regimes are highlighted at the top,
with “RS” for radial segregation, “MX” for mixing and
“IS” for inverted segregation.
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regime and the segregation/mixing process will be investi-
gated further in the next section.

Segregation Processes. In this paragraph we focus on the
formation process of the steady states for the different flow
regimes.

Rolling. In the rolling regime, segregation is believed to
proceed by selective percolation of the smaller particles
through the flowing layer.”® Because of the motion of the
particles rolling down the inclined surface (Figure 4B), the
top layer has expanded (Figure 4A), resulting in a relatively
high porosity in comparison to the bulk of the bed. By virtue
of their size, small particles have a higher chance of falling
downwards through a pore than the large particles. This leads
to a difference in average velocities between the small and
large particles in the flowing layer as illustrated in Figure 4c.
This segregation is visible throughout the flowing layer by
the downward pointing arrows, except for a thinly populated
toplayer without systematic segregation. From Figure 4b it
can be seen that the passive bulk of the bed mainly rotates uni-
formly with the drum, and therefore no segregation or mixing
takes place in this part of the bed (see also Figure 5A).

Cascading. Increasing the rotational speed of the drum to
the cascading regime leads to an increase in the thickness
of the flowing layer (Figure 4D). This expansion, especially
in the topleft part of the flowing layer, implies the presence
of many large voids, which makes the percolation mecha-
nism less selective on the particle size, see Figure 4F, and
causes mixing of the particles. The transient part of the mix-
ing curve is independent of the drum velocity within the cas-
cading regime, from 5 to 12 rad/s, whereas the plateau value
gradually increases with the rotational velocity of the drum.

At this point, it is interesting to temporarily eliminate the
steric effects from the simulations. We therefore, briefly
focus on a monodisperse system with particles of the smaller
type. The particles are assigned a color depending on their
initial positions in the drum, thus creating a block-wise start
configuration. We observe that with increasing rotational
speeds of the drum, up to 5 rad/s, fewer drum rotations are
needed to obtain a mixed state, see Figure 8. In the cascad-
ing regime, ranging from 5 to 12.56 rad/s, however, the mix-
ing profile ¢ is independent of the angular velocity. This
constant profile coalesces with the mixing curve of the bidis-
perse system at @ = 12.56 rad/s, suggesting that the mixing
process has become insensitive to the particle sizes at this
particular velocity and fill level. At even higher angular
velocities the system requires increasingly more revolutions
to reach its steady state. We now discontinue the discussion
of the monodisperse system, and return to the regular system
with bidisperse particles.

Cataracting. In the cataracting regime the flowing layer
is characterized by particles from the bed being flung into
the previously void space above the bed,'” as shown in Fig-
ures 9A through C. The flowing layer can now be subdivided
into three distinct regions. From left to right, we first pass a
region where particles are thrown into free space by the high
velocities acquired in the bed. The particles nearest the drum
wall have the highest velocities, reach the highest altitude
and are thrown the furthest. Next comes a region where the
velocities are too low to throw the particles, and instead
the particles roll down the steeply inclined flowing layer, see
Figures 9A, B. This rolling motion is also evident from
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Figure 8. The mixing behavior of a 50% filled monodis-
perse system containing equal amounts of
red and blue particles in a block-wise segre-
gated starting configuration, for various angu-
lar velocities of the drum.

Note that the curves for wg = 5 to 12.6 rad/s are identical
to within about 0.03. The simulations lasted for at least 40
revolutions, with the most significant changes in de order-
parameters occuring inside the depicted range of revolu-
tions. Only the order parameter at the highest drum velocity
continues to rise after the tenth revolution, reaching ¢ =
0.87 after 50 revolutions.

Figure 10A, where the distribution of the average angular ve-
locity component w;, parallel to the drum axis is depicted.
In the third region of the flowing layer, at the bottom right
of the drum, the rolling and flying particles meet again to
settle into a densely packed bed for the next revolution. After
a number of revolutions a steady state of inverted segregation
is reached, with the small particles concentrated on the out-
side and the large particles on the inside of the drum.

It has been argued9’46 that the key to inverted segregation
lies in two mass-related phenomena: gravity causing particles
to fall down and inertia giving rise to centrifugal effects. The
former dominates at the low angular drum velocities in the
rolling and cascading regimes, where regular radial segrega-
tion or mixing is observed, while the latter takes precedence
at the higher drum velocities in and beyond the cataracting-
centrifuging regime, which display inverted segregation. A
balance between the two is reached at Fr = 1 (see Eq. 8),
corresponding with the critical angular velocity @, at which
the outermost layer of particles starts to centrifuge. The parti-
cle radius dependence of @, instigated Ninayand8 and Turner
and Nakagawa9 to suggest that inverted segregation arises
because the centrifugal effects are slightly stronger for the
smaller particles than for the larger particles. In the current
system these critical angular velocities are w., = 16.99 rad/s
and w., = 17.11 rad/s, suggesting that the difference is
probably too small to explain inverted segregation. We fur-
thermore note that inverted segregation is already observed
at 15.5 rad/s (Fr = 0.85), well below the critical angular
drum velocity of either particle.

For new insights into the physics of the segregation pro-
cess we return to the distributions depicted in Figure 9. The
velocity difference plot of Figure 9C shows a pronounced
region of separation activities near the bottom and bottom
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Figure 9. Analysis of the bed properties in rotating half full drums in the cataracting regime (15 rad/s ; plots A, B
and C) and the cataracting-centrifuging regime (19 rad/s; plots D, E and F), showing the density (A and
D), relative velocity (with the reference arrows in the top right corner representing 0.73 and 0.76 m/s,
respectively) and velocity difference (C and F with the reference arrows in the top right corner indicating

0.024 and 0.019 m/s, respectively).

See the caption of Figure 4 for more details. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

right of the drum, where the smaller particles are moving
down relative to the large particles. This region roughly coin-
cides with the settling region in the above discussion of the
flowing layer, and with a low density region in Figure 9A. It
appears therefore that inverted segregation is caused by small
particles percolating through the voids in an expanded bed,
i.e. the same mechanism also underlying regular radial segre-
gation. The main difference between the two segregation
processes is the location of the percolation region. In the

Figure 10. Distribution of the axial (y) component of
the angular velocities of the particles for
drum angular velocities of 15 rad/s (left)
and 19 rad/s (right).

Note that the particles in the regions of low density,
<0.05 volume fraction near the top right for 15 rad/s and
just below the center at 19 rad/s, are spinning with the
highest angular velocities.
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rolling regime the percolation takes place along the entire
length of the flowing layer, i.e. the full width of the drum,
with the smaller particles sinking down until they reach the
denser central core of small particles. In the cataracting re-
gime the percolation occurs mainly at the right side of the
drum, where the small particles sinking down quickly reach
the drum wall. We believe, therefore, that a single mecha-
nism explains both regular and inverted segregation.

Cataracting-centrifuging. The cateracting-centrifuging re-
gime has similar characteristics to the cateracting regime, see
Figures 9D through F and 10B, with the main difference that
some particles stack into one or more closely packed centri-
fuging layers covering the entire wall, while the remaining
particles still form a bed in the cataracting regime. Combin-
ing Figures 9D, F, one sees that percolation of the smaller
particles is now predominantly taking place at the right and
bottom side of the drum, but the relatively high particle den-
sity in this region makes it a tedious process, and hence
inverted segregation is established only very gradually. This
again suggests that the main mechanism of inverted segre-
gation is percolation, rather than the difference in critical
rotational speed. At increasing angular drum velocities the
fraction of particles in centrifuging layers increases, these
layers become denser and more immobilized, making perco-
lation an increasingly unlikely process. The reduced trans-
port in this regime is also seen in the monodisperse system
(Figure 8) and in the standard deviation plots of Figure 5.
Higher angular drum velocities effectively immobilize the
particles, trapping the system in a state of incomplete
inverted segregation.

DOI 10.1002/aic 3141



J T | T I T 1 T
f"l-—_--‘-h-- T — . h
- -
D& -
0.6 &
e L ]
o
=
& i =
0.4 J
i’ E
021 -‘( =
i’ s
/ w
—— =00
olf | | e
] 2.5 3 1.5 10

" Number of revolutions (-)

Figure 11. Reversing the rotational direction of the
drum every w revolutions, in half-filled
drums rotating at +6.28 rad/s, affects the
evolution of the order parameter while the
steady state remains essentially unaltered.

The simulations lasted for a total of 40 revolutions, but
all significant changes in the order parameters occurred
inside the depicted range of revolutions. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Initial mixing. The percolation mechanism may also
explain the transient dynamics of the mixing parameter,
whose typical development can be seen in Figure 3. Starting
from a block-wise segregated configuration with ¢ = 0, the
mixing parameter passes through a maximum before reaching
a steady state. From visualizing numerous simulations, the
general picture emerges that the block-wise segregated bed is
always being mixed thoroughly in the first couple of revolu-
tions of the drum. A less-dense flowing layer containing a
mix of particles gradually develops at the top of the bed,
before the percolation mechanism becomes effective and
starts segregating the particles in the flowing layer according
to their radii. This sequence of events is reflected by the tran-
sient peaks in the mixing parameter curves. In the rolling
and cascading regimes the initial mixing process proceeds
more vigorously at higher rotational speeds, while the lower
density of the flowing layer makes the percolation process
less discriminative to particle size, thus causing the higher
transient peak of the mixing parameter. At all velocities
beyond the rolling regime, the decay from the peak maxi-
mum to the steady state plateau increases with the drum
velocity. Swapping the large and small particles in the block-
wise segregated starting configuration or, equivalently, rotat-
ing the drum in the opposite direction, does not change the
outlined mechanism.

For angular drum velocities in the cateracting regime and
beyond, an additional effect starts contributing to the initial
mixing of the particles. Because of the limited traction
between the drum wall and the granular bed, it takes some
time before the particles in the dense bottom of the bed have
adjusted to the instantaneously introduced angular velocity of
the drum, i.e. till v; =& wq X r;. This transient regime charac-
terized by pronounced slippage at the wall, which will be
more pronounced and longer lived at higher angular drum
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velocities, appears to contribute to the mixing of the par-
ticles. Consequently, it might be possible to improve the
degree of mixing by prolonging this slip regime. To validate
these statements, we simulate two drums whose rotational
velocities of 6.28 rad/s and 15 rad/s respectively are alter-
nated after every w revolutions, with w ranging from 1.5 to
6. For a drum velocity of one revolution per second, the
effects of periodic rotation reversals are rather limited, see
Figure 11. Noticeable deviations from the clock-wise rotating
reference system are only observed under frequent reversals,
for w = 1.5 and 2.5, which are found to slow down the mix-
ing behavior. Yet, after a dozen revolutions (ignoring the
rotation direction) all alternating systems have converged to
the same steady state as the reference system. The effects of
alternating rotation directions are more pronounced at the
higher drum velocity of 15 rad/s, see Figure 12, where the
steady state degree of mixing steadily increases with the
alternation frequency. Note that the mixing parameter still
passes through a maximum, after 5 to 10 revolutions, before
a gradual decrease sets in. Extending these simulations to
nearly 70 revolutions confirms that the steady states have
been reached after 30 revolutions, and hence that the higher
degree of mixing at lower w is not caused by a slowing
down of the segregation. These simulations therefore confirm
the above suggestion that mixing maybe promoted by
exploiting slippage at the wall.

Fill level

Besides the angular velocity of the drum, the fill level of
the drum offers a second easily controlled experimental pa-
rameter in the mixing or segregation of granular matter. Fig-
ure 13 presents the evolutions of mixing parameters in simu-
lations with fill levels ranging from 25% to 80%, in a drum
rotating at 1.57 rad/s. The initial parts of these curves are

! . 1
10 20 30
Number of revolutions (-)

Figure 12. Reversing the rotational direction of the
drum every w revolutions, in half-filled
drums rotating at =15 rad/s, intensifies the
steady state degree of mixing.

The simulations lasted for a total of 40 revolutions, but
all significant changes in the order parameters occurred
inside the depicted range of revolutions. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 13. Development of the mixing parameter in
drums of various fill levels, all rotating at
1.57 rad/s.

The simulations lasted for a total of 40 revolutions, but
all significant changes in the order parameters occurred
inside the depicted range of revolutions. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

similar to the results presented by Dury and Ristow,” who
simulated only the first 5-8 revolutions. At the low fill frac-
tion of 25% the particle bed is forced to turn over quicker
than the drum, resulting in vigorous motions that keep the
bed in a mixed state.” Higher fill fractions of about 50% see
a less active bed, a decrease in the mixing velocity and a
lower final mixing parameter. These two curves are approxi-
mated reasonably well by an exponential saturating function,
O = Poo(l — e ), with 1, the characteristic relaxation
time and ¢., the steady state mixing parameter.’ As dis-
cussed before: while the blockwise segregated bed is being
mixed during the first couple of drum revolutions, a gradual
build-up of a mixed flowing layer activates the percolation

mechanism which in turn results in the exponential approach
of the steady state.

The above sequence of events changes at the highest fill
fractions (>69%). Since the initial mixing process is most
effective near the top layer of the bed, which now constitutes
a relatively small fraction of the total bed, it is becoming dif-
ficult to mix the entire bed. After several revolutions the out-
side region of the bed is reasonably mixed, while the centre
of the drum is still in its pristine condition. This unmixed
core continues to perform solid body rotations, while the out-
side region is gradually segregating. Once in a while a large
particle drifts away from the core and slowly moves towards
the drum wall over many revolutions. Consequently, the
unmixed core gradually disappears due to the small residual
frictional forces within the bulk of the bed. The mixing
curves at these high fill levels show a pronounced local max-
imum after about 8 revolutions, see the curve for 80% fill
level in Figure 13, coinciding with the mixed outside region,
followed by a slow decrease due to segregation of the out-
side region and the even slower disappearance of the
unmixed core. These curves can therefore not be fitted
adequately by a single exponential relaxation function.
Although it is not clear whether a steady state has been
reached after the simulated 30 revolutions, the plot strongly
suggests that the final degree of mixing ¢, at 80% fill level
will be at least as low as for a 69% fill level. This conclusion
is at variance with the prediction by Dury and Ristow’ that
the optimum degree of segregation is obtained at a fill level
of about 65%, which was based on extrapolations of their
short simulations using the above saturation function.

Rotational speed and fill level

As discussed in the preceding two subsections, both the
velocity of rotation and the fill level of the drum affect the
dynamics and the mixing or segregation of the granular bed.
To investigate their combined impacts on these processes, we
have performed ~50 simulations with angular velocities
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Figure 14. Bed behavior diagrams of the flow regime (left) and the segregation state (right) plotted against the fill

fraction and the Froude number.

The markers are used to indicate different stationary states, see the legends to the plots.
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Figure 15. The mixing parameter of the steady state as
a function of the Froude number, for various
fill factors.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

ranging from 1.57 to 28 rad/s and fill fractions between 25%
and 92%. Each run typically lasted for 35-50 revolutions,
allowing the systems sufficient time to reach their steady
states. The results of these simulations are collected in Fig-
ure 14. The left bed behavior diagram in Figure 14 shows
the flow regime as a function of the Froude number and the
fill factor. Mellmann'® extensively discusses the bed behavior
diagrams of monodisperse systems, comparing theoretical

D

models with experimental findings on near-monodisperse
gravel, limestone and sand for fill levels up to 50%. The ex-
perimental bed behavior diagrams are qualitatively very simi-
lar, and also show a remarkable resemblance to our simula-
tion results on bidisperse systems. It appears, therefore, that
the global structure of the bed behavior diagram is rather
insensitive to the size distribution of the particles in the gran-
ular bed. The right panel of Figure 14 depicts the bed behav-
ior diagram of the segregation in the steady state, again as a
function of the Froude number and the fill factor. Comparing
this segregation diagram with the flow behavior diagram in
the left panel, we note a strong overall resemblance, provid-
ing additional support for the correlation between flow re-
gime and segregation pattern. The most pronounced differen-
ces are found for low Froude numbers in combination with
low fill factors, where the high turn-over rate of the bed rela-
tive to the drum causes mixing of the bed.

Figure 15 shows the mixing parameter as a function of
the Froude number for a series of fill levels. At any given
fill level, the degree of mixing at first improves with
increasing velocity of rotation, passes through a maximum,
and then decreases again. The Froude number yielding the
maximum degree of mixing gradually rises from about 0.1
at 25% filling to 0.7 for a 80% filled drum, while the
width of the region with near-maximum mixing strongly
decreases with the fill level. The granular bed displays ra-
dial segregation for Froude numbers below the broad max-
imum, while Froude numbers at the opposite side of the
maximum create inverted segregated beds (not visible
from the plot).

Figure 16. Analysis of the bed properties in rotating 92% filled drums in the cataracting regime (16 rad/s; plots A,
B and C) and the cataracting-centrifuging regime (18 rad/s; plots D, E, and F), showing snhapshots after
100 revolutions (A and D), relative velocities (B and E with the reference arrows measuring 0.3 m/s) and
velocity differences (C and F with the reference arrows indicating 0.05 m/s).

See the caption of Figure 4 for more details. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]
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The highest fill level in our simulations is 92%, but these
results have been excluded from the bed behavior diagrams
in Figure 14 for clarity. On the one hand, the segregation
process proceeds very slowly at these high fill levels, because
there is hardly any space available to shuffle the particles.
Even after 100 revolutions we are not sure whether the beds
have reached their steady states. On the other hand, these
runs reveal a number of new segregation forms, making the
bed behavior diagram even more complex. For Froude num-
bers between 0.8 and 1.1 the bed displays double segrega-
tion: an inner core of small particles and an outer ring of
small particles are separated by a ring of large particles, see
Figure 16A. The ring of large particles starts to contain small
particles at Fr = 1. Figure 16D shows how the ring and core
have merged at Fr = 1.3 (19 rad/s) to form a large mixed
region. One may speculate that this system evolves very
slowly and hence that a continuation of the run beyond the
current 100 revolutions might show a further development
into an inversely segregated state. The velocity plots in Fig-
ure 16 show that the beds are again performing solid body
rotations, except for the flowing layer in the top right region
of the drum. The velocity difference plots are surprisingly
rich, with segregation taking place everywhere along the
drum wall, in the center of the drum and in the flowing
region. Since the formation of a double segregated system
might be particularly sensitive to the drum depth, a drum of
twice the original length was used to repeat the simulations
at 15 and 16.5 rad/s, but these taller drums revealed no sig-
nificant differences.

Conclusions

The mixing and segregation of bidisperse granules in a
rotating short cylindrical drum have been simulated using the
Discrete Element Method (DEM). The influence of two eas-
ily tunable operational parameters of the drum, namely the
fill level and the velocity of revolution were investigated. By
varying these two parameters, a number of distinct radial
segregation patterns are observed in the bed, as well as near
homogeneous mixing of the granules. The flow of the gran-
ules in the bed also strongly varies with the operational pa-
rameters of the drum. Bed behavior diagrams of the segrega-
tion pattern and the flow regime, plotted against the fill level
and the drum velocity, are presented in Figure 14. The strong
correlation between the two diagrams is indicative of their
common origin. A detailed analysis of the granular motions
in the various flow regimes, as described in the ‘Results and
Discussion’ section, suggests that the segregation is causally
linked to the flow regime by a percolation mechanism: the
smaller particles are more likely to fall through the voids in
the flowing layer than the larger particles. This selective pro-
cess, repeated over a number of drum revolutions, gives rise
to the separation of small and large particles. The flow re-
gime of the granular bed determines the location, size and
density of the flowing layer, and thereby also determines the
emerging segregation pattern and its rate of formation.

An interesting observation is that the simulation of a half-
filled drum displays inverse segregation at a Froude number
of ~0.8. The granules are not yet centrifuging in this simula-
tion, since this Froude number lies well below unity. This
observation is therefore not reconcilable with the previous
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explanation of inverse segregation as resulting from a small
difference in the critical centrifuging velocities of small and
large particles. Note that the minimum Froude number for
inverse segregation will depend on the fill level and various
other properties of the granules and the drum, and may there-
fore approach unity in certain systems.

The sieving action of the percolation mechanism can only
be active if both small and large particles are present in the
flowing layer. A block-wise segregated starting configuration
therefore requires several revolutions, during which the par-
ticles are being mixed, before the percolation mechanism
effectively starts to segregate the particles. Visualization of
the simulations clearly shows that block-wise segregated sys-
tems mix before they segregate radially. This behavior is
also apparent from the time evolution of the degree of mix-
ing, which in many systems rapidly rises to a local maximum
after 5-10 revolutions before gradually decaying to the
steady state value. At fill levels beyond 65% only the outer
region of the bed is mixed during the initial revolutions, and
an unmixed core remains. These systems segregate very
slowly, and only gradually lose their unmixed core. By run-
ning long simulations it is observed that these systems even-
tually segregate better than half-filled drums, in contrast to
previous reports. At the highest fill level studied (92%) we
observe double segregation at 0.8 < Fr < 1.1, but because
of the extremely slow evolution of this system it can not be
ruled out that this pattern is of a transient nature.
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