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A discrete element model (DEM) is used to investigate the behavior of spherical particles flowing down a semicylindri-
cal rotating chute. The DEM simulations are validated by comparing with particle tracking velocimetry results of spher-
ical glass particles flowing through a smooth semicylindrical chute at different rotation rates of the chute. The DEM
model predictions agree well with experimental results of surface velocity and particle bed height evolution. The vali-
dated DEM model is used to investigate the influence of chute roughness on the flow behavior of monodisperse granular
particles in rotating chutes. To emulate different base roughnesses, a rough base is constructed out of a square close
packing of fixed spherical particles with a diameter equal to, smaller, or larger than the flowing particles. Finally, the
DEM model is used to study segregation in a binary density mixture for different degrees of roughness of the chute. VC
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Introduction

Granular flows down inclined planes are encountered in
applications of industrial transport of solid materials, as well
as many naturally occurring phenomenon such as debris
flows, avalanches, and landslides. The details of the flow are
very sensitive to various parameters such as geometry and
roughness of the confining walls, shape of the grains, flow
rate, and coupling with the interstitial fluid.

In this article, we focus on the effect of wall roughness.
Granular flows can be classified into three categories based
on the base roughness. The first is the flat-frictional base, in
which a relatively smooth planar surface has frictional inter-
actions with the flowing particles. The second is the bumpy
base, which can be studied experimentally by glueing par-
ticles onto the bottom surface.1 The third is an erodible base
in which a moving layer of particles flows over a bed made
up of static unconstrained particles.2 Experiments and simu-
lations have shown that different flow regimes are observed
with different types of bases.3 There is shearing throughout
the height for flow over a bumpy base, while the flow over a
flat-frictional base consists of a thin mobile fluidized layer of

particles at the bottom supporting a plug flow above.4 In the
flow over an erodible bed, the flow is confined to a thin
layer of particles at the top of the pile. These qualitative dif-
ferences in the flow dynamics are not captured by this phe-
nomenological models.

There have been different approaches to attempt to under-
stand and predict the flow dynamics of granular materials,
such as continuum theories based on kinetic theory of granu-
lar particles and discrete particle simulations applied to gran-
ular flows. Before proceeding with granular flows down
rotating rough chutes, a short overview of literature on gran-
ular flows on inclined planes without rotation is given.

Several authors have focused on flows on smooth fric-
tional planes.5–9 In particular, Campbell and Brennen10

reported simulations of flows of granular materials (two-
dimensional flow of disks) down inclined chutes and com-
pared the results with existing experimental data. They found
qualitative agreement with the velocity profiles observed by
Augenstein and Hogg.5 They observed that the velocity shear
profile has the same shape as in liquid flow, except for a slip
velocity at the wall which is much higher than observed in
liquid flow. The solid volume fraction is maximum at the
center of the flow and reduced close to the bottom wall and
close to the upper surface. The granular temperature, which
is a measure for the amount of velocity fluctuations, is found
to be high in the high-shear region next to the wall and low
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below the surface. Jenkins11 developed the first theory for
rapid granular flows interacting with a flat, frictional wall.
Louge et al.9 performed computer simulations to test the
theory of Jenkins for the interaction between a rapid granular
flow of spheres and a flat, frictional wall. He examined the
boundary conditions that relate the shear stress and energy
flux at the wall to the normal stress, slip velocity, and fluctu-
ation energy and to the parameters that characterize a colli-
sion. He found that while the theory captures the trends of
the boundary conditions at low friction, it does not anticipate
their behavior at large friction.

Other authors have focused on flows on rough
chutes.1,12–24 Dippel and Wolf18 found in their study of
molecular dynamic simulations of granular flow on a rough
inclined plane in 2-D that the coefficient of restitution has
only a minor influence on the solid volume fraction as well
as mean velocity of particles in the steady-state flow of gran-
ular materials. Augenstein and Hogg5 experimentally meas-
ured the velocity profiles under a variety of conditions, and
the effect of variables such as roughness and inclination of
the surface, depth of flow and particle size has been eval-
uated quantitatively. They performed experiments with vari-
ous sizes of particles glued to the bottom of the chute. The
flow of individual particles strongly depends on the nature of
the surface over which they are flowing. They found that
when the glued particles are of the same size as that of the
flowing particles, the velocity profile exhibited zero slip at
the wall. Conversely, when the glued particles are smaller
than the flowing particles, the slip increased toward that
measured for a smooth surface. Similarly, Hanes and Wal-
ton19 performed an experimental and discrete element model
(DEM) study of granular flows down bumpy inclined chutes.
They observed fully developed flows over a bumpy base for
a range of inclinations. Moreover, they reported that the
characteristics of the base strongly influences the flow
regimes and flow dynamics. The experiments and simula-
tions revealed relatively good agreement for particle veloc-
ities near sidewalls and on the surface. They observed that
the granular temperature is maximum near the bumpy base
and decreases toward the surface. Midi24 proposed a phe-
nomenological constitutive law for inclined plane flows over
uniform but rough chutes. Obviously, the particles at the bot-
tom experience less slip on rough planes, and their velocity
at the wall is relatively small or even zero (no-slip).
B€orzs€onyi and Ecke25 performed experiments on the granular
flows on rough inclined channels with emphasis on high
inclination angles. They characterized the granular flow by
measurements of the surface velocity, the average layer
height, and the mean density of the layer as a function of
the hopper opening (i.e., mass rate), the plane inclination
angle, and the downstream distance of the flow. They
observed that at low volume flow rates, a transition was
detected between dense and very dilute flow regimes. In
addition, it was observed that using a vacuum flow channel,
air did not qualitatively or quantitatively modify the mean
flow velocities of the granular layer except for small changes
in the very dilute-like phase. Very recently, Kumaran and
Bharathraj2 studied the development of the flow of a granu-
lar material down an inclined plane starting from rest as a
function of the base roughness. Their rough base was made
of a random configuration of fixed spheres with diameter dif-
ferent from the flowing particles, and the base roughness
was decreased by decreasing the diameter of the base par-
ticles. They confirmed that the flow development for the

ordered and disordered flows is very different. During the
development of the disordered flow for the rougher base,
there is shearing throughout the height. During the develop-
ment of the ordered flow for the smoother base, there is a
shear layer at the bottom and a plug region with no internal
shearing above.

Despite the common occurrence of rotating chutes in
industrial applications, only few studies have investigated
the effect of chute rotation on granular flows. The studies
which have been done are limited to smooth chutes.4,26,27 In
this work, we will investigate the interaction between effects
of base roughness and effects of chute rotation. Our investi-
gation will predominantly be based on DEM simulations, but
we start by validating the simulation method. We do this by
a careful comparison with experimental results for the case
of a rotating semicylindrical smooth chute.

The experimental measurement methods should not influ-
ence the granular flows, that is, they should be nonintrusive.
In the past, several nonintrusive measurement techniques
have been applied to granular flow systems, such as particle
image velocimetry (PIV),27–30 particle tracking velocimetry
(PTV) (Shirsath et al., submitted),31–33 magnetic particle
tracking,34 magnetic resonance imaging,35–37 and positron
emission particle tracking.38,39 In an accompanying paper
(Shirsath et al., submitted), we cross-validate results obtained
from the PTV technique against results obtained from the
PIV technique for surface particle velocity in both stream-
wise and spanwise direction, and against results from an
ultrasonic sensor for the particle bed height, finding good
mutual agreement between the different methods. Advantage
of the PTV technique is that all measurements can be
obtained from a single experiment, whereas bed height meas-
urements by an ultrasonic sensor at multiple locations
require a large number of experiments. Therefore, in this
work, we apply the PTV technique to investigate granular
flows in a rotating semicylindrical chute.

The chutes used in blast furnaces are rotating; they may
even rotate at such high rates that Coriolis and centrifugal
forces start to play a significant role, leading to prevailing
flow patterns and particle distributions in a rotating chute
which deviate considerably from those in a nonrotating
chute. The key parameter that classifies the relative effect of
the inertial and Coriolis forces is the so-called Rossby num-
ber, defined as

Ro ¼ va

2XLcos/
(1)

where va is the particle flow velocity (within the corotating
frame), X is the rotation rate of the chute, L is a chute
length, and / is the angle of inclination of the chute with
respect to the horizontal direction. When Ro� 1, the effects
of rotation are unimportant and can be neglected, whereas
Ro� 1 signifies a system which is strongly affected by Cor-
iolis forces. The relative importance of the centrifugal force
compared with the gravitational force is usually quantified
by the Froude number defined as

Fr ¼ X2Lcos/
g

(2)

When Fr � 1 gravity dominates the centrifugal effects
which keeps all particles inside the chute.

For the work described in this article, we implemented a
semicylindrical chute geometry in the DEM model used
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previously for rectangular chutes.4 We will show that the
DEM model shows good agreement with data obtained from
PTV experiments. The validated DEM model then is used to
computationally study the effect of variation of base rough-
ness on the flow behavior of monodisperse 0.003 m diameter
particles in a rotating rough chute. The base of the chute is
comprised of a square packing arrangement of fixed par-
ticles, and the diameter of the rough base particles is varied
with respect to that of the flowing particles to change the
base roughness. A flat-frictional base may be viewed as the
limiting situation in which the fixed particle diameter tends
to zero. Specifically, for the bumpy rough base, we choose
particle diameters of 0.0015 m, 0.003 m, and 0.006 m,
respectively. We will also present a DEM simulation study
of the influence of base roughness on the segregation rate in
a binary mixture of particles having the same diameter but
different density of 4000 and 900 kg/m3.

This article is organised as follows. In three-dimensional
(3-D) PTV Measurements for Rotating Granular Flows sec-
tion, the PTV experimental setup and technique are dis-
cussed briefly. In Simulation Model section, a summary of
the DEM model is given, including implementation details
on the smooth and rough base and the parameter settings. A
validation of the DEM model against experimental data is
presented in Validation of the DEM for a Smooth Semicylin-
drical Chute section. In Influence of Base Roughness on
Monodisperse Granular Flows and Influence of Base Rough-
ness on Segregation in Binary Density Flows sections, we
present our base roughness study and segregation study,
respectively. Finally, we give our conclusions in Conclusions
section.

3-D-PTV Measurements for Rotating Granular
Flows

In this section, we briefly describe the setup of the 3-D-
PTV system as applied to study granular flows in a rotating
semicylindrical chute. Full details will be published in an
accompanying paper (Shirsath et al., submitted), where we
compare this technique with other experimental techniques
for the case of a rotating chute with a rectangular geometry.

Figure 1 shows a schematic representation of the side
view of the 3-D-PTV experimental setup. The dimensions of
the semicylindrical plexiglas chute are 1-m length and 0.14-
m inner diameter. The inclination angle of the chute, defined
with respect to the horizontal, is adjustable between 0� and
60�. The granular material is stored in a hopper at the top
end of the chute. To minimise rotational flow of the granular
material inside the hopper prior to deposition on the chute,
the rotation axis passes through the center of the hopper. At
the end of the chute, a collecting tank is placed on a
dynamic weighing scale to measure the flow rate. The whole
setup is mounted on a rotating table, so that the flow is
measured in the noninertial frame of reference.

The PTV hardware setup consists of three main compo-
nents: an image acquisition system, an illumination facility,
and the tracer particles. Three high speed cameras, placed on
a beam parallel to the chute at a distance of 1.6 m, are used
to capture the images, as shown in Figure 1. Three cameras
are needed, of which one has an orientation exactly perpen-
dicular to the chute, whereas the two other cameras are
slightly tilted and are, therefore, able to capture the chute
from different angles. From these three different angles, the
positions of particles can be determined and subsequently,

the trajectory of individual particles can be reconstructed.
The three cameras are synchronized so that images are cap-
tured at the same time from all cameras. The images are
recorded at a relatively high framerate of 2000 fps, which
ensures that the displacement of the tracer particles in
between frames is at most of the order of a particle diameter.
Four strong LED lights are used to illuminate the whole
chute. To visualize the granular flow in the rotating chute
with PTV, it has to be seeded with tracer particles. The
physical properties of the particles should be close to the
properties of flowing granular particles to guarantee that it is
representative of an ordinary granular particle. We used
0.003 m blue spherical glass spheres which have the same
physical properties as all the other colorless glass particles.

The software code used for postprocessing is based on the
ETH-code, which is modified and adapted for this setup by
specialists of the Fluid Dynamics Laboratory at the Depart-
ment of Applied Physics (TU/e). The processing basically
consists of three phases: calibration of the camera system on
a known target body, reconstruction of 3-D-positions from
image to object space, and temporal tracking.40 The more
detailed information about the calibration and postprocessing
of PTV output results can be found in the our previous paper
(Shirsath et al., submitted). Details of the algorithms used in
our code can be found in the literature: for calibration and 3-
D positioning algorithms, we refer to Maas et al.;41 for the
temporal tracking algorithm to Malik et al.;42 and for the lat-
est developments of the tracking routine to Willneff and
Gr€un.43–45 In this setup, up to 400 particles per time step
have been tracked on average.

The particle tracks are used to determine the surface parti-
cle velocity and the particle bed height at all available
streamwise and widthwise positions. Details of these compu-
tations are reported elsewhere (Shirsath et al., submitted).

Figure 1. Schematic drawing of the experimental
setup, side view.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Simulation Model

Discrete element model

The soft-sphere DEM model originally developed by Cun-
dall and Strack46 is one of the most used and reliable simula-
tion tools applied extensively for the numerical analysis of
granular flow behavior. DEM-based simulations and model-
ing have been reviewed by various authors before.47–49 In
this section, the equations of the DEM are briefly discussed.
For more details, the reader is referred to our previous
work.4

In DEM, every particle is individually tracked, accounting
for particle-particle and particle-wall collisions. The particle
positions and velocities follow Newton’s equations
of motion. The translational equation of motion for a particle
a is

ma
dva

dt
¼ mag1Fpp

a 1Fpw
a (3)

and the rotational equation of motion for a particle a is

Ia
dxa

dt
¼ Ta (4)

where ma is the mass of particle a, va the velocity of the
particle, xa its angular velocity, and Ia the moment of inertia
around its center of mass. The first term on the right-hand
side of Eq. 3 is the force due to gravity. The second and
third terms represent contact forces resulting from particle-
particle and particle-wall interactions, respectively. The tor-
que Ta on a particle is also determined by these contact
forces. In our work, we use a first-order time integration
scheme to integrate the above equations of motion Eq. 3.

Note that we neglect the effects of air drag in our DEM
simulations. In our previous work,4 we found that for the rel-
atively large particles used in this work, the interstitial gas
has only a very small influence on the flow dynamics in
both rotating and nonrotating chute flows, which can be
effectively lumped in the particle friction coefficient.

For the particle contact forces, we use a standard linear
spring/dashpot model, wherein separate springs and dashpots
are defined for normal and transversal displacements. This
model accounts for energy dissipation, as characterized by
empirical coefficients of normal and tangential restitution
and the coefficient of friction. For more details on the imple-
mentation of this soft-sphere model, we refer to Van der
Hoef et al.50

Coriolis and centrifugal forces

Particles in a chute are in relative motion with respect to
the chute boundary, which in its turn is rotating with respect
to a fixed frame. When focusing on granular flow inside the
chute, it is computationally much more efficient to work in a
frame of reference that corotates with the rotating chute. The
advantage of this is that contact detection between particles
and the chute’s inner wall and computation of the particle-
wall contact forces can be readily performed without the
need to find the location of the chute’s moving boundary
during each computational step. When working in a corotat-
ing frame of reference, apparent forces arise due to the noni-
nertial motion of the system. Every individual particle a in
the rotating system experiences an additional Coriolis force
and centrifugal force, both of which are added to the above
equation of motion (1)

ðFÞrotating ¼ ðFÞstationary22maðX3vaÞ2maðX3½X3ra�Þ (5)

where X is the angular velocity of the chute and ra is the
position of particle a relative to the axis of rotation through
the feeder sluice gate. The rotation axis and the directions of
the Coriolis acceleration are all shown in Figure 2.

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

ðTÞrotating ¼ ðTÞstationary2IaðX3xaÞ (6)

Inclusion of such a Coriolis torque is necessary because,
even when no explicit torques apply to a particle, in the
co-moving frame of reference, the direction of the particle
angular momentum will reorient. When applying Eq. 6
this reorientation is such that when viewed from an out-
side inertial system, the angular momentum is actually
conserved.

Implementation of the smooth and rough wall chute

Two different types of bases, namely a smooth and a
rough base, are used in the DEM model simulations.

Figure 2. Orientation of gravitation force mag and Cori-
olis force 22maðX3vaÞ experienced by a par-
ticle of mass ma moving with velocity va
down a rotating chute inclined at a fixed
angle /.

The chute is rotating with an angular velocity X around

an axis which cuts the chute at the centerline of the

chute. The xyz coordinate system of the simulations is

also indicated in the figure.
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For the smooth base, almost the same contact model is
used as for a particle-particle contact. One difference is that
the normal unit vector defining the collision contact orienta-
tion is always pointing perpendicular to the local surface of
the semicylinder (i.e., toward the long symmetry axis of the
corresponding cylinder). The other difference is that a higher
coefficient of friction is used for particle-wall contacts. This
corresponds to the higher friction experienced between the
glass beads and a plexiglass wall.

The rough base is made up of spherical particles which
are fixed in a square close packing in a semicylindrical
manner and which remain stationary in the corotating
frame of reference. In all cases, the rough base has been
created by placing the particles against the smooth semicy-
lindrical wall. We use the same contact model between
flowing and stationary base particles as between two flow-
ing particles, but again using a higher coefficient of fric-
tion. By choosing different diameters for the stationary
base particles, a variation in the base roughness can be
obtained. Three different stationary base particle diameters
of 0.0015 m, 0.003 m, and 0.006 m (0.5, 1, and 2 times
the diameter of the flowing particles) are analyzed in
detail. To make fair comparison of different base rough-
nesses, the coefficient of friction between the rough base
particles and the flowing particles is made equal to friction
between the smooth base and flowing particles. A cross-
section of the smooth chute and three arrangements of
rough base particles are shown in Figure 3. We note that
in all simulations, smooth sidewalls are present above the
semicylindrical chute, keeping all particles inside the sys-
tem until they leave at the end of the chute.

Simulation and experimental settings

The physical properties of the spherical glass particles and
the conditions for the simulations and experiments are shown
in Table 1. The resulting Rossby and Froude numbers are
given in Table 2.

In our DEM simulations, the chute is initially empty, as is
the case in the physical experiments. The particles are then
added with a constant mass flow rate, equal to the mass flow
rate in the experiments, at the inlet of the chute. This inlet is
located at the top of the chute, right before the rotation axis,
as shown in Figure 2. We introduce the particles in a rectan-
gular feeding area with arrangement of the particles in a
bcc-lattice.

Because in the experiments, the particles are fed by a hop-
per, the details of particle introduction are slightly different
between experiments and simulations. We have shown
before4 that flow characteristics, such as surface particle
velocity and particle bed height, in a similar system (but
using a rectangular chute) are sensitive to the details of par-
ticle introduction, but only in the first 0.3 m of the chute just
after the sluice gate. Moreover, the first 0.1 m is blocked
from the field of view of the PTV cameras by the hopper.
Therefore, here and in the following, we will define the
lengthwise chute position z 5 0 as the point which is physi-
cally 0.1 m from the intersection between the rotation axis
and the bottom of the chute, being aware that there may still
be small differences between experiments and simulations
for z values up to 0.2 m. We note that in our experiments,
the last 0.1 m of the chute was out of the field of view of
the camera-lens system. Therefore, in our simulations, we
have omitted the last 0.1 m of the chute, explaining the dif-
ference in length reported in Table 1.

Time averages of the particle flow properties are calcu-
lated in the steady state. The meaning of steady state in our
simulations is that the mass flow rate at the exit is equal to
the mass flow rate at the inlet of the chute. With our mass

Figure 3. Cross-sectional view of the implementation of
the smooth chute (a) and three different rough
base particle diameters: (b) Db 5 0.0015 m, (c)
Db 5 0.003 m, and (d) Db 5 0.006 m.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. Simulation and Experimental Settings

Property Simulation Experimental

Length of chute 0.9 m 1.0 m
Diameter of chute 0.14 m 0.14 m
Inclination of chute 30� 30�

Rotation rate of chute 0, 4, 8, and
16 rpm

0, 4, 8, and
16 rpm

Mass flow rate 3.2 kg/s 3.2 kg/s
Particle type Spherical glass Spherical glass
Particle diameter 0.003 m 0.003 m
Particle density 2550 kg/m3 2550 kg/m3

Spring stiffness 1000 N/m
Coefficient of

normal restitution
en;pp ¼ en;pw ¼ 0:96

Coefficient of
tangential restitution

et;pp ¼ et;pw ¼ 0:33

Coefficient of friction lpp ¼ 0:10; lpw ¼ 0:22
Number of

computational cells
28 3 28 3 150

Total simulation time 6.0 s
Time step 2:531026 s

Table 2. Rossby and Froude Numbers for Different Chute

Rotation Rates X.

X Ro (Db ¼ 0:0 m) Ro (Db ¼ 0:006 m) Fr

4 rpm 4.5 2.96 0.012
8 rpm 2.3 1.49 0.049
16 rpm 1.1 0.74 0.19

The Rossby number is given for the smooth chute (Db ¼ 0:0 m) and the
roughest chute (Db ¼ 0:006 m). The Froude number is independent of chute
roughness.

AIChE Journal July 2015 Vol. 61, No. 7 Published on behalf of the AIChE DOI 10.1002/aic 2121

http://wileyonlinelibrary.com


rate of 3.2 kg/s, the total number of particles in the chute
reaches up to 55,000 for a smooth base, and 60,000, 75,000,
and 90,000 for a rough base particle diameter of Db

¼ 0:0015 m, 0.003 m, and 0.006 m, respectively. The simu-
lations were performed on a single core of an Intel Xenon
E5520 processor (at 2.27 GHz).

Computational measurements

For all computational measurements, the chute domain is
first divided in a number of computational cells. The grid
size is chosen in such a way that a sufficient number of par-
ticles is present in each cell, while ensuring that the particles
in the sampling cell have a correlated mean velocity. In this
work, the grid size is chosen as 28 cells in the width direc-
tion, 28 cells in the height direction, and 150 cells in the
length direction, so that each fully occupied cell contains on
average around six particles. Note that we do not use a
cylindrical coordinate system to define the mesh, first,
because this would lead to a very low number of particles
per cell near the symmetry axis, and second, because the
symmetry is broken by gravity. Given this symmetry break-
ing, a natural choice for the coordinate system is one in
which the long axis of the chute and the gravity direction
form a single coordinate plane (in our case in the zy plane),
and the last coordinate (the x coordinate) is perpendicular to
this plane.

To compare data from PTV and DEM for the smooth
chute case, the particular postprocessing needed for compar-
ing bed height and surface particle velocity is described in
detail in another paper (Shirsath et al., submitted). In sum-
mary, to obtain the simulated surface particle velocity, for
each column of computational cells, the average velocity is
determined by only the topmost particles which in reality
would be visible from above by the PTV cameras. The bed
height in each column of computational cells is estimated as
twice the center of mass height of the particles, relative to
the chute bottom at the location of the column. Note that
this approach is only well defined for smooth chutes where
the granular flow is plug-like and the surface of the granular
medium is relatively sharp. For nonsmooth chutes, the sur-
face is much more diffuse and this measurement serves as a
well-defined estimate of the effective bed height.

In this work, we also use the DEM simulations to gain
insight in the effect of base roughness on the granular tem-
perature. Similar to the concept of temperature in statistical
mechanics, the granular temperature h is a measure for the

Figure 4. Top view snapshots of steady-state granular
flows, flowing from top to bottom through a
chute inclined at 30�.

The chute is rotating with a rotation rate of (a) 0 rpm

and (b) 16 rpm. The mass flow rate at the inlet of chute

is equal to 3.2 kg/s in both experiments and simulations.

The first image is a raw image of the experiment, the

second image is a reconstructed image of PTV particle

tracks for all times, and the last image is a DEM simula-

tion snapshot, where particles are color-coded according

to 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.]

Figure 5. Streamwise surface particle velocity as a function of widthwise position, at four different streamwise (z)
positions.

The chute is inclined at 30� and rotating at a rate of 0, 4, 8, and 16 rpm, respectively. Symbols represent experimental PTV results

and lines are simulation results. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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velocity fluctuations relative to the average flow velocity.
The granular temperature is a very important quantity in the
kinetic theory of granular flow (KTGF), determining the rate
of particle collisions.51,52 DEM simulations such as used in
this study can be used to verify basic assumptions underlying
the KTGF and to validate the application of continuum mod-
els based on KTGF to these types of flows.

We use the method described by Goldschmidt et al.53 to cal-
culate the granular temperature. Note that the results are some-
what grid-size dependent: when the grid size is reduced, the
particle dynamics will become more homogeneous, leading to

a lower granular temperature. Conversely, when the grid size is
increased, more spatial variations of the average particle veloc-
ity will be sampled, leading to an apparently higher granular
temperature. It is, therefore, important to clearly define the grid
size when comparing different systems. In our case, the grid
size is chosen to be 5 mm. This is a good compromise between
having enough particles within each grid cell for good statis-
tics, and a small enough size to be able to measure the flow
features with relatively high resolution.

The granular temperature in the x-direction in each cell k
is computed from

Figure 6. Spanwise surface particle velocity as a function of widthwise position, at four different streamwise (z)
positions.

The chute is inclined at 30� and rotating at a rate of 0, 4, 8, and 16 rpm, respectively. Symbols represent experimental PTV results

and lines are simulation results. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Bed height as a function of streamwise position (along the length of the chute) for two widthwise posi-
tions centered at x ¼ 20:035 m (blue) and x 5 0.0 m (red), respectively, for rotation rates 0, 4, 8, and
16 rpm.

Symbols represent experimental results and lines are simulations results. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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hk;x ¼
1

Nk

XNk

a2cellk

ðva;x2�uk;xÞ2 (7)

where the sum runs over all particle a inside cell k, Nk is the
total number of particles in cell k, and �uk;x the average parti-
cle x-velocity in cell k

�uk;x ¼
1

Nk

XNk

a2cellk

va;x (8)

Granular temperatures for the y and z directions are calcu-
lated in a similar way. We will investigate the anisotropy in
granular temperature in the longitudinal direction relative to
that in the height direction (hz=hy). As we will show, this ani-
sotropy is significantly influenced by the chute base roughness.

The overall granular temperature in cell k is obtained with
contributions from all spatial directions

hk �
1

3
ðhk;x1hk;y1hk;zÞ (9)

In this article, when an average granular temperature is
reported, the average is weighted by the number of particles
in each cell. In this way, cells that do not contain particles
are not taken into account in the average.

Validation of the DEM for a Smooth
Semicylindrical Chute

Our DEM simulations for a semicylindrical chute are vali-
dated with well-defined laboratory experiments with the

Figure 8. Snapshots of DEM simulations of monodisperse granular flows in a chute inclined at 30� for a rotation
rate of 0 rpm (top) and 16rpm (bottom).

Particles are colored according to their streamwise velocities, from low velocity (green) to high velocity (red). The same color scale

is used for all snapshots. (a) smooth wall, (b) base Db 5 0.0015 m, (c) Db 5 0.003 m, and (d) Db 5 0.006 m. Similarly for (e)–(h).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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settings defined in Table 1. Specifically, we will focus on
the particle bed height and streamwise and spanwise particle
velocities at the surface of the granular flow for different
rotation rates at a fixed angle of inclination of 30�.

Figure 4 shows a qualitative comparison of raw images,
the collection of PTV particle tracks, and snapshots from the
DEM simulations. The major effect of chute rotation is a
sideways deflection of the granular flow due to Coriolis
forces present in the frame of reference corotating with the
chute. The colors in the DEM snapshots show how the parti-
cle velocity increases from top to bottom of the chute and
also increases with rotation of the chute. In the following
subsections, we will make a more quantitative comparison.

Streamwise surface particle velocity as a function of
width position

Figure 5 shows the streamwise surface particle velocity as
a function of widthwise position at four different streamwise
positions, for rotation rates 0 (nonrotating chute), 4, 8, and
16 rpm. The streamwise positions are at z 5 0.0 m, 0.2 m,
0.4 m, and 0.6 m. The simulation results (lines) are

compared with PTV experimental results (symbols). At
0 rpm, it can clearly be observed how the flow becomes nar-
rower and the streamwise velocity increases with increasing
z-position. Furthermore, with increasing rotation rate, the
particles are forced to the right side of the chute due to Cori-
olis forces. Most importantly, the DEM simulation predic-
tions are in near-quantitative agreement with the
experimental measurements. We find a mismatch near the
sides of the flow between our DEM simulations and PTV
experiments. This may be caused by the fact that fast par-
ticles, escaping to the side of the main flow, will have long
trajectories, while slower particles will re-enter the main
flow after a relatively short trajectory. This could lead to a
bias toward higher velocities in our PTV velocity analysis.

Spanwise surface particle velocity as a function of width
position

Figure 6 illustrates the spanwise surface particle velocity
as a function of widthwise position at the same streamwise
positions as Figure 5. At the top of the chute, z 5 0 m, an
outward velocity, relative to the center of the chute, can be

Figure 9. Averaged bed height along the length of the chute inclined at 30� for different base roughnesses and dif-
ferent rotation rates.

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

Figure 10. Averaged streamwise particle velocity as a function of the position along the chute for different base
roughnesses (see legend) at 0 rpm (left) and 16 rpm (right).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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observed. For the left side of the chute, this velocity is nega-
tive, and for the right side positive. As the mouth piece of
the hopper is rectangular and positioned at the center of the
chute, the particles tend to move outwards, that is, they
splash. This splashing of the particles is different between
DEM simulations and experiments because the way of intro-
ducing the particles to the chute is similar but not exactly
the same. This leads to differences in the spanwise velocity,
especially during the first 20 cm of the particle stream.
These measurements show good agreement for z 5 0.2 m
and beyond, confirming the insensitivity of particle introduc-
tion details for a semicylindrical chute also.

In all cases, we observe that the magnitude of the spanwise
velocity first increases and then decreases for consecutive

streamwise positions. This corresponds to the process of side-
ways motion induced by Coriolis forces. The maximum span-
wise velocity increases with increasing rotation rate.

Bed height

Figure 7 shows the bed height obtained from PTV mea-
surement as a function of the streamwise position along the
length of the chute. The bed height obtained from PTV is
averaged over a slice centered at widthwise positions x ¼ 2

0:035 m (at one fourth of the chute diameter) and x 5 0.0 m
(at the centerline), respectively, using a slice width of one
computational cell, that is, 0.005 m. The simulation results
(lines) are compared with experimental results (symbols).
For the nonrotating chute, the bed height continuously

Figure 11. Streamwise particle velocity as a function of the lateral (width) position for the nonrotating case (top)
and 16 rpm (bottom) for different base roughnesses (see legend).

The flow profiles are measured at three different positions along the length of the chute. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 12. Averaged streamwise particle velocity as a function of height in a nonrotating chute (0 rpm) for different
base roughness.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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decreases along the length of chute at both widthwise posi-
tions. As the rotation rate of the chute is increased, the bed
height increases on the right side of the chute and decreases
on half-width position of the chute. Moreover, at higher rota-
tion rates, we observe a maximum in the height as a function
of streamwise position at the side of the chute. These observa-
tions are again in agreement with the sideways motion of the
granular flow caused by Coriolis forces. Some deviations
between simulations and experiments are observed at the side
of the chute (blue lines) at higher rotation rates in the initial
0.2 m, which is due to the difference in particle inlet condi-
tions, as discussed previously. Beyond 0.2 m, the agreement
between simulation and experiments is very satisfactory.

In summary, we find that the DEM model is predicting,
with satisfactory to good accuracy, the flow behavior of glass
beads through a rotating semicylindrical chute. We will now
use this model to make predictions for rough chute systems.

Influence of Base Roughness on Monodisperse
Granular Flows

In this section, we will use the validated DEM simulations
to investigate the influence of base roughness on the flow
behavior of monodisperse granular materials.

Figure 8 shows snapshots for the monodisperse granular
flow through the chute inclined at 30� and rotation rates
of 0 rpm (top) and 16 rpm (bottom), comparing the
smooth chute with rough chutes with increasing degree of
roughness. Figures 8a–d show that, as the roughness of the
chute increases, the particle velocity in the chute decreases
down the chute because of the higher resistance offered by
the base. At the same time, the flow also becomes more
dilute because of the increased perturbations offered by
the stronger undulating base. Because the mass rate is
fixed, both effects lead to a significant increase in height
and broadening of the particle stream. Figures 8e–h show
that the chute rotation does not essentially change this
picture.

Bed height along the length of the chute

Figure 9 quantifies the increase in averaged height of the
particle bed in the chute along the length of the chute for
different base roughnesses.

The average height is maximum at the inlet of the chute
and then slowly decreases along the remainder of the length
of the chute for a smooth chute. As the roughness increases,

Figure 13. Averaged streamwise particle velocity as a function of height in a chute rotating at 16 rpm for different
base roughness.

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

Figure 14. Averaged granular temperature of particles along the length of the chute inclined at 30� for different
base roughnesses.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the bed height in the chute increases as compared with a
smooth chute.

As the rotation rate increases, the averaged bed height in
the chute increases, most notably at the highest rotation rate
where the centrifugal forces are strongest. This is in agree-
ment with the Froude number of 0.19 at the highest rotation
rate at the end of the chute.

Streamwise particle velocity as a function of the position
along the chute

Figure 10 shows the cross-sectional averaged streamwise
particle velocity along the length of the chute for different
base roughness and rotation rates.

As the base roughness is increased, we observe that the
average velocity decreases along the length of the chute.
Flowing particles close to a fixed rough base experience a
higher resistance, which may be enhanced by an increased
entanglement and ordering of the flowing material near a rigid
surface.1,15 In this respect, it is important to note that a
smooth base always produces an ever accelerating flow,
whereas in sufficiently rough and sufficiently long chutes, the
averaged velocity will reach a steady state. Figure 10 shows
that our chutes are clearly not long enough to reach such a
steady state, even for the highest amount of roughness.

When the chute is rotating, there is a small increase in
velocity, which is of the order of 10% at the highest rotation
rate of 16 rpm. The precise relative increase (relative to the
nonrotating case) is larger for a rough base than for a smooth

base. Therefore, the average acceleration of the particles in
the granular flow becomes less sensitive to the base roughness
when the chute is rotating with a high rotation rate.

Streamwise particle velocity as a function of width
position

Figure 11 shows a striking effect of base roughness on the
streamwise surface particle velocity as a function of the lat-
eral (width) position. At three different positions along the
length of chute, the surface streamwise velocity against the
width of the chute is plotted for the nonrotating and rotating
chute. Flows over the smooth base develop a plug region in
the center of the chute, whereas flows over the rough base
develop a more gradual and continuous change in velocity.
The latter is caused by the development of a shear layer in
which the velocity varies linearly with distance from the bot-
tom wall,54 in combination with the curvature of the semicy-
lindrical base. The effect is not yet apparent near the particle
inlet at z 5 0.0 m, but is strong halfway and at the end of
the chute. For the rotating chute, a similar trend in the devel-
opment of the surface velocity profile is observed, with the
expected lateral motion of particles.

Streamwise velocity as a function of height in the chute
(velocity shear profiles)

Figures 12 and 13 show the streamwise velocity of par-
ticles as a function of height in the chute for different
streamwise positions in the chute for the nonrotating and

Figure 15. Contour plots for granular temperature of
particles along the vertical center plane of
the chute inclined at 30� and no rotation
(0 rpm) for different base roughnesses.

Note the different color scales. The thick red line indi-

cates the bed height of the particles in the center

plane. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 16. Contour plots for granular temperature of
particles along the vertical center plane of
the chute inclined at 30� and a rotation rate
of 16 rpm for different base roughnesses.

Note the different color scales. The thick red line indi-

cates the bed height of the particles in the center

plane. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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rotating cases, respectively. These are better known as the
velocity shear profiles. The shear profiles were measured at
the center plane of the chute and averaged over a width of
two computational cells (0.01 m). In the case of the nonro-
tating chute, we clearly see the effect of base roughness on
the shear profile. As the roughness increases, all velocities
are diminished, where the largest difference is observed in
the slip velocity of the particles close to the base of the
chute. At larger streamwise positions, the slip velocity
increases, except for the largest roughness of 0.006 m where
the slip velocity remains close to zero. For the rough base
cases, the shear layer thickness (where the velocity increases
most significantly) is of the order of 0.03 m or 10 particle
diameters.

For a rotating chute, the shear profiles are similar to those
in a nonrotating chute at the beginning of the flow, but start
to differ considerably further downstream. Despite the
observed increase in velocity magnitudes, the thickness of
the shear boundary layer (for the rough base cases) does not
increase noticeably.

Granular temperature as a function of the position
along the chute

Figure 14 shows the time-averaged granular temperature
along the length of the chute for different base roughnesses

under different rotation rates. The granular temperature rep-
resents not only the fluctuation intensity between the granu-
lar particles but also represents the energy dissipation due to
colliding particles. High intensity fluctuations represent a
high collision rate and large energy dissipation.

For a smooth chute, the granular temperature is observed
to decrease immediately from the initial value caused by
dropping of the particles onto the chute surface. This is con-
sistent with the observed plug-flow profile where relative
velocities between particles are suppressed.

On the contrary, for rough base chutes, the granular tem-
perature increases with increasing streamwise position along
the chute and is maximum at the exit.

The granular temperature is significantly influenced by the
base roughness. Figure 14 shows that the average granular
temperature increases from 0.002 to 0.03 m2/s2 at the end of
the chute with increasing base roughness. A similar behavior
was also observed by Forterre and Pouliquen55 in granular
flows down inclined nonrotating rough chutes.

The rotation of the chute also influences the granular tem-
perature, especially for the larger roughnesses of 3 and 6 mm,
where the maximum is significantly increased at the end of
the rough base chute as compared with the nonrotating case.
The increase in granular temperature could be caused by cen-
trifugal forces on the particles resulting in an effective lift

Figure 17. Contour plots for streamwise to height ani-
sotropy of the granular temperature (hz=hy)
along the vertical center plane of the chute
inclined at 30� and no rotation (0 rpm) for
different base roughnesses.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 18. Contour plots for streamwise to height ani-
sotropy of the granular temperature (hz=hy)
along the vertical center plane of the chute
inclined at 30� and a rotation rate of 16 rpm
for different base roughnesses.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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from the base and larger streamwise velocities, and, therefore,
more violent collisions with the fixed base particles.

Distribution and anisotropy of granular temperature

We will now look in more detail at the distribution of the
granular temperature over the chute. Figures 15 and 16 show
the distribution of granular temperature in the vertical center
plane of the chute inclined at 30� and rotation rates of 0 and
16 rpm for different base roughnesses of the chute. We
observe that the granular temperature is highest near the bot-
tom of the chute and decreases in the direction of the surface
of the bed (indicated by the thick red line), in agreement with
observations made by Hanes and Walton.19 The magnitude of
the granular temperature strongly increases with increasing
base roughness, as expected. For nonsmooth chutes, we find
that chute rotation has an amplifying effect on granular tem-
perature. This is most clear in the second half of the chute,
where the high-temperature regions reach closer to the bed
surface in rotating chutes than in nonrotating chutes.

In thermalized equilibrium systems, the velocity fluctua-
tions are isotropic, that is, the same in all directions. How-
ever, we are dealing with a nonequilibrium dissipative
system here, and anisotropies in the granular temperature
may develop. Note that this is of high interest to the devel-
opment and validation of kinetic theories of granular flow,

the simplest of which usually assume that the velocity fluctu-
ations are characterized by a single, scalar, granular tempera-
ture. However, Sela and Goldhirsch56 allowed for the
possibility of an anisotropic granular temperature and pre-
dicted this anisotropy to be largest near the bottom of the
chute.

Figures 17 and 18 show the distribution of the streamwise
to heightwise anisotropy in granular temperature (hz=hy) in
the vertical center plane of the chute for different base
roughnesses. For smooth chutes and rough chutes with a
roughness of Db ¼ 0:0015 m, we find that this ratio is gener-
ally very close to unity, meaning that the amount of anisot-
ropy is low, except possibly very close to the chute base.
For chutes with higher roughness, we find somewhat more
anisotropy, with streamwise velocity fluctuations generally
being larger than the vertical velocity fluctuations by 10–
20%. For the smooth chute, chute rotation leads to a deple-
tion of particles along the center plane, and no accurate
measurements can be made beyond 0.4 m. For the rough
chutes, measurements can be made along the full length of
the chute. We find that chute rotation has a relatively small
effect on the anisotropy in granular temperature.

Figures 19 and 20 show the distribution of the streamwise
to widthwise anisotropy in granular temperature (hz=hx) in
the vertical center plane of the chute for different base

Figure 19. Contour plots for streamwise to widthwise
anisotropy of the granular temperature
(hz=hx) along the vertical center plane of the
chute inclined at 30� and no rotation (0 rpm)
for different base roughnesses.

Note the change in color bar scale compared with the

previous two figures. [Color figure can be viewed in

the online issue, which is available at wileyonlineli-

brary.com.]

Figure 20. Contour plots for streamwise to widthwise
anisotropy of the granular temperature
(hz=hx) along the vertical center plane of the
chute inclined at 30� and a rotation rate of
16 rpm for different base roughnesses.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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roughnesses. Generally, for all base roughnesses, we find a
much more pronounced anisotropy than for hz=hx, reaching
values beyond 1.6 for the higher roughness values. The rea-
son is that velocity fluctuations in the widthwise direction
(hx) are highly suppressed in our geometry.

In summary, we find that chute rotation leads to higher granu-
lar temperatures, especially in the second half of the chute. The
streamwise to height anisotropy is generally low for smooth
chutes and of the order of 1.1–1.2 for rough chutes. The stream-
wise to widthwise anisotropy is more pronounced (more than
1.6) for rough chutes. The picture that is emerging is that the
granular temperatures are generally ordered as hx < hy � hz.
This anisotropy is hardly influenced by chute rotation.

Influence of Base Roughness on Segregation in
Binary Density Flows

We now turn our attention to the influence of bottom
roughness and chute rotation on segregation of particles in a
binary mixture of high density (4000 kg/m3) and low density
(900 kg/m3) particles. All simulation parameters (except den-
sity) are as given in Table 1. The two different types of par-
ticles are introduced at the inlet of the chute in a randomly
mixed fashion with a particle number ratio of 1:1 and a con-
stant mass flow rate of 3.2 kg/s.

Figure 21 shows snapshots of the binary mixture flowing
through a chute inclined at 30� and rotation rates of 0 rpm

Figure 21. Snapshots of DEM simulations of binary mixture granular flows in a chute inclined at 30� for a rotation
rate of 0 rpm (top) and 16 rpm (bottom).

Particles are colored according to their density: green for 4000 kg/m3 and red for 900 kg/m3. The blue color indicates the chute

wall. (a) smooth wall, (b) base Db 5 0.0015 m, (c) Db 5 0.003 m, and (d) Db 5 0.006 m. Similarly for (e)–(h). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and 16 rpm, respectively, where particles are colored accord-
ing to their density (green for high density, red for low den-
sity). For a smooth chute, the segregation is very low. With
increasing base roughness, the segregation visibly increases,
with the low density particles preferring a position closer to
the surface of bed, and away from the rough base. Already
from the snapshots, we can observe that chute rotation has
only a minor effect on the segregation rate. We will quantify
this more fully in the following subsections.

Center of mass height along the length of the chute

Figure 22 (top row) shows the center of mass height of
the high density (symbols) and low density (lines) particles
along the length of the chute, for different base roughness
and for the nonrotating case and rotation at 16 rpm.

For nonrotating chute as the particles flow downwards along
the chute, they segregate into a small density top layer and
large density bottom layer. The extent of segregation is very
low for a smooth base because there are not enough perturba-
tions for the buoyancy to have an effect during the time needed
to flow down the chute. As the roughness increases, the degree
of segregation increases because, first, the perturbations are
stronger, and second, the streamwise velocity becomes lower
which gives the particles more time to segregate. For the rotat-
ing chute, there is not a significant change in segregation along
the length of the chute. This is better quantified by looking at
the difference of center of mass height, as shown in the bottom
row of Figure 22. This plot clearly shows that the segregation
is nearly zero for a smooth chute, increases with increasing
base roughness, but seems to saturate when the base roughness
is equal to the particle size or larger. We observe now that
chute rotation does tend to increase the segregation rate, but
the increase is relatively small.

We note that for the rotating chutes, the true segregation
distance between the low and high density phase is slightly
larger than estimated here because the normal of the bed

surface changes its direction with increasing rotation rate.
The true segregation would be the segregation measured
here, divided by the cosine of the angle between the bed sur-
face normal and the y-axis defined in Figure 2. However,
because this angle depends not only on the streamwise posi-
tion in the chute but also on the widthwise position, this
measure of segregation is not as well defined as the measure
used here. The most important conclusion, that chute rotation
tends to increase the segregation rate, but by a relatively
small amount remains valid.

Granular temperature and equipartition of energy

Figure 23 (top row) shows the averaged granular tempera-
ture for small and large density particles along the length of
the chute for the nonrotating case and rotation at 16 rpm. As
already observed for the monodisperse case, the granular tem-
perature decreases for the smooth chute, while it increases for
all rough chutes with increasing length position.

The velocity fluctuations are consistently higher for the
low density particles than for the high density particles. This
is reminiscent of the energy equipartition principle in statisti-
cal mechanics, which states that close to equilibrium the
kinetic energy of particle velocity fluctuations is distributed
equally among particles of different mass. Obviously our
system is not in equilibrium, but the departure from equilib-
rium may be quantified by investigating the ratio a of fluctu-
ating kinetic energies

a ¼ mlhl

mdhd

(10)

where m is the mass of a particle, the subscript l applies to
the light phase, and subscript d to the dense (heavy) phase.
Figure 23 (bottom row) shows that a is of the order of unity,
meaning that equipartition of energy approximately applies.
However, the precise value of a ranges from 0.6 to 0.8,
depending in a nontrivial manner on position in the chute,

Figure 22. Influence of base roughness on density segregation.

Top row: center of mass height along the length of the chute for a rotation rate of 0 rpm (left) and 16 rpm (right). The symbols

are for large density particles and lines for low density particles. Bottom row: difference in center of mass height along the length

of the chute for a rotation rate of 0 rpm (left) and 16 rpm (right). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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base roughness, and chute rotation rate. Note that the value
of a lower than 1 is not related to the fact that lighter par-
ticles tend to segregate because values in the same range are
observed for the nonsegregating flow over a smooth chute.

Conclusions

We have investigated the influence of base roughness, in
combination with chute rotation, on monodisperse and bidis-
perse (in density) granular flows through semicylindrical
chutes. Such chutes are commonly used in bell-less charging
of blast furnaces in the steel industry. We performed our
study using DEM simulations, which we have first validated
by comparing with experimental PTV measurements of bed
height and surface particle velocities.

We find that the base roughness has a strong influence on
the bed height, average particle velocity, and granular temper-
ature of a monodisperse granular flows down inclined (rotat-
ing) chutes. The slip velocity with the chute wall is much
reduced for larger roughnesses, reaching an essentially zero
value when the roughness is twice the particle diameter. Rota-
tion of the chute leads, besides the obvious lateral motion (to
the right) of the granular flow, to an increase in bed height,
an increase in average longitudinal velocity, a widening of the
stream velocity profile, and an increase in granular tempera-
ture, especially at downstream chute positions.

The base roughness also has a strong influence on the seg-
regation rate of a binary density mixture. For a smooth (but
frictional) chute, the segregation is essentially zero, it
increases strongly with increasing roughness and finally satu-
rates when the roughness is beyond a particle diameter. In
real applications of blast furnaces, the chutes are never per-
fectly smooth but contain imperfections and welding lines
with a roughness that could approach a considerable fraction
of a particle diameter. Our results are relevant because they
show that the strongest increase in segregation is taking

place between a roughness of 0 and dp=2. Rotation of the
chute tends to increase the segregation rate, but the increase
is relatively small. An analysis of the ratio of fluctuating
kinetic energies of the light and heavy phase shows that an
equipartition of energy only approximately applies. The ratio
varies between 0.6 and 0.8, meaning that on average a larger
fraction of the fluctuation kinetic energy is residing in the
heavy phase. We anticipate that these observations will con-
tribute to the future development and validation of contin-
uum models for application to granular flows in chutes.
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Notation

Roman symbols
D = diameter, m
e = restitution coefficient
F = force, N
g = gravitational acceleration, m=s2

I = moment of inertia, kg:m2

m = mass of particle, kg
N = number of particles
r = particle position, m
T = torque, Nm
v = particle velocity, m/s

Greek symbols
k = spring stiffness, N/m
h = granular temperature, m2=s2

Figure 23. Influence of base roughness on granular temperature in a binary density mixture.

Top row: averaged granular temperature along the length of the chute for a rotation rate of 0 rpm (left) and 16 rpm (right). The

symbols are for large density particles and the lines for low density particles. Bottom row: ratio of fluctuating kinetic energy of

light phase over dense phase, Eq. 10, along the length of the chute for a rotation rate of 0 rpm (left) and 16 rpm (right). [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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l = coefficient of friction
q = density, kg=m3

x = rotational velocity, rad/s
X = rotation rate of chute, rad/s

Subscripts
a = particle index
b = base
p = particle
w = wall

Superscripts
c = contact
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