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a b s t r a c t

The segregation modes and characteristics of 1–6 mm multi-component lignite were studied in a micro-
porous, vibrated, gas-fluidized bed ofU110 mm � 400 mm. The effects of particle density and size, vibra-
tion frequency and amplitude, and gas velocity on these characteristics were considered. The average
size, average density, size deviation coefficient, and density deviation coefficient were used to identify
lignite size and density. The separation efficiency was adopted to evaluate the segregation performance,
and the segregation mechanisms were explored. The results show that esize,max of heterogeneous multi-
size-component lignite with Ksize = 65% reaches 80% at f = 20 Hz, A = 5 mm, and N = (1,3). edensity,max of
heterogeneous multi-density-component lignite with Kdensity = 25% reaches 50% at f = 15 Hz, A = 5 mm,
and N = (1,1.5). The density segregations of 1–3 and 3–6 mm multi-component mixtures are remarkable,
edensity,max = 42% and 31% at f = 14 and 16 Hz, and A = 3 and 5 mm, respectively. The size segregation of 1–
6 mm multi-component mixture is prominent and esize,max = 55% at f = 15 Hz, A = 5 mm. The medium-
sized mixture with a narrow size distribution at low frequency is favorable for density segregation,
and a mixture with a wider size distribution at high frequency is most favorable for size segregation.
Precise control of gas flow and vibration as well as optimal design of the fluidized bed can improve
the performance of segregation in the vibrated gas-fluidized bed.
� 2017 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the expansion of coal mining and mining mechanization,
the production of fine lignite with high ash has been increasing.
Deposited primarily in northeastern and northwestern China, in
addition to the country’s other cold or arid regions, lignite has a
low metamorphic grade and easily becomes muddy when exposed
to water. Therefore, it cannot be processed by conventional wet
separation technology, and research on dry lignite beneficiation
technology has become a major area of interest for the sustainable
development of China’s coal industry. It is important to meet the
rapid growth of energy demand while achieving energy savings
and emission reductions.

Dry separation in a dense medium gas-fluidized bed has
resulted in the successful dry beneficiation of coarse coal of
6–50 mm with high efficiency [1–3]. However, the bubbles formed
by fluidization can cause macro mixing of the dense medium,
which tends to short-circuit fine particles and increases the

product mismatch. Therefore <6 mm fine coal cannot be separated
effectively. Some scholars have introduced external forces to inhi-
bit bubble formation. A vibrated gas-fluidized bed with a dense
medium proved to be an effective, low-energy-consuming method
of dry beneficiation [4–7]. The medium preparation, however, is
difficult, because the yield is low and the processing cost is high.
Therefore, the vibrated gas-fluidized bed with no medium has been
favored by researchers because of its simple process and low cost
[8].

Scholars have concentrated on the separation of binary simu-
lated particles. Jin et al. plotted the separation equilibrium phase
diagram of Geldart ’s A, B, and D particles, composed of mung
beans, glass beads, millet, silica gel, sand, and iron powder, with
equal and unequal density [9]. This study introduced Williams’
separation coefficient, and established the separation criterion
and operation range.

Dong et al. studied the effect of internal horizontal tubes on the
separation characteristics of dp = 1.42 mm millet and dp = 0.045–
0.2 mm titanium concentrates [10]. Liu et al. determined the rela-
tionship between separation efficiency and vibration strength, as
well as the transition point of mixing and separation of dp = 0.6,
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2, and 4 mm molecular sieve particles and dp = 6 mm soybean at a
low gas flow rate [11]. Fan et al. determined the bed pressure drop
of Geldart D particle mixtures of dp = 2.6 mm corn and dp = 4 mm
plastic beads and established the mathematical model of critical
fluidization velocity based on the force analysis and the Ergun for-
mula [12]. Roger, Valeri, Daleffe et al. investigated the dynamics
and segregation patterns of binary, flat, Gaussian, and reference
particles with the mean Sauter diameter equal to 2.18 mm in flu-
idized, vibrated, and vibrofluidized beds [13]. Matthew et al. inves-
tigated binary, ternary, and poly-disperse mixtures of nuts and
round glass beads of different sizes and conducted comparative
numerical analyses [14]. The results showed that a slight increase
of intermediate species in the ternary mixtures reduced segrega-
tion and enhanced mixing. Yang et al. studied density segregations
of binary mixtures composed of dp = 1–1.8 glass beads, dp = 1–2.2
millet, and dp = 3.8–5 mm rice with similar sizes and different den-
sities or with different sizes and different densities [15–17]. They
introduced an ash mixing coefficient to quantitatively determine
the degree of segregation, revealed the mechanism of density sep-
aration based on energy transfer and dissipation analysis, and
found the density segregation conditions: a surge disturbance zone
with suitable size. Moreover, they carried out the semi-industrial
lignite separation experiments from 1–3 and 3–6 mm.

The segregation process of lignite with wide density and size
distributions is complex and difficult to control, and usually pre-
sents various segregation patterns. The research in this field is
lacking. This study primarily considers segregation modes, charac-
teristics, and mechanisms for the success of density segregation in
a vibrated gas-fluidized bed.

2. Segregation mechanisms

The alternative vertical motion of vibration and gas flow pro-
vides energy for segregation. Ideal energy propagation behavior
in a vibrated gas-fluidized bed is shown in Fig. 1 [18]. Fig. 1 shows
that pressure at any point in the bed has a sinusoidal periodic vari-
ation with time, based on the sinusoidal loading excitation, and
developed a phase difference. Bubbles created a low-frequency dis-
turbance to a fluctuating pressure signal.

In response to periodic motion, the particle layer makes a syn-
chronized periodic movement, which is illustrated in Fig. 2. Note

that in the previous p/2 cycle, the bed is compact initially, and then
turns loose, gradually departing from the gas distributor. In the
p/2–p cycle, the bed continues to rise until the bed looseness
finally reaches the maximum. In the p–3p/2 cycle, the bed height
begins to decrease, and it tends to become denser with time,
and, during the later stages, returns to the gas distributor. In the
3p/2–2p cycle, the bed gradually becomes more compact.

Bed loosening provides conditions for particle movement. Ini-
tially, fine particles with low density ascend early, while coarse
or heavy density particles lag behind and move slowly. In the
p/2–p cycle, fine particles with low density continue rising because
of inertia, but their velocity slows down; coarse or heavy density
particles move slowly, and a small portion of the coarse particles
with heavy density even shift to descend. In the p–3p/2 cycle, fine
particles with low density veer downward, and coarse or heavy
density particles fall on the gas distributor gradually and become
immobile. In the 3p/2–2p cycle, fine particles penetrate the bed
clearance and arrive at their destination.

Particles in free space are influenced by gravity, gas
buoyancy, and medium resistance, which can be expressed as

Fig. 1. Tracing of pressure wave.

Fig. 2. Process of bed loosening and particle stratification at four stages of
sinusoidal period.
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