AIChE

Numerical Investigation of Monodisperse Granular Flow
Through an Inclined Rotating Chute

Sushil S. Shirsath, Johan T. Padding, and J. A. M. (Hans) Kuipers
Multiphase Reactors, Chemical Engineering and Chemistry, Eindhoven University of Technology,
5600 MB Eindhoven, The Netherlands

Tim W. J. Peeters
Dept. of Ironmaking R&D, Tata Steel, 1970 CA IJmuiden, The Netherlands

Herman J. H. Clercx
Dept. of Physics and J.M. Burgers Center for Fluid Dynamics, Eindhoven University of Technology,
5600 MB Eindhoven, The Netherlands

Dept. of Applied Mathematics, University of Twente, 7500 AE Enschede, The Netherlands

DOI 10.1002/aic.14535
Published online June 30, 2014 in Wiley Online Library (wileyonlinelibrary.com)

A discrete element model of spherical glass particles flowing down a rotating chute is validated against high quality
experimental data. The simulations are performed in a corotating frame of reference, taking into account Coriolis and
centrifugal forces. In view of future extensions aimed at segregation studies of polydisperse granular flows, several vali-
dation steps are required. In particular, the influence of the interstitial gas, a sensitivity study of the collision parame-
ters, and the effect of system rotation on particle flow is investigated. Shirsath et al. have provided the benchmark
laboratory measurements of bed height and surface velocities of monodisperse granular flow down an inclined rotating
chute. With a proper choice of the friction coefficients, the simulations show very good agreement with our experimental
results. The effect of interstitial gas on the flow behavior is found to be relatively small for 3-mm granular particles.
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Introduction

Granular materials are among the most widely manipu-
lated materials in the world. They play an important com-
mercial role in many applications such as chemical
engineering, civil engineering, pharmaceutical industry, agri-
culture, mining, metallurgical processing, and energy produc-
tion. For handling such granular materials, various types of
equipment are used in the industry. It has been estimated
that 40% of the capacity of our industrial plants is wasted
because of problems related to the transport of such materi-
als.! Therefore, it is clear that a better understanding of the
behavior of granular materials and their flow properties is of
utmost importance, not only from an industrial point of view
but also for geophysical applications and out of scientific
curiosity. Comprehensive historical reviews of handling tech-
nologies and methodologies that had been designed from the
engineering point of view are available in literature.’

Many industrial applications concern the processing of
granular materials where particle properties, such as size,
density, and shape change. During the processing steps
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(transportation, charging, discharging, etc.) in such applica-
tions segregation may occur, which is undesirable when a
homogeneous mixture is required in, for example, the metal-
lurgical and pharmaceutical industries.

In blast furnaces operated in the metallurgical industry,
granular materials such as coke and pellets are charged from
the top of a hopper into the blast furnace through an inclined
rotating chute. Such particulate flows can segregate during
the hopper discharge process and on the rotating chute as a
result of differences in material density, size, and shape.
Thus, a better understanding of the (fundamental) phenom-
ena, allowing for a better control of the flow behavior of
granular materials on the rotating chute, is very important
for efficient operation of a blast furnace. The first step
toward generating this understanding is to study monodis-
perse granular spherical particles on an inclined rotating
chute by employing laboratory experiments and numerical
studies of model systems.

Many previous studies have focused on granular flows
through nonrotating chutes.>® Some work on measurement
of the velocity of different types of granular particles flowing
slowly through an inclined open chute has been reported pre-
viously.” Augenstein and Hogg investigated the behavior of
thin layers of granular particles on inclined surfaces and
measured velocity profiles for different angles of inclination,

AIChE Journal



particle size, and chute surface.® They described the
observed velocity profiles using a simple frictional force bal-
ance, that is, their model did not explicitly include bouncing
and rolling of the particles. Therefore, the friction coefficient
obtained in the work of Augenstein and Hogg can only be
viewed as an effective one, lumping all effects of bouncing
and rolling into a single number. A disadvantage of such an
approach is that the effective friction must be tuned for each
particle size and only applies to shallow granular flows.

To achieve a better understanding of the behavior of gran-
ular flows in rotating chutes, we have performed laboratory
experiments [bed height measurements with sensors, particle
velocity measurements at the surface of the granular flow
with Particle Image Velocimetry (PIV)] and applied a dis-
crete element model (DEM) for numerical studies. In such a
numerical model, each individual particle and its collisions
with neighboring particles is tracked deterministically in
time. The experimental measurements (and applied techni-
ques) and numerical simulations are strongly complementary
as numerical studies give access to regions of the granular
flow hidden from standard optical diagnostics. However,
before we can exploit this complimentarity, a strong cross-
validation of both methods is required, which will be the
focus of this article.

Once validated, DEM models are one of the most useful
and reliable simulation tools for the numerical analysis, flow
visualization, and in-depth studies of closure relations for
granular flow behavior during transport.”'' DEM can also
provide useful information about the optimization of particu-
late processes. Several studies on the iron making process
have already been published.'*™'” An in-house version of our
discrete element method that is usually used for gas-solid
fluidized beds,'® 2! has been modified to allow for the simu-
lation of particle flows through a chute rotating around an
axis parallel to gravity.

DEM simulations have also been extensively applied to
study different granular flows in industries, for example, in
drum mixers,”>** for fluidized beds,****for hopper charging,
and discharging flows.”*® In the work related to flow in
chutes, Mio et al. experimentally investigated size segrega-
tion of sintered ore particles flowing along an inclined chute
for validation of DEM results.”” Zhang et al. studied the size
segregation of sintering material flows down a rough chute,
simulating four types of representative particles of different
diameters and magnetism using DEM modeling.30 Mio et al.
also studied particle behavior in an inclined rotating chute
using DEM and observed enhanced effective particle veloc-
ities in the chute (while moving toward the outlet) due to the
centrifugal force.®’ Sawley et al. studied how different ways
of charging the granular material onto the vessel leads to dif-
ferent segregation flow and distribution of grain size using
DEM simulations.>? Some recent experimental studies and
DEM simulations of granular flows in inclined rotating
chutes and in the hopper was reported in the articles and the-
sis of Yu.

As mentioned above, the motivation of the current analy-
sis is to perform a cross-validation between laboratory meas-
urements and DEM simulations of the granular flow patterns
in an inclined rotating chute. We will perform this cross-
validation for two fixed angles of inclination and different
rotation rates of the chute. We study flow of 3-mm spherical
glass particles down an inclined rotating chute by detailed
DEM simulations with emphasis on the influence of the
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interstitial gas, a sensitivity study of the collision parameters
such as restitution and (rolling) friction coefficients, and the
effect of rotation on inlet particle flow. The results are vali-
dated by comparison with datasets from well-defined experi-
ments for a fixed angle of inclination and different rotation
rates of the chute.

This article is organized as follows: first, we give a sum-
mary of the simulation model and the parameter settings,
then we give a brief explanation of the computational analog
for calculation of the bed height and surface velocity, then
we discuss the cross-validation with regards to particle
charging and the choice of suitable restitution and (rolling)
friction coefficients, and investigate the influence of intersti-
tial gas. The main part of our work is focused on validation
of the DEM simulations by comparing with high quality
experimental data obtained by Shirsath et al.*® After validat-
ing the model, we present computational measurements of
quantities which are not readily accessible in optical experi-
ments. Finally, we give our conclusions.

Simulation Model

The discrete element method (DEM) originally developed
by Cundall and Strack has been used successfully to simulate
the many granular flow systems.9 Particle collisions are mod-
eled by a soft-sphere contact model, which accounts for the
energy dissipation due to inelastic particle interactions. This
energy dissipation is characterized by the empirical coeffi-
cients of normal and tangential restitution and the coefficient
of friction. The particle collision characteristics play an
important role in the overall behavior of granular flows. For
this reason, the collision properties of the particles used in
our experimental study were accurately determined by
detailed single-particle impact experiments for the normal
and tangential restitution coefficients. We have estimated the
coefficient of friction between particle-wall and particle—par-
ticle to achieve good agreement with result for granular flow
in the nonrotating chute at an inclination angle of 30°. Then,
we validate the model for other inclination angles and rotat-
ing chutes. We will show that with this coefficient of fric-
tion, good agreement is found with nonrotating and rotating
granular flow experiments. We will also describe how we
have adapted the equations of motion to take into account
the pseudoforces that appear in a corotating frame of refer-
ence. For some simulations, we have included the effects of
interstitial gas by coupling the particles to a continuum gas
phase. We will describe the gas-phase equations. These
equations have been incorporated in our in-house simulation
codes. Let us now start with defining the equations of motion
for the particles.

Equations of motion

In DEM, the particle phase is described by Newtonian
equations of motion for each particle in the system. The
translational and rotational equations of motion for a particle
a are given by

dv

majzmag+F2+F1;+Fz (1)
dow
I, dta =Ty +T. s ()

where m,, is the mass of particle a, v, is the particle velocity,
®, is the rotational velocity, and /, the moment of inertia
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Figure 1. Schematic representation of the linear spring/dashpot soft-sphere model.

The contact force between a pair of particles is decomposed into parallel and tangential components. For each component, we
define a spring and dashpot to calculate the force. The transition between a sticking and sliding collision is controlled by the coeffi-
cient of friction, which poses an upper limit to the tangential force. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

around its center-of-mass. The first two terms on the right-
hand side of Eq. 1 represent, respectively, the forces due to
gravity (g is the gravitational acceleration), and forces due to
direct contact with other particles and walls. The particles
are coupled with the surrounding gas phase through the third
and fourth term which represents, respectively, the force due
to pressure gradients in the gas phase and the drag force
with the gas. T, is the torque on particle @, which is deter-
mined by the contact forces and T,, is the rolling torque
due to rolling friction, both of which will be explained in
the next section.

Soft-sphere contact model

The particle—particle and particle-wall contact force model
accounts for the energy dissipated during collisions, as char-
acterized by empirical coefficients of normal and tangential
restitution, the coefficient of friction, and coefficient of roll-
ing friction. Apart from the rolling friction, we use a stand-
ard linear spring/dashpot model, in which separate springs
and dashpots are defined for both normal and tangential dis-
placements.” A schematic representation of the linear spring/
dashpot soft-sphere model is shown in Figure 1.

In detail, the total contact force on particle a is given as a
sum of pair forces with all neighboring particles with which
particle a is overlapping. The overlap (in the normal direc-
tion) between particle @ and a neighbor b is defined as
On=Rp+R,—|rp—r,|. The contact force on particle a in the
normal direction due to this contact is given by

3

Fn,ab = _knénnab ~NnVn,ab

where k;, is the normal spring stiffness, ng,=(r,—r,)/|r,—r,|
is the unit vector pointing from a to b, 5, is the normal damp-
ing coefficient, and Vun=(Vap - Ngp)Nyp is the normal compo-
nent of the relative velocity between particles a and b at the
point of contact. This relative velocity is given by

“)

For the tangential component of the contact force, a simi-
lar expression is used

Vab=Va—Vp+ (Ram,l—i-R,,m,,) XNgp

®)

where k; is the tangential spring stiffness, #, is the tangential
damping coefficient, and v, (=V.,—Van is the tangential

Fl,ah =—kd— N¢Viab
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component of the relative velocity. The tangential overlap &,
is the time integral of this tangential velocity from the time
of initial contact.'” The above tangential force, Eq. 5, applies
to the case of a sticking collision where the two surfaces in
contact stick together when the tangential forces are not too
large. If, however, the following relation is satisfied

|Ft,ab| > ,u|Fn,ab‘ (6)

where p is the coefficient of friction, then the two surfaces
in contact start to slide relative to each other. In that case,
the tangential force is limited and replaced by

@)

where t.,,=Vap/|Vap| is the unit vector in the tangential
direction.

Although it may appear that up to this point we have to
define five contact parameters (ky, k¢, 11,, 1, and ), the num-
ber of free parameters is reduced by one by the consistency
requirement that the collision time in the normal direction is
the same as in the tangential direction. Using analytic solu-
tions of the damped harmonic oscillator equations for the
normal and tangential directions, it is possible to eliminate,
for example, the tangential spring stiffness k. Furthermore,
the analytical solutions allow us to calculate the coefficients
of restitution e, and e, (ratio of postcollisional and precolli-
sional velocity) for the normal and tangential directions. In
practice, we, therefore, invert the equations, and use e, and
e; as input parameters, rather than the damping coefficients
because the latter are more difficult to obtain experimentally.
For full details, the reader is referred to Van der Hoef
et al.’?

The resulting force and torque for particle a are obtained
by adding the pairwise contributions of all the particles b
that are in contact with particle a

FZ = Z (Fn‘ab +Ft,ab)

b

Ft,ah = ,u|Fn,ab |tah

®)

and

Ta = Z (Runah XFl,ah) (9)
b

We note that contact forces and torques between particles
and walls are treated similarly to particle—particle contacts,
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but the walls are assumed to be nonmoving (in the corotating
frame of reference) and of infinite mass.

Sakaguchi et al. first introduced the rolling friction con-
cept into DEM when they performed a comparison study of
experiments and modeling of plugging of granular material
during silo discharge.’’ Their rolling friction model was
based on a experimental and theoretical study of Beer and
Johnson®® and proposed by Zhou et al.>* We include a roll-
ing friction in our DEM simulation method to account for
the fact that real particles are never perfectly spherical, or
remain spherical upon contact. Indeed, particles in industrial
processes such as in the steel industry tend to have a very
irregular shape. The most accurate solution would be to
model the exact particle shape. However, this is computa-
tionally very expensive because of the large increase in the
number of degrees of freedom, and more expensive statisti-
cal ensemble averaging. Simulating the exact shape is, there-
fore, not suitable for simulating large scale granular flow in
industrial processes. The particle shape mainly affects the
particle rotation velocity and the particle packing fraction.
As a first approximation, we will still treat the particles as
spherical, but with an additional rolling friction to account
for the decrease in rotation velocity.*® To this end, we intro-
duce an additional rolling resistance torque on a particle a
due to interactions with a particle b, as follows

0y,
Tear=—HeReFuan o= 1' (10)
e

Ore] =W, — O (11)

where @, is the relative angular velocity between particles
a and b. The rolling resistance torque is assumed to scale
linearly with the magnitude of the normal force between par-
ticles @ and b, and with the rolling radius R, defined as
R.,= _RaRp (12)
(R, +Ryp)

The dimensionless coefficient of friction p from the soft-
sphere model and the coefficient of rolling friction p, from
the above model together determine the rolling behavior of a
single particle falling down a plane inclined at an angle 0.
For a perfectly smooth and infinitely stiff sphere, we have
p =0, and the friction p at the surface of the sphere causes
a pure rolling motion without sliding for shallow inclination
angles tan 0 < u, and rolling and sliding for steeper inclina-
tion angles tan 0 > u. For less ideal, but still nearly spherical
particles, we have O <p,<p, and the particle will repose
(neither slide nor roll) for tan 0 < p,, roll for . < tan0 < p,
and roll and slide for tan 6 > u. Note that in our work, to
ensure a continuous flow without stagnation, we will keep
the inclination angle of the chute fixed at an angle for which
tan 0 > p. However, the above classification is valid only for
a single particle falling down an inclined plane; the effect of
rolling resistance on the flow of multiple particles is more
difficult to predict and, therefore, part of this study.

Coriolis and centrifugal forces

The particles flowing through the chute are in relative
motion with respect to the chute boundary, which in its turn
is rotating with respect to a fixed frame. Although it is possi-
ble to simulate a moving chute boundary, for pure chute
flow it is computationally more efficient to work in a frame
of reference that corotates with the rotating chute. The first
advantage is that contact detection between particles and the
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Figure 2. Definition of axes and orientation of gravita-
tional and Coriolis forces experienced by par-
ticles flowing down a rotating inclined chute
in our discrete particle model.

chute inner wall, as well as computation of the particle-wall
contact forces, can be carried out without the need to find
the location of the chute moving boundary during each com-
putational step. The second advantage is that it is computa-
tionally much cheaper to include the effects of interstitial
gas in a corotating frame of reference. Note that for a large
scientific community usage of a corotating frame of refer-
ence is standard and common practice, for example, in the
meteorological and the fluid dynamics community.*°

When working in a corotating frame of reference, pseudo-
forces arise due to the noninertial motion of the system.
Every individual particle @ in the rotating system experiences
an additional Coriolis force and centrifugal force, both of
which must be added to the equation of motion Eq. 1

(F)ro[aling = (F)slalionary _2mu(QXVu) Mg (QX [era}) (13)

where Q is the angular velocity of the chute and r, the posi-
tion of particle a relative to a position located on the axis of
rotation. The rotation axis and the directions of the Coriolis
and centrifugal accelerations are all shown in Figure 2.

Similarly, every particle will experience an additional Cor-
iolis torque, which must be added to Eq. 2

(T)rotating = (T)Stationary _]a (QX(DG) (14)

Inclusion of a Coriolis torque is necessary because, even
when no other torques apply to a particle, in the comoving
frame of reference the direction of the particle’s angular
momentum will appear to reorient. When applying Eq. 14, this
reorientation is such that the true angular momentum (i.e., when
viewed from an outside inertial system) is exactly conserved.

We emphasize that the physics does not change when
going from an inertial to a corotating frame of reference.
The contact forces, which depend on relative positions and
relative velocities, remain unaffected. When focusing only
on flow through a rotating chute, as we do in this work, the
use of pseudoforces is simpler than including interactions
between particles and an explicitly moving wall. When the
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nonrotating process equipment before or after the chute is
also modeled, the advantage of using a corotating frame dis-
appears, and using an inertial frame is preferred.

Equations for gas hydrodynamics

In this work, we will test the role of interstitial gas for
both nonrotating and rotating chute. The motion of the gas
phase is described by the equations of mass and momentum
conservation. Given the large number of particles in DEM
simulations one usually resorts to the volume-averaged Nav-
ier—Stokes equations. From mass conservation, we have

O(2py)

g —

—5 1V (gpgu)=0 (15)
where p, is the gas density, ¢ is the local porosity, and u is
the gas velocity measured in the corotating frame. The
momentum equation for the gas phase reads

d(ep,u)

Ttg+v - (epguu)=—2ep, Q@ X u—2¢p,Q X (QXr)

—&eVp =8, — V- (e1y) Tep,g
(16)

where p is the gas pressure, S; is a source term caused by drag
with the particles (see later) and g is the gravitational accelera-
tion. Note that the first two terms on the right-hand side of Eq.
16 take into account the effect of system rotation on vectorial
quantities (in this case velocities),*! but that no such terms
appear in the continuity equation Eq. 15 because mass is a scalar
quantity. The viscous stress tensor for the gas phase is assumed
to obey the general form for a Newtonian fluid, that is

ta=— (g~ %Mg)(v Wl (Vut (Vo)) (17)
where /, is the gas-phase bulk viscosity, , is the gas-phase
shear viscosity, and I the unit tensor.

To solve the above equations, the chute is divided into NX
X NY X NZ computational cells (in the corotating frame of
reference). The pressure and gas velocity in each cell can be
calculated from discretized versions of Eqgs. 15 and 16.*

The sink term S;, in Eq. 16 represents the drag experienced
by the particles in the computational cell, which we treat as
point sources of momentum for the gas phase. In detail*

Sp:iJZNpm BVa (u=v,)d(r—ry)dV (18)

Vv a=1 1—g¢

where V represents the local volume of the computational cell
and V, is the volume of particle a. The distribution function &
distributes the reaction force acting on the gas phase to the com-
putational cells, where a trilinear interpolation method is used in
this work.'® The interphase momentum transfer coefficient, f3,
describes the drag of the gas phase acting on the particles, which
is modeled using the correlation proposed by Beetstra™
2
f= A( 1 ‘b)

1
d—i +B (1—¢)Re

a

4
A=180+18—_8g (1+1.5\/1—g) (19)

_0.31(e ' +36(1—¢) +8.4Re %)
B 1+103(01-8)Re2:-25

where Re=¢p,|u—v,|d,/u, is the particle Reynolds number
and d,=2R, is the particle diameter.

B
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The pressure and drag forces acting on the particles in Eq.
1 are given by

FP=—V,Vp (20)

v
F5‘,=1j/i

(u—v,) 21)

Note that total momentum of the gas and solid phase is
locally conserved: Eq. 20 is consistent with the third term on
the r.h.s. of Eq. 16, and Eq. 21 balances the source term in
Eq. 18.

The boundary conditions for the gas phase imposed for
the side walls and the bottom wall of the chute is no-slip
and for the top boundary we impose a prescribed velocity in
all three directions equal to u=—QX(r—r;s ), representing
the position-dependent cross-wind (lid-flow) present at the
open chute top during the experiments. We emphasize that
the latter boundary condition represents a worst-case sce-
nario for the influence of the gas because (1) with respect to
gas flow in the width-wise direction, we assume a maximum
amount of lid-driven flow, while in reality the air near the
open top boundary of the chute will not remain stagnant in
the inertial lab-frame and (2) because with respect to the gas
flow in the streamwise direction, we assume a maximum
amount of deceleration caused by the top boundary (near-
zero z-velocity) instead of a stress-free condition (with zero
velocity gradient). A coflow velocity inlet boundary condi-
tion is imposed at the inlet and a constant pressure outlet
boundary condition at the exit of the chute.

Simulation settings

The physical properties of the spherical glass particles and
the conditions for the simulation are shown in Table 1. The
flow domain was divided into small cells, with the size of
each cell approximately twice the particle diameter. This cell
size has been shown to yield accurate results for the particle-
gas interaction forces in simulations of dense fluidized
beds.**

In our DEM simulations, the chute is initially empty, as is
the case in the physical experiments. Simulations are carried
out for a constant mass flow rate at the inlet of the chute.
We introduce the particles at the chute entrance in a rectan-
gular area with a variable height, which we refer to as the
sluice height. We arrange the particles in a bcc-lattice using
as many particles as can be fitted in the sluice height.
Because the mass rate is fixed, the streamwise velocity with
which the new particles are initialized is smaller when the
sluice height is larger. Specifically, we introduce the par-
ticles with a mass flow rate of 1.6 kg/s, which is equal to the
mass flow rate of our previous experiments.36 The total num-
ber of particles in the chute depends on the inclination angle
and rotation rate and also fluctuates in time. The typical
number was approximately 31,000 for an inclination angle
of 30° and approximately 26,000 for 40°. The simulations
were carried out on a single core of an Intel Xeon E5520
processor (at 2.27 GHz). In general, each simulation required
60 h of calculation time for each 6 s of simulation.

Computational Measurements
Calculation of bed height in simulations

We calculated the bed height similarly in simulations and
experiments.’® In the experiments, an electronic height sen-
sor was used which measures the height by averaging the
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Table 1. Simulation Settings for Monodisperse Flow of Glass Particles

1 Channel Dimensions: Number of computational cells:
Width = 0.08 m, NX = 16
Depth = 0.045 m, NY = 15
Length = 0.9 m NZ = 150

2 Particles Diameter = 3 mm
Total number of particles (typical) = 26,000-31,000
Density = 2550 kg/m*
Mass flow rate = 1.6 kg/s

3 Collision parameters Particle—particle collisions
Normal spring stiffness k, = 1000 N/m
Coefficient of normal restitution ey, pp = 0.97
Coefficient of tangential restitution e pp = 0.33
Coefficient of friction tpp = 0.12
Coefficient of rolling friction Hepp = 0.0
Particle-wall collisions
Coefficient of normal restitution enpw = 0.95
Coefficient of tangential restitution epw = 0.33
Coefficient of friction Hpw = 0.22
Coefficient of rolling friction Urpw = 0.0

4 Time and time step Total simulation time T=60s

Time step

dr=25%x10"%s

top of the highest particles over a circular area with a diame-
ter of 28 mm. Independent measurements on stationary
packed beds showed that the experimental error in these bed
height measurements is about 50% of a particle diameter,
that is, 1.5 mm. We measured the averaged bed height at
three different width-wise positions, that is, the left, center,
and right side of the chute, centered at 0.015, 0.045, and
0.065 m of the 0.08-m wide chute. In our simulation, the
time averaged bed height was calculated over a matrix of 5
X 5 cells with similar dimensions as the sensor surface, as
shown in Figure 3.

Calculation of surface velocity in simulations

In our previous experiments,36 we used PIV to determine
the average two-dimensional (2-D) velocity field of the visi-
ble surface particles.*>**® The basic principle of PIV is to
record two images with a short time delay and determine the
displacement of the particles between the two images with a
spatial cross-correlation algorithm on two consecutive
images. Careful selection of the time between two consecu-
tive images was required to minimize the influence of out-of
plane motion of particles. We set the resolution and magnifi-

cation in such a way that the particle images are about 5 pix-
els in diameter, which is known to give accurate results in
PIV measurements.*®*7 A multipass algorithm was used with
an initial interrogation area size of 3232 pixels and a final
size of 16X16 pixels nonoverlapping interrogation areas,
which yields an approximated displacement error of O(0.1)
pixels.*® Due to the very high seeding density (particles per
interrogation area), there were practically no outliers. Any
remaining outliers were removed with a standard median fil-
ter. After postprocessing, a time-averaged velocity field was
obtained from a sequence of instantaneous velocity fields
obtained over a time interval during which the flow was
steady. We found that the error in this velocity field is 0.2%,
which is relatively small. Full details and results are given in
Shirsath et al.*®

In this work, we will validate our DEM simulations by
comparing particle velocity measurements between experi-
ments and simulations. To enable a direct comparison, the 2-
D particle velocity field is calculated for those particles that
are optically visible from above the chute, because in the
experiments the camera was mounted perpendicularly above
the chute at a large distance of 1.5 m. In our simulations,

:
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Figure 3. Top view of a section of the chute with the grid cell structure used for bed height calculation.

Chute walls are present at the left and right side of this figure and the granular flow is in the Z direction. In the experiments, the
bed height is averaged over a circular area at three width-wise positions: left, center, and right (dashed circles). For validation, in
our simulations the bed height is averaged over approximately the same areas consisting of 5 X 5 cells, indicated by red, green,
and yellow color, respectively. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. Time-averaged bed height along the length of the chute inclined at 30° for different sluice heights feed-

ing a nonrotating chute.

The particle mass loading rate is constant and equal to 1.6 kg/s. In all subsequent figures a sluice height of 0.045 m is used, and
the origin of the horizontal axis is shifted to obtain a match between experiment and simulation in a single point, as described in
the main text. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the surface velocity is calculated by time-averaging the aver-
age velocity of the topmost six particles in each streamwise
and with spanwise cell. This choice closely matches the
number of experimentally visible particles because at the
given particle diameter of 3 mm, and the width-wise and
length-wise size of the cells of 5 X 6 mm?, it is expected
that 4-6 particles will be visible from above the chute. We
have checked the dependence of the surface velocity meas-
urements on the number of topmost particles used, and found
only a negligible influence (less than 0.1% difference in
measured surface particle velocity) for particle numbers
ranging from 3 to 12.

Results and Discussion

In this section, results obtained from the DEM simulations
are compared with the experimental results of Shirsath
et al.’® Specifically, we will focus on the particle bed height
and streamwise and spanwise particle velocities at the sur-
face of the granular flow for different rotation rates and fixed
angles of inclination of 30° and 40°. First, the effect of
charging at the inlet of the chute, and subsequently the influ-
ence of the interstitial gas on the granular flow behavior is
studied. We then report on a sensitivity study to check the
effect of the particle collision parameters on particle bed
height in the chute.

Influence of inlet particle charging

In real-life blast furnace processing, the particles are
charged from a hopper onto the surface of the chute. In our
simulations, we can pour the particles in a similar way. How-
ever, we expect that the granular flow through the chute is
primarily determined by the particle properties and the particle
mass loading rate. In other words, we expect that memory of
the details with which the particles are introduced into the
chute will fade quickly relative to the time needed to flow
down the chute. To confirm this, we introduce the particles at
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the inlet of the chute in a rectangular area with a variable
height which we refer to as the sluice height. We arrange the
particles in a bcc-lattice using as many particles as can be fit-
ted in the sluice height. Because the mass rate is fixed (to
1.6 kg/s), the streamwise velocity with which the new par-
ticles are initialized is smaller when the sluice height is larger.
We performed several sets of simulations for different sluice
heights feeding a nonrotating chute, as shown in Figure 4.
Figure 4 shows that the bed height is indeed independent of
the sluice height (and therefore, independent of initial veloc-
ity) after approximately 0.2 m from the inlet of the chute,
especially when the sluice height is more than 3 cm. The
same holds true for the particle velocity. We have also tested
the influence of sluice height for an inclination angle of 40°
and for rotating chutes, rotating at the maximum rate of
16 rpm. Moreover, we performed a series of simulations
where the particles are introduced in the same manner as in
the experiments, that is, from a hopper at the top directly onto
the chute surface (which are computationally more expensive
simulations). For all these cases we found that, again, the bed
height and particle velocity are independent of sluice height
after approximately 0.2 m from the inlet (not shown). In all
subsequent simulations, we have used a constant sluice height
of 0.045 m.

Conversely, the bed height and surface flow velocity do
depend on the manner of particle introduction in the first
0.2 m of the simulated chute. To be able to compare experi-
ments and simulations, we have determined the first point at
which the bed height and surface flow velocity match between
experiment and simulation for a single nonrotating chute at an
angle of inclination of 30°. In all subsequent figures, we have
shifted the origin (for distance along the flow direction) to
this point. It is important to have exactly the same distance to
the rotation axis in both simulations and experiments. In
detail, in both our simulations and in our experiments the axis
of rotation is cutting through the bottom plane at a distance of
0.035 m before the point of origin determined above.
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Figure 5. Snapshots of steady-state granular flows, flowing from top to bottom through a chute inclined at 30°

and rotating at 16 rpm.

Particles are color-coded by their velocity. Top: flow without gas drag. Bottom: flow with gas drag included in the simulation;
arrows show the gas velocity vectors above the particle bed. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Influence of interstitial gas

A granular material flow is defined as the flow of a fluid-
particle system in which the effects of the interstitial fluid
are assumed to be negligible. This is the asymptotic state of
particle-fluid flows in which the majority of the momentum
is transferred by particle—particle interactions. Intuitively this
implies that: (1) the fluid viscosity is low, minimizing the
effect of viscous drag on the particles and (2) that the solid
density is much higher than the fluid density, so minimizing
both relative buoyancy (gas—solid) and added mass effects.
To study the influence of the interstitial gas for our system,
we performed simulations with and without gas. In the simu-
lations with gas, both the particles and the gas are introduced
at a constant flow rate. Figure 5 shows snapshots of mono-
disperse flows down chute with and without gas for rotating
case (16 rpm). Figure 6 shows the average particle velocity
in both a nonrotating chute (0 rpm) and a rotating chute
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(16 rpm), which increases from a low value at the inlet to a
large value at the outlet as a result of gravity. When gas is
included in the simulation, the averaged velocity decreases
slightly in both the nonrotating and the rotating chute. How-
ever, the influence of the interstitial air is relatively minor,
lowering the velocity at the end of the chute by 2-3% in a
nonrotating chute and 5-10% in a rotating chute (at both
angles of inclination studied in this work). We will show in
the remaining part of this work that this small effect can
effectively and efficiently be incorporated by tuning the
coefficient of friction, leading to an accurate agreement with
experimentally observed particle velocities and bed height.

Sensitivity study of collision parameters

To investigate the sensitivity of the flow on the collisional
properties of the particles, we have performed a series of
DEM simulations in which the collisional parameters were
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Figure 6. Time-averaged streamwise particle velocity in a chute inclined at 30°, comparing simulations with and

without air drag.

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

systematically varied from the base case (for glass particles)
given in Table 1. Each time one particle—particle collision
parameter was varied and its influence on the surface veloc-
ity of the particles was determined.

Base Case Simulation: Glass Particles. The base case
simulation was performed for the flow of monodisperse glass
spheres down a chute inclined at 30°. We note that at first we
used in our simulations the coefficient of friction between
glass particles and between glass particles and plexiglass
walls as measured by single particle experiments in our lab.
We found that the coefficient of friction between glass par-
ticles is 0.1189 and between glass particle and plexiglass
wall is 0.097. These values are close to the values reported in
the literature.*® Similar to findings in the literature,** we
found that we actually needed to use a higher value for the
friction coefficient between particle and wall (0.22 instead of
0.097) to obtain quantitative agreement with the experimental
(nonrotating) chute flow results. This higher value is compen-
sating for the fact that smaller values of the materials’
Young’s modulus (lower effective spring stiffnesses) are used
in the simulations to allow for reasonable time integration
steps. To be precise: in our work, the value for the particle-
wall friction coefficient has been tuned once to achieve maxi-
mum agreement between the simulated and experimental sur-
face velocity and bed height for the nonrotating base case at
30° chute angle. All other cases are then used as validation
of our model.

The surface velocity of the particles obtained from the
base-case simulation is compared with the experimental sur-
face velocity in Figure 7. We observe that the simulated
time-averaged surface velocity is in good agreement with the

experimental surface velocity at the same operating
conditions.
3432 DOI 10.1002/aic Published on behalf of the AIChE

Effect of Tangential Restitution Coefficient. We first
study the influence of the coefficient of tangential restitution
(for particle—particle and particle-wall collisions) on the
averaged surface velocity in the chute. We varied the tangen-
tial restitution coefficient ¢, from 0.1 to 0.9, where the base
case value is 0.33, while keeping e, equal to e. In all
cases, we obtained results which are nearly indistinguishable
from the base case shown in Figure 7 (and are, therefore,
not shown). This is already a first indication that in our sys-
tems the tangential forces between the particles are usually
saturated to values limited by the coefficient of friction. We
will return to this point when we investigate the influence of
the coefficient of friction.

Effect of Normal Restitution Coefficient. Next, we study
the influence of the coefficient of normal restitution for both
particle—particle and particle-wall collisions. We varied e,
from 0.3 to 0.99, where 0.97 is the base case, while keeping
the ratio e pw/enp, constant. Under certain conditions the
coefficient of normal restitution is a sensitive parameter for
the flow behavior in DEM studies.**>° However, for chute
flow we find only a very weak dependence of the average
velocity on e, (not shown). This is in contrast with, for
example, the flow of particles in a fluidized bed, where small
perturbations in solid fraction grow exponentially, reinforced
by the gas flow and inelastic collisions. Such a formation of
heterogeneous structures does not occur in the chute flows
studied here.

Effect of Coefficient of Friction. The coefficient of fric-
tion p is important because it determines the maximum tan-
gential force that can be exerted at the surface of a particle
for a given amount of normal force. As such, it determines
the transition from a sticking to a sliding collision. We
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Figure 7. Time-averaged streamwise surface particle velocity along the length of the chute inclined at 30°.

Base case simulation for the collision properties of glass spheres. Small circles represent experimental data and the line is from the
base case simulation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

performed several simulations using different values of the
coefficient of friction, with a fixed ratio for particle-wall
collisions, while keeping all other collision parameters con-
stant. The result presented in Figure 8 shows that the
streamwise surface particle velocity is very sensitive of the
value of the coefficient of friction. With increasing p, the
surface velocity decreases continuously. From this, we con-
clude that the particles are exerting relatively large tangen-
tial forces on each other and are considerably slowed down
if their surfaces are rough. The transition between sticking
and sliding collisions, determined by the coefficient of fric-

tion, is therefore one of the most important phenomena in
particle chute flow.

Effect of Coefficient of Rolling Friction. Finally, we
study the effect of the coefficient of rolling friction p, (for
both particle—particle and particle-wall collisions) on the par-
ticle surface velocity in the chute. The value of the rolling
friction was varied between zero and its maximum which
can be reasonably assumed for near-spherical particles, that
is, a maximum equal to the coefficient of friction p, while
keeping all other parameters constant as shown in Table 1.
Figure 9 shows that the influence of the coefficient of rolling
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Figure 8. Time-averaged streamwise surface particle velocity along the length of chute inclined at 30° for different

coefficients of friction.

Small circles are experiments using glass and lines are simulations (where the green line is the base case for glass). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. Time-averaged streamwise surface particle velocity along the length of chute inclined at 30° for different

coefficients of rolling friction.

Small circles are experiments on glass and lines are simulations (the green line is the base case for perfect glass spheres). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

friction on the surface particle velocity is relatively minor,
except when it is close to the coefficient of friction. With
increasing rolling friction, the surface velocity decreases
slightly, except in the initial part of the chute where the par-
ticles do not yet rotate significantly, and are therefore not
yet influenced by rolling friction.

Summary of Sensitivity Study. In summary, for the type
of granular chute flow considered here, we have found that
the streamwise surface particle velocity is very sensitive to
the value of the coefficient of friction, somewhat sensitive to
the value of the coefficient of rolling friction, and insensitive
to the values of the coefficients of normal and tangential res-
titution. It is, therefore, most important to choose the coeffi-
cients of friction between particles and between particles and
walls correctly. The right choice can only truly be confirmed
by comparing simulation predictions with experiments for a
range of properties and a range of experimental conditions,
which is the topic of the next section.

Validation: Comparison with Experimental
Results

In the previous section, we have confirmed that our DEM
simulations are able to predict the steady-state streamwise
surface particle velocity of an experimental system consist-
ing of glass spheres of 3 mm flowing down a nonrotating
chute inclined at 30°. The reader is reminded that the
parameters for this base case are given in Table 1. In the
remainder of this article, we validate the model for more
chute settings, with chutes rotating at different rotation
rates and two different inclination angles, comparing not
only the streamwise surface particle velocity, but also the
spanwise surface particle velocity and particle bed height
profile.

The major effect of chute rotation is a sideways deflection
of the particle stream due to Coriolis forces present in the
frame of reference corotating with the chute. This is con-
firmed in Figure 10, which shows snapshots of the steady-
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state flow of monodisperse particles in a chute inclined at
30° for different rotation rates, where colors indicate the
magnitude of the velocity of the particles.

12 1.6 2 2.4
0.9 25

Figure 10. Top view snapshots of steady-state granular
flows, flowing from left to right through a
chute inclined at 30°.

The chute is rotating with a rotation rate of 0, 8, or
16 rpm. Gray scale: experiments. In the simulations snap-
shots, particles are color-coded according to the magni-
tude of their streamwise velocity, from blue to red for
low to high velocity. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

October 2014 Vol. 60, No. 10 AIChE Journal


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

Q=0rpm Q=4 rpm

&0 « BExpt@x=0015m e '
—Sim@ x=0.015m
0.0 = Expt@x=0045m 0.02

' |—Sim@ x=0.045m
\N& + Expt @ x= 0.065 m
0.01 —Sim @ x= 0.065m 0.01

E | . . . | . .
£ 0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
3
o Q=8rpm Q=16 rpm
@ 003 . 0.03 .
0.024
0.01}
0 : 0 r S—
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

Chute length (m)
Figure 11. Bed height as a function of streamwise position (along the length of the chute) for three different width-
wise positions in a chute inclined at 30°, rotating with rates of 0, 4, 8, and 16 rpm.

Small circles are experiments and lines are simulations. Note that the bed height is averaged over an area equal to the height sen-
sor surface area. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Q=0rpm Q=4 rpm
— ] * Expt@x=0015m o ] '
—SIm@ x=0.015m
% s _ = Expt @ x=0.045m
0.02 0.02
—Sim@ x=0.045m
+ Expt@ x=0.065m
0.01F —Sim @ x=0.065m 0.01
E
£ ‘ i i
S 00 0.2 0.4 0.6 0.8 00
[ =
el
©
m

Q=8rpm
: 0.03

0.03

0.021¥ : . 0.0

0.017 0.01;

0 1 i
0 0:2 0.4 0.6 0.8
Chute length (m)
Figure 12. Bed height as a function of streamwise position (along the length of the chute) for three different width-
wise positions in a chute inclined at 40°, rotating with rates of 0, 4, 8, and 16 rpm.

Small circles are experiments and lines are simulations. Note that the bed height is averaged over an area equal to the height sen-
sor surface area. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

AIChE Journal October 2014 Vol. 60, No. 10 Published on behalf of the AIChE DOI 10.1002/aic 3435


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

Q=0rpm Q=4 mpm

s Exptz=00m

_ * Exptz=02m
"3 U N Y — N B S —  Bxptz=04m
g T, vy . o 5. T I i e, M. e e e * Exptz =06m
g b, b i —Simz=00m
g 1 ,_._-.-—'——r-—-—-r—o—v---r—-—-r-w—-—r-.-T- 1 _:-—'—'ﬁ—r—'—“'—f-"‘-'—'-—'rﬁ—r—r-—s- —Simz=02m
2 —S8imz=04m
g8 o0 - 0 - —Simz=06m
- 0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.8
g
7 Q=8rpm Q=16 rpm
© 3 3
0
3
£
g 2 2
o

1t 1

0 . " s 3 0 i .

0 0.02 0.04 0.06 0.08 0 0.02 004 0.06 0.08

Chute width (m)
Figure 13. Streamwise particle velocity along the width of the chute inclined at 30° for a rotation rate of 0, 4, 8,
and 16 rpm.

Symbols represent the experiments, lines are results for simulations. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Particle bed height with experimental results (symbols) for three different
width-wise positions in the chute and six different length-
wise positions. For the nonrotating chute, the bed height
continuously decreases along the length of chute, and the
results are nearly indistinguishable for the different width-
wise positions. As the rotation rate of the chute increases,
the bed height increases on the right side of the chute and

Figure 11 shows the bed height as a function of position
along the length of the chute, for a chute inclined at a fixed
angle of 30°. Figure 12 shows the same measurements for
an inclination angle of 40°. The bed height is averaged
over an area corresponding to the area of the ultrasonic
height sensor. The simulation results (lines) are compared
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Figure 14. Streamwise particle velocity along the width of the chute inclined at 40° for a rotation rate of 0, 4, 8,

and 16 rpm.

Symbols represent the experiments, lines are results for simulations. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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decreases on the left side. Generally, given the experimen-
tal error of approximately 1.5 mm, the simulation results
are in good agreement with the experimental measurements.
There is one exception: at higher rotation rates of 8 and
16 rpm, the experiments show a maximum in the height as
a function of streamwise position at the right side of the
chute (blue symbols), which is much less apparent in our

simulations (blue lines). We attribute this to our previous
observation that the precise manner of particle introduction
is important for the first 0.2 m. At the highest rotation rate
of 16 rpm, memory of the precise manner of introduction
appears to extend somewhat further down the chute, but
agreement between experiments and simulations is found
again beyond 0.4 m.
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Streamwise surface velocity in the width-wise direction

Figures 13 and 14 show the streamwise surface particle
velocity as a function of width-wise position at four dif-
ferent streamwise positions, for rotation rates 0 rpm (non-
rotating chute), 4 rpm, 8 rpm, and 16 rpm. The
streamwise positions are at z=0.0 m, 0.2 m, 0.4 m, and
0.6 m. The simulation results (lines) are compared with
experimental results (symbols). The figures show that in
all cases the streamwise velocity is slightly lowered near
the side walls of the chute. Moreover, as the rotation rate
increases, the particles move sideways causing a lack of
data at higher width-wise positions. Again, we find good
agreement between the simulations and experimental
results.

Spanwise surface velocity in the width-wise direction

Figure 15 illustrates the spanwise surface particle veloc-
ity along the width of the chute at different cross sections
in the length of chute. The simulation results are com-
pared with experimental results for different rotation rates
of the chute at an inclination of 30°. We observe that the
magnitude of the spanwise velocity first increases and
then decreases for consecutive streamwise positions. This
corresponds to the process of sideways motion induced by
Coriolis forces, which is finally stopped by the compac-
tion of the granular flow against the side wall. The maxi-
mum spanwise velocity increases with increasing rotation
rate. Similar results, but with even larger spanwise veloc-
ities are found for a chute inclination angle of 40°, as
shown in Figure 16. Again, some deviations between sim-
ulation and experiments are observed at the start of the
chute (z=0 m, blue symbols and blue lines) at higher
rotation rates, consistent with our previous observation
that the precise manner of particle introduction is impor-
tant for the first 0.2 m. Taking this into account, rather
good agreement is found between experiments and
simulations.
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Computational Measurements of Optically
Inaccessible Properties

We have used the experiments on bed height and surface
particle velocity to validate the DEM simulations. We now
give two examples of how the simulations can be used to
obtain insight in properties that cannot readily be obtained
from optical experiments.

Depth-dependent flow profiles

The first example concerns the depth-dependent shear flow
profile of a granular flow, that is, the streamwise velocity as
a function of depth.

In Figure 17, we show the flow profiles for nonrotating
(0 rpm) and rotating (16 rpm) chutes at different streamwise
positions. The results for the nonrotating case have been aver-
aged over the full width of the chute, whereas for the rotating
case we have made two measurements, one averaging over
the left half of the chute width and another averaging over the
right half (excluding cells without particles). Figure 17 shows
that in all cases the granular material behaves almost like a
plug flow, with only a relatively small velocity gradient. In
other words, the chute flow is dominated by slip with the bot-
tom wall. This is consistent with our previous observation of
the dominance of the coefficient of friction.

In the rotating chute, particles in the right half of the chute
(as seen in the direction of flow) are slightly slowed down rel-
ative to a nonrotating chute. This may be caused by a domi-
nance of the additional friction with the side wall induced by
Coriolis forces over the centrifugal forces. Particles in the left
half of the chute are not pushed against a side wall, and are
therefore influenced more by the centrifugal forces, leading to
a slight acceleration relative to a nonrotating chute.

Depth-dependent solid volume fraction

The second example of a property that is difficult to
access experimentally is the depth-dependent solid
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Figure 18. Contour plots of average solid volume fraction along the depth of the chute for an inclination angle of
30° and rotation rate of 0 rom (top three panels), and 16 rpm (lower three panels).

Averages are taken over slices with a width of 0.025 m located at the left, center, and right side of the chute. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

volume fraction. Figure 18 shows the contour plots of
solid volume fraction as a function of the depth of the
chute at different three width-wise positions. The simula-
tion results shows that the bottom part of the granular
flow in a chute is close to random close packing, but the
solids volume fraction decreases toward the free surface,
with the largest gradient near the free surface. The solid
fraction is slightly different along the center line com-
pared to the side positions for the nonrotating chute. For
the case of rotation, the particles moves sideways which
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results in an increase in solid volume fraction on the right
side of the chute. Measurements such as these are very
difficult to obtain experimentally and show the compli-
mentary strength of DEM simulations.

Conclusions

In this article, we have presented a comparative study of
DEM simulations and experimental results of dry granular
flows of 3-mm glass spheres down an inclined rotating chute.
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The key objective of the work was to validate the model for
granular flow on a rotating chute with experimental results
of the bed height and surface particle velocity in the chute.
We found that the precise inlet conditions are very important
for the flow behavior in the initial part of the chute, but
have no influence on the flow behavior after a relatively
short distance from the inlet (in our case about 20 cm). We
also found that the effect of air on the flow behavior of the
particles is relatively small and can be captured effectively
and efficiently by tuning the friction coefficient. For this
type of chute flow, the most important particle contact
parameters are the friction coefficient and, to a lesser extent,
the rotational friction coefficient. The precise values of the
normal and tangential coefficients of restitution have no dis-
cernible effect on the particle flow. The main effect of rota-
tion is obvious, namely to push the particle stream against
the side wall. However, in this work, we have shown that
the simulation model is also capable of quantitatively pre-
dicting the experimental results. We have highlighted how
the simulation model can subsequently be used to predict
properties that are not readily accessible to optical experi-
ments. We conclude that these simulations can be used with
confidence to obtain more detailed insights in complex flows
such as mixtures of particles of different size or different
density. This will be the topic of our next article.
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Notation
Roman symbols

m = mass of particle, kg
v = particle velocity, m/s
g = gravitational acceleration, m/s
t= time,
= force, N
= torque, Nm
. = rolling torque, Nm
= moment of inertia, kg/m2
= normal unit vector
= tangential unit vector
= particle radius, m
rolling radius, m
diameter, m
position, m
mass flow rate, kg/s
gas pressure, Pa
gas velocity, m/s
momentum source term, N/m’
local volume of the computational cell, m*
volume of particle, m>
restitution coefficient
spring stiffness, N/m
number of grid cells in x, y, z direction
number of particles
constants
time step

a<<-um="6©'1 b-\x'd”
I

N > o
I n

NX, NY, N

>
S w=
1}

Greek symbols

® = rotational velocity, 1/s

n = damping coefficient

1= coefficient of friction

1, = coefficient of rolling friction
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B = interphase momentum transfer coefficient, kg/m’s
0 = angle of inclination of the chute, degrees

p = density, kg/m®

Q = rotation rate of chute, rad/s

¢ = local porosity

T = gas-phase stress tensor, kg/ms”

A= gas-phase bulk viscosity, kg/ms
Ug = gas-phase shear viscosity, kg/ms

o = distribution function

o = overlap vector, m

Subscripts

a, b = particle indices

p = particle

g = gas phase
w = wall

n = normal

t = tangential
rel = relative
tot = total

g= gas

Superscripts

¢ = contact

p = pressure

d = drag

T = transposed
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