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ABSTRACT: Uniform and stable bed density is the basis of
efficient coal separation by a gas−solid dense medium fluidized
bed. The traditional air dense medium fluidized bed (ADMFB) is a
kind of bubbling bed. By introducing vibration energy, a vibrated
dense medium fluidized bed (VDMFB) with uniform and stable
bed density can be formed, where the bubble merger is suppressed,
the gas−solid contact can is strengthened, and the fluidization
quality is also improved. In this paper, the transfer process of
vibration energy in a fluidized bed is studied in detail. By
calculating the coherence of pressure signals induced by vibration
energy and bubbles at different bed heights, the suppression effect
of vibration energy on bubble merger is analyzed. The coefficient Rimp to quantitatively evaluate the improvement effect of vibration
energy on the fluidization quality is proposed. The differences and incentives of density uniformity and stability in different height
bed areas have been clarified under different vibration parameters and gas flow parameters. It is proposed that the optimal separation
bed height area of VDMFB is about H = 40−150 mm. The separation effect of the ADMFB and the VDMFB on 1−6 mm fine coal
was compared. The results show that, compared with the ADMFB, the VDMFB reduces the separation probable error, E, from 0.134
to 0.083 g/cm3, and the ash content of the clean coal is reduced from 18.83 to 14.97%. The vibration energy significantly improves
the fluidization quality of the ADMFB and the separation effect of fine coal.

1. INTRODUCTION

Coal is one of the most important fossil energy sources in the
world. The world’s annual coal production exceeds 8 billion
tons.1 Coal is the basis for alleviating the global energy shortage
and ensuring energy security. Affected by the original plant
species and accumulation environment, crustal movement, and
deposition time, the composition and properties of coal are
complex and diverse, containing many impurities. Direct
application of coal without separating and impurity removal
will cause serious environmental pollution.2 In China, more than
two-thirds of coal is distributed in arid and water shortage areas.
Fluidization dry separation technology is an effective way to
solve the problem of coal separation in arid and water shortage
areas. The dry separation technologies with coarse coal (+6
mm) such as air jigging,3 air table,4 vibrating inclined deck,5

FGX dry separator,6 and air dense medium fluidized bed
(ADMFB)7 are mature. However, there is no significant
breakthrough in dry separation research of fine coal (−6 mm).
With the popularization of fully mechanized coal mining
technology, the content of −6 mm fine coal in raw coal is
increasing. The demand for efficient dry separation of fine coal is
more and more urgent. A lot of research8−10 has shown that a

vibrating dense medium fluidized bed (VDMFB) can be formed
by applying vibration energy to an ADMFB, which can
strengthen the gas−solid contact and form a micro-bubble
fluidization environment with uniform and stable density
suitable for fine coal separation. Therefore, the VDMFB
provides an effective way for dry clean separation of fine coal.
VDMFB is a typical gas−solid two-phase flow system, and the

motion between the gas-phase and solid-phase is complex. The
uniformity and stability of the bed are the basis of efficient
separation of materials in a gas−solid dense medium fluidized
bed. In the fluidized bed dominated by Geldart B particles,
bubbling fluidization will occur once the gas velocity exceeds the
minimum fluidization velocity. At this stage, the formation and
movement of bubbles lead to low gas−solid contact and uneven
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distribution of bed density along the radial and axial directions,
which is not suitable for fine coal separation. Based on its
experimental conditions and application background, different
scholars put forward different methods to evaluate the uniform
stability of bed density, as shown in Table 1.
Mores, Mushtaev, and Gutman judged the bed uniformity

according to the average deviation of voidage. Mores and
Gutman qualitatively judged the uniformity of the bed density
mainly according to the change law of the bed voidage signal.
Mushtaev et al. proposed that the critical value of bed uniformity
and non-uniformity was the vibration intensity K = 4, which
avoided the influence of gas velocity. Btatu et al. determined the
uniformity of a particle bed according to the gas flow of the
emulsion phase, so the measurement accuracy of the test was
difficult to control. For the vibrated fluidized bed for material
separation, the bed uniformity is usually evaluated by the spatial
distribution variance of bed density, and the bed stability is

evaluated by the temporal distribution variance of bed density.
Jin H defined the discrimination coefficient of uniformity based
on vibration intensity, particle properties, and bed height and
determined the range of operation parameters to realize the
uniformity and stability of the particle bed. However, the
kirpitchev number of different particles is completely different,
and it is difficult to measure in time. From the perspective of
studying the mixing behavior of different particles, Tanaka,
Francesco P. Di Maio, and Lv B proposed a discriminant
respectively for different particle mixing degrees based on basic
physical parameters such as particle size, density, and force.
Furthermore, after grasping the degree of particle mixing, the
bed density uniformity was evaluated. In general, the scholars
have analyzed the improvement effect of vibration energy on
fluidization quality of the air fluidized bed from the perspective
of fluidization uniformity and stability. Many of the existing
research results are only applicable to the operating conditions

Table 1. Research Results on the Evaluation Method of Mixing and Uniformity of Bed Density

researcher evaluation method

Mores11 the bed density uniformity is evaluated by the fluctuation characteristics of the bed porosity signal. It is considered that the fluidization is uniform if the
fluctuation amplitude of the porosity signal is large and the frequency is low, otherwise, the fluidization is not uniform.

Mujumdar12 the bed uniformity was judged according to the average deviation of bed porosity. It is proposed that the critical value of bed uniformity and
non-uniformity is vibration intensity, Aω2/g. When Aω2/g < 4, the bed density is uniform.

Btatu13 the volume fraction of the emulsified phase (Ve) under the vibration condition and that under the non-vibration condition were compared under a heat
transfer test. The higher the volume fraction of the emulsion phase under the vibration condition, the more uniform the bed density is. The results
show that the volume ratio of the emulsion phase under the vibration condition and non-vibration condition is 1.95.

Gutman14 the bed uniformity was evaluated by the deviation between bed porosity and average value, and the minimum value was 5%.|(εi− ε)̅/ε ̅× 100%|min = 5%

Jin15
based on the vibration intensity K, the kirpichev number Ki of particles, gas velocity ratio U/Umf, bed height H0, and vibration amplitude A, the
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, the bed density uniformity is qualitatively judged according to the transverse diffusion coefficient.

Figure 1. Fluidization curves under different vibrations and operation gas velocities.
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set by researchers, and the basic parameters such as particle size
and density cannot be collected in real time. Therefore, it is not
suitable to apply these methods to judge the uniformity of the
bed density of a VDMFB, which is used to create a uniform
fluidized bed suitable for coal separation by density.
Based on the previous statistical analysis and research on the

uniformity and stability of vibrated fluidized bed, this paper
focuses on the quantitative evaluation method of the improve-
ment degree of fluidization quality, analyzes the improvement
process and mechanism, and explores the best separation area
and fine coal separation effect.

2. RESULTS AND DISCUSSION
2.1. CharacterizationMethodof the Effect of Vibration

on Fluidization Quality. The whole power of fluidization in a
VDMFB comes from the vibration energy and gas flow. The
single action and interaction of vibration and flow can lead to
different fluidization behaviors. Figure 1 shows the fluidization
characteristic curves of an ordinary gas−solid fluidized bed (K =
0,U > 0), an ordinary vibrated bed (K > 0,U = 0), and a VDMFB
(K > 0, U > 0). The bed height difference corresponding to
pressure drop is 15 mm.
In the ordinary vibrated bed (K > 0, U = 0), the vibration led

to dense accumulation of particles, and the pressure drop of the
bed increased gradually when K = 0−1. The bed pressure drop
decreased gradually until irregular fluctuation at a small level
whenK > 1, which indicated that the particles vibrated randomly
driven by the vibration energy through the inelastic collision,
and the particles’motion was disordered. After the introduction
of gas flow, the pressure drop of ordinary vibrated bed (K > 0,U
= 0) and the VDMFB (K > 0, U > 0) increased linearly with the
increase of operating gas velocity and the fluidization changed
from the fixed bed to the fluidized state. The difference is that
there is a turning point in the pressure drop curve of the ordinary
gas−solid fluidized bed, while there is no obvious turning point
in the pressure drop curve of the VDMFB from the fixed bed to
the fluidized state. In addition, the initial fluidization gas velocity
Umfv of the VDMFB is lower than that of the ordinary gas−solid
fluidized bed. Before fluidization, the pressure drop ΔPb of the
VDMFBwas higher than that of the ordinary gas−solid fluidized
bed, but the relationship was reversed after fluidization. The
relative motion between particles was strengthened with the
introduction of vibration, the gas between particles was
squeezed, and the particle gap was reduced, resulting in a higher
pressure drop in the VDMFB. With the increase of gas velocity,
the gap between the particles increased. The oscillation
displacement of the particles increased driven by the vibration
energy, which promoted the loosening of particles. Therefore,
Umfv < Umf and the VDMFB completely fluidized when the
operating gas velocity exceeded Umfv.
When A = 2 mm, f = 25 Hz, the bed density variance under

different gas velocities was measured, and the improvement
index of vibration energy on fluidization quality (Rimp) was
calculated, as shown in Figure 2. In the fixed bed state (U < 7.47
cm/s), the bed density uniformity index (Iu) is equal to 1, and
the bed density is stable. With the increase of gas velocity, the
VDMFB fluidized first. When 7.47 < U < 9.43 cm/s, Iu,v
decreasing gradually, the ordinary gas−solid fluidized bed
(ADMFB) has not been fluidized, and the fluidization quality
of the two kinds of fluidized beds cannot be compared.
Therefore, only Iu,v was used to characterize the fluidization
quality change of the VDMFB. Iu,v < 1, and it meant that the
introduction of vibration led to the decrease of bed density

uniformity and stability. When 9.43 <U < 10.11 cm/s, the initial
fluidization gas velocity of the ADMFB is lower than that of the
VDMFB. Therefore, when U = 9.43−10.11 cm/s, the VDMFB
has been completely fluidized, there aremore bubbles in the bed,
and the dense medium particles migrate directionally. On the
other hand, the ADMFB has just begun to fluidize, and there are
fewer bubbles. Therefore, at this stage, the bed density
fluctuation of the ADMFB is smaller, Iu,v < Iu,c, and the Rimp
value is negative. Therefore, in the range of 7.47−10.11 cm/s,
the vibration energy actually worsened the fluidized quality.
With the further increase of gas velocity, more andmore bubbles
were produced in the VDMFB, and the fluctuation of bed
density was intensified. At this time, the inhibition effect of
vibration energy on bubbles was gradually shown, and Rimp
increased, which indicated that the bed density of the VDMFB
remained relatively stable. When the gas velocity was too high,
the transfer effect of vibration energy in the bed was weakened,
and the uniformity of the particle bed was deteriorating. Rimp
gradually tended to zero, and the improvement effect of
vibration on the bed density uniformity almost disappears.

2.2. Improvement Mechanism of Vibration Energy on
Fluidization Quality. The periodic motion of the distributor
and the wall transferred the vibration energy to the particles. The
friction between particles was overcome, and the kinetic energy
of particles was enhanced. The operating gas velocity was set to
11 cm/s, and the bed densities at the height of 25, 50, 75, 100,
125, 150, and 175 mm were measured. Then, the corresponding
bed density fluctuation standard deviation was calculated to
explore the influence of amplitude and vibration frequency on
the uniformity and stability of bed density distribution. The
results are shown in Figure 3.
The variation trends and amplitudes of the σρ−f curve and

σρ−A curve were similar, and the bed density fluctuation was
similar to the condition of low-amplitude and low-frequency.
When f = 26.3 Hz andA = 2.21mm, the curves of σρ−f and σρ−A
reach the lowest points respectively, and the vibration
parameters of the two conditions are similar. With the further
increase of vibration frequency and amplitude, the σρ−f curve
increases rapidly, while the σρ−A curve increases slowly and
tends to be stable. When the vibration frequency was too high,
the kinetic energy of particles was too large, and the density
distribution of the bed was not uniform. With the increase of the
amplitude, the transfer efficiency of vibration energy in the bed

Figure 2. Fluidization quality improvement effect of the VDMFB under
different operation gas velocities.
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gradually decreased, which limited the movement activity of the
heavy particles. In the range of this experiment, the bed density
will not undulate with the increase of amplitude.
Furthermore, the pressure signals with the same frequency as

the vibration table were extracted from the pressure signals at
different heights, and the coherence analysis was carried out with
the pressure signals at the bed height of 5 mm. The results are
shown in Figure 4.

It is shown in Figure 4 that the variation law of pressure signal
coherence (Rp‑v) caused by vibration is similar, and the
difference lies in the strength of coherence under the three
kinds of vibration and gas flow parameters. In the region ofH ≈
5−40 mm, Rp‑v decreases rapidly. This is because this area is
close to the gas distributor, and it is the main generation area of
random microbubbles. The microbubbles caused significant
random disturbance to the periodic pressure fluctuation, and the
inhibition effect of vibration energy was difficult to fully break

the microbubbles. In the region of H ≈ 40−150 mm, Rp‑v
continues to decrease, and the decrease is very low. It shows that
the bubble can be restrained and the gas−solid contact can be
strengthened. A uniform and stable continuous bed was formed,
which is suitable for the uniform transmission and dissipation of
vibration energy and the separation of fine coal. In the region of
H > 150 mm, the decrease of Rp‑v increases, but it is lower than
that in the region ofH ≈ 5−40 mm. This result showed that the
speed of bubble coalescence was faster in the top area of the bed,
and the bubble size and velocity increased rapidly. At the same
time, the uneven dissipation of vibration energy was accelerated,
and the coherence of pressure signal induced by vibration was
also reduced. The effect of vibration energy to particles and
bubbles in the upper region was weak, and the fluidization of
upper particle bed was closer to that of the ordinary gas−solid
fluidized bed.
Comparing the operating conditions, it can be found that the

decrease of Rp‑v is always significant with the condition of A = 2
mm, f = 15 Hz, Uv = 15 cm/s. It is indicated that the vibration
energy cannot effectively inhibit the bubble evolution, resulting
in irregular dissipation of vibration energy and disordered
movement of particles, which is not conducive to the separation
of fine coal. When A = 2 mm, f = 25 Hz, Uv = 11 cm/s, the
decrease of Rp‑v is the lowest. The result shows that the vibration
energy transfer efficiency is quite high under the vibration
condition, and the vibration energy has a significant effect on
inhibiting bubble evolution, forming a stable fluidization
environment suitable for fine coal separation.

2.3. Improvement Effect of Vibration Energy on
Fluidization Quality. In the case of no vibration, such as the
ADMFB, the coherence of pressure drop signals caused by
bubbles at different bed heights gradually decreases (Figure 5).
The results show that bubbles are rapidly generated from the
bottom of the bed (H < 40 mm) and merge at a relatively
uniform speed in the upper and middle parts of the bed (H > 40
mm), resulting in channel flow, dead zone, and particle back-
mixing. The bed pressure drop fluctuates sharply and the density
distribution is uneven. After the introduction of vibration, the

Figure 3. Standard deviation of bed density for different vibration amplitudes and frequencies.

Figure 4. Coherence of pressure drop signals induced by vibration.
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activity of particles increases and the bubble coalescence
strength is suppressed.
Previous studies19 show that the dominant frequency of

pressure fluctuation caused by dominant bubbles is 4.5−7.5 Hz.
To determine the suppression effect of vibration energy on
bubbles, the coherence Rp‑b and Rimp between the pressure
signals at different bed heights with the frequency of 6 Hz and
the pressure signal at 5 mm were calculated, as shown in Figure
6−8.
The result shows that the bubble merging strength has a

negative correlation with the improvement effect of vibration
energy on fluidization quality. According to the variation rule of
Rp‑b along with the bed height, the bed can be divided into three
regions, that is, microbubble formation region (H < 40 mm),
bubble merging inhibition region (H = 40−150 mm), and
bubble fast merging and breaking region (H > 150 mm). In the
microbubble formation region (H < 40 mm), the impact of the
periodically moving distributor and the dense medium particles

frequently sheared the gas flow, and many microbubbles were
generated, which made Rp‑b decrease rapidly. The microbubbles
generated randomly caused significant random disturbance to
the bed density, which limited the improvement effect of
vibration energy on fluidization quality. Therefore, the Rimp

values in the area (H < 40 mm) are almost the same as the
operating conditions shown in Figures 6−8. In the bubble
merging inhibition region (H = 40−150 mm), the merging of
the bubble competed with the restraining effect of vibration
energy.WhenA = 2mm, f = 15Hz, andUv = 15 cm/s (Figure 6),
the gas velocity was larger, and the vibration intensity was
weaker, and the Rp‑b value continued to decrease. Although the
Rimp value increases (H = 40−70 mm), it immediately decreases
(H = 70−150 mm), indicating that the coalescence of bubbles
was not suppressed, and the bubbles caused an obvious bed
density disturbance. When A = 2 mm, f = 25 Hz, and Uv = 15
cm/s (Figure 8), the vibration intensity increases with the
constant gas velocity and the decrease of pressure coherenceRp‑b
caused by bubbles decreases. The results show that the vibration
can enhance the inhibition effect on bubble coalescence, reduce
the bubble coalescence speed, and theRimp value is close to 0.5 in
a wide range of bed (H = 40−140 mm). When A = 2 mm, f = 25
Hz, and Uv = 11 cm/s (Figure 7) the gas velocity decreases with
the constant vibration intensity, and the pressure coherency Rp‑b
caused by the bubbles in the region (H = 40−160 mm) further
decreases, which is stable at about 0.7 and Rimp value is stable at
about 0.5. It meant that the bubble size was stable in this region,
and the vibration energy can effectively suppress the bubble
evolution in a wider region of the particle bed. In the bubble fast
merging and breaking region (H > 150mm),Rp‑b andRimp values
decreased rapidly. It showed that the vibration energy in this
region dissipated rapidly, and the restraint of vibration on the
behavior of particles and bubbles was greatly weakened. A large
number of rapidly rising bubbles broke away from the
suppression of vibration energy and merged rapidly in this
region, which worsened the fluidization quality. Comparing with
Figures 6−8, it can be found that the vibration energy has the

Figure 5. Coherence of pressure drop signals induced by dominant
bubbles without vibration.

Figure 6. Coherence of pressure drop signals induced by dominant bubbles for A = 2 mm, f = 15 Hz, Uv = 15 cm/s.
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best effect on improvement of fluidization quality with the
condition of A = 2 mm, f = 25 Hz, and Uv = 15 cm/s.
2.4. Optimum Separation Area and Separation Effect

of Fine Coal. Furthermore, the density standard deviation and
skewness distribution along the height were compared under
conditions of vibration (A = 2 mm, f = 25 Hz) and no vibration
(A = 0, f = 0) to explore the effect of vibration on the uniform
stability of the ADMFB. As shown in Figure 9a, the standard
deviation σρ of the bed density of the VDMFB (0.0047−0.0329
g/cm3) is significantly lower than that of the ADMFB (0.0366−
0.0976 g/cm3). In the ADMFB, the standard deviation σρ of bed
density increases gradually along the bed height, which is the
inevitable result of bubble coalescence and growth. According to
the coherence results of pressure signal caused by vibration

energy and bubbles in Sections 3.2 and 3.3, the distribution of σρ
is the result of vibration energy effectively restraining bubble
evolution. Compared with the ADMFB, the bed density
standard deviation of VDMFB decreased by 81.49%.
As shown in Figure 9b, the bed density skewness SKρ of the

ADMFB increases gradually with the increase of bed height,
whereas SKρ of the VDMFB has three stages, that is, gradually
decreasing → basically stable → gradually increasing. In the
bottom region (H < 40 mm), the SKρ of the ADMFB is less than
0, which indicated that the density in most areas was greater than
the average density, and the density in a few areas was smaller
due to the existence of discrete bubbles. In the VDMFB, the
vibration energy broke the discrete bubbles into microbubbles
and diffuses evenly, which made the density in most areas lower

Figure 7. Coherence of pressure drop signals induced by dominant bubbles for A = 2 mm, f = 25 Hz, Uv = 11 cm/s.

Figure 8. Coherence of pressure drop signals induced by dominant bubbles for A = 2 mm, f = 25 Hz, Uv = 15 cm/s.
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than the average density, and the dead zone density in the local
areas due to short circuit of gas flow is larger. Therefore, SKρ of
the VDMFB is more than 0. In the middle and upper regions (H
> 140 mm), SKρ of the ADMFB is more than 0 and increases
gradually. Combined with the increasing trend of σρ in this area
in Figure 9a, it indicated that there were many large bubbles in
the region (H > 40 mm), forming a regional dilute phase bed
dominated by bubbles, resulting in the density in most areas
being lower than the average density, and the stability of the bed
density was poor. In the VDMFB, SKρ of the middle region (H =
40−140 mm) is about 0, and it is basically stable. It indicated
that the bed density fluctuation in the middle region was in a
narrow range. The bed density distribution was more uniform,
which was suitable for the separation of fine coal. In the upper
region (H > 140 mm), SKρ of the VDMFB is more than 0 and
increases gradually. The reason is that the efficiency of vibration
energy transfer is reduced, the small bubbles merge into large
bubbles quickly, forming a dilute phase bed around the bubbles

and deteriorating the fluidization quality. In general, the
VDMFB can effectively improve the fluidization quality of the
bed, strengthen the uniformity and stability of the bed density
distribution, and create a fluidization environment for the
effective separation of fine coal.
Three kilograms of fine coal with a size of 1−6 mm was fed

into the ADMFB (Uv = 11 cm/s) and VDMFB (A = 2mm, f = 25
Hz,Uv = 11 cm/s) respectively for the separation test. Clean coal
and tailing coal were taken out respectively for float and sink
analysis, and the partition curve was drawn, as shown in Figure
10. Compared with the ADMFB, the VDMFB can reduce the
separation probable error from 0.134 to 0.083 g/cm3 and the ash
content of clean coal from 18.83 to 14.97%. The vibration
energy significantly improves the separation effect of the
ADMFB on fine coal.

Figure 9. Comparison of standard deviation (a) and skewness (b) of bed density between the ADMFB and the VDMFB.

Figure 10. Partition curve of 1−6 mm fine coal separated by the ADMFB and VDMFB.
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3. CONCLUSIONS

(1) Rimp can effectively evaluate the improvement effect of
vibration energy on fluidization quality. When Iu,v < Iu,c,
and Rimp < 0, it reflected that the vibration introduced at
this time was not conducive to the stability of bed density.
When Iu,v > Iu,c, and Rimp > 0, it showed that the vibration
energy improved the fluidization quality. The higher the
Rimp value was, the more obvious the improvement effect
was. When Iu,v = 1 and Rimp = 1, it indicated that the
density distribution of the VDMFB was completely
uniform. When Iu,c = 1, it showed that the density
distribution of the ordinary gas−solid fluidized bed was
completely uniform, and the introduction of vibration was
meaningless.

(2) VDMFB can be divided into three regions, that is,
microbubble formation region (H < 40 mm), bubble
merging inhibition region (H = 40−150 mm), and bubble
fast merging and breaking region (H > 150 mm). In the
region of H < 40 mm, the randomly generated
microbubbles caused significant random disturbance to
the periodic pressure fluctuation, and the micro-bubbles
were broken by vibration energy with difficulty. In the
region of H = 40−150 mm, the vibration energy can
restrain the coalescence of bubbles and form a uniform
and stable continuous bed suitable for the separation of
fine coal. In the region of H > 150 mm, the restraint of
vibration on the behavior of particles and bubbles was
greatly weakened, and the fluidization was closer to that of
the ordinary gas−solid fluidized bed.

(3) Compared with the ADMFB, the VDMFB has a more
obvious separation effect on fine coal (1−6 mm). The
probable error was reduced from 0.134 to 0.083 g/cm3,
and the ash content of clean coal was reduced from 18.83
to 14.97%.

4. EXPERIMENTAL SECTION
4.1. Experimental Apparatus and Materials. The

VDMFB system is shown in Figure 11. According to different
functions, the test system was mainly divided into four parts: air
supply unit, fluidization and separation unit, data acquisition and

processing unit, and dust removal unit. The air supply unit
comprises the blower, buffer tank, and electromagnetic valve.
The blower and buffer tank form a constant compressed air
source to provide uniform and stable gas for fluidization. The
electromagnetic valve adjusts the air velocity in real time within
the range of 0−50 cm/s. The fluidization and separation unit
mainly includes the electromagnetic vibration table and its
control device, the pre-gas distribution chamber, gas distributor,
and the fluidized bed. The vibration energy of the VDMFB
comes from an electromagnetic vibrating table. The electro-
magnetic coil inside the electromagnetic vibrating table
cyclically cuts the alternating magnetic field so that the vibrating
table generates simple harmonic vibration in the vertical
direction. The vibration controller is used to adjust the vertical
simple harmonic vibration of the electromagnetic vibrating
table. The electromagnetic vibrating table, pre-gas distribution
chamber, gas distributor, and fluidization chamber are
connected by bolts in sequence. The electromagnetic vibrating
table transfers the vibration energy to the pre-gas distribution
chamber, the gas distributor, and the side wall of the fluidization
chamber in turn, so that they can perform synchronous vertical
vibration. The particles are placed in the fluidization chamber
and accumulated on the gas distributor. The air from the blower
passes through the gas distributor and enters the fluidization
chamber evenly. The vibrating gas distributor and the rising gas
jointly drive the particles in the fluidization chamber to fluidize.
The fluidization chamber is made of plexiglass, with the inner
diameter of 200 mm and the height of 400 mm. The gas
distributor is a stainless steel sintered porous plate with the
thickness of 5 mm, and the average aperture of the porous plate
is 5 μm.
A certain amount of 0.1−0.3 mm magnetite powder was

placed in the fluidization chamber, and the height of the static
bed is 200 mm. The main physical properties of the magnetite
powder is shown in Table 2. After air flow and vibration were
applied, the magnetite powder was fluidized by the combination
of upward gas flow and vibration. The pressure drop sensor,
acceleration sensor, data acquisition card, and computer
together constitute the data acquisition and processing unit,
which can collect and analyze the bed pressure and vibration
signals in the process of bed fluidization in real time. The

Figure 11. Schematic diagram of the VDMFB separation system. 1- blower; 2- buffer tank; 3- electromagnetic valve; 4- flowmeter; 5- electromagnetic
vibrating table; 6- pre-gas distribution chamber; 7- gas distributor; 8- fluidization chamber; 9- force sensor; 10- pressure drop sensor; 11- data
acquisition card; 12- acceleration sensor; 13- vibration controller; 14- computer; 15- high-speed dynamic camera; 16- dust absorbing cover; 17- dust
filter; 18- air exhauster.
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induced draft hood, dust collector, and induced draft fan
constitute the dust removal unit, which cooperates with the
exhauster head and tail to guide the directional flow of air flow,
timely collect the air mixed with dust generated in the test
process, and purify the dust, so as to ensure the cleanness of the
test environment and the recovery of test materials.
During the separation, 6−1 mm raw coal is fed into the

fluidized bed from the upper part of the bed layer, and the air
flow and vibration are cut off after 20 s. The coal samples are
taken out layer by layer from the top to the bottom for weighing
and testing. The density and ash distribution of 6−1 mm raw
coal is shown in Figure 12.

4.2. Data Processing. 4.2.1. Evaluation Method of the
Fluidized Bed Quality, σρ and SKρ. The fluidization quality of
the VDMFB for coal separation is mainly evaluated by the
uniform stability of bed density distribution. The density
standard deviation σρ is used to reflect the uniformity of bed
density distribution in the measurement area. The skewness of
bed density at differentmeasurement areas, SKρ, which is used to
evaluate the deviation trend of density measurements compared
to the average density.20
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where n is the number of measurement points, ρi is the bed
density measurement value at the ith test point, g/cm3, and ρa is
the average value of n bed density measurements, g/cm3.
4.2.2. Evaluation Method for Improving the Fluidization

Quality by Vibration, Rimp. In the bubbling fluidization stage of
the VDMFB, the bed consists of two parts: bubble phase and
emulsion phase. The volumes of the bubble phase and emulsion
phase are Vb and Ve, respectively, and the densities are ρb and ρe,
respectively. In the paper,21 the author pointed out that if the

volume fraction of emulsion is m, then m = Ve/(Ve + Vb).
Assuming that all bubbles in the fluidized bed converge into a
large bubble, the variance of density distribution in the fluidized
bed is as follows
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There are few bubbles in the critical fluidization state of the
VDMFB, so m is approximately equal to 1. With the increase of
gas velocity, the suppression effect of vibration on bubbles is
weakened. When the fluctuation range of bed density is close to
that of the nonvibrated fluidized bed, the effect of vibration on
improving bed density uniformity almost disappears. Previous
studies show that the maximum expansion rate of the bed is
about 25% in the bubbling stage.22,23 Since the volume of
emulsion phase is constant,m = 0.8. Therefore, for the VDMFB,
the value of m is 0.8−1. The derivation of eq 2 shows that
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ρb ≪ ρe, when m = 0.8−1, d(σρ2)/dm < 0, indicating that
when m = 0.8, σρ

2 reaches the maximum and the bed density
uniformity is the lowest. The bed density variance σρ

2 under
different operating gas velocities is calculated and compared
with the maximum variance of bed density when m = 0.8. It is
defined as the bed density uniformity index
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The value of Iu is in the range of 0−1. The higher the value is,
the higher the density uniformity is. When Iu = 1, the bed density
is completely uniform. Comparing the bed density uniformity
index of vibrated fluidized bed with that of the non-vibrated
fluidized bed under the same gas velocity, the following results
can be obtained
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Iu,v and Iu,c are the bed density uniformity index of the vibrated
fluidized bed and non-vibrated fluidized bed, respectively. Rimp
indicates the improvement effect of vibration on fluidization
quality. The higher the value is, the more obvious the
improvement effect is.
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Figure 12. Density and ash distribution of 6−1 mm raw coal.
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