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A complete three-dimensional (3D) reactor model based on the Eulerian–Eulerian two-fluid approach was
developed to assist in the understanding of the cavity phenomenon in rectangular radial flow moving bed reac-
tors (RFMBRs). The effectiveness of proposed model was firstly validated by the experimental data. The simula-
tion results showed that the cavity phenomenon appears on the top of catalyst bed and the cavity scale increases
with the increase of the superficial gas velocity. The effects of bed voidage and solid-seal height on the formation
of cavity were thoroughly investigated. It was demonstrated that an appropriate high bed voidage and solid-seal
height can effectively reduce the occurrence possibility of the cavity. Moreover, it was found that a trapezoidal
structure is helpful to alleviate the cavity phenomenon inRFMBRs. It is thus concluded that a numericalmodeling
technique provides a promising approach to eliminate the unfavorable two-phase flow as well as improve the
flexibility and efficiency in RFMBRs.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Moving bed reactor is a kind of multiphase flow reactor, which is
characterized by particle velocity betweenfixed bed reactor andfluidized
bed reactor. Compared with fixed bed reactor, moving bed reactor
improves the internal mass transfer and heat transfer in catalyst bed
due to the movement of the solid phase. Compared with fluidized bed
reactor, the gas–solid contact time in moving bed reactor can change in
a large range, and the flow of the solid phase is close to plug flow.
Therefore, nowadays, moving bed reactors are widely applied in gas–
solid or liquid–solidmultiphase contact process such as the desulfuriza-
tion and drying process [1–3].

As a type of moving bed reactors, in annular RFMBRs, the solid
particle bed moves downward under gravity in a channel between
two coaxial cylinders and the gaseous reactant mixture flows radially
across the bed (see Fig. 1(a)) [4]. Generally, RFMBRs can be classified
into a z-flow type and a π-flow type depending on the axial directions
of the flow in the annular channel and the center pipe. If the axial
flow directions in the annular channel and in the center pipe are the
same, it is the z-flow type; otherwise, it is the π-flow type. On the
other hand, in rectangular RFMBRs, the solid particles move downward
the catalyst bed,while the gasflows into the catalyst bed fromupstream
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face, and travels radially across the bed (see Fig. 1(b)). Whatever the
flow configuration of RFMBR is, compared with axial flow moving bed
reactor, a RFMBR has its unique advantages such as low pressure drop,
high flow capacity and continuous regeneration of catalyst particles [4,
5].

Recently, RFMBRs have been widely used in continuous catalyst
regeneration reforming of UOP and IFP [4–6]. Due to the fact that the
flow direction of the gas phase is perpendicular to the direction of the
solid phase in RFMBR, the interaction between the gas phase and the
catalyst bed can directly affect the downflow of the solid phase, and
large gas velocity will lead to large pressure gradient along the gas
flow direction. When the pressure gradient is sufficiently large, the
gas–solid drag force exerted by the gas phase will be greater than the
gravity on the solid phase. Consequently, the frictional force caused by
drag force could support the weight of particles near the downstream
perforated wall even in the catalyst bed, which will lead to the cease
of downward motion of the particles, at least in some region adjacent
to the downstream wall. In such case, the catalyst bed is said to be
“pinned” [7,8]. It is worth to note that part of immobile catalyst will
cause maldistributions inside the reactor and consequently lead to low
reactor performance. In addition, if pinning occurs, it will form “dead
zone” in catalyst bed, then the catalyst will be completely coked. On
the other hand, as the gas inlet velocity increases to a sufficient large
value, the normal stress caused by drag force between the particles
and upstream perforated wall will decrease to a low value. When the
normal stress reduces to zero, the catalyst particles begin to lose contact
with the upstream perforated wall. At this moment, a cavity appears
between the catalyst bed and the upstream perforated wall. Since the
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Fig. 1. The schematic diagram of annular RFMBR and rectangular RFMBR [4,5].
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cavity forms in the catalyst bed, the axial distribution of gas phase
becomes non-uniform or the most part of gas even flow through the
cavity directly [9,10]. Moreover, some unfavorable operating factors
and bad configuration in RFMBRs may lead to the inhomogeneous
flow and the formations of pinning and cavity [9]. In order to operate
RFMBRs more effectively and get a clear understanding of its gas–solid
Fig. 2. The physical model and grids of 3D rectangular RFMBR.
flow behavior, a thorough investigation of RFMBRs' hydrodynamics
via numerical modeling is necessary.

So far, most of open reports on the RFMBR focused on the flow
behavior of gas–solid two phase via theoretical or/and experimental
techniques, while few on the numerical modeling of the pinning and
cavity phenomenon. For instance, Ginestra and Jackson [11] performed
a preliminary experimental and theoretical investigation of pinning in a
system with simplified rectangular geometry. In their work, a simple
analysis of the mechanics of pinning phenomenon was presented.
Doyle et al. [12] developed a mathematical model to describe the
pinning phenomenon in an annular moving bed reactor. Pilcher and
Bridwater [13] experimentally studied the pinning phenomenon in a
RFMBR. In their experiments, the cavity initiation and the partial
pinning were recorded. The results demonstrated that the cavity initia-
tion and pinning depend on the shape and the size of particles in their
work [13]. Song et al. [10,14] also experimentally studied the effect of
the gas flow rate on the pinning phenomenon in RFMBRs. They found
that the gas flow rate is the key factor for the formation of pinning
and cavity. As described above, most of the previous works mainly
focused on the generation and the effects of pinning phenomenon and
cavity phenomenon via experiment technique. Unfortunately, there is
lack of a systematical investigation on the cavity phenomenon in
RFMBRs using the experimental and modeling techniques.

In this study, we develop a complete 3D rectangular RFMBR model
based on the Eulerian–Eulerian two-fluid approach to simulate the
cavity phenomenon. The reactor model is validated using experimental
data. Based on the validated model, both reactor operating conditions
and structure are optimized to eliminate the cavity phenomenon.

2. Rectangular radial flowmoving bed reactor

The experimental reactor at China University of Petroleum (Beijing)
[15] was selected as the object of our simulation, which is a typical
lab-scale RFMBR. The selected reactor consists of an upper hopper, a
lower hopper, a catalyst bed, an entrance screen and an exit screen.
The total height, width and depth of the reactor are 1900 mm,
Table 1
Parameters of particle [15].

Mean
diameter/m

Particle
density/kg · m−3

Internal
angle/°

Johnson net
friction angle/°

Plexiglass
friction angle/°

1.65 × 10−3 1880 40 20.5 20
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Table 2
The main governing equations [16–24].

Governing equations
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Table 2 (continued)

Governing equations

α ¼ d2
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ε3

1−εð Þ3
(31)

C2 ¼ 3:5
d

1−εð Þ
ε3

(32)

Ergun resistance equations
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270 mm and 200 mm, respectively. The size of the upper hopper is
Ø40mm, length of 300mm,which is buried 200mmwithin the catalyst
bed. The lower hopper has the length of 600 mm and its outlet tube is
provided with an open valve to control the outlet velocity of particle.
Besides, both sides of catalyst bed are equipped with Johnson screen
with the height of 1400 mm, width of 200 mm and porosity of 16.7%
(also see Fig. 2 for the reactor).

In this study, the thin packed bed is used to represent the Johnson
screen and the porous media model is employed to describe the resis-
tance offered by Johnson screen. Besides, for this rectangular RFMBR,
the structured quadrilateral and hexahedral grids are applied to radial
and axial directions of catalyst bed respectively. The radial and axial di-
rections of inlet and outlet tube are meshed with triangular grid and
pentahedral grid respectively. Finer cells are placed closer to the thin
packed bed. In addition, the gas inlet location is set at the upstream
face of catalyst bed and the gas outlet location is set at the downstream
face of catalyst bed. The catalyst particles flow downward the upper
hopper and depart from the outlet tube. More information regarding
the rectangular RFMBR physical model and grids are shown in Fig. 2.
The particle parameters are described in Table 1 [15].

3. The reactor model and solution method

In this study, a complete 3D reactor model based on the Eulerian–
Eulerian two-fluid approach is developed. The Ergun resistance equations
for describing the gas–solid flow behavior in the reactor are incorporated
into the reactor model. Themain government equations are summarized
in Table 2 [16–24]. In addition, the appropriate boundary conditions and
parameters are listed in Table 3. The particle size distribution is listed in
Table 4 [15]. The inlet velocity is set for both the gas phase and solid
phase. “Pressure outlet” boundary is used at the outlet and exit pressure
is specified. At the wall, no-slip boundary conditions are set.

After initialization, the pressure, the inlet velocity and the volume
fraction of particle phase in the rectangular RFMBR at initial stage are
set. Before solving the equations shown in Table 2, the Ergun resistance
equations are incorporated into the momentum balance equations for
the gas phase as an additional momentum source term. Next, the conti-
nuity and momentum balance equations are solved. The turbulence
equations are solved as well. In addition, the convergence criterion in
this simulation is 1e-3, and the solution program is executed in a loop
with the above solution steps until the flow timemeets the given criteri-
on. Simulations of the above coupled mode were performed with
Table 3
Boundary conditions and model parameters.

Description Value

Particle–particle restitution coefficient 0.9
Gravitational acceleration (m · s−2) 9.81
Operating pressure (Pa) 1.01 × 105

Inlet boundary condition Velocity inlet
Gas inlet: 0.33 m/s
Particle circulation rate:
0.3 kg/(m2 · s)

Outlet boundary condition Pressure outlet
Wall boundary condition No slip
Air density (kg · m−3) 1.255
Air viscosity (kg · m−3 · s−1) 1.732 × 10−5

Bed voidage 0.4
FLUENT 6.3.26 (Ansys Inc., US). A commercial grid-generation tool,
GAMBIT 2.3.16 (Ansys Inc., US) was used to generate the 3D geometries
and the grids. All simulations were executed in a 2.83 GHz Pentium 4
CPU with 4 GB of RAM.

4. Results and discussion

4.1. Model validation

Herein, the simulated axial pressure gradient distribution data were
compared with the experimental data [15], which is used to validate the
reactor model. Fig. 3 illustrates the comparison between the simulated
and experimental data with the operating conditions of superficial gas
velocity of 0.33 m/s and solid-seal height of 100 mm. From Fig. 3, at the
top of Johnson screen, the pressure gradient increases while decreases
slightly at the bottom of it due to the end effects of Johnson screen.
However, as shown in Fig. 3, the trend of simulated data using the reactor
model suggested in thiswork is in good agreementwith the experimental
data [15], the maximum relative error is less than 10%. Therefore, the
model used in thiswork can be reasonably used to simulateflowbehavior
in a rectangular RFMB.

4.2. The formation of cavity phenomenon

Fig. 4 shows the axial distribution contours of solid volume fraction
and static pressure in rectangular RFMBR. As described in Fig. 4, the
particles uniformly fill the whole reaction bed and move downward
slowly like a packed bed under the action of gravity. The static pressure
increases gradually along the axial direction and reaches maximum at
the lower hopper due to the accumulation of particles. In addition, it
decreases along the X-direction due to a high resistance offered by the
solid phase, which leads to a high pressure drop. Moreover, it can be
seen from Fig. 4 that the pressure drop near the upper part and the
lower part of screen is lower than that in the middle of catalyst bed
because of the influence of side effects, which is similar to that in exper-
imental data [15].

Fig. 5 shows the particle velocity distribution along the catalyst bed
at different radial positions. From Fig. 5, the particle velocity near the
top of upstream face is higher than other positions due to the side
effects. The trend of particle velocity along the axial direction of catalyst
bed is almost smoothed. Besides, near the downstream face, the particle
velocity is reduced slightly due to the wall friction.

Fig. 6 illustrates the axial distribution contours of solid volume frac-
tion at different superficial gas velocities with the solid-seal height of
100mm.As shown in Fig. 6, the catalyst particles showa complete pack-
ing state as the superficial gas velocity is no more than 0.6 m/s. When
Table 4
The particle size distribution.

Particle diameter (mm) Mass fraction (%)

1.5–1.6 12.47
1.6–1.7 25.18
1.7–1.8 31.65
1.8–1.9 17.51
1.9–2.0 7.43
N2.0 0.72



Fig. 3. Comparison of pressure gradient distribution of rectangular RFMBR between
simulation and experiment. (usg = 0.33 m/s, hSH = 100 mm,ε = 0.4).

Fig. 5. The particle velocity distribution along the catalyst bed at different positions. (usg=
0.33 m/s, hSH = 100 mm,ε = 0.4).
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the superficial gas velocity increases to 0.8 m/s, a small amount of
particles begins to be fluidized and a small cavity appears at the
upper part of the screen simultaneously. That can be explained by
the fact that a high superficial gas velocity leads to a large pressure
drop between the upstream and downstream, which would increase
the gas–solid drag force and consequently decrease the normal
stress between the particles and the upstream porous face. When
the pressure drop increases to a critical value, the normal stress is
reduced to zero and the cavity begins to form. It can be also observed
from Fig. 6 that the cavity remains approximately semicircle and the
cavity size increases as the superficial gas velocity increases from
0.8m/s to 1.0m/s.Moreover, it should be noted that once the superficial
gas velocity is sufficiently large, the gas–solid drag force will prevent all
particles above the cavity from moving downward. However, particles
below the cavity will always move downward and consequently it
would make the lower boundary of cavity move downward continu-
ously. As a result, the shape of the cavity will change gradually from
semicircle to ellipsoid.
Fig. 4. The axial distribution contours of static pressure and solid volume fraction in
rectangular RFMBR. (usg = 0.33 m/s, hSH = 100 mm,ε = 0.4).
Fig. 7 shows the axial distribution of gas velocity at the superficial
gas velocity of 1.0 m/s with the seal-solid height of 100 mm. It is seen
from Fig. 7 that (1) the gas velocity approximately maintains a certain
speed across the catalyst bed except for the cavity region; (2) the gas
velocity suddenly increases at the downstream screen, which is caused
by a low porosity of screen; and (3) in the cavity region, the gas flow
upward near the upstream screen. Note that a high gas velocity would
lead to a high pressure drop, which is in agreement with the results
shown in Fig. 3. Moreover, it is implied that a relatively high superficial
gas velocity of 1.0 m/s would cause the formation of cavity in the
upstream screen and consequently lead to an irregular flow even
short circuit in the reactor. Such an unfavorable flow field would
decrease the gas–solid contact time and consequently reduces the
efficiency of the reactor. How to weak or eliminate the formation of
cavity has been, therefore, became an urgent wait-for-solving practical
problem for meeting the requirements of industrial production, such as
improvement of production capacity and reactor efficiency. In the fol-
lowing sections, more attentions will be paid to investigate the effects
of operating conditions and reactor structure on the formation of cavity
and propose the optimal control strategies for cavity elimination.

4.3. The optimization of reactor operating conditions

Based on the above discussions, it is illustrated that high superficial
gas velocity plays an important role in the formation of cavity in rectan-
gular RFMBR,whichwould greatly reduce the efficiency of the reactor. It
is, therefore, necessary to investigate other operating conditions as well
as the reactor structure to eliminate the possibility of cavity formation
without the sacrifice of production capacity and operating stability of
Fig. 6. The distribution contours of solid volume fraction with different superficial gas
velocity under the condition of the bed voidage of 0.4. (hSH = 100 mm,ε = 0.4).

Image of Fig. 3
Image of Fig. 4
Image of Fig. 5
Image of Fig. 6


Fig. 7. The axial distribution of gas velocity with the superficial gas velocity of 1.0 m/s.
(usg = 1.0 m/s, hSH = 100 mm,ε = 0.4).

Fig. 9. The gas-x-velocity distributions along the X direction at the position of z = 1 m
under the different bed voidages with the superficial gas velocity of 0.8 m/s. (usg =
0.8 m/s, hSH = 100 mm).
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RFMBR. The effects of two key operating conditions, i.e., bed voidage
and solid-seal height, on the cavity formation are investigated as
follows.

4.3.1. Optimizing the bed voidage
Fig. 8 shows the solid volume fraction distribution contourswith bed

voidage of 0.5 at different superficial gas velocities. It can be observed
from Fig. 8 that (1) the cavity begins to form at the left upper part of
the rectangular RFMBR when the superficial gas velocity increases to
1.4 m/s; and (2) the cavity size increases with the increase of the
Fig. 8. The distribution contours of solid volume fraction with the different superficial gas
velocity under the condition of the bed voidage of 0.5.(hSH = 100 mm,ε = 0.5).
superficial gas velocity. Compared with Fig. 6, it is found that the critical
superficial gas velocity of the cavity formation increases with the
increase of bed voidage. It is implied that maintaining a relatively high
bed voidage is helpful to reduce the possibility of cavity formation.
However, bed voidage is often determined by process requirement
and needs to be appropriately adjusted in a specified range.

Fig. 9 shows the gas X-velocity under the same inlet superficial gas
velocity for bed voidage of 0.4 and 0.5 respectively. It is observed that
gas velocity of a bed voidage of 0.5 is lower than that of a bed voidage
of 0.4. That could be explained by the fact that as the bed voidage
increases, the effective flow area of the whole bed will increase and
consequently the gas velocity would decrease. Furthermore, as a lower
gas velocity would lead to a smaller gas–solid drag force and help
reduce the formation of cavity, it is thus implied that a RFMBR with a
high bed voidage would help operate at relatively high gas velocity
without formation of cavity, which is helpful to improve the stability
and efficiency of the reactor.

4.3.2. Optimizing the bed solid-seal height
Figs. 10 and 11 illustrate the solid volume fraction distribution

contours at different superficial gas velocities for solid-seal heights of
250 and 55 mm respectively. It can be seen from Figs. 6, 10 and 11
that with the decrease of the solid-seal height, the critical superficial
gas velocity of the cavity formation decreases and the cavity size
Fig. 10. The distribution contours of solid volume fraction with different superficial gas
velocity under the condition of solid-seal height of 250 mm. (hSH = 250 mm,ε = 0.4).

Image of Fig. 7
Image of Fig. 8
Image of Fig. 9
Image of Fig. 10


Fig. 11. The distribution contours of solid volume fractionwith different superficial gas ve-
locity under the condition of solid-seal height of 250 mm. (hSH = 55 mm,ε = 0.4).

Table 5
The comparison of cavity sizes with different solid-seal heights.

Solid-seal height/mm Superficial gas velocity/ms−1 Cavity sizes/m

55 0.6 0.01
0.8 0.032
1.0 0.05

100 0.6 Without
0.8 0.015
1.0 0.032

250 0.6 Without
0.8 Without
1.0 0.02
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increases. It is implied that increasing the solid-seal height helps
increase the critical superficial gas velocity of cavity formation, which
is helpful for maintaining the operating flexibility of the reactor. Mean-
while, increasing the solid-seal heightwould increase the pressure drop
of the bed and consequently improve the circulation rate of catalyst.
Fig. 12. The development of cavity in rectangular RFMBR under the condition
However, it should be noted that the occurrence possibility of unfavor-
able flow field in the reactor maybe increase due to the high pressure
drop. Therefore, it is suggested that the solid-seal height needs to be
appropriately selected at its high value based on the process require-
ments. Comparedwith Figs. 6 and 10, Fig. 11 shows a different obliquely
flow structure above the Johnson screen at a relatively lower superficial
gas velocity of 0.6 m/s. It is found from Fig. 11 that most of the particles
above the Johnson screen move upward under the action of large drag
force and accumulate on the right side of the upper hopper, where the
particles almost fluidize completely. In addition, with the increase of
the superficial gas velocity, the particles, near the gas inlet side, move
upward gradually, which leads to an increase of the cavity size.

Table 5 shows the comparison of cavity sizes with three different
solid-seal heights, i.e., 55, 100 and 250mm. Three superficial gas veloc-
ities, i.e., 0.6, 0.8 and 1.0m/s, are investigated for comparison. The cavity
size is approximately represented as its radius. It is seen from Table 5
that (1) the critical superficial gas velocities of cavity formation are
0.6, 0.8 and 1.0 m/s for the solid-seal heights of 55, 100 and 250 mm
respectively; (2) the cavity sizes at their corresponding critical superfi-
cial gas velocities are 0.01, 0.015 and 0.02m for solid-seal heights of 55,
100 and 250mmrespectively; and (3) the cavity size decreaseswith the
increase of solid-seal height at the same superficial gas velocity of
1.0 m/s. It is concluded that increasing solid-seal height not only helps
increase the critical superficial gas velocity of cavity formation, but
also reduces the cavity size.

Fig. 12 shows the development of cavity in rectangular RFMBR with
the superficial gas velocity of 0.8 m/s under the condition of the solid-
seal height of 55 mm. It can be observed from Fig. 12 that a small
amount of gas moves upward along the cavity as cavity originating at
the upper part of the catalyst bed, but the velocity decreases gradually
because of the resistance of the sealing particles (see Fig. 12(a)). After
a period of time, large enough gas velocity generates large drag force,
which makes the sealing particles fluidized seriously. At this time, the
protective effect of the solid-seal height is completely lost. The sealing
particles are continuously blown and then falls. Correspondingly, a lot
of the gas moves upward and swirls in the sealing hatch (see
Fig. 12(b)). As a result, the unstable pressure of the catalyst bed
appeared. Subsequently, the boundary of the cavity increases as the
particles move downward continuously, then more particles blew to
the sealing hatch and reformed a new solid-seal height (see Fig. 12(c)).
of the solid-seal height of 55 mm.(usg = 0.8 m/s, hSH = 55 mm,ε = 0.4).

Image of Fig. 11
Image of Fig. 12
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Thus, keeping the catalyst bed maintain a reasonable solid-seal height is
meaningful for stable, safe and efficient production.
4.4. The optimization of reactor structure

The above results illustrate thatwith the increase of the superficial gas
velocity, rectangular RFMBR is easy to generate with the cavity
phenomenonon the top of the catalyst bed. It has been also demonstrated
that the critical superficial gas velocity of cavity formation can be
improved substantially by increasing the bed voidage and solid-seal
height. In this section, an alternative strategy is investigated to further al-
leviate the cavity phenomenon by introducing a novel structure of
RFMBR.
Fig. 13. The physical model and grids of 3D trapezoidal RFMBR.

Fig. 14. The distribution contours of solid volume fraction in trapezoidal RFMBR with dif-
ferent superficial gas velocity. (hSH = 100 mm,ε = 0.4).
In this simulation, the trapezoidal catalyst bed is used instead of the
rectangular catalyst bed, where the dip angle of the downstream face is
about 3°. The total height of the reactor is 1900 mm, and the widths of
the upper and lower part of catalyst bed are 180 mm and 270 mm,
respectively. The rest of the structure parameters is consistent with
the rectangular RFMBR. More information regarding the trapezoidal
RFMBR physical model and grids are provided in Fig. 13.

Fig. 14 illustrates the distribution contours of solid volume fraction
in trapezoidal RFMBR at different superficial gas velocities under the
conditions of solid-seal height of 100 mm and bed voidage of 0.4. It is
observed from Fig. 14 that with the increase of superficial gas velocity,
a cavity begins to be formed at the top of the catalyst bed and the cavity
size gradually grows. It is implied that RFMBR with trapezoidal struc-
ture cannot intrinsically avoid the formation of cavity. However, com-
pared with Figs. 6 and 14, it is found that the critical superficial gas
velocity of cavity increases to 1.0 m/s when using the trapezoidal
structure. Table 6 shows the comparison of cavity sizes between differ-
ent structureswith the superficial gas velocity of 1.0m/s. It is found that
the cavity size of 0.025 m in trapezoidal RFMBR is smaller than that of
0.032 m in rectangular RFMBR with the same superficial gas velocity.
It can be explained that for trapezoidal RFMBR, smaller cross-sectional
area at the top of the catalyst bed results in faster particle velocity,
which can efficiently inhibit the formation of cavity. It can be concluded
that adoption of trapezoidal structure in RFMBR could alleviate the
formation of cavity to a certain extent. It provides a promising approach
to analyze the effects of different reactor structures on cavity formation
by using numerical modeling technique.

5. Conclusions

In this study, a complete 3D rectangular radial flow moving bed
reactor was developed to gain a deep understanding of the hydrody-
namics and cavity phenomenon of gas–solid two phase flow. The effects
of catalyst bed voidage and solid-seal height on the cavity formation
was thoroughly investigated. Moreover, a novel trapezoidal structure
of RFMBR was studied. The main findings of the present study can be
summarized as follows:
Table 6
The comparison of cavity sizes between rectangular and trapezoidal structures with the
superficial gas velocity of 1.0 m/s.

Superficial gas velocity/ms−1 Cavity sizes/m

Rectangular structure Trapezoidal structure

1.0 0.032 0.025

Image of Fig. 13
Image of Fig. 14
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(1) For rectangular RFMBR, the cavity initiates and grows gradually
at the upper part of the catalyst bed with increasing the superfi-
cial gas velocity.

(2) Catalyst bed voidage and solid-seal height are two key factors to
affect the formation of cavity. Increasing the bed voidage appro-
priately and keeping a high solid-seal height both can effectively
reduce the occurrence possibility of the cavity phenomenon,
ensuring the operating flexibility and stability of rectangular
RFMBR.

(3) For the RFMBR, using a trapezoidal structure instead of rectangu-
lar structure is helpful to alleviate the formation of cavity
phenomenon.

Nomenclature
CD the drag coefficient
C2 the inertial resistant factor
Cμ, C1ε, C2ε, C3ε coefficients in turbulence model
dp particle diameter in catalyst bed, m
d particle diameter in porous media, m
es particle–particle restitution coefficient
Gkg generation of turbulence kinetic energy due to mean velocity

gradient in gas phase
g gravitational acceleration, m/s2

g0 radial distribution function
hSH solid-seal height, mm
I identity matrix
I2D the second invariant of the deviator stress tensor
Kgs, Ksg interphase exchange coefficient of momentum, kg/m3 ⋅ s
kg turbulence kinetic energy tensor of gas phase
kΘs diffusion coefficient for granular energy
P pressure, Pa
Ps particle phase pressure, Pa
Res particle Reynolds number
Rε,g addition term in ε equation of gas phase
Rr the approximate radius of cavity, m
S
!

the source term for the momentum equation
u!g gas phase weighted velocity, m/s
usg superficial gas velocity, m/s
u!s solid phase weighted velocity, m/s
ν!g gas phase velocity, m/s
ν!s solid phase velocity, m/s
αg volume fraction of gas phase
αs volume fraction of solid phase
α permeability
γΘs

energy collision dissipation of energy
σg turbulent Prandtl numbers for gas phase
σk turbulent Prandtl numbers for k
σε turbulent Prandtl numbers for ε
ε bed voidage
εg turbulence dissipation rate of gas phase
θ angle of internal friction, 0

Θs granular temperature, m2/s2

λs solid bulk viscosity, Pa ⋅ s
μg gas viscosity, Pa ⋅ s
μs solid shear viscosity, Pa ⋅ s
μl,g gas molecular viscosity, (Pa ⋅ s)
μt,g the turbulent viscosity of gas phase, (Pa ⋅ s)
μs,col solid collision viscosity, Pa ⋅ s
μs,kin solid kinetic viscosity, Pa ⋅ s
μs,fr solid frictional viscosity, Pa ⋅ s
ρg gas phase density, kg/m3

ρs solid phase density, kg/m3

τg shear stress of gas phase, N/m2

τs shear stress of solid phase, N/m2

φgs energy exchange between gas and solid
Πk,g, Πε,g influence of the dispersed phases on the continuous phase
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