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In this study, the flow stability of the flat-bottomed hopper was investigated via GPU-based discrete element
method (DEM) simulation. With the material height inside the hopper reducing, the fluctuation of the flow
rate indicates an unstable discharge. The flow regions of the unstable discharge were compared with that of
the stable discharge, a key transformation zone, where the voidage showed the largest difference between unsta-
ble and stable discharge, was revealed. To identify the relevance of the key transformation zone and the hopper
flow stability, the voidage variation of the key transformation zone with material height reducing was studied.
A sharp increase in the voidage in the key transformation zone was considered to be the standard for judging
the unstable hopper flow, and the ‘Top-Bottom effect’ of the hopper was defined, which indicated the hopper
flow was unstable when the hopper only had the top area and the bottom area, because the voidage of particles
in the top area and the bottom area were both variables.

© 2017 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.

1. Introduction

Hoppers have been widely employed to deposit or recycle granular
materials in many areas such as chemical, energy, and food industries.
A main issue concerned in using hoppers is the presence of unstable
flow, which has a marked influence on operational stability of units.
It is therefore important to study the factors affecting hopper flow
stability, and establish the standard for judging the unstable hopper
flow for reliable design and operation of hoppers.

Actually, extensive studies have been performed to investigate the
factors related to hopper flow stability, such as hopper pressure [1-3],
hopper shapes [4,5], wall properties [6-9], and particle properties [10,
11]. Flow pattern has long been a hot topic in this field. By using the
tracer technique, the flow pattern above the hopper outlet was first
described by Kvapil [12] as four flow zones: slow motion zone, dilated
core, dead zone, and free-fall zone. In 1961, Brown [13] developed the
‘minimum energy theorem’ to describe the boundary of the free-fall
zone. Later Brown and Richards [14,15] photographed the free-fall
boundary and named the boundary as the ‘free fall arch’. With increas-
ing the pressure gradient in the hopper, the ‘free fall arch’ evolves into a
hemispherical cap which leads to an unstable flow. Hiroshi [16] put for-
ward the critical point for the ‘free fall arch’ between stable and unstable
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flow. According to his research, when the superficial gas velocity (Uys)
through the boundary of the ‘free fall arch’ was more than the minimum
fluidization velocity (Uys), the hopper flow became unstable.

However, unstable flow occurs not only at the area above the hopper
outlet, so the flow pattern inside the whole hopper was further studied.
It has been accepted that there are two kinds of flow pattern inside the
hopper: the mass flow [17] and the funnel flow [18]. The most common
flow pattern is the funnel flow. Tiiziin [18] identified 4 zones in a flat-
bottomed hopper with the funnel flow: the stagnant zone, the converging
flow zone, the transition flow zone and the plug flow zone. To exactly pre-
dict the flow zones, the discrete element method (DEM) [19-26] was
adopted. In our previous work [27], the hopper flow was described
as nine regions via the GPU-based DEM simulation, as shown in Fig. 1.
However, when the hopper flow transforms into an unstable flow, it is
not clear yet how the flow region change and the key transformation
zone inside the hopper respond to the unstable state. Identification of
the key transformation zone is helpful to establish a standard for judging
the unstable flow, as well as for reliable design and operation of hoppers.

The aim of this work was to identify the key transformation zone
based on the hopper flow regions. The hopper flow was studied via
both GPU-based DEM simulation [28] and experiments. The key trans-
formation zone was revealed, and the standard for judging the unstable
hopper flow was established.

2. DEM Simulation

The details about the DEM method [29-31] were given in our previ-
ous work [27]; the Newton's second law was used to describe the
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Fig. 1. Hopper flow regions.

motion of an individual particle as follows:

dv,

i t
m,-d—t‘:E j(F§}+FU)+m,»g (1)
do;
ligp = Rx Fj—1Ro| Fjo 2)

where m; is the mass of the particle, g is the gravitational acceleration.
v; and o; are the translational and angular velocity. I; is the moment of
inertial of the particle. R is the vector of the mass center of the particle
to the contact point. i, is the rolling friction coefficient. Ry, is the particle
radius. F} and Fj; are the normal and tangential contact forces.

The simulation method is evaluated on the Mole-8.7 and Mole-8.5
GPU clusters at IPE, having 1 PetaELOPS peak performance in single pre-
cision [32] and using C2050 (Fermi, with 448 thread processors) cards.
The program runs at about 1.64 x 107 pss.

The parameters used in the DEM simulation as well as the properties
of particles are listed in Table 1. The details were also given in our pre-
vious work [27].

The voidage can be calculated by the correlations proposed by Li and
Kwauk [33]. The simulated voidage is compared with the results of cor-
relations to validate the DEM model. The simulation process was the
same in our early work [27].

The results are illustrated in Fig. 2. The Li's correlation is good at cal-
culating the voidage. The simulated results agree well with Li's correla-
tion. The flow regimes are studied based on both the particle velocity
and voidage. The voidage agree well with the Li's correlation, and the
flow rate reflecting particle velocity agree well with experimental
ones in our early work [27], so the DEM model can be used to studied
hopper flow regime.

Table 1
Simulation parameters for the DEM model
Property Value
Density, p, /kg-m ™3 6000
Spring constant, kp, k¢ /N-m™! 1.0 x 10*
Young's modulus, Y /Pa 2.0 x 10°
Poisson ratio, v 0.25
Restitution coefficient, e 0.9
Friction coefficient, p 0.1
Rolling friction, p; 0.1
Particle diameter, d, /m 0.73x 1073
0.30 0.35 0.40 0.30 0.35 0.40
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Fig. 2. Voidage of the simulation and Li's correlation.

3. Simulation and Experiments

The flow rate was first simulated to study the hopper flow. The hopper
structure is shown in Fig. 3, the outlet size Dy = 13.3 mm. The simulation
process is as follows: the hopper outlet was first closed. The hopper was
packed with zirconia spheres to the height of 600 mm with the closed
outlet. Then the hopper outlet was opened, the material height re-
duced with discharging. The discharge rate can be calculated at the
bottom of the hopper. The simulated results are shown in Fig. 4(a).

The experiments were conducted to validate the simulation results.
The structures of the experimental hopper and the simulated hopper
are the same. The materials used in experiments were zirconia spheres,
as shown in Fig. 5. The zirconia spheres have a narrow particle size dis-
tribution and the averaged particle size is 0.73 mm. The experimental
system is shown in Fig. 6. The experimental process is the same with
the simulation. The discharge rates can be measured by a container
and a scale under the hopper. The mass of the container is changed
every second to obtain the discharge rates of the hopper. The experi-
mental results are shown in Fig. 4(b).

From the Fig. 4, it can be seen that the simulation results showed
good agreement with the experiments. As shown in Fig. 4(a), with the
material height (H) reducing, the discharge rate was nearly constant
from H = 600 mm to H = 173 mm, the hopper discharge was stable.
This is the same with the Janssen theory [1], which believes that the
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Fig. 3. Schematic diagram of the hopper.
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Fig. 6. Schematic diagram of the experimental system.

discharge rate is material height independent when the material height
is higher than a critical value.

The discharge rate increased from H = 173 mm in Fig. 4(a), and de-
creased from H = 124 mm. The experimental flow rate of the hopper
with the material height of 130 mm was also higher than that of the
other experimental results. It can be seen that when the material height
in the hopper was less than 173 mm, the hopper discharge rate was not
constant and started to fluctuate, which means the hopper discharge
became unstable.

4. Results and Discussion
4.1. Flow regions

To reveal the changes of the particle distribution, the flow regions of
the hopper flow with the unstable discharge was compared with that of
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Fig. 7. Velocity distribution of the hopper with H, = 362 mm: (a) Uy: magnitude velocity; (b) Uz: Z-direction velocity; (c) Ux: X-direction velocity; (d) Uy: Y-direction velocity.
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Fig. 8. Velocity distribution of the hopper with H; = 150 mm: (a) Uy,;: magnitude velocity; (b) Uz: Z-direction velocity; (c) Ux: X-direction velocity; (d) Uy: Y-direction velocity.
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the stable discharge. According to our research [27], the characteristics
of the regions as follows: the loose packing region is the top area of
the particles and has high axial voidage, which decreases with the
height decrease along the hopper. The plug flow region has constant
axial voidage. The transition flow region has nearly constant radial
voidage. The shear layer has higher voidage than the hopper center
area. For the converging flow region, the axial voidage increases with
the height along the hopper decreasing, resulting the particles velocities
increase with the height along the hopper decreasing. The vertical flow
region, the centripetal flow region and the stagnant zone can be identi-
fied by the velocity distribution of particles.

Based on the simulation, the discharge rate becomes unstable when
the material height is less than 173 mm. So the hopper with H< 173 mm
can be chosen to analyze the flow regions of the unstable discharge,
while the hopper with H > 173 mm can be chosen to analyze the
flow regions of the stable discharge. The flow regions of the hopper
with the material height of 150 mm (H; = 150 mm) was compared
with that of 362 mm (H;, = 362 mm). The flow regions are analyzed
based on the distributions of the velocity, axial voidage, and radial
voidage.

4.1.1. Velocity distribution

The velocity distribution of the hopper with H, = 362 mm and
H, = 150 mm are shown in Figs. 7 and 8, respectively. The snapshots
are cross-sections of 5 mm above the hopper outlet. For the hopper
with H, = 362 mm, there are triangle zones as shown in Fig. 7(a),
where particles have the highest velocity due to the free-fall region.
Just above the hopper outlet, particles have lower velocities than the
free-fall region in the arch zone as shown in Fig. 7(a), which can be
divided into the vertical flow region and the centripetal flow region,
as shown in Fig. 7(b) and (c). As shown in Fig. 8, for the hopper with
H, = 150 mm, there are also free-fall region, centripetal region, and ver-
tical flow region.

4.1.2. Axial voidage

The axial voidage of the hopper with H, = 362 mm and H, =
150 mm are shown in Fig. 9. For the hopper with H, = 362 mm,
at area C, the axial voidage is nearly constant due to the plug flow
region, while for the hopper with H, = 150 mm, there is no constant
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Fig. 9. Axial voidage of the hopper with H;, = 362 mm and H; = 150 mm.
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Fig. 10. Comparison of axial voidage of different radial positions for the hopper with
Hp = 362 mm and H; = 150 mm.

axial voidage region, indicating that the plug flow region does not
exist.

The axial distributions of voidage for different radial positions of
the hopper with H, = 362 mm and H, = 150 mm are shown in
Figs. 10 and 11, respectively. As shown in Fig. 10(d), for both hoppers,
under the height of 80 mm, the voidage near the wall area is the smallest
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Fig. 11. Axial voidage of different radial positions of the hopper with H;, = 362 mm and
H, = 150 mm.
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Fig. 12. Radial voidage distribution of the hopper with the material height of 362 mm and 150 mm.

because of the stagnant zone. In Fig. 11 for 110 mm < h < 362 mm, the
axial voidage of r = 11.2 mm is the highest compared to the other
radii for the hopper with H;, = 362 mm due to the shear layer, while
for the hopper with H; = 150 mm, the axial voidage of r = 11.2 mm is
not the highest indicating that there is no shear layer.

By comparison of the axial voidage distributions of different radial
positions of the hopper, the hoppers with H, = 362 mm and H; =
150 mm both have loose packing region, converging flow region, and
stagnant zone. However, the hopper with H; = 150 mm has no plug
flow region and shear layer.

4.1.3. Radial voidage

The radial voidages of the hopper with H, = 362 mm and H; =
150 mm are shown in Fig. 12. For the hopper with Hy, = 362 mm, the
radial voidage of h = 110 mm is different with the up and below
area because of the transition flow region. While for the hopper with
H, = 150 mm, the radial voidage all has the same trend, which indicates
there is no transition flow region.

By comparison of the radial voidage, the hopper with H, = 362 mm
has transition flow region, but the hopper with H, = 150 mm has no
transition flow region.

4.1.4. Flow regions

In summary, the flow regions for the hopper with unstable discharge
(H; = 150 mm) are different from the hopper with stable discharge
(Hp, = 362 mm). The hopper with the stable discharge has all the re-
gions shown in Fig. 1, but the hopper with the unstable discharge
only has part of the regions, as illustrated in Fig. 13. The hopper with

1. Free fall region

2. Stagnant zone

3. Centripetal flow region
4. Vertical flow region

5. Converging flow region
6. Loose packing region

Fig. 13. Flow regions for hopper with unstable discharge.
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unstable discharge has no plug flow region, transition flow region and
shear layer.

4.2. Definition of the key transformation zone

According to the analyses of the axial voidage in Fig. 10, for
h > 110 mm, the voidage difference between stable discharge
(Hy, = 362 mm) and unstable discharge (H, = 150 mm) is larger.
And at h = 110 mm, the largest difference shows around r = 8.0 mm.
According to the flow regions [27], particles around h = 110 mm
show characteristics of the transition flow region, so the biggest voidage
difference shows around r = 8.0 mm at the transition flow region,
as the area A shown in Fig. 14. The area A is defined as the key trans-
formation zone.
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Fig. 14. The key transformation zone.

4.3. Standard for judging the unstable hopper flow

4.3.1. Voidage of the key transformation zone

To identify the relevance of the key transformation zone and the hop-
per flow stability, the voidage variation of the key transformation zone
with the hopper material height decreasing was further studied. The re-
sult is shown in Fig. 15. The voidage was nearly constant from H =
600 mm to H = 186 mm, however, the voidage clearly increased when
the material height reduced to 186 mm. To further analyze the particle
distribution in the hopper with the material height of 186 mm, the radial
voidage of hopper with the material height of 186 mm (Hoper = 186 mm)
were compared with the hopper with H, = 362 mm and H; = 150 mm.

4.3.2. Radial voidage

The radial voidages of the hopper with Hoper = 186 mm, Hp, =
362 mm, and H; = 150 mm are shown in Fig. 16. For h > 110 mm, the
voidage of the whole cross-section with Hoper = 186 mm is larger than
that with H;, = 362 mm, but smaller than that with H; = 150 mm.
For h < 110 mm, the voidage of Hoper = 186 mm is nearly the same
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Fig. 15. Voidage of the key transformation zone with the material height reducing.
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Fig. 16. Radial voidage of the hopper with H, = 362 mm, Hoper = 186 mm and H; = 150 mm.

with that of H, = 362 mm. At h = 110 mm, the voidage at the wall area
of Hoper = 186 mm is different from that of H, = 362 mm. The voidage
of r/R = 8.0 with Hoper = 186 mm is larger than that with H, =
362 mm, while the voidage of r/R = 11.2 with Hoper = 186 mm is small-
er than that with H,, = 362 mm. However at h = 110 mm, the voidage
at the hopper center area of Hoper = 186 mm is nearly the same with
that of Hy, = 362 mm.

By comparison of the radial voidage, for the area up the transition
flow region, the radial voidage of the hopper with Hoper = 186 mm
is different from that with the stable situation. For the area under
the transition flow region, the axial voidage is still the same with
the stable situation. While for the transition flow region, the particle
distribution near the wall area changes, particles show the charac-
teristic of the converging flow region. For the converging flow re-
gion, the axial voidage increases with the material height along the
hopper decreasing [27]. Based on the moving bed theory [33], the
correlation of the stress acting on the particles and the voidage is
as follows:

d(j'hi_ (6h)c de
dh ~  gyr—ecdh

3)

So the stress acting on the particles decreases with the material
height along the hopper decreasing, indicating the forces acting on the
particles is not constant, resulting in the particles velocities are also

not constant. Then the particles have been accelerated in the region.
This can be understood by the stress analysis. The stress distribution
of the hopper with H, = 362 mm and Hoper = 186 mm are shown
in Fig. 17. For the hopper with H, = 362 mm, the stress around the
h = 110 mm is nearly constant, while for the hopper with Hyper =
186 mm, the stress decreases form 1662 Pa to 1585 Pa. So particles
around the h = 110 mm have accelerations when the material height
in the hopper reduces to 186 mm.

It is reasonable to derive that the reduction of the material height in-
side the hopper would result in the variation of the particle distribution.
At the key transformation zone, particle distribution changes and shows
the characteristic of the converging flow region. This was believed to be
an unstable state for the operation of the hopper because particles
started to accelerate. Therefore, a sharp increase of the voidage at the
key transformation zone is considered as the standard for judging the
unstable hopper flow.

In this work, the voidage increased when the material height was
186 mm, it is close to the total height of the area A and B are 180 mm
inFig. 9(a). It can be assumed that the area C which has constant particle
voidage disappeared with the material height reducing. However, the
top area A and the bottom area B were left. The voidage of the top
area A is variable because of the loose packing region. While the voidage
of the bottom area B is variable because of the converging flow region,
so the particle distribution in the area A and B are both variables. To
sum it up, the hopper flow is unstable when the hopper only has the
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Fig. 17. Stress distribution of the hopper with H, = 362 mm and Hoper = 186 mm (Pa).

top area and the bottom area, which is defined as the ‘Top-Bottom
effect’ of the hopper.

5. Conclusions

In this study, the hopper flow stability is investigated via GPU-based
DEM (discrete element method) simulation. The main findings are as
follows:

(1) The flow regions of unstable discharge were compared with that
of stable discharge. Compared with the hopper with stable
discharge, the hopper with unstable discharge has no plug flow
region, transition flow region, and shear layer.

A key transformation zone was found in the hopper. The voidage
in the key transformation zone showed the largest difference
between unstable and stable discharge.

The voidage in the key transition zone clearly increased when the
material height in the hopper reduced to 186 mm. By discussing
the voidage variation and the stress distribution in the hopper,
the particles accelerations in the key transition zone were
determined. Therefore a sharp increase of the voidage in the
key transformation zone is considered to be the standard for
judging the unstable hopper flow.

The voidage of the top area inside the hopper is variable because
of the loose packing region, while the voidage of the bottom area
is variable because of the converging flow region. The hopper
flow is unstable when the hopper only has the top area and the
bottom area, which is defined as the ‘Top-Bottom effect’ of the

(2

~—

—~
w
~

=

hopper.
Nomenclature
dp particle diameter, m
e restitution coefficient
Fj} normal contact forces, N
F,§- tangential contact forces, N
g gravitational acceleration, m-s~2
I; moment of inertia of particle, kg-m™2

kn normal spring stiffness, N-m™!

(Oh)ec compressed average stress, N-m™

1

tangential spring stiffness, N-m™
mass of particle, kg

vector of the mass center of the particle to contact point, m
particle radius, m

time, s

translational velocity, m-s—
Young modulus, Pa
compressed voidage

rolling friction coefficient
Friction coefficient
average stress, N-m™

1

2
2

Poisson ratio

angular velocity, m-s™!
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