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Abstract: The hopper is an important piece of basic equipment used for storing and transporting
materials in the agricultural, grain, chemical engineering, coal mine and pharmaceutical industries.
The discharging performance of hoppers is mainly affected by material properties and hopper
structure. In this work, the flow capacity of cylindrical pellets in the hopper with the unloading
paddle is studied. A series of numerical simulation analyses with the aid of the discrete element
method (DEM) platform are carried out. Then, the discharging process is illustrated, and the flow
capacity of pellets in the hopper is analyzed by the mass flow index (MFI), the dynamic discharging
angle (DDA) formed in the discharging process and porosity among pellets. Furthermore, the effect
of parameters such as hopper half angle, rotation speed of the unloading paddle and outlet diameter
of the hopper is investigated. The results show that MFI increases with an increase in hopper half
angle or outlet diameter and a decrease in rotation speed. Meanwhile, DDA and porosity decrease
with the increase in the hopper half angle or outlet diameter and the decrease in the rotation speed.
Finally, the MFI ~0.24 is identified as the criterion to distinguish the mass flow from the funnel flow
for the hopper with an unloading paddle, and the optimization results are decided as follows: hopper
half angle greater than 60◦, outlet diameter greater than 60 mm and rotation speed between 45 rpm
and 60 rpm. These results should be useful for providing a theoretical reference for the optimization
design of feeding devices for swine feeders.

Keywords: discrete element method; cylindrical pellet; hopper; unloading paddle; flow capacity

1. Introduction

Cylindrical pellet feed is a bulk solid feed used widely in the swine industry [1–5]. A
feeder typically consists of a hopper, an unloading unit (optional design according to feed
requirements) and a feed trough. The cylindrical pellets fall into the feed trough from the
hopper by the unloading unit or gravity. However, it is also indicated that cylindrical pellets
are blocked once arching behavior occurs in the discharging process, which seriously affects
the feeding program due to the suspension of the feeding process of the swine. Meanwhile,
if the discharging process cannot ensure cylindrical pellets “first in first out” from the
hopper in a continuous feeding process, feed quality will be affected, thus affecting the
health of swine. Therefore, the flow capacity of cylindrical pellets in the hopper during the
discharging process is important to the design, optimization and application of feeders [6,7].

Recently, scholars have focused their research on discharge characteristics in the
hopper [8–14]. For instance, Mahajan et al. [15] modified the design to improve the feeding
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accuracy of the belt weigh feeder system, which ensured uniform feeding of material
by adjusting the gate opening of the feeding hopper and adjusting the vibrating motors
attached to the feeding hopper. Chandravanshi et al. [16] carried out the theory analysis
for the vibratory feeder. Furthermore, the movement of particles being delivered was
analyzed at different frequencies in the experiment. Zhang et al. [17] revealed that the
transition from mass flow to funnel flow existed during the discharging process for a
conical silo with a flapper at the outlet of the silo. Specifically, the height of the flow
pattern transition could be determined by DEM simulations, and the impact of the outlet
size of the silo on the critical height was investigated. Fernandez et al. [18] evaluated the
effect of the relative performance of different screw options, including a variable screw
pitch, variable screw flight outside diameters and variable core diameters, on spherical
particles in a horizontal screw feeder so as to evaluate the relative performance of different
screw options. To date, all studies tend to optimize the parameters of the mechanism in
accordance with different groups of experiments. Many measures have been adopted in
the design of feeders, including adding vibrating motors attached to hoppers, adding a
flapper at the outlet of the silo and setting up the screw device in the elevation direction
with the longitudinal section of hoppers [19,20]. Although many kinds of feeders have
been designed and applied in different kinds of industries, the flow capacity of pellets
discharged from the hopper with an unloading paddle is seldom studied.

The discrete element method (DEM) is used extensively for the simulation of granules
and in powder technology [21–24]. Ma et al. [25] proposed an intelligent calibration method
for microscopic parameters based on the measured landslide accumulation morphology
and the discrete element numerical simulation method. DEM is often used to investigate the
particle flow in a feeder and obtain some useful findings [26]. The main advantage of DEM
is that it can describe some dynamic information that is difficult to obtain by experiment [27].
In this work, DEM is adopted to investigate the flow capacity of cylindrical pellets in a
hopper with an unloading paddle.

The goal of the work is to investigate the effect of the main parameters on the discharg-
ing process of cylindrical pellets in the hopper with an unloading paddle and to determine
these parameters using the mass flow theory. Using DEM and physical experiments, we
achieved the following objectives: to investigate the effect of main parameters, such as hop-
per half angle, rotation speed of the unloading paddle and outlet diameter of the hopper,
on the flow capacity of cylindrical pellets; to evaluate the flow capacity by introducing
the mass flow index (MFI), the dynamic discharging angle (DDA) and porosity; to decide
the criterion for distinguishing between mass flow and funnel flow; and to determine the
optimized parameters for the design of the hoppers with an unloading paddle.

2. Technical Solution and DEM Simulations
2.1. Research Technology Route

For the purpose of exploring the flow capacity of pellets in the hopper with an un-
loading paddle, numerical simulation and physical experiments are applied in this work.
The research technology route is presented in Figure 1, which is determined according to
the research characteristics. The work is carried out step by step according to the progress
sequence: kinematics analysis of an unloading paddle, analyzing the influence law of the
unloading paddle on discharging, determining the key parameters affecting the discharging
of the hopper, studying the virtual discharge process, determining the MFI value used to
define the flow patterns and optimizing parameters for the experimental research.
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2.2. DEM Model Description
2.2.1. Mechanical Contact Model

A three-dimensional DEM based on the soft-sphere model is used to simulate the flow
process of cylindrical pellets (simplified as pellets in the following) in a hopper with an
unloading paddle. The translation and rotation of each particle in a system are described
by Newton’s law of motion. Therefore, the equations (translational and rotational motion)
of a particle i interacting with another particle j can be given by:

mi
dvi
dt = mig +

ni
∑

j=1
(Fk

n + Fc
n + Fk

t + Fc
t )

Ii
dωi
dt =

ni
∑

j=1
(Mt + M f )

(1)

where vi and ωi are the translational and angular velocities of particle i respectively, with
the gravity mig and the moment of inertia Ii. ni is the number of particle j in collision with
particle i. Fk

n and Fk
t are the elastic contact force in both normal and tangential components

at the contact point, respectively. Fc
n and Fc

t are the viscous damping force in both normal
and tangential components at the contact point, respectively. Mt and Mf are the torque
generated by tangential force and rolling friction torque respectively.

Considering the numerous studies, the Hertz–Mindlin is the most widespread contact
model that can be applied in DEM simulations [17,28]. Thus, the no-slip Hertz–Mindlin
contact model is adopted for the calculation of the above forces and torques of pellets; this
model combines Hertz’s theory in the normal direction and Mindlin’s no-slip model in
the tangential direction [29–31]. All forces and torques in the contact model, according
to the above equations, are summarized in Table 1 [32–34]. The simulation of the pellet
flow process is performed by the professional EDEM 2.7 (DEM Solution, Edinburgh, UK)
software, which was installed on an Intel Xeon CPU E5-2690 v4 with 24 GB of RAM and a
64-bit Windows 7 Professional operating system. With the existing configuration, it takes
approximately six CPU hours to simulate 1 s of real-time. When the number of cores in
the simulator engine can be adjusted to six, the time step is 2.5 × 10−5 s for all simulations,
ensuring the real situation and increasing calculation speed.
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Table 1. Components of forces and torque acting on pellet i.

Forces and Torques Symbols Equations

Normal elastic force/N Fk
n −4/3E∗√R∗δn

3/2n
Normal damping force/N Fc

n −cn

(
8mijE∗√R∗δn

)1/2
νn,ij

Tangential elastic force/N Fk
t −µs

∣∣∣Fk
n

∣∣∣[1 − (1 − δt/δt,max)
3/2

]∧
δt, (δt < δt,max)

Tangential damping force/N Fc
t −ct

(
6µsmij

∣∣∣Fk
n

∣∣∣√1 − |νt|/δt,max/δt,max

)1/2
νt,ij, (δt < δt,max)

Torque by tangential forces/N Mt Rij ×
(

Fk
n + Fc

t

)
Rolling friction torque/N·m M f µr,ij

∣∣∣Fn,ij

∣∣∣∧ωn
t,ij

Coulomb friction force/N ft −µs

∣∣∣Fk
n

∣∣∣∧δt,(δt ≥ δt,max)

where 1
R∗ = 1

|Ri |
+ 1

|Rj| , E∗ = E
2(1−ν2)

,
∧
ωt,ij =

ωt,ij

|ωt,ij| ,
∧
δt =

δt
|δt | , δt,max = µs

2−ν
2(1−ν)

, νij = νj − νi + ωj × Rj − ωi × Ri ,

νn,ij =
(
νij × n

)
× n, νt,ij =

(
νij × n

)
× n. Note that tangential forces

(
Fk

t + Fc
t
)

should be replaced by ft when
δt ≥ δt,max.

2.2.2. Simulation Condition

In this work, the prototype of a simulated pellet is pellet feed used in the swine
industry, and the appearance is similar to that of a cylinder. The geometrical dimensions
of 100 pellets are randomly measured by the Vernier Calipers; they can get a pellet with
an average length L of 7.98 mm and an average radius R of 2.5 mm. At the same time, if
the density measurement of a pellet is 1538 kg·m−3, then the discrete element modeling
of a pellet is established according to the above data [16,35–41]. In order to truly restore
the state of the pellets and consider the computation of the simulation test, it is usually
necessary to adjust the number and size of subspheres. Finally, the virtual model of the
pellet is composed of 45 overlapping spheres of the same radius as EDEM. The theoretical
radius of the nine spheres in the top section is shown in Figure 2a; the coordinate values of
the nine spheres are determined based on the actual pellet diameter, as shown in Table 2,
and the virtual model of the pellet is shown in Figure 2b.
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The team independently designed a swine feeder; its structure diagram is shown in
Figure 3. It shows that the device contains a hopper, a rotating shaft, an unloading unit
and a feeding trough. As the key part of the feeding device, the unloading unit consists
of an unloading paddle and a fixed disk. The unloading paddle is arranged 9 mm below
the discharge outlet of the hopper based on the requirements of pellets’ unloading. The
fixed disk mentioned above is designed as a stainless-steel disk with thickness hF = 3 mm
and is by Equation (2). The structural parameters of the unloading paddle are thickness
hP = 3 mm, rotation diameter Dr = (DF + 6) mm, maximum width B1 = 20 mm and radius
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of curvature r = 70 mm, respectively, as shown in Figure 4. Furthermore, the back wall
of the unloading paddle is a line shape, and the front wall is designed as an arc curve for
pushing pellets on the fixed disk.

DF = 2 ×
(

h1

tan βr
+

D2

2

)
+ h1 (2)

where DF and D2 are the diameters of the fixed disk and the discharge outlet, respectively
(mm). βr is the angle of repose of pellets (◦). h1 = 9 mm (the distance between the outlet
and the unloading paddle mentioned above).

Table 2. Parameter setting of cylindrical pellet modeling.

Spherical Unit Number X/mm Y/mm Z/mm

1 0.000945 −0.000321 0.001012
2 1.36691 −0.00098 0.733574
3 −1.36502 0.000337 −0.73155
4 −0.731617 −0.000114 1.36697
5 0.733507 −0.000529 −1.36495
6 0.450455 −0.000641 1.49029
7 1.49022 −0.000936 −0.448498
8 −1.48833 0.000293 0.450522
9 −0.448565 −2 × 10−6 −1.48826

X, Y and Z in the Table 2 represent the spatial coordinate values of the unit sphere in the EDEM 2.7 software.
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Figure 3. The schematic diagram of the feeder used in DEM simulation.

In the simulations, the coordinate axis is placed in the center of the intersection
between the cylindrical part and conical part in the hopper, the positive direction of the
X axis is pointed to the inside of the hopper, and the global variable parameters used
between the pellet and the feeding system are determined based on the physical test results
of the basic characteristic parameters and contact parameters of pellets, feeding system,
pellet-pellet and pellet-feeding system, as shown in Table 3. The values of the characteristic
parameters used in the simulation tests are the same as in our previous work [42].
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Table 3. Global variable parameters and their values in simulations.

Type Parameters Values

Pellet feed
Density, ρf (kg·m−3) 1538

Poisson ratio, νf 0.26
Shear modulus, Gf (Pa) 7.1 × 107

hopper

Hopper half angle, β (◦) 45–75
Outlet diameter, D2 (mm) 60–140

Hopper diameter, D1 (mm) 290
Density, ρh (kg·m−3) 2000

Poisson ratio, νh 0.3
Shear modulus, Gh (Pa) 1.1 × 109

Rotating shaft
Density, ρR (kg·m−3) 7800

Poisson ratio, νR 0.3
Shear modulus, GR (Pa) 7 × 1010

feeding trough
Density, ρt (kg·m−3) 1340

Poisson ratio, νt 0.32
Shear modulus, Gt (Pa) 1.2 × 109

Feed-feed
Restitution coefficient, eff 0.65

Coefficient of static friction, µs,ff 0.4
Coefficient of rolling friction, µr,ff 0.01

Feed-hopper
Restitution coefficient, efh 0.48

Coefficient of static friction, µs,ff 0.4
Coefficient of rolling friction, µr,fh 0.01

Feed-rotating shaft
Restitution coefficient, efr 0.62

Coefficient of static friction, µs,fr 0.27
Coefficient of rolling friction, µr,fr 0.01

Feed-feeding trough
Restitution coefficient, eft 0.5

Coefficient of static friction, µs,ft 0.38
Coefficient of rolling friction, µr,ft 0.01

Simulation Time step, ∆t (s) 2.5 × 10−5

Pellet feed in Table 3 refers to the columnar pellet feed (processed by the pelleting machine) for nursery.
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In order to improve the accuracy of the simulation calculation, the simulation started
with the random generation of pellets from the top of the hopper in each simulation test,
and all pellets in an unlimited style fell onto the bottom of the hopper under gravity until
more than 100 mm high in the cylindrical part was reached, which ensured the flow capacity
of pellets in the hopper. When all the pellets are in a steady state, the unloading paddle is
driven by the stepper motor and pellets in the hopper fall into the feeding trough. During
the simulation test, the position and velocity data for each pellet are automatically saved
every 0.01 s.

2.3. Evaluation Index
2.3.1. MFI Theory

MFI [14,17,43] is used to define the flow patterns in the hopper with an unloading
paddle accurately. The MFI value is the ratio of the average vertical velocity of the pellet
near the wall to the average vertical velocity of the pellet in the center, it is calculated as
follows:

νW =

t
∑

i=1
νi

t
(3)

Then
MFI =

νW
νC

(4)

where vc and vw are the average vertical velocity of pellets in the center and near the wall,
respectively (m/s). vi is the average vertical velocity of pellets in each cuboid unit at time
step i (m/s). t is the total time step when the top surface at the center of the hopper flows
downward from Y = 100 mm to the position of Y = 45 mm (s).

To observe the flow pattern and analyze the important data conveniently, the vi
mentioned above can be obtained in a series of cuboid units (in the height range of
0 mm ≤ Y ≤ 40 mm) as shown in Figure 3. The left (right) cuboid unit is 10 mm away from
the hopper wall.

2.3.2. DDA and Porosity Theory

The dynamic discharging angle (DDA) and porosity are used to describe the flow
characteristics of pellets in the hopper during the discharging process. The DDA is defined
as the maximum angle between the tangent of the top slope surface and the level in the
center when the top surface flows downward from 100 mm to the position of Y = 45 mm,
as shown in Figure 3. The tangent of the top slope surface above is formed by the tangent
between the lowest point of the level in the center and the slope surface. The mean value of
the DDA at the different layer heights is calculated by applying Equation (5). Meanwhile,
the porosity in each cuboid unit with a range of 0 mm ≤ Y ≤ 40 mm is calculated in
Equation (6).

αi = arctan
(

yr − yl
zr − zl

)
(5)

where αi is the DDA formed in the discharging process (◦). (yl, zl) are the coordinate average
in the intersection of the tangent of the top slope surface and the level in the center at the
time step i (mm, mm). (yr, zr) are the coordinate average at the intersection of the top slope
surface and the tangent at the time step i (mm, mm).

P =
V − N · Vp

V
(6)

where P and N are the porosity and the average number of pellets in each cuboid unit,
respectively, when the top surface flows downward from 100 mm to the position of
Y = 45 mm (/,/). V is the volume of each cuboid unit (mm3). Vp is the volume of each
pellet (mm3).
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2.4. Simulation Tests Arrangement

The hopper half angle, outlet diameter of the hopper and rotation speed of the un-
loading paddle are important parameters in the design of the hopper with the unloading
unit [44,45]. For the purpose of studying the effect of the parameters on the flow capacity
of pellets inside the hopper, experimental factors and levels are determined by pretest and
the Beverloo Equation [46], as well as the prediction of mass discharge rate suggested by
Zheng [47]. The hopper half angle varies from 45 to 75◦, the rotation speed transitions from
30 rpm to 60 rpm, and the outlet diameter changes from 60 mm to 140 mm, as shown in
Table 4.

Table 4. List of simulation cases.

Test Hopper Half
Angle β (◦)

Rotation Speed
n (rpm)

Outlet Diameter
D2 (mm) MFI (/)

1 45 45 100 0.10
2 50 45 100 0.13
3 55 45 100 0.18
4 60 45 100 0.24
5 65 45 100 0.60
6 70 45 100 0.67
7 75 45 100 0.75
8 65 30 100 0.64
9 65 60 100 0.45
10 65 45 60 0.30
11 65 45 80 0.54
12 65 45 120 0.64
13 65 45 140 0.68

3. Analysis of the Discharging Effect of the Unloading Paddle
3.1. Effect of the Unloading Paddle on Pellets on the Fixed Disk

With the rotation of the unloading paddle, such as from the initial solid line position to
the dotted line position, as shown in Figure 4, pellets on the fixed disk are pushed and dis-
charged. In Figure 4, A pellet K that is about to leave the edge of the fixed disk is randomly
selected as the research object for theoretical analysis to reflect the movement law of pellets
on the fixed disk. Firstly, the relative formula in ∆O1OK is shown in Equations (7)–(9).

cos(
π

2
− γ) =

lOO1
2 + lOK

2 − r2

2lOO1 lOK
(7)

sin(π
2 − γ)

r
=

sin δ

lOO1

(0 < γ <
π

2
) (8)

lOO1 = r − B1

2
(9)

The relation between the absolute velocity and the following velocity can be obtained
through the kinematic analysis of the pellet K, as shown in Equation (7).

sin ε

ν2
=

sin
[

π
2 + (ε − δ)

]
ν1

(10)

v2 = ω · lOK (11)

where v1 is the absolute velocity (m/s). v2 is the following velocity (m/s).
From Figure 4 and Equation (10), v1 gradually increases from the inside to the outside

along the curved unloading paddle, meanwhile the direction of v1 is anisotropic, which is
to the realization of the uniform discharge. In Figure 4, angle ε is the angle between the
relative velocity v3 and the absolute velocity v1 (◦). Based on the calculation, angle ε is
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97.3◦ ± 1◦ when the rotation speed changes from 30 to 60 rpm, which indicates pellets left
the fixed disk approximately along the arc normal direction. Then, the direction of pellet
absolute velocity is anisotropic along the curved unloading paddle, which is beneficial to
uniform discharge.

Then, the DEM 2.7 software is used to conduct a virtual simulation of the movement
process of pellets by the unloading paddle, and the discharging process is also tested
according to the rotation speed of 45 rpm and the outlet diameter of 100 mm. After
simulation, the vector display method is used to visually process the pellets on the fixed
disk, the arrow direction is specified by the velocity magnitude. Meanwhile, the pellets
are given different colors to reflect the velocity magnitude; red, green and blue are the
min color, mid color and max color, respectively. The simulation snapshots in Figure 5a
revealed that pellets showed an anisotropy distribution. As the unloading paddle rotates
counterclockwise, it can be seen that the inside pellets were pushed gradually to the outside
of the fixed disk by the unloading paddle and finally, the outside pellets left the fixed disk
at a rapid velocity approximately along the arc normal.
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Figure 5. Qualitative comparison between simulation (left) and experiment (right) (n = 45 rpm,
D2 = 100 mm). (a) The simulation test in the straight part; (b) the discharging experiment in the
straight part.

Additionally, the discharge experiment in the straight part of the hopper is carried out
under the same parameter conditions. Then, a pellet is randomly selected in the central
area of the fixed disk and circled with yellow marks to analyze the details. The results show
that the pellets discharged from the fixed disk are basically evenly distributed, as shown in
Figure 5b, and the movement rule of pellets at the yellow mark is approximately consistent
with the simulation, which proves the correctness of the virtual simulation.

Further, the trajectory of three pellets near the inside, middle and outside of the paddle
on the fixed disk is tracked by the simulation so as to clarify the discharging process. As
shown in Figure 6, the trajectory of the C pellet is a straight line, and it can be seen that the
direction of the C pellet is approximately along the arc normal combining with position 1
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of the unloading paddle. While the trajectory of the B pellet consists of an arc and a straight
line, which is due to the B pellet first being pushed towards the edge of the fixed disk by
the unloading paddle, the B pellet leaves the fixed disk approximately along the arc normal
of the unloading paddle, similar to the C pellet combining with position 2 of the unloading
paddle. Finally, the trajectory of the A pellet is similar to that of the B pellet; the motion
direction of the A pellet is approximately along the arc normal, combining with position 3
of the unloading paddle. Nevertheless, the curvature of the arc in the A pellet trajectory
is slightly larger than that of the B pellet; this may be because the velocity of the A pellet
increases gradually when the A pellet moves outside.

In other words, the above analysis and experiment verify that the inside pellets
gradually move outside as the unloading paddle rotates and eventually move away from
the fixed disk approximately along the normal arc of the unloading paddle.
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red, yellow and blue represent the three positions in the clockwise rotation of the unloading paddle
on the fixed disk.

3.2. Effect of the Unloading Paddle on Pellets in the Hopper

According to Figure 6, the unloading paddle pushes pellets on the fixed disk away.
In order to discuss the effect of the unloading paddle on pellets in the hopper during the
discharging process, the movement trajectory of the three pellets is tracked at a distance
of 20 mm, 36 mm and 60 mm from the hopper center, respectively. When the hopper half
angle is 75◦, the rotation speed is 45 rpm and the outlet diameter is 100 mm. As shown in
Figure 7, the pellets A, B and C move down a vertical line in the cylindrical part. Then, the
pellets A, B and C have a motion trend towards the hopper center when falling into the
lower conical part of the hopper, which is because the shrinkage of the hopper wall impels
pellets near the hopper wall to move toward the hopper center.

Near the straight part of the outlet, the pellets A and B begin to have both a downward
displacement and a reciprocating motion away from the hopper center, while the pellet C
basically moves downward. The pellet A spreads towards the outside of the outlet more
obviously than the pellets B and C after entering the straight part of the outlet, which
may be because when the unloading paddle rotates, the center pellets gradually move
to the outer edge of the fixed disk with the rotation, while a small number of particles
on the edge of the straight part fall to the edge of the fixed disk and are directly sent to
the feeding trough by the unloading paddle. Therefore, the pellets in the center are most
frequently and actively sent by the unloading paddle, resulting in the radial displacement
of the pellets in the center during the falling process. As a result, the pellets in the center of
the upper layer will continue to be carried out along with the pellets on the fixed disk, but
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the energy may be lost during the transfer process, resulting in the movement trajectory
(flow characteristics) of the pellets above the straight part not being greatly affected. Finally,
pellets A, B and C are discharged through the gap between the fixed disk and the outlet of
the hopper. Therefore, pellets are distributed into the feeding trough layer by layer by the
unloading paddle, which is beneficial to evenly discharge pellets from the hopper [48].
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n = 45 rpm and D2 = 100 mm).

The above analyses show that the motion of the unloading paddle and the shrinkage
of the hopper wall have certain effects on the discharging process of pellets. Thus, it is
necessary to study the effect of the hopper half angle, the outlet diameter and the rotation
speed on the flow capacity of pellets in the hopper with the unloading paddle.

4. Effect Analysis of Main Parameters on Flow Capacity and Bench Test
4.1. The Effect of Hopper Half Angle on Flow Capacity

Numerous studies have shown that the hopper half angle is one of the key structural
parameters in the design of hoppers, meanwhile, which has a significant influence on flow
patterns [17,47]. The hopper half angle increases from 45 to 75◦ with a step of 5◦ when the
rotation speed is 45 rpm and the outlet diameter is 100 mm. Simulation results from test 1
to test 7 are analyzed.

4.1.1. Analysis of Discharging Process

It is worthy to study the complex pellet-flowing phenomena in the hopper during the
discharging process [49]. Figure 8a,b show the discharging process under the hopper half
angle of 45◦ and 75◦, respectively, when the rotation speed is 45 rpm and the outlet diameter
is 100 mm. Different pellet-coloring layer classification methods are used to conveniently
distinguish different flow patterns of pellets in the hopper.

In Figure 8a, at 6 s, pellets in the center of layer A have been discharged from the
hopper, and pellets in the center of layer B~F are in turn filled toward the hopper center. A
narrow flow zone is formed in the center of each layer of pellets, and a symmetrical dip is
formed on the top surface, which is consistent with that presented by Drescher et al. [50].
However, pellets near the wall of layer B~F remained relatively in their original posture,
which forms the stagnant zone proposed in [21]. Then, from 6 s to 12 s, pellet layers in
the flow zone continue to flow to the outlet, and the symmetrical dip on the top surface
gradually increases with the discharging process. As the number of pellets in layer F are
filled into the flow zone, this stagnant zone slowly decreases. From 12 s to 24 s, pellets in
layer F are poured into the flow zone continuously and pellets in the stagnant zone of layer
E begin to fill up the flow zone because most pellets in layer F have been discharged from
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the hopper. The symmetrical dip is even more pronounced at this moment, and the stagnant
zone decreases obviously with the discharging process. In short, the above phenomena
demonstrate the characteristics of “fast in the center, slow near the wall”. Nevertheless,
in livestock and poultry industry, continuous or regular filling of pellets into the hopper
of the feeder is necessary to ensure feed supply, which will cause pellets near the wall to
further extend retention time in the hopper, and the flow pattern may affect the feeding
quality in the long run.
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Figure 8b demonstrates that pellets in layer A are discharging, pellets in layer B form
a small, inverted cone and pellets in other layers keep falling as a whole at 6 s. Then,
from 6 s to 12 s, pellets in layer A have been discharged from the hopper and pellets in
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layer B have basically been discharged. Meanwhile, pellets in layer C are flowing to the
outlet of the hopper, layer D and layer E have formed an inverted cone. While layer F in
the cylindrical part has been downward as a whole, no inverted cone has appeared until
pellets completely enter the conical part. From 12 s to 24 s, pellets in layer D have basically
been discharged and pellets in layer E have basically reached the outlet, whereas layer F
forms an inverted cone at this moment, and the symmetrical dip formed by the top surface
begins to appear. It can be seen that the pellet layer in the cylindrical part falls overall
during the discharging process, while the pellet layer in the conical part forms an inverted
cone. This can be explained for the following reasons: the hopper wall in the conical part
gradually shrinks and friction exists between the hopper wall and pellets. This reflects
the characteristics of mass flow in the conical part according to the principle of volume
conservation, which is basically consistent with Fullard’s explanation [51]. In short, the
discharge rule of “pellets in the lower layer are firstly discharged from the hopper, and
pellets on the upper layer are subsequently discharged” is shown; therefore, the flow zone
is filled all over the hopper during the discharging process. The discharging process can be
described as “first in, first out”.

4.1.2. Evaluation of Flow Capacity

This section investigated the effect of the hopper half angle on flow capacity, MFI,
DDA and porosity were adopted to explain the above discharging process.

Figure 9a shows the effect of the hopper half angle on the MFI and the calculation
of the MFI according to Equation (4). Apparently, the value of MFI increases when the
hopper half angle increases from 45◦ to 75◦ in a step of 5◦. For the hoppers at 70◦ and
75◦, the value of MFI is basically constant, approximately 0.7 and 0.85, respectively, which
means little difference in the vertical velocity of pellets in the center and near the wall
during the discharging process. For the hopper at 65◦, the value of MFI is stable firstly at
approximately 0.65 and then decreases and stabilizes at approximately 0.56, which may
be because the top pellet layer begins to form a small inverted cone when the layer is
near the boundary between the cylindrical part and conical part during the discharging
process, resulting in an increase in the difference in vertical velocity in the hopper center
and near the hopper wall. Especially when the hopper half angle is less than 60◦, the value
of MFI decreases from 0.39 to 0.18 during the discharging process. The average value
of MFI < 0.24 is clearly identified by the data processing, which reflects the difference in
vertical velocity. Evidently, the value of MFI has a significant downward trend when the
hopper half angle decreases from 65◦ to 60◦. This may be because the component force of
pellet gravity downward along the hopper wall starts to obviously decrease in the conical
part. Meanwhile, the friction between the pellets and the hopper wall keeps increasing,
which results in a small velocity of pellets near the hopper wall and a faster passage of
pellets in the center of the cylindrical part.

In Figure 10a, it is observed that the value of DDA (as Equation (5)) increases with the
decrease in the hopper half angle. Additionally, the variation of DDA for hopper half angle
between 55◦ and 65◦ is large, which has a value between 7◦ and 25◦, while the variation
of DDA for hopper half angle between 65◦ and 75◦ and 45◦ and 55◦ tends to be gentle,
which has a value between 2◦ and 7◦ and 25◦ and 30◦, respectively. The smaller the value
of DDA, the smaller the difference in vertical velocity of pellets in the center and near the
wall during the discharging process. In this work, the hopper half angle is 63◦ when the
value of DDA is less than 10◦.
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obviously increases and that near the wall decreases slightly with the decrease in the
hopper half angle, which illustrates that the flow characteristics of pellets in the center
have changed more significantly. When the hopper half angle is between 45◦ and 50◦,
the porosity among pellets in the center and near the wall is approximately 0.5 and 0.25,
respectively, and the pellets in the center are in a loose state because of faster vertical
velocity, resulting in a decrease in the contact friction force among the pellets in the center
field. The movement of the pellets at the center of the cylindrical part is more intense, which
explains the discharge phenomenon in Figure 8a. Additionally, the porosity among pellets
in the center and near the wall is approximately 0.3 and 0.29, respectively. When the hopper
half angle is between 70◦ and 75◦, pellets in the center and near the wall for the cylindrical
part fall almost simultaneously, which verifies the discharging process of the cylindrical
part in Figure 8b. In other words, these investigations reveal that the decrease in the hopper
half angle accelerates the appearance of the uneven flow. Especially, a rapid transition zone
occurs at the hopper half angle from 55◦ to 65◦, which is basically in agreement with the
above analysis.
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4.2. The Effect of Rotation Speed on Flow Capacity

In order to investigate the effect of rotation speed on the flow capacity of pellets in the
hopper, the simulation results of test 5, test 8 and test 9 are analyzed. The rotation speed
increases from 30 rpm to 60 rpm in step of 15 rpm when the hopper half angle is 65◦ and
the outlet diameter is 100 mm, respectively.

4.2.1. Analysis of the Discharging Process

As shown in Figure 12a (the rotation speed is 30 rpm), at 12 s, pellets in layer A and
layer B have been discharged from the hopper. Meanwhile, layer C in the conical part
forms a large-inverted cone and layer D begins to form a small, inverted cone just when
entering the conical part. While layer E and layer F keep falling as a whole. Then, from 12 s
to 24 s, pellets in layer C have basically been discharged. Meanwhile, layer D has formed a
large, inverted cone. While a small, inverted cone begins to appear when layer F is close to
the boundary between the cylindrical part and the conical part, this is affected by the flow
characteristics of pellets in the conical part. In other words, the pellets in the cylindrical
part keep falling as a whole. The bottom pellet layer in the conical part is discharged from
the hopper first, and the upper pellet layer is discharged subsequently. The inverted cone in
the conical part is getting bigger and bigger as pellet layers lower, according to the principle
of volume conservation of pellet layers.
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Figure 12b shows the discharging process when the rotation speed is 60 rpm. From
0 s to 12 s, layers A and B have been discharged, and layer C in the conical part is flowing
to the outlet of the hopper, and a large, inverted cone is formed in layer D. Furthermore,
layer F just arises as a small, inverted cone when it is close to the boundary between the
cylindrical part and the conical part. The discharging characteristics at this moment are
approximately the same as those at 24 s in Figure 11a. From 12 s to 24 s, layer C has been
discharged and layer D is being discharged; layer F begins to enter the conical part and the
inverted cone is more obvious. Similarly, the reason for the inverted cone formation in the
discharging process is basically consistent with the analysis in Figure 12a.

Combining Figure 12a,b, it can be seen that the discharging characteristics of “first in,
first out” do not change with the increase in the rotation speed; only the speed of forming
an inverted cone is accelerated, which means the discharging process is accelerated.

4.2.2. Evaluation of Flow Capacity

In order to investigate the effect of rotation speed on flow capacity, MFI, DDA and
porosity as a function of rotation speed are illustrated in Figures 9b, 10b and 11b.

Figure 9b shows the effect of the rotation speed on the MFI. Apparently, the value of
MFI decreases with an increase in the rotation speed. The value of MFI is stable initially at
approximately 0.7 and then decreases and stabilizes at approximately 0.6 when the rotation
speed is 30 rpm, which means there is little difference in the vertical velocity of pellets in
the center and near the wall in the cylindrical. Furthermore, the value of the MFI decreases
obviously during the rotation speed increase from 45 rpm to 60 rpm, which is between
0.38 and 0.55. Nevertheless, the average values of MFI are more than 0.3 when the rotation
speed changes from 30 rpm to 60 rpm, the flow pattern of pellets is still confirmed by the
mass flow. On the whole, the rotation speed has little effect on the flow patterns of pellets
in the hopper, which is less than that of the hopper half angle.

Figure 10b shows that the average of DDA increases from 5.5◦ to 9.5◦ when the rotation
speed increases from 30 rpm to 60 rpm, which indicates that the increase in the rotation
speed does not cause a great change in DDA.

Figure 11b shows the porosity of cuboid units (as Equation (6)) as the center increases
and that near the wall decreases with the increase in the rotation speed. The porosity in the
center is 0.32 at 30 rpm and 0.38 at 60 rpm, and that near the wall is approximately 0.29
at 30 rpm and 0.28 at 60 rpm, which also indicates that the increase in the rotation speed
does not cause a great change in porosity in the center or near the wall. Based on the above
analysis, when the rotation speed is 30 rpm, pellets in the center and near the wall of the
cylindrical part fall almost simultaneously, conforming to the discharging process of the
cylindrical part in Figure 12a. Only when the rotation speed is 60 rpm, the difference in
porosity in the center and near the wall is big, which illustrates that the vertical velocity
of the pellets in the center is bigger, explaining the discharge phenomenon in Figure 12b.
In other words, because the variation of porosity with the rotation speed is small, it is a
revelation that the rotation speed has no significant effect on the flow characteristics of
pellets.

4.3. The Effect of Outlet Diameter on Flow Capacity

In order to determine the effect of the outlet diameter of the hopper on the flow
capacity of pellets, the simulation results of test 5, test 10 and test 13 are analyzed. The
outlet diameter increases from 60 mm to 140 mm in a step of 20 mm when the hopper half
angle is 65◦ and the rotation speed is 45 rpm.

4.3.1. Analysis of Discharging Process

As shown in Figure 13a (the outlet diameter is 100 mm), from 0 s to 12 s, layers A and
B have been discharged, layer C in the conical part basically has reached the outlet of the
hopper, layer D in the cylindrical part just enters the conical part and an inverted cone
forms in layer D. While layers E and F in the cylindrical part have been downward as a
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whole. From 12 s to 24 s, the inverted cone formed by layer D is more obvious; furthermore,
a small inverted cone begins to appear when layer F is near the boundary between the
cylindrical part and the conical part. In conclusion, the pellet layers in the cylindrical part
basically fall down as a whole, while the pellet layers in the conical part form the inverted
cone and fall down layer by layer as a whole.
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As shown in Figure 13b (the outlet diameter is 140 mm), from 0 s to 12 s, layer D in
the cylindrical part has entered the conical part, and a large, inverted cone has formed.
While layers E and F in the cylindrical part have been downward as a whole. From 12 s to
24 s, layer F in the cylindrical part enters the conical part completely and forms an inverted
cone. Pellets in layer E are discharging. In general, the pellet layers in the cylindrical
part fall overall during the discharging process; no inverted cone appears until pellets
completely enter the conical part. The pellet layers in the conical part form the inverted
cone, and the inverted cone increases with the shrinkage of the hopper wall, which can be
explained by the principle of volume conservation of pellet layers, and pellets in the lower
layer are discharged first from the hopper and pellets in the upper layer are subsequently
discharged.

A comprehensive analysis of Figure 13a,b shows that the flow characteristics are “first
in, first out”. Only the speed of forming an inverted cone and the discharging process are
accelerated when the outlet diameter is increased.

4.3.2. Evaluation of Flow Capacity

In order to investigate the effect of outlet diameter on flow capacity, MFI, DDA and
porosity as a function of outlet diameter are illustrated in Figures 9c, 10c and 11c.

The variation of MFI is plotted over the outlet diameter in Figure 9c according to
Equation (4), which reveals that the increase in outlet diameter causes an increase in MFI.
Furthermore, the value of MFI is basically stable at approximately 0.75 for the outlet
diameter of 140 mm, which means a little difference in the vertical velocity of pellets in
the center and near the wall during the discharging process. The value of MFI is basically
stable at approximately 0.7 when the outlet diameter is 120 mm. The value of MFI is stable
initially at approximately 0.6~0.65 and then decreases and stabilizes at approximately
0.5~0.56 when the outlet diameter is between 100 mm and 80 mm. In particular, the value
of the MFI shows a sharp decrease when the outlet diameter changes from 80 mm to
60 mm, which is similar to the phenomenon of a linear decrease in the DDA when the
outlet diameter increases from 60 mm to 80 mm in Figure 10c. This may be because the
discharge rate decreases when the outlet diameter changes from 80 mm to 60 mm and the
pellets in the hopper are in a state of compaction. Additionally, the value of MFI is less
than 0.2 after 25 s when the outlet diameter is 60 mm, which illustrates the large difference
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in the vertical velocity of pellets in the center and near the wall. The flow pattern should
be in transition between the mass flow and the funnel flow at this moment and the outlet
diameter has a great influence on the flow pattern when the outlet diameter is less than
60 mm.

On the whole, when the outlet diameter is more than 60 mm, the values of MFI are
more than 0.24, whatever the outlet diameter is. Flow patterns are almost unaffected and
the flow pattern of pellets is still confirmed by the mass flow, which illustrates that the
effect of the outlet diameter on flow patterns is less than that of the hopper half angle in the
previous section. In conclusion, combined with the pretest results and the feed discharge
requirements of swine, the outlet diameter should be 100–120 mm when the hopper is
designed.

Figure 10c shows a slight variation in the value of DDA when the outlet diameter is
from 100 mm to 140 mm, the value is approximately 6◦, which means the vertical velocity
of pellets in the center is basically the same as that of the pellets near the wall. However,
the DDA is almost linearly increasing as the outlet diameter decreases from 100 mm to
60 mm, and the value of DDA is approximately 9◦ for an outlet diameter of 80 mm, but
the value is approximately 16◦ for an outlet diameter of 60 mm, which means the vertical
velocity of pellets in the center is obviously bigger than that of the pellets near the wall.

Figure 11c shows the porosity of cuboid units in the center increases and that near
the wall decreases with the decrease in the outlet diameter, and the variation trend of
porosity with the increase in the outlet diameter is nearly the same as shown in Figure 10c.
The porosity among pellets in the center and near the wall is approximately 0.32 and 0.29,
respectively, when the outlet diameter is between 120 mm and 140 mm, which indicates
pellets in the center and near the wall for the cylindrical part fall almost simultaneously.
Only the porosity among pellets in the center increases slightly when the outlet diameter is
100 mm. It can be observed that the movement of the pellets at the center of the cylindrical
part is more intense compared to the outlet diameter of 140 mm. Concurrently, the analysis
verifies the discharge phenomenon in Figure 13a,b. Additionally, the porosity among pellets
in the center and near the wall is approximately 0.37 and 0.28, respectively. When the outlet
diameter is 80 mm, which indicates the vertical velocity of pellets in the center increases
slightly, the velocity difference between the center and hopper wall begins to get bigger.
While the porosity among pellets in the center and near the wall is approximately 0.45 and
0.27, respectively, when the outlet diameter is 60 mm, it can be observed that the vertical
velocity of the pellets at the center of the cylindrical part increases rapidly. In other words,
these investigations reveal that the appearance of the uneven flow is accelerated when the
outlet diameter is less than 60 mm, and the flow characteristics are almost unaffected when
the outlet diameter is more than 60 mm.

In order to formulate an explicit decision criterion for flow patterns according to the
MFI, referring to the relevant literature, Johanson and Jenike [52] insisted that a velocity
ratio of MFI ~0.3 could be used as the boundary line between the funnel flow and mass flow
in hoppers, which meant the funnel flow is defined under MFI < 0.3, reversely, if MFI > 0.3,
the flow pattern is the mass flow. Based on the results of this study for the hopper with the
unloading paddle, the evaluation method is also feasible, but if the boundary value of MFI
is determined to be 0.24, then the flow pattern of pellets in the hopper can be confirmed to
be the funnel flow when the value of MFI is less than 0.24, the mass flow is determined
when the value of MFI is more than 0.24.

In conclusion, the above studies indicate that the flow pattern of pellets can be identi-
fied as the mass flow when the hopper half angle exceeds 60◦. The characteristics of “first
in, first out” in the mass flow could ensure the quality of feed. Otherwise, it is confirmed
by the funnel flow. Therefore, according to the pre-test and the design requirements of the
existing feeder structure, the hopper half angle should be in the range of 65◦to 75◦ when
the hopper is designed.
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4.4. Experimental Validation

To clarify the DEM model, physical experiments were carried out with experimental
equipment in the Laboratory of Animal Husbandry Mechanization at Northeast Agri-
cultural University. To ensure that the experiment conditions were consistent with the
simulation, the component materials of the experiment equipment were the same as those
of the model components in the simulation process. The same structural and operating
parameters are selected between the experiment and simulation test, noting that the hopper
half angle is 45◦ and 75◦, respectively, when the rotation speed and the outlet diameter are
45 rpm and 100 mm. In order to more clearly represent the problems found in the pre-test,
the hopper is composed of clear plastic, and pellets are filled into the area by two parallel
clear sheets to be observed visually. The clear sheet is 25 mm away from the hopper center
to reduce the influence on the flow behavior of pellets in the hopper. The colored and
original pellets crossed in the hopper at the initial time, which made it easy to visually
reflect the flow and pattern of pellets.

Snapshots of different kinds of posture during the discharging process at a hopper half
angle of 45◦ are shown in Figure 14. All layers of pellets in the center initially formed a small
flow zone and a small DDA at 6 s; however, the positions of pellets near the wall hardly
changed at this time. From 6 s to 12 s, little pellets on the top surface in the cylindrical part
are poured into the flow zone first due to the pellet repose angle characteristics and the
DDA increases, so the stagnant zone formed by pellets near the wall decreases slightly.
Afterwards, a lot of pellets on the top surface in the cylindrical part are poured into the flow
zone with the pellet layers down from 12 s to 21 s, the DDA increases constantly, and the
stagnant zone decreases obviously. Finally, the last photo revealed that the pellet layers had
entered the conical part at approximately 39 s. The top two pellet layers in the cylindrical
part have entered the feeding trough completely, whereas the few pellets in the conical
part still stay near the wall. The stagnant zone decreases obviously at this moment. The
above phenomena were in line with Figure 8a in the simulation test. In a word, the average
value of DDA in the cylindrical part is 29.6◦ during discharging, which conforms to the
characteristics of “fast in the center, slow near the wall” in the funnel flow.
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Figure 14. Snapshots for flow patterns of pellets at different times in the hopper (β = 45°, n = 45 rpm 
and D2 = 100 mm). 

In order to investigate the flow pattern of pellets in the hopper, the pellet-tracking 
tests were conducted, and the experimental equipment is presented in Figure 15. Firstly, 
the red pellet is placed in the center and near the wall on the top surface, respectively, in 
the experiment. The position of the red pellet is obtained by the downward displacement 
of the black marker on the fishing line with a scale of 10 mm, and it is recorded by the 

Figure 14. Snapshots for flow patterns of pellets at different times in the hopper (β = 45◦, n = 45 rpm
and D2 = 100 mm).

In order to investigate the flow pattern of pellets in the hopper, the pellet-tracking
tests were conducted, and the experimental equipment is presented in Figure 15. Firstly,
the red pellet is placed in the center and near the wall on the top surface, respectively, in the
experiment. The position of the red pellet is obtained by the downward displacement of the
black marker on the fishing line with a scale of 10 mm, and it is recorded by the high-speed
camera (PCC 2.8 new version Phantom V9.1 camera, Vision Research Inc. Wayne, NJ, USA,
shooting frequency is 1000 f/s).
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Figure 15. The experimental equipment.

Figure 16a shows the discharging process of the pellets in the hopper under the hopper
half angle of 45◦. The position of the black marker in the center is in a fast-straight descent
line, while the black marker near the wall hardly moves from 0 s to 16.78 s. In contrast,
Figure 16b shows the black marker in the center and near the wall, which basically dropped
the same height in the same discharging time.
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Figure 16. High-speed photograph diagrams of different pellet positions on the front faces. (a) When
the hopper half angle is 45◦, the rotation speed is 45 rpm and the outlet diameter is 100 mm; (b) when
the hopper half angle is 75◦, the rotation speed is 45 rpm and the outlet diameter is 100 mm.

The function of MFI and discharging time is established by collecting the coordinates
of the black marker to quantitatively analyze the accuracy of the simulation test, as shown
in Figure 17. As expected, when the rotation speed and the outlet diameter are 45 rpm and
100 mm, the average value of MFI is 0.79 under the hopper half angle of 75◦, however, the
average value of MFI is 0.17 under the hopper half angle of 45◦, which is in agreement with
the results in the simulation test. Notwithstanding, the experimental results are slightly
bigger than the simulation test results. The error could be explained in two aspects. Firstly,
the size of the pellet model established by DEM 2.7 software is the average of 100 pellets,
which is different from the distribution of pellets in the experiment. Secondly, it may come
from a system error caused by the operator in the experiment.
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5. Discussion

Combined with the discussion above, it is confirmed that the hopper half angle
determines the flow pattern mainly, which proves Lu et al.’s [14] point. On the other hand,
the work analyzes the effects of structural and motion parameters of the hopper with an
unloading paddle on the flow capacity of pellets. The deficiencies in the flow capacity of
pellets were investigated:

1. Environmental impact:

The pellets will be deliquesced by environmental factors during the feeding process,
so that their own moisture content changes in real-time, the pellet group in the hopper is
reunited, and the vertical velocity of the pellet in the center decreases more significantly
than near the wall, resulting in the vertical velocity difference decreasing in the pellets in
the center and near the wall. Finally, the error in measurement results is caused.

2. Test bench construction error:

In order to track the velocity and trajectory change of pellets, a pellet was randomly
selected in the center and near the wall and tied with a fishing line, while the other end of the
fishing line was used to adjust the counterweight (straw). In the process of the downward
movement of pellets, the quality of the two counterweights might be inconsistent and
the sliding friction between the fishing line and the frame was caused. The difference in
vertical velocity of pellets in the center and near the wall changes, resulting in an error in
measurement results.

3. Pellets are broken during discharge:

A small amount of broken pellets will be produced continuously in the fixed disk
during the unloading paddle rotation. The friction among the pellets on the fixed disk
causes the falling of the pellets in the straight part to lag, and the vertical velocity of the
pellets in the flow zone of the hopper decreases by layer-by-layer upward conduction,
resulting in a decrease in the vertical velocity difference of the pellets in the center and near
the wall. Finally, the error in measurement results is caused.

6. Conclusions

In this work, DEM was applied to simulate the discharging of pellets in the hopper of
the feeder with an unloading paddle. The impacts of the hopper half angle, rotation speed
and outlet diameter on the flow capacity of pellets were investigated. The results in the
experiment and simulation test were in good agreement, which verifies the confidence of
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the results. The detailed conclusions can provide important support for the design of the
hopper with an unloading paddle.

1. The Mass Flow Index (MFI) can define the flow patterns of pellets in the hopper with
an unloading paddle, and the MFI~0.24 is identified to distinguish the mass flow and
the funnel flow by the DEM simulation tests.

2. The MFI decreases with an increase in the rotation speed from 30 rpm to 60 rpm,
the outlet diameter from 60 mm to 140 mm and the hopper half angle from 45◦ to
75◦. Additionally, the flow pattern is mainly determined by the hopper half angle;
the rotation speed and the outlet diameter have little influence on the flow patterns
of pellets in the hopper, but the outlet diameter has a greater influence on the flow
pattern when the outlet diameter is less than 60 mm.

3. For the design of the hopper with an unloading paddle, the optimum parameters
are as follows: the hopper half angle is between 65◦ and 75◦, the outlet diameter is
between 100 mm and 120 mm and the rotation speed is between 45 rpm and 60 rpm.
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