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The impact of particle properties on segregation and mixing of bidisperse granular beds in a rotating horizontal drum
have been studied by discrete element method (DEM) simulations. Bidispersities in radius, density, and mass have pro-
nounced influences on the stationary mixing pattern, although they hardly affect the granules’ flow regime. At 50% fill
level, all beds mix well for a Froude number of ~0.56, corresponding to a flow regime intermediate to cascading and
cataracting, while segregation occurs both at lower (rolling and cascading regime) and higher (cataracting/centrifuging
regime) Froude numbers. These observations are explained qualitatively by noticing that the angular drum velocity dic-
tates the flow regime, which in turn determines the effectiveness and direction of four competing (de)mixing mecha-
nisms: random collisions, buoyancy, percolation, and inertia. A further dozen particle properties have been varied,
including the friction coefficients and elastic modulus, but these proved inconsequential to the steady-state degree of
mixing. © 2013 American Institute of Chemical Engineers AICRE J, 60: 50-59, 2014
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ings into reliable predictions for practical processes is still
in<:0mplete.2’1 112

Bidisperse granular beds of industrial relevance usually
contain particles that differ in size and/or specific gravity,

Introduction

Mixing of granular solids in a rotating horizontal drum is
a routine processing step in a wide range of industries. Not-

withstanding the numerous practical applications, the under-
standing of granular materials is still incomplete."> The flow
and (de)mixing behavior of granular beds have turned out to
be surprisingly complex phenomena—a change in the opera-
tional conditions or in the granular particles’ properties can
readily result in a sub-optimal mixing process, or even cause
demixing of the particles, with obvious consequences for the
product quality.>> The practical importance and intriguing
complexity have made granular mixing the subject of intense
research in the last decades, as summarized in various
reviews,®'? but the translation of the more fundamental find-
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hence the separate and combined effects of these two granu-
lar properties on the (de)mixing process are central in this
paper. The mixing and segregation behavior of granules
bidisperse in size has been studied extensively, with a strong
emphasis on half-filled beds in the rolling regime.l’3’4’13_17
For slowly rotating drums it is well established that the
smaller particles tend to aggregate within the first few revo-
lutions into a radial core, surrounded by a periphery of larger
particles, stretching along the entire length of the drum. This
segregation process is attributed to dynamic sieving, that is
the smaller particles falling through the temporary voids
between the larger particles.'® Radial streaks occur for size
ratios below ~1/2.'%?° Other studies have focused on
equally sized granules bidisperse in density,”'* showing
that the denser (and hence heavier) particles locate near the
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central axis of the bed. This segregation is generally attrib-
uted to buoyancy. Studies with simultaneous variations in
both granular size and density,'>'"**?* again with an
emphasis on half-filled beds in the rolling regime, indicate
that the combination of percolation and buoyancy may
enhance as well as reduce segregation. In long drums, the
initial radial segregation is followed by a slow axial segrega-
tion, giving rise to stripes perpendicular to the drum’s axis
that gradually diffuse and merge over time.?** The role of
the drum’s end-walls in initiating this transition, especially
in narrow drums, has recently attracted attention.”' ™* Inter-
estingly, the power consumption of a drum rotating at con-
stant angular velocity was recently observed to correlate
with the order of the granular bed in that drum.*' Despite
the extensive research and industrial relevance of segregation
in tumbling blenders, to quote a recent paper:>* “its mecha-
nisms are not clearly understood and all known theories or
explanations have exceptions.” In this context, it is interest-
ing to note that certain systems appear not to converge to a
steady state, but to alternate randomly between two metasta-
ble states.™

While most studies on mixing and radial segregation have
focused on the rolling regime, the behavior of bidisperse
beds at higher drum angular velocities has received relatively
little attention, especially in simulation studies.’®>’ In this
paper, we report a simulation study on the interplay between
size, mass, and density during mixing and segregation proc-
esses in half-filled drums in the rolling, cascading, cataract-
ing, and cataracting-centrifuging regimes (following the
definitions of flow regimes by Henein et al.*® and Mell-
mann’®). With increasing drum angular velocity, the degree
of mixing is observed to initially increase, go through a
maximum in between the cascading and cataracting regimes,
and finally decrease again. These observations agree with
experimental data.* Interestingly, within the sampled param-
eter space, all simulated systems mix very well at the same
angular velocity, corresponding to a Froude number of
~0.56. We will also briefly comment on the influence of
other particle properties, notably the friction coefficients,
compressibility and restitution coefficient, but their effects
on the mixing and segregation behavior of the bed turn out
to be of minor importance.

Our chosen research approach is the Discrete Element
Method (DEM), that is numerical simulations of the three-
dimensional translational and rotational motions of all par-
ticles in the bed, because it offers unparalleled control over
the properties of the particles.'®*'**> Simulations also pro-
vide detailed information in abundance, for example on the
paths followed by individual particles or the local velocity
difference between particles of distinct types. But this wealth
of data does not always provide conclusive information on
why the particles move the way they do. Hence, in addition
to deducing the dominant segregation mechanism(s) for a
given set of particle properties from the analysis of individ-
ual simulations, we will also exploit clues obtained by com-
paring simulations with distinct particle properties.

The structure of this paper is as follows: in the following
two sections we first describe the four segregation and mix-
ing mechanisms at work in a rotating drum, followed by
details on the simulation model and the method employed to
quantify the degree of mixing. Next, the simulation results
are described and discussed in terms of the four segregation
and mixing mechanisms. We end with a summary of the
main conclusions.
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Background

The mixing and segregation of bidisperse particles in
granular beds is the cumulative effect of a number of mecha-
nisms. In this paper, we will distinguish four mechanisms—
random collisions, buoyancy, percolation, and inertia—with
the objective of attributing, whenever possible, the observed
bed behavior to a specific mechanism or a combination of
mechanisms. As the definitions of these mechanisms vary
across the literature,'> %2434 we first briefly discuss our
interpretations. The numerous random collisions between
granules in the flowing layer promote mixing of the par-
ticles. A difference in particle specific densities (i.e., particle
mass divided by particle volume) gives rise to buoyancy,
causing less-dense particles to rise up and denser particles to
sink down in a mobile bed. While random collisions and
buoyancy are the two mechanisms that would feature in a
statistical mechanical description, as the sources of maxi-
mum entropy and minimum energy, respectively, such a
description is known to fail for granular systems*** and two
additional mechanisms have to be considered. Percolation,
also known as dynamic sieving, is the ability of particles to
pass through temporary cavities in porous regions of a bed;
as small pores are more abundant than large pores, this
mechanism will separate particles by size. The final mecha-
nism is inertia, the resistance of any stationary or moving
object to a change in its state of motion; a collision between
two unequal particles will deflect the light particle more
from its initial trajectory than the heavy particle and thereby
promote mixing of the lighter particles, especially for the
freely flying granules at Froude numbers close to one. Inertia
also gives rise to centrifugal pseudo forces at high angular
drum velocities, which alter the direction of the buoyancy
and percolation mechanisms: the denser or smaller particles,
respectively, are now moving radially outward rather than
vertically down. Note that the particle’s mass, radius, and
density are not mutually independent, which in practice read-
ily obfuscates the distinction between the segregation mecha-
nisms. As the determination of the dominant segregation
mechanism(s) from a single simulation is often not clear-cut,
we obtain additional insights into the segregation mechanism
by analyzing the changes that occur—or do not occur—upon
varying specific particle properties. The granular mixtures
investigated here have been chosen with the aim of high-
lighting or suppressing certain segregation mechanisms, in
order to elucidate their roles. An improved appreciation of
these four mechanisms, whose relative contributions vary
across the various flow regimes, allows more accurate pre-
dictions of the steady-state degree of mixing or segregation
in practical situations.

Model Description and Characterization of Mixing

The DEM simulates the translational and rotational
dynamics of spherical granules by numerically integrating
their equations of motion.*>*>™** The normal force exerted
on particle i by particle j is described by a linear spring and
dashpot model

Fjj=—kpp iy = @
with k;p the elastic stiffness of the particles, d; their appa-
rent overlap distance, n; the normal unit vector from the
center of particle 7 to the center of particle j, ;; the normal

damping coefficient, and Vf}=(vﬁvj) -ngny their relative
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Figure 1. Front view (left) and side view (right) illustrat-

ing the relative dimensions of the drum and
the two particle radii.
The fill level is 50% in all simulations. The grid of thin
lines mark the cell dimensions used in the calculation of
the order parameter. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.
com.]

velocity along this normal. The Coulomb model of tangential
friction distinguishes between sticking and sliding regimes.
In Schafer’s approximation49 of the sticking regime, two
touching particles are sliding very slowly with a tangential
force

K==,y @

where ’1;,) denotes the tangential or shear damping coefficient
and the tangential velocity difference at the point of contact
is given by vi=(v,~v)) —Vl’.}+(r,-m,-+rjmj)><ﬁij, with r; the
radius and w; the angular velocity of particle i. The friction
force in the sliding regime, which doubles as the maximum
attainable friction force in the sticking regime, reads as

Fyy= =t [ty 3)

with '“1[717 the dynamic friction coefficient and f,j the unit vec-
tor along the tangential velocity difference. The interactions
of particles with the drum walls are of the same structure as
the particle—particle interactions, where the overlap distan-
ces, normal vectors, and velocity differences are now calcu-
lated relative to the contact point(s) with the walls, and
where the mechanical parameters are replaced by k[’jw, ”;w’
and ,u;,w. 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 walls at both ends, see Figure 1. The particles
also experience a gravitational pull F$=nyg in the negative
z-direction, with m; the mass of the particle and g = 9.8 m/s?
the standard gravitational acceleration. We solve the partic-
les’s motions by numerically integrating Newton’s second
law of motion, for the preceding forces and their correspond-
ing torques, using the Verlet “leap-frog” scheme™® with a
fixed time step Ar=2X10"°s. This small step was chosen
to obey energy conservation in elastic particle—particle and
particle—wall collisions (i.e., at zero friction) and to obey
momentum and angular momentum conservation in elastic
and inelastic collisions. We also verified for selected runs
that in the stationary state the average rate of energy inser-
tion into the bed by the rotating drum walls is in agreement
with the power dissipated in the bed by the various friction
forces.”!

The simulation parameters of our reference system are
listed in Table 1, together with the ranges of parameter var-
iations employed in this study. For comparison purposes,
this reference system is identical to that in our prior study
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Drum

Parameter (unit) Reference Range

Radius r, of a particle (mm) 1 -

Radius r;, of b particle (mm) 1.5 1.0 or 1.5

Volume fraction @ and b particles 1 -

Number fraction a and b particles 3% 1 or 3%

Particle specific gravity (kg/m®) 2500 2500-9191

Particle—particle restitution 0.831 0-1
coefficient® e”

Particle—wall restitution 0.9 0-1
coefficient® ¢},

Particle—particle dynamic 0.5 0.05-3.5
friction coefficient

Particle-wall dynamic 1.5 0.015-5
friction coefficient

Particle—particle static 1 0.001-2
friction coefficient 11;,[, (kg/s)

Particle—wall static friction 3 0.003-5
coefficient r,,, (kg/s)

Elastic stiffness coefficients 125 125-5000
ks ky,, (N/m)

Fill level 50% -

Drum length L (mm) 25 -

Drum radius R (mm) 35 -

Drum angular velocity Q (rad/s) - 1.57-19

Froude number - 9.107°-13

Simulation time step (s) 2:107° -

Run length (revolutions) 30 -

Various particle properties were varied, over the ranges indicated in the third
column, to assess their influence on the segregation and mixing behavior of
the rotating bed. The reference system is equivalent to System 1 in Table 2.
“The restitution coefficients ¢, and e),, measure the fraction of energy con-
served in head-on rotation-less partic?e—pa.rticle and particle-wall collisions,
respectively, and are functions of the mass, the elasticity coefficient &, or
ky,,» and normal damping coefficients #; or u;,; of the involved particle(s)."

on the influence of the drum operational conditions on the
mixing behavior.”® As will be discussed in detail in the sec-
tion Results and Discussion, of all varied particle properties
the three most important ones turn out to be the radius,
mass, and density. To assess their impact, we have studied
the six bidisperse systems listed in Table 2, which includes
the reference system as System 1. Three of these combina-
tions were selected to eliminate a particular segregation
mechanism; equal densities in System 1, equal radii in Sys-
tem 2, and equal masses in System 5. The other combina-
tions were chosen to study the cooperation or opposition of
two segregation mechanisms.

The homogeneously mixed starting configurations of the
simulations were created by placing particles randomly in
the entire volume of the drum, whilst avoiding overlap, fol-
lowed by a short simulation to compact the bed under the
influence of gravity. After all particles had settled, their
velocities were zeroed before setting the drum in motion. A
similar procedure was followed for block-wise segregated
starting configurations, the only difference being that the

Table 2. Overview of Six Bidisperse Granular Beds

Ya n pa pb mg mp
System  (mm) (mm) (kg/m’) (kg/m®) (mg)  (mg)
1 1.0 1.5 2500 2500 10.5 35.3
2 1.0 1.0 7500 2500 31.4 10.5
3 1.0 1.5 2500 7500 10.5 106.
4 1.0 1.5 7500 2500 31.4 353
5 1.0 1.5 7500 2220 31.4 31.4
6 1.0 1.5 9191 2220 38.5 31.4

Particles of type a accumulate in the center of the bed at low angular veloc-
ities and against the drum wall at high angular velocities. System 1 is the
reference system described in Table 1.
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particles of one type were randomly placed in the semicylin-
drical volume in front of the drum axis (y>0) and the par-
ticles of the other type in the remaining semicylindrical
volume behind the drum axis (y <0). The number of par-
ticles in the drum was either 4420 or 6820, depending on the
size of the smallest particle (see Table 2), and always corre-
sponded to a fill level of approximately 50%.

Several methods have been developed to quantify the
degree of mixing or segregation of a granular bed! 17135154,
Here, we will employ a method based on the usual mixing
entropy of statistical mechanics

s=3" J (1) (1) e (r)dr @

kef{a,b}

with p(r) the local number density, x,(r) the local fraction of
k-type particles at position r in the drum, and ¢ denoting
time. In practice, this integral is calculated by using a 12 X
1 X 12 grid of rectangular cells, see Figure 1. A subsequent
normalization relative to the mixing entropies Sy,;x of a per-
fectly mixed and S, of a perfectly segregated system

w(t):(s(t)_sseg)/(smix _Sseg) ©)

results in a conveniently scaled mixing parameter running
from ¢ =0 for a fully segregated system to ¢ =1 for a
homogeneously mixed system. Based on visual inspection of
snapshots and movies, created from the regularly stored con-
figurations by the visual molecular dynamics (VMD) pack-
age,55 we qualify a system as “mixed” for ¢ >0.9 and as
“segregated” for ¢ <0.65. A more detailed explanation of
this mixing parameter is given elsewhere.*® The simulations
typically lasted for 30 revolutions to ensure that a steady
state had been reached, while several simulations, especially
those deep in the centrifuging regime, required longer runs.
For initially homogeneously mixed beds, the mixing parame-
ter typically steadily decays from the start value ¢ =1 to its
final value, while initially block-wise segregated beds often
pass through a mixed intermediate state before (partly) dem-
ixing again to reach their final state.*®>%

Results and Discussion

DEM simulations were performed over a wide range of
angular drum velocities Q for all six particle mixtures of
Table 2. The flow profiles of the granular beds at a discrete
set of angular velocities were characterized, by visual inspec-
tion of the simulations, following the classification scheme
by Mellmann.** The flow profiles were found to be insensi-
tive to the granular properties, and fully determined by the
angular velocity of the drum. Previous studies suggest that
the relevant dimensionless number for the flow profile is the
Froude number, Fr =QZR/ g, that is the ratio of centrifugal
and gravitational forces.>'">” Hence, we will frequently con-
vert drum angular velocities into Froude numbers for the
reader’s convenience. The flow profiles in simulations at
Q = 7 rad/s or 30 revolutions per minute (rpm), correspond-
ing to a Froude number of 0.035, as well as in slower
revolving drums, were characterized as being in the rolling
regime. A cascading profile was observed in simulations at
27 rad/s or 60 rpm (Fr=0.14) and 10 rad/s (Fr=0.36), a
cataracting profile for Q=15 rad/s (Fr=0.80) and 16 rad/s
(Fr=0.91), and a cataracting-centrifuging profile for simula-
tions at 18 rad/s (Fr=1.16) and 19 rad/s (Fr=1.29). We
also verified the existence of a centrifuging profile, in simu-
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Figure 2. The mixing parameters ¢ of steady-state

half-filled drums as functions of the Froude
number.
The five bidisperse granular mixtures differ in mass,
radius and/or density of the particles. Systems 1 (open
triangles), 2 (open diamonds), and 5 (open circles) rep-
resent mixtures with identical densities, radii and
masses, respectively. System 3 is drawn as solid trian-
gles and System 4 as solid stars, while System 6 is left
out as its graph closely follows that of System 5. Fur-
ther details on the particle properties are provided in
Table 2. The arrows at the top of this figure mark the
ranges of the rolling (RO), cascading (CS), cataracting
(CT), and cataracting-centrifuging (CT/CF) flow
regimes.

lations with Q=25 rad/s (Fr=2.23). The simulations at
angular velocities between the aforementioned ranges dis-
played smooth transitions between the flow profiles of the
bracketing regimes, hence the aforementioned numbers are
not to be interpreted as sharp phase boundaries.

The rotating drum empowers the four segregation mecha-
nisms, as described in the introduction, to collectively create
a mixed or segregated steady state by working in unison or
in discord. The final configuration and its degree of mixing,
therefore, reflect the relative effectiveness of the four segre-
gation mechanisms within the limitations posed by the flow
profile and the particle properties. Figure 2 shows the mixing
curves for five systems as a function of angular velocity/
Froude number. Each data point represents the average of at
least two simulations, including one starting with a randomly
filled drum and one initially block-wise segregated drum,
typically running for 30 revolutions. From a set of simula-
tions in the flowing regime, differing only in their initial
configurations, a standard deviation in the degree of mixing
of about 0.03 was established. The mixing curves are
remarkably similar for all simulated systems. Segregation
predominates at low drum velocities, as illustrated by the
snapshots in Figure 3. The degree of mixing ¢ rises with
increasing angular velocity, passes through a well-mixed
range centered around Fr=0.56, and then decreases with a
further increase in the drum velocity. Movies and snapshots
of the simulations confirm this trend of a high degree of
mixing at intermediate drum angular velocities, which
appears remarkably insensitive to the granular properties,
while segregation prevails in both tails of the plot. Inspection
of the segregated beds reveals the formation of cylindrical
cores running the entire length between the two vertical
walls bounding the drum. Interestingly, the radially
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Figure 3. Steady states at low drum angular velocities.

The snapshot show, from left to right, the first five bidisperse beds listed in Table 2, at Q = /2 rad/s (Fr = 0.035). The a-type par-
ticles are depicted in light-green, the b-type particles in dark red. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

segregated patterns at low Fr are consistently inverted at
high Fr. We exploit this property and for clarity henceforth
systematically assign the label a to the particle type that
accumulates in the center at low Fr and in the periphery at
high Froude numbers. These simulation results will be dis-
cussed below in detail, to analyze which segregation mecha-
nism dominates under specific conditions, where for clarity
we have separated the low rotational velocities (flowing and
cascading regimes, upto and including optimum mixing)
from the high rotational velocities (cataracting and centrifug-
ing regimes, beyond optimum mixing). Note that the simula-
tions of Arntz et al.48, which include the current reference
system, indicate that the peak of optimal mixing shifts with
increasing (decreasing) fill levels to higher (lower) rotational
velocities.

Low rotational velocities

For low Fr values, well below the mixing maximum, the
bed is in the rolling regime. Figures 4 and 5, subfigures A and
B, show a densely packed passive bulk that slowly rotates
with the drum, with a flowing layer on top.**® The reduced
number density, or increased porosity, of this mobile layer is
due to the frequent collisions between the relatively fast mov-
ing particles under a high local velocity gradient and thereby
creates a productive environment for the segregation and mix-
ing mechanisms. With increasing drum velocity, the excited
layer grows thicker and less dense, as can be seen from Fig-
ures 4 and 5 by comparing sub A and B with sub E and F.
Vector plots of the local velocity difference between the two
particle types, see the third columns in Figures 4 and 5, indi-
cate where segregation and mixing occur, and thereby permit
an interpretation in terms of the four mechanisms. Figures 4C
and 5C reveal that in the rolling regime, segregation occurs
throughout the flowing layer, while in the mixing regime
around Fr = 0.56 the segregation is mainly concentrated in the
bottom-right region of the flowing layer, see Figures 4G and
5G. Such a shift of locus is not without consequences, even if
the same segregation mechanism remains dominant, for the
overall segregation behavior of the bed.*® Note that subtract-
ing two averages to arrive at a difference one order-of-
magnitude smaller is well known to produce a high noise
level, unless the two individual averages can be established to
a high degree of accuracy. Subdividing the drum into small
cells to obtain a spatial distribution reduces the number of
particles averaged over and thereby enhances the noise in all
plotted distributions. Similar considerations hold true for the
noise level in the velocity standard deviations plotted in the
fourth columns of Figures 4 and 5, with an accurate standard
deviation requiring far more extensive sampling than needed
for an accurate average.

54 DOI 10.1002/aic
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The particles in System 1 differ in size and mass, but are
of equal density and consequently impervious to the buoy-
ancy mechanism. Our discussion of this system will be brief,
because segregation in the absence of buoyancy has been
discussed in a number of studies'>'®*** and because a
detailed analysis of this particular system has appeared else-
where.*® It was argued there that the moderate segregation
(¢ = 0.6) results from the downward percolative motions of
the small particles in the flowing layer,”® culminating in a
radial core of the smaller a-type granules and a periphery of
predominantly the larger b-type particles, see Figure 3. The
comparison with System 2, to be discussed below, confirms
that the mass difference is not responsible for segregation at
these low Froude numbers. With increasing angular velocity,
that is toward and throughout the cascading regime, the
flowing layer becomes more porous, hence less selective to
percolation of small particles, and mixing by random colli-
sions gains prominence, as illustrated by Figure 4 of Arntz
et al.,*® achieving a well-mixed state around Fr = 0.56. The
latter mixing process is further supported by an increase of
the particles’ velocities with Fr, which also enhances the
inertia mechanism.

The particles in System 2 have distinct densities and
masses, but equal radii to eliminate the percolation mecha-
nism. Again, the reduced number density and relatively high
velocities of particles in the flowing layer, see Figures 4A,
B, E, and F, promote reshuffles of the granules. At low
Froude numbers, segregation occurs along the entire length
of the flowing layer, see Figure 4C, but most prominently
where the layer is at its thickest. The gradual formation of a
radial core of the denser a-type particles, see Figure 3, is
attributed to the buoyancy mechanism, that is the denser par-
ticles are sinking down in the flowing layer till they settle on
a more closely packed region. Although the a- and b-type
particles are comparable in mass to the b- and a-type par-
ticles of System 1, respectively, the heavier particles accu-
mulate in the core in System 2 but in the periphery in
System 1. This indicates that at these low Froude numbers
the segregation process is more sensitive to radius and den-
sity differences than to mass differences. It then follows that
the equal density particles of System 1 segregate by percola-
tion, as was mentioned above, while the equal radius par-
ticles of System 2 segregate by buoyancy. With increasing
Froude number, the random collision and inertia mechanisms
become more important, as illustrated by the large mixing
region in Figure 4G, thus reducing and near Fr = 0.56 even
suppressing the segregation process in System 2.

In System 3, the radii and densities are chosen such that
their associated segregation effects are acting in opposite
directions: the percolation mechanism drives the small

January 2014 Vol. 60, No. 1 AIChE Journal



0.20
0.30
(.40

Figure 4. Analysis of the granular bed with particles of equal radius (System 2).

The horizontal rows represent, from top to bottom, beds in the rolling regime (Q = n/2 rad/s, Fr = 0.01), near optimum mixing
(Q =4r rad/s, Fr = 0.56) and in the cataracting regime (Q =16 rad/s, Fr = 0.91). The first vertical column shows the local occu-
pied volume fraction. The second column shows the particle velocities, where we have plotted the relative particle velocity with
respect to the uniform rotation of the drum, v;—QXr;, rather than the absolute velocity, for clarity of the plot and for easy identi-
fication of the active region(s). The reference arrows in the top right corners represent 0.2, 0.9, and 1.1 m/s, respectively, from top
to bottom. The third column illustrates the velocity difference between the two particle types, v,—v;, with reference arrows of
0.013, 0.05, and 0.14 m/s, respectively. The fourth column shows the width of the local velocity distribution, where the horizontal
(vertical) components of the plotted vectors denote the standard deviations along the horizontal (vertical) direction, with reference

arrows measuring 0.013, 0.03, and 0.05 m/s, respectively.

particles (of low density) to the radial core, whereas the
buoyancy mechanism strives for a core of the high-density
particles (of large radius). Figures 2 and 3 show that this
system remains well-mixed for angular drum velocities in
the rolling and cascading regimes.u’lg’24 The absence of seg-
regation, despite the order-of-magnitude difference in the
particles’s masses, provides further support for the aforemen-
tioned observation that inertia is of little importance at these
low Froude numbers.

If, in contrast, the particles of one type are both smaller
and denser than the particles of the other type, as in Sys-
tems4, 5 and 6, then buoyancy and percolation co-operate
in driving the smaller and denser a-type particles to the
radial core, see Figure 3. The mixing parameter, see Figure
2, indicates that the resulting segregation is indeed more
intense than in Systems 1 and 2, as is also clear from Fig-
ure 3, where only either one of these two mechanisms is
active. Here again, the segregation becomes less intense
and eventually vanishes with the Froude number rising to
0.56. A comparison of Systems 4 and 6 shows that an
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increase in the density ratio, from 3 to 4, does not signifi-
cantly enhance segregation, suggesting that the buoyancy
mechanism has already reached its optimal performance at
the former ratio.

High rotational velocities

At high angular velocities beyond the optimum mixing
regime, that is for Froude numbers exceeding 0.56, the bed
is in the cataracting, cataracting-centrifuging, or centrifuging
regime. For the cataracting regime, Figures 4 and 5, subfig-
ures I and J show that particles with high mobilities are
thinly distributed over a large volume of the box, thus offer-
ing a high potential for intermixing. The plots in the second
row of Figure 6, however, indicate that the particles follow-
ing ballistic trajectories through the sparsely populated vol-
ume above the bed collide only infrequently and hence
hardly contribute to (de)mixing. The particles rolling down
the diffuse surface of the bed, see Figures 4] and 5J, are sus-
ceptible to segregation by percolation and buoyancy, as visi-
ble in the second row of Figure 6. Both particle flows are
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Figure 5. Analysis of the granular bed with particles of nearly equal mass (System 4).

The conditions and set-ups of the subgraphs are identical to those used in Figure 4. Note the strong similarities with System 2, see
Figure 4, despite the marked differences in the radius and mass of the b-type particles in Systems 2 and 4 (the a-type particles are
identical). The deviations are largely limited to the velocity differences and velocity standard deviations at the higher Froude

numbers.

reunited at the lower end of the flowing layer, which appears
in the second row of Figure 6 as the dominant region of seg-
regation. In the -cataracting-centrifuging and centrifuging
regimes, that is for Froude numbers above 1.0, one or more
layers of centrifuging particles cover the entire drum well.
These layers may show buoyancy and percolation effects,
with the denser or smaller particles moving radially outward,
respectively. At higher drum velocities, the bed becomes too
closely packed to permit relative particle motions, and air-
borne particles impinging on the inner centrifuging layer
make a small contribution to the (de)mixing process.

The reference system, with particles bidisperse in size and
mass, shows a moderate to intense segregation at high
Froude numbers. At equal particle densities, this segregation
most likely results from percolation in the flowing layer, as
is further supported by the observations for the other systems
to be discussed below. Arntz et al. ** argued that the shift of
the main percolation region from the center of the flowing
layer in the flowing regime to the tail of the flowing layer in
the cataracting regime is responsible for inverting the net
effect of the percolation mechanism, which thus for Froude
numbers approaching unity gives rise to a radial core of
large particles (“inverse radial segregation”, see the snap-
shots in the first column of Figure 6) while a radial core of
small particles forms at low Fr (regular radial segregation,
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see Figure 3). The mixing parameter of System 1 shows a
short plateau for Froude numbers from 0.9 to 1.1, and
smaller fluctuations are visible for the other systems near the
same range of Froude numbers. As this plateau is unex-
pected, we performed supplementary simulations, both at the
originally selected angular velocities and at additional inter-
mediate values (see Figure 2), which confirm that the
shoulder reproduces. Most likely, this plateau reflects that
the bed is still slowly evolving when the simulations were
discontinued after 30 revolutions. A selected number of sim-
ulations were continued for many more revolutions, but this
hardly changed the degrees of mixing in these drums, indi-
cating that the final steady state is being approached only
very slowly. This slight indeterminacy in the steady-state
degree of mixing does, of course, not alter the main observa-
tion that the particles tend to segregate at high drum
velocities.

The equal radius particles of System 2 are well mixed in
the cataracting regime, thereby suggesting that a mass or
density difference is insufficient to induce segregation in this
Froude regime and confirming that percolation is the driving
mechanism for System 1 in the cataracting regime. The
velocity difference plots in the second column of Figure 6
show outward pointing arrows at the lower right side, indica-
tive of inward motion of the lighter b-type particles relative
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Figure 6. Snapshots and velocity-difference plots at high drum angular velocities.

Shown are Systems 1-5 (from left to right) at drum angular velocities of 16 rad/s (Fr = 0.91, cataracting) in the top two rows and
at 18 rad/s (Fr = 1.16, cataracting-centrifuging) in the bottom two rows. The a-type particles are depicted in light-green, the b-type
particles in dark red. The reference arrows in the second row correspond with 0.04, 0.14, 0.10, 0.10, and 0.14 m/s, and those in the
fourth row with 0.08, 0.17, 0.07, 0.20, and 0.22 m/s. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

to the denser and heavier a-type particles. A more detailed
analysis and visual inspection of movies reveal that in this
region the airborne particles impinge on the bed surface,
often bouncing back before being taken up by the bed. The
inertia mechanism, that is lighter particles rebound more
strongly than heavier particles, then gives rise to the velocity
differences, see the second column of Figure 6, and large
standard deviations, see Figure 4L, in this region. The ran-
dom nature of the collisions, with light and heavy particles
bouncing back in various directions, appears to promote mix-
ing and effectively suppresses possible segregation mecha-
nisms. A gradual decrease of the order parameter is observed
for Froude numbers exceeding 0.9, where the buoyancy
effect induced by the centrifugal pseudo force drives the
denser a-type particles to the drum wall (recall that the par-
ticles in System 2 are of equal size, thereby eliminating the
percolation mechanism).

The properties of the particles in System 3—small low-
density particles and large high-density particles—were spe-
cifically chosen to balance the percolation and buoyancy
mechanisms in the rolling and cascading regimes. Figure 2
and the third column of Figure 6 show that this balance does
not extend to the cataracting and centrifuging regimes. The
accumulation of the small low-density particles at the drum
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wall, be it with a higher degree of mixing than in System 1,
indicates that percolation has gained the upper hand over
buoyancy.

The radius and density combination in System 4 yields
two particle types with comparable masses and thus largely
eliminates the inertia mechanism. The standard deviations in
the velocities are considerably reduced relative to those of
the unequal mass particles in System 2, as can be seen by
comparing Figure 5L with Figure 4L. The percolation and
buoyancy mechanisms are seen to collaborate in driving the
denser and smaller a-type particle to the periphery, see the
fourth column in Figure 6. A similar cooperative effect dom-
inates in System 5, whose particles of exactly equal mass are
seen to segregate in the fifth column of Figure 6, and in Sys-
tem 6, where the smaller particles are heavier than the larger
particles.

Other particle properties

Besides the radius, mass, and density, we have also sys-
tematically varied all other particle parameters appearing in
the force Eqgs. 1-3 and assessed their respective influences
on the segregation process. These simulations were mainly
carried out using the reference system, setting all parameters
to the default values listed in the second column of Table 1.
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The properties of all a-type or all b-type particles were
altered, one by one, over the ranges indicated in the third
column of Table 1. Most simulations were confined to the
rolling regime, to keep the required computer time managea-
ble, with brief excursions to other systems and higher drum
angular velocities to confirm the general validity of our find-
ings. While changes in the radius (System 2) or density (Sys-
tems 3-6) relative to the reference system notably affect the
degree of mixing, the explored variations of the dynamic
interparticle friction coefficients between a-type particles
W, between b-type particles u},, and between mixed parti-
cle pairs y/,, the particle—wall friction coefficients ,u;,w, with
p =a or p = b, the particle—particle and particle-wall tangen-
tial damping coefficients ’7;,, and n;w,, the particle—particle
elastic stiffness k;p and the normal damping coefficients ;p
and n;w (which are related to the tabulated restitution coeffi-
cients ¢, and ¢, ) hardly affect the mixing behavior. Only
at certain extreme values are differences detectable, like a
bed that remains immobile at very low particle-wall friction
coefficients or an increased degree of mixing for fully elastic
elﬁp= 3 particle—particle collisions.

Of particular interest is the roughness of the particles,
which is represented in the current simulation model by the
dynamic friction coefficient u —and the damping coefficient
n;p, because some simulation models are built on the
assumption that differences in roughness give rise to segre-
gation."® We find no evidence for this assumption in the
reference system, in line with the experimental observations
by Pohlman et al.%! Only at low friction coefficients, that is
for ,u;p below about 0.25, are there noticeable deviations. In
mixtures of rough and very smooth particles, we observe
that a thin layer of predominantly smooth particles forms at
the vertical drum walls while the middle of the drum
remains similar to that in the reference simulation. Further-
more, mixtures of smooth particles appear to segregate less
well, with more small particles at the periphery and more
large particles in the core, than otherwise equal mixtures of
rough particles.

Conclusions

The mixing and segregation behavior of bidisperse granu-
lar beds in horizontal rotating drums will, at least in princi-
ple, depend on all mechanical properties of the granular
particles involved. We have performed an extensive set of
DEM simulations to assess the impact of a dozen properties
and find that three parameters dominate the (de)mixing
behavior, namely the differences in radii, densities, and
masses of the two particle types in the drum. These three
parameters are related to the percolation, buoyancy, and iner-
tia mechanisms, respectively, which in a rotating drum com-
pete with the ubiquitous random collisions to establish a
steady state. For the six systems studied here, percolation
emerges as the dominant mechanism driving segregation.
Percolation is observed to be active in the rolling and cas-
cading regime, collecting the smaller particles in a central
core, as well as in the cataracting and centrifuging regimes,
driving the smaller particles to the cylindrical drum wall.
Only for angular drum velocities intermediate between the
cascading and cataracting regime does the granular bed mix.
This increase and subsequent decrease of the degree of mix-
ing with increasing drum angular velocity, see Figure 2, is in
agreement with the trend observed in experiments.*® A
remarkable pivotal point is reached at a Froude number of
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0.56, where all simulated systems attain a well-mixed steady
state. The picture that emerges in this study, building on the
earlier ideas by Nityanand et al.** and Arntz et al.*®, is that
the relative efficiencies of the four segregation and mixing
mechanisms, and hence the degree of segregation in the sta-
tionary state, are largely determined by the prevailing flow
regime. The latter, in turn, is controlled and established by
the angular velocity of the drum (and the fill level of the
drum48) and appears insensitive to the radii, densities, and
masses of the particles. Other particle properties, like their
elasticity and the friction coefficients for normal and tangen-
tial motion, appear to be of minor consequence for the segre-
gation process.
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