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Abstract Aiming at the mixing and separation phenomenon of particles in a gas-solid fluidized bed, a multiscale CFD
computational model compatible with a fluidized bed reactor is constructed based on a multiscale model, the gas-phase and
solid-phase conservation equations are proposed, and the main structural parameters and non-homogeneous resistance model
are determined. Under the condition of considering the bubble mesoscale and the interaction of particle phases in the emulsified
phase, a numerical model of mass transfer for gas-solid two-phase flow in the fluidized bed was established, and the complex
heat and mass transfer characteristics of two-component particles (quartz sand-rice husk) in the fluidized bed and the
parameter influencing law were analyzed. The results show that the flow velocity of solid particles in the fluidized bed reactor
increases with the increase of apparent velocity at the inlet gas; the change of mass ratio has a small effect on the transverse
velocity of mixed particles, but the effect on the longitudinal velocity is relatively obvious. Meanwhile, it was found that the
inlet gas velocity, bed temperature, and operating pressure all had significant effects on the mass transfer efficiency between
the gas and solid phases, and a reasonable matching of the external operating conditions is conducive to improving the mass
transfer efficiency between the two phases in the fluidized bed reactor.

Index Terms fluidized bed, non-homogeneous drag model, mass transfer, numerical model, two-component particles

I. Introduction

A fluidized bed reactor is a device commonly used for chemical reactions, heat transfer, and mass transfer [1]- It employs the
dynamic fluidization of granular material beds to facilitate transfer processes, offering advantages such as rapid reaction rates
and high heat and mass transfer efficiency [2], [3]- The mechanisms underlying fluidized bed reactors primarily include the
flow characteristics of the fluidized bed, the motion patterns of granular material, and heat and mass transfer during the reaction
process [4], [S]- Through the synergistic effects of these mechanisms, fluidized bed reactors can achieve rapid reactions,
efficient transport, and stable operation, making them an excellent chemical reaction device [6]-[8]- However, due to the
differences in physical properties such as particle diameter and density, the phenomenon of particle mixing and separation
occurs in multi-component gas-solid fluidized beds, which directly affects the gas-solid reaction characteristics and fuel
conversion rate. Therefore, in-depth research on the separation characteristics of two-component particles in gas-solid
fluidized beds will be conducive to obtaining the optimal operating conditions of the system and thereby improving fuel
utilization efficiency.

In a fluidized bed reactor, the bed material is dynamically fluidized through fluid dynamics [9]. Within the bed layer,
particulate materials are dispersed in the gas flow and move in an irregular manner, forming a flow pattern similar to that of a
liquid [10]-[12]- This flow pattern is advantageous for the reaction process as it increases the contact area of the reactants,
thereby enhancing reaction rates [13]], [14].- The movement patterns of particulate materials are also critical to the reaction
process in fluidized bed reactors [[15]- Due to collisions and friction between particles, various movement patterns such as
rolling, sliding, and colliding occur [16], [17]- These movement patterns and velocities significantly influence both the reaction
process and mass transfer process [18]. For example, the dispersion degree and flow velocity of reactants affect reaction rates
and mass transfer efficiency, while particle friction and collisions generate heat, influencing reaction temperatures [19]-[21]-
Additionally, heat transfer and mass transfer in the reaction process within a fluidized bed reactor are also important
mechanisms [22]- Due to the contact between particles and gas flow within the bed layer, heat and mass transfer occur [23].
This transfer mechanism effectively conveys the heat and mass of reaction materials into the bed layer, thereby enhancing
reaction rates and transfer efficiency [24], [25]-

In this paper, a multi-scale CFD model of fluidized bed reactor is constructed, and a two-fluid model computational
framework is adopted to describe the flow structure in the fluidized bed, and a gas-solid traction model is constructed on the
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basis of the single-component gas-solid traction model, which is applicable to the two-component mixture fluidized bed
system. Finally, the flow and mass transfer characteristics between the solid phase and the gas phase in a fluidized bed with

two-component particles are simulated, and the effects of different external operating conditions on the flow and mass transfer
characteristics between the two-component particles and the gas are further discussed.
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II. Method

With the rapid development of computers, computational fluid dynamics (CFD) has developed a lot of excellent software and
mature simulation models, which can be easily carried out for fluidized bed reactor related research [26]. Fluidized bed reactor
(FBR) is widely used in industrial production due to its efficient mass and heat transfer performance and good mixing
characteristics. In this chapter, a multi-scale CFD computational model equation compatible with fluidized bed reactor will
be constructed based on the multi-scale model to propose the mass transfer mechanism of fluidized bed reactor.

II. A. Physical model
II. A. 1) Condition setting

The fluidized bed reactor model used in this simulation is shown in Figure \1\ The reactor is 1.5 meters high and 0.2 meters in
diameter. It was constructed as a quadrilateral grid using ICEM. The fluidized bed reactor has a velocity inlet at the bottom
and a gas outlet set at the top.

Gas outlet

1.5

0.5m

T T T velocity inlet
Fluidized bed reactor model
Figure 1: Fluidized bed reactor model

In the reactor cold simulation, the bottom of the reactor is used as the velocity inlet boundary condition. The top is under
the free exit boundary condition and the wall is under the non-slip adiabatic condition, and the wall temperature is the ambient
temperature. The non-uniform drag model was modeled using a UDF loaded QC-EMMS model with a time step of 0.01 s.
The maximum number of iterations for each time step was 20. The maximum number of iterations for each time step was 20.

The unsteady state solution was used and the air inlet was nitrogen. For the thermal state simulation of the reactor, the
standard k-e turbulence model with high computational accuracy and suitable for turbulence simulation was chosen.
Throughout the numerical simulation experiments, it was assumed that all solid particles were spherical with smooth outer
surface.

II. A. 2) Physical parameters of gas-solid phases

The medium gas-phase medium entering the fluidized bed was nitrogen, and the solid-phase medium was multicomponent
particles consisting of quartz gravel and rice husk, whose physical parameters are shown in Table |1}
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Table 1: Physical property of gas and solid

Gas phase Nitrogen Unit
Density (p;) 1.231 kg/m3
Viscosity (i) 1.795x107° Pa-s
Solid phase Quartz sand particles Rice husk pellets
Average particle size(dp) 2840 1520 pum
Particle density (ps) 2500 950 kg/m3
Bulk density (pa) 1350 538 kg/m?

During the entire simulation process, only pyrolysis reactions occurred. Among them, quartz sand particles, as inert bed
materials, mainly serve as heat transfer and fluidization media. Rice husk pellets, as biomass raw materials, are the main
reactants (cellulose, lignin, etc.). No other catalysts were added during the simulation process. Only the rice husk ash (K, Ca,
etc.) in the rice husk particles was used as a natural catalyst.

II. B. Mathematical modeling
II. B. 1) Basic control equations
When modeling a fluidized bed gas-solid fluidization system, a single-phase model only needs to solve the momentum and
continuity equations for one phase. However, when analyzing a multi-phase model, it is necessary to introduce multi-phase
volume fraction modifications based on the single-phase model and establish additional conservation equations.

(1) Volume fraction

The volume fraction of each phase is denoted by a,, and each phase satisfies the law of mass conservation. The
conservation equations for each phase can be determined using single-phase local transient equilibrium or mixed theory
methods.

In the model, the volume J/, of phase p (containing gas phase g and solid phase §) is defined as:

v,=| a,dv (1)

Satisfaction:

The effective density of phase p is expressed as the product of the volume fraction and the physical density:

A

pp:appp (3)

(2) Equation of conservation of mass
When there is mass transfer between phases, it is expressed as:

0 - <
o @GP+ (@,p,7,) = iy, )
p=1
When there is no mass transfer between phases, it is expressed as:
0 -
5 (@) +V-(2,p,7,)=0 (5)
where, v : phase velocity of p, #1, : mass transfer of phase p and phase ¢. And it satisfies:
My ="My ©)
i, =0 (™)

(3) Momentum Conservation Equation
Gas phase g:
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The stress—-strain tensor is expressed as:
T =a,u(V-v,+V-y ) +a, (4, —% )V v I (10)

In the equation, p_: particle phase pressure magnitude, 4/ : particle shear viscosity magnitude, Z,f: particle volume
viscosity magnitude, F g,FS: external volume force, Eiﬂ g,F}if’s: lift, FVmg ’FV,,, _+ virtual mass force, Kgs’” K, : gas-
solid drag force, solid-solid drag force. ' 7

The virtual mass forces of particles in gas-solid flow are much smaller than the inertial forces of particles, so this paper
ignores the virtual mass forces. By analogy with the theory of thermal motion of gas molecules, a particle temperature related
to the random motion of particles is introduced to describe the kinetic energy of the particle phase. The constitutive equation
is used to close the above momentum conservation equations.

II. B. 2)  Constitutive equations
This paper uses the particle dynamics theory (KTGF) to describe particle flow and close the above control equations. This
theory uses parameters such as “particle viscosity” and “particle pressure” to close the solid corresponding stress and interphase
interaction.

(1) Particle temperature

Analogous to the thermodynamic temperature of random molecular thermal motion, the kinetic energy generated by particle
motion is expressed using particle temperature:

EP (psas®s)+V-(psais®s)}
20 o

(11)

Among them, (— psj +z?s) : V'V : energy generated by the solid state stress tensor, kg VO : energy diffusion (kg
represents the diffusion coefficient), ¢, : energy exchange between phases, expressed as: )

¢, =—-3K,0, (12)

7O _: Energy collision dissipation, i.e., the energy dissipation rate caused by solid particle collisions. It can also be given
by the Lunetal expression:

— 12(1 - eszs)go,ss

Y om ds—\/;

pale)? (13)

(2) Solid pressure
ps = asp.s'@x +2ps (1+esx)ax2g0,ss®s (14)

Among them:
e, : recovery coefficient of solid-phase collision; g . : radial distribution function of solid phase; O, : solid-phase

A

temperature.
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2
(3) Radial distribution function

When the solid phase becomes dense, the particle collision probability is corrected using the radial distribution function,
i.e., the dimensionless distance between particles:

_S+dp

8o = (1)

s

In the equation, § is the distance between particles. When the solid phase is sparse, § —00,g, —>1; when s —> 0,
gy —> ©.
The radial distribution function used in this paper is:

1—1

) (16)

aS

8o = 1_(

§,max
When the number of solid phases is greater than 1, the equation becomes:
-1

1
o =| 1- (=23 (17)

[, max
o, s specified in the problem setting and satisfies:

dmgO,,u + dlgO,mn
d +d,

8om = (18)

(4) Solid shear stress
The solid stress tensor is used to describe the momentum exchange generated by the motion and mutual collision of particles,
including three parts: collision, movement, and friction:

Mo =M o T M i T K 4 (19)
The collision section is:
o =50 pd, 2 (e ) @0
The friction parts are:
p,sin®

Hp =3 (21)
2 IZD

where, sin @ : internal friction angle, /,,: second invariant of the shear stress tensor-
The moving part uses the Syamlal expression:

_a,pd O

2
s,kin — 1+_ 1+ev§ 369&'_1 av s (22)
Hok 6G—c.) [ 5 (1+e,)Ge, )Ago,‘}

Another commonly used expression is Gidaspow:

10p,d /O 7

96a,(1+e;)g,

2
4
ﬂs,kin = [1 + g(l + ess )asgo,ss :l (23)

(5) Solid volume viscosity
The resistance of particles to compression and expansion is the solid bulk viscosity. This paper adopts the form given by
Lun:
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A= %as pd.g, . (+e, )(%)“2 (24)

(6) Phase exchange coefficient
The Syamlal-O'Brien symmetric model is used to calculate the interparticle drag coefficient expression as follows:

2
T

3(1+e,2)(”+c. o)

2 jrilz 8 Jaspsalpl(dl +ds)2g0,lz
K = vV, =V
§ 27(pd; +pd;) K

In the equation, e, : Solid phase particle recovery coefficient, Cﬁ,h: Solid phase particle friction coefficient, g, :
Radial distribution function.

II. B. 3) Multi-scale Drag force model

In this paper, the effects of the bubble mesoscale and the interaction of the particulate phase in the emulsified phase on the
interphase traction within the bubbling fluidized bed are considered, and a gas-solid traction model applicable to a two-
component mixture fluidized bed system is constructed on the basis of the one-component gas-solid traction model [26].
Based on the assumption that no particulate phase exists within the bubble, the average physical properties of the emulsified
phase are obtained as:

pe =ppl(pepl +pp2¢ep2 +pg¢eg (26)
i, = 1, [1+25(1-0,)+10.05(1-p,)* +0.00273exp(16.6 +16.6)p, | (27)
Ue = (ngge + pperpl + ppZUepZ) / Ioe (28)

where p, is the average density of the emulsified phase, kg/m® p, and p,, are the densities of the particles pl (quartz
sand particles) and p2 (rice husk particles) in the emulsified phase, kg/m?, respectively; ¢,, and ¢, are the volume
fractions of particles p1 and p2 in the emulsified phase; 4, and g, are the kinetic viscosities of the emulsified phase and
the gas, N-s/m?, respectively; ¢,, is the total volume fraction of particles in the emulsified phase; U, is the apparent gas
velocity of the emulsion phase, m/s; U,,, U, ,and U, are the apparent gas velocities of the gas phase, particles pl and
p2 in the emulsion phase, m/s.

By introducing an acceleration term to characterize the unsteady properties, the force balance equations for the bubble phase
and the particles in the emulsified phase are:

Vs V4
gdbcdhpeUezb = g(pe —Pq Ng+a,) (29)

3 _ 3 _
ZCdel¢epldp11ngezpl +ZCdeZ¢ep2dpéngzzp2

= (ppZ _pg)¢4’/)2(g+ae)+(ppl _pg)¢epl(g+ae)

Among these, d, is the bubble diameter, m; C,, is the effective drag coefficient of the bubble phase in the traditional
drag model; U, is the apparent gas velocity of the bubble in the emulsion phase, m/s; a, is the acceleration of the bubble
phase, m/s?;C,, and C,, are the effective drag coefficients of particles pl and p2 in the emulsion phase of the traditional
drag model, respectively; a, is the acceleration of the emulsion phase, m/s%

To characterize the difference in additional mass forces and inertia between the bubble phase and the emulsion phase, their

difference is:

2
4 -a -2 V) (31)
Coe 1=9.)8,p,
Among them, p, is the average density of the bubble phase, kg/m3; &, is the volume fraction of the bubble phase; o
is the change in the local particle volume fraction concentration.
Based on the definitions of gas and solid volume fractions and the gas-solid mass conservation relationship, the following
relationship can be obtained:
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¢7g :(1_5;))% +b‘[7
(32)
{coe =(1-9,)e, +(9,,)
U,=U,(1-3,)+3,U, (33)
U, =U,(1-§
{ n=Un(-9,) (34)
U,,=U,,1-6,)

Among them, U , and U,, are the apparent slip velocities of particles pl and p2, respectively, in m/s.
For the closed model solution, the minimum energy required to transport suspended particles is set as the particle flow
stability criterion, that is:

1 3 o, 3 ,
N, =m[zcde1 dpl P UG+ Cdez dpz ngfsz
g

pl (35)
xU, + f,U,(g+a,) > min

p2

Among them, f, is the ratio of the gas volume in the bubble to the total gas volume fraction in the bed.
Based on the solution of the above equation, the relevant local structure parameters can be obtained, and then the drag
coefficient expressions for each solid phase of the two—-component particles can be obtained:

2
@, (3, (=5,
A= (Z e %&Uﬁm +0,(0p1 =P )Py (8 + ) (36)
spl rl
2
@, (3 . (=60,
ﬁZZ Ug [Z de2 %pg p2 +9, (psp2 Pg )¢ep2 (g + ab) (37)
sp2 P2

Among these, U, and U, are the apparent slip velocities of the two particles, in m/s.
Based on this, to better characterlze the changes in the drag model after considering the bubble mesoscale, the heterogeneity
coefficient H, is introduced, and the calculation formula for the bubble mesoscale drag coefficient becomes:

EC Py PPy |Ug _Um| 265
4 d - @,

ep

B, = (38)

H,=p5,18, (39)

In the equation, C, is the drag coefficient of a single particle; £, and g, are the bubble mesoscale drag coefficient and
the traditional WEN-YU drag coefficient, respectively.

II. B. 4) Mass transfer model

When a gas-solid two-phase fluid flows through a fluidized bed reactor, the total displacement of the fluid is the result of a
series of small displacements, each of which is influenced by the combined effects of the average interstitial velocity and
random components. Since each random component is independent of the previous one, the entire mass transfer process can
be represented by an axial diffusion equation. The specific expression is as follows:

2
wC_p e, 0
ot oz 0z
In the equation, C is the component concentration, mol/m3; Zz is the axial position, m; # is the average axial gap
velocity, m/s; R s the reaction source term; Dp is the axial dispersion coefficient, m?/s.
The axial diffusion model simulates the axial mixing state of the gas-solid two—phase flow in a fluidized bed reactor by
introducing the axial diffusion coefficient. The calculation method of the axial diffusion coefficient is as follows:

0.5ud
D,=0.73D, + - (41)
149.49D, /ud,
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In the equation, d » is the average diameter of the component particles, m; u_ is the average interstitial velocity, m/s;
D, is the average molecular diffusion coefficient, m?/s.

m

The axial diffusion equation is a set of partial differential equations, and the boundary conditions for solving are as follows:
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0, % _uc-c,)z=0 @)
dz
9 oz-1 @)
dz

In the axial diffusion model, the reaction process inside the reactor is simulated by introducing a reaction source term R,
and the reaction rates of each component are obtained using the Arrhenius equation:

E
k= A-exp(— R;“) (44)

In the equation, A is the pre-exponential factor; E is the activation energy, kJ/mol; T is the absolute temperature,
K; R is the gas constant, kJ/(mol'K).

ITII. Results and Analysis

III. A. Analysis of particle flow characteristics in fluidized bed reactors

III. A. 1) Analysis of particle velocity distribution under different fluidization wind speeds

In the simulation experiment, the mass ratio of quartz sand (particle p1) to rice husks (particle p2) is 20:1, where particle p1
serves as the heat transfer medium and particle p2 acts as the catalyst. In the fluidized state of the quartz sand and rice husk
mixture, typical simulation results are selected for analysis.

To more intuitively illustrate the influence of the fluidization velocity of the inlet gas on the velocity of two—phase particles
in a dense phase bed, this study obtained the distribution of the transverse velocity of the mixed particles under three conditions
of fluidization wind speed x of 0.55 m/s, 0.68 m/s, and 0.84 m/s, as shown in Figure 2. As shown in the figure, as the inlet
gas fluidization velocity increases, the average lateral velocity of particles in the dense phase bed increases, and the range of
variation in the average lateral velocity of particles also increases, including particles moving to the left and those moving to
the right. The increase in wind speed causes the particles in the fluidized bed to move more vigorously, resulting in an increase
in lateral velocity, though the magnitude of the increase is not significant.
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Figure 2: Transverse velocity distribution of particles under different wind speeds

(1) Longitudinal velocity distribution
The longitudinal velocity distribution of particles in the dense phase bed layer at different wind speeds is shown in Figure

3. It can be seen that as the gas flow velocity increases, the upward velocity of the two-phase particles increases, and the
number of upward particles also increases. The increase in the longitudinal velocity of particles in the central region is more
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pronounced than that in the wall region, and the downward velocity of particles decreases. The results show that as the gas
flow velocity increases, particles tend to move upward, with longitudinal movement predominating.
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Figure 3: Longitudinal velocity distribution of particles under different wind speeds

(2) Velocity distribution

The overall velocity distribution of particles in the dense phase bed under different gas flow velocities is shown in Figure
4. Overall, the fluidization velocity of the mixed particles increases gradually with the increase in fluidization airflow. As the
fluidization airflow increases, the overall velocity of the particles also increases, and the number of particles in the high-
velocity core region also increases. At the wall, some particles even have higher velocities than those in the core region. This
may be due to the increased height of the particles after being dispersed, resulting in a higher falling velocity during the descent,
or it may be caused by the uncertainty in the movement of bubbles within the fluidized bed.
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Figure 4: Particle velocity distribution under different wind speed

III. A. 2) Analysis of the effect of different mass ratios on particle flow fields

When the operating wind speed is 0.68 m/s, the particle velocity distribution is analyzed under different mass ratios of quartz
sand particles to rice husk particles (20:1, 30:1, and 40:1), with representative simulation results selected for analysis.
(1) Lateral velocity distribution
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The lateral velocity distribution of the gas-tight bed layer for quartz sand and rice husk particles at different mass ratios is
shown in Figure \5\ As can be seen from the figure, the lateral velocity values of the particles slightly increase as the mass ratio
of the mixed particles decreases, and the change in mass ratio has a mild effect on the lateral velocity of the mixed particles.
Near the transition zone, the lateral velocity remains high, indicating a region of intense motion. Near the central and wall
regions, the lateral velocity is lower. In studies of wind speed convection fields, it has been found that changes in gas flow
velocity have a significant impact on the convection field. However, when the gas flow velocity remains unchanged, changes
in the concentration of biomass powder in the mixed particles do not have a noticeable effect on the lateral velocity.

Lateral velocity(m/s)
: - o
=
1
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Figure 5: The transverse velocity distribution under different mass ratios

(2) Longitudinal velocity

The longitudinal velocity distribution of dense-phase beds with different mass ratios of quartz sand and rice husk particles
is shown in Figure \6\ The effect of different mass ratios of mixed particles on longitudinal velocity is quite noticeable,
especially for particles in the central region. Bubbles push most of the upper particles upward. As the mass ratio decreases,
the number of upward-moving particles and their longitudinal velocity both increase significantly, resulting in a more
dispersed longitudinal velocity distribution. Particles in the transition zone and wall regions primarily move downward, with
a more gradual increase in longitudinal velocity, forming a ring-core motion pattern relative to the central region.
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Figure 6: Longitudinal velocity distribution at different mass ratios
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Since the density of rice husk particles is much lower than that of quartz sand particles, the velocity gained by rice husk
particles when bubbles burst is significantly greater than that of quartz sand particles. Collisions between mixed particles
intensify, and their proportion in the mixed particles increases, which causes the overall longitudinal velocity of the mixed
particles to increase and leads to an increase in the number of upward-moving particles. The mean value of the longitudinal
velocity distribution increases as the mass ratio of quartz sand to rice husk particles in the mixed particles decreases.
(3) Velocity distribution
The overall velocity distribution of the dense phase bed under different mass ratios is shown in Figure M It can be seen that
as the mass ratio of mixed particles decreases, the proportion of rice husk particles increases, and the particle velocity
distribution becomes more dispersed. For mass ratios of 20:1, 30:1, and 40:1, the mean velocities are 0.32 m/s, 0.23 m/s, and

0.21 m/s, respectively. It is evident that as the mixed mass ratio of quartz sand and rice husk particles decreases, the average
velocity also increases. Among these, the change in particle velocity in the central region is more pronounced.
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Figure 7: Velocity distribution under different mass ratios

III. B. Analysis of mass transfer characteristics in fluidized beds
III. B.- 1) Boundary conditions

Based on the fluidized bed reactor model shown in Figure |1, this paper uses mass flow inlet and pressure outlet boundaries in
numerical calculations, symmetric boundary conditions on the symmetric plane, and constant wall temperature boundaries
internally. The temperature is taken as the saturated steam temperature at 4.1 MPa, i.e., ti = 525 K. The gas flow at the wall
surface uses no-slip boundary conditions and standard wall functions. The particle size distribution of the mixed particles is
calculated using the Rosin-Rammler distribution, as shown in Table \2\ The detailed operating parameters for the gas and
mixed particles are listed in Table 3.

Table 2: Particle size distribution of Mixed particles

Diameter designation Particle size (pm)
Minimum diameter 1.452
Maximum diameter 481.65

Average diameter of mixed particles 227.34

Table 3: Operating Parameters of gas and Mixed Particles in fluidized bed 4

Boundary conditions Value Unit
Initial inlet gas velocity 0.05 m/s
Initial bed temperature 298 K

Initial operating pressure 4 MPa

38



f

Study on the Mechanism of Particle Flow and Mass Transfer in a Fluidized Bed Reactor Based on a Multi-Scale Model

III. B. 2) Grid partitioning and model solution

This paper utilizes Gambit software to construct a fluidized bed reactor model. Additionally, to reasonably select the number
of grids for calculation, this paper verifies the mesh independence and examines the impact of different mesh partitioning
scales on the calculation results. As shown in Table M, with the increase in the number of meshes, the heat transfer coefficient
gradually increases, and the rate of increase gradually decreases, i.e., the relative error decreases. Therefore, considering the
accuracy and speed of numerical calculations, the appropriate number of meshes is finally determined to be 534,650.

Table 4: Grid independent check

Number of grids Heat transfer coefficient (W/(m*K)) Relative error
105050 95.37 -
324500 99.14 2.84%
534650 100.52 1.83%
743200 101.01 0.75%

The control equations to be solved in the numerical calculations of this paper primarily include the Realizable k-¢ turbulence
equations, particle motion equations, and energy equations. Ansys Fluent 18.0 was used to solve the control equations in a
non-steady state, and the independence of the time step was verified, with a final value of 0.1 s. The specific data is shown in
Table 5. The numerical calculations employ the control volume method, integrating the differential equations of each
mathematical model within a unit control volume to obtain the corresponding integral equations. These integral equations are
then discretized into a series of algebraic equations and solved iteratively. Pressure coupling is solved using the SIMPLE semi-
implicit method and the PRESTO discretization method, based on mass, momentum, and energy transfer equations.

Table 5: Time step independence check

Time step Heat transfer coefficient (W/(m>K)) Relative error
10 100.2033 -
1 101.0684 2.79%
0.1 101.0937 1.81%
0.01 101.1105 0.73%

Additionally, the relaxation factors for variables such as pressure, density, volume force, momentum, turbulent kinetic
energy, turbulent dissipation rate, energy, and discrete coordinates are set to 0.3, 1, 1, 0.7, 0.8, 0.8, 0.8, and 0.8, respectively.
The overall calculation is conducted in different stages. First, the unsteady gas-phase flow field and temperature field are
calculated. Once the calculation has stabilized, two-phase particles are introduced into the calculation.

III. B. 3) Analysis of simulation results

(1) Effect of inlet gas flow velocity on mass transfer characteristics

The inlet gas flow velocity within the fluidized bed has a significant correlation with gas-solid heat transfer characteristics.
Figure \8\ simulates the variation of the non-uniformity coefficient with bed porosity when the inlet gas flow rate is 0.05 m/s,
0.07 m/s, 0.09 m/s, 0.11 m/s, and 0.13 m/s, and the average diameter of the mixed particles is 227.34 um. As can be clearly
observed from the figure, the heterogeneity coefficient of the mixed particles increases with an increase in bed porosity. As
the apparent inlet gas velocity increases, the heterogeneity coefficient of rice husk particles gradually decreases, indicating
that smaller porosity and larger inlet apparent velocity lead to a greater influence of bubbles on mesoscale drag forces, resulting
in more pronounced bed heterogeneity characteristics.

Figure \9\ shows the variation in gas mass fraction at the outlet of the fluidized bed over time under five different apparent
gas velocity conditions. As can be clearly observed from the figure, when the mass fraction of mixed particles is constant, the
gas concentration at the outlet of the fluidized bed increases gradually as the apparent inlet gas velocity increases. This is
primarily because the set inlet apparent velocity is slightly greater than the minimum fluidization velocity of the fluidized bed,
causing the bed to remain in a bubbling fluidized state. As the inlet apparent velocity increases, bubbles will aggregate and
grow to a certain extent, penetrating through the particle layer. This reduces the contact time and contact area between gas and
particles, resulting in a significant amount of gas being blown out of the fluidized bed.
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Figure 8: The variation of the heterogeneity coefficient under different inlet airflow velocities
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Figure 9: Changes in the mass fraction of the outlet gas under different inlet velocity conditions

When t = 10 s, the distribution cloud map of quartz sand particles and rice husk particles is shown in Figure 10. As can be
seen from the figure, as the apparent inlet velocity increases, the bed expansion height of quartz sand particles gradually
increases, bubbles in the bed become more pronounced, and the volume fraction of bubbles also gradually increases. Rice husk
particles are also gradually lifted as the expansion height of the quartz sand particle bed increases. Additionally, as the inlet
gas velocity increases, the separation efficiency between quartz sand particles and rice husk particles gradually decreases. Due
to the passage of bubbles through the rice husk particle layer, quartz sand particles begin to aggregate as the velocity increases,
and the degree of aggregation gradually intensifies. Based on the above results, it is found that as the inlet gas flow velocity
increases, the separation degree between the mixed particles gradually weakens. Therefore, reasonably matching the inlet gas
velocity is a key measure to achieve efficient separation of two—component particles and an effective method to control mass
transfer between gas and solid phases.
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(a) Quartz sand particles ) Rice husk pellets

Figure 10: Cloud map of the distribution of mixed particle concentrations at different inlet gas velocities

(2) Effect of bed temperature on mass transfer characteristics

Fluidized bed reactors sometimes operate at high temperatures. At an initial inlet gas velocity of 0.05 m/s, the bed
temperatures were set to 298 (initial value), 398, and 498 K. The effect of bed temperature at t = 10 s on the instantaneous
particle concentration distribution cloud map is shown in Figure 11. As shown in Figure 11, as the bed temperature increases,
the gas viscosity increases, solid particles tend to agglomerate, and the degree of two—phase particle separation gradually
weakens.
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Figure 11: Effect of bed temperature on instantaneous particle concentration distribution nephogram

The effect of bed temperature on the particle mixing index is shown in Figure 12. As shown in Figure , as the bed
temperature increases, the mixing index gradually increases, and the separation efficiency gradually decreases. This is
primarily due to the fact that as the bed temperature increases, the gas viscosity increases, the density decreases, resulting in a
decrease in the gas-solid drag coefficient, and ultimately leading to a decrease in the non-homogeneous coefficient. The non-
homogeneous coefficients of the two-phase particles decrease at different rates, causing the difference between them to
gradually decrease. Additionally, the increase in gas viscosity makes particles more prone to adhesion and less separable.
Therefore, in addition to modifying particle properties and external operating conditions, appropriately reducing the bed
temperature can also enhance particle separation efficiency.
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Figure 12: Effect of bed temperature on particle mixing index

(3) Effect of operating pressure on mass transfer characteristics

Based on the initial values of inlet gas flow velocity and bed temperature, and keeping all other operating parameters
constant, calculations were performed by varying the operating pressure within the fluidized bed (4 MPa, 4.3 MPa, 4.6 MPa,
4.9 MPa, 5.2 MPa). The specific results are shown in Figure \13\. As can be seen, as the operating pressure within the fluidized
bed increases, the average thickness of the particle layer gradually decreases. This is because, when the inlet gas mass flow
rate remains constant, an increase in operating pressure causes the density of the inlet gas to increase, thereby reducing the
inlet gas flow velocity within the fluidized bed, and consequently decreasing particle deposition. The thermal resistance
decreases gradually as the particle deposition thickness decreases, and its trend is consistent with that of the particle deposition
thickness. As the operating pressure increases, the inlet gas flow velocity decreases gradually, which reduces the convective
heat transfer coefficient of the particle layer in the fluidized bed and also slows down the temperature decrease of the gas in
the fluidized bed, resulting in an increased temperature difference between the gas layer and the particle layer, thereby
enhancing the heat transfer coefficient between the gas and solid phases.
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Figure 13: Deposition and heat transfer characteristics at different operating pressures

The results of the changes in the heat transfer coefficient within the fluidized bed under different operating pressures are
shown in Figure \14\. From the specific trend of the changes, it can be observed that the decrease in the convective heat transfer
coefficient is not as significant as the increase in the radiative heat transfer coefficient. Therefore, under the combined influence
of convection and radiation, the heat transfer coefficient gradually increases with the rise in operating pressure. Due to the
presence of thermal resistance, the heat transfer coefficient is numerically lower than the heat transfer coefficient, and its trend
aligns with that of the heat transfer coefficient. This is because thermal resistance decreases gradually with increasing operating
pressure, leading to an increase in the heat transfer coefficient. Therefore, the heat transfer coefficient is influenced by both
factors and also increases gradually with increasing operating pressure.
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Figure 14: The variation of heat transfer coefficient under different operating pressures

IV. Conclusion

A two-component gas-solid drag force model was established using bubbles as the mesoscale, and the flow and mass transfer
characteristics of two-component particles were simulated in a fluidized bed reactor. The conclusions are summarized as
follows:

(1) The flow velocity of solid particles in the fluidized bed reactor increases with the increase in the apparent velocity at the
gas inlet; changes in the mass ratio have little effect on the lateral velocity of the mixed particles, but have a relatively
significant effect on the longitudinal velocity.

(2) As the inlet gas velocity increases, the heterogeneity coefficient of rice husk particles gradually decreases, and bubbles
aggregate to some extent, penetrating through the particle layer. This reduces the contact time and contact area between gas
and particles, leading to a significant amount of gas being blown out of the fluidized bed and weakening the separation degree
between mixed particles. Additionally, bed temperature and operating pressure also affect mass transfer efficiency within the
fluidized bed. Therefore, in practical applications, external operating conditions should be appropriately matched to enhance
heat and mass transfer efficiency within the fluidized bed.
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