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ABSTRACT

In order to adapt to the needs of modern intelligent warehousing and reduce the unloading side pressure of
grain silo, the influence of curved funnel on the unloading process is designed and analyzed, and this paper
uses EDEM simulation software and Hertz Mindlin model for analysis. The results found that compared with
the unloading characteristics of the conical funnel, the unloading side pressure is effectively improved; in the
unloading process, with the increase of the shrinkage rate, the critical position of the flow transformation
increases and the flow velocity of the particle group accelerates. However, the flow velocity of the particle
group decreases when it reaches the critical position of 250 mm. Combined with the corresponding analysis,
this paper uses the Froude number to quantitatively express the mobility of particles. As the shrinkage rate of
the curved funnel and the unloading height increase, the Froude number also increases. This paper analyzes
and calibrates the curved funnel for soybean unloading in silos, which will provide useful reference for avoiding
arching and clogging during the unloading process of grain particles.
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INTRODUCTION

Silo as the main facility for grain storage, has many advantages, such as: it occupies a small area, it is
easy to build, can be added to a variety of monitoring equipment, it is easy to use, it is conducive to the transfer
of grain, and so on, therefore, worldwide it is more used for the storage of grain, sand and other bulk particles.
In addition to bearing permanent load and variable load, the silo also bears the effect of grain storage on the
silo during use (Ayuga F. et al., 2001). The effect of grain storage on silo is large, the action time is long, and
it changes with time, which is the main factor affecting the safety of silo structure. The dynamic pressure of the
silo will increase during the unloading process (Zhao et al, 2013), and overpressure phenomenon often occurs
in the lower part of the silo.

Through a large number of studies by scholars, it is known that the conventional conical hopper silo will
be clogged during unloading due to a number of factors such as the complexity of the bulk material, and even
the silo wall is thus impacted, leading to the destruction of the silo. Pressure reducing tubes (Wang et al, 2001,
Yuan et al, 2020; Wang et al, 2023) or fluid modifiers (Qu et al, 2012) are installed inside the silo to change
the particle flow pattern, but in practice, the pressure reducing tubes are not easy to install and fix, and fluid
modifiers can be damaged (Qu et al, 2012). One or both side chutes (Yuan et al, 2019) are installed on the
side of the silo to change the particle flow pattern to reduce the side pressure, but the eccentric discharge is
not well adapted. In this paper, the analysis of the law of influence of such a combined funnel on the unloading
of a silo, when only one section of the unloading funnel is a curved funnel portion and the rest is still a conical
funnel portion, is investigated.
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Simulation of unloading from curved funnels with different degrees of curvature

Curved funnel model analysis

In order to study the influence of the bending degree of the curved funnel on the simulation of silo
unloading, the height of 200 mm curved funnel is selected, and then the angle of the arc is used to represent
the curvature of the surface, the arc angle of 20°~60° is selected for a total of five levels. After calculation, if

the arc angle is greater than 60°, it will lead to the minimum discharge diameter change. Figure 1 shows the
two-dimensional image of the curved funnel.
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Fig. 1 - Curved funnels with different degrees of curvature

Shrinkage can be used to express the degree of curvature of the surface, which is expressed as the
ratio of the difference between the area of the upper and lower two cross-sections and the ratio of the larger
area of the two cross-sections in a unit distance of the longitudinal distribution of the discharge funnel; it is
calculated by the formula shown below:

dS 2axdx 2
C =—= > = —
Sdy ax°dy vy
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where C is the shrinkage rate; S is the cross-sectional area; dS is the difference between the upper and lower cross-

sectional areas; dy is the unit distance of the longitudinal distribution; and Dy is the outlet diameter of the funnel.
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Fig. 2 - Schematic diagram of funnel cross-section

Figure 2 is the schematic diagram of the vertical section of the curved funnel. The shrinkage rate of the
curved funnel with different arc angles can be calculated, as shown in Table 1:

Table 1
The shrinkage rate of five different funnels

Angle of a circle arc

Shrinkage rate/C

20° 0.089
30° 0.106
40° 0.125
50° 0.146
60° 0.171

The silo model was imported into EDEM software and unloading simulation was carried out, as shown

in Figure 3 for the 3D model of the silo.
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Fig. 3 - 3D model of the simulation test
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The software uses the Hertz Mindlin model to calculate the indirect contact force of particles. The indirect
contact force of particles includes normal force and tangential force, among which the calculation of normal
force is based on Hertz theory. The calculation of tangential force is based on Mindlin's theory, which satisfies
Coulomb's law of friction and accurately describes the interactions between particles. The particle model
selected in this article is the four sphere particle model of soybean particles, and the corresponding three-
dimensional model is shown in Figure 4.

<

6.91mm

Fig. 4 - Three dimensional dimensions of soybean particles

The relevant physical attribute parameters and simulated attribute parameters are shown in the table:

Table 2
Physical parameters
Material Parameter Numerical value
Poisson's ratio 0.23
Soybean Young's modulus (MPa) 63
Particle density (kg/m3) 1211
Poisson's ratio 0.5
Silo Young's modulus (MPa) 35
Particle density (kg/m3) 1180
Table 3
Contact parameters
Material Parameter Numerical value
Coefficient of static friction 0.39
Particle - Particle Collision recovery coefficient 0.3
Coefficient of dynamic friction 0.17
Coefficient of static friction 0.474
Particle - Silo Collision recovery coefficient 0.47
Coefficient of dynamic friction 0.1

As can be seen in Figure 5 the average unloading rate of the conical hopper silo is 2.68 kg/s, while the
unloading rate of the curved hopper silo accelerates with the increase of hopper shrinkage, and the growth
slows down after the curved hopper arc angle of 40°.
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Fig. 6 - Maximum pressure of curved funnels with different shrinkage rates

From the analysis, it can be seen that the lateral pressure of the silo wall during unloading reaches the
maximum value at the initial stage of unloading, and then shows an oscillating pattern of gradual decrease. It
can be seen that the curved funnel plays the role of pressure reduction in the unloading process of the silo,
and there is a difference in the degree of influence of different shrinkage of the curved funnel on the unloading
of the silo. Among them, the unloading pressure of the simulation group with curved funnel shrinkage of 0.125
has the largest reduction, which reaches 27.1%.

Analysis of particle flow in curved funnel silos

In order to facilitate the observation of the changes in the particle flow form during the unloading process,
the particle groups were stained hierarchically in the EDEM and divided into yellow and blue color, which was
used to identify the particle flow form in the unloading. Figure 7 shows the comparison of the unloading particle
flow patterns of the six simulation groups.

Overall flow
\

‘ = 3
Conical funnel ¢=0.089 ¢=0.106 ¢=0.125 ¢=0.146 ¢=0.171

Conical funnel ¢=0.089 ¢=0.106 c=0.125 ¢=0.146 c=0.171
Fig. 7 - Flow pattern of particles from t=6s to t=15s

From the figure, it can be seen that when the shrinkage rate of the curved funnel is small, the critical
position of the two forms of flow is low; as the shrinkage rate of the curved funnel increases, the critical position
of the overall flow and the tubular flow increases, but the enhancement of the mobility of the particles slows
down after the shrinkage rate increases to a certain extent.
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Unloading flow rate analysis of curved funnel silos

A silo particle velocity cloud was created to analyze the change in velocity of the particles during
unloading, as shown in Figure 8.

CLLLLL

Conical funnel ¢=0.089 c=0.106 c=0 c=0.146 c=0.171

- -
Conical funnel ¢=0.089 ¢c=0.106 ¢=0.125 ¢=0.146 ¢=0.171

Fig. 8 Particle flow velocity cloud from t=6s to t=12s

The overall unloading process of the silo was investigated by laterally dividing the grid set into 11 regions,
and the velocity of particles with different height in silo was collected along silo wall-center-silo wall, and the
velocity of particles at each height was analyzed. It was ensured that each layer of the observation window
was to contain multiple falling soybean particles, and each of the small grids created was a 20mm40mm

rectangular observation window, as shown in Figure 9.
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Fig. 9 - Particle flow rate observation window

The results in Figure 10 show that there are two stages in the variation of particle flow velocity with
shrinkage: one in which the flow velocity of the particles is large and the difference in the flow velocity of the
laterally distributed particles is obvious; and the other in which the flow velocity of the particles is small and the
difference in the flow velocity of the laterally distributed particles is very small.
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Fig. 10 - Mean particle flow velocity within regions ato ¢

The particle flow velocity in the observation window at the center of the lateral distribution was analyzed.
As Figure 11 shows the comparison of the flow velocity of the center particles unloaded from silos with different
shrinkage rates, it can be seen that the flow velocity of the center particles becomes faster with increasing
shrinkage rate, while the flow velocity of the center particles gradually slows down with decreasing depth of
the silo.
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Fig. 11 - Comparison of central particle flow rates for different shrinkage rates

Simulation of unloading from curved funnel with different heights

When only a part of the hopper is curved, the dynamic lateral pressure of the silo wall, particle flow
pattern and velocity change law are simulated by changing the shrinkage rate of the curved funnel, and the
velocity of particles in the hopper is faster. Further study is made to change the height of the curved funnel in
the discharge funnel to study the change rule of simulated silo discharge. The test model is divided into six
variables, namely H (100mm), H (150), H (200mm), H (250mm), H (300mm), H (350mm), as shown in Fig.12.

H (150) H (200) H (250) H (300) H (350)

UL

Fig. 12 - Unloading simulation test model

H (100)

Effect of height of curved funnel on discharge pressure

The simulated maximum pressure values for six groups of curved funnel discharge with different heights
are shown in Figure 13. When the height of the curved funnel is 100 mm, the maximum discharge pressure P
of the silo is 3.56 kPa, which is a decrease of 11% compared to the maximum pressure value of the conical
funnel group; when H=150 mm, the P is 3.33 kPa, which is a decrease of 16.7%; when H=200 mm, the
decrease is 18.7%; when H=250 mm, the decrease is 21%; when H=300 mm, the decrease is 29.7% and 22.4%
for H=350 mm.
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Fig. 13 - Maximum pressure values for different heights of curved funnel discharge simulation

From the above simulation test, it can be seen that the pressure variation law during unloading is similar
to the discussed law. The influence of curved funnel with different height on the dynamic side pressure of silo
discharging is also different. Among them, the simulation group with the height of 200 mm of curved funnel
has the smallest unloading pressure drop, and the simulation group with the height of 300 mm has the largest
unloading pressure drop.

Unloading flow analysis of curved funnel silos

The unloading flow pattern was analyzed, as shown in Figure 14, which compares the unloading particle
flow pattern of the seven simulation groups.
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Fig. 14 - Comparison of particle flow regimes in the simulation group from t=6s to t=12s

The above analysis shows that when the height of the curved funnel is small, the critical positions of the
two flow forms are low; with the increase of the height of the curved funnel, the critical positions also rise. From
the conical funnel H=0 mm simulation group to the H=250 mm simulation group, the critical position of the flow
situation in the subsequent simulation group also increased with the increase of the curved funnel height, but
the amplitude was not obvious. With the increase of the height of the curved funnel, the flowability of the
particles in the silo also increases.
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Fig. 15 - Critical positions of the two flow patterns

Unloading flow rate analysis of curved funnel silos

As can be seen from Figure 16, the particle flow rate in the curved funnel silo is larger than that in the
conical funnel silo, and distributed along the wall-center-wall of the silo, the particle flow rate follows the law of
slow-fast-slow change. The particle flow rate of the simulation group with a curved funnel height of 200 mm is
significantly higher than that of the other simulation groups, and the other simulation groups follow the law that
the particle flow rate increases with the increase of the curved funnel height.
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Fig. 16 - Mean particle flow velocity within regions ato b

From the above analysis, as the height of the curved funnel increases, the particle mobility becomes
better and the particle flow rate is accelerated, which speeds up the outflow of particles from the top of the silo
and reduces the time that the mixed flow situation exists.

Quantitative analysis of particle fluidity

In this paper, a dimensionless parameter, the Froude number, has been chosen as a means of
guantitatively analyzing the mobility of particles.

The Froude number is the ratio of the inertial force to the gravitational force of the particles and is
specified as follows:

F=— (2)
VgelL
where:
V is the velocity of the particle; V is the gravitational acceleration; L is the characteristic length of the
object.

By analyzing the above formulas, Lehmann derived the non-square Froude number for axisymmetric
containers as shown below:
F__M (3)
" p\Jg-D
where:
M is the average discharge rate; ps is the bulk density of the particles; g is the gravitational acceleration;
D: is the diameter of the outlet.
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Fig. 17 - Relationship between variables and Froude number

Figure 17 shows the trend of Froude number for shrinkage C=0.089 to 0.171 and the trend of Froude
number for height H=100 mm to 350 mm. The results show that the Froude number increases as the shrinkage
rate increases and slows down after C=0.125; the Froude number increases as the height of the curved funnel
increases and the rise rate increases after H=250 mm.

CONCLUSIONS

In this paper, the unloading of curved funnel silo is simulated. The effects of shrinkage rate and the
height of curved funnel on discharge flow pattern and velocity were analyzed, the influence trend of curved
funnel on particle flow was quantitatively analyzed, and the influence of the decrease of maximum lateral
pressure at C=0.146 compared with that of curved funnel on discharge flow pattern and flow rate was analyzed,
and the influence of curved funnel on particle flow capacity was quantitatively analyzed. It was found that
different shrinkage rates and heights of curved funnel silos had different reduction of maximum lateral pressure
compared with conical funnel silos. However, because the dynamic discharge pressure is affected by the
complex flow characteristics of the internal particles, and does not change in a fixed law, the maximum side
pressure drop is optimized at H=350 mm. During the simulated unloading process, the flow characteristics of
the particles change with the change of shrinkage of the curved funnel. As the shrinkage increases, the critical
position of the flow transition of the particle flow rises, the "V" shape of the central particle becomes more
obvious, the flow velocity of the particles is accelerated, and the difference of the flow velocity of the particles
in the lateral distribution is larger, but the trend of the particle flow velocity rise slows down when the shrinkage
increases to a certain level. The flowability of particles changes significantly with the height of the curved funnel.

From the macroscopic level of analysis, with the increase of height, the critical position of the flow shape
transformation rises, but with the increase of height to 250 mm later, the trend of the critical position rising
slows down, and the end of the mixed flow is advanced; from the microscopic level of analysis, with the
increase of height, the flow rate of particles accelerates, and the flow rate of the central particles is significantly
larger than that of the surrounding particles. The flowability of the particles was quantitatively analyzed using
a dimensionless parameter, the Froude number. The results showed that the Froude number increased with
the increase of shrinkage, but slowed down after C=0.125; the Froude number increased with the increase of
height, and the rise rate increased after H=250 mm. The flowability of the particles becomes better with the
increase of the Froude number, which quantitatively expresses that the curved funnel improves the flowability
of the particles.
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