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Abstract: Vibro-fluidized dry coal beneficiation involves the unavoidable mixing of -1 mm coal dust
into the fluidized bed, which compromises the stability and homogeneity of the bed density and
reduces the effectiveness of fine-grained coal separation. In order to understand the features of coal
powder separation and mixing (-1 mm) in a vibrating fluidized bed, as well as to achieve a uniform
and stable bed density, a wide-grained dense medium consisting of -1 mm coal dust and 0.3-0.15
mm magnetite powder was homogeneously mixed in this work. The degree of density separation
in the entire bed was examined, as well as the local mixing properties of the Wide-grained Dense
Medium. It was discovered that when low vibrational energy was introduced at the same gas
velocity, particle separation was enhanced in comparison to the usual fluidized bed. Little bubbles
were found to ensnare fine coal dust and migrate upward, increasing density separation. The
introduction of high vibrational energy leads to particle disorder within the bed and an increase in
the level of particle mixing. The beneficial effects of vibration on the bed are diminished when the
gas velocity is gradually increased under specified vibration circumstances. This causes big bubbles
to develop more frequently, which increases particle mixing. Among them, the 1-0.5 mm fine-
grained coal exhibits the best mixing state; it is less impacted by variations in air velocity and
vibration levels, whereas the -0.5 mm coal dust is more affected by each of these variables.
Furthermore, a wide range of air velocity regulation without a significant segregation state change
was discovered to be achievable by the particle system under vibration circumstances of f~25Hz
A=1mm and f=25Hz A=2mm.

Keywords: vibrated fluidized bed; fine coal; mixing characteristic; separation characteristics

1. Introduction

Fluidized dry coal beneficiation represents a significant area within the realm of dry coal
beneficiation technology. It achieves coal separation by generating a pseudo-fluid with a specific
density through a combination of airflow and dense medium|[1]. However, as the specific surface area
of coal particles increases with decreasing particle size, the gravitational impact weakens, leading to
a challenge in density-based coal particle separation[2]. Fine-grained coal particles are subjected to
high airflow traction, further complicating the separation process[3]. To address this issue, the
homogeneous stabilization of the fluidization environment is accomplished by introducing external
energy. This energy can take various forms, such as vibrations, pulsating air currents, magnetic fields,
acoustic fields, and others[4-7]. The introduction of these energies serves to reduce bubble
perturbations and creates a fluidization environment of microbubbles, ultimately enhancing

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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separation accuracy and expanding the lower limit of separation for ordinary fluidized dry coal
separation.

The research on vibrating separation fluidized beds represents the most prevalent area of study.
Previous research has shown that vibrating separation fluidized beds can reduce the lower limit of
fine-grained coal separation to 1 mm[4-7]. However, in actual production processes, when
attempting to sort coal finer than 1 mm, the permeability rate of 1 mm fine-grained coal during
screening is low. This leads to raw coal entrained with coal dust being mixed into the bed[9,10].
Additionally, the friction and collision between particles cannot avoid the generation of -Imm coal
dust. This coal dust is inevitably mixed with dense medium, and experience shows that appropriately
mixed coal dust particles can adjust the fluidization characteristics of the bed, reduce the bed's
density, and facilitate bed density adjustments. This enables the separation of different components
of raw coal. Excessive mixing of coal powder into the bed results in binary and dense medium
segregation, increases the viscosity of the bed, and gives rise to abnormal fluidization phenomena
such as ditch flow and dead zones[11]. The mixing, segregation, remixing, and directional migration
of binary particles affect the homogeneity and stability of the fluidized bed, ultimately leading to a
decline in the separation effectiveness of fine-grained coal[12]. High-precision separation not only
demands the uniform mixing of dense medium particles but also necessitates uniform and stable bed
fluidization to avoid the interference of binary dense medium particles in the macro-migration
process on the fine-grained coal settling process. Therefore, it is crucial to investigate the mixing and
separating mechanism of -1mm coal powder and magnetite powder in a vibrating fluidized bed. This
research is of great significance in ensuring the uniform stability of the bed and achieving high-
precision separation through dense medium circulation and proportioning in the production process.

At present, there is a significant amount of research on the vibrational fluidized bed separation
of fine-grained coal. S.A. Macpherson et al. conducted a study on the effects of vibration energy,
vibration direction, airflow velocity, and tilt angle on particle movement behavior, as well as the
impact of different coal grain sizes on the separation process[13]. The study results indicate that the
most effective separation is achieved for fine-grained coal ranging from 4-6.35 mm, possible
separation error of 0.07 g/cm?. Furthermore, it has been observed that the deviation increases as the
particle size of the separated fine-grained coal decreases.

In terms of bed stability, Zhou et al. investigated the impact of bubbles on the separation of fine-
grained coal. They discovered that the movement characteristics of bubbles significantly influence
the separation effect of fine-grained coal. Moreover, vibration has been found to reduce the size of
bubbles, which in turn enhances the separation of fine-grained coal[14]. Based on this, the researchers
delved deeper into the inhibitory effects of vibration energy on bubbles and proposed an assessment
of vibration for enhancing the quality of bed fluidization[8,15]. Luo et al. have confirmed that the
introduction of vibration into the separation fluidized bed produces a cutting effect on bubbles in the
horizontal direction and a squeezing effect in the vertical direction. After appropriately adjusting the
vibration parameters, the generation of bubbles can be effectively suppressed, leading to the
formation of fluidization of microbubbles, which is conducive to the separation of fine-grained
coal[16]. In a separate study, Zhang et al. investigated the spatial and temporal distribution
characteristics of bed density in a vibrating fluidized bed. The results indicated that the bed density
decreased with an increase in gas velocity, vibration frequency, and amplitude. Furthermore, the
inhibition mechanism of vibration on bubbles was investigated based on pressure and particle
collision signals. It was found that as gas velocity and vibration frequency increased, the size and
number of bubbles in the bed decreased and then increased[17,18]. Scholars have studied the transfer
of vibration energy within the bed, and their research reveals that the fluctuation of the bed pressure
drop is correlated with the movement of the air cloth plate[19]. The fluctuation characteristics
gradually diminish as the bed height increases, and when the gas velocity surpasses the minimum
fluidization velocity, the vibration energy is transferred in the form of waves. Building upon this, a
model for the minimum fluidization gas velocity of the vibrating separation fluid bed is
proposed[20]. Yang et al. proposed the method of vibration media-free separation. According to their
research, it was found that the narrower the particle size of the raw coal, the easier it is to achieve
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density segregation. Additionally, as the particle size of the fine-grained coal decreases, the density
segregation becomes more pronounced. This portion of the fine-grained coal can be utilized as a self-
generated medium to assist in the separation of other particles[21,22].

Based on the research results of vibrating separation fluidized bed mentioned above, it can be
concluded that most scholars have focused on reducing the disturbance caused by bubbles in the bed
and studying the separation effect of the segregated materials. However, the -1mm fine-grained coal,
which cannot participate in the separation, is mixed into the bed, directly impacting the uniform
stability of bed density and reducing the separation efficiency of other particle sizes of coal. Relatively
few research have been done thus far on how -Imm fine-grained coal distributes itself after being
blended into the beds. which is of great significance for maintaining uniform and stable bed density
and improving fine coal separation. Therefore, this paper focuses on the study of the fluidization
characteristics of wide-grained dense medium in vibrating fluidized bed. Based on the aspects of
local particle mixing and overall density separation of the bed, the influence laws of gas velocity and
vibration on the distribution of binary dense medium are determined, providing a research basis for
the uniform and stable density of vibrating fluidized bed.

2. Experimental

2.1. Vibration fluidization system

The experimental system used in this experiment is shown in Figure 1. According to its different
functions, it is divided into five parts: air supply system, flow control system, vibration fluidization
system, pressure detection and system, and dust collection system. The air supply system is
composed of a blower and a wind bag, which can form a constant pressure air flow required for
fluidization. The flow control system mainly consists of a vortex flow meter and a remote electric
control valve. The vibration fluidization system consists of a fluidized bed and a shaker. The inner
diameter of the fluidized bed is 200mm and the height is 500mm. The air distribution chamber and
the fluidized bed are clamped with a distribution plate and a filter cloth, which are connected by
bolts. The distribution plate is a porous steel plate with a thickness of 3mm. Each hole has a diameter
of 3mm, a center distance of 4.8mm, and an opening ratio of 30%. To prevent air leakage, there are
rubber seals at the joint. The vibrator is controlled by a controller, which can generate periodic
sinusoidal vertical vibration, thereby causing the fluidized bed to vibrate and act on the bed. The
pressure sensing system consists of a pressure sensor, a collector, and a signal collector. The dust
collection system consists of a dust collector, a bag filter, and an induced draft fan. It can collect fine
dust in the test process and prevent pollution.

@
5 e

Figure 1. Vibratory fluidization system. 1 Blower 2 Air bag 3 Vortex flowmeter 4 Variable pressure

o

and power supply box 5 Remote electric control valve 6 Shaking table. 7 Fluidized bed body 8 Air
cloth plate and filter cloth 9 Pressure measuring tube 10 Dust accumulation cover 11 Pressure sensor
12 Pressure collector 13 Computer and vibration control system 14 Induced draft fan.
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2.2. Material and experimental parameter design

This experiment used -Imm coal dust from China's Inner Mongolia coal mine, as close to

production practice as feasible. The -1mm coal dust was sieved, and Figure 2 displays the findings of
the sieve.
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Figure 2. -Imm coal powder screening results.

In order to facilitate the experimental results statistics will be -Imm for fine-tuning the design,
the use of each material is shown in Table 1:

Table 1. Physical properties of experimental materials.

. Particle size Geléart True density ~ Stack density Content

Material range particle o

g/cm3 kg/m3 %
mm type

1-0.7 D 1705 909 2.5
0.7-0.5 B 1714 981 2.0
Fine coal 0.5-0.3 B 1680 944 2.0
0.3-0.15 B 1708 934 2.0
-0.15 A 1802 961 1.5
Magnetite powder 0.3-0.15 B 4530 2571 90

First, a fluidized bed layer with a static bed height of 18 cm, divided into 6 layers of 3 cm each,
was created by uniformly mixing configured -1lmm coal powder (10% of the total mass) and
magnetite powder (90% of the total mass). Figure 3 illustrates the specific operation flow. Following
the fluidization experiment, the materials in each layer were removed and sieved through a 0.7 mm,
0.5 mm, 0.3 mm, and 0.15 mm screen. A magnet was then used to separate the magnetite powder
from the coal powder after the 0.5 mm sieve, and three extractions of the magnetite powder were
made to ensure the separation was accurate. After being weighed, the resulting coal and magnetite
powders with different particle sizes are combined uniformly and returned to the fluidized bed.

doi:10.20944/preprints202312.2231.v1
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Figure 3. Coal powder and magnetite powder extraction process.

The following experimental parameters, where Uy is the minimum fluidizing gas velocity, were
identified following a number of pre-experiments and are displayed in Table 2.

Table 2. Vibration and fluidization gas velocity settings.

Vibration frequency Amplification Air speed
Hz mm Ug(cml/s)
15 2 Unfo 1.4Umfo 1.8Unmfo
25 1 Unfo 1.4Umpo 1.8Unfo
25 2 Unfo 1.4Umfo 1.8Unmfo
25 3 Umpo 1.4Ump 1.8Umpo

2.3. Evaluation Index

In the binary component particle mixing system, the particles settling at the bottom are generally
high-density or large-volume particles, known as the deposited component; the particles floating on
the upper part of the bed are generally low-density and small-volume particles, known as the floated
component. The coal powder is a low-density material, which is recognized as the floated component
in this experiment. The general degree of mixing of the two component particles can be expressed by
the Row mixing index[21,22]:

M =

i<

M

where Y is the mass fraction of the deposited components in the upper bed, and Y is the average
mass fraction of the deposited components in the completely mixed state. In the actual fluidization
process, magnetite powder comprises a significant portion of the total material, leading to a minimal
difference between Y and Y and resulting in a similar ratio. Additionally, the division of the bed into
upper and lower layers makes it challenging to accurately represent the mixing of the entire bed.
Therefore, the index is used to gauge how well dense medium are mixed and separated In local
position. To increase accuracy, a floating component is additionally added to the mixing index
computation process in the following form:
Fii/Y;

;=T @
where the subscript i denotes the different grain sizes of coal powder, which are 1-0.7 mm, 0.7-0.5
mm, 0.5-0.3 mm, 0.3-0.15 mm, and -0.15 mm; j represents the number of layers; Fjjis the mass fraction
of different grain sizes of coal dust in each layer; and Y denotes the mass fraction of magnetite
powder in each layer. F; is the average mass fraction of each grade of pulverized coal when it is
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uniformly mixed in the whole bed, and Y is the average mass fraction of the deposited components
in the uniform mixing state. A M greater than 0 indicates that the local coal powder content is higher
than that under uniform mixing, less than 0 is the opposite.

To comprehensively represent the degree of separation and mixing of wide-grained dense
medium, we define the separation factor Aj between coal dust and magnetite dust particles in the
vertical direction as the density separation degree. The specific form is as follows[24]:

A= (hehy)/(H/2) )

With ke and hw representing the mass heights of coal dust and magnetite powder, respectively,
when the coal dust is fully above the powder, the height of the coal dust's center of mass and the
height of the powder's center of mass after subtracting will equal half of the bed's height; at this point,
Ai equals 1. The height of the coal dust's center of mass and the magnetite powder's center of mass
after subtracting will be half of the negative bed height if the magnetite powder is entirely above the
coal dust. At this point, the value of Aiis equal to -1.Nevertheless, the two situations mentioned above
are uncommon.

Since partial mixing and partial separation are more likely to occur, the precise form of equation
(3) should rely on the height of the mass[25]. It looks like this:

A,:[Z]G':l(?‘j —1.5) mijc/mic — ]6-:1(3j —1.5) mjd/md]/ (g) 4)

The mass of coal dust of a certain size class in a given layer is denoted by mii; the mass of coal
dust of a given size class is represented by mic; the mass of magnetite powder in a given layer is
denoted by mjs; and the mass of magnetite powder overall is represented by ma. A forward
density separation occurs when 4i = 0-1, meaning that the lower density coal powder is in the
upper part of the bed; a reverse density separation occurs when Ai = -1-0, meaning that the
denser magnetite powder is in the upper part of the bed. A value of 0 for 4i signifies that the
bed is evenly mixed.

3. Results and discussion

3.1. Vibration fluidization characteristics of wide-scale dense medium

The minimum fluidization velocity is the most crucial parameter of a fluidized bed, and the
pressure drop-gas velocity fluidization curve can illustrate the evolution of fluidization with Wide-
grained Dense Medium. As depicted in Figure 4, the black curve represents the pressure drop
variation curve of the normal fluidized bed without vibration. It is evident that there is a noticeable
change in the slope of the pressure drop. The fluidized gas velocity corresponding to this turning
point is the minimum fluidization gas velocity (Uw) of the ordinary fluidized bed[26].

The fluidization curve becomes smoother and the minimum fluidized gas velocity decreases
with the introduction of low-frequency vibrational energy at 15 Hz. The pressure decrease exceeds
that under a common fluidized bed when the fluidized gas velocity is less than 6.5 cm/s. This is due
to the fact that in the low frequency condition, the bed's particle vibration frequency is low and there
is insufficient trailing force in the airflow to cause the bed particles to expand. Furthermore, the
vibration causes the bed to become denser than it would be if it were stationary. This results in a
smaller void ratio and a harder bed for air to pass through, raising the pressure drop of vibratory
fluidization above that of normal fluidization during the low air velocity stage. When the gas velocity
rises, the trailing force of the gas flow becomes strong enough to break the force chain between the
particles, causing the particle bed to expand. At this point, the addition of vibration can act as a force
exerted upwards on the particles as well as adjust the position of the particles within the bed by
vibrating, which helps to facilitate the fluidization of the airflow and makes it easier for the gas flow
to pass through the bed than it would be in a typical fluidized bed. The pressure drop of the vibrating
fluidized bed is slightly lower than that of the ordinary fluidized bed when the gas velocity exceeds
9.2 cm/s. This is because, at this point, the gas flow can completely fluidize the particles without the
need for vibration energy, weakening the vibration effect[19].

doi:10.20944/preprints202312.2231.v1
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Elevated vibration energy results in a greater rise in the bed pressure drop and higher pressure
intensity, which leads to an earlier entry into the fluidized condition. This is because, at low air
velocities, the increased vibration energy causes a tighter particle system with smaller gaps between
particles, which raises pressure. The increased vibration frequency causes the particles to collide
more frequently, gradually approaching continuity in the upward force applied to the particles. This
lowers the minimum fluidized gas velocity of the particle system.

It is evident that the addition of vibration must cause the wide-grained dense medium to exhibit
complex motion behavior, which drastically alters the fluidization properties[8]. These changes will
unavoidably affect the particle system's separation and mixing state, changing the bed density and
ultimately affecting the separation of fine-grained coal.

30} —— No vibration

—o— f=15HZ A=2mm
—o— f=25HZ A=1mm
—o— f=25HZ A=2mm
—o— f=25HZ A=3mm

D
W

o
=)
T

—_
(=]
T

Pressure drop (kp)

0.5f

mf

U Umfv:8.5cm/s U _=9.2cm/s

oaf O } cm/si :

0.0}~ .
0 2 4 6 8 10 12 14

Gas velocity (cm/s)

Figure 4. Vibrational fluidization curves of wide-grained dense medium.
3.2. Influence law of vibration on axial mixing of wide-grained dense medium

3.2.1. Effect of vibration on the local mixing indices

First, mixing/separation tests using a wide-grained dense medium were conducted in a normal
fluidized environment. The experimental outcomes are displayed in Figure 5. At the initial
fluidization gas velocity, all the coal dust accumulates in the upper layer, and the change trends of
the remaining particles are similar, except for geldart A particles, which exhibit the most distinct
stratification. This is due to the small particle size of geldart A particles, resulting in a more
pronounced drag effect from the airflow, and a much lower fluidization gas velocity compared to
geldart B magnetite powder and other particle sizes of coal powder[11]. Before reaching the
minimum fluidization gas velocity of the bed, the airflow leads the geldart A particles to move
upwards, while it is unable to drive the other types of particles, thereby hindering the upward
displacement of the geldart A particles.

When the bed reaches its minimum fluidizing gas velocity, the bed void ratio rises, circulation
is achieved in the particle system, the airflow propels the magnetite powder particles, and the
pathway for fine-grained coal powder to ascend to the upper layer is plowed, which leads to the
majority of geldart A coal powder accumulating in the upper layer. As the particle size of coal dust
increases, the trailing effect of the airflow decreases, while the probability of being disturbed by the
collision of magnetite powder increases, resulting in a decrease in the segregation effect.

When the fluidized gas velocity is 1.4 times the minimum fluidization velocity (Uws), the
stratification of fine particle coal powder remains largely unaffected. This is likely because the smaller
particles primarily pass through the voids in the bed. While the air bubbles can alter the void
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structure in certain areas of the bed, their lack of continuity prevents them from effectively disrupting
the upward movement of the fine particles. Conversely, other particle-level coal powders exhibit a
mixing trend, attributed to the frequent occurrence of air bubbles, which increases the randomness
of their movement[27].

Figure 5. Mixing index distribution law of coal powder of each particle size under normal fluidization
state.

The impact of low vibration, and high vibration on the wide-grained dense medium was
compared by gradually increasing the vibration energy under a gas velocity of 8.5 cm/s. The mixing
factor of each layer is depicted in Figure 6, revealing a noticeable disparity in the distribution of coal
powder at all levels under low vibration frequency. Specifically, the content of geldart D coal powder
(1-0.7 mm) and geldart B coal powder (0.7-0.5 mm) appears more evenly distributed across the layers,
with minimal differences in content. Conversely, the content of fine particles below 0.5 mm sharply
increases with decreasing particle size, while the content of the remaining layers, except the top layer,
is lower, displaying a linear relationship.

The vibration frequency increase leads to a significant reduction in the tendency of coal particles
to gather upwards. By increasing the vibration energy further at a frequency of 25 Hz, it was
discovered that the delamination of the other coal powder particle sizes decreased, with the exception
of the -0.15 mm pulverized coal, which clearly displayed delamination. Almost all the coal powder
particles were thoroughly mixed when the vibration energy was increased even more. Compared to
a normal fluidized bed, low vibration energy causes the particle system to separate, while high
vibration energy causes the particle system to blend[28].
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Figure 6. Influence law of vibration on local mixing index of coal dust of each particle level.

3.2.2. Effect of vibration on density segregation of pulverized coal at all levels

Figure 7 illustrate the impact of vibration on the density separation degree of the particle system
from two different perspectives. It is evident from Figure 7a that, under all vibration conditions, the
density separation degree of fine particles exhibits an increasing trend with decreasing particle size,
particularly under the low frequency vibration condition of f~15Hz A=2mm. As particle size
decreases, the density separation degree shows the most significant increase compared to other
conditions. It is apparent that, under the low frequency vibration condition, particles of different sizes
exhibit a substantial difference in their mixing or separation state. However, as vibration energy
increases, this upward trend diminishes, and the states displayed by particles of different sizes tend
to become more consistent.

This phenomenon is primarily attributed to the variation in the minimum fluidizing gas velocity
required under different vibration conditions (refer to Figure 3). Under low vibration energy
conditions, particles necessitate a higher minimum fluidizing gas velocity, whereas this requirement
decreases as vibration energy increases. Under the same gas velocity condition, for high vibration
energy, the gas velocity of 8.5cm/s is slightly higher. The surplus gas passes through the bed in the
form of bubbles, intensifying disturbance to the bed and subsequently affecting particle separation.

Furthermore, in comparison to a standard fluidized bed, Vibration enhanced fluidized bed
activity under low vibration conditions, resulting in micro-bubble dispersion fluidization. Small
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bubbles entrain fine particles and transport them to the top of the bed, thereby promoting particle
separation. Conversely, under high vibration energy, the relatively high gas velocity leads to the
formation of large bubbles, causing disturbance to the particles and even resulting in the bed
slugging, leading to a mixed state of the particles.

As shown in Figure 7b, the impact of vibration conditions becomes increasingly apparent with
decreasing particle size, resulting in a clear separation state at low frequencies and a mixed state at
high vibration energy. Larger particles consistently exhibit a better mixed state across all vibration
conditions. The smaller the particle size, the higher the vibration energy required to achieve a mixed
state. However, excessive vibration energy disrupts the bed, causing particles to surge and splash,
leading to decreased fluidization quality. This suggests that larger particles are better suited for
mixing with magnet mineral powder particles, while smaller particles do not share the same settling
characteristics[29].

This section's research leads to the conclusion that, under the same gas velocity condition, low
vibration energy fosters a micro-bubble environment in the bed layer, promoting particle separation,
while high vibration energy encourages particle mixing. It is evident that different vibration
conditions result in varying changes in airflow. Furthermore, particles ranging from 1-0.5mm are
better mixed with magnetite powder particles, and the mixing/separation is less affected by vibration
energy, while particles smaller than 0.5mm are prone to density segregation, making their
mixing/separation state more susceptible to vibration[30].
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Figure 7. Density segregation of coal dust by particle size.
3.3. Influence law of gas velocity on axial mixing of wide-grained dense medium

3.3.1. Effect of gas velocity on local mixing indices

The fluidizing gas velocity is an important operational parameter for gas-solid separation in
fluidized beds. As discussed in the previous section, the vibration characteristics of the particle
system vary with changes in gas velocity. Therefore, this section focuses on studying the gradual
increase of gas velocity under various vibration conditions to determine its impact on the mixing and
separation of the particle system.

Figure 8 illustrates the results of three sets of experiments conducted at a vibration frequency (f)
of 15Hz and amplitude (A) of 2mm, with a gradual increase in gas velocity. It can be observed that
regardless of low or high gas velocities, the distribution of larger particles within the layers remains
relatively uniform. As the particle size decreases, the content of particles in the top layer increases.
Fine particles are influenced by gas velocity; as the gas velocity increases, the content of particles in
the top layer decreases. This is due to the occurrence of large bubbles caused by the higher gas
velocity, resulting in more intense movement of coal powder. Additionally, magnetite powder is also
affected by the wide-ranging air flow traction, leading to increased particle movement. The effect of
vibration on the bed diminishes as the gas velocity increases, causing a decrease in bed modulation
and an increase in mixing efficiency.
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In Figure 9, when the vibration conditions are set at f=25Hz A = Imm, under varying wind
speed conditions, it is observed that smaller particles tend to accumulate in the upper layer as the
particle size decreases. Moreover, there is an increasing trend in the degree of mixing with higher gas
velocities. However, compared to the conditions of f=15Hz A = 2mm, the magnitude of change in
response to increasing gas velocity differs. This is because, under the vibration conditions, when the
gas velocity reaches 1.4Uws, the flow characteristics of the bed do not change significantly, and the
occurrence frequency of large bubbles within the bed is low. Continuous increase in gas velocity leads
to a gradual increase in the frequency of large bubbles, intensifying the movement of magnetite
powder driven by air flow traction. As a result, the improvement in bed vibration degree decreases,
causing an increase in particle mixing degree.

Figure 10 illustrates the distribution of the mixing index in each region under the vibration
condition of f=25Hz and A=2mm. It can be observed that the coal powder particles did not show a
noticeable change with the increase in gas velocity. However, when the gas velocity reached 1.8Uwns
and the frequency of large bubbles was high, the mixing characteristic reemerged.

Figure 11 demonstrates the distribution state of particles under the vibration condition of ~25Hz
A=3mm. Here, it is evident that the mixing of particles started to reappear as the gas velocity
increased.

It is clear that different vibration conditions, as the gas velocity increases, the mixing
characteristics of the particles will appear different states, in which the low vibration and high
vibration conditions will appear as the gas velocity increases the mixing characteristics of the
particles, while the medium vibration conditions, the particles of the mixing state with the change of
gas velocity is not obvious. This is due to the low vibration energy under low vibration circumstances,
the quick changes in the bed layer's flow characteristics upon increasing gas velocity, the frequent
occurrence of big bubbles, cause the increased degree of particle mixing within the bed layer[27]. If
the vibration energy is too high, the bed particles are easy to appear disordered state, resulting in the
bed is prone to surge state rather than general bubbles, resulting in the bed particles with the change
of gas velocity has a more obvious change. Only in the appropriate vibration conditions, vibration
energy on the fluidized bed with elastic pressure wave affecting the bed, the maximum degree of
inhibition of the production of large bubbles, so that the bed can be in a wider range of gas velocity
does not appear more obvious state changes.
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Figure 8. Effect of air speed on local mixing index (f=15Hz A=2mm).
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Figure 10. Effect of air speed on local mixing index (=25Hz A=2mm).
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Figure 11. Effect of air speed on local mixing index (=25Hz A=3mm).

3.3.2. Effect of gas velocity on density segregation of pulverized coal at all levels

Figure 12 illustrates the response law regarding the density separation degree of different
particle sizes within the bed under various conditions. It is evident that regardless of the condition,
there is an increasing trend in the density separation degree as particle size decreases. This indicates
that smaller coal powder particles are more challenging to mix with magnetite powder. Under low
vibration energy conditions, smaller particles are significantly influenced by air speed, leading to
substantial changes in the density separation degree. However, as vibration energy gradually
increases, the effect of wind speed on the density separation degree of small particles weakens. With
a further increase in vibration energy, the effect of wind speed on the density separation degree of
small particles once again strengthens. Therefore, both excessively high and low vibration energies
cause considerable variations in the fluidization characteristics under different gas velocity
conditions, resulting in significant changes in the density separation of small particles. Thus, based
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on the analysis in this section, it can be concluded that increased air velocity enhances particle mixing.
However, different vibration energies do not have the same impact on the particle system after
increased air velocity[31]. Moreover, under the vibration conditions of f=25Hz A=1mm and f=25Hz
A=2mm, Wide-grained Dense Medium can be added to a wide range of air velocities without
inducing extensive changes.
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Figure 12. Variation of coal dust density segregation degree at different gas velocities at all levels.

3.4. Bed density segregation patterns under interaction

As demonstrated in Figure 13, the integrated density segregation degree of the Wide-grained
Dense Medium system is affected by both vibration and air flow. The Figure reveals that the density
segregation of the granular system reaches its peak under low vibration energy combined with low
air velocity. As the air velocity and vibration increase, the density segregation gradually decreases.
Notably, the density segregation experiences greater changes under low vibration energy (f=15 Hz
A =2 mm) and high vibration energy (f = 25Hz A = 3mm) due to the influence of gas velocity. This
can be attributed to the fact that low vibration energy has a minor impact on the bed's improvement
and a slight effect on bubbles. On the other hand, an increase in gas velocity leads to an increase in
bubble generation and particle disturbance, thus reducing the degree of density segregation.
Conversely, high vibration input energy results in excessive agitation within the bed, causing
significant changes in density segregation. When f = 25Hz A = Imm or when f = 25Hz A = 2mm,
vibrations maximize the quality of bed fluidization and minimize the influence of gas velocity on the
particle bed.
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Figure 13. Density segregation rule of wide-grained dense medium mass under the interaction of
vibration gas flow.

4. Conclusion

(1) In terms of fluidization characteristics, as the vibration energy gets higher, the pressure drop
in the bed rises faster and the pressure is higher, which also reduces the minimum fluidization
velocity of the wide-grained dense medium.

(2) Under normal fluidization conditions, as gas velocity increases, bubble size also increases,
consequently enhancing mixing within the particle system, albeit to a lesser extent.

(3) Introduction of vibration leads to distinct effects: low vibration energy generates
microbubbles, thereby enhancing separation within the particle system, while high vibration energy
induces turbulence, resulting in increased mixing within the system.

(4) Although the rise in gas velocity tends to promote mixing within the particle system, the
degree of mixing is altered by varying vibration conditions.

(5) For coal particles with sizes ranging from Imm to 0.5mm, changes in mixing state due to
variations in vibration intensity and air speed are relatively small, whereas for particles smaller than
0.5mm, changes in mixing state from variations in air speed and vibration intensity are more
pronounced.
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