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This work assesses the accuracy of the discrete element method (DEM) for the simulation of solids mixing using non-
intrusive Lagrangian radioactive particle tracking data, and explains why it may provide physically sound results even
when non-real particle properties are used. The simulation results concern the size segregation of polydisperse granules
in a rotating drum operated in rolling mode. Given that the DEM is sensitive to simulation parameters, the granule
properties were measured experimentally or extracted from the literature. Several flow phenomena are investigated
numerically and experimentally, including the particle residence time, the radial segregation, and the radial variation
of the axial dispersion coefficient. An analysis of the DEM model is then presented, with an emphasis on the Young's
modulus and friction coefficients. Finally, dimensionless motion equations and corresponding dimensionless numbers
are derived to investigate the effect of simulation parameters on particle dynamics. © 2013 American Institute of Chem-
ical Engineers AIChE J, 60: 60-75, 2014
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Introduction

Granular materials are widely used in processes found for
instance in the mineral, ceramic, cement, metallurgical, food,
and pharmaceutical industries. A common device for han-
dling granular materials is the rotating drum utilized for vari-
ous purposes. Regardless of the geometrical simplicity of
such drums, the flow of material within these devices is
quite complex. Depending on the range of Froude numbers

Fr=(“’2%), the fill levels and the frictions coefficients

between the particles and the drum, different types of trans-
verse bed motions can be observed,! where , Rp, and g
stand for the rotational speed, the drum radius, and the gravi-
tational acceleration. The most critical regime for the pur-
pose of mixing is rolling.” This type of motion is
characterized by a uniform flow of particles on a free flow-
ing layer (active layer) located at the top of the bed, while
the particles in the large underneath layer (passive layer) are
transported upwards by the solid body motion of the drum
wall. It is well-known that in rolling mode, the bed has a flat
surface inclined at a dynamic repose angle.”™

Understanding and controlling the granular flow and mix-
ing behavior in a rotating drum (as well as in other tumbling
blenders) are of paramount importance for many industries.
Inadequate mixing may result in rejection of the finished
product due to poor quality. Unfortunately, there is insuffi-
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cient knowledge concerning the mixing of granular materi-
als. Therefore, further understanding of granular flow is
required to better grasp the mixing mechanisms as well as to
design more efficient installations. In the past 25 years,
many attempts have been made to comprehend the flow,
handling, and characterization of granular materials. In spite
of such efforts, the mixing of granular solids is still not
well-understood as fluid mixing, due to the complex dynamic
behavior involved.

To determine mixing time or measure blend uniformity,
several measurement techniques have been proposed. Light
induced fluorescence (LIF), near-infrared reflectance spec-
troscopy (NIR), and effusivity are some of the techniques
that are currently available.® Characterizing granular mixing
is also possible via physical sampling (e.g., thief sampling),
which, however, interferes with the matter and affects the
measure itself.” To overcome the limitations of physical
sampling and to measure granular flow dynamics, several
nonintrusive methods have been developed. Unfortunately,
the granular media is opaque, thereby limiting most of these
measurement techniques (including optical and visual meth-
ods) inside the granular assembly. Moreover, the available
optical experimental methods are limited to visualizing the
granular surface. Among these methods, particle image
velocimetry (PIV)® and particle tracking velocimetry (PTV)’
are primarily applied. Magnetic resonance imaging (MRI) is
another technique, capable of visualizing the bulk of the
granular bed.'® However, difficulty in obtaining MRI signals
from solid samples restricts this method, thereby rendering it
generally inapplicable to a wide range of granules.'' MRI
cannot be used to examine the flow of granules in any type
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or size of geometry since the apparatus must fit within the
MRI machine. Its high cost is another issue.

There are two radioactive-based methods, which follow a
single-labeled tracer in the granular bed. One is known as
positron emission particle tracking (PEPT) and uses positron
annihilation. This method was developed by Hawkesworth
et al.'? and applied to the rotating drum a few years later."?
The other method, the results of which are used in this
work, is known as radioactive particle tracking (RPT) and is
based on the attenuation of gamma rays in the material. This
technique was originally developed by Lin et al.'* and
applied by Larachi et al.' It has been used for the rotating
drum™'® and extended for geometries with irregular moving
boundaries, such as the V-blender.!” The RPT in comparison
with the PEPT is less costly, compact, and can be used for
larger vessels, whereas PEPT is more efficient for investigat-
ing systems with complicated free surfaces.

Apart from efforts to develop nonintrusive techniques,
numerical methods have progressed, and both continuum
models and particle dynamics simulations have been devel-
oped. The first approach is Eulerian, which considers pow-
ders as a fluid,"® and the second approach is Lagrangian,
which treats particles in the discrete domain. The Ilatter
approach, the discrete element method (DEM), originally
proposed by Cundall and Strack,'® has been applied to inves-
tigate granular flow in many applications. This simulation
technique is a soft particle method and has proven efficient
in providing insight into phenomena occurring in granular
beds as well as details about the flow and mixing of
granules.

Unresolved questions about granular flow and the ability
of DEM to predict these types of flow have generated con-
siderable interest, resulting in extensive research works on
the subject in recent years. However, few comparisons with
experimental data have been performed to examine the valid-
ity of the DEM.'"?°? Such studies in the literature are
mostly qualitative via visual comparison of flow patterns.
For instance, Moakher et al.>® considered double-cone and
V-blenders, and Iwasaki et al.** studied a high-speed ellipti-
cal rotor-type powder mixer, both groups demonstrating that
calculated flow patterns agreed with experimental observa-
tions. Although there is a limited number of techniques capa-
ble of providing Lagrangian data and mapping the velocity
field inside opaque granular systems, studies that quantita-
tively validate the DEM at the particle scale are limited.
Such studies, which are mostly based on PEPT, can be found
in Laurent and Cleary” and Stewart et al.?® Despite the
importance of previous investigations, comparisons of
Lagrangian experimental and DEM-based model continue to
be inadequately thorough. Indeed, in many studies, real val-
ues of particle properties have not been used for the DEM
simulations and neither have they been experimentally meas-
ured. Although these parameters demonstrate a high effect
on the granular flow, researchers have often adjusted them to
obtain results that agree well with experimental observations.

The challenge of this work is to assess the accuracy of a
DEM-based model and explain why physically sound results
may be obtained even when nonreal particle properties are
used. To do so, a detailed and thorough comparison is pro-
vided between Lagrangian experimental data of the RPT and
numerical results of the DEM. The granular properties were
measured experimentally or extracted from the literature.
This work is restricted to the simple geometry of a rotating
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drum and, as a consequence, does not look into geometrical
effects on the flow behavior. The granules are glass beads
and the drum was operated in rolling mode. Moreover, in
this work, a polydisperse mixture with a precise particle-size
distribution is considered (four different size particles),
whereas in the literature a binary mixture has generally been
the subject of study.’’?® First, details of the phenomena
occurring inside the rotating drum are investigated including
radial and axial segregation, velocity profiles, residence
times of granules, and axial dispersion. Next, to evidence the
sensitivity of DEM results to the particle mechanical and
physical properties, dimensionless motion equations of par-
ticles in normal and tangential directions are derived and
analyzed. Finally, effective dimensionless numbers are intro-
duced to explain how the DEM parameters should be
chosen.

Methodology
RPT experiments

The RPT technique follows a radioactively marked parti-
cle having similar physical and mechanical properties as the
inert particles in the bed, to provide a three-dimensional (3-
D) position of this tracer with respect to time. The tracers
were activated in the Slowpoke nuclear reactor of Ecole Pol-
ytechnique de Montréal, and the activity level was initially
approximately 2.22 MBq thanks to presence of **Na. Eight
3”x3" Nal scintillation detectors were installed around the
drum made of Plexiglas with a 24-cm internal diameter and
36-cm length. The drum was filled up to 35 vol% with soda
lime glass beads and its rotational speed was 11.6 RPM.

Experiments and blend characteristics are shown in Table
1. Two sets of RPT experiments were performed. In the
first one that comes from our previous work,5 each case
lasted 210 min. Due to the occurrence of segregation in
these experiments, the ergodic hypothesis did not hold and
the flow of one single tracer could not be used to represent
the trajectories of many particles.”” As a result, segregation
was only assessed in a global manner by means of occu-
pancy plots. In the current work, the goal was to look into
segregation more deeply by resorting to mixing indices that
were developed in our group,® as will be further discussed
later. Therefore, a second set of experiments was carried
out, where each case lasted 2 minutes and was repeated 50
times with a randomly chosen initial position for the corre-
sponding tracer. Further details of the experimental proce-
dure can be found in Alizadeh et al.’

DEM simulation

A DEM simulation tracks the position of the particles of a
granular system by solving Newton’s equation of motion on
each of them. In this study, the total force acting on each
particle includes gravity as well as a contact force term that
accounts for the particle/particle and particle/wall interac-
tions. Due to the particle size in the order of a few milli-
meters (3—6 mm), the colloidal forces can be neglected. The
drag force, Fp, can be obtained through

1
Fp=3 cpppvirAp, (1

where Cp is the drag coefficient, p, the density of the fluid
(air), Vof the particle-fluid relative velocity, and Ap the
cross-sectional area of the particle. Due to the rather large
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Table 1. RPT Experiments and Blend Characteristics

Experiment Duration (Min)

Rotational

Speed Tracer First Set Second Set

Case Blend Type Q (RPM) Size (mm) Alizadeh et al.’ (New Data)
A 11.6 3 210 2 (X50)
B 3mm (15 vol %), 4mm (35 vol %), 11.6 4 210 2 (X50)
c Polydisperse 116 5 210 2 (x50
smm (35 vol %), 6mm (15 vol %) : (X50)
D 11.6 6 210 2 (X50)

particle size, the low density of air and the small relative
particle velocity, the drag forces can also be neglected. A
model is required to estimate the contact force term. In this
work, the contact force acting on particle / when it is collid-
ing with another particle j is decomposed in normal (head-
on) and tangential (shear) components, and the following
nonlinear viscoelastic model is used

F"=F!, +F}

ﬁ dis N (2)
:kné:'i'snéﬁ,fm
F'=F¢ +F
) (3)
=kt (&) +Sf(E)E,.

The first and second terms in this model correspond to
repulsion and dissipation forces, respectively. &, and ¢ are
the normal and tangential components of the overlap
between contacting particles i and j, kn, and kt stiffness
coefficients, S, and S, damping coefficients, and o and f
nonlinear constants that depend on the model. A review of
the normal and tangential contact force models can be found
in Kruggel-Emden et al.*'** and Alizadeh et al.*® In this
study, the contact force model is similar to those of Zhou
et al.>* and Baxter et al.>® In particular, oc=% and B=;11 are
set to evaluate the normal elastic force with the Hertz theory
and the normal dissipative term with a model proposed by
Tsuji et al.’® The stiffness (k, and k,) and damping coeffi-

. 6 m* |F"
cients (Sn =—5,\V 6m*E*\/R* and S,=—s, ’—"‘) are

Stm
functions of the Young’s modulus E, Poisson’s ratio v,
damping constants (s, and s;) as well as static and dynamic
friction coefficients (u; and u)
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where R* is the reduced radius (Ri =1+ Ri> , E* is the reduced
i j
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Young’s modulus (F_ E 2

), m* is the reduced mass

2—v I4 . .
mi/) > ét,m =H ﬁ Cn 18 the maxi-

mum tangential deformation. fi(&,) and f>(&,) in Egs. 6 and

L 3/2
7 are defined as fl(é,)=1—(l—W) and f>(&)=

of particles i and j (i =14

m* m;

11/ n The tangential force is bounded by (u|F%|),
following the Coulomb law of friction.
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Choosing a proper time step for a DEM simulation is gen-
erally a trade-off between the CPU time, the numerical error,
and the stability of the integration scheme. The time step
should be smaller than the characteristic time 7., which cor-
responds to a typical contact time between two colliding
particles®’

7R [p

Vo ®)

T(T

where p is the particle density, R is the average particle
radius, and G= ﬁ is the particle shear modulus. ¢ can be
obtained from™®

1—2v
2-2) ' =16(1-¢) |12
e-a)=i60-d) -2 2
which can be approximated by’
£=0.8766+0.163v. (10)

In systems with smaller characteristic times (small par-
ticles, high stiffness or high velocities), a DEM simulation
can maintain its stability if a small enough time step is used.
In this study, this time step corresponds to 1.2 us, which
explains why corresponding DEM simulations are CPU-
intensive. The detailed particle information (position and
velocity) was stored at 0.033 s intervals. To reduce the CPU
time, the computational domain was decomposed into subdo-
mains and the code was run in parallel through the MPI
communication library using 32 cores of parallel clusters of
Compute Canada.

For the polydisperse system of this work, the simulation
comprised 83,000 particles, the size of which complied with
the distributions used for the RPT experiments (see Table 1).
Each simulation was done using our own DEM code and an
initially homogenous mixed state, for a total simulated time
of 120 s. The total computation time of each simulation was
35 days.

Results and Discussion

This section discusses the DEM parameters and how they
were measured. Next, the DEM simulation results are com-
pared to the experimental RPT data. To this end, results con-
cerning the velocity profiles, the residence times of granules,
the segregation, and the axial dispersion of granules are ana-
lyzed. Finally, an analysis of the DEM is performed to dem-
onstrate the effects of granules properties on the results.
Note that the results of the first set of RPT experiments are
applied unless otherwise mentioned.

DEM parameters

Here, the focus is on the properties of granules used for
the DEM simulations. The measured properties of the soda
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Table 2. DEM-Based Model Parameters (Measured and Applied)

DEM Measurement Technique
Properties Measured Simulation or Reference
Particle/Particle
Density p(g/cm?) 2.5 2.5 Bolz and Tuve*
Young’s modulus £ (MPa) 68,900 200 Bolz and Tuve*
Poisson’s ratio v 0.24 0.24 Bolz and Tuve*’
Normal damping constant s,, 0.0075 0.0075 Foerster et al.*!
Tangential damping constant s, - 0.02 Same as particle/wall
Dynamic friction coefficient u 0.092 = 0.006 0.06 Foerster et al.*!
Static friction coefficient 0.16-0.29 0.16 Amstock*?
Particle/Wall
Normal damping constant s, ,, 0.06-0.075 0.065 High-speed camera
Tangential damping constant s, ,, 0.02 0.02 High-speed camera
Dynamic friction coefficient y,, 0.083 = 0.012 (fresh glass) 0.35 High-speed camera + force balance
0.135 = 0.009 (scratched glass)
Static friction coefficient f,, 0.179 £ 0.016 (fresh glass) 0.45 Inclined plate + force balance
' 0.208 = 0.026 (scratched glass)
Rolling friction coefficient pu, - 25X 107° Zhou et al.¥

The particle/wall impact properties were measured with the techniques mentioned and the particle/particle impact properties were extracted from the literature.

lime glass beads in the case of particle/particle and particle/
wall impacts are presented in the second column of Table 2.
Some properties were measured experimentally, whereas
others were extracted from the literature. The third column
of the table illustrates the parameters used for a DEM simu-
lation to obtain results that best agree with the RPT experi-
mental data. As can be seen, real values of the glass beads
properties were applied except for the Young’s modulus and
the friction coefficients. Explanations are given below as
more details are given on the properties of the glass beads
and how they were measured.

Physical and Mechanical Properties. The particles used
in this work are commercially available soda-lime glass
beads from Fisher Scientific with a density of 2.5 g/cm?, a
Young’s modulus of 6.8 X 10'° Pa, and Poisson’s ratio of
0.24.* Such a high value of the Young’s modulus indicates
that the glass beads are stiff. A collision between two such
granules has a short contact duration time (see Eq. 8) and,
consequently, DEM simulations involving this type of solid
particles require small time steps and large computational
times. To overcome this limitation, the Young’s modulus of
such granules or its equivalent (stiffness coefficient in Eq. 2)
is generally reduced to increase the duration of a collision
and allow for a bigger time step.”' This is indeed common
in the literature, and the fourth column of Table 3 indicates
the typical values of the Young’s modulus that have been
applied in the cited investigations. Note that some recent
investigations have considered real values of the Young’s
modulus.”’ %% However, these studies have pertained to very
soft material (e.g., microcrystalline cellulose or agricultural
seeds) or very small numbers of particles, sometimes in 2-D
systems. Therefore, in this study, the Young’s modulus was
set at 200 MPa, which is relatively high in comparison with
the values used in the literature (Table 3). For such a value
of the Young’s modulus, a time step of 1.2 us was chosen,
which is smaller than the characteristic time t.(see Eq. 8)
and enabled the simulations to be run on the parallel com-
puters of Compute Canada. Note that the effect of the
Young’s modulus on the simulation results will be further
discussed in this section, where an analysis of the DEM
results with respect to the granule physical properties is
presented.

Coefficients of Restitution. Given that particles collide
with the blender wall and other particles, characterizing par-
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ticle/particle and particle/wall impacts is essential. The
velocity of the particles after each contact can be found via
the coefficient of restitution (CoR), which is the ratio of the
particle velocities after and before a collision in both normal
and tangential directions.

To obtain the normal CoR (CoR,) of glass beads against a
solid wall, their impact during free fall under gravity was
considered. The impact was perpendicular and against a hori-
zontal Plexiglas plate (same material as that used for the
drum). Before the impact, the particle was held at an appro-
priate height by a vacuum nozzle. The particle was then
released, without any spin or initial velocity. A high-speed
camera was used to record the details of the impact at a rate
of 200 frames per second. The initial height of the particles
was varied (0.10-0.23 m) to cover a wide range of impacting
velocities (1.4-2.1 m/s). The impact velocity was calculated
using the conservation of mechanical energy. More details
about the experimental procedure can be found in Alizadeh
et al.>> The measured normal CoR was 0.82 + 0.02 for this
velocity range. Next, particle/particle normal CoR values
were obtained directly from the literature: 0.97 = 0.01 for a
velocity range of 0.64-1.2 m/s.*' Damping constants
s, =0.0075 and s,,,=0.065 were then backed out from
DEM simulations involving one single contact in the case of
particle/particle and particle/wall collisions, respectively.

The same technique as for the normal CoR was applied to
measure the tangential CoR (CoR;) on a plate. The initial
height was fixed at ~5 cm, leading to an impact velocity of
~1 m/s. The impact angle was varied from 5° to 55° by
adjusting the position of the plate. It was observed that the
tangential CoR increases when the impact angle increases,
which is in agreement with data reported in the literature.%®
DEM simulations revealed that s,,, =0.02 fits best these
experimental data. Moreover, it was found that a small varia-
tion in damping constant s, has no significant impact on the
dynamics of granules, and only minor effects on the mixing
behavior inside the drum. This is mainly due to the fact that
the glass beads have a high CoR so that the dissipative force
is relatively small in the motion equation. Therefore, no
experiment was performed to measure its value for particle/
particle impact and it was chosen to be the same as s, ,,.

Friction Coefficients. To measure the particle/wall static
friction coefficient, three particles were glued onto a plate
and then put in contact with a fresh Plexiglas sheet. This
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Table 3. Values of the Young’s Modulus (£) and Friction Coefficients Used in DEM Simulations from the Literature that have
Led to Acceptable Results

Real Particles Properties

Applied DEM Parameters

Real Particles E (GPa) m E (vpA) u References
Glass beads 68.9 0.092 4.87 0.5 Bouffard et al.**
Pure numerical simulation - - 0.3 0.3, 0.6 Balevicius et al.*
Avicel PH101 7.4-10.3% 0.15-0.4" 2 0.375-0.5 Lemieux et al.>'*®
Glass beads 68.9 0.092 - 0.3,0.5 Taberlet et al.>>*°
and steel beads 193 0.23%°
Glass beads 68.9 0.092 10-200 0.3,0.5 Yang et al.>'?
Wheat grains 0.3-20> 0.35-0.6>* - 0.5 Schutyser et al.>
and green peas - -
Glass beads 68.9 0.092 1-2.16 1u=0.4,1,=0.7 Zhou et al. 3%
Glass beads 68.9 0.092 2.16 0.3,0.5 Stewart et al.>®
Polypropylene 1.34 0.1-0.3 - 0.3 Kaneko et al.”®
Vulcanite - - - u=0.2,pn,=04 Dury et al.*

When E is not given, the stiffness constant (k, in Eq. 2) has been reported directly in the corresponding article.

Plexiglas sheet was gradually inclined until the particles
started to slide.%* By means of a force balance, the static
friction coefficient was calculated to be the tangent of
the angle 0, at which these particles started to slide
(1, s=tan(0;)). To obtain the dynamic friction coefficient,
glued particles were allowed to slide on the inclined Plexi-
glas sheet (0 > 0,) from a zero initial velocity. The distance
and time duration during an experiment were recorded by a
high-speed camera. Newton’s second law of motion then
yielded a value for this coefficient. The values of the
dynamic and static friction coefficients of soda-lime glass
beads on a fresh Plexiglas sheet obtained with this technique
are 0.083 = 0.012 and 0.179 £ 0.016, respectively. The drum
wall used for the experiments is made of Plexiglas but is not
as smooth as a fresh Plexiglas sheet. Therefore, dynamic and
static friction coefficients of soda-lime glass beads on a
scratched Plexiglas were also measured using the same tech-
nique. The values obtained are 0.135*0.009 and
0.208 = 0.026, respectively. The dynamic and static friction
coefficients of particle/particle collision were obtained from
the literature, 0.092 + 0.006 and 0.16-0.29, respectively.*'*?
Note that it is common in the literature to use identical val-
ues of the dynamic and static friction coefficients, for both
particle/particle and particle/wall impacts, which in most
cases are above 0.3 (see the fifth column of Table 3). In this
study, different values of friction coefficients were chosen
for the DEM simulations: u= 0.06, u,= 0.16, u,= 0.35,
and u,, . = 0.45. These values are in fact different from those
measured, to compensate for the effect of using a smaller
value of the Young’s modulus. They were set in a way to
have nonslipping dynamics for the granules close to the wall
region of the drum and match the simulated dynamic repose
angle and that obtained by RPT. This will be further dis-
cussed in the section on the analysis of the DEM-based
model.

Velocity profiles and active layer thickness

The investigation of the particle dynamics inside the drum
leads to a better understanding of mixing and segregation
mechanisms, and ultimately helps design more efficient unit
operations. Both the RPT method and DEM-based model
were used to obtain particle velocity profiles. In the DEM
simulations, the particle velocities were stored at each time
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interval (0.033 s), whereas in RPT, they were derived from
the tracer displacement. Figures la, b show the time-averaged
velocity profiles in the transverse plane of the drum, respec-
tively, obtained by DEM and RPT, as well as their subtraction
in Figure lc. As can be seen, there is good agreement
between these DEM and RPT results with some differences
near the free surface. Variations in streamwise velocity u, (x-
direction) along a line perpendicular to the bed surface at
x =0 is shown in Figure 2. The x and y axes are shown in
Figure 1. A linear fit describes the flow of particles in the
active layer (solid line), whereas a straight line from the drum
center (dashed line) goes through the data points in the pas-
sive layer, complying with the solid body rotation, u,=—wy,
expected therein. Similar results (not presented) were obtained
for other x-positions. Here again, a good agreement between
the RPT data and the DEM results was observed.

The depth at which the particles stop moving as a solid
body and start free flowing is the boundary between the
active and passive layers (J in Figure 2). According to the
RPT and DEM results, the maximum depth of the active
layer (50=5|X:0) was obtained at 4.2 cm, which is 48% into
the material bed. Many studies dealing with the active layer
thickness exist,GS_68 although the definition of the thickness
varies. It can also be defined as the point where the particles
change direction (u, = 0) along the x axis, as defined by 5
in Figure 2. For both our experimental and simulation
results, 5,0=5/|X:0 was measured at 2.9 cm, which is 33%
into the material bed.

The particle velocity profile at the free surface is plotted
as a function of the normalized x position in Figure 3a. The
profiles have been normalized with respect to the velocity at
midchord position (4, max :uX|(x:0,y:—H))' The solid line is a

parabolic functions, u,/ut, max =1— (%)2, where L is the half-
length of the free surface. Similar results were previously
shown by Ding et al.®” and Alizadeh et al.’

Figure 3b shows the variation in surface velocity across
the axial direction of the drum, as obtained by the DEM and
the RPT. In both cases, the velocity vectors near the end
walls (IzI = +0.18 m) are different from those in the middle
of the drum (z=0), with a small axial component. This has
also been reported in the literature”® and can be attributed to
the end-wall friction, which projects the particles above the
free surface and away from the end-wall in the axial
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(a) DEM
Figure 1. Typical time-averaged velocity vectors obtained by (a) the DEM simulations and (b) RPT experiments, (c)
differences in the velocity vectors displayed in (a) and (b).

(b) RPT

(c) DEM vs. RPT

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

direction. The axial flow of the particles downstream toward
the wall may then be explained by the conservation of mass.
End-wall friction also affects the dynamic repose angle of
the granules, which is higher in regions near the end walls
(34°) than in the middle of the cylinder (27°). The former
was predicted by the DEM simulations and the latter was
obtained both from RPT data and DEM results. The influ-
ence of these walls seems to be short-ranged, and the
dynamic repose angle drops rapidly within a few centimeters
to its value in the middle of the drum. Note that this phe-
nomenon was observed in the DEM simulations only, due to
the use of particle/wall friction parameters larger than the
real ones (see Table 2). Our RPT results did not show signif-
icant differences along the drum. The increase of the repose
angle near the end walls was also reported by Dury et al.*
who measured the variations of the repose angle along the
axial direction by means of DEM simulation. To obtain such
results, these authors adjusted the particle/wall friction coef-
ficients, the values of which are presented in Table 3.

0.00 T T T . -
\
-0.02 - H\ 1
\Surface
-0.04 1 \ ]

50=0"(x=0) \\50=§o<:o)

‘E 0.06 1 o  Activelayer RPT) 1
o Passive layer (RPT)
-0.08 - v Active layer (DEM) i
a Passive layer (DEM)
— — — Passive layer
-0.10 (solid body rotation,-wy) 1
Active layer
012 ( (best‘ fitted Ilncla) . .

-05 -04 -03 -02 -01 00 0.1 0.2
u, (m/s)

Figure 2. Streamwise velocity profile at x=0 as seen
from the drum end wall.

The vertical axis represents the distance from the center
of the drum, and the horizontal axis represents the
streamwise velocity. H is the distance from the center of
the drum to the free surface of material, d,is the dis-
tance from the free surface to the depth at which the
solid body rotation of the bed of particles stops, and J ,
is the distance from the free surface to the depth at
which these particles change direction along the x axis.
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Residence time

In the rotating drum, the transverse motion of the particles
is the primary factor controlling the renewal of the material
at the exposed bed surface. The residence times in the active
and passive layers have an impact on the efficiency of many
processes such as pan coating where a solution (e.g., binder)
is top-sprayed on the surface of the bed of particles.’ It was
shown in this earlier work, through RPT data, that the resi-
dence time in the active layer can be evaluated through the
following expression for notations (see Figure 4a)

3.870,
oL’
Following along the lines of Dube et al.,”' the residence

time in the passive layer can be obtained according to the
following equation if it is assumed that 7, ., =t/ /

an

fact =lp—b =

1
tpas:_'})+2ta—>b7 (12)
(]

where 7y is the angle of the streamline. Neglecting the small
differences between x, and x;, (x, ~x;,) gives

b
d
zH,=J 2 (13)
a Uy
where u, is the transverse velocity72
wx(y+H)
= —"". 14
TS {14)
Equation 13 can be approximated by
Yy O(x)=0d
tymp= 220 O 0E) (15)
iy iy
where
r( x(yp+y,+2H)
= uydy=— ————"~ (16)
T Y J o 25(x)

From d(x)=—(y,+H) and 0 (x)=—(y,+H), it follows that
wx {5/ (x)+ 5(x)}
25(x) ’

where the values of 6(x) and & (x) can be estimated by
assuming that the boundary between the active and the pas-
sive layers is parabolic

a7

uy=

DOI 10.1002/aic 65


wileyonlinelibrary.com

T .
1.0 | y i’
0.8
>
©
£ 06
) 2
= (1-(x/L)%)
3 0.4 - e Experiment (RPT) '.Q o
o Simulation (DEM) %
0.2 1
0.0 ¢ T r - *
-1.0 -0.5 0.0 0.5 1.0

Normalized distance along surface (x/L)

(a)

DEM RPT

+
—_
/
7
v
-
-
-
«
-
-
-
S
S
-
«
~
-

é_f
T =

< &&Qxe_%é/
- T B e
K
o G —
e
# s gl o
e

=

R T
& &
e e G
B | & - B R

—
(00

P S S
= g T Be

« <—é—é~<“<““§"‘ B o
O|e ¢—e &S~ &~

—_

Free surface, x/L
o
&

-1
-0.18 -0.12 -0.06 0 ;
Drum length, z (m

O e S~
N |« & &

"-.-c)e._

(b)

Figure 3. Surface velocity profiles: (a) normalized streamwise velocity vs. the dimensionless distance along the
surface, (b) velocity vectors at the free surface along the drum length, where the DEM (resp. RPT) results
are used for the left (resp. right) side of the drum.

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

18)

19)

Substituting Eq. 15 into Eq. 12 and using Eq. 17 for u, yield
| [5@)—5 (x)} 3(x)

toas = — )+ 7 ; (20)
pas = 07 wx[5(x)+5 (x)]
where x can be readily obtained from
Active-passive
layers interface 35
,,,,,,, Turning point criterion -
-———-Solid body criterion
3.0
w
g 25 |
©
€ 20
5 2.
h=l
i)
o 1.5
1.0 1
LStreamline 0.5

(a)
Figure 4. (a) A streamline making a full rotation in the active and passive layers; (b) variations of the residence
times in active and passive layers when the angle of the streamline increases.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The variation of the residence time in the passive layer vs.
the streamline angle (y) can then be obtained through these
steps:

e For each y, the x—position is obtained from Eq. 21;

e §(x) and & (x) are calculated from Egs. 18 and 19;

® I, is obtained from Eq. 20.

The residence times in the active and passive layers vs.
the angle of the streamlines is provided in Figure 4b. First, it
can be seen that the RPT results validates the DEM simula-
tion results. In particular, the residence time in the active

RPT - active layer
DEM - active layer
RPT - passive layer
DEM - passive layer
RPT - total
DEM - total
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layer is constant when the angle of the streamlines increases.
These results are in agreement with the short-dashed line
(Eq. 20) in the passive layer, the long-dashed line (Eq. 11)
in the active layer and the solid line (total residence time
from the sum of Eqgs. 11 and 20).

Mixing and segregation in the rotating drum

Lacey73 demonstrated the usefulness of many methods to
assess the state of a mixture. A well-known one for solids
mixing is the relative standard deviation (RSD) that meas-
ures the standard deviation in composition of a set of sam-
ples taken at a certain stage of the mixing operation.
Recently, Doucet et al.*® proposed a new mixing index to
bridge the global mixing properties and local viewpoint of
chaotic theory, with applications to granular and fluid flow
systems. The index is based on the Lagrangian trajectory of
particles obtained either numerically through computer simu-
lation or experimentally by means of nonintrusive methods
(such as PEPT and RPT). This index has been applied to
assess the quality of mixing in pharmaceutical equip-
ment.**”* Two different indices were in fact defined by Dou-
cet et al.,’® which characterize the concept of mixing in the
weak and strong senses.

Mixing in the weak sense considers the correlation
between the current and initial positions of the particles
without respect to their properties, such as size or density.
More precisely, given a probability measure A with
I'(i) (x§,y§,z§)the position of particle i at time ¢, a system is
said to be mixed in the weak sense if

A{IDPG@) y=A{I'(i)},i=1,2,...,N. (22)
In such a case, the position of the particles at time ¢ is not
correlated to their initial position. This implies that the par-
ticles distribute themselves uniformly in the blender and the
corresponding index levels off to zero with respect to time.
The development of this mixing index, denoted by
s € [0, 1], is based on principal component analysis and the
construction of a correlation matrix that brings into play parti-
cle positions /(i) and [°(i). It takes on a value of O when the
system is perfectly mixed and 1 when it is fully segregated.
Weak sense mixing fails to capture the occurrence of seg-
regation with respect to the particle properties. For this rea-
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son, a more strict definition of mixing was introduced, which
considers properties of the material and is called mixing in
the strong sense. Given a probability measure A and

p={p1,p2...,pu}a set of particle properties, a system is said
to be mixed in the strong sense if
AT D), p1 (), p2 (i), -, pu (i) }=ALE ()}, i=1,2, ..., N.
(23)

This condition implies that the position of the particles at
time ¢ is not correlated to their initial position and other
given properties. The corresponding strong sense mixing
index then levels off to zero with respect to time. Note that,
from these definitions, a system that is mixed in the strong
sense is also mixed in the weak sense. Note that it is also
possible to define and use similar indices to investigate the
intensity of mixing (or segregation) along specific directions
(here the radial and axial directions). More details on these
indices can be found in Doucet et al.*

DEM simulations and the second set of experiments from
Table 1 were used to assess mixing in the rotating drum
based on these indices. Figure 5a presents the evolution of
the weak sense mixing indices in the radial and axial direc-
tions for the polydisperse system. As can be observed, there
is an agreement between the RPT data and the simulation
results. The radial direction curves decay to zero, whereas
the axial direction curves decrease slowly but remain near 1
even after 25 blender revolutions. This clearly indicates that
overall mixing is limited by inefficient axial mixing, as has
already been shown in the literature.?

It should be noted that this system is known to lead to
both axial and radial segregation.”””’® To take into account
segregation, the strong sense definition of mixing must be
considered. Figure 5b shows that the strong sense mixing
index in the radial direction levels off to an asymptotic value
of around 0.35. This shows that the polydisperse mixture
does not mix well in the radial direction. It can also be seen
that the final radial segregation state is reached earlier for
the RPT data than for the DEM results. Next, it seems that
the index is not able to capture the segregation phenomenon
that occurs slightly in the axial direction, as the values of
this index remain near O (slightly larger for the RPT data)
after many drum revolutions. The slightly nonzero value of
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Figure 6. Occupancy plots for the different-sized particles of the polydisperse mixture: (a)-(d) and (e)-(h) were
obtained from the DEM and RPT, respectively.
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The colors show the probabilities of occurrence of the corresponding particles. The RPT occupancy plots come from Alizadeh
et al.’ [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

this index when obtained from the RPT data is due to the
nonhomogenous initial axial distribution of the radioactive
tracer positions in the 50 experiments, and does not imply
axial segregation.

To gain more insight into the radial segregation pattern
taking place in the drum, occupancy plots on a transverse
plane located midway between both end walls are displayed
in Figure 6 for different-sized particles. These plots were
obtained by projecting the particle positions onto the trans-
verse plane. As evidenced by both the DEM results and the
RPT data, the small 3-mm particles form a core along the
material rotation axis and are surrounded by the larger 5-mm
and 6-mm particles. The 4-mm particles are present in the
entire volume of the drum, although mainly in inner layers.

Occupancy plots do not provide information about the rate
at which radial segregation occurs. To do so, the average
distance of the particles from the material rotation axis
(point P in Figure 4a) can be calculated for each revolution

dt( ) ZAE] |I‘l{—l‘p‘
q)=="
N‘I

14=3,4,5,6, (24)

where d' (¢) is the average distance of the particles of size ¢
at time ¢ with respect to point P at radial position r,, ! the
radial position of the ith particle of size ¢ at time ¢, and N,
the number of particles of size ¢g. This quantity was calcu-
lated for both the DEM results and second set of RPT data.
Figure 7a shows the time variation of d' (¢), whereas Figure
7b shows its variation along the drum length for =120 s

(DEM results only). The following remarks can be made:
1. In Figure 7a, the agreement between the DEM results
and RPT data is good, all the more so after 20 revolu-
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tions. However, as is shown in Figure 5b, the rate at
which radial segregation develops is different in these
two cases. In Figure 7a, radial segregation is complete
in 5 and 7 revolutions with RPT and DEM, respectively;

2. All curves start approximately from the same point in
Figure 7a, confirming that the particles were initially
mixed;

3. In Figure 7a, the curves corresponding to the 3-mm
and 4-mm particles exhibit a decreasing behavior,
whereas they increase in the case of the 5-mm and 6-
mm particles. This means that the large (resp. small)
particles migrate to outer (resp. inner) layers of the
material bed. One would then expect a constant behav-
ior for a particle size of 4.5-mm and, therefore, no
radial segregation in such a case. This information
could be used to adjust the particle size distribution in
a mixture to preclude radial segregation for a selected
species;

4. Figure 7b reveals that d' (g) slightly varies along the
axial direction of the drum. There seems to be less seg-
regation in regions close to the end walls than in the
middle of the drum. In particular, this shows that charac-
terizing granular flow and mixing in the transverse plane
of the drum with techniques that can only visualize the
material surface from the end walls (e.g., PIV) is lim-
ited. Alternative methods such as RPT are preferable to
capture the particle motion inside the rotating drum.

Figure 8 shows the evolution of the axial segregation as

predicted by the DEM for the polydisperse mixture. To
obtain such plots, the drum was divided into thin cylindrical
discs perpendicular to the rotation axis, and the time varia-
tion in concentration of each species in every disk was
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Figure 7. (a) Time variation of d'(g), and (b) variation of d'(q) along the drum length for t =120 s (DEM results only).

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

calculated. The progress of the axial segregation can be
divided into three steps. In step I, the radial segregation
develops and no significant axial segregation is observed.
After 7 revolutions (~30 s), the radial segregation reaches a
stable profile (as shown in Figures 5b, 7a) and the axial seg-
regation continues (step II). After 60 s, the axial bands that
are formed in steps I and II become richer in small or large
particles (step III). There are two narrow bands near the end
walls [Bands 1 and 5 when Izl € (0.15 m, 0.18 m)] and a
wide band in the middle of the drum [Band 3 when z €
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ST}
— o
D L8

818, 30 60 90 120
Time (s)
(a) 3-mm
0.18 =

o
-
N

3
~ 0.06
c
S
‘@
Q
o- .
T -0.06e
<
-0.12
B8, 30 60 90 120
Time (s)
(e) 5-mm

Figure 8. Axial segregation predicted by the DEM.

Axial position z (m)

(—=0.1 m, 0.1 m)] where 5-mm and 6-mm particles accumu-
late. Two bands of small particles are formed between these
three bands [Bands 2 and 4 when Iz| € (0.10 m, 0.15 m)],
which are concentrated in 3-mm and 4-mm particles.

Figure 9 shows the final concentration of the different-
sized particles along the length of the drum after 120 s of
DEM simulation. The red and blue solid lines show the ini-
tial concentrations of the 3 and 6-mm and 4 and 5-mm par-
ticles, respectively. As can be noticed, the concentration of
the small 3 and 4-mm particles decreases near the end walls
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The colors show the probabilities of occurrence of corresponding particles. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
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(Bands 1 and 5), whereas the concentration of the large 5
and 6-mm particles increases. This is in agreement with the
reported data in the literature, which states that during the
axial segregation of particles in a rotating drum, a band of
large particles generally appears close to the end walls.”’
This can be explained by the end-wall effect as discussed
earlier and explained by Chen et al.”® Finally, in Bands 2
and 4, the concentration of the small and large particles
increases and decreases, respectively.

Note that after 210 min (around 2500 revolutions) of RPT
data acquisition, no significant axial segregation could be
visualized from outside the drum, contrary to the DEM
results. This difference can be explained by a larger friction
coefficient used for the DEM simulations, thereby affecting
the flow of particles near the end walls.

Quantification of axial dispersion

The DEM results may be utilized to quantify the disper-
sion of particles in the axial direction of the rotating
drum.”®®% It can also be measured using the trajectories of a
single particle inside the granular bed.””'*'® The axial dis-
persion coefficient (D) is related to the variance of the
axial displacement distribution

N __ 2
> o, (An—Az) /A
2N '

Daxial = (25)

For the DEM simulations and a simulation time of 120 s,
Az; is the axial displacement of particle i in a full cycle, Az
the mean axial displacement, A¢; the cycle time of particle i,
and N the number of particles. A cycle corresponds to the
travel of a particle along a closed streamline. For the RPT
experiments, which lasted 210 min, the initial trajectory of
the single tracer is split into a series of new trajectories,
each of which can be associated to the flow of a different
particle along a closed streamline representing a cycle. These
trajectories have nonequal lengths that are a fraction of that
of the initial trajectory. Therefore, Az; is the axial displace-
ment along trajectory i (i =1,..., N), Az the mean axial
displacement, At; the cycle time of trajectory i, and N the
number of trajectories. It should be noted that in such a cha-
otic system, the streamlines are not perfectly close. There-
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fore, to calculate the axial dispersion coefficient, a
streamline was considered closed when the y-component of
the displacement of a given particle, when it gets back to the
vicinity of its starting point along this streamline, was less
than 0.5 cm.

Figure 10 displays the variations of D,;, in the active
layer for the polydisperse system along a line perpendicular
to the free surface at x = 0. As can be observed, the value of
D .xia 18 of the order of 10 >m?/s, which indicates that the
axial motion of the particles is slow and the tumbling drum
suffers from weak axial mixing. These values are compara-
ble with those reported in the literature. For instance, Ding
et al.? obtained an axial dispersion coefficient of 3 X
10"°m?*/s for 3-mm glass beads and a drum rotational speed
of 9.6 RPM, whereas Sheritt et al.'® reported values of the
order of 10 °m?/s for rotational speeds of 5-25 RPM. Here,
one may notice that D, is nearly constant along the y-
direction although it increases near the free surface. This can
be attributed to the fact that the closer the particles are to
the free surface, the more freedom to move they have. The
simulated results follow the same trends as the experimental
measurements, yet the values predicted by the DEM are
smaller than those obtained from the RPT. More precisely,
the average value obtained from the RPT experiments is
1.54 X 10°m?/s, as opposed 0.52 X 107 °m?/s with the
DEM. This difference is due to the experimental error when
tracking down the radioactive tracer in the drum and to the
numerical error inherent to the DEM-based model. The
impact of the particle properties used in the model is studied
next.

Analysis of the DEM-based model

As it was shown in previous sections, there are discrepan-
cies between the DEM and RPT results as regards axial dis-
persion and particle segregation in the drum. However, there
is a good agreement in terms of the velocity profiles and the
residence times of the granules, despite the use in the DEM
simulations of smaller and higher values for the Young’s
modulus and the friction coefficients, respectively, in com-
parison with the measured values (Table 2). In the literature,
a common practice often dodged by researchers is to set the
value of several parameters such that results fit experimental
data. In this section, an analysis of the DEM-based model is
provided with respect to the granules properties, to identify
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Figure 10. Axial dispersion coefficients determined

from the displacements of the different-

sized particles along a line perpendicular

to the free surface at x =0.
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the most critical parameters and demonstrate how some
parameters should be set to yield acceptable results when the
value of one specific parameter is erroneous (e.g., Young’s
modulus).

As aforementioned, smaller values of the Young’s modu-
lus are generally chosen to avoid too large computational
times. However, decreasing the value of the Young’s modu-
lus affects the contact force (see Eqs. 4-7). Therefore, it is
of interest to investigate how the motion equation is affected
when a smaller Young’s modulus is used. In the case of par-
ticles with the same properties, the normal component of
this equation for a binary collision, when gravity is taken
into account, can be written as

dﬁn
"

=k, E248, 0, —mg,. (26)

Following along the lines of Doucet,®' dimensionless varia-

bles are next introduced

e 0< bl < 1, 27)
énm
; 0 < |v,| < 1,loading ,
S _Cn i (28)
Vio | 0 < |V,| < CoR,,unloading ,
~_ Vno
t= t, 29
én,m ( )

where v,,is the initial normal impact velocity and ¢, , is the
maximum normal overlap during a collision. The value of &, ,,
can be obtained through Eq. 26 when &,=0. However, because
of its complexity, this equation cannot be solved analytically.
Neglecting the damping and gravity terms in Eq. 26, and using
the normal contact forces given by Egs. 4 and 5 provide a rela-
tionship between the maximum normal overlap and the Young’s
modulus through the conservation of mechanical energy

1 2
Emvno - 5 k” gn m* (30)
Therefore
0.4
15 m(1- v) ﬁo
Sam= i EVR | 3D

When the damping force cannot be neglected, DEM simula-
tions have showed that for different values of the damping
constant (s, = 0.0-0.2), a relationship similar to Eq. 31 is
obtained over a wide range of values of the Young’s modu-
lus (20-68,900 MPa)

Epm X ET0%, (32)

In particular, this implies that the elastic term is sufficient
for many scaling situations. Substituting Eqgs. 27-29 into Eq.
26 leads the following dimensionless motion equation

dv
Vn LA 4,85, +C,=0, (33)
where
3]( cot1
R (34)
4npRAv;
3Sn€ﬁ+l
B,=— —mm 35
4mpR3v,, (35)
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én,mgn

2
Vio

C,=

(36)

C,, is the inverse of the Froude number based on the maxi-
mum overlap during the collision (én‘,m) and the initial
impact velocity (v,,). This term is small with respect to the
contact force term and can be neglected as a first analysis
for many collisions occurring in the bed, where gravity is
not the main driving force for granular flow. These dimen-
sionless numbers can be used for a sensitivity analysis of the
motion equation with respect to granule properties, and are
valid for any contact force model (different &, S,, o, and f).
In particular, for the contact force model of this work, where

k,=— %E*\/R* and S,=—s,\ 6m*E*\/R* from Egs. 4 and 5,

A, and B,, become
+1
_ 1 E &
pn:\/_Rz‘sz (I,VZ)’

B”:S"<z ) gde, (38)

Moreover, for oc—— and fi=7; (the exponents in the current
contact force models) it can be noticed from Eq. 32 that
dimensionless numbers A, and B, are independent of the
Young’s modulus. In such a case, the dimensionless equation
of motion is then independent of the Young’s modulus.

Such dimensionless numbers (4,, B,, and C,) make it eas-
ier to investigate the effect of different parameters on parti-
cle motion. In particular, as the gravity term C, can be
neglected here, it is interesting to look at the ratio of A, over
B,,, which for the contact force models used in this work

gives
1
Av_1| 9 E G\ | 39
Bn Sn PV 2 (1 V2 R '

In particular, straightforward calculations and the use of
Eq. 31 show that, for a given impact velocity, a change in
the Poisson’s ratio of glass beads from 0.24 (see Table 2) to
0.30 (a common value in the literature) leads to a constant
value of A” This means that the Poisson’s ratio does not
have an 1mpact on the simulation results. As for the damping
coefficient, glass beads have a high-energy restitution so that
B, has a smaller effect than A, on the motion equation. A
small varlatlon of s, then does not lead to a significant
change 1n . However, a large variation of s, may result in
a s1gn1ﬁcantly different flow behavior. Indeed, it can be
noticed by comparing Figures 11a and 7a (resp. Figures 11b
and 7b) that increasing the damping coefficient (from 0.0075
to 0.3 for s,, from 0.02 to 0.3 for s, from 0.065 to 0.3 for
Spws and from 0.02 to 0.3 for s,,) results in faster (resp.
enhanced, near the end walls) radial segregation.

A similar analysis can be made for the tangential equation

of motion by considering &= i JV= ,’ and 7= 7ot

1m

(37

‘i;’ +A, [1— (1—&,)1 +B,<1—%,>Z\3,+C,=O, (40)

cotl

1 ¢, 2—vy
pn4\/—R2v2 (1—v)*(1+v)
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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As C, in the normal equation of motion, the term C, can be
neglected in Eq. 40 for many collisions in the granular bed,
where gravity is not the governing force. Therefore, a discus-
sion similar to that for 2—: can be made for %. In addition,
varying the exponent in F?, (1 instead of 3 in term f(&;) of
Eq. 6) leads to insignificant differences in the predicted mix-
ing behavior. This is mainly due to the relatively small role
of the dissipative force in the equation of motion. Looking
at £,, in Eq. 32, it is also straightforward to realize that
both A, and B, are independent of the Young’s modulus
when u=3 and f= i. In such a case, the tangential motion of
two colliding objects is not affected by the Young’s modu-
lus. In particular, these properties signify that the CoR in
both the normal and tangential directions can be predicted
correctly with the corresponding DEM-based models even if
wrong values of the Young’s modulus are used. More gener-
ally, it means that any value of the Young’s modulus can be
used without the need to adjust other parameters to compen-
sate for the use of an erroneous value. This explains why the
use of a much smaller Young’s modulus and close to real
values of the particle/particle friction coefficients may yield
acceptable granular flow results. Of course, in practice, grav-
ity does play a non-negligible role for many collisions,
which is one reason why minor discrepancies are observed
in the active layer of the bed with respect to the RPT data
(Figure 1c). However, this does not suggest that if the values
of the Young’s modulus were matched, the results would
also match perfectly. Indeed, there are other sources of errors
in the DEM-based model, in particular the contact force
model itself.

It is also worthwhile mentioning that C, cannot be
neglected in the wall region. In this case, one expects the tan-
gential contact forces to be strong enough to overcome the
gravity force acting on the particles and thus create a solid
body motion in the passive layer. Otherwise, the particles
close to the drum wall would slide, thereby changing the flow
regime from rolling to slipping. Because the particles and the
drum wall have very small relative tangential velocities, the
effect of the dissipative force in Eq. 40 is negligible so that B,
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does not play a significant role. Therefore, the values of the
physical parameters appearing in A, should be chosen such
that the ratio % is the same as that obtained with real values

A / .
— =K E:uw,s gz,m7

t

(44)

where K is independent of E and W, s~ According to Eq. 32,
&, mocE™ %450 that for our Hertzian force model(ac= %)
A
EI; :K:uw,sEOAa
where K includes a proportionality constant. The above equa-
tion can be applied as a criterion to choose , . when a
smaller value of the Young’s modulus is used in the DEM-
based model to avoid too large computational time. This also
explains why researchers have reported adequate simulation
results despite the use of larger than real friction coefficients
and smaller than real Young’s modulus (see Table 3).
Considering the glass beads properties (E = 68.9 GPa and
U, = 0.208 from Table 2) and the value of the Young’s
modulus for the current DEM simulations (E =200 MPa),
Eq. 45 gives p,, ;= 2.15. This value is larger than the value
used for the DEM simulations (y,, ;= 0.45 from Table 2).
However, the DEM results are in good agreement with the
RPT data as discussed in previous sections. In fact, p,,
from Eq. 45 respects the minimum value for the rolling
regime, which corresponds to Fr = 107 according to Mell-
mann.! For larger values of this Froude number, Fr=0.018
in this study, the rolling regime may persist if, for instance,
a smaller friction coefficient pu,,, is used. Figure 12 shows
the effect of the static friction coefficient W, s on the simula-
tion results of this work for varying values of the Young’s
modulus. The vertical axis corresponds to the average veloc-
ity of the particles in contact with the drum wall. As can be
noticed, for small values of the Young’s modulus, the use of
a static friction coefficients larger than 0.35 guarantees that
the velocity of these particles is close to 0.145 m/s, the rota-
tional speed of the drum(wRp), which is the expected value
for the particles flowing in the rolling regime. Therefore, as
expected, even with a value of p, ; lower than what is pre-
dicted by Eq. 45, the rolling regime can be maintained at
higher rotational speeds.

(45)
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Figure 12. Effect of the friction coefficient pu, ; on the
simulation results when smaller values of
the Young’s modulus are used.

Figure 12 also teaches us that the larger the value of the
Young’s modulus, the less important the value of the friction
coefficientyu,, ;. Of course, in practice, the value chosen for
U, ;should guarantee that the resulting granular flow will be
in the rolling regime. To examine the ability of the DEM-
based model to correctly predict granular flow when the real
value of the Young’s modulus is used, the average particle
velocities near the drum wall are displayed (€ symbol) for
such a case in the figure. Each point was obtained by extrap-
olating the least-square fitted results at smaller values of E
and a specific friction coefficient. This extrapolated curve
clearly shows that choosing the real value of £ for a DEM
simulation would generate particle velocities close to the
wall that do not depend on p,, .

In summary, the findings of this work shed light on why a
DEM simulation may lead acceptable results when smaller
than real values of the Young’s modulus are used. In fact,
one might conclude that a DEM simulation could be con-
ducted with extremely small values of the Young’s modulus
and a high friction coefficient for systems where gravity does
not play a significant role. One should keep in mind that the
analysis of the results of Figure 12 concerns the average parti-
cle velocity close to the drum wall. In practice, care should
always be taken when using in a DEM simulation particle
properties that are significantly different from measured ones.

Concluding Remarks

The objective of this work was to assess the accuracy of a
DEM-based model and explain why good results can be
obtained by the DEM even when nonreal values of particles
properties are used. The validation was based on experimen-
tal RPT data on the mixing behavior and size segregation of
a polydisperse mixture of glass beads in a rotating drum
operated in rolling mode. All the properties of glass beads
were measured experimentally or extracted from the litera-
ture and used in the DEM simulations except the Young’s
modulus and the friction coefficients, where smaller and
higher values were applied, respectively. Both techniques
(DEM and RPT) provide Lagrangian particle trajectories. A
comparison of RPT and DEM results was performed based
on the velocity profiles and residence times of the granules
in the active and passive layers as well as their axial disper-
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sion and mixing/segregation behavior. A good agreement
was obtained in terms of the velocity profile and residence
time. The DEM prediction for the axial dispersion along the
radial direction was observed to comply with the RPT data,
although with smaller axial dispersion coefficients. In the
case of mixing and segregation, the DEM simulations pre-
dicted axial segregation, a phenomenon that was not
observed in the experiments. This can be explained by the
large friction coefficients used in these simulations.

An analysis of the DEM-based model was then performed
with respect to the particle physical parameters. Dimensionless
equations of motion were derived and analyzed in both the nor-
mal and tangential directions. They showed that when the grav-
ity force on the particles can be neglected against the contact
forces, the particle dynamics, and the dimensionless motion
equations are not affected by the Young’s modulus. In cases
where the gravity force on the particles is non-negligible, a cor-
relation was derived, which could be used to evaluate the sensi-
tivity of simulation results to particle properties.

Finally, the findings reported in this work have shed light
on the importance of the Young’s modulus and the static
friction coefficients on the particle dynamics. Future work
will focus on the effect of these parameters on the force
exerted by the particles on each other and the wall of the
computational domain.
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Notation
Abbreviations

DEM = discrete element method

CoR = coefficient of restitution

Fr = Froude number

LIF = light induced fluorescence

MPI = message passing interface

MRI = magnetic resonance imaging

NIR = near-infrared reflectance spectroscopy
PEPT = positron emission particle tracking

PIV = particle image velocimetry

PTV = particle tracking velocimetry

RPT = radioactive particle tracking

RSD = relative standard deviation

Roman symbols

A,B,C = dimensionless numbers for the motion equation
D, = axial dispersion coefficient, m%/s

d = average distance of particles to point P

E = Young’s modulus, Pa

b —

—2 —v 1 . .
E* = (IE—' + 1 E*I) reduced Young’s modulus of colliding particles, Pa

F = contact force, N

min (f,.f,",) 3/2
ﬁ=ﬁ—@——?jf>
f= VvV 1_|ér|/ér,m

G = particle shear modulus, Pa
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- . 2
gravitational acceleration, m/s

material, m
= constants
stiffness coefficient
half-length of the free surface
= particle position (x, y, z)
= number of particle properties
= particle mass, kg

-1
m* = ( Ly 1 ) : mean mass of colliding particles, kg

m; mj‘
N = Number of particles in the drum
p = particle property
q = particle size
R = particle radius, m
~1
R* = (Ri + Ri) : reduced radius of colliding particles, m
i J
Rp = drum radius, m
R = average particle radius, m
particle radial position in the drum
damping coefficient
damping constant
time, s
= dimensionless time
t,t = residence time in the active layer, s
Ipas = residence time in the passive layer, s
u, = streamwise (x-direction) velocity, m/s
Uy max = Maximum streamwise surface velocity, m/s
u, = transverse (y-direction) velocity, m/s
vps = particle-fluid relative velocity, m/s
v = dimensionless particle relative velocity
v, = particle initial impact velocity, m/s
X,y,z = position coordinates, m

R
S
s
t
i

Greek letters

o, f = exponents in the contact force models
7, y’ = angle of streamline, rad
0 = thickness of the active layer, m

o = thickness of the active layer using the turning point criterion, m

e= 0.8766 +0.163 v
n,s = weak sense mixing index
1, = strong sense mixing index
0 = inclined surface angle
= probability measure
= friction coefficient
1, = static friction coefficient
= rolling friction coefficient
= Poisson’s ratio
¢ = particle overlap, m
¢ = dimensionless particle overlap
¢ = particle-particle (particle-wall) relative velocity, m/s
p = particle density, kg/m’
7. = characteristic collision time, s
Q = Rotational speed of the drum, RPM
o = Rotational speed of the drum, rad/s

Subscripts and superscripts

reduced variable

%

dis = dissipative component of the contact force
el = elastic component of the contact force
i, j = colliding particles
m = maximum value of the particle overlap
n = normal direction of colliding particles
P = center of the granular bed
t = tangential direction of colliding particles
w = wall of the drum
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