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In blast furnaces, particles like coke, sinter and pellets enter from a hopper and are distributed on the burden
surface by a rotating chute. Such particulate flows suffer occasionally from particle segregation during trans-
portation caused by differences in density or size. To get a more fundamental insight into these effects, we
started an experimental study to investigate the effect of rotation on such particulate flows.
Here, as a first step, we present an experimental study of granular flow of monodisperse 3 mm spherical glass
particles flowing with a constant mass rate through a rotating smooth rectangular chute, which is inclined at
a fixed angle. Experiments are performed for a sufficiently long time to study steady (but streamwise accel-
erating) flow. Particle image velocimetry (PIV), electronic ultrasonic height sensors, and a dynamic weighing
scale are used to measure the surface velocity of the particle stream, the particle bed height and mass flow
rate in the chute, respectively. The influence of rotation speed and angle of inclination of the chute is studied.
We find an interesting interplay between the Coriolis force, which pushes the granular flow to the sidewall of
the chute and tends to diminish the acceleration of the flow, and centrifugal forces that accelerate the flow.
The velocity components display a complex dependence on the spanwise and streamwise position in the
chute. The bed height in the chute is also influenced by these effects of system rotation. These measurements
provide a well-defined set of observations for refining and validating computer simulations of granular flows,
and point out some important limitations of physical experiments.We present preliminary three-dimensional
discrete particle simulations, which show that the experimental measurements of bed height and surface
particle velocity in a chute inclined at 30° can be predicted nearly quantitatively both without and with rota-
tion of the chute.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The flow behavior of dry granular materials is very important in
many man-made and naturally occurring processes. Chemical, phar-
maceutical, metallurgical and agricultural industries need to handle
granular materials to produce their final products. Handling of granu-
lar materials involves the application of many solid processing de-
vices such as mixers, chutes, hoppers, and other transfer equipment.
An important example in the steel industry concerns the controlled
charging of blast furnaces with coke, sinter and pellets, where the
particles are finally delivered through open rotating channels.

Despite their common occurrence, fundamental knowledge about
the dynamics of particulate flows through inclined open channels is
still limited. Such particulate flows suffer occasionally from particle seg-
regation during transportation caused by differences in density or size.
The behavior of a granular flow through an inclined channel is partly
determined by the wall surface characteristics, which can be either
@gmail.com (S.S. Shirsath).

rights reserved.
smooth or rough. Smooth surfaces lead to an ever-accelerating flow,
see e.g. Augenstein et al. [1], Brennen et al. [2], Campbell [3], Johnson
et al. [4] and Holyoake [5]. In case of a rough surface, for a range of
chute angles a slow steady uniform granular flow can be produced.
Such a rough surface is often generated by gluing particles to the sur-
face, see e.g. Pouliquen [6], GDR MiDi [7], Holyoake [5] and Sheng [8].
It is of interest to mention that GDR Midi issues a phenomenological
constitutive law for flows over uniform but rough chutes. In contrast
to classical fluid mechanics, general constitutive laws for granular
flows are largely unknown and experimental studies in these circum-
stances provide a key approach to the investigation of their dynamical
behavior. Several experimental investigations and simulations have
been carried out in the past on complex conveyer geometry and profiles
to study the bulk flow behavior of granular materials, see Robert et al.
[9,10]. Continuum-based methods have been used to predict the flow
of granular cohesionless materials in chutes, see Roberts [11].

Different measurement techniques are used for measurement of
granular flow based on force sensors (Savage and McKeown [12],
Zenit et al. [13]), acoustic probes (Bennett and Best [14]), tracked
transmitters (Dave et al. [15]), capacitance probes (Louge et al.
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List of symbols
Ro Rossby number
Fr (rotational) Froude number
Vp particle velocity (m/s)
L chute length (m)
W chute width (m)
H chute height (m)
Q mass flow rate (kg/s)
mp mass of particle (kg)
dp particle diameter (m)
ρp density of particle (kg/m3)
Ώ rotation rate (rad/s)
ϕ angle of inclination of the chute (rad)
G gravitational acceleration (m/s2)
gn gravitational acceleration in normal direction (m/s2)
gt gravitational acceleration in tangential direction (m/s2)
r distance from the axis of rotation (m)
a
→

acceleration of particle (m/s2)
F
→

N reaction force from chute wall (kg m/s2)
M magnification of image (pixel/m)

Fig. 1. Orientation of gravitational, centrifugal and Coriolis forces experienced by
particles flowing down a rotating inclined chute.
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[16]), optical sensors (Dent et al. [17]), and digital imaging (Guler et
al. [18], Capart et al. [19], Bonamy et al. [20]). Variations on uniform
granular flow pertaining to flow around obstacles and oblique granu-
lar jumps or shock waves at slight corners have also been studied in
Gray et al. [21] and Hakonardottir and Hogg [22].

In this paper we consider specifically the effect of chute rotation
on the granular flow of monodisperse particles down a smooth in-
clined chute. The novelty of our investigation lies in the fact that
state-of-the-art experimental methods have been used to obtain a
well-defined reference data set of particles flowing down an inclined
chute at different rotation rates. The rotation leads to additional
Coriolis and centrifugal forces on the particles (Fig. 1), which in turn
lead to flow paths and particle distributions in a rotating chute
which deviate considerably from those in a non-rotating chute. The
key parameter that classifies the relative effect of the inertial and
the Coriolis forces is the so-called Rossby number, defined as

Ro ¼ Vp

2ΩL cosϕ
ð1Þ

where Vp is the particle flow velocity (within the co-rotating frame),
Ω is the rotation rate of the chute and L is the chute length and ϕ is
the angle of inclination. This is an important dimensionless parameter
also in geophysical flows when comparing typical flow time scales
L/Vp with the background rotation of earth the Earth. When Ro ≫ 1,
the effects of rotation are unimportant and can be neglected, whereas
Ro ≪ 1 signifies a system which is strongly affected by the Coriolis
force.

The relative importance of the centrifugal force compared to the
gravitational force can be quantified by a (rotational) Froude number
defined as [23]

Fr ¼ Ω2L cosϕ
g

ð2Þ

where g is the gravitational acceleration. When Fr ≪ 1 the gravity
dominates the centrifugal effects.

The paper is organized as follows. In Section 2 we present the
experimental setup and the measurement techniques. In Section 3,
we present the experimental results of the effects of rotation on the
flow behavior of a monodisperse granular flow through an inclined
chute for three different inclination angles ϕ = 30, 40 and 50°. In
Section 4, preliminary discrete particle simulation results are compared
with experimental measurements of a rotating chute inclined at 30°.
We will show that pronounced effects of rotation occur in granular
flows for which Ro b 1. We give our conclusions in Section 5.

2. Experimental setup and techniques

In this section we describe the experimental setup and measure-
ment techniques, including use of electronic ultrasonic height sensors
and particle image velocimetry (PIV). We outline experimental set-
tings and the experimental protocol followed in the experiments.

2.1. Experimental setup

In Fig. 2 we give a schematic representation of the side view of the
experimental setup. The chute is made of plexiglass for optical acces-
sibility. The experimental equipment includes a hopper for storage of
particles and a collection tank. A vacuum pump is attached to the top
of the hopper to recycle the granular material from the collection
tank. The mass rate is measured through a dynamic weighing scale,
the particle bed height is measured at selected locations through an
ultrasonic sensor, and the surface particle velocity field is measured
through a PIV camera and basic PIV tools.

The granular material is stored in a hopper at the top end of the
chute. To minimize 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. The bottom end of the hopper is
connected with different mouthpieces in order to get different flow
rates at exit of the hopper.

The flow region of the experimental setup consists of a rectangular
Plexiglas chute with transparent sidewalls though which the moving
granular material can be photographed. The interior of the chute is
1 m in length, 10 cm in height, and 8 cm in width. The bottom wall
of the chute is black to achieve a better contrast in the photographs.
The inclination angle of the chute (defined with respect to the



Fig. 2. Schematic drawing of the experimental setup, side view.
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horizontal) is adjustable between 0 and 70°. At the end of the chute, a
collecting tank is placed on a dynamic weighing scale to measure
the flow rate.

The PIV camera is placed halfway the length of the chute, perpen-
dicularly to the chute at a distance of 1.6 m. A 28 mm lens is used to
cover the entire length of the chute in a single photograph.

The whole setup is mounted on a rotating table, so that the flow is
measured in the non-inertial frame of reference. All the hardware
constituting the focusing system and the measurement system is
located on the top of the table or surface below it. The equipment is
remotely controlled from an adjacent room for safety precautions
during the rotating experiments.

Details of the experimental techniques will be described in the
next subsections.

2.2. Dynamic weighing scale

The mass rate with which the granular particles are flowing
through the chute in steady state is measured by a dynamic weighing
scale of 0–60 kg capacity provided by Mettler Toledo, installed at the
downstream end of the chute. Care has been taken to place theweighing
scale horizontally to prevent centrifugal forces from influencing the
measured weight. Weight measurements are logged at intervals of
1.0 s. Mass rate information acquired by the weighing scale is collected
and averaged over a time interval during which the flow is steady. The
error in the measurements of the mass rate during rotating experiments
is +/−0.05 kg/s.
2.3. Ultrasonic height sensor

We use an electronic ultrasonic sensor LRS3, provided by Formate
Messtechnik GmbH (Germany), to measure the particle bed height at
selected locations in the chute. The sensor sends an ultrasonic acous-
tic wave, then measures the time necessary for the wave to return by
reflection against a free surface, and finally computes the average dis-
tance separating it from the free surface. We use a circular sensor of
28 mm in diameter, resulting in measurements of the average height
of the particle bed in a circular area of approximately the same diam-
eter. The ultrasonic sensor is connected to a computer via a data
acquisition device. Height information acquired by the sensor is col-
lected, filtered, and averaged over a time interval during which the
flow is steady. The error in the height measurements is about 10%
of a particle diameter according to independent experiments. The



Table 1
Experimental settings and materials for experiments.

Parameter Symbols Value(s)

Chute length [m] L 1.0
Chute width [m] W 0.08
Chute height [m] H 0.1

Material Glass

Diameter of particle [mm] Dp 3
Density of particle [kg/m3] ρp 2550
Mass flow rate [kg/s] Q 1.6
Angle of chute [degrees] ϕ 30, 40, 50
Rotation rate [rpm] Ώ 0, 4, 8, 16
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sensor is fixed at different positions in the chute along the width and
length directions.

2.4. Particle image velocimetry

Particle image velocimetry (PIV) is a non-invasive measuring
technique developed originally to investigate liquid or gas–liquid sys-
tems, but recently extended to gas–solid dispersed flows. This mea-
surement technique can be used to obtain the instantaneous
velocity field, see Keane et al. [24] and Westerweel et al. [25]. 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 consec-
utive images. Another method is Particle Tracking Velocimetry (PTV)
which uses the displacement of the individual particles to determine
the velocity. An important difference between the PIV and PTV is the
seeding density which is much lower in PTV experiments. In PIV
analysis, the images are divided into N × N interrogation areas and
a velocity field can be obtained. More recently, PIV has also been suc-
cessfully applied to granular systems, see Link et al. [26], Bokkers et al.
[27], Santana et al. [28] and Dijkhuizen et al. [29]. In this case no laser
is required, since the particles are now illuminated directly from the
front using LED lamps. Since granular systems are opaque in nature,
these measurements are restricted to the study of the particles visible
at the flow surface.

When a PIV analysis is initiated, an image is subdivided into small
‘interrogation’ areas of N × N pixels. These interrogation areas do not
need to be strictly adjacent to each other. Usually, they overlap, so
that a more detailed velocity field is obtained. For each interrogation
area a cross-correlation is performed between two subsequent im-
ages, according to:

R sx; sy
� �

¼ 1
N2

XN
i¼1

XN
j¼1

I′ i; j½ �−I′
� �

I″ iþ sx; jþ sy
h i

−I″
� �

ð3Þ

for every displacement vector (sx, sy). I′[i, j] is the intensity of pixel
(i, j) in the first image and I″[i + sx, j + sy] is the intensity of pixel
(i + sx, j\sy) in the second image. Fluctuating noise is eliminated
by subtracting the average intensities I′ and I″ of the first and second
interrogation area, respectively.

The instantaneous velocity can now be obtained by dividing the
peak displacement s

→
p with the time delay Δt between the images

and the magnification M (in pixels per meter) of the image, i.e.

v
→

p x
→
; t

� �
¼

s
→

p x
→
; t

� �
MΔt

: ð4Þ

Careful selection of the time between two consecutive images is
required to minimize the influence of out-of plane movement of par-
ticles. We have set the resolution and magnification in such a way
that the particle images are about 5 pixels in diameter, which is
known to give accurate results in PIV measurements of Westerweel
[25] and Dijkhuizen et al. [29]. A multipass algorithm was used with
an initial interrogation area size of 32 pixels and a final size of
16 pixels non-overlapping interrogation areas, which yields an ap-
proximated displacement error of O(0.1) pixels, see Westerweel
[25]. Due to the very high seeding density (particle image pairs per
interrogation area) there are practically no outliers. Any remaining
outliers were removed with a standard median filter. After post-
processing, a time-averaged velocity field is obtained from a sequence
of instantaneous velocity fields obtained over a time interval during
which the flow is steady.
2.4.1. Setting of camera
Images with a resolution of 1080 × 170 pixels were recorded with

a LaVision ImagerPro HS CCD camera which has an internal memory
of 2 GB. For the PIV measurements, the camera is located perpendic-
ularly at a distance of 1.6 m from the base of the chute. Using a
28 mm lens this leads to a measurement area of approximately
75 cm × 8 cm and 4 to 5 pixels for each particle diameter, which is
high enough to obtain the desired spatial resolution, see Westerweel
et al. [25]. The bottom end 1.5 cm of the chute just close to the collec-
tion tank could not be studied due to lack of visual accessibility. The
frequency with which PIV image pairs are recorded is 100 Hz. The
exposure time is set to 0.3 ms with an effective time delay of 1.2 ms
between the images in a pair. With this scheme, the camera is able
to record for 45 s.

2.5. Experimental procedure

The following steps are used during the start-up of the experi-
ments. First, the granular particles (3 mm glass spheres) are filled in
the top hopper. The rotating table is accelerated until it reaches the
desired steady rotation rate. Then an experiment is started by open-
ing the outlet of hopper by remote control, and the granular material
flows in downward direction along the length of the chute. At the end
of the chute, the granular material is collected into the collection tank.
Measurements are made continuously until the hopper is depleted.
The time range during which steady-state flow conditions apply is
determined after the experiment by analyzing the time dependence
of mass, height and velocity measurements.

2.6. Experimental settings and materials

Experiments are performed for angles of inclination of the chute
equal to 30, 40 and 50° with respect to the horizontal. For each
angle of inclination we study four different rotation rates, equal to
0, 4, 8, and 16 rotations per minute (rpm). We expect the Rossby
number to cross unity within this range of rotation rates. The granular
material consists of 3 mm diameter spherical glass particles, pur-
chased from Sigmund and Linder. These particles are almost mono-
disperse, with a tolerance of +/−40 μm. The total mass of particles
in the hopper is 30 kg. We designed the hopper mouthpiece such
that a mass flow rate of approximately 1.6 kg/s is achieved, resulting
in experimental runtimes of approximately 20 s. The experimental
settings are summarized in Table 1.

3. Results and discussion

3.1. Snapshots

It is instructive to consider snapshots of the granular flow through
the chute rotating at 0, 4, 8 and 16 rpm shown in Fig. 3. A clear sideway
motion of the particles is observed at the higher rotation rates. We will
study the details of this modified flow in the next subsections.



(a) Ω =0 rpm (b) Ω =  4 rpm (c) Ω =   8 rpm (d) Ω =16 rpm

Fig. 3. Snapshots of granular material flowing down an inclined chute (from the top to
the bottom of the picture) at an inclination angle of 30° for different rotation rates.
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As we will show later on, maximum downstream velocities at the
end of the chute turn out to be 2.4, 2.9 and 3.25 m/s with the inclina-
tion of 30, 40 and 50° and different rotation rates used in the experi-
ments. Table 2 shows the approximate values for the Rossby and
Froude numbers. The Rossby number crosses unity for the lowest
angles of inclination and highest rotation rate studied here. Indeed
strong the Coriolis effects can be observed in the corresponding snap-
shots. The Froude number is always less than unity, indicating that in
all cases gravity is dominating the centrifugal forces and able to hold
the particles down inside the chute. In industrial blast furnace, the
approximate range of Rossby number is 1 b Ro b 5 and Froude
number is 0.05 b Fr b 0.22.

3.2. Mass flow rate

For our study it is important to have a well-controlled steady-state.
We have measured the flow rate at different rotation rates at the exit
of the chute by collecting the particles in the collection tank placed on
the dynamic weighing scale. The mass flow rate as a function of time,
as well as the time range of the steady state can thus be determined.
Table 2
Rossby and Froude numbers based on observed velocities at the end of the chute for
different angles of inclination and rotation rates.

Deg Rossby number Froude number

Ω =
4 rpm

Ω =
8 rpm

Ω =
16 rpm

Ω =
4 rpm

Ω =
8 rpm

Ω =
16 rpm

30 3.68 1.84 0.92 0.013 0.055 0.223
40 5.02 2.51 1.26 0.012 0.049 0.197
50 6.71 3.35 1.68 0.010 0.041 0.165
Fig. 4 shows that there is no significant change in the steady state
mass flow rate as a function of rotation rate, confirming that by placing
the hopper at the rotation axis we prevent (considerable) internal
rotational flow inside the hopper which may lead to modified flow
rates.

3.3. Particle bed height

It is difficult to accurately determine the particle bed height of the
flowing granular material in the rotating chute because 1) the surface
of the particle bed is not sharply defined, and 2) the bed height
depends on both width-wise and length-wise positions. In the case
of a non-rotating chute, the bed height at the end of the chute is
typically a few particle diameters. We use an ultrasonic sensor of
28 mm in diameter to determine the height of the particle bed, aver-
aged over a circle of approximately the same diameter. The bed
height is measured at three different width positions, with the sensor
centered at 1.5 cm, 4 cm and 6.5 cm from the side wall (note that the
chute width is 8 cm). Height measurements have been performed at
6 length-wise positions, at 0, 10, 20, 30, 50 and 80 cm from the mea-
surement origin, where we define the measurement origin at 3.5 cm
distance (along the chute) from the axis of rotation.

Fig. 5 shows the bed height as a function of the length-wise posi-
tion in the chute, for three different width-wise positions and differ-
ent angles of inclinations. Without rotation, the bed height is
monotonically decreasing along the length of the chute. Almost the
same average bed height is measured at all three spanwise positions.
A similar profile of bed height along the length of the chute was found
in Vreman et al. [30], Holyoake [5] and Sheng [8]. As the rotation rate
of the chute increases, the bed height increases on the right side and
decreases on the left side of the chute due to the Coriolis forces, which
push the particles towards the right sidewall (looking downstream).
At higher rotation rates the bed height even tends to zero close to
the left sidewall at the end of the chute, and a maximum height
results at the right end of the chute, as shown in Fig. 6(d).

Experiments at all angles of inclination (ϕ = 30, 40 and 50°) show
qualitatively similar behavior. At higher angles, the particles are
accelerated more strongly (as shown in the next subsection), leading
to more dilute flows. Actually, visual inspection learns that as the
rotation rate increases at higher angle of inclination, the bed height
increases at the right side of the chute. However, because of the aver-
aging effect of the sensor area, this is not observable in our height
sensor measurements. More detailed measurements are planned
with 3D Particle Tracking Velocimetry to determine the surface flow
and height with more detail.

Fig. 6 shows a surface plot for the bed height in the chute inclined
at 30° for different rotation rates. This plot clearly shows that the bed
height changes drastically with increasing rotation rate.

3.4. Surface particle velocity

Fig. 7 shows the surface velocity field measured at different rota-
tion rates of the chute inclined at 30°. The color indicates the velocity
magnitude. Time averaging has been done over 1500 pairs of images,
corresponding to 15 s of steady flow. We observe that at low rotation
rates the velocity vectors are parallel to the length of the chute. How-
ever, at higher rotation rates the velocity vectors obtain a spanwise
component too. In the next subsections we will quantify the average
velocities along the length and width of the chute in more detail.

3.4.1. Streamwise surface velocity along the length of the chute
Fig. 8 shows the cross-sectional averaged streamwise surface

velocity for rotation rates of 0 and 16 rpm. In making this average,
we have excluded (masked) the area which is depleted of particles.
We observe that, as the rotation rate increases, there is a slight
decrease in average surface velocity in the upper section of the



Fig. 4. Effect of rotation on the steady state mass flow rate through the chute at a fixed angle of inclination of 30°.
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chute. This may be understood as a consequence of the Coriolis force
which drives the particles towards the sidewall, leading to compac-
tion and an increased friction with the sidewall. In the lower section
of the chute, the average streamwise velocity increases compared to
the non-rotating case. Here, the centrifugal forces play an important
role, increasingly accelerating the particles with increasing distance
from the axis of rotation. Although these effects are subtle, qualita-
tively similar results for 30, 40 and 50° are found. The cross-over
point shifts downwards the chute length as the inclination angle is
increased. Streamwise particles velocity and bed height along the
length of inclined chute (without contraction case) shows the similar
profiles as shown in the paper of Vreman et al. [30]. We found similar
profiles in the theses of Holyoake [5] and Sheng [8] for non-rotating
inclined chutes.
Fig. 5. Particle bed height at different positions along the length of the chute for three differ
different rotation rates of 0 rpm (non-rotating), 4 rpm, 8 rpm and 16 rpm. Note that the b
One may be tempted to think that the streamwise velocity is close
to that of a single free particle falling down an inclined plane. We
therefore compare our results with the trajectory of a single friction-
less particle constrained to the chute plane, by solving the equation of
motion, see Krcek et al. [31]

mp a
→¼ mp g

→ −2mp Ω
→ � vp

� �
−mp Ω

→ � Ω
→� r

→
� �� �

þ F
→

N : ð5Þ

Heremp is the mass of particle and a
→

is the acceleration of the par-
ticle in the co-rotating frame, the second and third terms on the right
hand side are the Coriolis and centrifugal forces, respectively, and F

→
N

is the reaction force from the chute wall (such that the particle stays
within the plane). The initial position of the particle is chosen at the
ent spanwise positions, three different angles of inclination of 30, 40 and 50°, and four
ed height is averaged (by the height sensor) over a circular disc of diameter 28 mm.



Fig. 6. Surface plot of the particle bed height in the chute at a fixed angle of inclination of 30° and rotation rates of (a) 0 rpm (non-rotating), (b) 4 rpm, (c) 8 rpm and (d) 16 rpm.

(a) Ω =0 rpm (c) Ω =   8 rpm (d) Ω =16 rpm(b) Ω =  4 rpm

Fig. 7. Velocity vector plots generated by PIV software for surface velocity of particles on chute inclined at 30 deg and rotation rates of (a) 0 rpm, (b) 4 rpm, (c) 8 rpm and (d) 16 rpm.
Colors indicate the magnitude of the streamwise velocity. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Fig. 8. Cross-sectional averaged streamwise surface particle velocity along the length of a chute inclined at three different angles of 30, 40 and 50° for rotation rates of 0 rpm
(non-rotating), and 16 rpm. Note that the results of 4 and 8 rpm fall in between these curves. For comparison, symbols show the streamwise velocity of a single frictionless particle
constrained to the chute plane.
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rotation axis and the initial velocity is chosen equal to that observed
in the experiment. Fig. 8 shows the streamwise velocity of such a
particle up to the point where it reaches the sidewall. Without sys-
tem rotation, the experimentally observed velocities are lower
than that of a free particle, which shows the effects of friction and
contact forces. With system rotation, the experimentally observed
velocities are first lower, then higher than that of a free particle.
The latter is presumably caused by lateral contact forces with neigh-
boring particles, which suppress deviations of the particle trajectory
to the sides.
Fig. 9. Streamwise surface velocity at four length-wise positions (z) as a function of width
3.4.2. Streamwise surface velocity along the width of the chute
Fig. 9 shows the streamwise surface velocity at four streamwise

positions as a function of spanwise position for all 3 inclination angles
and 4 rotation rates studied. Without rotation, the surface velocity is
slightly higher at the center of the chute than near the sidewalls. As
the particles move downwards the velocity increases.

3.4.3. Spanwise surface velocity along the width of the chute
Fig. 10 shows the spanwise surface velocity across the width of the

chute at different streamwise positions in the chute. At low rotation
-wise position in a chute inclined at an angle, for inclination angles of 30, 40 and 50°.



Fig. 10.Width-wise surface velocity along the width of chute inclined at three different angles of 30, 40 and 50 deg for different rotation rates of 0 rpm (non-rotating), 4 rpm, 8 rpm
and 16 rpm.

Table 3
Simulation setting for monodisperse granular flow.

1) Channel Dimensions:
Width = 0.08 m,
Depth = 0.045 m,
Length = 0.9 m

Number of cells
NX = 16
NY = 15
NZ = 150

2) Particle properties Diameter = 3 mm
Total number of particles = 35,000
Density = 2550 kg/m3

Mass flow rate = 1.6 kg/s
Inclination of chute = 30°

3) Particle collision
parameter

Particle–particle collisions:
Coefficient of normal restitution en = 0.97
Coefficient of tangential restitution β0 = 0.33
Coefficient of friction μ = 0.1
Particle–wall collisions:
Coefficient of normal restitution en,wall = 0.95
Coefficient of tangential restitution β0,wall = 0.33
Coefficient of friction μwall = 0.2

4) Time step End time of simulation TSTOP = 6.0 s
Time step DT = 2.5.10−5 s
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rates, the spanwise surface velocity is almost zero because the parti-
cles move in parallel streamlines along the length of the chute. As
the rotation rate increases, the spanwise velocity is increasingly
influenced by the Coriolis forces. The largest spanwise velocities are
observed approximately halfway the chute.

4. Simulations

Preliminary simulations were conducted with 3-D Discrete Parti-
cle Model that describes the dynamics of the granular flows through
an inclined rotating chute. The particle–particle and particle–wall col-
lisions are described with a soft sphere model. In this approach, the
particles are assumed to undergo small deformations during their
contact, where the contact forces are calculated from a simple
mechanical analog involving a spring, a dash-pot, and a slider. This
allows for energy dissipation due to non-ideal particle interaction
by means of the empirical coefficients of normal and tangential resti-
tution, and the coefficient of friction. This approach was originally
proposed by Cundal and Strack [32] for granular matter. For further
details on the collision model, the interested reader is referred to
the work of Deen et al. [33]. Our simulations are performed in a
non-inertial frame of reference co-rotating with the chute. Within
this frame of reference, the motion of each individual particle present
in the system is calculated from the following equations of motion:

mp
dVp

dt
¼ mpg þ Fcontact;p−2mp ω� Vp

� �
−mp Ω� r½ �ð Þ ð6Þ

Ip
dωp

dt
¼ T−Ip Ω�ωp

� �
: ð7Þ

Here mP is the mass of particle P, and Ip the moment of inertia
around its center-of-mass. The forces on the right hand side of
Eq. (6) are, respectively, due to gravity and contact forces resulting
from particle–particle and/or particle–wall interaction. The third
and fourth terms in Eq. (6) are the Coriolis and centrifugal forces
which arise due to rotation of chute. Similarly, the first term on the
right hand side of Eq. (7) is the torque due to contact forces, and
the second term the Coriolis torque. Ω is the angular velocity of the
chute and r the position of the particle relative to the axis of rotation
through the feeder sluice gate. The rotation axis and the directions of
the Coriolis and centrifugal accelerations are indicated in Fig. 1.
4.1. Simulation parameters

In our preliminary simulations, we focussed on the experimental
set of monodisperse granular flows through the chute inclined at



Fig. 11. Snapshots (top view) for monodisperse granular flows through an inclined rotating chute at 30° and different rotation rates of 0 rpm (non-rotating chute) and 16 rpm
(rotating chute).
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30° and rotation rate of 0 rpm and 16 rpm. A full comparison for
other inclination angles and rotation rates concern future work and
will be discussed in a forthcoming paper. The simulation parameters
used in the simulations are given in Table 3. The simulation domain
was subdivided in cells to perform the computation of locally aver-
aged quantities such as the particle volume fraction, and surface
velocity of the particles.

The particle collision characteristics play an important role in the
overall bed behavior as was shown by Goldschmidt et al. [34]. For
this reason the collision properties of the particles used for the exper-
imental validation were accurately determined by detailed impact
experiments and supplied to the model. The coefficients of restitution
between particle–particle collisions and between particle–wall colli-
sions were determined by independent experiments in our lab. The
coefficient of friction between glass particles was taken from litera-
ture Goldschmidt et al. [34]. We estimated the coefficient of friction
for particle–wall collisions to achieve good agreement with the
non-rotating chute. Then we validate the model for the rotating
chute.
4.2. Comparison between simulation and experimental results

Simulations are performed with monodisperse 3 mm glass parti-
cles flowing through the chute inclined at 30°. We note that in pre-
liminary simulations we have also studied the effect of pressure and
drag forces induced by the co-flowing interstitial gas; see Deen et al.
Fig. 12. Bed height along the length of chute inclined at 30° and rotation rates of 0 rpm (non
half width position of the chute.
[33] for details of the model. Because we found no significant change
in the results, we ignore gas-induced forces in the present analysis.
Snapshots for monodisperse flows through the inclined chute are
shown in Fig. 11.

For a quantitative comparison between experiment and simula-
tion, we need to obtain the bed height and surface velocity from sim-
ulation. To achieve this, the bed height in the simulated system is
averaged over a similar area of the ultrasonic height sensor. The sur-
face velocity in the simulated system is determined as an average of
the particles which are visible from a top view of the chute; in prac-
tice we use the top five particles in each column of computational
cells of length 6 mm and width 5 mm.

4.2.1. Bed height
Fig. 12 shows the predicted and measured bed height as measured

along the half width position along the length of the chute for 0 rpm
and 16 rpm. Both simulation and experiment show that in a rotating
system the bed height decreases more as compared to non-rotating
chute. Although the agreement is not yet perfect, these results show
that the DPM simulations can reproduce the actual behavior observed
in experiments.

4.2.2. Streamwise surface particle velocity
Fig. 13 shows the simulation and experimental values of the

streamwise particle velocity along the length of the chute with and
without rotation. It shows that the surface particle velocity decreases
-rotating chute) and 16 rpm (rotating chute). Note that this data is measured along the



Fig. 13. Streamwise surface particle velocity along the length of chute inclined at 30° and rotation rates of 0 rpm (non-rotating chute) and 16 rpm (rotating chute).
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along the length of the chute with respect to the non-rotating case in
the first part of the chute. The simulation results display a crossing
point earlier than the experimental curves. We expect that the cross-
ing point is very sensitive to the precise choice of collision model and
collision parameters. Although the agreement is not yet perfect, these
results show that the DPM simulations can reproduce the actual
behavior observed in experiments.
5. Conclusion

In this paper, we have presented an experimental investigation of
dry monodisperse granular flows down an inclined chute for different
rotation speeds of the chute. The Froude number is always less than
unity, indicating that in all cases gravity is dominating the centrifugal
forces and able to hold the particles down inside the chute. The
observed patterns depend on both angle of inclination and the rota-
tion speed of the chute. The Rossby number can be used to determine
whether these rotational effects are significant. With increasing rota-
tion rate the particles are moving increasingly fast to the right side-
wall. The streamwise average surface particle velocity is slightly
reduced in the upper section of the chute due to compaction as a
result of the Coriolis force, but strongly increases in the lower section
due to the increasing importance of the centrifugal forces. The parti-
cle bed height becomes a two-dimensional function of the position
inside the chute, with a strong increased in bed height along the
right sidewall due to the Coriolis forces. Both the bed height and
width-wise velocity show significant variations in the width direction
due to the Coriolis forces.

Quantitative data of this type is still largely lacking in the litera-
ture. These measurements provide a well-defined set of observations
suitable for explanation of the main phenomena of the rotating gran-
ular flows. Additionally, they are suitable for confirmation of the
Coriolis forces on particle flow and for refining and validating com-
puter simulations of rotating granular flows. A well-validated model
can give more detailed insight in the flow in the interior region
where our experiments cannot reach. Our preliminary DPM simula-
tions show near-quantitative agreement with experimental measure-
ments of bed height and streamwise surface particle velocity along
the length of chute, both with and without rotation. Our future
work is aimed at obtaining full quantitative agreement.
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