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Introduction

Water based wet separation processes are
universally utilized in the field of coal benefi-
ciation today1,2. These techniques are,
however, unsuitable for coals located in
regions where water resources are in short
supply or where the weather is cold, or for
coals that tend to slime under wet separation
processes. In addition, during the wet
separation of coal, a great deal of water is
consumed, of which there is a shortage all
around the world today. Many countries have
been, therefore, exploring highly-efficient dry
beneficiation of coal. China ranked third in
proved recoverable coal reserves in 2006 in the
world: 114.5 billion tons. Over two-thirds of
the coal in China is in northwestern and
northern China where water resources are
scarce.

The proved recoverable coal reserves of
South Africa were 48.75 billion tons and
ranked sixth. This country is also, however,
short of water resources. Over the past several
years the per year mean rainfall was approxi-

mately 464 mm and available fresh water
volume per capita per year was approximately
1 200 m3. To strengthen the management and
supply of water resources, the Department of
Water Affairs and Forestry (DWAF) of South
Africa has enacted a series of policies and laws
on water since 1994. Water utilization during
mineral processing is greatly restricted and is
approved only with difficultly in accordance
with the relevant laws and regulations. 

Favourable mass and heat transfer
properties make gas-solid fluidized beds
popular in many processing industries3. Such
beds were used for coal beneficiation as early
as the 1920s4,5. Thereafter a number of
scientists and engineers in many counties
contributed to the development of dry coal
cleaning using fluidized beds6–12. A series of
dry coal beneficiation techniques based on
gas-solid two-phase flow was developed by
scientific and technical workers at China
University of Mining and Technology
(CUMT)13–26. These techniques use dense
fluidized beds formed from a fluidizing gas
and a ground solid powder of a certain size
range (e.g. magnetite powder) as the
separating medium27,28. One of these beds, a
typical bubbling gas-solid fluidized bed, has
been successfully applied to the industrial
beneficiation of 50–6 mm coal in China. Coal
Dry Wash CC. (CDW) of South Africa
cooperated with CUMT during the development
of this technique. Some 50–6 mm coals
provided by CDW were studied in a pilot
separator using the gas-solid fluidized bed by
the CUMT workers. Based on those coals, this
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paper emphasizes differences in separating characteristics for
different size ranges of coals. Moreover, the reasons for the
differences were investigated employing particle dynamics
and numerical simulations. 

Experimental

Experiments were carried out in a 5–10 t/h pilot separation
system using a gas-solid fluidized bed. The system consists
of raw coal pre treatment (screening and crushing), coal
separation, solid media recovery, an air supply and dust
capture and removal. The separator, as illustrated in Figure 1,
is composed of an air distributor, a separating room and a
counterflow scraper conveyor. Pressure transducers are
arrayed vertically along the sidewall. Both solid medium and
feedstock (50–6 mm coal) were fed into the separator from
inlets at the top. Compressed air flowed into the bed through
an air buffer and then through a gas distributor located at the
bottom. Under suitable technical and operating conditions the
solid medium is fluidized by the gas to form a fluidized bed
having some certain density and height. The coal then
stratified according to the bed density with lighter coal
particles floating and denser particles sinking. The separated
products are transported away by the scraper conveyor.

Results and discussion

Washability of the coal from South Africa

The properties of the coal from South Africa were first
analyzed. The coal had a low inherent moisture content of
2.49%, a moderate ash content of 23.74%, a moderate
volatiles content of 28.01%, a low sulphur content of 0.9%
and a high calorific value of 26.8 MJ/kg. The coal used for the
study, accordingly, belonged to the weakly caking coals.

Then an investigation of coal washability was performed.
The results are illustrated in Figure 2. When the clean coal
ash content was 13%, 12% or 11% the theoretical yield of
clean coals was 90%, 88% or 86%, respectively. Likewise, the
theoretical separation densities were 2 g/cm3, 1.84 g/cm3 and
1.59 g/cm3 and the near-density yields were 4.5%, 2% and
17%, respectively, which indicates that the washability of the
coal was good in the two former cases but moderate in the
last case. To sum up, as clean coal quality increases, the yield
decreases and the washability drops. 

Separating characteristics of the fluidized bed for
different size ranges of coals

50–25 mm, 25–13 mm and 13–6 mm coals were each
separated in the pilot separation system. The separation
results are shown in Figure 3. As shown there, the separating
density increases gradually and the partition curves become
less abrupt as the coal particle size decreases. The separating
densities were 1.70 g/cm3, 1.79 g/cm3 and 1.99 g/cm3, and
the E values were 0.04 g/cm3, 0.06 g/cm3 and 0.09 g/cm3,
respectively. This indicates that denser particles were more
inefficiently separated with respect to the bed density. Those
particles were misplaced into the floats layer thus enhancing
the misplacing effect. The separating performance of the bed,
therefore, decreased gradually. The recovery efficiencies were
99.05%, 97.63% and 90.25%, respectively. 

The cause of the differences in separating character-
istics

The forces acting on the coal particles were analysed to help
understand the reason for the observed separation results.
The forces acting on the coal particles include gravity, G, the
solid-medium resistance, Fr29, the bed buoyancy, Ff, and the
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Figure 3—Partition curves of different coal size ranges

Figure 2—Washability curves of the raw coal

Figure 1—Schematic of the pilot gas-solid fluidized bed separator



fluidizing gas drag, Fd. Because of the low gas velocity of the
bed Fd is far smaller than G. The resultant force, hence, can
be expressed as: 

[1]

Then

[2]

where dp is the diameter of a coal particle, ρp is the particle
density of coal, νp is the velocity of a coal particle, ρb is the
bed density, g is the gravitational acceleration, is the plastic
viscosity of the bed, νr is the velocity of a coal particle when
the velocity of the medium particle ν = 0, and σ is the yield
stress.

Equation [2] allows the instantaneous acceleration of a
particle to be expressed as:

[3]

The settling velocity of a coal particle in the bed is30:

[4]

with Rem = dpνrρb/(μ + τdp/3νr)
where Rem is the modified Reynolds number.

From Equation [3] it can be seen that the effective gravity
of the coal particle is proportional to d3. As the size decreases
the effective gravity drops sharply. The smaller the coal
particles, the greater the mixing effect of bubbles on those
particles becomes, which enhances the misplacing effect on
those particles. The separating efficiency of the bed is, as a
result, decreased. In addition, Equation [4] can predict that
as the size decreases, the settling velocity of the particle
decreases gradually. Movement of the solid-medium then
makes the velocity of a smaller particle fluctuate more. This,
hence, results in denser coal particles of small size being
misplaced and transported away before crossing the floats
layer. The separating performance of the bed, accordingly,
drops.

Fluent 6.2 computational fluid dynamics software was
employed to analyse the different behaviour of various sized
particles. The dynamic behavior of a 2D fluidized bed was
investigated. 

The mass conservation equations of the gas and solid-
medium phases in the fluidized bed are:

[5]

[6]

where g and s are the phase indexes (g for the gas phase and
s for the solid-medium phase), α is the volume fraction, ρ is
the actual density, u is the velocity of the gas and ν is the
velocity of the solid-medium.

Momentum conservation in the bed gas or solid-medium
phases are:

[7]

[8]

where p is the pressure, τ is the stress tensor and Kgs is the
interphase momentum transfer coefficient.

The variation in the bed pressure drop is shown in 
Figure 4. Note that the bed pressure-drop drops sharply when
fluidization begins. The pressure drop then fluctuates only
slightly around a steady value after 1.5 s, which shows a
good fluidization state.

Simulated data from the above analysis were taken after
1.5 s and the movement and distribution of bubbles across
the bed were investigated. As shown in Figure 5 the
formation of bubbles is visible. The bubbles were generated
from the air distributor apertures and had a small size
initially. They then pass through the bed, coalesce and grow.
When the bubbles rise to the top surface of the bed they
explode. The bubble distribution was non-uniform. Large
sized bubbles were, however, very few. The bed surface,
therefore, maintains a certain level despite some fluctuation
caused by the moving bubbles, which indicates a steady
fluidization characteristic for the bed.

Figure 6 represents the instantaneous fluctuation in local
bed void space. The simulated data were extracted at a 1000
Hz rate. The bed hydrodynamics are understood better from
the void curve. The large peaks indicate the passing of
bubbles. The uniform peaks after 1.5 s show an overall
regularity with respect to the number and frequency of the
bubbles being formed. Due to the solid-medium remixing,
and to uneven interphase action, the void fraction in the
dense phase fluctuates to some degree but only slightly while
remaining near 0.42, which, hence, indicates steady
fluidization of the bed.
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Figure 4—The fluctuation in the bed pressure drop
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The solid-medium particles are moved from the bottom to
the top of the bed entrained by bubbles. This results in the
remixing of the particles. Figure 7 shows the local velocity
variation of particles versus the transverse position. As
shown there the particles have a high velocity under the
effects of the bubbles and the fluidizing gas. The overall
velocity rises as the distance from the bed bottom, H,
increases at 7.5 s: the maximum velocity is 0.8 m/s. A certain
degree of remixing can increase the bed activity and enhance
the uniformity of the solid-medium distribution across the
bed. The fluidization quality and separating performance are,
accordingly, improved. However, smaller sized coal particles
sinking to the bed bottom (based on their density relative to
the bed density) are recycled into the floats layer during this
remixing process. As a result, these coal particles become

misplaced and the separating quality decreases. Therefore,
the smaller the feed-coal particle size is, the greater the
remixing and misplacing effects will be, which consequently
decreases the separating quality of the bed.

The separating characteristics of the fluidized bed
using 50–6 mm coal

Given the aforementioned analysis we know that the larger
the coal particle size is, the better the fluidized bed will
separate the coal. The application of a fluidized bed is not
limited only to coarser coal. The technical and operating
parameters can be adjusted during the separation process.
The actions among gas, solid-medium and coal particles can
be optimized to expand the range of applications. For this
reason the experimental bed was used to separate 50–6 mm
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Figure 5—The solid-medium volume fraction profile

Figure 6—Simulated instantaneous voidage plot: H=0.2 m

Figure 7—Simulated local solid-medium particle velocity at 7.5 s



coal. The separation results are shown in Table I and in
Figure 8. It can be seen that at a separating density of 
1.76 g/cm3 the coal ash content was reduced from 23.74% to
11.79%. The probable error, E, value and the recovery
efficiency were 0.07 g/cm3 and 98.26%, respectively,
showing good separating performance.

Conclusions

➤ The coal from South Africa used for this study has a
low inherent moisture content, a moderate ash content,
a moderate volatile content, a low sulphur content and
a high calorific value. The washability of the coal is
moderate. 

➤ As the feed-coal particle size decreases, the separating
performance of the pilot gas-solid fluidized bed drops
progressively. When using the bed to separate 
50–25 mm, 25–13 mm and 13–6 mm coals the
probable error, E, values were 0.04 g/cm3, 0.06 g/cm3

and 0.09 g/cm3, respectively. This is because the
settling velocity of a coal particle decreases, and the

remixing effect caused by bubbles increases, as the
particle size decreases. Both factors enhance the
misplacing effect on the coal particles, which makes the
separating quality of the bed poor.

➤ The pilot gas-solid fluidized bed separator is suitable
for 50–6 mm coal. The ash content of the processed
coal was reduced from 23.74% to 11.79%. The E value
was 0.07 g/cm3 and the recovery efficiency was
98.26%. The separation results are satisfactory.

➤ Dry beneficiation using a gas-solid fluidized bed is
applicable to South African coal. The method has a
high separating quality and wide applications. 
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Figure 8—Partition curve using 50–6 mm coal

Table I

The float–sink results from 50–6 mm coal separation

Density range/ Clean coal (%) Tailing (%) Calculated Partition 

(g/cm-3) O O/F Ash O O/F Ash feedstock F (%) coefficient (%)

-1.3 1.07 0.93 5.48 0.00 0.00 0.00 0.93 0

1.3–1.4 61.40 53.65 8.05 0.43 0.05 7.24 53.70 0.10 

1.4–1.5 22.28 19.47 14.66 0.33 0.04 12.09 19.51 0.21 

1.5–1.6 13.62 11.90 21.12 0.50 0.06 21.07 11.96 0.53 

1.6–1.7 1.12 0.97 29.21 0.70 0.09 35.22 1.06 8.28 

1.7–1.8 0.17 0.15 41.54 1.18 0.15 43.06 0.30 50.10 

1.8–2.0 0.11 0.09 49.63 3.78 0.48 58.23 0.57 83.55 

+2.0 0.24 0.21 84.73 93.09 11.76 91.58 11.96 98.27 

Total 100.00 87.37 11.79 100.00 12.63 88.38 100.00
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