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Abstract
Axial segregation in horizontal rotating drums is studied focusing on the effects of boundary
conditions intended here as wall roughness and geometry. The problem is tackled both numerically
and experimentally. Simulations are based on a cellular automata (CA) approach using rules
derived from experiments and the experimental validation of the simulated phenomenology is
given for noteworthy cases. Notwithstanding the simple model used to implement CA simulations,
good qualitative agreement with experiments is observed since many features of the segregation
process are captured. These include the major role of fluctuation of concentration on the onset of
axial segregation, the overall exponential decrease of the number of segregated bands because of
their progressive merging and the long lasting character of the segregation dynamics. Simulations
and experiments also suggested a simple but effective strategy to reduce axial segregation which
can be potentially used to contrast segregation in industrial mixing of free-flowing powders.

1

Introduction

Mixing of granular solids is a common industrial operation which is often threatened by segregation
particularly when mixtures contain free-flowing solids. Complex segregation patterns may arise whenever such materials are set in motion even in the simplest mixing configuration, i.e. the horizontal
drum mixer. Since the seminal work by [22], mixing and segregation of free flowing powders in rotating
drums have been actively studied both in the engineer’s community [29, 10, 9, 15] and among physicists
[21, 14, 31, 12]. The choice of this configuration has some practical interest (indeed it is the prototype
of industrial tumbler mixers, dryers and calciners) but the main reason for adopting it in so many
scientific works is the conceptual simplicity. Because of the large number of particle properties such
as size, shape, density (and their corresponding distributions), diversified mixing/segregation patterns
can be observed and a unifying theory for these phenomena does not exist at the moment. However
because of the many variables involved and the experimental drawbacks dealing with the study of
granular systems, the effect of boundary conditions (intended here as mixer wall roughness and shape)
has been often overlooked. Some work on the effect of the two extremities of the drum mixer has been
carried out to a limited extent. The main effect is that of friction which locally increase the slope of
the free surface at the extremities [11] creating some recirculation of the material able to withstand
the complete axial mixing [25]. Some general observation on the effect of the mixer shape has been
reported by [31]. Authors compared mixtures of glass beads 88 and 125 µm in slender tubes (aspect
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ratio up to 15, mean internal diameter 0.7 cm) with and without axial modulations (i.e. periodic diameter variations) of the mixer diameter observing that segregation could be induced by the presence
of the modulations. The differences in mixer radius where found to be responsible for changes in the
dynamic angle of repose and for generating an axial drift of glass beads according to a mechanism that
will be resumed in details in the next section since it is important to our discussion. In this work we
demonstrate that macroscopically modulating the shape of the mixer is not the only way to induce
segregation. Also localized modification of wall friction when accompanied by localized geometry modification can induce axial segregation or on the contrary, if properly balanced, can drastically reduce
it in systems that otherwise would have a strong spontaneous segregation. This can constitute an
interesting advance in controlling segregation with some possibility of application in industrial mixers
for free flowing powders.
Observing a transverse plane of the cylinder operated in rolling regime [20] two regions can be in
general identified: a thick bulk of material rotating with the cylinder and behaving as a solid body
until it reaches a critical slope δ (called dynamic angle of repose), and a free flowing region confined to
the thin surface layer flowing from the apex to the base. The energy imparted by the drum rotation is
continuously fed into the plug flow region as potential energy which is subsequently transformed into
kinetic energy and dissipated by the vigorous interaction of particles within the active layer. A major
part of the dynamics of the system occurs in this thin surface layer.
In a simple rotating drum axial segregation (also called band segregation) can easily occur: the
material spontaneously segregates in bands parallel to the flow direction, with the number of bands
increasing at the beginning (short time dynamics) and then decreasing because of merging (long time
dynamics). The formation of bands is a relatively fast process requiring few hundred of mixer rotations.
The subsequent evolution of the system instead is characterized by migration and merging of the just
formed bands and has a much slower dynamics, requiring up to several thousands of revolutions to get
the steady final state [8].
In order to investigate axial (band) segregation, the transverse dynamics just described is not sufficient; a detailed description of the axial dynamics is required to understand the underlying mechanisms.
Probably the most general model taking into account axial segregation of free-flowing powders is that
based on local differences of dynamic angle of repose. Such gradients are supposed to trigger axial
[5, 27, 31] and in some case also radial [11, 26] segregation in rotating drums, indicating that they can
be a candidate for a comprehensive understanding of mixing and de-mixing in free surface geometries.
It is important to remember here that band segregation has been recently observed also in completely
filled drums [16], therefore in absence of a free surface and that other segregation mechanisms can exist
beyond that studied in this work.
The starting point is to acknowledge that the dynamic angle of repose of a mixture is a function
of composition [14, 23]. Figure 1 shows an example of such a dependence for the binary mixture used
in the present experiments which was composed of granulated cellulose and calcium carbonate.
In a homogeneous mixture the mean composition is constant along the whole vessel but small axial
composition fluctuations exist. As proposed by [31] such local fluctuations in concentration may result
in axial fluctuations of the dynamic angle of repose δ and therefore in axial gradients of the free surface
level; the more mobile particles move more readily down any small axial gradient creating thus a local
net flux of one species with respect to the other. This simple mechanism is sufficient to describe the
onset and the evolution of the segregation. The result of this selective process is the formation of
growing segregated bands respectively enriched and depleted of the more mobile specie (see Figure 2).
Since the more mobile material is characterized by a lower dynamic angle of repose (Figure 1) a valley
on the free surface corresponds to the enriched band and a bump to the depleted one. Figure 3 is a
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Figure 1: Measured surface slope angle (dynamic angle of repose) of a mixture of calcium carbonate
and granulated cellulose rotated at 14 rpm, for different values of calcium carbonate volume fraction
ω1 .

Figure 2: Sketch of the mechanism through which local differences in surface slope determine axial
convective fluxes of particles. vi and vj are the velocities of the more mobile (dark gray ) and less
mobile (light gray) species respectively.
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Figure 3: Sketch of a segregated bed with the surface upper profile (in contact with the wall) highlighted
(adapted from [7])
picture of the typical shape of the free surface. Whenever two materials have different flowability the
resulting segregated bands have different downhill slopes. As a consequence the upper interception of
the free surface with the mixer wall is a roughly sinusoidal profile (dashed black line).
Though simple and effective, the argument based on local differences of the angle of repose is
not universally accepted and some recent study disregards its importance. [23] observed that even if
the pure materials had clearly different angles of repose, segregation was not present. Experiments
were carried out in a spherical mixer with a diameter of 35 particle diameters with spherical beads of
different roughness. Other experiments were performed in a cylindrical mixer (with a diameter of 32
particle diameters, and 77 particles long) with material completely segregated in axial direction (onehalf of the length of the mixer filled with one specie and the other half with the other specie) as initial
configuration. In this case simple interdiffusion of the rough and smooth particles was observed rather
than the persistence of the initial axial segregation. Authors therefore concluded that a difference of
the angle of repose may be necessary for segregation but is not sufficient.
The evidences presented by [23] seem to contrast the conceptual model based on the differences
of the local angle of repose. However, the lack of segregation in their experiments could be simply
explained by the small size of the experimental configuration with respect to particle size, highlighting
that probably another necessary item for segregation is a sufficiently large geometry allowing to create
differences of level in the mixer.
Since such contrasting evidences exist, our contribution aims at clarifying the connections between
mixer geometry, angle of repose and surface slope in free surface segregation phenomena of free-flowing
powders. In particular it must be emphasized that angle of repose and surface slope may not coincide
since the former should be a material property measured in standardized or at least well defined
conditions, while the latter is a feature of the granular bed in dynamic conditions depending not only
on the operating conditions but also on mixer geometry and local wall friction. In particular, it will
be shown that segregation is a spontaneous phenomenon which can be explained by local differences
of surface slope provided that the geometry of the mixer allows the formation of such differences and
that these differences can be triggered and controlled through localized modification of the shape and
the roughness of the mixer walls, i.e. acting on the boundary conditions.
Cellular automata (CA) methods have been used to mimic the behavior of granular materials in
silos [17], heaps [1], and in rotating drums [30]. Despite the strong simplifications of these methods, CA
can be very useful to tests assumptions on the driving mechanisms in granular media. In particular,
the simplicity of the method allows to perform simulations on long time scales whereas discrete element
simulations because of their larger computational complexity can be limited just to short time dynamics
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Materials

Table 1: Material properties
Size range (µm) Bulk density (kg/m3 )

Calcium carbonate
Granulated cellulose

500-710
500-710

Surface slope (°)

1264
893

35.4
29.3

and thus only to studying the dynamics of band formation.
In the following, first the experimental set-up for observing axial segregation will be described,
then the numerical model (CA method) will be discussed. In the Results section, numerical tests
will be analyzed in terms of short-term dynamics (band formation) and long-term evolution (band
merging); finally the effect of different boundary conditions on the rolling drum will be discussed both
experimentally and numerically.

2
2.1

Materials and Methods
Experimental set-up

To experimentally investigate segregation, green granulated cellulose and white calcium carbonate
have been used (Figure 4); being the two powders different also in color the result of the de-mixing
experiments was analyzed by direct visual inspection aided by automated image analysis. The typical
starting configuration of the experiments was a nearly homogeneous random mixture with 50% in
weight of granulated cellulose. It was obtained by manually mixing the powders in the drum mixer with
a paddle ensuring an effective convective mixing mechanism. Material properties are reported in Table
1. The mixing drum was a PVC cylinder 0.11 m long with D=0.094 m internal diameter corresponding
approximately to 180 and 155 particle diameters respectively. The cylinder was longitudinally divided
into two shells to allow the loading of the powders and the inspection of the free surface after mixing
by removing the superior shell. The extremities of the cylinder were closed by two transparent PMMA
disks, allowing to observe the movement of the powder during mixing.
In order to assess the effect of boundary conditions, the internal surface of the cylinder could be
modified by sticking on it rubber strips (typically L=8 mm large and s=4 mm thick; s/D = 0.04, being
D the drum diameter). All the tests presented here have been performed at 14 rpm, corresponding to
a fully developed rolling regime, common to many industrial applications and literature investigations.

2.2

The cellular automata (CA) approach

Simulations have been carried out using a CA approach. A CA can be seen as a regular structure of
interacting entities (for example particles). A rough description can be attempted in the following.
Let’s imagine a lattice constituted by points in the space identified by integer coordinate values.
Each point corresponds to an entity which is characterized by a finite number of states (color, shape,
velocity, size... and so on); at fixed times all the entities can change their state according to the state
of neighboring entities within a given distance; with this strategy the CA can recreate the evolution of
phenomena whose global evolution depends on local laws. Starting from a given initial configuration
the CA allows to follow the evolution of complex systems and to grasp qualitative information on their
behavior. To model the tumbler, the granular bed was represented as consisting of a flowing layer
above a non-deforming bed. So on the whole the bed was represented as a Cartesian 2-D domain
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a)

b)

Figure 4: Granular materials used in the experiments; a) calcium carbonate and b) granulated microcellulose.
(Figure 5). The problem was further simplified since the whole dynamics of the system was calculated
on the first row of the matrix representing the surface layer therefore corresponding in the real mixer
to the upper sinusoidal intersection of the surface layer with the wall of the tumbler (see the black
dashed sinusoidal line of Figure 3). The linear domain was then discretized on a regular grid as shown
by the black boxed row in Figure 5, each element representing a particle.
These strong simplifications are justified because it is known that particle rearrangements predominantly occur in the surface flowing layer [4] and we aim at assessing whether the dynamics of
the surface in close proximity of the boundary is sufficient to explain axial segregation. We therefore
reduced the dynamics of the whole free surface to the study of a one-dimensional problem where only
axial displacements of particles were allowed. The model completely disregards the dynamics below
the surface layer and as a consequence radial segregation can not be accounted for. This constitutes
the major limitation of this simplified model.
The dynamics of the CA was simulated as a convective deterministic motion plus a dispersive
random contribution. At each time step, a particle was randomly chosen on the first row of the grid,
and axially displaced by a certain distance, depending on the local gradient of the free surface and on
the relative mobility of the particles. In particular, it was assumed that the displacement dx was given
by the product:


dh
dt
(1)
dx = Mi
dx

where Mi is a measure of the mobility of the specie i, dh/dx is the axial surface gradient and dt
represents the time step. Eq. 1 states that the higher the gradient, the larger will be the displacement,
but also that less mobile particles (e.g. more irregularly shaped particles) will stop earlier than more
mobile ones. The topological information on surface height and its gradient necessary to calculate
particle displacement are determined from mixture composition and the procedure will be detailed in
the following.
In order to preserve mass, each movement of the particle was followed by an opposite movement
of all the particles located between the starting and the ending points (see Figure 6). In addition to
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Figure 5: Sketch of the discrete representation of the material. The first row at the top is the one
where rearrangements take place.
this deterministic motion, a random contribution was superposed, simulating the dispersion due to
the random collisions to which each particle is subjected during the displacement [15, 5]. This scheme
(deterministic + random motion) was applied to all the particles of the first row, chosen in a random
order, and then the whole matrix was rolled down, i.e the first row shifted to the second and the last
one shifted on top of the matrix representing the surface.
The random contribution was modeled as a random displacement of a number n of cells, with
n extracted from a uniform probability distribution between -N and N, with N being therefore the
controlling dispersion parameter.
Regarding the model of the deterministic contribution, which was supposed to depend on differences
in local surface slope, both the mobility Mi and the surface gradient itself need to be defined. The
mobility is a phenomenological parameter related to the propensity of a particle to move along a
given direction on the free surface; it is therefore empirically related to particle shape and surface
roughness, cohesion, wall friction and adhesion. The mobility of a pure component can be correlated
to its angle of repose, which is a common measure of flowability: the higher the angle, the lower the
flowability [24]. In particular we expressed this relation as Mi ∝ tan δi where δi is the surface slope of
the pure component measured at the same rotational speed adopted for the segregation experiments.
Considering that it is the relative mobility Mr of the species that impacts on segregation, we arbitrarily
chose a simple law for it taking the calcium carbonate as reference material:
Mr =

Mcellulose
tan δcellulose
=
Mcarbonate
tan δcarbonate

(2)

Then the relative mobility of the two species, Mr , can be seen as the ratio between their friction
coefficients evaluated in dynamic conditions.
Regarding the surface slope, the CA does not contain any direct information on the bed surface
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Figure 6: Particle displacements necessary to close the local mass balance. As an example a light gray
particle moves from position 2 to 6 and all the particles from position 3 to 6 translate of one position
in opposite direction.
topology and this must be inferred from the concentration map. Indeed, the local axial gradient
of the free surface was estimated by calculating the mean composition of the mixture at each axial
position (i.e. the mean composition of each column in the domain of Figure 5) and by evaluating the
corresponding local free surface slope from the experimental correlation given in Figure 1. It was then
straightforward to correlate the surface slope profile to the free surface level and estimate its axial
gradients.
It is easy to see why the particular CA model described here can be a model of segregation: random
fluctuations of axial composition cause axial differences of surface slope which affect the level of the
free surface; axial level gradients in conjunction with different mobility of the particles cause a selective
migration of one specie amplifying the original fluctuation of axial composition.
The left and right extremities of our domain (physically the ends of the cylinder) could be chosen
to be impermeable to particles so that displacements exceeding the boundaries were reflected back
into the domain or could be chosen periodic as well. The model is on the whole probabilistic because
the starting configuration was a random mixture, the moving particles were chosen at random and
the axial displacement (which would be deterministic being the product of a mobility coefficient by
the local level gradient) has been blurred by random diffusion which always characterizes the motion
of the particles along the free surfaces [4]. Particles therefore moved according to rules that included
convective as well as dispersive contributions.
The CA model was implemented through MATLAB routines. The size of the computational domain
was typically 220 x 166 (same aspect ratio of the experimental drum) and about 60 simulations were
performed. Typical simulations required from 15-20 minutes (short time dynamics experiments) up to
10 days (long time dynamics experiments) on a common dual-core workstation 2GHz, 2GB RAM.

3

Results

Numerical and real experiments are analyzed in the following. In particular, we focused on three main
issues which could be investigated numerically and experimentally: 1) short time dynamics, 2) long
time dynamics and 3) possibility of controlling segregation through modifications of the inner wall
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surface. The short time analysis deals with the requirements for segregation to develop [12, 8, 13],
while long time analysis deals typically with patterns evolution and bands merging [12, 7]. The first
two issues were studied with the CA only, while the third issue comparing experimental and numerical
results.

3.1

Band formation (short time analysis)

This analysis was carried out to study the emergence of segregation. It is indeed the dynamics of
the bands at the very beginning of their formation which gives us information about their stability
and on the effective appearance and persistence of segregation. Interestingly, one of the advantage
of simulation is the possibility to control and if necessary completely eliminate the friction at the
boundaries which is not possible in real experiments. In order to consider only the behavior of the bulk
avoiding spurious results due to the influence of the extremities, the effects of closing flanges have been
at first completely eliminated by using periodic boundary conditions. Several numerical experiments
have been carried out in order to understand the roles played by convective and dispersive mechanisms
on the kinetics of band formation.
The relative importance of convection over dispersion in transport phenomena is usually described
by means of a dimensionless number, the Péclet number [3], which is defined as
Pe =

Lv
D

(3)

where L is the typical length scale (over which the convection occurs), v a characteristic convective
velocity and D a dispersion coefficient. [2] correlated band formation to Pe expressed as a function
of drum rotational velocity, particle size ratio and drum diameter. In the present work instead band
formation is studied by a Pe number which is a function of the free surface axial gradients. Concerning
the dispersion term appearing in Pe, it was already mentioned that in the CA model the intensity of
random motion is modulated through the maximum random horizontal displacement N. In order to
estimate the dependence of D on N, dedicated numerical experiments were performed, where convection
was completely suppressed (giving equal relative mobilities to the two components) so that mixing was
characterized by a pure dispersive mechanism. The system was allowed to evolve from an initial,
completely segregated configuration, and the axial composition profile was evaluated after a given
mixing time. Such profile was then fitted with the Fickian diffusion equation determining D as the
best fitting parameter. The values of the dispersion coefficient could therefore be modified changing
N (Figure 7).
On the other hand, the convective contribution to the onset of segregation instead was evaluated
using the dimensional group Lvr0 where L is the characteristic length that we let coincide with the
particle diameter. The local selective motion of the particles leading to segregation is indeed related to
distances much smaller than the length of the rotating drum; a similar choice was adopted by [2]. The
velocity vr0 is a relative velocity calculated as difference between the averages of the local velocities
of the two species,hvii0 and hvij0 , at the very beginning of the experiments when the mixture is still
homogeneous, that is:
vr0 = hvii0 − hvij0
(4)
vr0 therefore represents the net convective contribution (dispersive contribution is not included) resulting by the axial surface gradients due to statistical fluctuations of composition at time zero.
The displacements of the single particles and therefore their velocities have been calculated as the
product between the characteristic mobility term (typical of each specie) and the averaged local surface
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Figure 7: Dependence of D on N ; a quadratic relation holds.
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gradient so that their average was:
dh0
dx



Lvr0 = LMi (1 − Mr )



hvii0 = Mi



and

dh0
dx

(5)


In order to perform a sensitivity on the effect of different values of Mr eq. 6 was modified as:


dh0
n
Lvr0 = LMcarbonate [1 − (Mr ) ]
dx

(6)

(7)

where calcium carbonate was taken as reference material with M carbonate =1
 and relative
nmobility
n
tan δcellulose
Mr was modulated by the exponent n=1/2, 1, 2 corresponding to (Mr ) = tan δcarbonate
= 1.14,
1.3, 1.69 respectively.
In order to check if the emergence of segregation can be revealed by the Péclet number, numerical
simulations were performed for 5.5 · 106 time steps corresponding approximately to 155 complete
renewals of the surface (i.e. 155 revolutions); at the end of the simulation, it was verified by direct
visual inspection of the matrix if segregation had taken place or not. The convective term Lvr0 was
estimated at the very beginning of each simulation, and a reference value was obtained by averaging
the first 2.2 · 103 time steps (roughly corresponding to one-sixteenth of revolution). An initial Péclet
number P e0 could be therefore calculated for each simulation. Plotting Lvr0 vs. D as in Figure 8
it can be clearly seen that band segregation occurs only for the points belonging to the upper half
of the diagram and that a straight line divide the two areas. It means that the conditions for band
segregation to occur correspond to the ratio:
Lvr0
> P e∗0
D

(8)

which defines a critical Péclet number for segregation that for our case was P e∗0 ≈ 3.4. With respect to
the simulations, this number can be used to foresee whether a mixture segregate or not. This suggests
that a similar analysis could be done with respect to experiments; however, the present model contains
some phenomenological parameters (D and v) which are not easy to quantify in practice. Moreover
P e∗0 will likely depend on other variables such as rotational velocity and filling level (not considered
here).
Even if on a qualitative basis, the simulations show that band formation can be explained in terms
of diffusion and axial convection alone and that it is from a local unbalance between them in the very
first stages of the mixing process that bands could eventually appear at the surface of a macroscopically
homogeneous bulk.
The dynamics of band formation is visualized in Figure 9 which shows three numerical simulations
at different Pe. In order to get a synthetic view of the segregation process the snapshots of the free
surface at each time step are rescaled into a single line of pixels according to the procedure first
introduced by [12] . At each axial position the average composition is calculated along the direction
perpendicular to the axis. The successive lines of pixels corresponding to the following time steps are
progressively numerically added to the right of the image in order to form the space-time diagram of
the evolving segregation pattern. The quality of the mixture instead is monitored along time using the
variance of the mixture as a mixing index [18]. It can be noticed that when D is large (i.e. small Pe)
the mixture does not form stable bands but just temporary segregation patterns. The magnitude of D
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Figure 8: Chart representing the combined effect of convection and diffusion on segregation. Diamonds
represent values of (Lvr0 , D) for which simulations develop segregation, while circles represent simulations which do not show segregation. The boundary between segregating and non segregating regions
is represented by a linear relation.
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Figure 9: Example of segregation evolution in a mixer without friction at the extremities for three
values of the Péclet number, a) Pe=7.23; b) Pe=4.19; c) Pe=2.52; (left) evolution of the global variance
of the system with time; (right) band formation as a function of time.
does not affect significantly the dynamics of band formation since the plateau of the variance profile
is reached after approximately the same time but clearly affects the intensity of segregation.
An interesting issue to be studied is the effect of the extremities (the closing flanges in the experimental rotating drum) on the onset of segregation. The simulations of Figure 9 have been replicated
in Figure 10 with the addition of the friction due to the closing flanges. Friction was mimicked by
simply adding a constant quantity to the angles (or equivalently to the bed height) evaluated at the
extremities of the computational domain. An increase of 1 to 2 degrees was sufficient to give the
required convective drift. In general, the frictional character of lateral flanges increases the overall
intensity of segregation and induces two segregation lateral bands which do not necessarily trigger
the formation of other bands along the mixer axis. This can be appreciated in Figure 10 where the
formation of lateral bands is contemporary to the formation of several bands along the axis. Results
show that extremities are not necessary to trigger segregation in the rest of the vessel and that band
formation at the extremities is independent of that in the middle. This is in agreement with the
qualitative observations of [5]. In fact, simulations show that it is possible that a mixture that would
not segregate spontaneously do segregate because of extremities effect producing three bands as final
configuration.
Moreover frictional extremities contribute to increase the overall intensity of segregation and to
increases the kinetics of band formation. A somewhat faster kinetics of formation can be observed
for the lateral bands depending on the level of friction at the extremities which can determine initial
surface gradients larger than the ones in the bulk material.

© 2013. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

Santomaso, A.C., Artoni, R., Canu, P. Controlling axial segregation in drum mixers through
wall friction: Cellular automata simulations and experiments (2013) Chemical Engineering
Science, 90, pp. 151-160. DOI: 10.1016/j.ces.2012.12.039

Figure 10: Example of segregation evolution in a mixer with friction at the extremities for three values
of the Péclet number, a) Pe=9.55; b) Pe=7.52; c) Pe=3.42; (left) evolution of the global variance of
the system with time; (right) band formation as a function of time.

3.2

Long time analysis (band merging and splitting)

After their formation, a second step begins when bands start progressively to merge together at long
mixing time. [7] studied the kinetics of band merging through experiments and showed that the number
of bands N decreases with time with an exponential decay:
r !
t
N = 2 + (N0 − 2) exp −
(9)
τ
where N0 is the number of initial bands and τ is the characteristic time length of the decay. The
evolution of the number of bands for a numerical simulation without lateral wall friction is shown in
Figure 11. It can be seen from the Figure that the same exponential decay experimentally observed
[7] and correlated by eq. 9 is obtained in the simulations. This agreement indirectly indicates that the
basic mechanism used to simulate band formation is able also to qualitatively interpret their migration
up to their merging. However while band formation involves the selective migration of single particles,
band migration (and subsequent merging) implies the axial migration of finite portions of material. The
mobilization of the whole bands toward a final state constituted by just two axially segregated band
(in absence of lateral friction) could be given by random fluctuation of the band position leading to
their final merging or can be driven by some further convective mechanism related to surface gradients.
At this stage we can not give a complete answer to this point which seems to share some similarity
with the unidirectional convective flow observed in liquid mixtures during phase separation by spinodal
decomposition [6]. When low viscosity liquid mixtures are quenched to a temperature deeply below
their critical point of miscibility, the process of phase separation is fast and is driven by convection.
Such convection is due to surface tension effects since the strong gradient in curvature at the neck
of each coalescing phases induces a convective flow which, in turn, causes further coalescence. The
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Figure 11: Evolution of the number of bands with time and exponential fit according to eq. 9 with N0
= 26 and τ = 3671; simulation 1.65 · 1010 time steps long, corresponding to 468750 revolutions (at 14
rpm this means 22 days of continuous operation).
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analogy holds since both phenomena are driven by surface convective fluxes in presence of surface
level gradients. For the analogous solid mixture phenomena a complete theoretical description is still
needed, however a demonstration of how surface gradients can be used to drive band segregation is
given in the following looking at the role played by the boundary conditions.

3.3

Effect of modifications to the wall surfaces

Simulations carried out so far considered just mixers characterized by a smooth cylindrical wall. In the
following, an investigation is carried out on the effect of local modifications of the internal surface of
the cylinder, both experimentally and numerically. This part of the research was motivated by the fact
that the existence of discontinuities such as those represented by the closing flanges at the extremities
seems able to modify the surface slope of the mixture triggering segregation. This observation suggests
the possibility of replicating such events also in other points along the mixer axis by modifying the
internal cylinder surface, eventually suggesting design practices to control mixing. Some examples of
how the cylinder was modified are shown in Figure 12.
In particular, the effect of boundary conditions was studied, both experimentally and numerically,
in order to understand whether it was possible 1) to control localization of the segregated bands at
precise positions, 2) to selectively transport the bands according to their composition, 3) to reduce
segregation intensity. These issues will be analyzed in the following subsections.
3.3.1

Band localization

It has been shown above that the extremities stabilize two lateral bands at the extremities of the
mixer. This is basically a frictional phenomenon as can be deduced by the fact that the material with
higher dynamic angle of repose (i.e. the less flowable calcium carbonate) selectively accumulates in
both these zones.
Introducing some other device mimicking the frictional effect of the extremities should be able to
lock the position of a band in other axial positions. Two different experimental solutions have been
tested. The first was the local roughening of the cylindrical walls by gluing particles to form an annular
strip on the inner surface of the mixer (not shown in Figure 12). This solution however did not produce
any perceptible difference of angle of repose in the mixture and segregation was not observed.
In order to increase further the friction, the strip of glued particles was substituted by rubber strip
(a commercial foam sealing gasket) to form a ring in the middle of the vessel as shown in Figure 12b.
In order to highlight the increased frictional properties of the rubber Table 2 compares the surface
slopes obtained in the rubber coated cylinder with that obtained in the uncoated one.
Table 2: Wall friction angles for the powders and the wall materials used in this study.
Surface
Powder
Wall material
slope
Cellulose
Calcium Carbonate

Smooth PVC
Rough rubber
Smooth PVC
Rough rubber

13.4°
22.6°
30.3°
45.8°

With the rubber strip the segregation was localized exactly where expected with the locking of
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a)

b)

c)

d)

Figure 12: Experimental configurations to modify the internal wall of the mixer. a) smooth surface;
b) single annular rubber strip; c) rubber spiral; d) five annular rubber strips. Strips were 8 mm large
and 4 mm thick.
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a)

b)
Figure 13: Effect of the frictional extremities on segregation: (a) experiment (b) simulation

one band of calcium carbonate in the middle of the vessel (Figure 14a) in addition to those at the
extremities caused by the closing flanges.

a)

b)
Figure 14: Effect of a central rubber ring on segregation: (a) experiment (b) simulation

The possibility to mimic this behavior with the CA approach was also investigated. As for the
extremities, the local slope was calculated from the relative concentration of the species, plus a finite
positive contribution induced by the strip. As represented in Figure 14b, the result is in good qualitative
agreement with the experimental counterpart, showing that the CA model can predict localization of
segregation related to modifications of the internal surface of the cylinder. The expected effect was
the local strengthening of the differences of surface slope and the formation of localized segregation
bands.
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3.3.2

Band transport

If it is possible to lock a band in a position intuition suggests that it should be possible to transport
it along the mixer axis by a proper translation of the rubber strip. This can be obtained in practice
by substituting the rubber ring with a continuous spiral (see Figure 12c). Since the spiral intersects
the free surface of the granular bed many times, many different bands should be obtained and because
of the vessel rotation these bands should be axially transported in one direction (according to mixer
rotation). The effect is that the free surface of the granular bed is locally perturbed (lifted up) by
periodic waves induced by the spiral and move along the mixer wall from one extremity to the other.
This was implemented in the CA model by locally increasing the angle δ in correspondence of the
moving intersection of the spiral with the free surface. The increase did not exceed 2 degree.

b)

a)

Figure 15: Effect of a rubber spiral on segregation: (a) experiment (b) simulation
Figure 15 a refers to experimental results and shows the effects of the spiral after 90 min of rotation.
The final segregation pattern was completely different from those observed in the previous experiments
since the material with higher angle of repose (calcium carbonate) was selectively transported to the
right side of the mixer. Figure 15b instead shows the corresponding CA simulation mimicking the
local transient increase of surface level due to the motion of the spiral. Again the results are in
good qualitative agreement with the experiments. It is clear from the experiments that the spiral
transports selectively just one material (calcium carbonate) and that the level of the powders remains
on the average constant indicating no mass accumulation on one side of the vessel. The velocity of
migration of the waves results in an axial convective contribution that can be superimposed to the
convective contribution given by initial random fluctuations of composition and band transportation
can be interpreted as a moving segregation process which, differently from the case of the single rubber
ring, takes place in progressively different spatial positions.
3.3.3

Reduction of segregation

Reducing segregation or even eliminating it is a chimera for many industrial application since the
mists of time. So also recent publications [28, 19] try to indicate the route to follow suggesting possible
directions. From the phenomenological picture discussed previously, segregated bands emerge because
of axial convection in relation with the existence of surface gradients. Accordingly, the indication
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Figure 16: Sketch of a possible mechanism explaining the attenuation of convective axial fluxes by
reduction of surface gradients. a) Surface profile with two non interfering bands and b) surface profile
with several interfering bands which reduce the surface gradients.
to prevent band formation is just smoothing gradients on the surface. In other words the strategy
to reduce segregation should consist in depressing any local ordered flow patterns (i.e. minimizing
convection, Lvr0 ) and in increasing local disorder (i.e. maximizing dispersion, D). Simulations have
been at first carried out to qualitatively determine a geometrical configuration of the wall able to reduce
segregation. The configuration used is reported in Figure 12d and consisted of a series of equispaced
transversal rings located on the internal of the cylindrical wall. The rationale behind this solution
is that when two rings are positioned sufficiently closer to each other the emerging bands (according
to the mechanism described in Section 3.3.1) are forced to mutually interfere. Such interference is
expected to reduce the free surface gradients according to a scheme which could be sketched as in
Figure16. In such a way the driving force triggering the convective axial fluxes is attenuated and the
segregation should not develop further.
Several simulations have been carried out for different number of the strips and this attenuation has
been always observed. An experiment with five strips is reported in Figure17 showing that segregation
can be reduced also in practice. Unfortunately the friction at the extremities could not be eliminated
in the experiments so that the segregation could be strongly reduced only in the center of the drum
but not at the extremities where two bands rich of calcium carbonate always formed. For comparison
a simulation with friction at the extremities and same number of strips is shown. Again a qualitative
agreement between the CA model and the experiments is observed, indicating that the proper modulation of an ordered segregation pattern (bands located at fixed strip positions) can reduce the axial
convective fluxes reducing the overall segregation and that this phenomenon can be again explained
in terms of convective-dispersive contributions.
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b)

a)

Figure 17: Effect of close rubber bands on segregation: (a) experiment (b) simulation

4

Conclusions

Axial segregation of free-flowing materials has been studied by simulations and experiments in a rotating drum. Simulations made using a CA approach have proved that random fluctuation of composition
in a binary mixture can trigger axial convective fluxes on the free surface of the mixture. The condition for the onset of segregation is met if the relative mobility between the materials is higher than a
critical value and this fact has been expressed in terms of a Péclet number. Despite the qualitative
nature of CA simulations, they can be used to verify physical models of mixing and demixing and
the comparison between simulation and experiment supports the use of CA as a tool to mimic and
understand segregation mechanisms in rotating drums. Simulation and experiments have shown that
modification of the internal surface of the mixer in terms of geometry and roughness can modify the
segregation patterns and have suggested strategies to control and reduce segregation. These strategies
rely on the reduction of the axial convective fluxes and/or the maximization of the dispersive ones and
have been reproduced semiquantitatively by the model based on CA.
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