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ABSTRACT

Grains are widely present in industrial productions and processing, and are stored in silos. In the silo, auxiliary
structures are added to achieve efficient production. However, little effort has been devoted to the influence of
the internal structure of the silo on the granular flow. In this work, a silo with a central decompression tube is
studied through experimental measurements and discrete element methods. Then, the influences of the central
decompression tube on the flow behavior of grains and wall pressure are analyzed. Results show that the grains are
in mass flow in the silo without a central decompression tube, while the grains are in funnel flow in the silo with a
central decompression tube. Moreover, regardless of whether there is a central decompression tube in the silo, the
maximum pressure appears at the top of the conical silo. In the lower part of the silo, the wall pressure of the silo
with a central decompression tube is lower than that of the silo without a central decompression tube. Therefore,
a silo with a central decompression tube is more conducive to grain storage and discharge than a silo without a
central decompression tube.
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1 Introduction

The grain storage and discharge are closely related to the silos, and different types of silos
have different performances. These silos can be divided into five types, including national silos,
regional or inland silos, export silos, import silos, and silos for processing grain. However, safety
issues occasionally occur during the discharging process, which seriously affects industrial produc-
tion. This is mainly because the flow characteristics of granular materials are complicated. Silo
effect [1,2], blockage [3,4], silo vibration [5,6] may cause silo collapse accidents [7] and increase
the security risk. Therefore, the study of granular flow behavior in the silo and the analysis of
wall pressure have important guidance for industrial productions.
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The pressure distribution on the silo and the flow pattern during the filling and discharging
processes have been analyzed using experimental measurement and numerical methods. Based on
experimental measurements, there were two flow patterns during the discharging process, including
the mass flow and funnel flow [8,9]. The discharge process of grains in the flat-bottomed silo
was studied by experiments, and the discharge process included the overall flow zone, dynamic
balance zone, free-fall zone, and dead zone [10]. Meanwhile, the discharge process of the granular
materials consisted of a uniform motion zone, a transformation zone, a shear motion zone, and a
static zone [11]. In addition, there were three distinct flow zones in the hopper, including stagnant,
blockage, and transition zones. It is worth noting that the pressure distribution on the silo was
different in different flow regions [12,13]. The relationship between the redirection parameter and
the silo diameter in the Jassen theory was analyzed through experiments, and results showed
that the redirection parameter increased as the ratio of the silo diameter to the grain diameter
increased [14].

Due to the limitations of experimental measurements and finite element methods, the discrete
element method (DEM) proposed in 1971 was used to analyze the flow characteristics of granular
materials at the microscopic scale [15,16]. The combination of the DEM and experiments is an
effective analysis method, which has been proved by practices [17]. DEM is widely used to analyze
the flow pattern [18–20] and wall pressure [21]. The mathematical model of the steady-state
and non-steady-state was validated by DEM simulations and experiments during the discharging
process and this mathematical model was valid [22]. Based on DEM, the effects of gravity on
the internal flow patterns were investigated. The angle between the stagnant zone and the sidewall
was independent of gravity, and the criteria for flow pattern transition were also independent of
gravity [23]. The special position of flow pattern transition during discharging of rice particles in
the conical silo was presented, and the mathematical model between the silo geometry parameters
and the critical height was established [24]. At present, although silos with a central decompression
tube are widely used in industry, the flow pattern transition has not been studied.

In addition, the wall pressure is another important factor in the granular flow. The calculation
of the wall pressure is based on the Janssen formula [25], and the wall pressure of the silo under
different working conditions has been extensively studied. The stress and strain states of the silo in
the loading, storage, and unloading states were measured by experiments, and the results showed
that the stress states of the storage during loading and unloading were different [26]. Based
on the finite element method, the wall pressure distribution, density change, velocity field, and
other issues of the silo were analyzed during the discharge process, and the results showed that
the overpressure phenomenon occurred when the discharge began [27]. Moreover, the discharge
condition, the outlet layout, and the stress state of the silo were analyzed by changing the
filling speed of grains [28]. Based on the DEM simulations, the wall pressure was investigated by
varying the particle radius, the opening diameter, the hopper angle [29]. The flow characteristics of
granular materials during discharge were studied when a diverter was inserted on the bottom of
the silo, and the results showed that the addition of this structure reduced the wall pressure of
the silo [30,31]. When the outlet is arched, the contact forces between particles in the silo were
analyzed. The results showed that the normal contact force between particles near the wall was
higher than that at the center of the hopper [32]. Moreover, the particle velocity and contact
force during the discharging process were studied. As the external pressure increased, the normal
contact force between particles and the total pressure between particles and cylindrical containers
increased [33]. The wall pressure of a steel silo with an eccentric orifice was studied during the
discharge process. Results showed that both inlet design and imperfection affected the pressure
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distribution along the silo wall [34]. However, there are few studies on the flow behaviors of
granular materials in the silo with a central decompression tube, and the flow pattern and the wall
pressure during the discharging process were rarely discussed. Therefore, it is necessary to further
investigate the flow pattern and the wall pressure in the silo with a central decompression tube.

In this paper, the flow characteristics of granular materials in a silo with a central decom-
pression tube were investigated using experiments and discrete element methods. Meanwhile, the
numerical results were verified based on experimental results. Then, the influence of the central
decompression tube on the flow pattern of granular materials and wall pressure was analyzed, and
the numerical results provide guidance for the appropriate design of the silos.

2 Contact Force Model between Particles

In this study, the software EDEM is adopted to simulate the granular flow in the silo. The
Hertz–Middlin non-slipping contact model is used to calculate the contact force between particles.
In this contact model, the normal elastic force (Fe

n) between grains is expressed as

Fe
n =

4
3
E∗ (

R∗)1/2 δn
3/2 (1)

where R∗ is the equivalent radius of particles, obtained by 1/R∗ = 1/Ri + 1/Rj. Ri and Rj are
the radius of particles i and j, respectively. δn is the normal overlap between particles. E∗ is the
equivalent elasticity modulus, expressed as

1/E∗ = (1− ν2i )/Ei+ (1− ν2j )/Ej (2)

where Ei and Ej are the elasticity modulus of particles i and j, respectively. νi and νj are the
Poisson’s ratio of particles i and j, respectively.

The normal damping force (Fd
n) is obtained as

Fd
n =−2

√
5
6

ln ε√
ln2 ε+π2

√
Snm∗νreln (3)

where m∗ is the equivalent mass of grains, obtained by m∗ =mimj/(mi +mj). mi and mj are the

mass of particles i and j, respectively. νreln is the normal relative velocity. ε is the coefficient of
restitution, and Sn is the normal stiffness, obtained by Sn = 2E∗√R∗δn.

The tangential elastic force (Fe
t ) can be expressed as

Fe
t =−Stδt (4)

where δt is the tangential overlap. St is the tangential stiffness, expressed as St = 8G∗√R∗δt. G∗
is the equivalent tangential modulus.

The tangential damping force
(
Fd
t

)
is expressed as

Fd
t =−2

√
5
6

ln ε√
ln2 ε+π2

√
Stm∗νrelt (5)

where νrelt is the tangential relative velocity.
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The torque (T t) caused by the tangential force and the rolling tangential torque (Tr) are
expressed as

Tt =Ri× (Fe
t +Fd

t ) (6)

Tr =−μrFe
nRi

ωi

‖ωi‖ (7)

where Ri is the vector from the centroid of particle i to the contact point. μr is the rolling friction
coefficient. ωi is the angular velocity of particle i.

3 Validation of the DEM Model

In this section, the silos with a central decompression tube are simulated using DEM, and the
corresponding numerical results are compared with the experimental results. Then, the influence of
the central decompression tube on the flow characteristics of grains in silos is further investigated.

3.1 Experimental Conditions
In engineering applications, silos have different geometric characteristics, and some of them

have mechanical structures for internal auxiliary discharging. Considering the limitations of exper-
iments and simulations, the experimental device of the silo is shown in Fig. 1. The whole device
consists of four parts, namely silo, central decompression tube, chassis, and valve. It is worth
noting that the valve can be used to control the discharge process. The silo has an inner diameter
of 240 mm and a height of 520 mm. The angle of the cone is 45◦ and the diameter of the outlet
is 70 mm. The material of the silo is perspex. The total mass of soybean seeds is 13.7 kg, and the
properties of the material determine its contact parameters. In the DEM simulations, the accuracy
of the simulation parameters directly affects the numerical results. Therefore, the selection of the
simulation parameters is of great importance [35,36].

Figure 1: Experimental device of granular flow: (a) schematic diagram of the experiments; (b) the
experimental apparatus
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3.2 DEMModel in Simulations
According to the DEM model, some physical parameters of grains, such as the rolling friction

coefficient, static friction coefficient, elasticity modulus, Poisson’s ratio, and restitution coefficient,
etc. directly affect the reliability of simulation results. Meanwhile, it has been proved that the
material properties of grains played a great role in the wall pressure and flow patterns during
the discharging process [7]. In addition, a single spherical grain cannot reflect the real properties
of soybean grains. Therefore, the combination of four spherical elements is used to construct
the soybean grain which is 6.8 mm × 7.0 mm × 5.8 mm, as shown in Fig. 2. However, there
are certain differences between the DEM model and the real shape of soybean, especially some
physical parameters of soybean. Therefore, particle density, friction coefficient between grains,
contact parameters between soybeans and Perspex need to be calibrated, and the final calibrated
parameters are shown in Tab. 1.

Figure 2: Grain model: (a) DEM model; (b) the real soybean

Table 1: DEM simulation parameters for granular flow

Definition Value Definition Value

Density (kg/m3) 1200 Poisson’s ratio 0.25
Restitution
coefficient between
particles

0.4 Shear modulus (Pa) 1.04× 106

Restitution
coefficient between
particles and walls

0.48 Sliding friction
coefficient between
particles

0.57

Sliding friction
coefficient between
particles and walls

0.32 Rolling friction
coefficient

0.01

3.3 Experimental Validation of Hopper Discharge
The filling and discharging experiments are separately carried out. One is performed in a

silo without a central decompression tube, and the other is performed in a silo with a central
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decompression tube. The filling method has a great influence on the flow state of grains [37].
Therefore, the filling mode of soybeans is the same as that in the actual engineering application,
namely tubular filling.

After the silo without a central decompression tube is filled with grains through the central
orifice, the soybeans form an angle of repose on the top of the silo. When the valve is opened,
the height of granular materials in the silo will gradually decreases, and the angle of repose at
the top of the silo will not be damaged in the early stage. As the height of the granular systems
decreases, the angle of repose will gradually disappear. Moreover, the experimental results of the
discharging process of grains are shown in Fig. 3, and the corresponding simulation results are
shown in Fig. 4.

Figure 3: Experimental results of the discharging process in the silo without a central decompres-
sion tube (a) t= 0 s (b) t= 2 s (c) t= 4 s (d) t= 6 s (e) t= 8 s

Figure 4: DEM simulations of the discharging process in the silo without a central decompression
tube. (a) t= 0 s (b) t= 2 s (c) t= 4 s (d) t= 6 s (e) t= 8 s

The silo with a central decompression tube is filled through the central orifice. The grains flow
out from the square hole of the central decompression tube and form a natural accumulation state.
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After the silo is filled with grains, an angle of repose is formed on the surface of the granular
bed, as shown in Fig. 5. When the valve is opened, the grains in the central decompression tube
flow out. Finally, the angle of repose of granular materials at the top of the silo disappears, and
soybeans gradually flow out in the form of funnel flow, as shown in Fig. 6.

Figure 5: Experimental results of the discharging process of grains in a silo with a central
decompression tube (a) t= 0 s (b) t= 2 s (c) t= 3.5 s (d) t= 5 s (e) t= 7 s (f) t= 11 s

Figure 6: DEM results of the discharging process of grains in a silo with a central decompression
tube. (a) t= 0 s (b) t= 2 s (c) t= 3.5 s (d) t= 5 s (e) t= 7 s (f) t= 11 s

By comparing Figs. 5 and 6, the macroscopic flow phenomena of grains in the experiment
and simulation are almost the same. In order to further compare the consistency of the experiment
and simulation, the outflow mass of soybeans is measured by controlling the valve during the
discharging process. In the DEM simulations, the outflow mass of soybeans is measured and com-
pared with the experimental results. Fig. 7 shows a comparison of the outflow mass of particles
in a silo without a central decompression tube between the experimental and simulation results.
Fig. 8 shows a comparison of the outflow mass of particles in a silo with a central decompression
tube between the experimental and simulation results. Results show that experimental results are
basically consistent with the simulation results. Meanwhile, it is shown that the DEM simulation
parameters are suitable for simulating the flow process of grains.
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Figure 7: The experimental and simulated results of the outflow mass of particles in the silo
without a central decompression tube

Figure 8: The experimental and simulated results of the outflow mass of particles in the silo with
a central decompression tube

4 Results and Discussion

4.1 Analysis of Flow Pattern
In DEM simulations, particles are colored by layers. It can be observed that the grains move

downward as a whole in the silo without a central decompression tube. This flow state is the mass
flow. When the height of grains is lower than 390 mm, the flow pattern transition occurs and the
particles are in the funnel flow, as shown in Fig. 9. In order to observe the flow state of particles,
the particles are layered and colored in Figs. 9 and 11. Fig. 10 shows the velocity distribution of
grains in the silo, and the red area indicates the maximum particle velocity. In the discharging
process, the particle velocity in the green area is relatively low, while the grains in the blue areas
have almost the same velocity.
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Figure 9: Snapshots of the flow pattern in the silo without a central decompression tube. (a) t= 0 s
(b) t= 1 s (c) t= 3 s (d) t= 5 s (e) t= 7 s (f) t= 9 s

Figure 10: Velocity distribution of grains in the silo without a central decompression tube. (a) t=
0 s (b) t= 1 s (c) t= 3 s (d) t= 5 s (e) t= 7 s (f) t= 9 s
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Figure 11: Snapshots of the flow pattern in the silo with a central decompression tube. (a) t= 0 s
(b) t= 1 s (c) t= 3 s (d) t= 5 s (e) t= 7 s (f) t= 9 s

During the discharging process of granular materials, the central decompression tube plays a
role in diverting the flow patterns. When the outlet is opened, the grains in the tube flow out in
the form of funnel flow, as shown in Fig. 11. Since the squeezing force between particles is smaller
than that between particles outside the tube and the squeezing force of particles on the surface of
the granular bed is smaller than that of the internal bed, the grains on the surface of the granular
bed flow into the decompression tube through the hole and flow out of the silo. In addition, the
grains in the middle and lower layers cannot flow into the tube due to greater extrusion force, and
the grains move downward in an orderly way. Therefore, the grains have the same vertical velocity,
which reduces the dynamic pressure during the discharging process. Moreover, the grains in the
tube have a relatively higher flow rate when the outlet is opened, and the grains in the upper part
of the silo near the decompression tube have a relative velocity. The grains in the lower part of
the silo have a greater extrusion force, and the grains outside the tube have no relative velocity,
as shown in Fig. 12.

(a) (b) (c)
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(d) (e) (f)

Figure 12: Velocity distribution of grains in the silo with a central decompression tube. (a) t= 0 s
(b) t= 1 s (c) t= 3 s (d) t= 5 s (e) t= 7 s (f) t= 9 s

Mass flow index (MFI) can be used to evaluate the flow pattern of grains [38,39], expressed as

MFI = Vw
Vc

(8)

where Vw and Vc are the particle velocity in the center and near the wall, respectively. When
MFI > 0.3, the flow state is the mass flow; whereas MFI < 0.3, it is the funnel flow. Therefore,
the central slice of the silo with a thickness of 25 mm is selected and 14 cubes near the wall are
shown in Fig. 13. Meanwhile, the particle velocity in each black cell is averaged at each time step.

Figure 13: Central slice of a silo
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The MFI in the silo without a central decompression tube is greater than 0.3 within the range
of 2 to 5 s, and the particles in the silo are the mass flow. When t> 5 s, the MFI is less than 0.3,
and the particles in the silo are the funnel flow, as shown in Fig. 14. The height of the granular
bed is denoted as Hz. During the discharging process, the flow state of particles in the center is
changed from the funnel flow to mass flow. At the bottom (Ha) of the granular bed, MFI is less
than 0.3 after 3 s. The particles are in the funnel flow. When t= 7 s, The MFI is less than 0.3,
as shown in Fig. 15. During the discharging process in the silo without a central decompression
tube, the particles are in the mass flow, and the particles at the bottom are in the funnel flow.
Finally, some particles are remained in the silo. The MFI in the silo with a central decompression
tube is less than 0.3 during the discharging process, as shown in Fig. 16. The entire discharge
process appears the funnel flow.

Figure 14: MFI in the silo without a central decompression tube

Figure 15: MFI in the silo without a central decompression tube
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Figure 16: MFI in the silo with a central decompression tube

4.2 Distribution of Wall Pressure
To compare the sidewall pressures of the two silos in the static state and the dynamic

discharging process, six regions are counted along the Y-axis of the silos in DEM simulations, as
shown in Fig. 17.

Figure 17: Statistical diagram of pressure distribution in the silo

The two silos are filled with the same mass of grains. Fig. 18 shows the wall pressure in the
silo without a central decompression tube versus time. The wall pressure is denoted as Pn. It is
shown that the static area (H2) has the maximal pressure, and the maximal dynamic pressure also
occurs on this layer during the discharging process. The corresponding overpressure coefficient is
about 1.18. The overpressure coefficient is expressed as

γ=Pnd/Pns (9)

where Pnd is the maximal dynamic pressure of the wall. Pns is the maximal static pressure of
the wall. The overpressure means the pressure is higher than the maximal static pressure, and
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this phenomenon is not observed on the upper layers. It is because the pressure on this layer is
relieved at the initial moment of discharging and decreases sharply. Meanwhile, the grains located
in the upper layer have a smaller extrusion force and flow downward as a whole. As a result, the
sidewall pressure gradually decreases.

Figure 18: Wall pressure in the silo without a central decompression tube during the discharging
process

Fig. 19 shows the wall pressure in the silo with a central decompression tube versus time. It
is shown that the static area (H2) has the maximal pressure, and the maximal dynamic pressure
occurs on this layer during the discharging process. The corresponding overpressure coefficient is
about 1.32. On the upper layers, the overpressure is not observed. It is because the pressure on
this layer is relieved at the initial moment of discharging process. The particles are in the mass
flow, and the particles located on the uppermost layer flow into the tube.

Figure 19: Wall pressure in the silo with a central decompression tube during the discharging
process
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By comparing the wall pressures of two silos at different heights, the maximal wall pressure
and the overpressure are observed when Hz = 80 mm. Although the overpressure coefficient of
the silo with a central decompression tube is higher than that of the silo without a central
decompression tube, the maximal pressure is always lower than the static wall pressure of the silo
without a central decompression tube, as shown in Fig. 20. On the first layer, the wall pressure
of the silo without a central decompression tube decreases at the initial moment of discharging
process, and the pressure in the subsequent discharging process is lower than that of the silo
with a central decompression tube, as shown in Fig. 21. Moreover, the overpressure of the silo
with a central decompression tube is lower than the static pressure of the silo without a central
decompression tube.

Figure 20: Wall pressure of the silos with and without a central decompression tube as a function
of time when Hz = 80 mm

Figure 21: Wall pressure of the silos with and without a central decompression tube as a function
of time when Hz = 40 mm
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A similar phenomenon is observed in Fig. 22. During the discharging process, overpressure
exists in both silos. The static pressure and overpressure on the sidewall of the silo without a
central decompression tube are higher than those of the silo with a central decompression tube.
When Hz = 360 mm, overpressure always exists in the silo without a central decompression tube.
However, there is no overpressure in the silo with a central decompression tube, as shown in
Fig. 23. This is because the grains in the former are in mass flow, while the grains in the latter
are in funnel flow. In addition, the wall pressure gradually decreases when more grains flow into
the central hole. At the top of the granular bed, the wall pressure of two silos decreases as the
height of granular materials decreases.

Figure 22: Wall pressure of the silos with and without a central decompression tube as a function
of time when Hz = 200 mm

Figure 23: Wall pressure of the silos with and without a central decompression tube as a function
of time when Hz = 360 mm
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Except for the bottom layer, the wall pressure of the silo with a central decompression tube is
lower than that of the silo without a central decompression tube during the discharging process,
as shown in Fig. 24. The flow rate of grains in the silo with a central decompression tube is lower
than in the silo without a central decompression tube, and the frequency of pressure oscillation on
the sidewall of the silo with a central decompression tube is lower than that of the silo without
a central decompression tube during the discharging process. Therefore, the silo with a central
decompression tube is more conducive to grain storage and discharging than the silo without a
central decompression tube.

Figure 24: Relationship between heights of granular beds and wall pressure for different silos

5 Conclusions

The flow characteristics of grains in a silo with a central decompression tube were studied
through experimental measurements and discrete element methods in this study. The DEM results
were compared with the experimental results, which verified the applicability of the DEM model
for the hopper discharge of granular materials. Then, the influences of the central decompression
tube on the flow pattern and wall pressure were analyzed. Results showed that the particles in the
silo without a central decompression tube were in mass flow, while the particles in the silo with a
central decompression tube were in funnel flow. Therefore, the central decompression tube caused
the flow pattern transition of granular materials. Moreover, the maximal wall pressure of the silo
with a central decompression tube was in the upper part of the hopper, and the overpressure
reached 82% of the height of the silo during the discharging process. Although this overpressure
coefficient was larger than that of the silo without a central decompression tube, the maximal
pressure was always lower than the static and dynamic pressures of the silo without a central
decompression tube. Overall, the central decompression tube in the silo effectively improved the
safety of the silos.
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