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ABSTRACT

High-density circulating fluidized bed (HDCFB) offers high gas-solid contact efficiency and shows great
application prospects in the petrochemical industry. It is important to study the scale-up of HDCFB for
its successful industrial application. Therefore, the gas-solid hydrodynamics of the full-loop HDCFB with
different riser heights and riser diameters was systematically investigated by coupling a Euler-Euler
model, an energy minimization multi-scale (EMMS) drag model, and a modified solid pressure
model. Results demonstrated that the solids circulation rate of the HDCFB system decreases with
increasing riser height. When the riser height is 10 m, it is difficult to achieve full development of gas-
solid flow. When the riser height increases to 18 m, full development is achieved at a normalized height
(h/H) of 0.35. At high solids circulation rates, high riser heights are required to achieve sufficient gas-
solid flow development, and adequate storage height is needed to provide the driving force for high-
density operation of the circulating fluidized bed. As the riser diameter increases, the pressure drop
in each unit of the HDCFB system changes linearly, with the pressure drop in the riser decreasing and
the pressure drop in the cyclone separator increasing. In large-diameter risers, the radial distribution of
particle concentration and particle velocity inside the riser becomes less uniform, and larger particle
clusters can form near the wall with severe particle back-mixing. When the riser diameter increases
from 80 to 150 mm, the normalized height of the fully developed gas-solid region increases from 0.15 to
0.42 (h/H), indicating that particles and clusters in large-diameter risers need a longer acceleration zone
to develop a stable flow pattern. These findings can provide useful information for the design and scale-
up of HDCFB systems.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The gas-solid circulating fluidized bed (CFB) is widely applied

potential for application because of higher concentration and
efficient heat transfer. However, most of the studies on HDCFB are

in many industries due to its low energy consumption and capa-
bility for continuous operation (Dang et al., 2025; Rodriguez-
Machin et al., 2023; Xiong et al., 2020; Yang et al., 2023). Fluid
catalytic cracking (FCC) represents its most successful industrial
application. With the transformation of the energy structure, the
petrochemical industry is shifting from fuel to chemicals. Higher
olefin yields are desired in the FCC process, which requires higher
solids holdup to enhance gas-solid contact. The HDCFB has great
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et al., 2017). Tu and Wang (2018) obtained three modes of fluid-
ization at different gas velocities in a CFB with 5.8 m height,
finding that particle fluidization is limited by riser height. In
contrast, an industrial-scale circulating fluidization boiler with a
height of 35 m was simulated by Zhang et al. (2010). The riser is
high enough for particles to achieve full development. Noticeable
fluctuations in solids holdup occur near the solids recycling inlet. It
can be found that the solids circulation rate fluctuates significantly
in industrial CFB, which takes longer time for particles to enter the
full development region compared to small-scale. The scale-up of
the LDCFB has been studied by some scholars. The CFB boilers in
lab-scale (0.1 MW), pilot-scale (10 MW), and industrial-scale (100,
300, and 600 MW) were compared by Cui et al. (2021, 2023). The
power capacity of the boiler and the coal mass flow rate increase
simultaneously during scale-up from lab-scale to industrial-scale.
It was found that the particle flow rate and circulating ratio in-
crease with boiler power capacity, significantly enhancing com-
bustion efficiency. Zhu's team compared particle velocities and
particle concentrations in



450 mm, and the storage tank is 6 m high with a diameter of
660 mm. The gas phase enters the system through the bottom of
the riser, and the particles enter the riser from the storage tank via
the feed pipe. Mixing of the gas and solid phases occurs at the
bottom of the riser. At the top of the HDCFB, the gas-solid phases
are separated by the cyclone separator, where the gas phase leaves
the HDCFB and the solid phase returns to the downcomer and
storage tank to complete the circulation. To maintain a constant
particle volume, particles discharged from the top of the cyclone
separator were returned to the storage tank using a user defined
function (UDF). A small amount of fluidized air is added at the
bottom of the storage tank to maintain normal particle fluidization
in the full-loop HDCFB.

2.3. Simulation system and setup

In the simulation of a full-loop HDCFB, air is regarded as the gas
phase and typical FCC industrial catalyst is regarded as the solid
phase. The physical properties of the gas and solid phases are
provided in Table 2. The inlet boundary condition is set as velocity-
inlet. At the top of the cyclone separator, atmospheric pressure is
used as the outlet boundary condition. The no-slip boundary
condition is used at the wall.

The HDCFB geometry was divided into hexahedral cells in
ANSYS Icem, with a total cell count of 300,000. The commercial
software ANSYS Fluent was used as a solver to solve the transient
equations. Pressure-velocity was coupled by the SIMPLE method.
The momentum and energy equations were discretized using the
second-order upwind scheme, with a residual convergence crite-
rion of 10~>. The HDCFB simulations under different operating
conditions were performed with a time step of 0.0005 s for a total
of 40 s to achieve a steady-state flow field. Time-averaged results
were obtained from 40 to 60 s.

3. Results and discussion
3.1. Model validation

Typical high-density operating conditions in the experimental
setup were selected for model verification. In the full-loop CFB
simulation, the gas velocity at the bottom of the riser was 7 m/s, the
particle packing height in the storage tank (storage height) was 6 m,
and the fluidized air flow rate at the bottom of the storage tank was
12 m?/s, which was consistent with the experimental setup opera-
tion. To verify the accuracy of the full-loop HDCFB model developed
in this paper, simulation results were compared with experimental
data, as shown in Fig. 2. The results show that the axial and radial
distribution of solids holdup in the riser are in good agreement with
the experiment. The solids holdup is relatively high at the bottom of
the riser and gradually decreases with increasing riser height. The
axial distribution trend of solids holdup is consistent with the
experimental data. In the radial direction of the riser, the distribution
of solids holdup is higher near the wall and lower in the center,
showing a typical “core-annular” flow structure. As the axial height
increases, the radial distribution of solids holdup becomes more
uniform. The time-averaged solids circulation rate obtained from the
full-loop HDCFB simulation is 630 kg/(m? s), which is close to the
650 kg/(m? s) measured in the experimental setup. The pressure
drop in the riser of the full-loop HDCFB is 45.8 kPa, with a relative
error of 6.5% compared to the 43 kPa pressure drop observed in the
experiment. Therefore, the HDCFB model developed in this paper is
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Table 2
Properties of gas phase and solid phase.
Items Values
Air density, kg/m3 1.225
Air viscosity, Pa s 1.7894 x 10~>
Particle density, kg/m> 1500

Particle diameter, m 8.5 x 107>

3.2. Effect of riser height on gas-solid hydrodynamics in the HDCFB

For the riser reactor, the height and diameter are key structural
parameters that significantly influence gas-solid flow. The height
of the riser can influence both the inlet region and the flow
development. Therefore, it is necessary to investigate the impact of
riser height on gas-solid flow within the HDCFB.

The HDCFB geometries of different riser heights are built, as
shown in Fig. 3. The operating conditions are shown in Table 3,
where the size of the storage tank is kept constant to ensure
consistent driving force in the different structures.

Table 4 summarizes the pressure distribution of the HDCFB. The
pressure balance within the HDCFB is crucial for the stable oper-
ation of the high-density system. It is essential to maintain a well-
regulated pressure loop to ensure stable hydrodynamics of the
particles within the HDCFB. In the CFB system, the driving force
comes from the cumulative hydrodynamic pressure drop across
three key components: the storage tank, the feed pipe, and the
downcomer. The storage tank provides most of the pressure drop
due to the high storage height in the storage tank. The feed pipe
contributes a smaller pressure drop, mainly caused by the static
pressure of the particles. The downcomer has almost no pressure
drop because particles fall freely. The resistance in a CFB system
primarily comes from the pressure drop across the riser and the
cyclone separator, which comprise contributions from static
pressure, friction losses, etc. The pressure balance of the HDCFB
system is obtained from the following equation:

APgs + Apr = APyiser + APCYC (2)

where APgs is the pressure drop of the storage tank and down-
comer, APy, is the pressure drop of the feed pipe, and APyjser is the
pressure drop of the riser, including the static pressure of the gas
phase and solid phase, the acceleration of the particles and the

(a) 20
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Fig. 3. Geometry of HDCFB with different riser heights. (a) H; = 10 m, (b) H; = 14 m,
(c)Hy =18 m.

friction between the gas phase, solid phase and the wall. APy is
the pressure drop of the cyclone separator.

Table 4 shows that the difference in pressure drop distribution
within the HDCFB of different riser heights is very small. This result
indicates that when the catalyst loading is kept constant, the pres-
sure drop in each unit is basically constant for the HDCFB of different
riser heights. The variation of solids circulation rate over time in the
gas-solid HDCFB of different riser heights is shown in Fig. 4. As the
height of the riser increases, the solids circulation rate of HDCFB
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Fig. 2. Comparison of solids holdup in the riser between simulation and experiment. (a) Axial solids holdup, (b) radial solids holdup.
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Table 3

Operating conditions of HDCFB with different riser heights.
Items Values
Riser height, m 10, 14,18
Riser diameter, mm 80
Superficial gas velocity, m/s 5
Storage height, m 6
Fluidized air, m3/h 12

Table 4

Pressure distribution of HDCFB with different riser heights.
Pressure drop, kPa H,=10m H. =14 m H, =18 m
APyiser 51.07 51.05 50.59
APeyc 0.12 0.10 0.05
APy, -0.86 -0.91 -0.92
APgs -50.33 -50.24 —49.72

In the table, positive values indicate resistance and negative values indicate driving
force.

decreases significantly. This result is due to the fact that the solids
circulation rate within the HDCFB is influenced by the pressure drop
distribution. Particle static pressure is a major component of the
pressure drop in the riser and is mainly affected by particle con-
centration and reactor height. Higher solids circulation rates and
higher riser heights result in higher static pressures. Therefore, a high
solids circulation rate can be achieved with a lower riser when the
system driving force is constant. As the riser height increases, the
driving force provided by the HDCFB system is insufficient to main-
tain a high solids circulation rate due to the constant storage height.
In order to achieve full-loop flow of solids within the CFB, the solids
circulation rate in the riser will decrease. For industrial HDCFB, the
solids level height within the storage tank should be reasonably
increased to improve the driving force of the system and maintain a
high solids circulation rate. When the riser height increased from 10
to 14 m, a 40% increase, the solids circulation rate decreased by 54%.
When the riser height increased from 14 to 18 m, a 28% increase, the
solids circulation rate decreased by 27%. It can be seen that the
reduction in solids circulation rate is comparable to the riser height
increase. At constant operating conditions, predicting the influence
of riser height on solids circulation can aid in the design of storage
tanks. In addition, the pressure drop in the cyclone separator mainly
consists of friction losses, which increase significantly with higher
solids circulation rates.

Fig. 5 shows the distribution contour of solids holdup in the
HDCFB with different riser heights. The same driving force can be
guaranteed by maintaining the same storage height. At the bottom

Fig. 4. Variation of solids circulation rate with time in the HDCFB of different riser
heights.
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of the riser, the solids holdup is high and many clusters are formed.
The solids holdup in the riser decreases significantly with
increasing axial height for all three HDCFBs. At the top of the riser,
particles collide and accumulate on the sidewall of the elbow,
leading to a region of higher solids concentration. Among the three
different riser heights, the highest particle concentration occurs in
the riser with a 10 m height due to the higher solids circulation
rate of the 10 m high riser compared to that of the 14 m and 18 m
high risers. For the HDCFB with a 10 m high riser, a large number of
particles accumulate on the wall in the lower part of the cyclone
separator. The particle concentration in the cyclone separator de-
creases significantly with increasing height of the riser due to a
lower solids circulation rate. Under high-density operating of the
CFB, the operational load on the cyclone separator increases
significantly, which may affect separation efficiency. It is necessary
to design a suitable gas-solid separation device according to the
actual solids circulation rate for industrial HDCFB.

Fig. 6 shows the axial distribution of solids holdup in the risers
with different heights, presented using both normalized and actual
height scales. When the height of the riser increases from 10 to 18 m,
the average solids holdup in the riser decreases due to the decreased
solids circulation rate. Under the influence of the inlet and outlet
structures, the solids holdup is higher at the bottom and top of the
riser than in the middle of the riser for the three risers. In the middle
of the riser, the ranges of fully developed flow differ among the risers
of different heights. In the axial region from h/H = 0.35 to 0.75, the
gas-solid flow is fully developed in the riser with 18 m height. In the
axial region from h/H = 0.4 to 0.78, the gas-solid flow is fully devel-
oped in the 14 mriser. However, in the 10 mriser, particle fluidization
is affected by the outlet structure before reaching full development,
resulting in an increase in solids holdup with increasing axial height.
As the solids circulation rate increases, the dimensionless height
required for particles to reach the full development region also in-
creases. For high-density operation within HDCFB, the fully devel-
oped flow is difficult to achieve in risers with low heights.

As shown in Fig. 6(b) and (c), for the riser, particle distribution
in the center differs significantly from that near the wall. The solids
holdup in the riser is lower at the center and higher near the wall,
which is the characteristic of core-annulus flow. With increasing
axial height, the particle concentration in the center of the riser
gradually increases and the particle concentration near the wall
gradually decreases, indicating that the radial distribution of par-
ticles inside the riser is more uniform. From the height of 10-18 m,
the solids holdup near the center and wall of the riser decreases
due to the decreased solids circulation rate. In the risers of 10 and
14 m in height, the solids holdup near the wall remains around 0.3,
which is due to the fact that the solids holdup near the wall is
saturated. This phenomenon suggests that as the solids circulation
rate increases, the particle concentration near the wall is limited
and the particle concentration in the center of the riser increases,
which will significantly increase the gas-solid contact efficiency.

Fig. 7 shows the axial distribution of particle velocity in the
risers with different heights, presented using both normalized and
actual height scales. At the bottom of the riser, particles are carried
by the high-velocity gas, resulting in a rapid increase in particle
velocity. This region is considered the acceleration zone for the
particles. The velocity difference between the gas and solid phases
gradually decreases, leading to a reduction in drag force. When the
drag force equals the gravitational force on the particle, the par-
ticle velocity remains constant, indicating that the gas-solid flow
has reached the full development region. At the top of the riser,
there is a slight increase in particle velocity, which is due to the
outlet effect. A comparison of the average particle velocity shows
that the variation of particle velocity in the risers with different
heights is small under certain operating conditions. Combining
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Fig. 5. Distribution contour of solids holdup in the HDCFB with different riser heights. (a) H; = 10 m, (b) H;

14 m, (c) Hr = 18 m.

Fig. 6. Axial distribution of solids holdup in the risers with different heights. (a) Axial average, (b) center of the riser, (c) wall of the riser.

Figs. 6 and 7 reveals that in the middle of the riser, the average
solids holdup and average particle velocity in the risers with 14
and 18 m in height are essentially constant with increasing axial
height. However, the average solids holdup and average particle
velocity in the 10 m riser continue to increase slowly with
increasing axial height since full development has not yet been
achieved. This result further suggests that for high-density oper-
ation in the HDCFB, higher height is required to enable stable gas-
solid flow. Comparing the particle velocity in the center and near
the wall of the risers with different heights, the particle velocities
are lower in the center and higher near the wall for the risers with
10 and 14 m in height. In the 18 m high riser, the particle velocity in

the center is high and the particle velocity near the wall decreases
to such low magnitudes that negative values are also observed,
indicating downward particle movement along the wall and sub-
sequent particle back-mixing. This phenomenon is because parti-
cles colliding in the center of the 18 m high riser are fewer due to
the lower solids holdup. At the same gas velocity, particles in the
center of the riser are more easily accelerated by gas phase drag
forces to the fully developed stage. Near the wall of the riser,
momentum loss due to wall friction increases with increasing riser
height. Therefore, the velocity near the wall of the riser with
higher height is lower. Due to the core-annular flow characteristics
of gas-solid fluidized beds, most particles are concentrated near



risers with higher heights to be carried to the outlet under a given
driving force and gas velocity. Therefore, for industrial-scale
HDCFB with high height risers, maintaining sufficient gas mass
flow rate at the bottom of the riser can improve the gas-solid drag
forces and reduce particle back-mixing.

3.3. Effect of riser diameter on gas-solid hydrodynamics in the
HDCFB

The diameter of the riser is below 100 mm in most experi-
mental units, which results in significant wall effects on the overall
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Fig. 9. Variation of solids circulation rate with time in the HDCFB with different riser
diameters.
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The variation in solids circulation rate over time in the HDCFB
of different riser diameters remains around 400 kg/(m?s), as
shown in Fig. 9. It can be found that the solids circulation rates of
the risers with different diameters are similar, indicating that the
riser diameter has less effect on solids circulation rate compared to
the riser height. When the riser diameter increases from 110 to
150 mm, the solids circulation rate decreases from 442 to 389 kg/
(m? s). This is because the gas tends to flow in the center of the
reactor, and larger particle clusters form near the wall as the riser
diameter increases. Larger clusters experience greater gravita-
tional forces, making it difficult for them to be entrained into the
upward flow. From the velocity distribution of the particles, it can
be observed that particles near the wall in the larger-diameter
risers tend to flow downward (Fig. 13), which slightly reduces
the overall solids circulation rate within the system. Therefore,
industrial HDCFB units with large riser diameters require higher
superficial gas velocities to sustain high-density operation.

4

Fig. 10. Distribution contour of solids holdup in the risers with different diameters. (a) Bottom of the riser (2-5 m), (b) top of the riser (12-15 m).

Fig. 11. Axial distribution of solids holdup in the risers with different diameters. (a) Axial average, (b) center of the riser, (c) wall of the riser.
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Fig. 12. Axial distribution of particle velocity in the risers with different diameters. (a) Center of the riser, (b) wall of the riser.

Fig. 13. Radial distribution of particle velocity vector in the risers with different diameters.
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The distribution contour of solids holdup in the risers with
different diameters is shown in Fig. 10. The characteristic of low
solids holdup at the top of the riser and high solids holdup at the
bottom of the riser can be found in all cases. At the top of the riser,
the solids holdup is similar for the three risers, with lower solids
holdup and clear core-annular flow characteristics. At the bottom
of the riser, there are a large number of particle clusters with large
sizes and different shapes. At the bottom of the riser with 80 mm
diameter, some particles in the cluster move away from the core of
the cluster under the influence of the upward-flowing gas,
showing long tails. At the bottom of the risers with 110 and
150 mm in diameter, a large number of clusters with larger sizes
are merged near the wall, resulting in complex shapes. The clusters
with sizes close to the diameter of the riser are observed due to the
coalescence of adjacent cluster boundaries. In the large-diameter
risers, the clusters are closer to spherical in shape and have
denser cores. In the reactor, the formation of a large number of
clusters will reduce the gas-solid contact efficiency in the reactor
and could have negative effects on heat transfer (Lv et al., 2015).

The distribution of solids holdup in the risers with different
diameters is shown in Fig. 11. The difference in solids holdup at the
bottom of the risers with different diameters may be due to the
different degrees of particle accumulation. As the axial height in-
creases, the average solids holdups in the risers with different
diameters gradually tend to be the same. The height at which the
solids holdup reaches stabilization is different for the risers with
different diameters. For the risers with 80 and 110 mm in diameter,
the solids holdup stabilizes above h/H = 0.15. For the risers with
110 mm in diameter, the solids holdup stabilizes above h/H = 0.25.
For the risers with 150 mm in diameter, the stabilization occurs at
h/H = 0.42. Particles in the larger-diameter riser require a longer
acceleration region to reach stable flow.

Although the average solids holdups in the risers with different
diameters are similar, the radial distribution of solids holdups is
significantly different. As shown in Fig. 11(b) and (c), as the riser
diameter increases, particles tend to aggregate near the wall,
which results in a greater difference in solids holdup between the
center and near the wall of the riser. This phenomenon indicates
that the radial distribution of particles is less uniform as the riser
diameter increases, which can lead to inefficient gas-solid contact
in industrial reactors.

The axial distribution of particle velocity in the risers with
different diameters is shown in Fig. 12. The figure shows the typical
characteristic of high particle velocity in the center and low particle
velocity near the wall. The gas in the riser tends to concentrate in the
center, while particles, especially in the large-diameter riser, are
driven toward the wall. The gas-solid hydrodynamics in the large-
diameter riser are more complex, which takes more time and an
extended acceleration region to reach stable flow. As the riser
diameter increases, the particle velocity increases in the center and
decreases near the wall, which means that the radial distribution of
particle velocity is less uniform. It can be seen in Fig. 12(b) that the
particle velocity near the wall is positive in the riser with 80 mm
diameter, whereas negative values are observed in the risers with
diameters of 110 and 150 mm. This result indicates downward flow of
particles near the wall, as further illustrated in Fig. 13. Fig. 13 shows
the radial distribution of particle velocity vectors in risers with
different diameters. It can be seen that there are fewer particles
flowing downward in the riser with a diameter of 110 mm, while the
number of particles flowing downward in the riser with a diameter of
150 mm increases significantly, which may lead to a decrease in
particle flux in the HDCFB system. When the diameter of the riser
increases, the gas flows more concentrated in the center of the riser
and the gas velocity near the wall is lower. The number and size of
clusters near the wall increase, making it difficult for these clusters to
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be carried upward by the drag force from the gas phase. These ob-
servations demonstrate that severe particle back-mixing occurs in
the larger-diameter riser due to inadequate gas-solid interaction. To
reduce particle back-mixing and achieve a more uniform radial
particle distribution in industrial HDCFB, it is critical to maintain
sufficient gas mass flow rate. This optimization not only reduces
accumulation of particles near the wall but also enhances overall
reactor efficiency through improved gas-solid contact.

4. Conclusions

Exploring the hydrodynamics during the scale-up of the HDCFB
is important for its industrial application. In this study, the Euler-
Euler model was coupled with the EMMS interphase drag model
and a modified solid pressure model to simulate the gas-solid flow
of the full-loop HDCFB. The scale-up effects of the HDCFB were
demonstrated by studying the influence of riser height and riser
diameter on gas-solid flow characteristics. It was found that the
riser height has a significant effect on the solids circulation rate of
the CFB system and the solids holdup inside the riser, while it has
little effect on the pressure drop in each unit within the system.
When operating conditions are constant, the solids circulation rate
and solids holdup inside the HDCFB decrease with increasing riser
height. When the riser height is reduced to 10 m, the gas-solid
flow has insufficient space to fully develop before reaching the
outlet. As the riser height increases from 14 to 18 m, the normal-
ized height of the fully developed gas-solid region decreases from
0.4 to 0.35 (h/H), which means that a higher riser is required to
ensure complete flow development under higher solids circulation
rates in the HDCFB. As the diameter of the riser increases, the
solids circulation rate changes slightly, and the radial distribution
of particle concentration and particle velocity becomes less uni-
form. As the riser diameter increases, the pressure drop inside the
riser decreases and the pressure drop inside the cyclone separator
increases. In larger-diameter risers, more particles tend to aggre-
gate near the wall and form clusters with wider size distributions,
which requires a longer acceleration zone to achieve a fully
developed flow. When the riser diameter was increased from 80 to
150 mm, the normalized height (h/H) of the fully developed gas-
solid region increased from 0.15 to 0.42. There is pronounced
particle back-mixing near the wall of the larger-diameter riser due
to the downward flow of clusters, which can reduce gas-solid
contact efficiency. For industrial HDCFB systems, a greater
driving force is required for higher-height risers to achieve high-
density operation, and larger gas mass flow rates are recom-
mended for larger-diameter risers to suppress particle back-
mixing in the riser. These conclusions can provide theoretical
guidance for the scale-up of HDCFB in fields such as petrochemi-
cals, energy conversion, and environmental protection.
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Symbol description

€ volume fraction

p density, kg/m>

u velocity, m/s

p pressure, Pa

T stress tensor, Pa

B interphase momentum exchange coefficient, kg/(m? s)
U two phase slip velocity, m/s

1 unit tensor

Y collisional dissipation of energy, kg/(m s°)

2] granular temperature, m?/s

u shear viscosity, Pa s

es coefficient of restitution for particle collisions
20 radial distribution function

Hs, kin dynamic viscosity, Pa s

Us, col collision viscosity, Pa s

Us, fr frictional viscosity, Pa s

y) bulk viscosity, kg/(m s)

dp diameter of particle, m

K diffusion coefficient for granular energy, kg/(m s)
Subscripts

m gas phase or solid phase

g gas phase

S olid phase
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