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ARTICLE INFO ABSTRACT

Keywords: This study uses computational fluid dynamics (CFD) to simulate the motion behavior of coal-
Coal water slurry (CWS) water slurry (CWS) particles under vibration conditions. Results show that without vibration,
Vibration

the coal particles settle to the bottom of the container due to gravity, forming distinct regions of
low, transition, and high concentration. Under low vibration intensity, the slight energy activates
particle motion and promotes settlement. Under high vibration intensity, violent reciprocating
motion causes severe shaking and uncertainty, resulting in non-uniform particle distribution and
back mixing. Particle velocity distribution is significantly influenced by vibration, with higher
frequencies and amplitudes resulting in greater velocities. Additionally, particle pseudo-
temperature is higher in the near-wall area due to collisions with particles and wall surfaces.
Low frequency and amplitude promote particle settlement, increasing compactness in the bottom
area and reducing concentration in the top area. The findings provide valuable insights into CWS
behavior under vibration conditions, which can be used to optimize the design and operation of
CWS handling and transportation systems.

Motion behaviour
Computational fluid dynamics(CFD)

1. Introduction

Coal is the most widely distributed and abundant fossil fuel in the world. According to the BP Statistical Yearbook of World Energy,
coal accounted for about 27 % of global primary energy consumption in 2019 [1]. In recent years, with people’s attention to the
ecological environment and improving living standards, the clean and efficient use of coal has attracted more and more attention. It
can not only meet our energy demand but also has a vital significance for realizing the clean use of coal and the goal of energy saving
and emission reduction. Processing coal into CWS is one of the critical directions in developing clean coal technology. However, CWS is
a kind of solid-liquid two-phase suspended fluid and a thermodynamically unstable system, which is prone to particle settlement and
reduces its stability [2].

Coal water slurry (CWS) technology was developed in the 1970s as a branch of clean coal technology due to the impact of the oil
crisis. CWS is formed by solid mixing of coal powder particles, water, and a few chemical additives [3]. It is a practical and cleaner
coal-based oil fuel, and its preparation, storage, and transportation are entirely closed, preventing environmental pollution caused by
traditional coal loading and transportation. Compared to coal gasification and liquefaction, CWS has low investment and cost, and it
can be transported by tank, car, or pipe without causing environmental pollution during the storage process [4]. CWS has several clean
properties. Its closed system prevents environmental pollution during the preparation, storage, and transportation processes [5].
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Moreover, CWS can be transported long distances via pipelines, reducing transportation loss and solving the coal transportation
problem [6]. Also, burning CWS can improve coal utilization efficiency, as its thermal efficiency can reach over 85 %, compared to 60
% for small and medium-sized coal-fired boilers [7]. CWS can also be atomized for combustion due to its water content, which lowers
the flame center temperature by about 100 °C compared to fuel oil and gas [8]. This combustion process significantly reduces the
emission of ammonia oxides and other pollutants [9].

CWS quality is essential and can be assessed based on the following aspects. First is the particle size, which varies depending on the
type of CWS used. Fuel slurry has a maximum particle size of 300jm and a content below 74 pm of at least 75 %. Gasified slurry used in
the chemical industry has a coal particle size below 1.4 mm and a content below 74 m of at least 50 % [10]. Coal particles within the
coal-water slurry exhibit specific behaviors under various conditions, including their settling and motion patterns. Without vibration,
these coal particles tend to settle to the bottom of the container due to gravity. This natural settling process results in distinct regions of
low, transition, and high particle concentration within the slurry. Secondly, CWS concentration varies based on the coal grade and user
demand, ranging from 50 % for lignite slurry to 75 % for high-rank bituminous coal [11,12]. Lignite, is considered a lower-grade coal
due to its lower energy content and higher moisture content. In contrast, high-rank bituminous coal is known for its greater energy
density and lower moisture content. The concentration of CWS can be tailored to match the characteristics of the coal being used. For
lignite, a concentration of around 50 % might be suitable, ensuring that the resulting slurry can effectively transport the lower energy
content while maximizing its fluid properties. On the other hand, high-rank bituminous coal, which has a higher energy content, can be
mixed into a slurry with a concentration of approximately 75 % to efficiently transport the higher energy load. Thirdly, rheological
properties require CWS to have good fluidity and "pseudoplastic” fluid properties whose viscosity decreases with the increase of shear
rate [13]. Fourth is the stability, which is important to maintain uniform and stable properties, as CWS is a thermodynamically un-
stable system that can separate the solid and liquid phases [14]. Static stability and dynamic stability are two forms of CWS stability,
and while the Turbiscan Lab stability analyzer is useful in evaluating static stability, dynamic stability remains unclear [15,16]. To
study the dynamic stability of CWS under vibration conditions for transportation and distribution, this paper focuses on the motion
behavior of coal particles in CWS. However, due to the high concentration and opacity of CWS, observing the settling characteristics of
coal particles in CWS can be challenging [17].

In recent years, with the development of computer technology, it has become possible to use Computational Fluid Dynamics (CFD)
to simulate the actual flow behaviour of a fluid in a small-scale device [18]. Based on this, the current dominant CFD software, Fluent
16.0, is used in this paper to simulate the motion behaviour of coal particles in CWS under vibration conditions.

2. Methodology

Computational Fluid Dynamics(CFD) is a branch of computational mechanics. At first, CFD was mainly applied in aviation [19].
After decades of development and improvement, it has penetrated many engineering fields, including aviation, aerospace, ship-
building, and the chemical industry [20]. Compared with fluid dynamics under experimental conditions, it has the advantages of less
investment, faster calculation, complete information, and not being limited by model size, so it is a powerful tool for studying fluid
dynamics.

At present, the discrete methods of governing equations used in CFD calculation mainly include three forms: the finite difference
method (FDM), the finite element method (FEM) and the finite volume method (FVM) [21]. In numerical calculation, the finite volume
method is the most commonly used. This method is also called the control volume method. Currently, the most commonly used
commercial CFD software, Fluent, is developed based on the algorithm programming of the finite volume method [22]. It has a
convenient development platform and contains a variety of complex fluid flow model equations. At the same time, users can also use C
language to compile the User Defined Function (UDF) file according to the actual research problems to realize the numerical simulation
calculation of various complex fluid flow problems [23]. Based on this, this chapter mainly uses the Fluent 16.0 platform to calculate
and solve the numerical simulation process.

2.1. Selection of liquid-solid two-phase flow model

The settlement of coal particles in CWS is a typical liquid-solid two-phase flow, in which the continuous phase is water, and the
discrete phase is coal particles [24]. This section from the CWS in the specific characteristics of liquid-solid two-phase flow, the body fit
through the particle phase flow and determine various external expression in the model, based on Euler’s method of coal-water slurry
in liquid-solid two-phase flow dynamic two-fluid model.

In computational fluid dynamics, the fluid-particle two-phase flow system is generally divided into particle and fluid phases.
Depending on the treatment methods of the particle phase and fluid phase, they can be divided into the continuum model, discrete
particle model and pseudo particle model.

2.2. Numerical solution method

2.2.1. Establishment of the geometric model

The container used in this study for CWS experiments is a cylindrical body with an inner diameter of 40 mm and a height of 100
mm. Since the size of the cylinder is small, the grid geometry model is constructed to be consistent with the actual size of the container.
Although a three-dimensional model can improve the calculation accuracy, it requires a large amount of computation time. Therefore,
in this study, the three-dimensional container model was simplified for ease of computation during the later simulation process. When
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simplifying the three-dimensional container model, two assumptions need to be satisfied, namely: the coal particles for fluidization
analysis are uniform spheres and the distribution of coal particles in the CWS is uniform throughout the container. Additionally,
Lettieri et al. also found that two-dimensional models and three-dimensional models have good consistency in simulation results.
Based on the above assumptions and previous research results, this study simplified the calculation domain into a 40 mm x 100 mm
two-dimensional geometric body. Such processing not only greatly saves computation time but also reflects the motion characteristics
of the liquid-solid two-phase in the CWS under vibration conditions.

2.2.2. Grid division

After establishing the geometric model, the next step is to divide the calculation domain of the model into grids. Grid division is a
crucial pre-processing step for numerical simulations because the quality of the grid directly affects the accuracy of the numerical
simulation results. For two-dimensional problems, the commonly used grid models in Fluent are triangles, quadrilaterals, or mixed
grids [25]. Considering that dynamic layering is used as the method to generate dynamic grids in this simulation, which is a simple
linear motion that removes one layer of grids at a time when compressed and adds one layer of grids at a time when stretched, it is only
suitable for structured grids such as quadrilaterals or hexahedrons. Therefore, in this simulation, a quadrilateral grid is used to divide
the calculation domain into grids. The ANSYS ICEM software is used to divide the calculation domain into grids, with regular
quadrilateral grids being used for the grid shape. The total number of grids is 16,000, and each grid size is 0.5 mm x 0.5 mm.

2.2.3. The setting of physical parameters and boundary conditions

The physical properties of the two-phase liquid-solid system were defined, and the particles were pseudo-fluidized. Then, the
boundary conditions of the model were defined. Since the container was closed during the vibration, all walls of the model were set as
stationary walls.

By developing a UDF program, a sine wave vibration was added to the CWS cylinder model, and dynamic grid technology was
employed to implement the cylinder model’s vibration, with initialization of both the solid and liquid phases. Since the grid partition
for this simulation is made up of regular quadrilateral shapes, the dynamic layering model was chosen for the parameter model of grid
updating. Regarding the selection of grid motion, the UDF provided three types: Rigid Body, Stationary, and Deforming [26].
Considering that the simulated coal-water slurry container is a cylindrical body that can be treated as a rigid body, the Rigid Body form
was chosen for the grid motion.

2.2.4. Discretization of the governing equations

When discretizing the governing equations, the basic idea is to divide the fluid region into many non-identical control volumes,
integrate the differential equations to each control volume, and obtain a set of discrete equations to solve for the approximate solution
of the desired variable [27]. Commonly used discrete methods in Fluent include the first-order upwind, second-order upwind, central
differencing, and QUICK schemes. In this simulation, because regular quadrilateral grids are used, the fluid motion and grid almost
align in a straight line. Moreover, the first-order upwind scheme ensures that the coefficients are always non-negative during
calculation and avoids physically unreasonable solutions, making it the chosen method for discretizing the governing equations.

2.2.5. Selection of solution method
CWS can be regarded as an incompressible fluid. When solving for the motion of incompressible fluids, the difficulty in pressure
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Fig. 1. Particle concentration in CWS at different times when f = OHz and A = 0 mm.
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calculation arises from the lack of a separate pressure equation in the incompressible fluid flow field [28]. Coupling can only be
achieved through the continuity equation. Currently, the most widely used method for flow field calculations in engineering is the
pressure correction algorithm, which has various implementation forms. The most common one is the semi-implicit algorithm based on
pressure coupling, namely the SIMPLE algorithm. In this simulation, the solution method used is the SIMPLE algorithm based on
pressure-velocity coupling.

3. 3. simulation results and analysis
3.1. Settlement characteristics of CWS under different vibration conditions

When no vibration is added, the sedimentation of coal particles in CWS is mainly affected by gravity. When a vertical sinusoidal
vibration is applied to the cylinder, the motion of coal particles can be regarded as being dominated by gravity and excitation force.
Under the condition of low frequency and low amplitude, the excitation force received by coal particles is not enough to overcome the
action of gravity, but with the increase of amplitude and frequency, the excitation force may gradually dominate. Therefore, the
settling process of CWS may show different characteristics under different amplitude and frequency conditions.

Fig. 1 shows the concentration distribution of CWS at different moments under static conditions (f = OHz, A = 0 mm). As seen in
Fig. 2, due to gravity only, the coal particles in the CWS gradually settled to the bottom of the container. And the CWS concentration
showed regular stratification along the height of the cylinder and presented three distinct regions: the low concentration region at the
top of the cylinder, the transition region in the middle of the simplified character and the high concentration region at the bottom of the
cylinder.

Fig. 2 shows the simulated concentration distribution of CWS at different times under low frequency (f = 10Hz) and low amplitude
(A = 0.25 mm). It can be seen from the figure that when low excitation force is applied, the settlement of CWS still mainly occurs at the
top and bottom of the container, and the stratification phenomenon is still apparent. With the increase of simulation time, the coal
particles at the top gradually settle to the bottom of the container. Resulting in a gradual decrease in the concentration of coal particles
at the top and a gradual increase in the concentration of coal particles at the bottom. Due to the low vibration intensity, the exciting
force of particles is not enough to overcome gravity, and the small vibration energy may loosen the particle group and promote its
settlement under gravity. Compared with Fig. 1, at this time, the boundary between layers of CWS concentration is not as apparent as
under static conditions but shows a gradual concentration process.

Fig. 3 shows the simulated concentration distribution of CWS at different times under high frequency (f = 100Hz) and high
amplitude (A = 1.25 mm). As seen from Fig. 3, under this condition, the concentration of coal particles still presents the characteristics
of high concentration at the bottom and low concentration at the top. However, due to the high vibration intensity and the severe
shaking and uncertainty of the container, the coal particles did not uniformly fall along the axial direction of the simplified character.
However, back mixing appeared up and down, especially in the top and bottom areas, which was more prominent. CWS concentrations
are identified and translated into completely different characteristics along the network in the near-wall and central regions of the
simplified characters. Due to the high vibration intensity, the exciting force of particles is much greater than the effect of gravity. The
reciprocating motion caused by sinusoidal vibration may be the leading cause of this phenomenon.

It can be found from the concentration distribution diagram under the above three conditions that the CWS concentrations at
different height positions show significantly different characteristics under low and high vibration intensification. Moreover, the
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Fig. 2. Particle concentration in CWS at different times when f = 10Hz and A = 0.25 mm.



Y. Bai et al.

6.98e-01
6.71e-01
6.44e-01
6.17e-01
5.90e-01
5.63e-01
5.36e-01
5.08¢-01
4.81e-01
4.54e-01
4.27e-01
4.00e-01
3.73¢-01
3.45e-01
3.18e-01
2.91e-01
2.64e-01
237e-01
2.10e-01
1.83e-01
1.55¢-01

t=5s

t=10s

t=15s

Heliyon 10 (2024) e24629

t=20s

Fig. 3. Particle concentration in CWS at different times when f = 100Hz and A = 1.25 mm.

concentrations in the simplified wall and the central area also differ significantly under high vibration intensification. Therefore, three
different height positions y = 5 mm (bottom), y = 50 mm (middle) and y = 95 mm(top), were selected to study the concentration
distribution at the 20s. Fig. 4 shows the radial distribution of CWS concentrations at different heights under different vibration pa-
rameters. It can be seen from Fig. 4(a) and (b) that under static and low vibration intensity conditions, the concentration of CWS at
different heights does not change along the simplified radial direction. When y = 5 mm and y = 50 mm, the volume fraction is roughly
similar. At the height of y = 95 mm, the volume fraction without vibration is approximately 0.4, while under the condition of low
vibration, the volume fraction is approximately 0.3, indicating that low frequency and low amplitude can promote the settlement of
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Fig. 4. Radial distribution of the volume fraction of the Cws at different heights under different vibration conditions.
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coal particles in the top area. The lower vibration energy can activate the motion of coal particles under gravity, thus promoting the
settlement of coal particles. However, at high vibration intensity (Fig. 4(c)), there is a significant difference in coal particle concen-
tration between the near wall and central areas. At y = 95 mm, the volume fraction is roughly 0.53, indicating that high frequency and
high amplitude are not conducive to particle settlement. Vital vibration energy will increase the degree of looseness between particles,
accelerate the motion speed of particles, and reciprocate sinusoidal motion. It will lead to a violent collision between particles, thus
hindering the settlement process of particles to a certain extent.

In addition, in order to better reflect the changes of CWS concentration at different locations under different vibration conditions,
three different height locations, and the change of its concentration over time was monitored. The results are shown in Figs. 5-7. As can
be seen from Fig. 5(a), when vibration is not added, the time evolution curves of concentrations at three different height positions in
the near-wall and central regions are basically similar. The concentration of CWS at the bottom (y = 5 mm) gradually increases with
time, caused by the settlement of the particles above. In the middle position (y = 50 mm), the concentration of CWS increases only
slightly. At y = 95 mm, the concentration of CW-water increases slightly at first, which may be caused by the deposition of particles in
the top region (y > 95 mm). However, due to the settlement of particles in the top region, the concentration at this position increases,
so the compressed coal particles move further to the bottom, which shows that the concentration decreases rapidly after the simulated
16s.

Fig. 5(b) shows the time evolution curve of CWS concentration at different height positions under low frequency and low amplitude
conditions. It can be seen from the figure that, at low vibration intensity, the time evolution curve of the concentration in the near-wall
region and the central region is still similar. Compared with the static condition, the concentration at the height of y = 5 mm began to
increase significantly after 2s. In comparison, the phenomenon occurred after 10s under the static condition, indicating that the slight
vibration was favourable for the coal particles to settle to the bottom of the simplified character. The addition of vibration can make the
particle layer lose and weaken the hindrance effect of the bottom particles on the settlement of the upper particles, which is more
conducive to the settlement of coal particles at the bottom of the container. At the height of y = 50 mm, the change of its concentration
with time is different from that under the static condition. However, at the height of y = 95 mm, the particle concentration decreases
obviously after 2s. Especially at the 20s, the particle volume fraction decreases to 0.3, which is only about 0.4 when no vibration is
added. This indicates that the settlement of coal particles in CWS under low vibration intensity is similar to that under static conditions,
and slight vibration can accelerate the settlement process of coal particles under gravity.

Fig. 7(a) shows the time evolution curve of CWS concentration at different positions under the condition of high frequency and high
amplitude. It can be seen from Fig. 7 (b) that in the central region, the variation trend of CWS concentration at the height of y = 5 mm
and y = 50 mm over time is similar to Figs. 5 and 6. However, at y = 95 mm, although the concentration decreases very early, the
volume fraction only drops to about 0.55 at the 20s. This shows that, on the one hand, the addition of vibration can promote the
settlement of coal particles in the bottom area. On the other hand, the reciprocating motion caused by vital vibration energy and
sinusoidal vibration will also cause back mixing or backflow of some coal particles, which is the main reason for the high concentration
of coal particles in the top layer under high vibration intensity. In addition, it can be seen from Fig. 7(a) that in the area near the wall,
the change of coal particle concentration over time shows different characteristics. Under high vibration intensity, vital vibration
energy can push coal particles in the cylinder to move up and down, reciprocating. However, due to the obstruction effect of the wall
surface on particle movement, the particles in the central area move faster. However, the movement speed of particles in the near-wall
area is slow, which pushes some particles in the central area to move to the left and right direction, resulting in the phenomenon that
the concentration of coal particles in the near-wall area is higher than that in the central area at y = 5 mm and y = 50 mm. However,
due to the obstruction effect of the top cover of the cylinder, the further upward movement of coal particles is prevented, causing some
coal particles to accumulate in the top area, which may be the main reason that the concentration of coal particles in the central area is
higher than that near the wall area at the height of y = 95 mm.

In order to study the experimental phenomena in depth and to strengthen the mechanism analysis, this paper also simulates the
force analysis of microscopic particles under different vibrational conditions (see Table 1). This analysis will investigate the forces
acting on individual particles, such as gravity, inter-particle forces and vibrational forces. Understanding the interaction of these forces
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Fig. 5. Time evolution of the volume fraction of the cws at different locations under the condition of f = OHz and A = 0 mm.
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Fig. 7. Time evolution of the volume fraction of the CWs at different locations under the condition of 100Hz and A = 1.25 mm.

can provide insight into the settling process.

In this micro-particle force analysis, we consider the effects of gravity, particle-particle interaction forces (which can be attractive
or repulsive depending on distance and charge), and vibration forces. Gravity encourages particles to settle downward, particle-
particle interaction forces can be either attractive or repulsive based on distance and charge conditions, and vibration forces
impact particle positions, with the direction and amplitude of vibration determined by vibration conditions. These forces collectively
act on individual particles, influencing their microscale behaviors.

3.2. Effect of vibration on particle velocity

3.2.1. Effect of vibration on particle velocity at different heights

The addition of sinusoidal vibration makes the particles in the simplified characters subject to the double action of gravity and
excitation force, which results in the change of the axial velocity of the particles with the change of vibration parameters. Fig. 8(a)
shows the radial distribution of particle axial velocity at 10s at different heights without vibration. Only under the action of gravity, the
motion velocity of particles is small on the whole, no more than 0.007 m/s. When y = 5 mm, the particle axial velocity does not change
with the radial position. However, in the top layer of y = 95 mm, the motion velocity of particles in the central region is higher, while
that of particles in the wall region is smaller. This may be because the wall surface is a non-slip boundary, which will have a certain
hindrance to the movement of particles in the process of particle settlement. Due to the high particle concentration, the settlement of
the upper particles compresses the downward movement of the lower particles as a whole. Therefore, the axial velocity of the particles
at y = 5 mm basically does not change with the radial direction.

Table 1
Analysis of forces on microscopic particles under different vibrational conditions.
Force Nature and Direction Magnitude Influence
(Newtons)
Gravity Vertically downward, proportional to particle mass 0.02 Promotes particle settling downward
Particle-particle interaction Mutual attraction or repulsion, depends on distance 0.01 Causes particles to approach or move away from
force and charge each other
Vibration force Vibration direction and amplitude depend on 0.015 Influences particle position under vibration
vibration conditions conditions
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Fig. 8. Distribution of the axial velocity of the particles at different heights.

Fig. 8 (b) shows the radial distribution of the axial velocity of particles at different heights at 10s under low vibration intensity (f =
15Hz, A = 0.25 mm). As can be seen from the figure, the movement speed of particles in the bottom region is significantly higher than
that in the top region, which is exactly the opposite of the case without vibration. This is because when vibration is applied, the
particles at the bottom of the simplified character are the first to be affected by vibration, and the vibration energy is further transferred
to the top particles through the collision of particles. As a result of energy dissipation, the speed of particles in the top region is lower.
At the same time, it can be found that under this condition, the axial velocity of particles at different heights tends to be equal in the
radial direction, which may be because the addition of vibration will activate the movement of particles in the near-wall area, making
the axial motion of particles at different radial positions more stable. According to the, at 10s, the motion velocity generated by the
excitation force is 0.0158 m/s. However, because the particles are also affected by gravity and part of the energy is dissipated due to
particle collision, the motion velocity of the particles in the cylinder is lower than 0.0158 m/s.

Fig. 8(c) shows the radial distribution of axial velocity of particles at 10s at different heights under high vibration intensity (f =
100Hz, A = 1.25 mm). As can be seen from the figure, under high vibration intensity, the axial velocity of particles still presents the
characteristics of higher velocity at the bottom and lower velocity at the top. However, under this condition, the axial velocity of
particles at different heights changes with the radial direction. At the height of y = 5 mm, the movement velocity of particles in the
central region is higher than that in the near-wall region. At y = 95 mm, the opposite is true. Although the application of vibration can
activate the movement of particles in the near wall area, due to the large vibration energy, particles move faster under the action of
excitation force, and the collision between particles and the wall surface in the near wall area and other factors will inevitably hinder
the movement of particles in the area. Due to the obstruction effect of the top cover of the cylinder, particles accumulate in the area
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with a height of y greater than 95 mm, resulting in a phenomenon that the concentration of particles in the central area is higher than
that in the near wall area (Fig. 4(c)). The collision of particles in the central area is more intense, which may be the main reason why
the movement speed of particles in the central area is lower than that in the near wall area at the height of y = 95 mm.

3.2.2. Influence of different vibration parameters on particle velocity

Fig. 9 shows the radial distribution of particle axial velocity at 10s under different vibration parameters at a height of y = 5 mm. As
can be seen from Fig. 9(a), when the frequency is the same, the particle velocity as a whole increases with the increase of amplitude. At
low amplitude, the particle velocity does not change along the radial direction. With the increase of amplitude, the particle velocity
gradually presents the characteristics of large in the middle and small at both ends. This may be due to the fact that when the amplitude
is higher, the vibration intensity is larger, the particles are excited by larger force, and the motion speed is faster. However, in the near-
wall area, because the wall surface is a non-slip boundary, the motion of particles will be hindered to a certain extent. At the same
amplitude (Fig. 9(b)), with the increase of frequency, the vibration intensity increases and the particle motion velocity also increases
gradually. When the frequency is higher, the particle velocity in the central region is also greater than that in the near-wall region. With
the decrease of frequency, the particle velocity tends to be equal in the radial direction. Through the above analysis, it can be seen that
low frequency and low amplitude will make the particle velocity distribution more uniform in the radial direction, that is to say, low
vibration intensity will make the particle velocity at different radial positions more stable, while high vibration intensity will cause the
particle velocity at different radial positions to be uneven distribution, but the motion velocity is still affected by vibration parameters
on the whole.

3.3. Characteristics of particle pseudo-temperature distribution

Particle pseudo-temperature is also known as particle pulsation kinetic energy, which can reflect the intensity of collisions between
particles. The higher the particle pseudo temperature is, the faster the particles move, and the more violent the collision between
particles is.

3.3.1. Influence of different vibration parameters on particle pseudo-temperature

Fig. 10 shows the distribution of particles’ pseudo temperatures along the height of the cylinder at different radial positions under
the conditions of static (f = OHz, A = 0 mm), low frequency and low amplitude (f = 10Hz, A = 0.25 mm) and high frequency and high
amplitude (f = 100Hz, A = 1.25 mm), respectively. As can be seen from Fig. 10(a), only under gravity, particle collisions mainly occur
in the top region due to the slight motion velocity of particles. Combined with Fig. 8(a), it can be seen that the movement speed of
particles in the top region is significantly higher than that in the bottom region, which is the main reason for the high temperature of
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particles in the top region. However, in the case of low vibration intensity (Fig. 10(b)), the temperature of particles in the bottom area
is relatively high, and the pseudo-temperature of particles decreases sharply with the increase in height. When vibration is applied, the
particles at the bottom of the simplified character are the first to be affected by vibration, and the vibration energy is further transferred
to the top particles through the collision of particles, resulting in a lower motion speed of the top particles (Fig. 9(b)). Secondly, due to
the sedimentation of particles, the concentration of the bottom particles is higher, and the chance of particle collision is more sig-
nificant. Therefore, the collision of the bottom particles is more intense than the top particles. Moreover, as coal belongs to organic
matter, with the increase in height, the agglomeration tendency among coal particles increases and the collision return coefficient of
particles decreases due to the dissipation and reduced vibration energy during transmission. In addition, the temperature of particles at
x = 2 mm is significantly higher than that at x = 20 mm. This is because in the area near the wall at x = 2 mm, due to the non-slip
characteristics of the wall, in addition to the collision between particles, particles will also collide with the wall. With the further
increase of vibration intensity (Fig. 10(c)), the pseudo-temperature of particles increases rapidly. Compared with the low vibration
condition, the temperature of particles in the near wall area is still higher than that in the central area. However, the decreasing trend
of particle temperature at x = 2 mm with height slows down significantly, and the pseudo particle temperature at y = 100 mm is still
higher, indicating that the collision of particles in the top area is still very intense under the high vibration intensity.

3.3.2. Effect of different amplitudes and frequencies on particle pseudo-temperature distribution

Fig. 11 shows the variation of particle pseudo temperature at different radial positions with the height of the cylinder at different
amplitudes. As can be seen from the figure, the pseudo-temperature of the particle increases gradually with the increase of the
amplitude. In the radial position, the pseudo-temperature of the particles near the wall varies significantly with the height, and its
value is higher than that in the central area. When the amplitude is low at the top of y = 100 mm, the temperature difference between
the particles at x = 2 mm and x = 20 mm is small. With the increase of amplitude, the temperature difference also increases gradually.

Fig. 12 shows the variation of particle pseudo temperature with height under different frequency conditions. It can be found that
the variation law with frequency is similar to that with amplitude. When the amplitude or frequency is higher, the vibration intensity is
more significant, the particles are excited by force is larger, the speed of particle movement is faster, and the intensity of the collision
between particles and between particles and the cylinder wall surface increases. On the other hand, the settlement of particles causes
the particle concentration in the bottom area to increase, which makes the collision effect between particles in the bottom area of the
cylinder stronger.

3.4. Simulation model validation and analysis

In order to further demonstrate the reasonableness of the simulation results, we use mean squared error (MSE) and the coefficient of
determination (R-squared, R?) to quantitatively assess the agreement between simulation and experiment. The comparison results are
shown in Table 2.

The lower the MSE value, the closer the R2 value is to 1, indicating that the simulation results are more consistent with the
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experimental data. As can be seen from Table 2, the MSE values of the simulation results in settling rate, concentration propfile and
particle velocity are 0.015, 0.021 and 0.012, respectively.These data indicate that the errors between the simulation results and the
experimental data in describing the settling rate, concentration profile and particle velocity are relatively small.The values in Table 2
demonstrate the consistency between the simulation results and experimental data. This indicates that the model used is effective in
describing and predicting these behaviors.

4. Conclusion

In this study, computational fluid dynamics (CFD) software is mainly used to simulate the motion behaviour of coal particles in
CWS under vibration conditions, and the motion of coal particles is mathematically processed through quasi-fluidization of particles,
two-fluid model based on the Euler method and external excitation force model. The main conclusions are as follows.

(1) Through the analysis of the settlement results of CWS under static, low vibration intensity and high vibration intensity, it can be

2

3

seen that without vibration, the coal particles in the CWS gradually settle to the bottom of the container due to the action of
gravity only. The CWS concentration shows regular stratification along the simplified height and presents three distinct regions:
A low concentration zone at the top of the barrel, a transition zone in the middle, and a high concentration zone at the bottom.
When the vibration intensity is low, the excitation force received by the particles is not enough to overcome the action of
gravity. The slight vibration energy may activate the motion of the particles, making the particles lose and promoting the
settlement under the action of gravity. When the vibration intensity is high, the violent reciprocating motion caused by si-
nusoidal vibration will cause severe shaking and uncertainty of the container, resulting in the coal particles do not uniformly fall
along the axial direction of the container. However, there is back mixing up and down. In the near wall and central area of the
cylinder, the concentration of CWS along the height of the cylinder has shown entirely different characteristics from that under
static conditions.

When no vibration is added, the motion speed of coal particles is low on the whole, and the movement speed of the top particles
is faster than that of the bottom particles; When vibration is applied, the motion velocity of coal particles gradually approaches
the sinusoidal motion velocity of the external excitation force. Since the particles at the bottom of the simplified character are
the first to be affected by vibration, the vibration energy is further transferred to the top particles through the collision of
particles, and the speed of the particles at the bottom is incredible. Low vibration energy will activate the movement of coal
particles near the wall and make the movement of coal particles at different radial positions more stable. However, at static and
high vibration intensity, the movement of particles in the near-wall area is different from that in the central area due to the
obstruction effect of the wall surface on particle movement.

It can be seen from the particle pseudo-temperature study that the particles’ temperature in the near-wall area is obviously
higher than that in the central area. This is because, in the near-wall area, collisions occur not only between particles but also
between particles and the wall surface. In the axial distribution, the temperature of particles in the bottom region is higher,
which is on the one hand because the particles in the bottom region move faster, and the collision is more intense. On the other

11



Y. Bai et al. Heliyon 10 (2024) e24629

Table 2

Comparison of MSE and R? between simulation results and experimental data.
Parameter MSE R?
Settling rate 0.015 0.92
Concentration profile 0.021 0.88
Particle velocity 0.012 0.94

hand, due to the higher concentration of coal particles in the bottom area, the probability of collision between particles is
greater.

(4) Low frequency or low amplitude is conducive to coal particles settling to the bottom of the simplified character. Low vibration
intensity can activate the coal particles in the cylinder, and promote the settlement of coal particles under the action of gravity,
thus increasing the compactness of coal particles in the bottom area, squeezing water to the top area, resulting in the reduction
of the concentration of coal particles in the top area. When the vibration intensity is more significant, the vibration energy is
higher, the particles are excited by more significant force, and the movement speed is faster. The reciprocating sinusoidal vi-
bration will aggravate the collision between the particles, which is not conducive to the further compression of the particle
group. The concentration of coal particles in the bottom area starts to decline with the further increase of the vibration intensity.
At the same time, in the top region, the intensification of particle movement and collision will also lead to partial back mixing or
backflow of coal particles, which shows that with the increase of vibration intensity, the concentration of coal particles in the
top region gradually increases.

The findings of this research have significant potential applications in the storage and transportation of CWS. The study provides a
better understanding of the motion behavior of coal particles under vibration conditions. Therefore, the results of this study can be
used as a guideline for the development of efficient and cost-effective CWS transportation systems.

The simulation results show that the MSE values of settling rate, concentration distribution and particle velocity are 0.015, 0.021,
0.012, respectively.These values are relatively low, which implies the consistency between the simulated results and the experimental
data. Meanwhile, the R2 values were 0.92, 0.88, and 0.94, respectively, which indicated a high correlation between the simulated
settling rate, concentration distribution, and particle velocity and the actual data.

Despite the findings and contributions of this study, there are several limitations that should be acknowledged. Firstly, the results of
this study are based solely on the assumptions and simplifications used in the numerical simulations. Although efforts have been made
to ensure the accuracy of the simulations, there are still uncertainties and potential errors associated with the modeling assumptions
and parameters used. Secondly, the scope of this study is limited to a specific set of conditions and scenarios. Other factors and
variables that may affect the results have not been considered. Thirdly, the experimental validation of the numerical simulations was
not carried out due to the constraints of time and resources. In addition, the presence of additives in CWS complicates its micro-
structure. Future studies will extend the simulations to incorporate the effects of additives. The representativeness of the model will be
enhanced by capturing the effect of additives on particle behavior, suspension stability, or settling characteristics.
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