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RESUMO

O método dos elementos discretos (DEM) trata-se de uma técnica matematica
descritiva do comportamento de particulas. A utilizagdo dele esta associada a sua
capacidade descritiva de sistemas granulares similarmente a testes reais. Elaborar
modelos capazes de descrever e prever as principais influéncias em sistemas
particulados que diminuem o tempo e o custo de novos projetos. Os materiais
particulares estdo presentes em inumeros segmentos na industria como a quimica,
farmacéutica, alimentos, bebidas e entre outras. O entendimento das propriedades e
comportamento de misturas granulares sdo de extrema importancia para o
desenvolvimento de novos produtos, dessa maneira, podem resultar as melhores
condicdes experimentais para a elaboragao do estudo. Neste presente trabalho, sera
estudado um dos principais commodities da industria alimenticia, o agucar, neste caso
o granulado (GUARANI®), visando buscar os coeficientes de atrito estatico e de
rolamento dele. Para a obtencdo dos dados experimentais realizou-se um teste
experimental em um tambor rotativo, realizando a sua reprodugcao via simulagao
(LIGGGHTS®), com base nos modelos propostos pelos estudos de Benchmark, com
o modelo de contato de Hertz-Mindlin com histoérico de rolamento. Com os estudos
realizados, concluiu-se que o software apresenta capacidade de reproducédo dos
dados de maneira eficaz, desde que as condigbes de contorno sejam aplicadas
corretamente, os coeficientes de friccdo do agucar cristal sdo caracterizados por uma
faixa de valores, sendo 0,75 a 1 para o estatico e 1 para o de rolamento.

Palavras-chave: DEM. LIGGGHTS®. Materiais granulares. Agucar. Hertz-Mindlin.



ABSTRACT

The discrete element method (DEM) is a mathematical technique describing particles’
behavior. Its use is related to its capacity to define granular systems that are similar to
real-world testing. Can create models capable of characterizing and forecasting the
major impacts on particle systems to reduce project time and cost. Chemicals,
pharmaceuticals, food, beverages, and other materials are examples of materials used
in the industry. Understanding the physics and behavior of granular mixes is critical in
the creation of innovative products. This allows the ideal experimental conditions for
the research to be established. This project will look at one of the most important
commodities in the food industry: sugar, specifically granulated sugar (GUARANI®),
which will be investigated to determine its static and rolling friction coefficients. To
obtain the experimental data, an experimental test was performed on a rotating drum,
with its reproduction accomplished by simulation (LIGGGHTS®), using the Hertz-
Mindlin contact model with rolling history, based on the models presented by the
Benchmark studies. The research found that the program can efficiently recreate data
if the boundary conditions are implemented appropriately. For crystal sugar, the friction
coefficients were characterized between 0.75 and 1 for static and 1 for rolling.

Keywords: DEM. LIGGGHTS® Granular materials. Sugar. Hertz-Mindlin.
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1. INTRODUCTION

Granular materials are used in the chemical, pharmaceutical, food, beverages,
metallurgical, fertilizer, and mineral industries, among others. Those who focus on
improving operational models into more analytical and fast processes. As a result,
software and methodologies are being developed to meet this demand. Particulate
matter research has only recently developed rapidly in the scientific community. It all
started with Cundall and Strack's most significant advancement coming in the 1970s

when they presented a consistent approach to the subject.

The discrete elements method (DEM) presents numerous approaches for
obtaining an effective granular material modeling technique in which a study of
particles is applied in an idealized way by setting the information of the spheres in their
entirety and their behavior, when present in packaging. As a result of the refinement
of complex models such as particle mixing and segmentation, the use of this model

becomes much more appropriate.

Since the DEM is based on a Lagrangian methodology, the approaches of
Newton's second law are used to understand the properties of granular flows.
Furthermore, particle interactions are described in the normal and tangential directions,
with rigid (Hard Contact) or deformable (Soft Contact) characteristics. Besides that, the
contacts can be classified as particle-particle (between particles) or particle-wall (a

particle with the recipient wall).

Density, particle size, friction coefficients, and equipment geometry, among
other factors, have a significant impact on the achievement of operating regimes as
well as the final behavior of particle packing. The simulation process, via LIGGGHTS®,
aims to provide a real-time reproduction of particle studies that are faster and more
predictive of their behavior. When reproducing practical experiments in simulations, it
is critical to use the correct parameters, for example, the ones cited above. Obtaining

the data for the simulation is not always straightforward, which necessitates calibration.

The food sector employs a wide range of granular inputs, from "raw" products
to industrial. Because of their large product line, they hardly provide a complete

analysis of their physical attributes in the literature.
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Sugar is a crucial constituent in the Brazilian food sector. There are currently
various varieties, including granulated, refined, inverted, demerara, and others;
nevertheless, there have been few investigations on their qualities, such as friction
coefficients. They are critical in establishing optimal processing conditions for this "raw"

material, such as the mixing process.

1.1. OBJECTIVES
The purpose of this master's dissertation is to investigate the structure of the
DEM theory, operational regimes in rotating drums, and the effects of friction
coefficients, to develop a descriptive system for reproducing the experimental part in
LIGGGHTS® software. As a result, it attempts to qualify the used model as well as
define the parameters studied for crystal sugar. In this regard, the following strategic
targets are proposed:
e Reproduction of a practical experiment from the literature in software for testing
the ability to describe experimental data in LIGGGHTS®.
e Validate the suggested model using literature-reviewed data from the
Benchmarking Study.
e To determine the static and rolling friction coefficients between particles that
describe the behavior of particles in a rotating drum by simulation.

e To compare the simulation results with experimental data.
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2. BIBLIOGRAPHIC REVIEW

It presents the literature review on DEM (2.1), a systemic view of DEM (2.2),
contact models and mechanisms, respectively (2.3 and 2.4), and a numerical approach
(2.5). Also describes a review of particulate materials (2.6), the main parameters used
for analysis and simulation (2.7), and a review about LIGGGHTS® (2.8).

2.1. DISCRETE ELEMENT METHOD (DEM): AN OVERVIEW

The DEM (Discrete Element Method) is a numerical technique with effective
modeling in the analysis of granular materials (GOMES, 2014; O'SULLIVAN, 2011;
NOROUZI et. al., 2016). DEM uses a set of information, including discrete geometry,
theoretical physics, and the representation of numerical computation (HABIB et. al.,
2014 apud. WASSGREN 1997; FAZEKAS, 2007).

The concept of simulation is based on the individual consideration of particles;
the analytic process allows for an idealized study of them (GOMES, 2014;
O’SULLIVAN, 2011; NOROUZI et. al., 2016). Granules in DEM are generally
considered to be solid particles; their mechanical behavior is usually not linear
(GOMES, 2014; NOROUZI et. al., 2016).

The development of DEM came mainly from issues involving engineering and
geological approaches. Several investigations were initiated between 1970 and 1989
for concepts driven by the study of soil processes and particle mobility and
deformation. Cundall and Strack, on the other hand, reported the development of a
more sophisticated methodology, now known as the discrete element method, in the
1970s (JING and STEPHANSSON, 2007). More solid proportions on DEM were
established in 1979, and Cundall and Strack investigated the two most common

approaches to particles: soft particles and hard particles (ZHU et. al., 2007).

DEM is used in a wide range of areas, including chemical and civil engineering,
geomechanics, pharmaceuticals, grain storage and processing, mining, and thus more
(GOMES, 2014; O'SULLIVAN, 2011; ABI-MANSOUR, 2019). The ability to simulate
granular systems using DEM is correlated to the simplification of complex models such
as particle transport, mixing, and segmentation processes (HABIB et. al., 2014 apud.
ASMAR et. al., 2002, FRAIGE and LANGSTON, 2006, ZHU et. al., 2008).
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2.2. ASYSTEMIC VIEW OF THE DEM

DEM is related to a Lagrangian approximation, which employs Newton's second
law approach to describe the properties of granular flows (BRANDAO, 2017; SAKAI
et. al., 2012). The contact calculations are performed by using particles' coordinates
and radius, which are determined by the system's interactions (O’SULLIVAN, 2011;
NOROUZI et. al., 2016). Figure 1 illustrates the process of particle-wall and particle

interaction, the delta (8) is referred to as the elements overlap.

Figure 1 - Particle-Particle and Particle-Wall Contact

D

Source: Adapted from Peng, 2014.

When contact occurs, the impacts are investigated in both normal and tangential
directions. The tangential force is considered to be zero in cases when there is no
friction, i.e. when the bodies slide without resistance. In this method, the contact's
description is entirely focused on the normal force (SAMPAIO, 2017). Newton's first
law, on the other hand, appears to be true when no force is acting on the particle, so
the body will maintain its initial state and the linear and angular velocity variables will
remain unaffected (CAMPOS, 2016).

The DEM algorithm treats each particle's dynamic increment as a discrete
increment of time (O’SULLIVAN, 2011). Particles can accept 2D and 3D geometric
shapes as well as more complex shapes including polygonal, polyhedral, or cubic
(O’'SULLIVAN, 2011; HABIB et. al., 2014 apud. FRAIGE et al., 2008).

In summary, the DEM calculation system is composed of three procedures:
contact detection, force calculation, and particle position increment for the next
interaction. In a simple term, simulation is associated with the initial identification of the
positions and velocities of the particles, which leads to the determination of the

contacts (normal and tangential overlaps), as well as the verification of the forces
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involved and the acceleration. In this way, the calculation cycle starts again
(SAMPAIO, 2017).

2.3. CONTACT MODELS

Each type of material has its own set of characteristics, although they must be
examined in each case study. Several factors can impact the particles, which can be
influenced in an isolated way or not in the analysis, leading to more complex problems
for the results. These situations include temperature range, material properties (such
as roughness), and possible changes in geometry caused by mechanical contact
(SAMPAIO, 2017). The contact models follow a classification according to their
characteristics The particle interaction may be separated into a macro and micro
perspective of the system. The first depicts a divide based on how the contacts occur:
whether they are effectively present contacts (elastic or inelastic) or not (non-contact).
In the micro view, it can be seen how they take place and what models are used in
each situation (elastic or inelastic contact and non-contact). The phenomena and

models presented in Figure 2 will be discussed in detail across the sections.

Figure 2 - Classification of interaction forces (contact and non-contact).

Particle interaction
Inclastic —Van der Waals force

Linear model Non-linear model . —Linear spring-dashpot model Liquid bridge force
LLincar spring model —Hertz-Mindlin model —Hysteretic model L—Electrostatic force
——Hertz-Mindlin + JKR model  “—Thornton model
“—DMT model

Source: YEOM et. al., 2019.

External forces, such as electrostatics and fluids, have a direct impact on the
DEM, making particle mass and density meaningful for simulation (HABIB et. al., 2014
apud. WASSGREN, 1997). Cohesive and adhesive forces are essential in the study of

granular materials. Among them are the drag force, van der Waals force, liquid bridge,
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viscous, and capillaries (see 2.5.4 section). Cohesion forces, for example, are
associated with non-contact, which includes van der Waals forces, and adhesives are
related to wet materials (JASEVICIUS et. al., 2017; LU et. al., 2019; TANG et. al., 2019;
ENDRES, 2021).

2.4. CONTACT MECHANISMS

Particle interactions can be rigid (Hard Contact or Hard Sphere) or deformable
(Soft Contact or Soft Sphere); this method has two analysis groups (CUNDALL and
HART, 1992; NOROUZI, et. al., 2016). In general, it is assumed that in "soft contact,"
the particles with deformable characteristics allow for particle overlap. The particles
are rigid in hard contact, which indicates there is no overlap between them (CUNDALL
and HART, 1992).

The conditions mentioned in the previous section should not be chosen
randomly. The type of contact must be chosen based on physical principles rather than
the associated numerical facility (CUNDALL and HART, 1992).

2.4.1. Soft Contact

In soft contact, a limited fraction of overlap is allowed, such an assertion can be
comparable to the deformation that the particles undergo (O’SULLIVAN, 2011). Figure
3 illustrates a diagram of the dynamics of this model, the particles collide with an initial
velocity, the overlapping occurs, and they move away with different velocities than the
original one. Another principle of this approach is the overlaps that occur between

particles are much smaller compared to their size (NOROUZI et. al., 2016).

Newton's equation of motion is used in this approach so that at each iteration,
a new value corresponding to the positions and velocities of the particles is obtained.
The integration varies to the collision time is constant and relatively small at each step
(SAMUI et. al., 2016). As an outcome, the contact time interval between the bodies
enables more iteration. In other words, it allows a particle to have more than one
contact with the others at a time (NOROUZI et. al., 2016).
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Figure 3 - Soft Contact Schematic
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Source: O’ Sullivan, 2011.

2.4.2. Hard Contact

At first, hard contact implies that the bodies have no overlap. Furthermore, the
contacts are presumed to have a short duration so that the moment changes can be
modeled and calculated by the energy loss in the collision (CUNDALL and HART,
1992; O’'SULLIVAN, 2011). Figure 4 illustrates a diagram of the dynamics of this model,
particles collide at an initial velocity, there is no overlapping, and they go away at
different velocities than the original.

The presentation of diluted systems with low density is associated with a good
description of the Hard Contact model. Collisions are more common although the
duration of contact between the bodies is short. Particles in systems can move freely,

influenced by external forces and translational speeds (NOROUZI et. al., 2016).

Figure 4 - Hard Contact Schematic

OXCIORON:

Pre-Contact Contact Post-Contact
duration =0  V'=f(change in momentum,
—  coefficient of normal restitution,
No overlap coefficient of friction,
coefficient of tangential

restitution)
Source: O’ Sullivan, 2011.
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2.5. NUMERICAL APPROACH

One of the primary distinctions between the soft contact and hard contact
approaches is that the mathematical purpose for the deformable sphere is in
differential form. Another consideration is that in this system, information about forces
and torques must be obtained at each interval, so each increment of time is assumed
to be small. Thus, the disturbances of the contacts only allow them to propagate in the
particles around each other, so between every increment, the solution for multiple
contacts can be measured directly to a single particle (CAMPOS, 2016).

The precise determination of the method's accuracy is critical for a decent
system simulation. As the variations in time between each step are generally small,
certain factors, such as the forces and accelerations of the particles that act in a
constant manner and their velocities that change linearly, must be considered (HABIB
et. al., 2014 apud. ASMAR et. al., 2002, FRAIGE and LANGSTON, 2006).

Acknowledging each variable's implied meaning in the process analysis is an
effective way of identifying the dynamics of particle motion. Figure 5 shows a typical
model of two particles colliding (three-dimensional), each component of the motion

dynamics is related, as described the vectors ¥; and ¥; describing the positions of the

mass centers, the velocity vectors V; and V;, angular velocity vectors &; and a;, the

sub-indices i and j representing the particles, respectively (NOROUZI et. al., 2016;
IDAGAWA, 2017).

Figure 5 - Simplified contact scheme.

Source: Adapted from Norouzi, et. al., 2016.
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Two laws can be used to represent the motion equations of spherical particles;
it is important to note that rolling is a combination of rotational movements and pure
translation (HALLIDAY, 2018; NOROUZI et. al., 2016). The law of motion, as described
by Newton's second law, is responsible for the process of particle translation, and
Euler's second law of motion is rotation, which takes into account the centers of mass

of each of the bodies. The mathematical description is based on equations (1) and (2),
which represent the total torque (M;) and the sum of all forces (F,) (NOROUZI et. al.,
2016).

dv; d%x;

N (1)
i dt i dt? i
PO Lo @)
Pode T Tgez T

The analysis requires numerical solutions. In this way, the interactions are used
to carry out the computation of the DEM simulation. First, the interaction forces of the
particles are calculated, and then the equations of movement are integrated to obtain
a new combination of data. Equations (3) and (4) are mostly destined for DEM
simulations (NORQOUZI et. al., 2016; IDAGAWA, 2017).

n
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Where:
e p-p (particle - particle): representation of the collision forces of the particles.
e p-f(particle — fluid): forces working on the particle due to fluid.
e ext (external forces): forces from uniform or non-uniform field as gravitational or

electromagnetic force.
o Fﬁ (tangential torque): responsible for generating the rotations in the particles.
o W (torque on rolling resistance): friction between the particles causes movement in

the opposite direction.
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Whenever a particle is exposed to one or more simultaneous collisions, a
process of overlap occurs between them, called normal overlap (5y). The smallest
condition for a contact between the bodies is 6y > 0, where x; and X; are position
vectors and R; and R; the radius, and the indices i and j represent the particles,
respectively (NOROUZI et. al., 2016). The mathematical relationship for normal
overlap between spheres is presented in Equation (5). The magnitude of this overlap
depends on the relative position, dimension, particle shape, and perpendicular
orientation of particles on the surface (FAZEKAS, 2007).

Syv= R+ R — |5 — x| (5)
2.5.1. Contact force model

The non-continuous force-displacement model, which describes a more realistic
model of granular flows and has a greater application in simulation processes. Physical
contact between two particles is calculated using the force-displacement law, which
considers some collision properties (NOROUZI et. al., 2016):

¢ Normal and tangential overlaps.
e Physical characteristics.

e Contact collisions in the past.

Figure 6 - Scheme of the collision system between two particles.

Source: Norouzi et. al., 2016.

The contact force (Ef) between the particles is decomposed into two

components, as shown in Figure 6 represents the contact between two particles,
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indicating the influencing vectors in the dynamics of the movement, which are normal

(W) and tangential (F_UT)). As a result, equation (6) describes the contact force

(NORQUZI et. al., 2016; IDAGAWA, 2017; ASMAR et. al., 2002):

—

R =R+ ®)
2.5.1.1. Hertz — Mindlin Contact Models

It is a nonlinear viscoelastic model that exhibits a relationship between normal
force and displacement, as well as more representative accuracy in the calculation of
particle collision forces. Heinrich Hertz (1882) proposed the behavior of particle
collision in the normal direction first, and later included the portion responsible for
particle adhesion. Mindlin and Deresiewicz developed the theory of tangential elastic
contact between particles (NOROUZI et. al., 2016; YEOM et. al., 2019).

The models presented according to Hertz-Mindlin’s theory do not present
slippage (PENG, 2014; YEOM et. al., 2019). Equation (7) determines the Hertzian
contact model for an elastic contact between particle-particle and particle-wall in the
normal direction, where E expresses the Young module, § characterized by particle
overlap, v Poisson coefficient, and subscripts j and j represent their respective particles
(JASEVICIUSA et. al, 2017; Li et. al., 2009; NOROUZI et. al., 2016; PARAB et. al.,
2017; TORBAHN et. al., 2017). The contact force expressed by Equation (8),
Coulomb's friction law must be respected F; < u.Fy, u defined as consisting of the
static friction coefficient, which is associated with a significant influence on the
displacements in the tangential direction, being G.;s the equivalent shear module
(PENG, 2014; HEILBUTH, 2017). The Young modulus is related to the material's
elastic deformation and the shear modulus (HESSEL et. al., 2016). Poisson's ratio
refers to the connection between lateral and axial strain in elastic strain. The shear
modulus, on the other hand, analyzes the element's deformation (TIMOSHENKO and
GERE, 1983).

4 3/
FN= E eff-w/Reff-(SNz (7)

FT == —8 Geff /Reff6N6T (8)
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Figure 7 shows that the normal contact force increases as the overlap (6)
between the particles increases, reaching its maximum value when their centers
overlap (PENG, 2014; YEOM et. al., 2019).

Figure 7 — Contact force and displacement: Hertz-Mindlin.

&

Contact Force (N)

“wo'w  Displacement (8)
Source: YEOM et. al., 2019.

They present the same elastic force principle, but the dissipative component,
the viscous force, is included in the total computation of normal direction data
(NOROQUZI et. al., 2016). The normal force, which is correlated with damping (viscous
force), can be described in Equation (12) and tangentially in Equation (13) where, e
restitution coefficient, § damping coefficient (related to the restitution coefficient) (14),

Sy is the normal stiffness (15) and S; the tangential stiffness (16), m* is equivalent

mass (17), v,’{,_‘”) relative speed in normal and v? tangential directions (HEILBUTH,
2017; ZHOU et. al., 2002; Ql et. al., 2017; TAN et. al., 2019).

5 —
Fg = —2.\/;.,6’.,/SN.m*.v,f,el (12)
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Several models were proposed for the dissipative part in the normal direction,
such as the Kuwabara and Kono model (KKn) and the Tsuiji, Tanaka, and Ishida model
(TTIn) (NORQOUZI et. al., 2016).

2.5.2. Particle torque model

The shear responsible for particle torque is essentially the sum of two
components: the one responsible for rotational torque and the one responsible for
rolling resistance. The particle's rotational torque, equation (18), is caused by a

tangential contact that makes the body "rotate” (NOROUZI et. al., 2016). Where, Mﬁ

—

is tangential torque, R; radius of particle /, n;; unit vector from particle i to j, E]? contact

force particles j and j.
M{ = Ri.n; X Fy (18)

To explain this phenomenon, several models have been developed (NOROUZI
et. al., 2016). The torque of the contact surface is defined by the Hertz-Mindlin model,
Equation (19) or can be expressed by Equation (20), which represents the
ur coefficient of rolling friction, Fy the normal contact force, d; ; the distances between
the mass centers of particles / and j, and w; the angular velocity of particle i and R, s
effective radius (ENDRES et. al., 2021 apud. SCHILDE et. al., 2014; NOROUZI et. al.,
2016; TAN et. al., 2019).

T, = _.uR'FN'di,j'wi (19)
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2.5.3. Particle-Wall Contact Force

Correlated interactions between particles and the vessel wall can be modeled
similarly to particle contact. In this case, the interaction uses constant values that are
appropriately applied to the particle-wall interaction (ASMAR et. al., 2002).

The contact of particles with corners of the wall (for example, contacts between
two walls) can only be listed once for the simulation; this is a limitation of the model. In
simulations, the significance of this particle-wall correlation is lower than that of
particle-particle (ASMAR et. al., 2002; HABIB et. al., 2014).

2.5.4. Non-contact forces

The van der Waals force is one of the main forces of interaction between
particles with a 100 nm spacing between them (LU et. al., 2019). It has been notable
for exhibiting dipole-dipole, dipole-induced, and dipole-instantaneous attractive forces
(YEOM et. al., 2019). The representative model of strength for fine particle/ultrafine
systems is provided by Hamaker (the most used model), but in some studies, models
can be based on Lifshitz's theory (LU et. al., 2019; YEOM et. al., 2019). For particles
with diameters greater than 30 ym, this force is usually omitted (PARTELI et. al., 2014).

The liquid bridge force is composed of a capillary force and a viscous force that
considers wet particle systems (TANG et. al., 2019). If the relative humidity of the
system is less than 40%, this force can be ignored (PARTELI et. al., 2014). When the
liquid viscosity or relative velocity in the system exceeds the normal value, viscous
forces become significant (TANG et. al., 2019). Capillary bridges exist in systems
where a significant portion of the particles are moist (ENDRES et. al., 2021 apud.
ANTONYUK, PALIS, and HEINRICH, 2011, TSUNAZAWA, FUJIHASHI, FUKUI,
SAKAI and TOKORO, 2016). They are linked to the system's humidity; if it remains
below 50%, the force will not contribute to the interactions (JASEVICIUS et. al., 2017
apud. ZENG, MARTIN, and MARRIOTT, 2001).
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Hydrodynamic interactions are related to drag forces. It is critical in simulations
for the analysis of particle-fluid flows (NOROUZI et. al., 2016) Stokes' law of drag is
valid in laminar flow regimes with Reynolds numbers less than one (MAXWELL et. al.,
2010; MORENO-ATANASIO, 2013).

Electrostatic forces are associated with attractive and repulsive forces between
particles. This is a common phenomenon in situations where isolated particles fluidize.
Coulomb's law expresses this non-contact force, which can have a significant impact

on the gas-solid hydrodynamic process (TAN et. al., 2019).
2.5.5. Rayleigh waves

The simulation's particle movements involve multiple contacts, resulting in high
demand for interaction calculations (HEILBUTH, 2017). The Rayleigh wave, shown in
Figure 8, is a mechanical wave that travels across the surface of the particles, and it is
intended to use a wave value for the system's smallest sphere (BRANDAO, 2017 apud.
DANBY et. al. 2013).

Figure 8 — Rayleigh waves.

Source: BRANDAO, 2017.

The time of Rayleigh is given by equation (21), where Rminis the radius of the
smallest particle in the set, p is the particle density, v is the Poisson ratio, and G is the
shear module, considering isotropic materials (HEILBUTH, 2017; LI et. al., 2009;
MARIGO et. al., 2015; GARCIA, 2010). As a result, given the smallest particle in the
system, the mentioned step must be smaller than the Rayleigh wave (HEILBUTH, 2017
apud. THAKUR, 2014).

7-’-'-Rmin p
tp = .= 21
R™ 10,8766 + 0,163 .v ‘NG 21)
b=t (22)

2.G
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The enumerated step must be small enough so that the wave does not spread
beyond the particle contact centers (NOROUZI et. al., 2016). The chosen value
requires stability in the integration time, which ought to be less than the suggestion of
applying the 20% (high particle densities) to 40% (low particle densities) of the value
given by equation (21) (HEILBUTH, 2017 apud. EDEM, 2011; MARIGO et. al., 2015);
on the other hand, the step can be established as 10% of Rayleigh's time (YARI et. al.,
2020).

2.6. PARTICULATE MATERIALS

Particulate materials are frequently used in rotating drums in chemical,
pharmaceutical, metallurgical, fertilizer, minerals, and other industries. However, there
are some difficulties in obtaining data in these procedures, such as particle collision
factors and particle-particle and particle-wall interactions (SONI et. al., 2016; XU et.
al., 2010).

2.6.1. Parameters for particle analysis in rotating drums

The dynamics of particles present in rotation equipment frequently do not allow
for simple parameter prediction. The volume of particles, the size and shape of the
container, and the speed of rotation are macroscopic parameters; particle size, density,
and roughness are microscopic parameters (AYENI et. al., 2015). Mixing processing
of granular materials is generally done in cylindrical drums, where in their axial
direction, rotation applies. The particles in this system construct a kind of "bed" that
can have a static or dynamic repose angle; this characteristic is related to the system's
rotational speed (DAVIDSON et. al., 2000). The main macroscopic forces present in
the rotating drum are centrifugal and gravitational forces (AYENI et. al., 2015). Particle
displacement in the drum is influenced by normal and tangential forces, friction, and
particle weight; random collisions occur during the mixing process; and a single particle

cannot move freely without colliding with another (XU et. al., 2010).

The drum operating regime is closely associated with the number of Froude,
which is correlated with the angular speed of operation of the system. Despite being
an excellent parameter for the investigation of the drum operating regime, each
material presents its singularities (BOATENG, 2016; DAVIDSON et. al., 2000).
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The number of Froude has a correlation with centrifugal and gravitational forces,
as shown by their ratio (23), where n is the frequency of rotation, R is the radius of the
drum, and g is gravity (KOMOSSA et. al., 2014). In addition, if you consider it in the
range of 10 < Fr < 10-?, the dominance of gravitational force over the centrifuge stands
out (AYENI et. al., 2015).

) CELVIN: (23)
g

Fr

For the operation regimes, six possible types are considered in Figure 9, which
are slipping, slumping, rolling, cascading, cataracting, and centrifuging (AYENI et. al.,
2015; XU et. al., 2010; HENEIN et. al., 1983).

¢ In the slipping regime, the particle bed assumes a stationary configuration.
With this, they slowly slip to the other end of the drum as its rotation occurs.

e A slumping regime relates to a constant detachment of the particles of the
bed, which are directed to the other end of the drum whenever there is a
rotational movement, taking it to a higher angle of repose.

e The rolling regime defines a constant movement of particle layers; the
rotational velocity is relatively low, the resting angle is constant, and the
surface is smooth and flat.

e The cascade regime presents kinetic energy higher than the previous regime,
so the particles begin to be driven, reaching the opposite wall of the drum.

e The cataract regime exposes high dynamics, resulting in a greater number of
collisions between the particles and the drum.

¢ The centrifugal regime is characterized by the proximity of the critical speed

of rotation.

As shown in Figure 9, increasing the rotation causes the materials inside the
drum to enter a more intense regime, resulting in more constant collisions and thus
improving the mixing process (XU et. al., 2010). As previously stated, the properties of
the mixtures are affected by the rotation speed and can take on a sliding or centrifuge
configuration, which is directly related to the repose angle, which is connected to the
increase in rotation speed. As a result, this angle grows proportionally to the rotation

speed and gets smaller proportionately to the increase in particle size (SONI et. al.,
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2016). The term responsible for angular velocity (w), equation (23), has a proportional
relationship to the number of Froude; the greater the module, the more intense the
drum operation, in other words, the existence of a critical regime will increase. Due to
the modes of operation of the drums, characteristics are observed, to maximize a
mixing process, the rolling regime becomes indispensable for the system, forming two
regions: the active and passive layer. The active layer, the main responsible for the
mixing process, usually presents itself with a smaller thickness; eventually, there is a
need to make this region larger, and the speed of the drum needs to be high, which
also manifests a lower restriction to movement, as a result, the particles move with a
lower degree of restriction (BOATENG, 2016).

Figure 9 - Operating regimes.
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Source: HENEIN et. al., 1983.

2.7. PARAMETERS IN DEM

In the DEM, a few pairs of special analyses are usually required in their

simulations, so this section presents a more detailed study of some relevant points.
2.7.1. Young modulus

Young's modulus is defined as the ratio of the material's strain and stress
(KADKHODAIE, A. and KADKHODAIE, R., 2022, MA et. al., 2016).
This parameter is related to the basic properties of materials, i.e., as defined by

their microstructures and chemical composition. It is defined by the equation (24), as
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a result of o is the material stress and ¢is the strain of the material (CARLI et. al.,
2018).

E= (24)

g
&

2.7.2. Poisson ratio

It is a dimensionless metric defined by the transversal to longitudinal strain ratio
(KADKHODAIE, A. and KADKHODAIE, R., 2022). Since it is a homogeneous and

isotropic material, the following equation (25) may be used. Considering €, and ¢,, the

transversal strain and ¢, as the longitudinal strain (CARLI et. al., 2018).

v= —2= -2 (25)

2.7.3. Restitution Coefficient

The restitution coefficient, Equation (26), is associated with a kinetic energy that
is conserved after a particle collision process, as indicated by the return velocity ratio
to the impact velocity (FAZEKAS, 2007; HEILBUTH, 2017).

Vret

€= (26)

vimp

The restitution coefficient has values ranging from 0 to 1, with 0 implying a
perfectly inelastic collision and 1 indicating a perfectly elastic collision in which all
energy is conserved (HEILBUTH, 2017 apud. CROSS,1999). This coefficient can be
calculated using the free fall method (HEILBUTH, 2017), as well as the impact
experience of a high-speed camera (KOMOSSA, 2014; MARIGO and STITTI, 2015).

In general, the reconstitution value depends largely on the particle and the
normal and tangential directions, but they are described with a single value (ASMAR
et. al., 2002; SUHR and SIX, 2016).

2.7.4. Friction coefficients

The frictional force is defined as one body's resistance to moving over another
(HUTCHINGS and SHIPWAY, 2017). Since this definition of friction coefficients is
complex and often difficult to quantify, they are usually expressed in a range of values
rather than a single value (MCKENNA; HEARLE; O'HEAR, 2004) Leonardo Da Vinci
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was among the first to conduct experiments on this phenomenon and develop the law
of the coefficient of friction (i), which is given by the quotient of the tangential force (T)
on the normal (N) of the object, given by Equation (27) (BERTHIER, 2001):

= (27)

e Static friction:

Static friction is present at the start of the movement, and it is greater than when
the object is already moving (kinetic friction). As a result, the maximum static friction
force equals the minimum force required to initiate particle movement (f,). This ratio is
determined by the coefficient of the maximum static friction (1) and the normal force
(N), Equation (28). The slope angle ratio for an inclined plane where particles initiate a
slip can be given by Equation (29) (RESNICK and HALLIDAY, 1983).

¢ Rolling friction:

In general, the coefficient of rolling friction promotes control of a particle's
rotational movement, indicating the particle's resistance to rotational movement
(ZHOU, Y., XU, B. and YU, A., 2001). The rotational movement of the particle is
reduced as a result of this resistance, which is also frequently influenced by other
frictional forces (HOLMES et. al., 2016). The coefficient can be calculated using (30),
where B is the maximum angle formed by particle packaging with the surface and p,. is

the rolling friction coefficient calculated (JUN et. al., 2011).

pr =tgp (30)

Further than this point, there is a corresponding correction between this
coefficient and the package's resting angle, as the amount of rolling friction is
proportional to the angle (ZHOU, Y., XU, B. and YU, A., 2001).

2.8. LIGGGHTS®

LIGGGHTS® is an open-source tool for modeling particulate materials with the

discrete element approach. It runs simulations using the chosen boundary conditions,
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employing Newton's equations of motion. This name stands for LAMMPS improved for
general granular and granular heat transfer simulations. Even though LAMMPS was
already applied for granular dynamics simulation (classic model), it formed a support
basis for LIGGGHTS® to increase the descriptive capacity of granular materials,
particularly for industrial applications (CFDEM, 2011 and 2016).
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3. CASE STUDY

Rotary drums are used in a wide range of industrial applications, including
mixing, grinding, and drying. The materials present in them may adopt different
regimes (see section 2.6.1), which are determined by the geometry of the equipment
(diameter and length), operating conditions (degree of filling and speed of rotation of
the drum), and particle characteristics (size, shape, and coefficients of friction). All the
criteria mentioned are extremely important in defining the operating regime (SANTOS
et. al., 2016). In this manner, LIGGGHTS® is a key tool to use since it is necessary to

carefully examine each aspect of the system.

Understanding particle interactions in the system is critical when submitting
particle materials into rotating drums, a common process in the industry. Used the
results of the article from Xu et. al. (2010) on a mixing drum, and compared it with a
script, APPENDIX 1 - Case study script, by reproducing this study via simulation in the

LIGGGHTS® software. Table 1 parameters were considered for this article's study.

Table 1 - Article parameters.

Parameters Value Parameters Value

Length (m) 0.064 Density spheres (kg/m?) 2456
Cylinder diameter (m) 0.241 Young Module (Pa) 5.5 x 101
Diameter spheres (m) 0.01014 Poisson Ratio 0.25
Coefficient of friction 0.57

Source: XU et. al., (2010).

Rayleigh's time must be considered because it is responsible for the system's
proper operation. As shown in section 2.5.5, the step times used in this study are
1x10%, as calculated by equations (21) and (22) using the model's specifications of
20% of tr. Another factor to consider is the restitution coefficient value of 0.67 (ANGUS
et. al., 2020; Ql et. al., 2017) and the rolling friction coefficient of 0.05. (ZHOU et. al.,
2002).

The rotating drum was evaluated under different angular velocities of 20, 40, 60,
and 80 rpm, and in this test, the glass spheres were arranged side by side in the drum
(initially segregated), containing 1.200 particles in a proportion of 50% of each color,

with the same properties.
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In the article studies, only the experimental analysis was performed. In this
circumstance, a visual comparison of practice (article) and theory (simulation) was
carried out. Individual images shown forward represent the instant of time t =6 s and

the operating regime of each angular velocity (20 to 80 rpm).

According to XU et. al. (2010), a rolling process is observed for a rotational
speed of 20 rpm; as implied by the decrease in the oscillation of the upper and lower
angles of the particle bed, contributing to the origin of a dynamic repose angle (average
between the upper and lower angles), passive and active regions are present (see
section 2.6.1). As shown in Figure 10, a rolling regime with a constant resting angle
exists, and the material remains stable within it. Smoother angular velocities often
exhibit a gentler regime, leading to a homogeneous process in which particles are
frequently distributed in an ordered manner inside the drum, resulting in only a rolling
movement of the particles in the active layer (NOROUZI et. al., 2016; HEILBUTH,
2017; SANTOS et.al., 2016; DAVIDSON et. al., 2000). Figure 11 illustrates the
simulation of the chosen parameters at 20 rpm, demonstrating that the rolling regime

is present in this case.

Figure 10 - Rolling scheme. Figure 11 - Simulation rolling regime.
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Source: Adapted from Heilbuth, 2017. Source: The author, 2022.

In the same way, the article (XU et. al., 2010) describes a cascade movement for
an angular velocity of 40 rpom. Since the particles have more kinetic energy, they can
easily detach from the bed and reach the opposite wall of the drum (Figure 12). This
regime is similar to the rolling regime, but the active layer is more visible (NOROUZI
et. al., 2016; HEILBUTH, 2017; SANTOS et. al., 2016 apud. BLUMBERG and
SCHLUNDER, 1996, MELLMANN, 2001, LIU et. al., 2005, JUAREZ et. al., 2011).
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Figure 13 represents the simulation at 40 rpm, and the cascading regime in the drum

is seen.

Figure 12 - Cascade scheme. Figure 13 - Cascade simulation regime.

Source: HEILBUTH, 2017. Source: The author, 2022.

According to the article, by XU et. al.,, (2010), at 60 rpm, stronger dynamics
between the particles occur, resulting in a high rate of collision among them, this is the
cataract regime. This property is notorious for increasing angular velocity; as the
process begins, the particles are taken to a detachment of the wall from the drum and
move through the free space inside the cylinder, colliding with the opposite wall or the
particle bed, as shown in Figure 14 (NOROUZI et. al., 2016; HEILBUTH, 2017;
BRANDAO, 2017). Three layers can be seen forming in the drum. The first region
contains particles with higher speeds and, as an outcome, a higher launch speed; the
second region includes particles that can only roll over the top layer; and the third
region consists of the lowest number of spheres and serves as the meeting point for
the other regions (NOROUZI et. al., 2016; HEILBUTH, 2017; BRANDAO, 2017).

Figure 15 demonstrates the cataract regime at 60 rpm angular velocity.

Figure 14 - Cataract regimen scheme. Figure 15 - Cataract simulation regimen.

3" region

Source: Adapted from HEILBUTH, 2017. Source: The author, 2022.
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According to Xu et. al. (2010), 80 rpm is close to a centrifugal regime, but it cannot
be considered one. Certainly, because the system is nearing critical velocity, as seen

in Equation (31), which in this case is 9,02 s™' according to classical mechanics.

1
w. = (2)? (31)

The operating regime for the centrifugal regime, Figure 16, changes as the
angular velocity increases. The particles that were released are now agglutinated on
the drum wall as the process switches from cascading to centrifugation. How the
spheres adhere to the wall is related to the number of Froude; as it increases, the
particles become closer to the drum wall (Fra < Frs < Frc) (NOROUZI et. al., 2016;
HEILBUTH, 2017; BRANDAO, 2017). Figure 17 captures a nearly centrifugal regime
at 80 rpm.

Figure 16 - Centrifugation scheme.

Source: Adapted from NOROUZI et. al., 2016.

Figure 17 - Almost centrifugal simulation regimen.

Source: The author, 2022.

The classification of the operating regime is dependent on each type of material,
so the comparison regime vs. the number of Froude can be given by visual evaluation

of the images from the article and the simulations. According to the article, the
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characteristics of the regimes presented in the experimental part (article) are
reproduced in a similar way to those expressed by the simulation performed in this
study in response to the speed range. The number of Froude, equation (23), is directly
related to angular velocity and is linked to the type of drum operation regime, which

can be classified using Table 2.

Table 2 - Number of Froude and operating regimes.

Angular velocity (rpm) Froude number Conclusion (scheme)
20 0,0539 Rolling
40 0,2155 Cascade
60 0,4849 Cataract
80 0,8621 Cataract to Centrifugal

Source: The author, 2022.

The speed of 20 rpm directs to a softer regime and more organized particle
movement in the drum, but it is also notable for not expressing a good visualization of
the mixing process, while there are still zones formed by particles of the same attributes
after the simulation. The next regime, cascade, reveals the properties listed in the
literature at the start of the test by composing a light format of "S" in the particle bed in
the drum. Furthermore, there is more dynamic between particles. However, sphere
homogeneity (mixture) has not been achieved; there are still considerable areas with

particles with the same characteristics.

The speed of 60 rpm exhibits cataract regime characteristics since that
demonstrates particle disassociation from the drum wall in region 1 with higher
intensity and in an individualized way. At 80 rpm, greater dynamics between particles
are presented; this state can be considered as a transition range between the cataract
and centrifugal regimes. It's interesting how quickly a greater mixing process can be
expressed in these regimes. However, it is significant to mention that cataract and
centrifugation regimes are not the most widely used in industrial mixing processes
(HENEIN et al., 1983).

The internal angles of the packaging were used for velocities ranging from 20
to 80 rpm for t = 6 s to evaluate the study quantitatively. The simulated results showed
a profile very similar to those shown in the article, as evidenced by the regime profiles

in Figure 18 and
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Figure 19, as well as the comparison of internal angles in Table 3 and Figure 20.
To summarize, DEM simulations of granular materials using LIGGGHTS® software

were able to reproduce well the results expressed in the article data.

Table 3 - Speeds vs. angles.
Speed (rpm) Article Simulation Speed (rpm) Article Simulation

20 35° 36° 60 49° 50°
40 42° 42° 80 - -
Source: The author, 2022.

Figure 18 - Real experiments of the article.

20 rpm

40 rpm

60 rpm

80 rpm

t=27s t=54s t=10,88s
Source: Adapted from Xu et.al., 2010.



Figure 19 - Simulation of the conditions applied in the article.




t=3s t=6s t=10s

Source: The author, 2022.
Figure 20 - Angle views.

Article Simulation

36°
|
|
40 RPM
_ 42 °
3

Source: The author, 2022.

20 RPM
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4, METHODOLOGY

The components used in the practical experiments and their methods are
described in this section; that is, the methodologies used to achieve the specific
objectives addressed in Item 1.1. In general, it wants to use calibration parameters to
investigate the friction coefficients (static and rolling) of granulated sugar. It was
chosen as a research material mainly due to the rarity of information in the literature
and the descriptive requirement that this parameter provides in the food sector for the

mixing process, in addition to being one of the most often used items in Brazil.

4.1. PREPARATION OF SAMPLES

Guarani® crystal sugar was used for the sieving process. Eleven sieves were
chosen to achieve a more homogeneous distribution of the particles. The sample was
sifted, arranged from largest to smallest opening, and displayed the following
programming characteristics, below. Then they were dried in a desiccator at 40 °C for
24 hours.

e Sieving time: 10 minutes.
e Frequency: 500 Hz.
e Vibration amplitude: 41.

4.2. DETERMINATION OF THE MESHES

To measure the friction coefficient at a deeper level, the experimental
development employed the biggest size of particles accessible (850 uym). Furthermore,
two additional sizes (212 um and 600 um) were utilized in the test to investigate how

particle size might affect the regime of particles in a rotating drum.

4.3. EQUIPMENT USED

To perform the drum rotation, an AKIYAMA MOTORS engine was used, with
the series number AK280/0.63PF05R330SC, with a maximum vyield of 280 rpm and
power of 1.8 W. The images used to evaluate the proposed systems were taken with
a Canon® EOS 6D Mark Il camera. The measurement of the rotation speed was made

by the KY-003 board, which uses the hall effect (based on a differential of magnetic
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and electric field potential), connecting it to an Arduino board, model Uno R3. All the

equipment was provided by UFPR.

The drum was considered to have an internal diameter of 48 mm, with a
25 mm depth (longitudinal direction), manufactured with stainless steel and used for
sealing the system to an acrylic plate.

4.4. THE ROTATING DRUM

A drum was filled with 12.5 mL of crystal sugar, representing approximately 30%
of the volume. The tests were carried out for particle sizes of 850 pm,

600 um, and 212 pm at five different velocity levels (10 rpm to 50 rpm), see Figure 21.

Figure 21 - Rotating drum

Source: The author, 2022.

4.5. SIMULATIONS

It presents the characteristics adopted and conditions for the simulation

parameters in the present study.

4.5.1. Study delimitation

To search for a more specific point, one size of particle was chosen for a complete
study of friction coefficients. A qualitative and quantitative search for the friction
coefficient using 850 um (size) and 10 to 50 rpm (speed) was conducted. For 600 um,
and 212 ym (10 rpm to 50 rpm), just a visual analysis to evaluate how the particle sizes

and speeds can influence the drum regime.
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The angle formed in the practical experiment was measured using Python, which

allowed the image to be analyzed and describe the system's average angle.

4.5.2. Calibration of static and rolling friction coefficients

LIGGGHTS® software was used for static and rolling calibration, for 850 um and
10 to 50 rpm. The main objective was to define the best value or range for the static
and rolling coefficient that describes the behavior of granulated sugar in the test
described in sections (4.4 and 4.5.1).

The analysis of the simulations was carried out by two factors (coefficient of
rolling and static friction), analyzed in five levels, for 850 um. In this way, the complete
analysis presents 52 = 25 simulations, see Table 4, for each speed (10 to 50 rpm). For
the investigation of all possible combinations of friction coefficients, 125 simulations
were run. The images produced as a result of this process made it possible to confirm

the packing's angle of repose and compare them with actual observations.

Table 4 — Simulation planning.

Run Rol_lir_Ig Stqti_c Bun RoI_Iir_ig Stqti_c
coefficient coefficient coefficient coefficient

Run 1 0 0 Run 14 0.5 0.75
Run 2 0 0.25 Run 15 0.5 1.0
Run 3 0 0.5 Run 16 0.75 0

Run 4 0 0.75 Run 17 0.75 0.25
Run 5 0 1.0 Run 18 0.75 0.5
Run 6 0.25 0 Run 19 0.75 0.75
Run 7 0.25 0.25 Run 20 0.75 1.0
Run 8 0.25 0.5 Run 21 1.0 0

Run 9 0.25 0.75 Run 22 1.0 0.25
Run 10 0.25 1.0 Run 23 1.0 0.5
Run 11 0.5 0 Run 24 1.0 0.75
Run 12 0.5 0.25 Run 25 1.0 1.0
Run 13 0.5 0.5 - - -

Source: The author, 2022.

4.5.3. Sugar

In general, commercialized sugar has sucrose (Ci2H24012) as its main
component, which is a disaccharide formed by glucose and fructose molecules. It is

regarded as one of the purest substances available in the industry, containing 99.9%
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sucrose (CASTRO, 2013). Its low moisture content and lack of chemical additives,
sugar is largely used in the food industry (MACHADO, 2012).

The sugar manufacturing process is fundamentally based on the extraction of
and the concentration of sugarcane juice; it can be obtained as brown sugar, crystal
sugar, refined sugar, and others (MACHADO, 2012).

Brazil is one of the world's largest sugar producers, accounting for 23 percent
of global output. The Brazilian international market exported 771.73 thousand tons of
sugar until June 2022, particularly in comparison to the 3.26 million tons exported in
2021 (UNICA, 2022).

4.5.4. Definition of simulation parameters

Sugar density has similar values regardless of type (refined or crystal), which is
due to sucrose's crystalline morphological structure (SANTOS, L. et. al, 2017).
According to the IFA (Institute of Occupational Safety and Health of the German
Social Accident Insurance), the average density of sugar is 1.5737 g/cm® and
according to studies by Santos, L et.al. (2017) for crystal sugar is 1.5763 g/cm?.

Ye et. al. (2019) used a predictive model to calibrate the Young modulus,
comparing it to DEM results to determine which parameters are fixed and which will be
variable, and it was discovered that it has little variability until a specified point. It was
specified in the work of Chen, H. et. al., (2017) that the maximum value of the module
could be assumed to be 1000 times smaller than the real one. Sato et. al., (2011)
reported that the Young Modulus of sugar is 4.5 GPa.

The restitution coefficient, for example, has a low variability of value from a
certain point and thus has little influence on the particle regime in the rotating drum.
The value is set at 0.3 in the study by Ye et. al., (2019), and the same value in the
study by Singh et. al., (2016). However, when working with sugar, this value is defined
as 0.16 (SATO, et. al., 2011). For Ramrez et. al., 2010 studies, the average Poisson
coefficient of crystal sugar was 0.21, while Singh et. al., 2016 found it to be 0.252.

The rolling friction coefficient is extremely difficult to calculate. It is typically
assumed to be very small or even ignored, as it was in the study by Chen, H. et. al,,
(2017). Nevertheless, in DEM simulations, non-spherical particles are assumed to be

spherical, and rolling friction coefficient values must be considered (KATTERFELD and
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ROSSLER, 2019). In view of this fact, it was considered that the contact model of the
particles presents a rolling history, considering the Hertz model.

The rotating drum's wall was supposed to have the same properties as the
particles. In addition, no non-contact forces were included during the simulations.

The Rayleigh waves were calculated using equation (21) and their timestep was
assumed to be 1x10¢. Due to the computational effort, all simulations were performed
with spherical particles, and the total time was set for a simulation time of 2 seconds.
Table 5 presents the values to be assumed for this study based on data from the
literature and experimental data. The code for simulation is presented in APPENDIX 2
— Script for granulated sugar.

In general, the literature presents the calibration of one or two parameters while
leaving the others unchanged. The static and rolling friction coefficients are generally
applied (HE et. al., 2019; YE et. al., 2019).

Table 5 - Parameters defined.

Parameter Value
Density (kg/m?) 1570
Young Module (Pa) 45x108
Poisson coefficient 0.23
Restitution Coefficient 0.16
Timestep (s) 1x 106
Simulation time (s) 2
Gran model hertz tangential history rolling friction epsd2

Source: The author, 2022.
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5. RESULTS

The LIGGGHTS® is used to characterize granular materials, notably, those
utilized in industrial applications (CFDEM, 2011 and 2016), see more information in
Section 2.8. The observations and results of the LIGGGHTS® simulation are

presented here.

5.1. FIRST OBSERVATION

The first observation is that the change in particle speed influences the regime
present in the rotating drum, as seen in the images, in Figure 22, which range from a
rolling system to a cascading system. The gentler the variability, the larger the particle
size. When increasing the rotational speed, the regimes slightly change. For example,
at 10 rpm, the current regime is rolling. When 50 rpm is present, for the larger particle,
the cascade regime becomes less visible but still present, making this regime more

visible for the smallest particle.

Figure 22 - Speed vs. mesh.
850 pm 600 pm 212 pm

10
rpm

20
rpm




50

850 pm 600 pm 212 pm

30

rpm

40
rpm

50
rpm

Source: The author, 2022.

The angle of repose of the particles in the revolving drum changes as the
rotational speed goes from 10 to 50 rpm, as shown in Figure 23. The angle ranges £ 5
degrees between the lowest and greatest speed values for particles of 850 ym and
600 um. However, for 212 ym, at greater speeds, two angles arise owing to the more

obvious cascading regime.
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rpm
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30
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Figure 23 - Speed vs. mesh 850, 600, and 212 uym.
850 pm 600 pm

Source: The author, 2022.

212 pm
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5.2. FURTHER INVESTIGATION ON 850 pm

Further investigation of the particle size of 850 um reveals that the modification
of friction coefficients has a direct effect on particle interaction as well as particle
velocities within the drum.

One of the most important findings is that the coefficient of static friction is critical
in defining granular flows because, without it, the particles remain static in the drum.
That is, even though the drum is moving, the particles barely move. They remain, as if
in feathery swings, but without establishing a regime, see Figure 24. When the rolling
coefficient gradually increases, and the static coefficient remains zero, there is not a

slight effect on particle velocity.

Figure 24 — Static Friction coefficients = 0.0.

Source: The author, 2022.

The coefficient of rolling friction is frequently overlooked, as mentioned in the
literature. However, this is not the case for non-spherical particles, as in this study.
When these parameters are gradually raised, the particle angular values change,
slightly increasing.

The active layer of particles becomes more visible as the coefficients of static
and rolling friction rise. Especially when the static is between 0.5 and 0.75, it's possible
to see greater velocity at the particle. This was already predicted since the particles
have a higher resistance to mobility. The velocity profiles are possibly to be seen in
Figure 25 to Figure 29.

As the particles are identified with the speed factor in the images, bluer indicates

low speed, and as they become redder, the speed rises.
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Table 6 shows the Froude numbers, equation (23), which is directly connected
to angular velocity, for each speed in this investigation. All the speeds present in the
rolling regime are observed in Figure 22 for 850 um.

Table 6 - Number of Froude for 850 um.

Angular velocity (rpm) Froude number Angular velocity (rpom)  Froude number

10 5.89 x 10 40 9.43 x 104
20 2.36 x 104 50 1.47 x 103
30 5.31 x 10+ - -

Source: The author, 2022.

With the simulations, using the LIGGGHTS® program, it is possible to measure
the angles created in the particle packing. These will then be used to identify which set
of friction coefficients best characterizes the sugar grain regime in the rotating drum.

Figure 30 to Figure 34 show the comparison of the simulated angle (green points) and
the real angle (blue points).

Figure 30 — Comparison between simulated (green) and real (blue) angles for 10 rpm.
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Figure 31 — Comparison between simulated (green) and real (blue) angles for 20 rpm.
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Figure 32 — Comparison between simulated (green) and real (blue) angles for 30 rpm.
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Figure 33 — Comparison between simulated (green) and real (blue) angles for 40 rpm.
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Figure 34 — Comparison between simulated (green) and real (blue) angles for 50 rpm.
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Some weighting can be indicated in the image. When the coefficient of rolling
friction is under 0.75, they may be dismissed as possible coefficients, and when the
coefficient of static friction is equal to or less than 0.25, they do not represent the
system since the angle created is considerably lower than the true one. In this context,
the sugar's rolling friction coefficient should be between 0.75 and 1, while the static

friction coefficient greater than or equal to 0.5.

Figure 35 to Figure 39 illustrates how static and rolling friction coefficients affect
the angle generated by particles inside the rotating drum. The modification of the
coefficients has a direct influence on the angles. The first point to consider is that the
static friction coefficient is the most important influencer, but the rolling coefficient also

has an effect on the packing and cannot be neglected in the simulations.

Figure 35 — Friction coefficients effects 10 rpm.
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Figure 36 — Friction coefficients effects 20 rpm.
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Source: The author, 2022.

Figure 37 — Friction coefficients effects 30 rpm.
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Source: The author, 2022.



Figure 38 — Friction coefficients effects 40 rpm.

Source: The author, 2022.

Figure 39 — Friction coefficients effects 50 rpm.

Source: The author, 2022.
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Both coefficients have statistically significant effects on the formation of the
angle; as shown in the graphs, the coefficient of static friction less than 0.25 does not
show significant variations in the samples, but the other parameters and variations
(rolling from 0 to 1 and static from 0.5 to 1) do. When compared to the data set, the
coefficient of static friction is the key component with the greatest relevance in the
results.

A quantitative comparison, angle verification, and a qualitative visual evaluation
of the behavior of the particles in the drum must be accomplished to choose the
optimum dataset.

Among the 125 simulated scenarios, the ones with the closest values to the
experimentally obtained angle were listed in Table 7. It shows the comparison of actual
and simulated values, as well as the set of friction coefficients responsible for the

output. Figure 40 shows a visual comparison of each case with the best performance.

Table 7 - The connection between the results and the effective angle

Velocity Real Run Rolling Static Simulated
(rpm) Angle Coefficient Coefficient Angle
10 39.83° 24 1 0.75 39.47°
20 40.50° 23 1 0.5 40.34°
30 41.87° 23 1 0.5 41.20°
40 42.46° 24 1 0.75 40.06°
1

50 43.36° 24
Source: The author, 2022.

0.75 40.70°

There is a lower fluctuation between the true value of the angle generated by
the particles within the rotating drum and those obtained by simulation. The profile
presented in the experimental testing appears to indicate smooth rolling; that is, the
particles roll from one end of the drum to the other without causing big waves on the
surface.

According to these observations, the potential range of granulated sugar friction

coefficients is near to or equal to 1 for rolling and between 0.5 and 0.75 for static.
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Figure 40 — Comparison of the experimental and simulation parts.
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6. CONCLUSION

Despite being a relatively recent field of research in the scientific community,
the discrete element approach has undergone rapid development, from its theoretical
foundations to the auxiliary analysis software that is pretty good at forecasting flows of
granular materials. This method effectively predicts the behavior of granular flows by
using a mathematical approach (Langregian), considering all levels of contact
categories and how they function.

There are two very important boundary requirements for the contact
mechanism, in particular (rigid and deformable spheres). Furthermore, several models
can be used to represent them. However, it is critical to evaluate each instance
separately based on the foundational fundamental concepts it is built on, rather than
just its numerical simplicity. Considering the data found in the literature, DEM exhibits
a strong capacity to forecast the behavior of granular materials and offers findings that
are consistent with those obtained via experimentation.

From a wider perspective of this study, it is possible to see the impact that
granulometry and rotational speed might have on the grain operating regime inside the
rotating drum. More intense regimes are seen in the cascade as the particle diameter
reduces and the velocity rises.

Simulations, such as LIGGGHTS®, are a tool with endless possibilities to
characterize granular flows. For a more micro perspective, which is conducted in this
work, the definition of the rolling and static friction coefficients of granulated sugar for
a specific granulometry and speed (850 um and 10 to 50 rpm). However, determining
the boundary conditions is crucial information for precisely defining the pair of
coefficients.

Evaluation of the potential for friction coefficients was made possible by the
successful completion of the experimental planning (52) for 850 um and each speed
(10 to 50 rpm). Some of these points were wildly unrealistic (static friction coefficient
equal to zero). These results were compared with the models as the experimental
procedures were carried out and the angles of repose were established. Thus, it was
determined that for this situation, close to 1 for the rolling friction coefficient and
between 0.5 and 0.75 for the static one would be the most descriptive combination.

As demonstrated, the use of Benchmark models can produce good outcomes

in simulations. However, the simulation by itself is insufficiently compelling; based on
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real testing with the rotating drum, the optimal range of friction coefficients for
granulated sugar may be described.

The results of this investigation provide insight into how the coefficients of
friction for sugar grains behave. However, further research is required to completely
explain them. As a result, the parameters utilized can be adjusted, though it has
substantial implications for the study of granular materials by LIGGGHT® employing

the discrete element approach.
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APPENDIX 1 - CASE STUDY SCRIPT

atom_style granular
atom_modify map array
boundary  fff

newton off

communicate single vel yes
units Si

region domain block -0.2 0.2 -0.2 0.2 -0.2 0.2 units box
create_box 2 domain

neighbor  0.002 bin
neigh_modify delay O
hard_particles yes

fix m1 all property/global youngsModulus peratomtype 5.5e10 5.5e10
fix m2 all property/global poissonsRatio peratomtype 0.25 0.25

fix m3 all property/global coefficientRestitution peratomtypepair 2 0.67 0.67 0.67 0.67
fix m4 all property/global coefficientFriction peratomtypepair 2 0.57 0.57 0.57 0.57
fix m5 all property/global coefficientRollingFriction peratomtypepair 2 0.05 0.05 0.05 0.05

pair_style gran model hertz tangential history #Hertzian without cohesion
pair_coeff **

timestep  0.000001
fix gravi all gravity 9.81 vector 0.0 0.0 -1.0

fix cad all mesh/surface/stress file meshes/cilindro.stl type 1 scale 1

fix cad2 all mesh/surface/stress file meshes/plano.stl type 1 move 0 0 0 scale 1 rotate axis 0. 0. 1 angle
90.

fix inface all mesh/surface file meshes/insertion_face.stl type 1 scale 0.8 move 0.015 0.05 0

fix granwalls all wall/gran model hertz tangential history mesh n_meshes 2 meshes cad cad2

fix pts1 all particletemplate/sphere 15485863 atom_type 1 density constant 2456 radius constant
0.00507
fix pts2 all particletemplate/sphere 15485867 atom_type 2 density constant 2456 radius constant
0.00507

fix pdd1 all particledistribution/discrete 32452843 1 pts1 1.0
fix pdd2 all particledistribution/discrete 32452843 1 pts2 1.0

compute 1 all erotate/sphere

thermo_style custom step atoms ke ¢_1 vol

thermo 1000

thermo_modify lost ignore norm no

dump dmp all custom/vtk 25000 post/particulas_*.vtk id type type x y z ix iy iz vx vy vz fx fy fz omegax
omegay omegaz radius

dump dumpstress all mesh/gran/VTK 25000 post/mesh_*.vtk stress wear cad cad2 inface

group nve_group region domain

fix integr nve_group nve/sphere
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fix  ins nve_group insert/stream seed 32452867 distributiontemplate pdd1 & nparticles 600
massrate 1 insert_every 100000 overlapcheck yes all_in no vel constant 0.0 0.0 -1.0 & insertion_face
inface

run 1000000

unfix ins

run 10000

fix movecad?2 all move/mesh mesh inface linear 0-10
run 100000
unfix movecad?2

fix  ins2 nve_group insert/stream seed 32452867 distributiontemplate pdd2 & nparticles 600
massrate 1 insert_every 100000 overlapcheck yes all_in no vel constant 0.0 0.0 -1.0 & insertion_face
inface

run 1000000
unfix ins2
run 10000

fix movecad3 all move/mesh mesh cad2 linear -1 00
run 105000
unfix movecad3

run 10000
fix movecad all move/mesh mesh cad rotate origin 0. 0. 0. axis 1. 0. 0. period 0.75.
run 10000000
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APPENDIX 2 — SCRIPT FOR GRANULATED SUGAR

atom_style granular
atom_modify map array
boundary  fff

newton off

communicate single vel yes
units Si

region domain block -0.05 0.05 -0.05 0.05 -0.05 0.05 units box
create_box 1 domain

neighbor  0.002 bin
neigh_modify delay 0

fix m1 all property/global youngsModulus peratomtype 4.5e8

f

x m2 all property/global poissonsRatio peratomtype 0.252

fi

x m3 all property/global coefficientRestitution peratomtypepair 1 0.16

fi

x m4 all property/global coefficientFriction peratomtypepair 1 0.25

fi

x mb5 all property/global coefficientRollingFriction peratomtypepair 1 0.0

pair_style gran model hertz tangential history rolling_friction epsd2
pair_coeff **

timestep 0.000001
fix gravi all gravity 9.81 vector 0.0 0.0 -1.0

fix cad all mesh/surface/stress file meshes/Drum.stl type 1 scale 1 rotate axis 1. 0. 0 angle 90.

fix cad2 all mesh/surface/stress file meshes/Glass.stl type 1 scale 1 rotate axis 1. 0. 0 angle 90.

fix inface all mesh/surface file meshes/insertion_face.stl type 1 scale 0.8 rotate axis 1. 0. 0 angle 90.
fix granwalls all wall/gran model hertz tangential history mesh n_meshes 2 meshes cad cad2

compute 1 all erotate/sphere

thermo_style custom step atoms ke ¢c_1 vol

thermo 1000

thermo_maodify lost ignore norm no

dump dmp all custom/vtk 25000 post/particulas_*.vik id type type x y z ix iy iz vx vy vz fx fy fz
omegax omegay omegaz radius

dump dumpstress all mesh/gran/VTK 25000 post/mesh_*.vtk stress wear cad cad2 inface

group nve_group region domain
fix integr nve_group nve/sphere

fix pts1 all particletemplate/sphere 15485863 atom_type 1 density constant 1570 radius constant
0.00053

fix pdd1 all particledistribution/discrete 32452843 1 pts1 1.0
fix ins nve_group insert/stream seed 32452867 distributiontemplate pdd1 &

nparticles 20355 massrate 0.01 insert_every 100000 overlapcheck yes all_in no vel constant 0.0
0.0-0.1 &



insertion_face inface
run 1000000
unfix ins

fix movecad2 all move/mesh mesh inface linear -6 0 0
run 100000
unfix movecad?2

run 10000
fix movecad all move/mesh mesh cad rotate origin 0. 0. 0. axis 0. 1. 0. period 2.
run 2000000
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