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Abstract: As a crucial power source, the separation of fine coal has gradually become a research
focus in the coal separation field. In this study, the vibratory combined force field fluidized bed
has been introduced into fine coal (6–0.5 mm) separation research. The kinematic characteristics
of the fluidized bed was studied. The spatial distribution of coal on the bed under the action of
vibration and air was clarified. The influence of different factors on the degree of ash segregation
(Sash) was analyzed, and the optimal operation parameters were evaluated. The results showed that
the vibratory combined force field fluidized bed was characterized by round-trip periodic movement.
The maximum vibration amplitude on the X-axis of the main vibration direction was 6.88 mm, the
velocity amplitude was 287.60 mm/s, and the acceleration amplitude was 10.43 m/s2. At 34 Hz and
5.68 m/s for vibration frequency and air speed, the maximum ash segregation of the product was
1.896, and the yield and ash contents were 85.28% and 10.69%, respectively.

Keywords: vibratory combined force field; fluidized bed; periodic movement; dry upgrade

1. Introduction

Coal is the cornerstone of energy resources in China. In 2021, domestic coal con-
sumption accounted for 56.0% of the total energy consumption [1]. Since the outbreak
of COVID-19, coal consumption in China has been growing rapidly due to the issues
with international energy supply [2]. Coal preparation is the original technology of clean
coal. The ash, sulfur, and other harmful substances in coal can be removed to improve
quality, promote the clean use of coal, and reduce air pollution. Low quality coal is an
indispensable potential resource for energy security in China. The development of efficient
coal preparation technology is one of the key technologies to achieve energy conservation
and emission reduction, as well as an important guarantee for China to achieve emission
reduction targets [3,4].

With a leading role in the field of coal preparation, traditional wet coal preparation
technology mainly includes heavy medium separation [5–7] and flotation [8–10]. However,
heavy dependence on water resources cannot be avoided and the problem of coal slime wa-
ter treatment in the process of coal washing is inevitable. This runs counter to the concept
of green low-carbon economic development and ecological environmental protection advo-
cated by the government. The development of areas with water shortages but abundant coal
resources is also severely restricted. Dry coal preparation technology, which replaces water
with other media, has been developed. This includes compound dry separation [11,12], air
heavy medium fluidized bed separation [13,14], and wind separation [15,16]. There is also
magnetic separation [17–19], triboelectric separation [20,21], image separation [22,23], and
ray separation [24,25]. These technologies reduce the dependence on water and have the
unique characteristics of low cost and no pollution, which provide an effective method for
the upgrade of coal and industrial transformation. It also provides an opportunity to fit the
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reality and national development concept for water shortage areas [26]. The technology
for coarse coal (+6 mm) separation is relatively mature, including the wind shaker, wind
jigging, the air heavy medium fluidized bed, and the compound dry separator. However,
research on fine coal (−6 mm) is still lacking at present [27–33].

With the large-scale development of mechanized coal mining technology, the content
of fine particles in raw coal is gradually increasing. A large number of fine coals cannot
be used efficiently and cleanly, which not only aggravates the pollution of the ecological
environment, but also wastes coal resources. Therefore, fine coal dry separation technology
plays an important role in improving the utilization of coal resources and preventing envi-
ronmental pollution. Traditional dry separation technology is restricted by the shortage
of a narrower classification size range and lower classification accuracy. The vibration
compound force field fluidized bed separator is different from the high frequency and low
amplitude vibration characteristics of previous dry separators. For 6–0.5 mm fine coal sepa-
ration, the low frequency and high amplitude motion characteristics improve separation
accuracy and the separation effect of difficult to separate particles in fine coal particles. It
provides a broader selection of technology for the separation of fine coal. In order to solve
the problem of dry separation of fine coal (6–0.5 mm), this study strengthened fine coal
separation using the vibratory combined force field fluidized bed. The suspension and
dispersion of coal particles can be achieved by the airflow dragging force of the separator,
and the effect of particle-size mismatch in the separation process can be weakened by the
vibration effect of the separator. Both of these strengthen the transverse and longitudinal
density segregation of particles. It has the potential to reduce the lower limit of separation
size. Under the characteristics of high airflow velocity, low frequency, and high amplitude,
the fluidized bed separator makes the coal stay on the bed surface for longer using its
unique trapezoidal bed structure, which strengthens the separation of the difficult density
grade in the middle of fine coal.

In this study, the kinematic characteristics of the vibratory combined force field flu-
idized bed are studied by means of date acquisition card and signal analysis software. The
strengthened research for fine coal (6–0.5 mm) separation is conducted by the vibratory com-
bined force field fluidized bed. The spatial distribution and separation mechanism in the
process of coal separation are explored, and the optimal separation operation parameters
are determined.

2. Materials and Methods
2.1. Materials

According to coal quality analysis and particle size distribution in Figure 1, raw coal
moisture Mt is 4.10%, ash content Ad is 46.04%, sulfur content St,d is 3.71%, and 6–0.5 mm
particle size yield accounts for 84.16 %. The float and sink test results of 6–0.5 mm coal
particles are shown in Table 1, and the washability curve is shown in Figure 2. It can
be seen that its ash content is 38.04% from Table 1. It belongs to high-ash-content coal
according to China’s coal quality assessment standards. The content with a density of less
than 1.4 g/cm3 is 54.11%, and the content with a density greater than 1.8 g/cm3 is 39.15%,
which are basically pure gangue. It can be seen from the trend in Table 1 that the raw coal
presents a dumbbell-shaped distribution. Based on the above analysis, this coal is suitable
for physical separation methods.
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Figure 1. Particle size distribution of raw coal.

Table 1. Sink-float test results of 6–0.5 mm coal.

Density
(g/cm3)

Yield
(%)

Ash
Content

(%)

Cumulative Floats Cumulative Sinks Separating Density

Yield
(%)

Ash
Content (%)

Yield
(%)

Ash
Content (%)

Density
(g/cm3)

Yield
(%)

–1.3 47.41 4.77 47.41 4.77 100.00 38.04 1.3 54.11
1.3–1.4 6.70 12.18 54.11 5.69 52.59 68.03 1.4 8.84
1.4–1.5 2.14 22.05 56.25 6.31 45.89 76.18 1.5 3.29
1.5–1.6 1.15 30.69 57.40 6.80 43.75 78.83 1.6 3.17
1.6–1.7 2.02 40.95 59.42 7.96 42.60 80.13 1.7 3.45
1.7–1.8 1.43 48.23 60.85 8.91 40.58 82.08 1.8 2.27
1.8–1.9 0.84 54.24 61.69 9.52 39.15 83.32 1.9 0.84

+1.9 38.31 83.96 100.00 38.04 38.31 83.96 - -
Total 100 38.04 - - - - - -

Figure 2. Washability curves of 6–0.5 mm coal.

2.2. Apparatus and Methods
2.2.1. Vibratory Combined Force Field Fluidized Bed

Figure 3 shows the vibratory combined force field fluidized bed separation system,
which consists of raw coal preparation, the separator, air supply, and dust removal. The
raw coal preparation part is composed of a surge bunker and feeder, which is mainly used
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for the conveying and uniform feeding of raw coal. The separator part is composed of
a rectangular trapezoidal bed and a pre-distribution air chamber, which is used for coal
separation. The air supply and dust removal parts include a blower, air bag, induced draft
fan, and dust collector. The blower and dust collector are used for air supply and dust
recovery, respectively.

Figure 3. Apparatus for vibratory combined force field fluidized bed: 1—surge bunker, 2—feeder,
3—vibratory combined force field fluidized bed, 4—dust collector, 5—air bag, 6—signal collector,
7—computer, 8—dust bin, 9—air blower, 10—induced draft blower.

The particles (6–0.5 mm) are put into the vibratory combined force field fluidized bed
through a buffer bin for separation. Due to the synergistic action of vibration and air flow,
the longitudinal loose stratification and lateral layer migration of particle layers are realized.
The light particles in the upper layer are discharged from the cleaned coal end across the
fluidized bed lattice, while the heavy particles in the lower layer move towards the gangue
end under the guidance of the lattice and are finally discharged from the gangue end.

In this study, the spatial distribution and separation mechanism of raw coal in the
process of the vibratory combined force field fluidized bed are researched. The sampling
points in the test process were determined based on the surface section of the vibratory
combined force field fluidized bed, as shown in Figure 4. The sampling point is the
intersection of the transverse line and the longitudinal line. The direction from the cleaned
coal end to the gangue end is the X-axis, which is divided into 6 sections according to
equal intervals. The height direction of the bed from the bottom to the top is the Z-axis
(the direction perpendicular to the X-axis and the Y-axis), along which the bed layers are
divided into upper and lower parts. The Y-axis is the direction from the cleaned coal end to
the feeding end, and the bed has 4 sections with equal intervals. The shape of the fluidized
bed is regular, but the migration path of the particle group is different in various areas,
resulting in a difference in the density distribution of the particle group.
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Figure 4. Separation bed spatial sampling coordinate system diagram. (a) Distribution of sampling
points on the bed surface. (b) Spatial structure diagram of separation bed.

Under the conditions of the fixed bed inclination and feed amount, the vibration
frequency is adjusted by 2 Hz each time in the range of 30–38 Hz, and the airflow of the
blower is adjusted in the range of 4.0–9.0 m/s. The spatial distribution and separation
mechanism of raw coal on the bed with different parameter combinations is explored, and
the separation effect of the separation products under different discharge ports is evaluated.

2.2.2. Evaluation Index

The purpose of coal separation is to reduce ash content and upgrade coal quality. In
this study, the ash segregation degree (Sash) under various conditions is used to evaluate
the separation effect, as follows [34]:

Sash =

√
∑n

i=1(Ai/A0 − 1)2

n − 1
(1)

In this test, n = 7, Ai is the ash content of the coal in section i of the discharge port, and
A0 is the weighted average of the coal ash in each port and is equal to the ash content of
raw coal. The larger the Sash, the better separation effect of coal by density.

3. Results and Discussion
3.1. Vibration Characteristics and Air Velocity Distribution of the Fluidized Bed

The separation process of coal is more complicated in the combined effect of vibration
and airflow. The separation bed is driven by the motor to achieve vibration, which grants
the coal particles vibration energy to achieve particle movement. The air flow is sent into
the distribution chamber at a certain speed through the induced draft fan and then enters
the bed. The coal particles are dragged by the airflow dragging force and overcome the
effect of gravity to reach the suspended state. With the joint cooperation of these two
factors, coal particles realize the different motions. In order to explore the specific effects
of vibration and air flow on particles, this section will explore the vibration field and air
flow field, respectively, the dynamic characteristics under the action of vibration, and the
air distribution characteristics in different areas under the action of air flow.

The time-domain response process of displacement at the measuring point of the
vibratory combined force field fluidized bed can be divided into three different stages: start-
up stage (0–20 s), steady stage (20–50 s), and shutdown stage (50–60 s). The displacement
signals in each stage are obviously different. The curves of displacement and Lissajous-
Figure in the steady stage are shown in Figure 5. The movement trajectory can be directly
reflected from Figure 5.
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Figure 5. X–Y and X–Z motion characteristics of bed surface in the stable stage. (a) Time-domain
response curve of displacement at steady stage. (b) Lissajous-Figure of displacements at stable stage.

The connection between the spindle of the bed and the driven motor is a crank linkage
structure, which encourages the bed to form an elliptical motion path during operation.
A periodic round-trip motion is formed by continuous operation. This structure can form
significant motion characteristics in the main vibration direction. In this process, the
vibration frequency of the fluidized bed gradually accelerates, and the amplitude increases
gradually. In the steady stage (20–50 s), the motor reaches work-speed and the amplitude
of the bed is gradually stable. In Figure 5, when the round-trip movement in all directions
enters the stable stage, the displacement amplitude of the separation bed in X, Y, and Z
directions reaches 6.88 mm, 1.02 mm, and 3.78 mm, respectively. During the shutdown
stage (50–60 s), the vibration amplitude in different directions gradually decreases and the
vibration frequency slows down. It can be seen that the motion track is in an inclined linear
round-trip motion, and the vibration amplitude is the largest in the X direction followed by
the Z direction and is smallest in the Y direction.

Based on the above analysis, the main vibration direction is X. After the raw particles
enter into the fluidized bed, they are affected by a larger excitation force in this direction,
which makes the raw particles migrate to the gangue end quickly. The vibration amplitude
in the Z direction is small. Under the synergistic effect of the exciting force and airflow
drag force, particles of different densities can be loosened and delaminated quickly in the Z
direction. Excessive exciting force will destroy the ideal delamination state. The Y direction
amplitude is very small and has little influence on the separation process.

On the whole, coal particles are mainly affected by vibration in X and Z directions, and
the vibration effect in the horizontal direction is more obvious. The periodical round-trip
movement makes the coal particles difficult to bunch. The lateral migration of different
particle layers is more rapid, the voidage increases, and the stratification loosens rapidly.
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Due to the low vibration frequency and high amplitude of the separator, velocity
and acceleration are considered to be important indexes of vibration intensity. Figure 6
shows the time-domain variation curves of velocity and acceleration along the X-, Y-, and
Z-axes at the stable stage. Similar to the time-domain response curve of displacement, the
velocity direction is always the same along the X- and Z-axes. The X velocity amplitude
is 287.60 mm/s, the Z is 161.6 mm/s. The acceleration amplitude of the X- and Z-axes is
10.43 m/s2 and 5.92 m/s2, respectively. The velocity and acceleration amplitude of the
X-axis are obviously larger than the Z. In addition, these factors being smaller in the Z
direction is beneficial to keep the whole vibration characteristics unchanged and reduce
the vibration of the bed itself. The speed and acceleration along the Y-axis are relatively
small, and the phase difference in speed and acceleration along the Y-axis is 180◦ compared
with the X- and Z-axis.

Figure 6. Time-domain response curves of velocity and acceleration. (a) Time-domain curve of
velocity in different directions. (b) Time-domain curve of acceleration in different directions.

The drag force of coal particles in different fluidized areas of the bed surface is different,
and the air distribution achieves the loose stratification of light and heavy particles. Due
to the different thickness of the material layer in each separation area, when the air flows
through the bed surface, the thicker area of the material layer requires a larger drag force
of the air flow, such as the feeding port area, and the air flow through the coal layer in
this area is greatly hindered, so the gas pressure is larger. With the gradual passage of a
coal cluster, the thickness of the coal layer gradually becomes thinner, so the air velocity
gradually decreases, the gas pressure gradually decreases, and the air velocity presents a
cascade distribution phenomenon. Figure 7 shows the air velocity distribution on the bed
surface when separation occurs under different air velocities for 6–0.5 mm coal.

Figure 7. Cont.
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Figure 7. Bed air velocity distribution under load conditions.

As can be seen in Figure 7, when the vibratory combined force field fluidized bed is
operated under load, the air velocity increases sharply due to the sudden decrease in the
particle gap. When the vibratory combined force field fluidized bed is operated under the
air speed of 8.97 m/s with the coal of 6–0.5 mm, the maximum atmospheric velocity is
located near the intersection area between X 30–60 cm and Y 103–137 cm, and the maximum
atmospheric velocity can reach 9.46 m/s. When the air speed is adjusted to 7.05 m/s and
5.68 m/s, the bed air velocity in this area decreases to 6.12 m/s and 5.38 m/s. It gradually
migrates to the gangue area along the inclined side wall. The air speed of the blower is
adjusted to 5.47 m/s, the maximum atmospheric velocity decreases obviously, and the area
is distributed evenly across the bed surface.

Through comprehensive analysis of the distribution of air velocity on the fluidized
bed surface, it can be seen that the air velocity and distribution are not uniform under the
load condition, which is specifically represented by the larger air velocity near the feeding
end and the inclined side wall. The high air speed in the feeding area is conducive to
fast loose material, which drives the material group to spread to the separation area. The
gangue transport channel is near the right side wall, and the high fluidizing air velocity is
conducive to ensure the stable migration of high-density gangue particles. With the increase
in air supply, the uniformity of air velocity distribution on the bed surface is improved.

3.2. Influence of Vibration on Density Spatial Distribution of Coal Particles

Firstly, vibration and airflow were started at the same time. When the coal particles
reached a dynamic balance after a period of separation, the vibration and air flow were
turned off. The ash content of particles at different sampling points was analyzed. The
density distribution was characterized by ash variation in different areas on the fluidized
bed surface. The smaller the ash content of coal, the greater the clean coal production in the
region. On the contrary, the larger the ash content, the greater the gangue production in
the region. The trajectory of the spatial variation distribution of coal ash content is shown
in Figure 8, which was conducted under an air velocity of 4.96, 5.47, and 5.68 m/s and a
vibration frequency of 32, 34, and 36 Hz, respectively.
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Figure 8. Ash distribution of upper layer (left) and lower layer (right) of separation bed surface.
(a) Ash content distribution at 4.96 m/s of airflow. (b) Ash content distribution at 5.47 m/s of airflow.
(c) Ash content distribution at 5.68 m/s of airflow.

As shown in Figure 8a, when the vibration frequency is 32 Hz and the airflow velocity
is 4.96 m/s, the ash content difference between the upper and lower layers of the inlet area
is not obvious, and the difference only changes within the range of 2–3%. This is because the
thickness of the material layer in this area is thick, and the excitation force and airflow drag
force of the particle group are small, so the coal layer looseness cannot be achieved. When
the vibration frequency gradually increases to 34 Hz in the optimal state, the excitation
force received by coal particles in this region further increases, and the difference between
upper and lower ash content gradually becomes larger. The upper ash content varies in
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the range of 23.17–26.34%, while the lower ash content varies in the range of 30.21–33.82%.
As the vibration frequency continues to increase to 36 Hz, the ash difference in the inlet
area gradually decreases. This is because the excessive vibration frequency leads to the
rise of high-density particles in the bottom layer of this area and finally the back-mixing
phenomenon, resulting in the increase in ash content in the upper layer.

As the separation process continues, the coal particle group gradually moves toward
the outlet area and the coal bed thickness gradually becomes thinner. Under different areas,
the particles are subjected to different forces, which include airflow drag force, vibration
force, and friction force on the bed surface. The above forces cause the trajectories of low-
and high-density particles to become clearer. In the vertical direction, the low-density
particles at the bottom and middle part of the particle group gradually move to the top of
the coal layer, and the high-density particles at the upper and middle part of the coal layer
gradually fall to the bottom. In the horizontal direction, the low-density particles entering
the upper layer gradually slide to the cleaned coal end, and the high-density particles
falling to the bottom layer gradually migrate to the gangue end. When the vibration
frequency is 32 Hz, the excitation force of particles in this region is small, and the separation
degree of particles with high and low density is small in the vertical direction. For example,
in the intersecting area between X 0–60 cm and Y 40–100 cm, this region is mainly the
cleaned coal separation area, and the difference in ash content between the upper and lower
layers only changes by 1–2%. However, in the intersection area where X is 100–140 cm
and Y is 40–60 cm, this area is mainly a gangue sorting area, and the difference in ash
content between upper and lower layers only fluctuates by approximately 1%. Therefore,
at low vibration frequency, the horizontal component of the excitation force makes some
high-density particles vibrate and move toward the gangue end to realize the separation
of high and low density. When the vibration frequency is higher than 36 Hz, extreme
phenomena will occur. The distribution of high-density particles in the gangue separation
area is uneven and discontinuous, and back-mixing phenomenon of low-density particles
occurs in some areas, which deteriorates the separation effect.

When the vibration frequency is 34 Hz, the coal particles in the middle separation
areas are enhanced by the excitation force. The layer thickness in the vertical direction tends
to be looser with increased stratification effects. The migration effect of the particles in the
horizontal direction gradually improves. According to Figure 8a, it can be clearly observed
that the high-density particles further converge to the gangue end. As the air velocity
increases in Figure 8b, the air drag force increases gradually in the vertical direction, a
larger density of particles can balance their own gravity to suspension, the granular coal
layer gap is increased, and the separation effect is improved.

As shown in Figure 8c, when the air velocity is 5.68 m/s, which is the ideal condition,
the stratification effect of coal particles on the surface is promoted. The back-mixing
phenomenon of high-density particles gradually disappears. The ash content of product is
significantly different between fine coal products and gangue products.

3.3. Influence of Air on Density Spatial Distribution of Coal Particles

Air flow is given from the bottom of the air distribution chamber through the air
distribution plate. The air distribution plate is located between the air distribution chamber
and the separation bed. The air distribution plate is the same shape as the separation bed,
and different areas of the air distribution plate have different hole sizes, called opening
sizes. This air plate structure leads to different airflow velocities in each area of the bed
surface. The maximum is located around the hypotenuse of the right trapezoid edge to
increase the air drag force of high-density particles. Figure 9 shows the ash variation curves
of the transverse (H1, H2, H3, H4) and longitudinal (S1, S2, S3, S4) profiles of the upper and
lower coal group on the fluidized bed surface at different air velocities. As seen in Figure 10,
the trend of ash content under the vibration frequency of 34 Hz and the air velocity is 4.96,
5.47, 5.68 m/s, respectively.
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As can be seen from Figure 10a, when the air velocity is 4.96 m/s, the ash content of
the upper coal group decreases gradually from the feeding area (H1) to the discharging
area (H4) and increases gradually from the cleaned coal separation area (S1) to the gangue
separation area (S4). The change trend of H2 and H3 are steep, and H4 is obvious. The ash
content varied from 8.86% to 84.5% as X changed from the 0–30 cm region to the 150–180 cm
region. On the other hand, the longitudinal S1 and S2 trends are flat, while S3 and S4 are
relatively steep, which is caused by the particularity of the bed structure. The area near
the inclined edge of bed surface is the movement area of high-density particles, so the ash
content of coal particles in this area is the highest.

The overall change trend of the lower coal group is similar to that of the upper, but the
ash content in each area is larger than the latter. This is due to the joint action of vibration
and air flow, which leads to the deposition of high-density particles into the lower coal
group and the gradual movement to the gangue end. However, the interpolation of ash
values in the upper and lower layers of the intersection area between X at 150–180 cm and
Y at 0–30 cm is small, because the gangue products in this area are relatively pure.

As can be seen from Figure 10b, with the air velocity increasing to 5.47 m/s, the airflow
velocity in all areas of the bed surface increases, and the change trend of coal groups in the
upper and lower layers remains consistent on the whole. However, there are fluctuations
in H1 and S2 curves, in which the ash value in the upper layer of the H1 curve is obviously
flatter than that in the lower layer, while the ash value in the lower layer of the S2 curve
shows great fluctuations. This is because under the joint action of vibration and air flow of
the vibratory combined force field fluidized bed, the interparticle void of the coal material
group increases, and under the influence of air flow, more large particles get the opportunity
to fall to the lower layer, so that the ash value of some areas in the lower layer increases
compared with the upper layer, and the stratification effect is improved.

As can be seen from Figure 10c, when the airflow velocity is further increased to
5.68 m/s, the separation effect is further improved. The overall change trend of coal ash
in the upper and lower layers is similar, but the overall ash value in each area of lower
layers is high, while the ash value of gangue end products is close. Under the conditions of
vibration frequency and airflow velocity, the separation process reaches the ideal state.

Figure 9. Ash variation curves of transverse and longitudinal.



Energies 2023, 16, 1133 12 of 16

Figure 10. Cont.
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Figure 10. Ash distribution of upper layer and lower layer at 34 Hz vibration frequency. (a) Ash
content distribution at 4.96 m/s of airflow. (b) Ash content distribution at 5.47 m/s of airflow.
(c) Ash content distribution at 5.68 m/s of airflow.

3.4. Analysis of Separation Effect

Figure 11 shows the variation of Sash of 6–0.5 mm product. When the air velocities
are 4.09 and 5.68 m/s, the Sash increases first and then decreases with the increase in
vibration frequency. At 4.09 m/s, the Sash increases gradually from 0.976 to 1.064 and then
decreases to 0.990. At 5.68 m/s, the Sash increases from 1.734 to 1.896 and then decreases to
1.095, respectively. When the air velocities are 4.31, 4.96, and 5.47 m/s, the Sash showed a
decreasing trend with the increasing airflow. For example, when the air velocity is 4.96 m/s
the Sash gradually decreased from 1.251 to 0.718.

Figure 11. Variation of Sash of 6–0.5 mm product.
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Combined with the experimental analysis above, coal particles present a poor flu-
idization effect under the small air. When the airflow is in middle range, an increase in
the vibration frequency will not improve the separation effect, but will make the effect
gradually worse. As the particle layers cannot reach the ideal fluidization effect, simply
increasing the vibration frequency can only reduce the residence time of coal particles in the
separation bed. When the air velocity increases to 5.68 m/s gradually, the fluidization effect
of coal particles is gradually improved. The change in vibration frequency combined with
the synergistic effect of air flow makes the separation effect of raw coal further upgrade.
Finally, under the condition where airflow is 5.68 m/s and the vibration frequency is 34 Hz,
the separation effect reached optimal, and Sash reached a maximum of 1.896.

Figure 12 shows the curve of product yield and ash content under a vibration frequency
of 34 Hz and air velocity of 5.68 m/s, respectively. Under optimal separation conditions,
the clean coal yield of discharge ports from 1–3 products are 77.36% and ash content is
reduced to 8.56%. Product ports 1–4 are used as cleaned coal, the yield is 85.28% and ash
content is 10.69%. When 1–5 products are used as cleaned coal, the yield and ash are 90.94%
and 14.91%. In contrast, when the product of discharge ports from 1–4 is used as cleaned
coal, a more ideal separation goal can be achieved.

Figure 12. Curves of product yield and ash content under optimal separation conditions.

4. Conclusions

In this study, the kinetic characteristics of the separator were studied, the migration
and separation mechanism of coal were revealed, and the effects of airflow and vibration
parameters on particle migration and separation were analyzed. The conclusions reached
are as follows:

(1) The kinematic characteristics of the vibratory combined force field fluidized bed are
analyzed. In the stable stage, the main vibration direction of the separator is the X-axis,
and the maximum displacement amplitude can reach 6.88 mm and 3.78 mm along the
X- and Z-axes, respectively. The velocity and acceleration are always the same in the
X and Z directions. The velocity amplitudes were 287.60 mm/s and 161.6 mm/s, and
the acceleration amplitudes were 10.43 m/s2 and 5.92 m/s2, respectively. The phase
difference is 180◦ along the Y-axis.

(2) The air velocity and distribution are not uniform under the load condition, which
is specifically represented by the larger air velocity near the feeding end and the
inclined side wall. The high air speed in the feeding area is conducive to fast loose
material, which drives the material group to spread to the separation area. The gangue
transport channel is near the right-side wall, and the high fluidizing air velocity is
conducive to ensure the stable migration of high-density gangue particles. With the
increase in air supply, the uniformity of air velocity distribution on the fluidized bed
surface is improved.

(3) The influence of vibration and airflow on coal particle spatial distribution is analyzed.
The results show that under the synergistic effect of vibration and airflow, the strati-
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fication and separation of raw coal can be realized. With increasing frequency and
airflow, the separation effect of particles on the fluidized bed is upgraded. The better
longitudinal density stratification is realized under the larger air drag force. Different
lateral migration effects are realized by the larger vibration, friction, and angle of bed,
and the separation of particles are achieved.

(4) For the 6–0.5 mm product, the maximum Sash is 1.896 under the frequency of vibration
in 34 Hz and blower in 5.68 m/s. The clean coal yield of discharge ports from products
1–4 are 85.28% and ash content is 10.69%.

This study on the separation of fine coal (6–0.5 mm) using the vibration combined
force field fluidized bed provides a reference basis for the application and design of the
dry separation process of fine coal. It makes a contribution to the efficient utilization of
fine coal resources. In a follow-up study, it is expected that the dry separation of slime and
wet fine particles will be researched to provide a more convenient and efficient solution
to the mining and separation of underground mineral resources. In addition, the energy
dissipation of coal particles in the fluidized bed also needs further research.
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