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a b s t r a c t

As a pyrometallurgical process, circulating fluidized bed (CFB) roasting has good potential for application
in desulfurization of high-sulfur bauxite. The gasesolid distribution and reaction during CFB roasting of
high-sulfur bauxite were simulated using the computational particle fluid dynamics (CPFD) method. The
effect of primary air flow velocity on particle velocity, particle volume distribution, furnace temperature
distribution and pressure distribution were investigated. Under the condition of the same total flow of
natural gas, the impact of the number of inlets on the desulfurization efficiency, atmosphere mass
fraction distribution and temperature distribution in the furnace was further investigated.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

Complex bauxite such as the high-iron and high-sulfur bauxite
[1] has a high-sulfur content, low aluminumesilicon ratio, and
other impurities, resulting in serious corrosion of equipment, high
mineral/alkali consumption, and low-quality alumina. Such a raw
material is difficult to treat by the traditional Bayer process [2]. This
type of mineral must undergo desulfurization treatment before it is
used in alumina production. The current desulfurization treatment
methods include flotation [3,4], roasting [5,6], precipitation
method [7], and microbial method [8].

Compared with the flotation method, the precipitation method
and the microbial method, the roasting method has a number of
significant advantages, the roasting method can not only eliminate
the sulfur, but also the roasted minerals have improved properties
with respect to the subsequent dissolution, sedimentation and

decomposition processes [9]. After the bauxite is roasted, the ore
contains increased amounts of internal pores and cracks [10],
which can speed up the ore dissolution rate. In addition, the red
mud in the roasted ore is loose and porous, which accelerates the
agglomeration of red mud particles, strengthens its adsorption
capacity of flocculant, and improves the sedimentation perfor-
mance [9].

The traditional rotary kiln roasting desulfurization [11], static
roasting desulfurization [12], and gaseous suspension roasting [13]
have the problems of a high roasting temperature, long roasting
time, poor dissolution performance of bauxite after roasting, and
high energy consumption. Therefore, the application of circulating
fluidized bed (CFB) roasting [14] is proposed in this work. The
fluidized particles are in a state of strong turbulence, and there is an
asynchronous motion between fluid and particle phases, which
thus leads to a constant renewal of the contact surface between the
two, and strengthens the heat and mass transfer between the two
phases [15]. The efficiency of the production device becomes higher
due to the increase of the reaction contact area and the intensifi-
cation of the transfer process. The CFB combustion technology has

* Corresponding author. State Key Laboratory of Advanced Metallurgy, University
of Science and Technology Beijing, Beijing 100083, China.

E-mail address: zhaohl@ustb.edu.cn (H. Zhao).

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

journal homepage: www.elsevier .com/locate/CJChE

https://doi.org/10.1016/j.cjche.2025.01.007
1004-9541/© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All rights are reserved, including those for text and data
mining, AI training, and similar technologies.

Chinese Journal of Chemical Engineering 82 (2025) 138e152



been widely used in industries such as metallurgy, power genera-
tion, mineral processing, and chemical engineering [16], and this
method has the advantages of controllable material circulation,
good thermal stability in the furnace and a more long-lasting
furnace lining. The device is simple, the investment is low, and
the production can be flexibly controlled [17].

The CFB roasting process is complex, and it is extremely difficult
to analyze the chemical reaction, the gasesolid flow characteristics,
and the mass and heat transfer due to the invisibility of the fluid-
ized bed at high temperature. However, the roasting process inside
the CFB can be visualized with the help of numerical simulation,
which is conducive to deepening the study on convective patterns,
combustion efficiency, particle and atmosphere distribution inside
the roaster. In recent years, there has been an increasing number of
studies on the numerical simulation of CFB using the computa-
tional particle fluid dynamics (CPFD) method. The CPFD method
[18,19], which draws on the multiphase particle-in-cell method
[20] and enables the calculation of the gasesolid interaction
problems, especially when the system has a large number of solid
particles [21], is ideally suited for simulation of industrial-scale
fluidized beds. Shen et al. [22] used CPFD method to study the
gasesolid flow and residual carbon in a 350 MW CFB boiler at
different loads. Yan et al. [23] used CPFD method to investigate the
effect of windecoal distribution on the combustion in the furnace
of a 600 MW supercritical CFB boiler at different loads. Chang et al.
[24] used the CPFD method to investigate the effects of primary
airflow and pulverized coal size on NOx emissions and furnace
performance of a 220 t$h�1 industrial CFB roaster, Liu et al. [25]
studied the effects of secondary airflow on the combustion char-
acteristics and NO emissions of a 440 t$h�1 boiler, and Zhang et al.
[26] investigated the 75 t$h�1 biomass CFB boiler using the CPFD
method to investigate the effect of the internal gasesolid flow and
combustion characteristics as well as the secondary air arrange-
ment on the CO gas emissions. All the above studies have verified
the feasibility of using the CPFD method for the simulation of CFB.
Meanwhile, they also indicate that the setting of operating pa-
rameters such as primary air and secondary air will have a signif-
icant impact on the operation of CFB.

Currently, the research on desulfurization in the CFB roasting
process is very limited, and there is even less research on the
setting of operating parameters. In order to reveal the distribution
of the gasesolid field inside the roasting furnace and obtain the
parameter settings of the primary air and natural gas inlets under
the optimal roasting desulfurization operating conditions, and to
provide data references for subsequent research and optimization,
we decide to use the CPFD method to simulate the desulfurization
process of high-sulfur bauxite CFB roasting.

In this paper, the prototype CPFD model that has been estab-
lished is a high-sulfur bauxite CFB roaster with a production ca-
pacity of 310 t$d�1 industrial grade. This study focuses on the
atmosphere distribution in the furnace and the desulfurization
efficiency. Firstly, the correctness of the CPFD numerical simulation
method is verified, and then on this basis, the gasesolid flow
characteristics during roasting are studied. Finally, the effects of the
primary air flow velocity and the number of the natural gas inlets
on the gasesolid flow, temperature field and atmosphere distri-
bution in the furnace were investigated. The simulation work done
in this paper addresses the gap in existing research on high-sulfur
bauxite desulfurization through CFB roasting, providing a novel
technical thought for desulfurizing high-sulfur bauxite.

2. CPFD Model

In this study, a three-dimensional model of the high-sulfur
bauxite CFB roaster desulfurization process is established using

the CPFDmethod. The radiative heat transfer, methane combustion,
gasesolid two-phase flow, and high-sulfur bauxite desulfurization
in the CFB roaster are numerically simulated.

2.1. Mathematical model

According to the CPFD simulation method, particle phase gov-
erning equation, the gas phase governing equation, mass transfer
equation and heat transfer equation are mainly used in the simu-
lation process.

In the current research on CFB using the CPFD method, the
WenyueErgunmodel is mainly adopted as the dragmodel [22e29].
This model combines the Wenyu drag model and the Ergun drag
model by adding a transition function, and it can calculate the
resistance when the particle volume concentration is between
0 and 0.7. It is applicable to CFB systems with both dense and dilute
phases. Therefore, the WenyueErgun drag model will be used for
calculations in this research.

The governing equations used in the simulation process in more
detail are displayed in Table 1.

2.2. Chemical reaction model

In Barracuda, the method of cell-average chemistry calculation
is used. This method interpolates the properties of discrete parti-
cles into a grid cell to calculate the average properties of the particle
phase, which is used to calculate the rate of a chemical reaction
[36]. The software uses stoichiometric equations to control material
balances and power-law rate laws to calculate reaction rates, both
of which combine to form the reaction module, and the Arrhenius
equation is mainly used to calculate chemical reaction rate
constants:

k¼A0m
C1
s TC2 exp

�
� E
RT

þ E0

�

During desulfurization of high-sulfur bauxite by circulating
fluidized roasting, in addition to the desulfurization reaction, the
following reactions can also occur: gas combustion and dehydra-
tion of diaspore monohydrate. The relevant chemical reaction ki-
netic parameters are shown in Table 2 [24,43e45].

2.3. Modeling, boundary conditions, and meshing

The simulated system is a 310 t$d�1 CFB roaster, which mainly
consists of main roasting furnace, cyclone separator and return
valve. The relevant dimensions of each part are shown in Fig. 1(a),
the cyclone separator exhaust port is set as the pressure outlet, the
bottom of the main furnace and the return valve are set as the flow
inlet, and a ring of 8 jet nozzles arranged at 45� downwards is set at
the cone 1.45 m from the bottom of the main furnace. At the same
time, a gas distribution plate is provided to evenly distribute the gas
in the furnace, with 1020 small holes of a radius of 2.5 mm. These
small holes are grouped such that every 6 of them are evenly
distributed on one of the 170 hoods, which are radially distributed
on the plate. The gas distribution plate is shown in Fig.1(b). In order
to be realistic and close to industrial production, the CFB roaster
wasmodeled in 1:13D, and the full cycle simulationwas carried out
to reduce the error.

Fig. 2 showsmeshing. By using Barracuda's own Baffles function,
the three-dimensional gas distribution plate is treated as a shell
structure consisting of surfaces and the passage probability of
particles and gases is adjusted to 0, which acts as a deterrent. This
effectively avoids the division of a finemesh while at the same time
realizing the function of the gas distribution plate.
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Tables 3 and 4 show the basic parameter settings for the
simulation in the Barracuda simulation.

In the first 0.5 s of the calculation, a time step of 0.0001 s was set
to ensure the stability of the calculation. From0.5 to 1 s, the time step
was set to 0.001 s. After the calculation gradually stabilized, in order
to improve the calculation efficiency, a time step of 0.01 s was set to
continue the calculation until 120 s. The roaster is filled with 873 K
air, at the same time, the roaster is equipped with 8500 kg of bed
material at a temperature of 950 K, and other initial boundary con-
ditions are given in Tables 3 and 4. Primary air, natural gas and flu-
idized air inlets are designated as flow boundary condition (BC), and
flue gas outlets are designated as pressure BC. For industrial-scale

plants, such as [47e49] system, heat loss is kept to a very low per-
centage. Therefore, the heat exchange between the roaster and the
outside is not considered in the simulation process.

Table 5 shows the size distribution of particles used, and a
particle layer with an initial height of 0.850 m is present in the
furnace.

2.4. Grid independence verification

Before using Barracuda for simulation, grid independence veri-
fication is performed first. And the thermal state simulation was
carried outwith coarse grids (212000), medium grids (407154), fine
grids (612900) to monitor the temperature distribution of main
furnace. Fig. 3 shows that the 212000 grid temperature distribution
fluctuates greatly. When the number of grids increases from
407154 to 612900 grids, the temperature distribution is relatively
more stable, and the simulation results are less related to the
number of grids. Both themedium grids and the fine grids meet the
requirements of the simulation. However, considering the
computational time together with solution accuracy, the mesh size
of 407154 cells was selected for this work.

2.5. Model validation

To verify the feasibility of the CPFDmethod in this study, a small
test bench with the same structure as the real CFB roaster was built
in this work at a scale ratio of 30:1. The validation experiments
were set up with four different air inlet volumes. The particle flow
field in the test bench running under different air inlet volumes was
compared with that from the CPFD simulation under the same
conditions, and the comparison diagrams are shown in Figs. 4 and
5. The colors in the simulation plot represent the values of the
particle volume fraction. It can be clearly seen that the experi-
mental results under four different air inlet velocities are very close
to the simulation results under the same conditions. The maximum
difference between the simulation result and the experimental
height is 0.014 m, and the error is less than 10%. Further, given the
reported studies [23e25,28,29,50] showing that the thermal
models simulation of CFB reactor based on the CPFDmethod are all
in good conformity with the real equipment. In summary, the CPFD
model established in this paper is considered reliable and can be
used in the next step of research.

3. Results and Analysis

3.1. The influence of the primary air flow velocity on the
distribution of particle flow, pressure, temperature and field

The primary air flow velocity plays a key role in the gasesolid
flow inside the furnace. Excessive primary air flow velocity leads
to the disorder of the flow field distribution inside the roaster,
which will lead to a poor reaction effect inside the furnace. If the
primary air feed rate is insufficient it cannot support the circulating
flow of the roaster. The primary air flow velocity also has a great
influence on the pressure and temperature distribution in the
furnace [51]. As thus, it is very important to select the appropriate
primary air flow velocity to maintain the stability of production.
The effect of the primary air flow velocity on the gasesolid phase in
the furnace under the condition of ensuring smooth fluidization is
discussed in this subsection. Keeping the excess air coefficient
constant during simulation, the settings are shown in Table 6.

Fig. 6 shows the variation of the particle flow state inside the
furnace over time for different primary air flow velocity. Within
0e20 s, the particles rapidly changed from the packed state to the
fluidized state. Within 20e80 s, the particles continue to rise under

Table 1
Governing equations in numerical simulations.

Equation Number

Gas-phase governing equations
Continuity equation [30,31]
vðqfrf Þ

vt
þ V$ðqfrfuf Þ ¼ d _mp

(1)

Momentum equation
vqfuf
vt

þ V$ðqfufuf Þ ¼ � 1
rf
VP� 1

rf
Fþ qfgþ

1
rf
Vtf

(2)

Momentum exchange frequency

F ¼ ∬ fm
h
DPðuf � upÞ � VP

rp

�
dmdup

(3)

Energy equation [32,33]
vðqfrfhf Þ

vt
þ V$ðqfrfhfuf Þ

¼ qf

�vP
vt

þuf $VP
�
þ fþ Q þ Sh þ qD þ V$ðqfkfVTf Þ

(4)

Governing equations of particle phase
Particle phase momentum equation [31,34]
dup

dt
¼ DPðuf � upÞ� 1

rf
VP þ g� 1

qprp
Vtpþ Fp

(5)

Normal stress [35,36]

tp ¼ 10PSq
b
p

max ½ðqcp � qpÞ; εð1� qpÞ�
(6)

Particle energy equation [32,33]

cV
dTp
dt

¼ Ap

mp
hpðTf � TpÞ þ 1

mp
HC
fp

(7)

Drag coefficient

DP ¼ fd
3
8
rf
rp

juf � upj
rp

(8)

WenyueErgun model [37]

fw�e ¼

8>>>><
>>>>:

fw; qp <0:75qCP

fw þ qp � 0:75qCP
0:1qCP

; 0:75qcp < qp <0:85qCP

fe; 0:85qCP < qp

(9)

Reynolds number equation

Re ¼
2rf rp

���uf � up

���
mf

(10)

Heat transfer equations
Radiative heat transfer equation [38]
qWP ¼ AWFWPεWPsWPðT4W � T4

P Þ (11)

Heat transfer equation between fluid and walls [39]
hfw ¼ hl þ fdhd (12)

fd ¼ 1� e
�10

� qp
qCP

�
(13)

Lean phase heat transfer coefficient equation

hl ¼ ðc0Ren1
L Prn2 þc1Þ

kf
L
þ c2

(14)

Dense phase heat transfer coefficient equation

hd ¼ c0Re
n1
p
kf
dp

(15)

Heat transfer equation between fluid and particles [40]

hp ¼
�
c0Re

n1
p Pr0:33 þ c1

�
kf

dp
þ c2

(16)

Transport equation [41,42]
vðqfrfYf ;iÞ

vt
þ V$ðqfrfYf ;iuf Þ ¼ V$ðrfDqfVYf ;iÞ þ d _mi;chem

(17)
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the drive of the airflow until they reach the top of the roasting main
furnace and then are sent to the cyclone separator for gasesolid
separation. The separated solid particles enter the return section
via the leg of the cyclone separator, and then flow to the roasting
main furnace under the action of the fluidized air of the return
valve, so that the material reaches the CFB roasting state. Judging
from the temperature change in Fig. 7 and the change in the particle

accumulation height of the cyclone separator leg in Fig. 6, the
gasesolid flow and combustion reaction tend to stabilize after 80 s.

From Fig. 7, it is seen that when the primary air flow velocity is
1.25 m$s�1 the particle fluidization rate is slower, and when the
particle flow reaches a stable circulating flow state, there is a large
number of particle accumulation at the bottom of the furnace, the

Table 2
Models of chemical reaction kinetics used.

Reactions Rate equations Rate constant

1 H2O(moisture)/H2O(g) R1 ¼ k1[H2O] k1 ¼ 5.13 � 1010exp(e10585/T)
2 CH4þ2O2/CO2þ2H2O R2 ¼ k2[CH4][O2] k2 ¼ 3.552 � 1014exp(e15700/T)
2 2AlOOH/Al2O3þH2O R3 ¼ k3 k3 ¼ 1.78 � 1011exp(e30615.8/T)
4 4FeS2þ11O2/2Fe2O3þ8SO2 R4 ¼ k4[O2] k4 ¼ 1 � 1014exp(e31180/T)

Fig. 1. Schematic of the geometric model: (a) CFB roaster and boundary conditions, (b) gas distribution plate.

Fig. 2. Meshing.

Table 3
Basic parameter settings for the simulation [46].

Option Parameter setting

Density of particles/kg$m�3 3900
Initial mass of the material bed/kg 8500
Accumulation porosity of particles 0.63
Constant total air flow/m3$s�1 11.5
Normal-to-wall momentum retention 0.35
Tangent-to-wall momentum retention 0.995

Table 4
Parameters for thermal simulation.

Option Parameter setting

Initial roaster temperature, except bed material/K 873
Temperature of initial bed particles/K 950
Temperature of natural gas, set as ignition temperature/K 900
Temperature of primary air/K 300
Temperature of fluidization air/K 300
Constant total natural gas flow/kg$s�1 0.155
The flow of primary air/kg$s�1 5.08
The flow of fluidization air/kg$s�1 0.342
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accumulation is likely to cause circulating fluidization blockage of
the system, which in turn affects the normal operation. When the
flow velocity is 1.50 m$s�1, the particle fluidization rate is moder-
ate, and when the particles in the furnace reach stable circulating
fluidization, the particles are evenly distributed and flow smoothly
without blockage.When the primary air flow velocity is 1.75 m$s�1,
particles have maximum velocity, and when the particles in the
furnace reach a stable circulating fluidization, a large number of
particles enter the cyclone separator due to excessive primary air
flow. However, the return rate has a certain limit, excessive

Table 5
Sample particle size distribution.

Diameter/mm Mass proportion/%

>150 34.2
75e150 9.3
45e75 5.3
25e45 4.4
<45 46.8
Total 100.0

Fig. 3. The average fluid temperature distributions in the center of the furnace for
different grid numbers.

Fig. 4. Comparisons of experimental and simulated results when the airflow is (a) 0.4 m3$s�1, (b) 0.53 m3$s�1, (c) 0.67 m3$s�1, and (d) 0.8 m3$s�1.

Fig. 5. Experimental and simulated fluidized bed heights at different air velocity.
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amounts of particles entering the cyclone legs will lead to blockage
and unfavorable roasting and desulfurization conditions. It can be
seen that, among the three primary air velocities under the simu-
lation conditions in this paper, 1.50 m$s�1, which is a moderate air

velocity value, is more ideal for the stable operation of CFB roaster
and the desulfurization of high sulfur bauxite.

Fig. 8 shows the particle velocity distributions at different
heights in the vertical profile of the main roaster when the roaster

Table 6
Parameters for different primary and natural gas feed rates with the same air excess coefficient.

Case Primary air flow velocity/m$s�1 Natural gas feed rate/kg$s�1 Total air feed rate/kg$s�1 Excess air coefficient

(a) 1.25 0.123 4.33 1.25
(b) 1.50 0.148 6.21 1.25
(c) 1.75 0.172 7.16 1.25

Fig. 6. The distributions of the volume fraction of particles in the roaster under different primary air flow velocities with the accompanying change in the total air feed rate: (a)
1.25 m$s�1, (b) 1.50 m$s�1, (c) 1.75 m$s�1.
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is operating stably. In the graph, an upward particle velocity is
indicated as positive, and a downward particle velocity is indicated
as negative. The “coreeannular” pattern of particles as described by
other researchers [52] is observed in the furnace. In this pattern, the
particles are affected by the wall, resulting in the particles near the
wall rising up slower and some of the particles moving downwards,

the falling particle flow is called annular. While the particles away
from thewall are less affected by thewall and rise more quickly, the
upward gasesolid flow is called core. The whole furnace shows a
flow of particles upward in the center and downward at the edges.
The rising part of the particle flow in the center of the furnace
moves downward along thewall to the bottom of the furnace under
the obstruction of the wall, and then moves upward again under
the drive of the central air flow.

Comparing Fig. 8(a), (b) and (c), it is evident that at the flow
velocity of 1.25 m$s�1, the difference in particle velocity at different
cross-section heights is small, and the velocity at the center of the
cross-section is 1e3 m$s�1. In addition to the particles at the center
of the cross-section moving upward, most of the particles are
moving downward. The closer to the wall, the faster the particles
move downward. The overall velocity of particles is relatively slow.
At a primary air flow velocity of 1.50 m$s�1, the difference in par-
ticle velocity at different cross-section heights is small, and the
velocity at the center of the cross-section is 2e6 m$s�1. A small
portion of the particles near thewall move downward. At a primary
air flow velocity of 1.75 m$s�1, there is a large difference in particle
velocity at different cross-section heights, and the velocity at the
center of the cross-section is 4e8m$s�1. Most of the particles in the
region move upward. The velocity gradient of the particles is large,
and the overall velocity is fast. At this primary air flow velocity, the
particles quickly enter the cyclone separator from themain furnace.
This situation is not conducive to the effective roasting and desul-
furization process of high-sulfur bauxite, and it also needs to

Fig. 7. The temperature at the bottom of the main furnace.

Fig. 8. Particle velocities at different cross-section heights for different primary air flow velocities: (a) 1.25 m$s�1, (b) 1.50 m$s�1, and (c) 1.75 m$s�1.
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consume more fuel. It can be seen that the three primary air ve-
locities under the simulated conditions in this paper, when the flow
velocity is 1.50 m$s�1, the gasesolid flow state in main furnace is
optimal, under this primary air flow the bauxite can be fully roasted
and desulfurized.

Fig. 9 shows the pressure distribution in the roaster at different
primary air flow velocities when the CFB roaster is running stably.
The figures show high pressure values at the bottom of the CFB
roaster and in the feeder, while the pressure at the exhaust outlet is
the lowest, and the pressure increases with furnace height.

It can also be seen from the figure that the maximum values of
the internal pressure of the furnace for the three operating condi-
tions with primary air velocity increasing from low to high are 179,
182 and 184 kPa. There is a positive correlation between the
maximum pressure and the flow velocity in the furnace, and the

pressure of the cyclone separator leg and the return valve gradually
increases as the primary air flow velocity increases. For the return
valve, a certain pressure is required to promote the circulation of
the material, but the excessive pressure accelerates the circulation
rate of the material. At this point, too many particles enter the re-
turn valve, leading to the blockage of the return valve. Similarly, too
small pressure slows down the circulation rate of the material, and
more particles stay at the bottom of main furnace can likewise lead
to localized blockages, which affects the normal operation of the
roaster [53]. It is clear that, among the three primary air velocities
under the simulated conditions in this paper, under a primary air
flow velocity of 1.50 m$s�1, pressure distribution inside the furnace
is more favorable for bauxite roasting and desulfurization.

Fig. 10 shows the temperature distribution in the roaster at
different primary air flow velocities when the CFB roaster is
running stably. As shown in Fig. 10, the bottom temperature of the
roasting furnace is the lowest and the temperature distribution is
uneven, the temperature in the middle and lower parts is the
highest, and the temperature distribution in the middle and upper
parts is very uniform radially. In the cyclone separator, the tem-
perature gradually decreases from the flue gas outlet to the mate-
rial leg, the temperature at the return valve is also lower. As can be
seen from the horizontal plane of 3 m and 2.3 m in the figure, the
temperature in the bottom area near the wall is higher than that in
the center area. Fig. 10 show that the primary air flow velocity has
little impact on the overall temperature distribution, but has a
greater impact on the temperature distribution at the bottom of the
roaster. Temperature distribution at the bottom of the furnace is
more evenly distributed at the other two air velocities than at an air
velocity of 1.50 m$s�1, because a small flow velocity causes more
particles to stay in the lower part of the main furnace, and a larger
flow velocity causes the air flow at the bottom to be disordered,
whichmakes the temperature at the bottom of the roaster fluctuate
greatly. At the three simulated flow velocities, under the primary
air flow velocity of 1.50 m$s�1, the temperature distribution inside
the furnace is even/homogeneous, which contributes to the
desulfurization reaction of bauxite roasting.

Fig. 10. Temperature distributions in the roaster under different primary air velocities: (a) 1.25 m$s�1, (b) 1.50 m$s�1, and (c) 1.75 m$s�1.

Fig. 9. Pressure distributions in the roaster under different primary air velocities: (a)
1.25 m$s�1, (b) 1.50 m$s�1, and (c) 1.75 m$s�1.
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3.2. The influence of the number of natural gas inlets on the
temperature field, gas distribution and desulfurization efficiency in
the furnace

The natural gas enters the roaster at a fixed flow through the
inlet to burn and produce heat. The number of natural gas inlets
directly determines the velocity of the natural gas, and the velocity
of the natural gas determines its penetration depth. The depth of
penetration affects the uniformity of reactant mixing and thus af-
fects the chemical reaction rate [54]. When the total flow is con-
stant, the less the number of natural gas inlets, the faster the flow
velocity and the deeper the penetration depth of natural gas. But
excessive penetration hinders the primary air at the bottom of the

main furnace to carry the solids up, weakening the degree of
gasesolid mixing in the furnace and resulting in insufficient
gasesolid reaction and combustion reaction [55,56]. Too many
natural gas inlets lead to insufficient penetration of the natural gas
into the bed material, so that the natural gas cannot fully contact
the reactants in the center region of the furnace. In this case, the
combustion efficiency and temperature will be reduced, and the
desulfurization reaction efficiency will be reduced [57]. The right
amount of natural gas inlets can contribute to reducing the energy
consumption of roasters and facilitate the desulfurization of
bauxite, reducing emissions of exhaust gas. In this section, under
the premise that the smooth fluidization of materials is ensured
and other conditions remain unchanged, the effects of the natural
gas inlet number are discussed. The natural gas inlet is set up using
Barracuda software's jet module, which simplifies the calculation
and ensures the accuracy of the simulation. Fig. 11 shows the
setting of the jet boundary conditions.

Fig.12 shows the distribution of themass fraction of water vapor
in the furnace with different numbers of natural gas inlets during
stable operation of the CFB roaster. Simulation results in the figure
show that mass fraction of water vapor is largest in the lower part
of the main roasting furnace and smallest at the return valve and
cyclone separator legs. The water vapor in the roaster is generated
mainly by the combustion of natural gas and dehydration of dia-
spore monohydrate, the natural gas enters the combustion zone
from thewall of the conical section at the bottom of the roaster, and
a large amount of diaspore monohydrate is dehydrated at the
bottom of the roaster in the concentrated phase area. In Fig. 13, for
the 4 inlets, the peak of thewater vapormass fraction is narrow and
sharp, with a peak value of 0.19, which is much higher than the
peak values of the other two cases. This indicates that when the
number of inlets is 4, the strong natural gas flow blocks the upward
movement of the primary air and the solid particles carried by it,
resulting in most of the material particles being gathered in the
bottom. And the water vapor generated by the bauxite dehydration
and combustion reaction is collected in this region. When the
number of natural gas inlets is 8 and 12, the blocking effect of the
natural gas is weakened. The primary air and the particles carried

Fig. 12. Distributions of water vapor in the furnace under different natural gas inlet numbers: (a) 4, (b) 8, and (c) 12.

Fig. 11. Distributions and numbers of the natural gas inlets: (a) 4, (b) 8, and (c) 12.
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by it mix with the natural gas to form a wider reaction zone in the
height direction. For the cases where the number of inlets is 8 and
12, the larger area shown in Fig. 12 and the wider peaks shown in
Fig. 13 indicate that the area of reaction is larger for the number of
inlets 8. This may be because with 8 natural gas inlets, the natural
gas penetration ability is stronger than that with 12 inlets, and thus
the gasesolid contact in the center area is more adequate. From the
horizontal cross-section of 2.3e15 m in Fig. 12, it is also seen that
when the number of natural gas inlets is 4, the reaction area is too
concentrated, and the distribution of water vapor mass fraction
under the action of the strong natural gas is in the shape of a cross.
When the inlets are 8 and 12, the gas mixing and dispersion are in
the shape of an ellipse.

Fig. 14 shows the distribution of the mass fraction of carbon
dioxide in the furnace for different numbers of natural gas inlets
during stable operation of the CFB roaster. Simulation results in
the figure show that the mass fraction of carbon dioxide reaches

maximum value in the lower part of the main furnace, and rea-
ches minimum value at the legs of the return valve and cyclone
separator. The carbon dioxide in the roaster is generated by the
combustion of natural gas, which enters the combustion zone
from the wall of the cone section at the bottom of the roaster.
Similarly, Fig. 15 shows that when the number of natural gas
inlets is 4, the combustion product CO2 accumulates in the bot-
tom region due to the barrier effect of the natural gas and the
average local mass fraction of CO2 increases to 0.047. Moreover,
compared with the case where the number of inlets is 12, when
the number of inlets is 8, the peak value of the mass fraction is
larger, reaching 0.052. The mass fraction at height above 5.28 m is
also greater than that when the number of inlets is 12. This
means that the combustion reaction is relatively more complete
at an inlet number of 8.

Fig. 16 shows the distribution of the oxygen mass fraction in the
furnace with different numbers of natural gas inlets during stable
operation of the CFB roaster. Simulation results in the figure show
that except for the two inlets, there is more oxygen distribution at
the legs of the cyclone. And the oxygen content is very small in the
main roasting furnace and the upper part of the cyclone. In the
main furnace, oxygen enters from the bottom of the inlet main
furnace, mixes with natural gas in the main furnace cone to com-
plete combustion, and some unreacted oxygen rises and diffuses to
the upper part of the main furnace, resulting in the oxygen in the
main furnace showing the curve of Fig. 17, which is decreasing and
then increasing.

By comparing Fig. 16(a), (b), and (c), it is seen that with 4 natural
gas inlets, the natural gas flow velocity is too fast, and the distri-
bution of the area after injection is more concentrated. As a result, it
fails to mix with the oxygen sufficiently, leading to insufficient
combustion reactions, and there is more oxygen remaining in the
roaster. The value of the mass fraction above 2.1 m reached 0.095,
which is significantly higher than the number of entrances of the
other two. Excessive oxygen residual will result in more heat being
used to heat the excess oxygen, resulting in lower heat inside the
furnace and affecting the desulfurization process.

Fig. 14. Distributions of carbon dioxide in the furnace under different numbers of the natural gas inlets: (a) 4, (b) 8, and (c) 12.

Fig. 13. Distributions of water vapor mass fraction at the center of CFB roaster for
different numbers of natural gas inlets.
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Fig. 18 shows the distribution of sulfur dioxide in the furnace
with different natural gas inlet numbers when the CFB roaster is
running stably. The figure shows the mass fraction of sulfur dioxide
is the largest in the middle and lower zones of high solid contents,
smallest at the return valve.

It is also seen that the sulfur dioxide mass fraction is smaller on
the side near the inlet of the return valve because the temperature
of the return air flowing into the feeder is lower, which makes the
particles on the side close to the return air react more slowly and
produce less sulfur dioxide. At the same time, in conjunction with
Figs. 18 and 19, the sulfur dioxide distribution fraction is smallest
when the number of natural gas inlets is 4 and largest when the
number of inlets is 8. It can be inferred that the desulfurization
reaction rate is the lowest with 4 natural gas inlets, with 8 natural
gas inlets, the desulfurization reaction rate is the highest, natural
gas inlets and the desulfurization reaction rate becomes slow again

when the number of inlets is increased to 12. The number of natural
gas inlets (the flow velocity and distribution of the natural gas) has
a significant impact on the rate of desulfurization reaction.

Fig. 19 shows the distribution of sulfur dioxide mass fraction
along the center height with different numbers of natural gas inlets
when the CFB roaster is running stably. It can be seen that with 4
natural gas inlets, under the isolation of natural gas, sulfur dioxide
is formed at the bottom, mass fraction up to 0.26 while with 8 or 12
natural gas inlets, the distribution of sulfur dioxide is more uniform
in the direction of the natural gas outlet. Fig. 20 shows the desul-
furization efficiency of the roaster after 120 s of operation with
different numbers of natural gas inlets. This desulfurization effi-
ciency is calculated by dividing themass of sulfur dioxide in the flue
gas outlet by the mass of sulfur dioxide in the initial bed material. It
is seen that with 4, 8 or 12 natural gas inlets, the desulfurization
efficiency of the bauxite roasting is 45.3%, 53.8% and 50.4%,

Fig. 15. Distributions of carbon dioxide mass fraction at the center of CFB roaster for
different numbers of natural gas inlets.

Fig. 16. Distributions of oxygen in the furnace under different natural gas inlet numbers: (a) 4, (b) 8, and (c) 12.

Fig. 17. Distributions of oxygen mass fraction at the center of CFB roaster for different
numbers of natural gas inlets.
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respectively, and the desulfurization efficiency is best at 53.8% with
8 natural gas outlets, which is 8.5% and 3.3% higher than with the
other two numbers of outlets, respectively.

Fig. 21 shows the temperature distribution inside the roaster for
different numbers of natural gas inlets. As seen from the figure, the
temperature in the lower region of themain furnace is the lowest and
the temperature distribution is uneven, the temperature is higher
near thewall and lower at the center. The temperature in the middle
and lower parts is the highest and uniform. In the cyclone separator,
the temperature gradually decreases from the flue gas outlet to the
material leg, it is also lowat the returnvalve. This is because air enters
the roaster at room temperature. Combinedwith Figs. 21 and 22, it is
seen that when the number of natural gas inlets is 4, the average
temperature in the furnace is the lowest, the highest at 8, and lower
at 12. Natural gas enters the roaster from the natural gas inlet for

combustion, which not only provides heat for the roasting process
but also acts as the secondary air. With too few natural gas inlets, the
natural gas flow velocity is too fast and blocks the gasesolid rise at
the bottom and the gathered particles lead to insufficient gasesolid
contact, reduces the efficiency of the combustion reaction, lowering
the temperature and thus the efficiency of the desulfurization reac-
tion, this is also the reason for the lower sulfur dioxide mass fraction
when the number of natural gas inlets is 4 in Fig. 19. Excessive
numbers of natural gas inlets lead to insufficient natural gas pene-
tration and the inability of natural gas to mix uniformly with oxygen
in the center of the furnace, which also leads to slow reaction of the
bauxites as well as the combustion reaction, resulting in a low
furnace temperature and reduced desulfurization efficiency.

According to the simulation results, under the conditions
simulated in this paper, the best desulfurization effect and higher

Fig. 18. Distributions of sulfur dioxide in furnace under different natural gas inlet numbers: (a) 4, (b) 8, and (c) 12.

Fig. 19. Distributions of sulfur dioxide mass fraction at the center of CFB roaster for
different numbers of natural gas inlets.

Fig. 20. The desulfurization efficiencies of sulfur dioxide in flue gas after 120 s of
operation under different natural gas inlet numbers: (a) 4, (b) 8, and (c) 12.
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temperature in the furnace are achieved when 8 natural gas inlets
are selected with the same total natural gas flow.

4. Conclusions

In this work, a circulating fluidized bed with a production
capacity of 310 t$d�1 for desulfurization of high-sulfur bauxite
has been modeled and simulated with a CPFD method. The ef-
fects of primary air flow velocity and the number of natural gas
inlets on the circulation and desulfurization efficiencies of this
roaster have been investigated. By focusing on the distributions
of particle velocity, gas species, temperature, and pressure in the
CFB roaster under different conditions, the conclusions are as
follows:

(1) The primary air flow velocity affects the gasesolid circulation
inside the CFB roaster. If the primary air flow velocity is too

slow, the particles stay too long and pile up in the main
furnace bottom, resulting in uneven gas and solid phase
mixing and slowing the desulfurization reaction. If the pri-
mary air flow velocity is too fast, too many particles stay in
the cyclone separator, resulting in the clogging of the return
valve and affecting the gasesolid circulation. The airflow
from the return valve also leads to large temperature fluc-
tuations at the bottom of the roaster.

(2) With the same total natural gas flow, 4 inlets make the
natural gas flow velocity too large, which hinders the up-
ward movement of the particles at the bottom. 12 inlets
make the natural gas flow velocity too small, the natural
gas penetration ability is weakened, and the natural gas
cannot reach the center of the furnace body, leading to
insufficient contact between the gas and the solid and
lowering the efficiency of the desulfurization reaction. The
desulfurization efficiency is 53.8% with 8 natural gas inlets,
which is 8.46% and 3.3% greater than with 4 and 12 inlets,
respectively.

In this study, only the internal field of high sulfur bauxite CFB
roaster is briefly investigated, and there is still room for improve-
ment of the research content and simulation model. The next step
will be to develop internal field details and more studies affecting
desulfurization based on a better model.
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Nomenclature

A area, m2

A0 pre-exponential factor
C constants
DP drag function
D viscosity correlation coefficient
Ewp effective emissivity coefficient
E activation energy
E0 activation energy constant
F frequency of momentum exchange, m2$s�1

Fwp effective view factor
Fp friction force of particles, N
g gravitational acceleration, m2$s�1

HC
fp enthalpy of reaction

hf fluid enthalpy
h heat transfer coefficient, W$m�1$K�1

kf fluid thermal conductivity, W$m�1$K�1

ms solid mass of free carbon per cell volume
mp particle mass, kg
P pressure, Pa
Ps positive constant
Q energy source, J$m�3$s�1

q heat flow
r radius, m
R molar gas constant
Re Reynolds number
Sh conservative energy exchange
T temperature, K
qf volume fraction
qcp particle close pack limit
r density, kg$m�3

tp particle stress function, N
ε a very small constant
u velocity, m$s�1

f viscous dissipation
b constant
d _mp mass source term, kg$m�3$s�1

Subscripts
f fluid phase
p particle phase
w wall
d dense phase
l lean phase
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