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Abstract: Coal is the dominant energy resource in China. With the Chinese policy of committing to
reducing peak carbon dioxide emissions and achieving carbon neutrality, coal separation has recently
become a hot topic, especially the fluidized separation of fine particles. In this study, micron-sized
particles were introduced to ameliorate the properties of the traditional fluidized bed. The expansion
characteristics of the micron-sized-particle-dense medium were explored. A bed expansion prediction
model of the micron-sized-particle-dense medium was established, and the prediction error was
about 10%, providing a theoretical basis for understanding the distribution characteristics of the
bed. This model also helped predict the bed density in the presence of a micron-sized-particle-dense
medium, and the prediction accuracy was between 85% and 92%, providing a theoretical basis for
selecting and popularizing fluidized beds for industrial separation.

Keywords: two-phase theory; micron-sized particles; bed height; fluidized bed; bubble phase;
emulsion phase; bed expansion; bed density

1. Introduction

With the Chinese policy of committing to reducing peak carbon dioxide emissions
and achieving carbon neutrality, coal separation has recently become a hot topic, especially
the gas–solid fluidized separation technology [1–3]. Therefore, the clean and efficient
use of coal has attracted researchers’ attention in various countries [4–8]. In general, wet
methods are adopted for the clean utilization of coal, such as jigging [9], heavy medium
cyclones [10,11], TBS [12,13], and flotation [14]. However, it is difficult to carry out wet
coal separation in northwest China due to the shortage of water resources [15]. Therefore,
dry separation is the only way to achieve a clean and efficient use of coal. The typical
dry separation methods include the use of air-dense medium fluidized beds [16–18],
compound dry separators [19,20], and air jigs [21,22]. These methods are commonly used
to process coal above 6 mm and have achieved very significant separation results. With the
development of coal processing technology, coal with a smaller particle size is produced,
and more efficient methods are needed to effectively separate coal of less than 6 mm. The
general practice is to introduce external forces into the traditional gas–solid fluidized bed,
such as in vibrated fluidized bed [23–25], magnetically stabilized fluidized bed [26], and
pulsating fluidized bed [27,28]. Although these methods play improve the separation
effect, they involve increased energy consumption. Therefore, it is very important to
find a more efficient method for fine coal separation. The traditional fluidized separation
technology is effective for fine particle separation. In the carbon neutralization policy,
energy conservation and emission reduction are very important. Compared with the wet
coal separation method, the traditional fine-particle fluidized separation technology does
not need extra water. Water will consume energy in the process of transportation and
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circulation, resulting in an increase in carbon emissions. Compared with other external-
force fluidized beds, the traditional fine-particle fluidized separation technology does
not need too much extra energy; since energy consumption means an increase in carbon
emissions, it is not conducive to the implementation of the carbon neutralization policy.
Furthermore, the industrial modular fluidized bed process has been improved, limiting the
system’s dimensions and achieving its rapid construction, which can also reduce carbon
emissions [29]. Therefore, the traditional fine-particle fluidized separation technology
could help achieve carbon neutrality.

In a traditional gas–solid fluidized bed, a Geldart B particle-dense [30] medium
(0.1–0.4 mm) is generally used as the dense medium for separation; however, Geldart B
particles have some limitations [31]. First of all, the emulsion phase of a fluidized bed with
Geldart B particles expands less during the process of separation, and the adjustment of
emulsification relative to the fluidized bed density plays a crucial role [32]. Secondly, when
the fluidized state is reached, the energy input required for the fluidized bed with Geldart
B particle is large, resulting in increased energy consumption [33]. Finally, the internal
stability of the fluidized bed with Geldart B particles is poor, and bubble movement is
irregular [34]. Furthermore, the height of traditional fluidized beds is lower than 30 mm,
which means there is not enough space for the expansion of the emulsion phase [35–37].
Therefore, the separation efficiency can be further improved.

In recent years, researchers have found that the introduction of fine particles in the
fluidized bed can effectively improve the proportion of emulsion phase in the bed and
enhance the stability of fluidization [38–40]. Matheson et al. focused on the influence of
fine particles and analyzed the improvement of viscosity depending on the content of fine
particles [38]. Bertil compared the minimum fluidization velocity of narrow particles and
wide particles. It was found that increasing the particle size helps to reduce the minimum
fluidization velocity of the particles [39].

In this study, in order to ameliorate fluidization and improve the separation efficiency,
micron-sized particles (0.045–0.1 mm) were introduced. The expansion characteristics of
the emulsion phase and bubble phase were studied. Combined with the two-phase theory
of gas–solid fluidized beds, a bed expansion prediction model of the micron-sized-particle-
dense medium was established, which provides a theoretical basis for understanding
the distribution characteristics of the bed. Based on the bed expansion prediction model,
the bed density was studied, providing a theoretical basis for selecting and popularizing
fluidized beds for industrial separation.

2. Experimental
2.1. Apparatus

Figure 1 shows the schematic of the laboratory-scale fluidized bed system. The
fluidized bed Plexiglas column had a 15.2 cm internal diameter (ID) and was 70 cm
high. During the fluidization process, the bubble phase and emulsion phase are the main
components of the fluidized bed. Bed height expansion is directly related to the above
phases. Thus, accurate monitoring of bed height variation is crucial in the analysis of
the distribution of the two phases. The bed height variation was recorded by a digital
camera (Nikon D3200) with 25 frames in front of the fluidized bed on the same side of the
two lights.

2.2. Dense Medium

Magnetite powder was used as the representative particles in the present study. The
properties of the micron-sized particles are shown in Figure 2. The particles’ was between
45 µm and 100 µm. The particles had a true density of 4.60 g/cm3 and a bulk density
of 2.54 g/cm3.
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(4) Valve; (5) Valve; (6) Flowmeter; (7) Fluidized bed. 
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Figure 2. Particle size distribution of the micron-sized-particle-dense medium.

2.3. Feeding Particles’ Properties

In this study, coal particles were selected as feeding particles. The washability curves
of the feeding coal particles with size between −6 and + 3 mm are shown in Figure 3. As
shown in Figure 3, the ash content of the coal particles was 29.59%, and the feeding coal
particles were classified as middle-difficult-to-wash coal.
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3. Theoretic Analysis
3.1. Two-Phase Theory

In the gas–solid separation fluidized bed, the study of the two-phase distribution is
helpful to analyze the distribution of the bubble phase and of the emulsion phase. Figure 4
shows the bubble phase and emulsion phase distribution based on the two-phase theory. It
allowed the bed density prediction. For the gas–solid fluidized bed, Toomey and Jonestone
proposed the first hypothesis of the two-phase theory [41]. Generally, when the fluidized
bed enters the bubbling fluidization stage, the superficial gas velocity exceeds the minimum
fluidization superficial gas velocity, thus producing bubbles, and the emulsion phase and
the bubble phase coexist in the bed. Therefore, according to the two-phase theory in a
bubbling fluidized bed, the gas passing through the bed is mainly the gas flowing out of
the fluidized bed in the form of bubbles. The flow rate of the bubbles can be expressed by
Equation (1):

Qb = (U −Um f )A (1)

where Qb represents the flow rate of the surplus gas merged into the bubbles, in m3/h;
U represents the superficial gas velocity in the gas–solid fluidized bed, in cm/s; Umf
represents the minimum fluidization superficial gas velocity, in m/s, A represents the
fluidized bed section area, in m2.
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Because the above-mentioned two-phase theory overestimates the total volume of
the bubble phase, scholars modified the two-phase theoretical model and proposed the
introduction of a correction coefficient Y to correct the excess gas flow, as shown by
Equation (2):

Qb = Y(Ug −Um f )A (2)
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Y is the coefficient value in the Y-type two-phase theory and is about 0.8–0.85 for
micron-sized particles [42,43].

3.2. Bed Expansion Prediction

Assuming that the velocity of the bubble at a certain bed height is Ub, the ratio of the
bubble phase at a specific position can be expressed by Equation (3):

ε′
b
=

Qb
AUb

(3)

where ε′
b

represents the bubble % phase content of a specific bed height.
Combined with Equations (2) and (3), the expansion rate caused by the bubble phase

of the bed can be expressed by Equation (4):

εb =
H f − H0

H f
= Y

U −Um f

Ub
(4)

The movement velocity of the bubbles in the fluidized bed of fine-grained particles
can be expressed by Equation (5) [44]:

Ub = (U −Um f ) + 0.71(gdb)
1/2 (5)

The bubble size can be expressed by Equation (6) [45]:

db = 0.54g−0.2
(

U −Um f

)0.4(
h + 4AD

0.5
)0.8

(6)

where h represents the position of the bubble, in m, and AD represents the area of the small
holes on the gas distributor, in m2.

In sum, the bed height could be estimated on the basis of the operating superficial gas
velocity; the bed height is expressed by Equation (7):

H f =
H0Ub

Ub −Y
(

U −Um f

) (7)

4. Results and Discussions
4.1. Emulsion Phase Characterization in the Fluidized Bed

The emulsion phase expansion and the overall bed expansion height were analyzed.
The expansion rate of the emulsion phase was selected as the evaluation index, and the ex-
pansion characteristics of micron-sized particles were studied to establish the law describing
the emulsion phase expansion of micron-sized particles, as shown by Equation (8):

ϕd = Hd/H0 (8)

where ϕd is the expansion rate of the emulsion phase, H0 is the initial bed height, in m, Hd
is the bed height of the emulsion phase expansion, in m.

Figure 5 shows the effect of superficial gas velocity on the expansion rate of the emul-
sion phase. As the superficial gas velocity increased, the expansion rate of the emulsion
phase first increased and then gradually stabilized and slightly decreased. With the further
increase of the superficial gas velocity, the expansion rate of the emulsion phase remained
unchanged and tended to a stable state. It can be noted that when the bed superficial
gas velocity gradually increased to 1.82 cm/s, the overall expansion rate of the emulsion
phase showed a slight downward trend, but the degree of reduction was relatively low.
This was mainly because the micron-sized-particle-dense medium was also aerated. As
the superficial gas velocity increased, the bed first showed a uniform emulsion phase
expansion. At this stage, the emulsion phase expansion and the superficial gas velocity
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showed a positive linear relationship. Therefore, when the superficial gas velocity was low,
the particles in the fluidized bed were not fully expanded, and the bed expansion rate was
low. As the superficial gas velocity continued to increase, bubbles began to appear in the
bed, the bed entered the bubbling fluidization stage, and the expansion of the emulsion
phase reached the upper limit. The expansion rate of the emulsion phase at this stage
tended to stabilize. It should be pointed out that when the superficial gas velocity further
increased, the proportion of the bubble phase continued to increase, which caused some of
the gas in the emulsion phase to enter the bubbles. The increase of the bubble proportion
reduced the expansion rate of the emulsion phase to a certain extent. Therefore, in the
actual working process, the maximum superficial gas velocity should be controlled at
U < 1.82 cm/s to ensure the full expansion of the emulsion phase of the bed.
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In addition to the influence of the above-mentioned superficial gas velocity on the
expansion behavior of the emulsion phase, we studied the effect of the bed height on the
expansion rate of the emulsion phase. We selected the operating superficial gas velocity
U = 1.17~1.59 cm/s to ensure the full bed expansion of the emulsion phase in the bed
and better analyze the influence of the bed height on the expansion rate of the emulsion
phase. Figure 6 shows the effect of the bed height on the expansion rate of the emulsion
phase. With the increase of the bed height, the expansion rate of the emulsion phase
decreased to a small extent and gradually stabilized for magnetite powder particles. With
the gradual increase in bed height, the expansion rate of the emulsion phase tended to be
stable. This indicated that for micron-sized particles, the bed height plays a dominant role
in the expansion rate of the emulsion phase. When the bed height was low, the bubble size
was smaller, and the bubble merging frequency was lower, which could provide sufficient
conditions for the expansion of the particles. When the bed height gradually increased,
the bubble merging frequency gradually increased as the bubbles rose, and the size of the
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bubble was larger. The exchange rate between the gas in the emulsion phase and the gas
in the bubble increased, which reduced the gas content in the emulsion phase to a certain
extent and inhibited the full expansion of the emulsion phase. On the other hand, when
the bed height increased further, the bubble behavior tended to be stable, the bubble size
no longer increased, and the overall fluidization behavior of the bed tended to stabilize.
Furthermore, the expansion rate of the emulsion phase tended to be stable. This is very
advantageous for a gas–solid separation fluidized bed, as increasing the separation bed
height increases the mineral separation capacity.
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4.2. Bubble Phase Characterization in the Fluidized Bed

The gas–solid separation fluidized bed mainly contains two parts: the emulsion phase
and the bubble phase. The emulsion phase is composed of particles and of the gas that
fluidizes them, and the bubble phase is composed of the extra gas in the bed. Moreover,
the bubbles continue to merge during the ascending process to form larger bubbles and
flow out of the bed. Therefore, the expansion of the bed mainly involves the expansion of
the emulsion phase and is caused by the movement of the bubble phase. The expansion
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rate of the bubble phase can be obtained by the difference between the total expansion
rate of the bed and the expansion rate of the emulsion phase. It helps to analyze the law
governing the change of the bubble phase and facilitates the understanding of both the
emulsion phase and the bubble phase.

The distribution ratio of the bubble phase εb in the fluidized bed can be expressed by
Equation (9):

εb = 1− Hd
H f

=
Hb
H f

(9)

where Hf is the total height of the expansion of the bed, in m; Hd is the expansion of the
emulsion phase in the bed, in m; Hb is the expansion of the bubble phase, in m. The total
height of bed expansion can be expressed by Equation (10):

H f = Hd + Hb (10)

Figure 7 shows the effect of superficial gas velocity on the bubble phase composition.
With the gradual increase of the superficial gas velocity, the proportion of the bubble
phase showed an increasing linear trend as a whole. This was mainly because when the
superficial gas velocity was low, the gas in the bed was mainly used for the expansion of
the emulsion phase, and the bubble content was low. When the superficial gas velocity
gradually increased, the probability that the excess gas in the bed merged into bubbles
increased, and the composition of the bubbles showed an increasing trend. The size of the
bubble phase was larger, which caused an increase of the gas exchange frequency between
the emulsion phase and the bubble phase. The gas entered the bubble phase more easily
and flowed out of the bed in the form of bubbles, increasing the composition ratio of the
bubble phase. Therefore, in the actual separation process, it was necessary to facilitate the
control of the size of the bubbles and achieve a stable and efficient separation of minerals in
the bed with the full expansion of the emulsion phase at an appropriate range of superficial
gas velocity.
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Figure 8 shows the effect of the bed height on the bubble phase composition for an
operating superficial gas velocity U = 1.17~1.59 cm/s. The increase of the initial bed height
had a lower influence on the bubble phase. The expansion rate showed a stable trend with
a small overall degree of change. This was mainly because the bubbles changed less in
the ascending process during the fluidization of micron-sized magnetite powder, and the
bubble movement was stable. It further showed that the bubble behavior in the fluidized
bed of micron-sized magnetite powder was relatively stable; in particular, when the bed
height exceeded 30 cm, the bubble behavior became more stable. The bed expansion
presented a more stable state which helped to provide a theoretical basis for the increase in
the bed height and the enlargement of the fluidized separator.
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Therefore, the expansion of the bed height of a micron-sized-particle-dense medium
separation fluidized bed can be calculated by Equations (7)–(9).

Considering the above theoretical research, and based on the above micron-sized
magnetite powder research, the predicted bed expansion heights were compared with
the experimental data when the initial bed height was H0 = 10~50 cm and the operating
superficial gas velocity was U = 0.90~1.82 cm/s.
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Equation (7) was used to predict the expanded height of the bed and compare the
difference between the theoretical calculation value and the experimental value. The
corresponding error analysis was carried out to explore the applicability of the two-phase
theory for a micron-sized-particle-dense medium. Figure 9 shows the comparison between
the experimental value and the theoretical value of the bed expansion height. The error
when using the two-phase theoretical model to predict the bed height was about 10%,
indicating high reliability. However, the experiment results showed that the predicted
value of the bed expansion height of micron-sized particles based on the two-phase theory
was smaller than the actual value of the bed expansion height because the two-phase theory
underestimated the expansion rate of the emulsion phase. This indicates that the existing
two-phase theory of micron-sized particles still has certain shortcomings.
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4.3. Bed Density

Bed density is important for fluidized bed separation, and the accuracy of the separa-
tion density is crucial to achieve separation. The fluidized bed separation process based on
bed density is shown in Figure 10. When coal particles are fed into a fluidized bed, coal
separation is based on the Archimedes principle. Light particles (ρp < ρbed) will rise, and
heavy particles (ρp > ρbed) will fall. The bed density is the key to determine the position
of the coal particles. It also has a dominant effect on coal separation. According to the
bed expansion height, the bed density was predicted, the difference between the theoreti-
cal prediction value and the experimental value was determined, and the corresponding
error analysis was carried out to explore the applicability of the two-phase theory in a
micron-sized-particle-dense medium. The bed density can be expressed by Equation (11):{

ρbed,EXP = ∆P
gH f ,EXP

ρbed,PRE = ∆P
gH f ,PRE

(11)
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Figure 11 shows the comparison between the experimental and the theoretical values
of bed density. The error in predicting bed density by using the bed expansion prediction
model was between 8 and15%, showing has high reliability and good prediction of the bed
density. This provides a theoretical basis for the application of the gas–solid fluidized bed
two-phase theory to a micron-sized-particle-dense medium. It also provides a theoretical
basis for the further prediction of the separation density of feeding particles and for the
application of micron-sized-particle-dense media in gas–solid separation fluidized beds.
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5. Conclusions

In this study, the expansion characteristics of a micron-sized-particle-dense medium
were explored, and the changes of the emulsion and bubble phases based on the operating
parameters were analyzed:
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(1) when the superficial gas velocity increased, the expansion rate of the emulsion phase
first increased and then gradually stabilized and slightly decreased. With the increase
of the bed height, the expansion rate of the emulsion phase decreased to a small extent
and gradually stabilized;

(2) With the increase of superficial gas velocity, the proportion of the bubble phase
showed an increasing trend as a whole, while the initial bed height had a little
influence on the bubble phase.

Combined with the two-phase theory of gas–solid fluidized bed, a bed expansion
prediction model of the micron-sized-particle-dense medium was established, and its
prediction accuracy was between 85% and 92%. This model provides a theoretical basis
for understanding the distribution characteristics of the bed and helps to simply pre-
dict the bed density that is suitable for a micron-sized-particle-dense medium. It also
provides a theoretical basis for the selection and popularization of fluidized beds for
industrial separation.
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