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Abstract

Sump cleaning machine is important coal mine equipment designed to reduce the labour intensity of
underground workers, and its front end usually uses a spiral aggregate device. However, the traditional
empirical design methods cannot accurately obtain the optimal parameters and defects in design of the
spiral aggregate device due to the complex structure. To improve the design approach, the discrete
element numerical model of the working process of the spiral aggregate device was constructed to
conduct simulation research and design three key parameters, namely, screw shaft speed, roof
inclination angle of the feeding port, and number of throwing plates. Results demonstrate that the
aggregate rate increases first and then decreases with the increase in the rotating speed of screw shaft.
In addition, the increase in the number of throwing plates is beneficial to improve the stability of the
axial movement of slime water. The roof inclination angle of the feeding port has no significant
influence on the aggregate effect. The results provide guidance for improving the structure of the
spiral aggregate device and a reference for optimizing the design of complex screw mechanisms.
(Received in June 2018, accepted in September 2018. This paper was with the authors 2 weeks for 1 revision.)
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1. INTRODUCTION

Groundwater inrush is a coal mine safety accident that is as serious as pressure bump and gas
outburst [1, 2]. The resulting harms can be effectively alleviated by using an underground
sump [3]. However, if the slime in the sump cannot be cleaned on time, it will cause serious
safety risks to coal mine production. A sump cleaning machine is an important piece of
equipment used to clean the sump. At present, there are various types of sump cleaning
machines used in coal mines, such as pumping type, stripping type, shovelling type, and spiral
aggregate type. Among them, the spiral aggregate sump cleaning machine has attracted
considerable attention because of its simple structure, high efficiency, good adaptability, and
strong stirring force. The spiral aggregate device is the core component of this sump cleaning
machine. At present, the spiral aggregate device design is mostly based on the theory of screw
conveyor. For example, Hu et al. have optimized the spiral aggregate device structures by
using the ant colony algorithm according to the design theory of screw conveyor [4].

With the popularization of spiral aggregate sump cleaning machines, the reliability and
applicability of the design method become important. However, the design of the spiral
aggregate device with the traditional design theory of screw conveyor has the following
defects: (1) The traditional design theory mainly aims at the closed screw conveyor, but the
spiral aggregate device is half open, with different feeding modes and constraint space. (2)
Slime water is a multi-phase and multi-dispersed complex system that contains the suspended
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particles, and its characteristics are between fluid and solid [5]. The existing design methods
disregard the influence of material parameters. (3) The existing design methods only consider
the spiral blades but not the coupling effect between the spiral blades and the throwing plates.
On this basis, studying and obtaining a new method of designing and optimizing the structural
of the spiral aggregate device become a key problem to be solved urgently. With the
development of numerical simulation technology, the discrete element method (DEM) has
been widely used in the simulation of fluid and solid materials [6-8]. Many scholars have also
completed the design and performance analysis of complex mechanical structures, such as
scraper conveyor [9], belt conveyor [10], feeder [11], and coal mining machine [12], by
means of DEM.

In this study, a simulation model of the spiral aggregate device in collecting slime water
particles was established by using DEM. The rotating speed of the screw shaft, the number of
throwing plates, and the slope of roof at the aggregate port were designed and analysed to
obtain the optimum design method of spiral aggregate device and the structural and working
parameters of the key parts, clarify the defects in the existing methods, improve the working
efficiency of the spiral aggregate device, and provide a reference for the structural
optimization and improvement of the entire machine in the future.

2. STATE OF THE ART

Several researchers have conducted considerable studies on closed screw conveying
equipment. In the aspect of theoretical calculation, Roberts [13] simplified the contact
relationship among particles in a closed screw conveyor and deduced the mathematical
expressions of the conveying efficiency and the screw conveyor structure by constructing
movement and stress models of single particles in the screw conveyor. On the basis of the
research results of Roberts, Dai and Grace [14] deduced the torque calculation expression of
conveying biomaterials in a closed spiral feeder by combining with the characteristics of
biomaterial objects. The theoretical research of Roberts and Dai and Grace focused on the
closed screw conveying condition, in which the radial motion of particles was subject to strict
spatial constraints and model simplification was easy. However, the radial randomness of
half-open screw conveying particles was large, which made model simplification and
theoretical derivation difficult. Lessmann and Schoeppner [15] analysed the conveying
process of a single-screw extruder. They found that the friction properties and shape of
materials greatly influenced the conveying performance. Nachenius et al. [16] studied the
retention time of different materials in a conveyor during closed screw conveying process.
Their results showed that the conveying effects of different materials varied under the same
conditions. The studies of Lessmann and Schoeppner and Nachenius et al. indicated that the
design of spiral aggregate device could not ignore the influence of slime water characteristics.
Davison et al. [17, 18] studied the rheological characteristics of soil in a spiral drill pipe by
computational fluid dynamics (CFD) method. They emphasized that the soil could be
regarded as a fluid to be studied at this time. Talebi et al. [19] used CFD software to simulate
the flow characteristics of sand in a screw conveyor of a shield and proved that the error
between the simulated and actual torques was small through experiments. Jovanovi¢ et al.
[20] studied the influence of the geometric parameters of the blades of a closed screw
conveyor on the material mixing effect by using DEM and indicated that the mixing effect
could be improved by adding new blades at the edge of spiral blades. Davison and Talebi et
al. successfully simulated the process of screw conveying by CFD, but the simulation
conditions should meet the internal pressure, filling rate, and space requirements, which were
not suitable for simulating the conveying process of particles under atmospheric pressure.
Although the research objects of Aca et al. presented a great difference from the spiral
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aggregate device, the results confirmed that the structure of the new spiral equipment could be
optimized by DEM.

The above research results mainly focus on the theoretical calculation of parameters and
the numerical simulation and optimization design of closed screw conveying equipment, but
none of them involve semi-closed screw conveying equipment. The screw aggregate device is
semi-closed, which is quite different from the closed screw conveyor in working mode and
working principle. The existing design theories of the closed screw conveyor cannot guide the
design of the spiral aggregate device, and guiding the design of the spiral aggregate device by
constructing a new theoretical model is difficult. Therefore, in this study, a 3D simulation
model of spiral aggregate device on a sump cleaning machine and a discrete element model of
slime water particles were established by using DEM on the basis of determining the physical
parameters of slime water. From the analysis of the movement behaviour of particles in the
working process, the amounts and velocities of particles in the key area under different shaft
speeds, the numbers of throwing plates, and the roof inclination at the feeding port were
compared to find the design defects of the current model of spiral aggregate device and
determine the reasonable design and working parameters, which provided basis for
optimization and improvement.

The remainder of this paper is organized as follows. Section 3 establishes the simulation
model of the spiral aggregate device and the discrete element model of the slime water
particles, and provides the main parameters and the variable values in simulation. Section 4
presents the simulation results for the working performance of the spiral aggregate device
under different design parameters, such as the rotating speed of the screw shaft, the number of
throwing plates, and the roof inclination angle of the feeding port. Section 5 provides the
conclusions of this study.

3. METHODOLOGY

3.1 Physical model and numerical model of spiral aggregate device

Fig. 1 presents a new type of sump cleaning machine. The machine is mainly composed of
aggregate device, conveying device, hydraulic system, walking mechanism, and frame of the
body. The spiral aggregate device of the sump cleaning machine is submerged in slime water
to move forward, and its screw shaft rotates at the same time. It mainly relies on the axial
conveying function of the screw blade to centralize the materials in the aggregate device to
the throwing plate in the middle, then throws the materials into the aggregate trough with the
help of the throwing plate, and finally feeds the slime water into the mine car or the filter
press device on the rear side by means of the conveying device. With the help of the screw
blade, the screw aggregate device can not only realize the aggregation of materials but also
play the role of fully stirring and mixing slime and water.
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To reduce the calculation time, the screw aggregate device model was simplified on the
basis of meeting the research needs, as shown in Fig. 2. The main structural features were
retained in the model, but the motor, chain, and bearing were disregarded. The box-shaped
simulation area and wall barrier were added to define the particle formation area. To study the
influence of the rotating speed of the spiral blades, the inclination angle of the roof at the
feeding port, and the number of throwing plates on the aggregate effect, three statistical
regions and the inclination angle « of the roof at the feeding port were determined in Fig. 2.
In the figure, Area | is a hexahedron, located in the channel of the feeding port. Area Il is the
cylindrical space enveloped by the rotational motion of the screw shaft. Area Il is the
cylindrical space enveloped by the rotational motion of the spiral blade on the left of the
screw shaft. The feeding port in the model was designed as a channel with a closed upper roof
to guide the materials into the trough. The channel has a certain slope, which meant the angle
between the horizontal plane and the inner wall of the channel. The materials are blocked by
the inner wall and have to turn to the channel of the feeding port in the process of oblique
upward or upward movement. The position of the roof inclination angle « of the feeding port
Is shown in Fig. 2.

3.2 DEM

DEM and the finite and boundary element methods used for solving the complex continuous
system have parallel mathematical concepts and similar physical meanings [21]. Some
scholars even combined them to solve engineering problems of different scales. The basic
principle is to divide the research object into elements and make each element independent of
each other. The cyclic iterative computation is realized by using the dynamic or static
relaxation method to determine the displacements and forces of all elements in each time unit
and then update the position of each element. By tracing calculation of the micro-motion of
all the elements, the whole motion law of the research object can be obtained macroscopically
[22].

The granular soft sphere model was adopted in the simulation. This model does not
consider the deformation of particles in contact and simplify the normal force of particles
generated on the contact surface into the damping and spring and the tangential force into the
slider, spring, and damping. In addition, it introduces the damping coefficient, elastic
coefficient, and other physical parameters in classical physics and refers to the contact
displacement of particles to calculate the contact force.

The normal contact force Fp; of the particle is the superposition of damping force and
elastic force generated by equivalent normal spring and damping on the particle, as shown in
Eqg. (1):

Fi = (Kka-cvn n (1)

nvij
where, « is the normal overlap, vjj is the relative velocity of the two particles, n is the unit
vector that coincides with the connection between two particles i and j. ¢, is the normal
damping coefficient. k, is the normal elastic coefficient of particles, and its expression is

shown in Eq. (2):
4(1-v2 1-) (R+R )"
k =— ER—— T 2
" 3| E E. RR;

I J

where, E is the elastic modulus of the material, v is the Poisson’s ratio of the material, R is the
radius of particle i or j.
Like the normal contact force, the tangential force Fy; can be expressed by Eq. (3):

Ftij = _kt5 -GV (3)
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where, v is the slip velocity of contact points, is the tangential displacement at the contact
point, k; is the tangential elastic coefficient, ¢ is the tangential displacement of the contact
point, c; is the tangential damping coefficient.

3.3 Contact model of particles

The Hertz—Mindlin model combined with the JKR model was used in the simulation of the
study. As a cohesive contact model, it can consider the influence of van der Waals forces in
the contact area and simulate strong viscous systems, dry powders, or wet particles. In this
model, the normal force component is based on Hertzian contact theory, and the tangential
force model is based on Mindlin—Deresiewicz theory. Both normal and tangential forces have
damping, and their damping coefficients are related to the recovery coefficient [23]. The
tangential friction follows Coulomb’s law of friction. The rolling friction is achieved by the
contact independent directional constant torque model [24].

The calculation of the JKR normal force Fykg is based on the amount of overlap ¢ and
surface energy y, as shown in Egs. (4) and (5):

Fo = —4JmE a’?+ :E* & 4)

aZ
o= R*_«’4WaE* (5)

where, & is the amount of overlap, E is the equivalent Young's modulus, and R is the
equivalent radius, « is the contact radius.
The expression of normal damping force F," is shown in Eq. (6):

f5 o e

Fd -2 |2 S m Vrel 6
n 6ﬂ n n ( )
rel

where, v.* is the normal component of relative velocity, S, is normal stiffness, m" is the
equivalent mass,

B Ine @)
JinZe+ 72
where, e is the recovery coefficient.

In addition, the tangential damping F expression is shown in Eq. (8):

Fo= —ZE@/St m*v (8)

where, v/ is the tangential component of relative velocity, and the tangential force is limited
by the coulomb friction force, S; is the tangential overlap.

3.4 Simulation parameters and simulation process

Two attributes of materials were set in the simulation, namely, steel and slime water. They
were used to define the geometric model of the spiral aggregate device and the slime water
particles, respectively. The main differences between the two material parameters are in shear
modulus and density, where the shear modulus of steel is 7.9x10° Pa, the density is
7850 kg/m®, and the slime water is set to 1.98x10° Pa and 1100 kg/m°. In addition, both
materials have a Poisson’s ratio of 0.3 and a work function of 0. Contact parameters between
materials mainly include restitution coefficient, static friction coefficient and rolling friction
coefficient. In this study, these three coefficients are set to 0.2, 0.2 and 0.01, respectively. The
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slime particles were selected as the sphere model with a radius of 8 mm for simulation. The
mass of a single particle was approximately 2.36 g, and its volume was 2.14 cm?®,

At the beginning of the simulation, the particles were generated in the particle formation
area, and they freely dropped and stood. The trough and screw shaft were stationary. At 1.5 s,
they moved to the positive direction of x axis (i.e., the direction of the particles) at a speed of
0.04 m/s, which simulated the forward motion of the entire machine. When the model moved
in a straight line, the screw shaft rotated around its geometric axis to simulate the real
working state of the spiral aggregate device. In this study, several groups of simulation were
performed with the rotating speed of the screw shaft as a variable.

Through analysis of the simulation results, the optimal operating speed of the spiral
aggregate device was obtained. The total simulation time was set to 4 s. It was the free-fall
time of the particles in the first 1.5 s. After this period, the speed of the particles decreased
and became static, which accorded with the accumulation state of the real situation. The
particles were then used to prepare for subsequent simulations. In the research, the simulation
was divided into three parts. In the first part, the aggregate effects of the aggregate device at
rotating speeds of 166, 200, 215, 230, 250, and 266 rpm were studied. The slope of the
feeding port was 13°, the number of throwing plates was 3, and the simulation time was 4 s.
In the second part, the aggregate effects of the aggregate device with two, three, four, and five
throwing plates were studied. At this time, the rotating speed of the screw shaft was 230 rpm,
and the slope of the feeding port was 13°. In the third part, the aggregate effects of the
aggregate device with the slopes of the feeding port being 7°, 9°, 11°, and 13° were studied.
At this time, the rotating speed of the screw shaft was 230 rpm, and the number of the
throwing plates was 3.

4. RESULT ANALYSIS AND DISCUSSION

4.1 Influence of the rotating speed of the screw shaft on the aggregate effect

Fig. 3 shows the curves in which the average velocity of particles in Area | varied with time
when the rotating speeds of the screw shaft were 166, 200, 215, 230, 250, and 266 rpm.
According to the linear fitting results of six groups of curves in Fig. 3, the residual sum of
squares (RSS) increased with the rotating speed of the screw shaft, which is reflected by the
wide fluctuations of the average velocity curve of particles in Area | around the regression
line with the increase in the rotating speed of the screw shaft. Its physical meaning is that with
the increase in the rotating speed, the velocity fluctuation of particles flowing into the channel
increases gradually. Because the force acting on the throwing plate by particles does not affect
the rotating speed of the screw shaft, it could be deduced from the above results that the
motion of the throwing plate is faster than the axial flowing of particles, leading to the lower
flowing rate of particles compared with the conveying capacity of the throwing plate. The
throwing plate completes the short-time working on particles through discontinuous impact
on the particle flow in axial movement, which enables the particles to obtain the speed of
moving along the direction of the feeding port.

To obtain the optimal value of the rotating speed of the spiral blade, 200 time points were
taken out evenly from 1.5 s to 4 s of the simulation. The number and velocity of particles in
Area | were collected to draw the scatter plot and conduct linear regression analysis. The
results are shown in Fig. 4. In the simulation, the size and mass of each particle are the same,
and the mass can be expressed by the number of particles. Therefore, the distribution of
particles in Fig. 4 could be used to judge the kinetic energy of particles. We assumed that the
speed of particles is positively correlated with the number of particles. In other words, the
particle flow with larger mass could pass through the feeding port at a faster speed. In the
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regression analysis (Fig.4), the Pearson correlation coefficient is used as the mathematical
standard to evaluate this characteristic.
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Figure 3: Average velocity of particles in Area | varied with time in different rotation speed.

As shown in Fig. 4, the Pearson correlation coefficient of each group first increases and
then decreases with the increase in the rotating speed of the screw shaft, and the value is the
largest when the rotating speed of the spiral blade is 230 rpm (0.81414). In addition, as the
coefficient is close to the value of 0.80294 at the rotating speed of 250 rpm, we refer to the
RSS of the two regression calculations. The RSS is 582996 when the rotating speed of the
spiral blade is 230 rpm, slightly smaller than that (686177.95) when the rotating speed is
250 rpm. This result indicates that the group of data at the rotating speed of 230 rpm is more
concentrated on the regression line, and the interpretation degree of linear regression is
higher. The working of the throwing plate on particles is characterized by short time and fast
speed. Accordingly, the high rotating speed of the screw shaft does not indicate a good
aggregate effect of the aggregate device. This is because the change of the conveying capacity
of the spiral blade with the rotating speed of the screw shaft is not completely consistent with
the change in the particle transfer capacity of the throwing plate with the rotating speed of the
screw shaft. Their combination ultimately determines the aggregate efficiency. The axial
conveying capacity of the spiral blade is better than the particle transfer capacity of the
throwing plate at a low rotating speed. However, with the increase in the rotating speed of the
screw shaft, the defect of the throwing plate is gradually compensated, and the aggregate
efficiency is improved. When the rotating speed of the screw shaft is high, the force of the
throwing plate on transferring particles exceeds the axial conveying capacity of the spiral
blade.

The aggregate rate of the entire device shows a downward trend due to the lack of
effective coordination between them. In summary, the aggregate efficiency of the spiral
aggregate device first increases and then decreases with the increase in the rotating speed of
the screw shaft, and the effect is the best when the rotating speed is 230 rpm in the study.
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Figure 4: Number of particles-velocity scatter plot and fitted line in different rotation speed.
4.2 Analysis on the working process of the throwing plate

Fig. 5 presents the simulation animation when the rotating speed of the screw shaft is 200 rpm,
the slope of the roof of the feeding port is 13°, and the number of the throwing plates is 3.
According to the figure, the phenomenon of uneven working occurs among these throwing
plates during work. The number of particles lifted by each plate when arriving at the feeding
port is relatively fixed at each time, but the numbers of particles conveyed by the three
throwing plates in a working cycle are obviously different from each other. The variation law
of the number of particles in Area | must be analysed based on the spatial position of the
throwing plate to determine the effect of the throwing plate on the periodic fluctuation of the
number of particles in Area I.

e)2.87s £)2.95s
Figure 5: Comparison of the number of particles conveyed by different throwing plates.

According to Fig. 6 a, the throwing plates are numbered as ©®, @, and ®. The circle
formed by the terminal turning track of the throwing plates is marked with dotted lines, and
several key points on the circle are marked. Along the circumferential direction, an arc from
the horizontal point to C is the boundary line between the rotating area of the screw shaft and
the channel of the feeding port in the view direction. In this view, the throwing plates rotate
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counter clockwise around O point in the centre of the screw shaft. Thus, the end of the
throwing plate would move from the horizontal point to C. After analysis, when a throwing
plate pointed at C, its subsequent motion would not have a direct impact on the number of
particles in Area I, and the change in the number of particles in Area | would depend on the
effect of the next throwing plate on particles. From the angle of every two adjacent throwing
plates (120°), when a throwing plate pointed at C, the next throwing plate would point at A
(£LAOC =120°). Therefore, the motion process of the throwing plate from A to C is regarded
as its main work stroke. According to this definition, the rotating process of the screw shaft
for one cycle is divided into the following parts: No. 3 throwing plate points at A; No. 3
throwing plate points at C (No. 2 throwing plate points at A at the same time); No. 2 throwing
plate points at C (No. 1 throwing plate points at A at the same time); No. 1 throwing plate
points at C.

Fig. 6 b shows the variation curve of the number of particles in Area | during the first
cycle (1.17-2.07 s) of rotation of the screw shaft at the rotating speed of 166 rpm. Key points
are marked as shown in Fig. 6 b. In the figure, ®/A represents that No. 3 throwing plate
points at A, and other marks are the same. The peak number of particles in the work stroke of
each throwing plate shows that the peak numbers of particles appear in the work strokes of
No. 3 and No. 1 throwing plates when one of them points at B (the position of B is shown in
Fig. 5b), and the peak number of particles when No. 3 throwing plate points at B is obviously
higher than that when No. 1 throwing plate points at B. However, the number of particles in
the work stroke of No. 2 throwing plate increases monotonously, and the peak point cannot be
found, which is significantly different from the working condition of the other two throwing
plates. The time when No. 2 throwing plate points at B is also marked in its work stroke and
no special mathematical characteristics are found. The above analysis method is extended to
the entire simulation process. Comprehensive comparison and analysis confirmed that the
above phenomenon is universal.
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of the throwing plate 1.175-2.07s with the screw shaft speed in 166 rpm.

Figure 6: Calibration and analysis of the spatial position of the throwing plates in a cycle.
4.3 Influence of the number of throwing plates on the aggregate effect

Fig. 7 shows the velocity variation curves of particles in Area Il along the three directions of
X, Y, and z axes under different numbers of blades when the rotating speed of the screw shaft
is 230 rpm and the slope of the feeding port is 13°. In Area I, the upper and lower limits of
the average velocity curve of particles along y axis are very small, and the average velocity is
distributed basically at 0 m/s, which is determined by the symmetrical design of the screw
conveyor. The throwing device can provide the projectile kinetic energy for particles collected
at the front of the feeding port to enter the trough. However, because of the continuous
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circular motion of the device and the consistent speed with the rotating speed of the screw
shaft, it would throw a part of them to the opposite direction while throwing materials into the
trough, resulting in the phenomenon of material splashing forward. The splashing
phenomenon may cause the average velocity of some particles along x axis to be positive.
However, the integral value of any velocity curve along x axis in Fig. 7 is less than 0 during
1.5 and 4 s, which indicates that the splashing phenomenon of the throwing device is
insufficient to affect its normal operation in this case. A reasonable control of the rotating
speed of the screw shaft can make the work of the spiral aggregate device be mainly used to
convey the materials to the rear trough.
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Figure 7: Velocity variation curves of particles in Area Il along the axes with different throwing plates.

Moreover, attention should be paid to the work matching between the spiral blade and
throwing plate. Fig. 8 shows the variation in the average velocity of particles in Area Il along
y axis with time under different numbers of throwing plates. From the figure, in the stable
working stage after 2 s, when the number of throwing plates is only 2, the average velocity of
particles in y direction is small, and the velocity fluctuation is obvious, which indicates the
lack of work of the throwing plate and the accumulation of particles in the middle. With the
increase in the number of throwing plates, the average velocity is raised, and the velocity
fluctuation also decreases. However, the volume of the throwing plate would also occupy the
space in the middle of the spiral aggregate device. With the increase in the number of
throwing plates, the occupied space gradually increases, which would hinder the movement of
particles in the middle of the aggregate device. Thus, when the number of throwing plates is
5, the velocity of particles in the y direction has a significant decline. Nevertheless, when the
velocity fluctuation of particles is considered, a high number of throwing plates indicate that
the work is performed numerous times on the particles in a rotating cycle. As a result, the
velocity fluctuation of particles will be reduced.
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Figure 8: The variation of average velocity of particles in Area Il along y axis.
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After comprehensive analysis, the work of the throwing plate with four blades could make
the particles in the spiral blades obtain large axial speed after 2 s when the rotating speed of
the screw shaft is 230 rpm. When the particles on both sides of the spiral blades are conveyed
to the rotational space of the throwing plate in the middle, the throwing plate can feed these
particles to the feeding port in time to reduce the accumulation of particles in the middle.
Therefore, the four-blade throwing plate has high efficiency and a good working performance.

4.4 Influence of the slope of feeding port on the aggregate effect

Fig. 9 shows the velocity variation curves of particles in Area | with time along the three
directions of x, y, and z axes under different inclination a when the rotating speed of the
screw shaft is 230 rpm. Four curves in each figure (Fig. 9 a, b, and c) coincide with one
another and show similar trends, which indicates that the variation in the roof inclination on
the feeding port has no significant effect on the velocity and direction of particle movement in
the channel of the feeding port. To further analyse this problem, the animations of the four
groups are compared. Fig. 10 presents the cross sections of the symmetrical centre of the
simulation model at 1.96 s under four groups of simulation, in which the particles are
represented by their velocity vector arrows; the colour of the arrows changed from blue to red,
corresponding to the change in the movement velocity of particles from low to high. In the
enlarged view of Fig. 10, two special areas are marked out, representing the accumulation
triangle area and the empty quadrilateral area, which can be found in the cross sections of
other simulation animations.
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Figure 9: The velocity of particles with time in Area | along each axis under different inclinations.
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Figure 10: Cross-section view of 1.96 s simulation model under different inclinations.
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The accumulation triangle area is located at the top of the feeding port channel. Its one
side overlaps with the upper roof of the feeding port with particles of low velocity in it, and
the area adjacent to the other two boundaries of the accumulation triangle area is filled with
particles of high velocity. This finding indicates that during the working process of the spiral
aggregate device, a part of particles accumulated at the top of the feeding port due to the
continuous role of the throwing plate, occupying a relatively fixed triangle area. The
accumulated particles here distribute the particles conveyed by the throwing plate into two
parts, so that one part of the particles enters the trough through the feeding port, and the other
part remains in the rotating space of the screw shaft and is finally thrown out due to the role
of the throwing plate. The particles that passing through Area | do not directly contact the
upper roof of the feeding port because of the accumulation of particles on the upper roof.
Therefore, the slope change of the roof of the feeding port has no obvious effect on the
conveying efficiency.

Another defect in the design of the mechanism is found from the current simulation results.
The empty quadrilateral area marked in the magnified view of Fig. 10 is an area with very few
particles in the channel of the feeding port, but it also appears in the simulations of different
groups of parameters. Few particles pass through it, so there is no need to take this space as an
open area for the channel of the feeding port. If the lower bottom of the channel of the feeding
port is designed at the trapezoidal bevel edge of the empty quadrilateral area, it would not
hinder the particles to enter the trough. Instead, it could increase the volume of the trough.
Some space in the structure of the bottom floor is wasted, which needs further optimization.

5. CONCLUSION

To meet the design and optimization requirements of a spiral aggregate device, further
improve the working efficiency of the sump cleaning machine, and accurately find the defects
in previous design, the working process of a spiral aggregate device was simulated by means
of DEM; the key components of the spiral device were optimized; and the influence of the
rotating speed of the screw shaft, the number of throwing plates, and the slope of the feeding
port on the aggregate effect was analysed. The following conclusions were reached.

(1) By using DEM, the working process of the key components of the spiral aggregate
device could be effectively simulated, and the motion of particles at different positions,
especially the internal state of particles that could not be observed by the naked eyes, could be
given visually. The method could intuitively analyse the deficiencies in the structural design
and thus realize the optimal design of the equipment.

(2) With increasing rotating speed of the screw shaft, the positive correlation between the
speed and number of particles in the channel of the feeding port increases first and decreases
later. The particle conveying efficiency also shows a trend of increasing first and decreasing
later. With the increase of the number of throwing plates, the fluctuation of the axial flowing
speed of particles along the screw shaft decreases gradually, but the speed first increases and
then decreases. When the rotating speed of the screw shaft is 230 rpm, the four-blade
throwing plate has a better working performance, and the aggregate efficiency is the highest.

(3) Particles would be accumulated on the upper roof of the feeding port. As a result, the
change in slope has no obvious effect on the conveying efficiency, and the structure of the
bottom plate of the feeding port channel hinders the entry of particles. To make the particles
pass through the feeding port efficiently and ensure the depth of the aggregate trough, the arc
of the bottom plate of the feeding port should be reduced, or other structural forms should be
adopted.

In the study, DEM was applied to the simulation of the spiral conveyor. The simplified
simulation model not only highlights the structural characteristics of the device but also
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improves the calculation efficiency, which provides a reference for the structural optimization
and performance analysis of the spiral aggregate device and an important supplement to the
performance research of the spiral conveying device with a special structure. Some defects of
the feeding port structure on the spiral aggregate device are found, which need to be
improved. Therefore, in future research, the influence of the structure of the feeding port
would be studied by using DEM, the detailed optimization design and improvement scheme
would be given, and the optimized prototype would be trial produced for industrial test.
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