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Abstract

We reviewed the developments in segregation, convection and pattern formation in horizontally vibrated
granular systems which are important for the improvement of several industrial developments, such as
agriculture, mining, pharmaceutical, geo-sciences, civil engineering etc. The most of previous theoretical
and experimental research works were focused on vertical vibration direction; only limited studies explored
the horizontally vibrated granular systems. Segregation, convection and pattern formation in horizontally
vibrated systems are complex phenomena. Size ratio, particle properties, energy input, vibrational direction
and boundary conditions are all playing significant roles. Several studies have been performed but
extensive experiments and theoretical models are still mandatory to attain the firm explanations of these
phenomena. Progresses in simulation software, novel analytical models and innovative experimental

methods are desirable to sustain developments on these issues.
Keywords- Convection, Segregation, Pattern Formation, Stripe Formation, Granular Physics

1. Introduction

Assemblages of numerous jointly macroscopic
particles are recognized as granular materials.
Granular materials are everywhere around us and
playing active roles in manufacturing and natural
practices ®1. Granular materials are recognized as
exciting phenomena which exhibit several
miscellaneous physical conditions and unexpected
dynamical occurrences . Vibrational system’s
study is of direct application to several industrial
procedures, such as drying !, mixing of different
materials [, separation of valued elements from
electronic leftover 1, and production of dampers
used in areas extending from construction industry
to aerospace engineering !,

Energy can be delivered to a granular system in
different manners such as horizontal direction
vibration, vertical direction vibration, two direction
vibration, three-dimensional vibration and other
types of vibrations 3. The vibrational direction
shows influences on convection motion, which can
affect the separation by size and pattern formations.

The dominant part of past investigations is in the
vertical vibration direction.

The granular convection and segregation of binary
or other systems in vertical shaking are extensively
discoursed "' and granular convection always
remains significant for the segregation patterns 824,
Different convection patterns are observed due to
heaping,!”> %! tilting, > %" etc. in vertically
vibrated systems. Segregation in vertically vibrated
granular systems also reveals extensive range of
interesting phenomena 3% A variety of
segregation patterns "1 are also observed in
vertically vibrated systems, such as stripe patterns
4] \wave-like patterns *”! | BNE and RBNE [B* #7]
etc.

Only limited studies explored the effects of
horizontal direction vibration. The phenomena of
segregation and pattern formation are also observed
in horizontally vibrated systems & 1. T. Mullin !
observed that random forces of one size particles to
other size particles were one of causes of

segregation patterns in horizontal vibrated binary
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mixtures. P.M. Reis et al. P% * observed three
qualitative segregation phases - binary gas,
segregation crystal and segregation liquid- in a
horizontally vibrated binary sized particles system.
Filling fraction of particles affected these phases
significantly. The horizontal versions of BNE and
RBNE were also observed in a horizontally vibrated
circular particles system. Low particles density
close to walls and high particles density at centre of
the container are important for the phenomena °2.,
Phenomena of convection also observed in
horizontally vibrated granular materials 1% %% %4, K.
Liffman et al. ® observed two small convection
rolls on the layer surface and two large lower
internal convection rolls in a horizontally vibrated
mono-sized particles system. M. Medved et al.’*
also observed convection rolls experimentally in a
horizontally vibrated system, where friction of the
side walls and the container size affect the shape
and convection rolls significantly.  Further
researches were also suggested by M. Medved et al.
531 to understand the mechanism behind these
convection rolls.

The relationships among convection, segregation
and pattern formation are not available in previous
literature. Therefore, extensive efforts are required
to understand the complexity in phenomena of
segregation > clustering ®" ¢ ¢ convection **
1976265 and pattern formation 3 6L 81 i
horizontally  vibrated granular  systems at
fundamental level. In this paper, we review the
progresses in phenomena of convection, segregation
and pattern formation in horizontally vibrated
granular systems.

2. Convection In Horizontally Vibrated
Granular Materials

Convection motion in horizontally vibrated granular

. [12, 54, 67-69]
systems presents complicated phenomena ,
and it remains an important subject for the recent
investigations to understand the mechanics behind
the segregation and pattern formation.!?® "*73
Convective motions detected inside granular
systems are generally characterized into types of
frictionally-driven convection " ™! buoyancy-
driven convection ® 7 and substrate-mediated
convection 8. R. Ramirez et al. ' observed
thermal convection in a square box by means of
dynamics simulation. The existence of thermal
convection is due to dissipative collisions between
the particles and gravity. An Navier-Stokes granular
hydrodynamics simulation showed that thermal

convection depends on inelastic collisions of
particles ). B. Painter et al. ["® observed substrate-
mediated type convection in a horizontally vibrated
monolayer of hard particles system. They also
observed four regimes in the system: solid-inclined
regime, solid-flat regime, convective regime and
disordered regime. The behaviors of granular
convection in horizontally vibrated granular systems
are fundamentally different from vertical vibrated
systems 7). Several types of convection rolls were
observed in horizontally vibrated systems. Two
convection rolls were observed in a horizontally
vibrated rectangular vessel when particles ascended
at the cell centre and plunged along the vertical
walls B% J. Gallas et al. ®Y also observed
convection rolls in a horizontally vibrated system
where convection speed was important for various
kinds of movements. Four rolls convection were
observed in horizontally oscillated granular
materials: two small convective rolls on particle
layer surface and two lower internal rolls. Particle
layer surface sloshing is one of the important factor
for small rolls and avalanche is important for lower
internal rolls B¥. Three types of convection rolls,
such as lower-right diagonal convection roll,
homogeneous convection roll and upper-right
diagonal convection roll and particles movements
were observed experimentally in a horizontally
vibrated square container. These convection rolls
were influenced by heap position and vibrating
parameters 2. 2D molecular dynamics simulations
of a horizontally vibrated granular materials showed
that normal damping co-efficient affected the
convection rolls: at high damping upper rolls were
created, and at low damping lower rolls descended
and disappear 2. Several different states were
observed in the horizontally vibrated system, such
as 2D gas state, crystalline state and 3D gas state,
depending on driving parameters. M. Hechel et al.
831 observed transitions between gas and crystalline
states in horizontally vibrated systems. Transitions
of states named as hysteresis depend on several
factors, e.g. energy dissipation, and gapes between
particles. T. POschel et al 4 observed a slow
inflation phase and a fast collapse phase in
horizontally vibrated systems. Mechanical stability
of materials and convection motion are playing
important roles in alternation of slow inflation and
fast collapse phase. Four regions namely the solid
region, cluster region, gassy region and empty
region and a 3D state (when particle jump from one
of the corners of the container) were observed in a
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horizontally vibrated mono-size particle system.
Moment of inertia showed a strong effect on
convection motion and energy dissipation of
particles 3. The friction of the walls and the size of
the container are also key factors for shape and
number of convection rolls in horizontally vibrated
systems % A pattern of convection in a
horizontally system is shown in figure1 !,

Earlier experiments 1 and simulations **! exposed
the connection between dissipative properties of the
perpendicular ~ walls  and  sidewall-induced
convections. Dissipative walls remove energy
rapidly from particles to increase the rate of
convection motion LIt is clear from the earlier
efforts that inelastic collision, friction of side walls,
buoyancy force, particles speed and particles
densities between the centre and side walls of
horizontally vibrated systems can lead strong
convection motions. However, A comprehensive
model for convection of horizontally vibrated
granular materials is still not available. Therefore,
further research works are required for better
understanding the phenomena.

3. Segregation In Horizontal Vibrated

Materials

When an originally mixed granular mixture grows
into separate components forming clusters, granular
segregation is observed. Segregation phenomena are
influenced by apparent Properties of particles,
density, size and rigidity Y. Progresses in the
research on granular segregation are important for
industrial development, such as geophysics %%,
a%;riculture engineering ' and other industries
% The main objective in numerous industrial
practices is to attain particle mixing, not separating
or forming particles clusters & % Segregation
phenomena have been described in both
horizontally and verticall¥ vibrated granular
systems %2 avalanching %1% rotating drums

1031 chute flows ™4 %! and evacuating and filling
of vessels % etc.

Particles segregations were observed in horizontal
vibrated granular systems of various sizes and
properties of particles ¥ %! T. Mullin Y observed
a series of perpendicular segregation patterns when
the random forces of one size particles to other
sized particles produced stripes patterns. Patterns
coarsen with respect to time showed power law
which is as the same as stone striping process in
nature. A. Kudrolli et al. ™ observed clusters in a
2D dense particles system. When the clusters
appeared in the system, particles velocities
decreased and the numbers of collisions between the
particles increased. P. Reis and T. Mullin B
defined the combine filling fraction of the particles
layer and explained that combined filling fraction C
was significant for segregation patterns in the
horizontally vibrated binary layers. When the
critical value of filling fraction was C.= 0.647
segregation was observed in the system. P. Reis et
al. 1 also observed phase evolution, such as
segregation liquid, segregation crystal, and binary
gas, in a horizontal vibrated granular system. Low
filling fraction produced binary gas, intermediate
filling fraction produced segregation liquid and high
filling fraction produced segregation crystals.
segregation by friction mechanism was explained by
L. Kondic et al. in a horizontally vibrated mixture
of highly smooth and rough particles °!. High co-
efficient of friction increased the rate of segregation
in system. G. Ehrhardt et al % developed a
numerical model for a horizontally vibrated binary
granular mixture. The model explained that
segregation rate increased with filling fraction.
Horizontal versions of BNE and RBNE were also
observed in a horizontally vibrated system, which
depended on the ratio of the density to the size of
the particles 2. The existence of convection can
raise segregation patterns. Segregation can be
controlled by altering the convection strength ™.
C.R.K Windows-Yule et al. ™% investigated the
influence of convection on segregation in a binary
system and determine that segregation rate
increased with convection intensity. Various
segregation states or phases are observed in
horizontally vibrated granular systems, but the
mechanism of segregation is still not clear M.
Theoretical models explaining under which
conditions granular materials will be segregated in
horizontally vibrated systems are also not available.

Abdul Rehman, et al

www.ijetst.in

Page 6330




4. Pattern Formation In

Vibrated Granular Materials
When granular particles with different physical
properties and masses are vibrated horizontally, a
variety of patterns are observed in the systems % &%
%1 Stripe patterns are one of the most intriguing
characteristics that have been discovered in
horizontally vibrated systems 95 108 1121161 grjpe
patterns can be formed due to linear and circular
horizontal vibrations 7. In previous experiments,
patterns were observed at very small and large
frequencies and vibrational amplitudes 7 116 1181 or
certain density level % 1081181 "p ganchez et al. 1
observed stripe patterns in a liquid immersed,
horizontally vibrated mixture of binary particles
system. Their investigation suggested that stripe
patterns were influenced by driving parameters,
Particles size and particles density. D. Krengel et al.
371 observed stripe patterns in a horizontally
vibrated system and found that these patterns were
influenced by dissipative properties of particles.
Direction shift of stripes was also observed in
horizontally vibrated systems, which influenced by
the container size and vibration parameters
significantly. M. Fujii et al. *** observed direction
alteration of stripes in horizontally vibrated binary
particles system. At first, perpendicular stripes were
observed in the system, after collisions between
active large and small particles, the perpendicular
stripes converted into parallel stripes. Stripe patterns
also possess different qualitatively phases,
segregation liquid, segregation crystal, and binary
gas, in horizontal vibrated granular systems with
respect to time scale 1% %1181 M P Ciamarra et
al. observed stripe patterns by means of molecular
dynamics simulation and proposed that large and
small particles area fraction was significant for

. . [112]

segregation process and pattern formation . R.
Moosavi et al. observed a branched type stripe
patterns at specific frequency and vibrational
amplitude in a horizontally vibrated system and they
purposed further investigation to examine the
branches properties in the branched stripe pattern
(19 Examples of stripe patterns are shown in
Figure 2 9

Horizontally

21 v
oy ; 'j’

2 3 . »> .
::'::- 3 o —g“' k;f - j% .

Figure 2 Typical segregation patterns of two binary
granular mixtures: (a) poppy seeds (grey regions) +
phosphor-bronze spheres (yellow regions); (b)
polystyrene spheres (white regions) + sugar
particles (coloured regions). The frames were
captured after 15min of vibration of an initially
homogeneous mixture, C = 1:028, r = 2.

Several experimental efforts have performed to
understand convection, segregation and pattern
formation in  horizontally vibrated systems
previously, but theoretical models are still not
available. One subject received relatively little
direct attention is the effects of convection on
pattern formation in horizontally vibrated systems.
These connections are essential for better
understanding of these phenomena. Therefore, more
innovative experimental techniques and latest
simulation software are required to make theoretical
models for convection and pattern formation in
horizontally vibrated systems.

5.  Conclusion

Granular materials behaviour is different from other
usual and noticed types of materials. Most of the
past investigations were focused on vertical
vibration direction; limited studies explored the
horizontally vibrated systems. Granular convection
is essential for segregation and pattern formation in
horizontally vibrated systems. Different convection
patterns were observed in horizontally vibrated
granular systems. Friction of the walls, the shape or
size of the container, and number of convection
rolls etc. significantly influence these convection
patterns. Convection rolls show strong influences on
segregation and pattern formation. Various types of
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clusters and segregation patterns were also observed
in horizontally vibrated systems, which showed
enormous dependence on density, velocity, filling
fraction of particles, friction between the particles
and pressure variation in the systems. Some of
previous works suggested that the segregation could
be controlled by altering the convection strength
and friction between the particles and walls.

Pattern formations observed in horizontally vibrated
systems were influenced by solid-liquid phase
transition, vibrating frequency, vibrating amplitude,
tray size, and frictional contact of particles with the
surface of container etc. Different qualitatively
phases with respect to time scale are observed in
horizontally vibrated system. Directional variation
of stripes patterns and branched typed stripes were
also observed in horizontally vibrated systems.
Several efforts have been performed to understand
convection, segregation and pattern formation in
horizontally vibrated system. Considerable works
are still required for development of theoretical
models to understand these phenomena. Therefore,
Progresses in simulation software, analytical models
and innovative experimental methods are desirable
to sustain development on these issues.
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