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ABSTRACT
The computational ﬂuid dynamics (CFD) technology is analyzed and calculated utilizing the turbulence model
and multiphase ﬂow model to explore the performance of internal circulating ﬂuidized beds (ICFB) based on
CFD. The three-dimensional simulation method can study the hydrodynamic properties of the ICFB, and the performance of the ﬂuidized bed is optimized. The ﬂuidization performance of the ICFB is improved through the
experimental study of the cross-shaped bafﬂe. Then, through the cross-shaped bafﬂe and funnel-shaped bafﬂe
placement, the ﬂuidized bed reaches a coupled optimization. The results show that CFD simulation technology
can effectively improve the mass transfer efﬁciency and performance of sewage treatment. The base gap crossshaped bafﬂe can improve the hydraulic conditions of the ﬂuidized bed and reduce the system energy consumption. The cross-shaped bafﬂe and funnel-shaped bafﬂe can perfect the performance of the reactor and effectively
strengthen the treatment in the intense aerobic process of industrial sewage.
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1 Introduction
Today, as water shortage and pollution get severe day by day, sewage treatment has become crucial in
improving the earth’s environment and promoting the sustainable development of human beings. Research
on sewage treatment has been deepening around the world for over 20 years, and the three-phase ﬂuidized
bed is the main part of sewage treatment. Based on the conventional sewage treatment methods, internal
circulation ﬂuidized bed (ICFB) integrated the bioﬁlm process within and is applied in chemical
ﬂuidization technology, thus forming a piece of new biological treatment equipment [1]. This equipment
performs superiorly in ﬂuid mechanics, and also maintains mass transfer quality. Since this new type of
equipment is still in the research stage, some data and design cannot be veriﬁed with the actual data but
only compared with empirical data. The change of some factors like ﬂow structure in the three-phase
ﬂuidized bed can be extremely complex with different internals and sizes. There is still no mature
application of numerical analysis and quantitative expression of structure, and the theoretical design is
very limited. The limitation is reﬂected in practical engineering.
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In the 1990s, computational ﬂuid dynamics (CFD) technology emerged. At that time, under the
artiﬁcial solution background, computer calculation appeared as a shortcut. With the in-depth study
of CFD, it can be used in more and more ﬁelds in daily life, such as automobile, aircraft, engine, and
industrial manufacturing. An increasing number of domestic scholars are investigating CFD
technology. CFD also plays an important role in which two or three-dimensional mass transfers are
involved. Here, the CFD technology is used in environmental engineering, sewage treatment, to solve
the limitations of conventional theory and provide a strong theoretical base for its further
development. Based on the turbulence model and multiphase ﬂow model, a ﬂuidized bed’s ﬂow
performance can be more accurate, improving its efﬁciency and saving the time and cost for
designing the ICFB.
Here, a cross-shaped base-gap internal component is designed and placed in the three-dimensional
model of a quadrilateral ﬂuidized bed utilizing CFD technology. The performance and potential of the
ICFB are analyzed through a multiphase ﬂow model, improving the traditional sewage treatment
system. An improved scheme can be formed through the changes in simulation modeling data.
Afterward, two kinds of internal components, cross-shaped and funnel-shaped, are designed to enhance
the performance of a quadrilateral ﬂuidized bed. Through the modeling analysis such as the turbulence
model, an effective theoretical basis is provided for the industrial sewage treatment [2]. Obviously,
CFD has many advantages, such as low cost, simple and straightforward experiments, and multiple
simulation methods in getting about the ﬂuid information. Today, the complexity and portability of
experimental devices have been compensated and solved with the development of CFD and the
popularization of computers. Three innovations are introduced here. (1) CFD simulation technology is
applied to improve the ICFB and is used in the three-dimensional simulation, providing a further
optimization space for the design of the ICFB. (2) To improve the performance of the traditional
sewage treatment system, the cross-shaped bafﬂe is designed in the base gap area using the CFD
method, thus, proving the CFD’s optimization effect on the quadrangle ICFB. (3) New cross-shaped
bafﬂes and funnel-shaped bafﬂes are established and placed in a quadrilateral ICFB for coupling
optimization. This innovative design improves and optimizes the performance of industrial sewage
treatment.
2 Methodology
2.1 Structure and Experimental Study of ICFB
It has always been difﬁcult to treat high concentration and toxic organic wastewater, and a threephase ﬂuidized bed is very advantageous in this area. As a new structure, the research of ICFB will
promote the improvement and innovation of traditional technology. In a ﬂuidized bed reactor, different
circulating ﬂuidized beds are divided according to different ways of ﬂuid circulation. Its circulation
model is conducive to the interphase mass transfer and reaction process, which is greatly different
from the traditional reactor. Fig. 1 shows the operation diagram of the ICFB. Apparently, the ﬂuid
circulates in the reactor.
The ICFB has been recognized and studied for nearly 20 years. Under manual computation, the ICFB
shows great complexity in operation and a ﬁxed ﬂow. Without systematic theoretical guidance, people can
only rely on the experiences of those designers. Thus, experiments and research on ICFB become an urgent
need put on the shoulders of researchers all around the world. In recent years, researchers have collected
effective data through plenty of experiments and obtained many conditions in favor of the application of
ICFB in real life.
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Figure 1: Operation diagram of ICFB
2.2 Basic Theory of CFD
CFD has broken through from two-dimensional ﬂow to three-dimensional ﬂow with the development of
computer technology. Abiding by the three laws of physics: the law of conservation of mass, the law of
conservation of momentum, and the law of conservation of energy, the mathematical relationship in the
three laws of physics is expressed in discrete algebraic form based on the advantages of CFD in threedimensional ﬂow. Under the control equations of the three laws, the ﬂow of simulated ﬂuid is studied
utilizing CFD through the computer. The system is modeled through numerical simulation after some
information about a speciﬁc ﬂuid is obtained.
After the mass difference value between the inﬂow control body and outﬂow, and the control body is
calculated, the value is then compared with the increased mass value of the related ﬂuid, and the mass
conservation law is obeyed if these two values are the same. The momentum conservation law is obeyed
if all the external forces acting on a body are equal to momentum’s rate-of-change in time in the ﬂuid
system. Likewise, the energy conservation law is obeyed, if the amount of increased and decreased
energy in the whole process is the same.
At present, CFD software, such as STAR-CD, Fluent, and CFX are widely used in various ﬁelds. CFD is
developing comprehensively, no longer just for calculation [3]. The grid generation, algorithm structure, and
other content show that CFD-related research has become a multidisciplinary integrated science, and has
achieved good results in many ﬁelds, such as environmental engineering, chemical engineering, and
aerospace.
2.3 CFD Basic Model
The basic CFD models involved hereon include the turbulence model and multiphase ﬂow model.
2.3.1 The Turbulence Model
To distinguish from the viscous ﬂuid, the Reynolds number (Re) is used as the criterion. If Re is less than
2,000, it is judged as laminar ﬂow; if Re is larger than 2,000, it is judged as turbulent ﬂow.
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The above is the equation of Reynolds number, where Re represents Reynolds number, ρ represents
density, V represents volume, D represents diameter, and μ represents viscosity.
Compared with the ordered state of laminar ﬂow, turbulent ﬂow shows a disordered chaotic state. In
practical engineering, the Reynolds averaged N-S (RANS) method is adopted [4], because the other two
methods, large eddy simulation (LES) and direct numerical simulation (DNS), cannot be used in practical
engineering. With underdeveloped computer technology, the direct numerical simulation of turbulence
based on the NS equation is used, arising so many disadvantages. RANS method can be utilized to
simulate the contribution of pulsating motion to translational motion, which becomes an effective and
feasible method to solve engineering problems.
Different ﬂows correspond to different accuracy requirements and time costs. Therefore, how to choose
a suitable turbulence model is crucial. The deﬁnition and usage of each turbulence model are explained in
detail in Table 1, from which the most suitable model can be selected.
Table 1: Description and usage of turbulence model
Turbulence Description
model
SpalartAllmaras

Standard
κ-ε

RNG κ-ε

Realizable
κ-ε
Standard
κ-ω

Usage

A simple single equation model can be used Spalart-Allmaras model is the most
to solve the model of the viscosity of motion economical turbulence model in FLUENT
vortex (turbulence).
when the accuracy of turbulence calculation
is not the key factor in rough simulation
based on the rough network.
The two-equation turbulence model can be It has always been the main force of ﬂow
used to determine the turbulence length and calculation in practical engineering. It has
time scale by obtaining the values of κ and ε good robustness, economy, and reasonable
through two independent transport equations. prediction of large-scale turbulence, but it has
disadvantages in simulating swirl and
turbulence.
Based on the Standard κ-ε model, the
Higher reliability and accuracy are achieved
analytical equation of ﬂow viscosity at low in swirling uniform shear ﬂow, free ﬂow (jet
Reynolds number is included. The function and mixing layer), cavity ﬂow, and boundary
of these equations depends on the correct
layer ﬂow.
treatment of the near-wall region.
Developed from the Standard κ-ε model, it is Similar to RNG κ-ε, it can also be used to
mostly applied to medium-intensity
simulate a circular jet.
turbulence in practice.
The two variables κ and ω are solved through The wall boundary layer, free shear ﬂow, and
the turbulence model by resolving two
low Re ﬂow are predicted well. It is suitable
independent transport equations. The model for the case of an inverse pressure gradient.
is modiﬁed to include low Reynolds number,
compressibility, and shear ﬂow propagation
and has a better performance.
(Continued)
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Table 1 (continued).

Turbulence Description
model

Usage

SST κ-ω

SST κ-ω model has higher accuracy and
credibility than a standard κ-ω model when
used in broader ﬂow ﬁelds.
RSM is the most elaborate model in
FLUENT. It is suitable for complex threedimensional ﬂow.

Reynolds
Stress

Based on the standard κ-ω model, the
propagation of turbulent shear stress is
included in the turbulent viscosity.
The additional stress caused by ﬂuctuating
momentum exchange in the Reynolds
equation can be solved directly in the
transport equation.

Engineering calculations tend to use the Reynolds average N-S equation method (RANS) to decompose
the transient turbulent ﬂow into average motion and pulsating motion, and express the latter through the
Reynolds stress term. Based on the requirements of accuracy and the performance of the computer, the
Standard j-ε turbulence model, which is recognized as the most widely used eddy viscosity model. This
model consists of the turbulent kinetic energy equation and the diffusion equation j, which are
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In Eqs. (2) and (3), Gk: the production term of turbulent kinetic energy k due to gradient change of
average velocity; Gb: the generation term of turbulent kinetic energy k caused by buoyancy change; Ym:
the effect of pulsation expansion in compressible turbulence; Qk: the Prandtl number corresponding to
turbulent momentum k; Qe: the Prandtl number corresponding to turbulent momentum ε. C1ε, C2ε and
C3ε are constants. When the direction of the mainstream is parallel to that of gravity.
2.3.2 Multiphase Flow Model
In the ﬂow ﬁeld, the same kind of material with the same boundary conditions and dynamic
characteristics becomes the phase. The phase of matter is generally divided into the gas phase, liquid
phase, and solid phase. At present, the single-phase turbulence model is only used in the calculation of
the basic phase turbulence model. When mixing occurs, more phases need to coexist in a ﬂuid motion to
establish a turbulence model, such as the mixing of gas and liquid phase, liquid and solid phase, and gas
and solid phase [5]. Generally, the mixture of two phases is more common. The common multiphase ﬂow
models include the VOF model, mixture model, and Euler model. The most suitable ﬂow model should
be selected according to experience, in response to different ﬂuid ﬂow. Thus, more related phase ﬂow
problems will be solved in practical application.
Table 2: Physical parameters
Material
−3

Density (g/cm )
Mean diameter (mm)
Bulk density (g/cm−3)

Water

Air

Fine grains of resin

0.9979
/
/

0.00123
/
/

1.11
0.62
0.79
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Different models are applied in different scopes. The most common way to distinguish these three
models is: ① VOF model is selected when the stratiﬁed ﬂow, free-surface ﬂow, and large bubble ﬂow in
liquid are to be predicted. ② Mixture model should be selected for simulation analysis of bubble ﬂow,
settlement, and cyclone separator. ③ The Eulerian model is needed for the simulation of a bubble column,
particle suspension, and ﬂoating.

Figure 2: Model of ﬂuidized bed reactor after meshing
The medium ﬂowing in the biological ﬂuidized bed reactor is wastewater. The purpose of this study is to
obtain the internal ﬂow status of the reactor. Therefore, the sewage is simpliﬁed to a single phase. The phase
mixing of the ﬂow in the ﬂuidized bed is intense. Flow resistance can be utilized. Therefore, the EulerianEulerian multiphase ﬂow model is selected to solve the momentum and continuity equations of gas and
liquid phases. The pressure term is coupled with the interface exchange coefﬁcients. This model
established a set of n momentum equations and continuity equations, and solved each phase. The control
equation is as follows:
2

 X

@
!
aq qq þ r  aq qq mq ¼
m_ pq
@t
q¼1
2 
X






@
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The used basic phase and subordinate phase are water and air in standard condition respectively.
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2.3.3 Operating Conditions and Boundary Conditions
The operating atmospheric pressure is 101325 Pa, the gravity acceleration is 9.81 m/s2, and the direction
is downward along the z axis.
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Figure 3: Inﬂuence of grid size on gas content
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Figure 4: Effect of grid size on liquid circulation rate
The entire bottom inlet is set as a speed inlet. Air phase content is 1. Assuming that the bubble diameter
is uniform 3 mm. To treat typical biological wastewater anaerobically as aerobic, 0.5 cm/s, 1 cm/s, 2 cm/s,
3 cm/s are selected as four groups of inlet velocity (on rising section). The top outlet of the reactor is pressure
outlet. Subordinate phase content of 1 is used as reﬂux condition. Neumann boundary condition is applied to
the symmetric surface of the model.
The initial height of the liquid level is set at 900 mm. Above the liquid level is air.
2.3.4 Solution Parameter Setting
SIMPLE algorithm is used to solve the velocity-pressure coupling equation. The ﬁrst-order upwind
scheme is used as a discrete scheme for momentum, turbulent kinetic energy and turbulent dissipation
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rate. QUICK scheme is used as the discrete scheme of volume fraction. Meanwhile, the default relaxation
factor of Fluent is used. The unsteady process is simulated. The time step is 0.003s, and each time is
iterated 50 times. The convergence standard residual of all variables is set to 1  10-3. The criterion for
judging steady state is computational convergence. When the inlet and outlet ﬂow and the liquid
circulation velocity and gas holdup of the monitoring surface ﬂuctuate within 5%, the iterative calculation
can be stopped.
All calculations are paralleled on Intel Core i7 3.5 GHz four-core CPU, 16 GB memory computers. The
calculation time of each data is about 150 h.
3 Results and Discussion
3.1 Establishment of CFD Simulation Method
In the two-dimensional numerical simulation, the Euler model is used to simulate the gas-liquid-solid
three-phase ICFB. First, the platform of the ICFB is established through CFD software. Second, after the
corresponding CFD simulation method is established, the grid size factor is added and then analyzed and
studied as a whole to see if it interferes with the accuracy of CFD simulation results. Third, the
ventilation volume is observed, and whether the gas holdup and liquid circulation speed are interfered
with is analyzed. Accordingly, the suitable conditions are selected for mass transfer and ﬂow in the ICFB.
Accurate experimental data can verify the suitable CFD simulation method. The physical parameters of
the research objects are listed in Table 2.
First, the physical model of the research object is established through Gambit processing software. This
step requires preparation for CFD simulation [6]. Then, Fig. 2 is the ﬂuidized bed reactor model after meshing.
In the numerical simulation, Fluent 6.3.26 is used to import the grid ﬁle created by Gambit. First, the
separation solver and calculation model are selected; then, the operating environment, boundary
conditions, and initial conditions are set; ﬁnally, the parameter setting is solved.
3.2 Analysis of Network Independence
In the above experiments, the importance of grid division should be veriﬁed. The experimental analysis
on its independence is needed to determine whether the simulation results change according to the grid
accuracy. Six sizes of 0.5, 1, 2, 3, 4, and 5 are designed in the experiment. The gas holdup and liquid
circulation rate are compared in the ascending and descending regions [7]. The experimental results can
analyze the different results of CFD simulation changes under different grid accuracy. Fig. 3 shows the
effect of grid size on gas content, and Fig. 4 shows the effect of grid size on liquid circulation rate.
Cleary, with the decrease of grid size, other numerical values change. To be speciﬁc, the smaller the size
is, the larger the number of grids is, and the more memory and time are consumed. Concurrently, the most
economical computing resource and time are simulated in a 2 mm grid.
3.3 Research on the Improved ICFB with Cross-Shaped Internals in the Base Gap
The innovative cross-shaped bafﬂe [8] internals in the base gap can be used in the three-dimensional
model of the ﬂuidized bed to solve the high cost and large error of physical experiments. On this basis, it
is veriﬁed whether the hydrodynamic performance of the reactor can be improved. The Eulerian-Eulerian
two-ﬂuid model is adopted to simulate by analyzing the corresponding characteristics of different CFD
models and including the gas-liquid combination mode in the experiments. Thus, the change of hydraulic
characteristics before and after placing the bafﬂe is studied.
Apparently, under isothermal conditions, the circulating velocity in the ﬂuidized bed increases by about
16% with the interaction of the two ﬂuids, so the hydrodynamic performance of the ﬂuidized bed can be
greatly improved by placing the cross-shaped bafﬂe in the base gap. These improved performances can
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solve the problem of short sludge retention time in sewage treatment, and strengthen the sludge load of the
ﬂuidized bed. Concurrently, under different hydraulic conditions in the ﬂuidized bed, the base gap crossshaped bafﬂe can reduce the energy consumption of the system and improve the performance of sewage
treatment.
3.4 Research on Improved ICFB with Cross-Shaped and Funnel-Shaped Internals
The innovated cross-shaped and funnel-shaped internals are placed in the base gap to analyze the
improved performance of the ICFB [9]. The turbulence model and multiphase ﬂow model are selected as
the evaluation model. Gas holdup and gas-liquid mass transfer can be obtained from the operation of
wastewater treatment reactor, and these are the two critical factors in reducing energy consumption and
improving efﬁciency [10]. The key research purpose of this experiment lies in whether the nondegradable substances in industrial sewage can be decomposed after the insertion of cross-shaped and
funnel-shaped internals.
The funnel-shaped bafﬂe and cross-shaped bafﬂe show good performance in the experiment to improve
the mass transfer and ﬂuidization quality of the gas-liquid phase. The ﬂuidization quality of the improved
ICFB is enhanced after the coupled optimization. The retention time in the gas phase is also extended
[11]. Consequently, some tough issues, such as intense aerobic processes and low energy consumption
requirements, can be solved and improved in the process of industrial sewage treatment.
4 Conclusion
Here, an improved experimental model suitable for the ICFB is obtained through the research and
analysis of the CFD model from the two-dimensional model to the three-dimensional model. Compared
with the traditional ICFB for sewage treatment, multiple internal placement experiments are added to
make the treatment of industrial sewage more efﬁcient. The CFD method can be used for numerical
simulation analysis. The results show that the CFD simulation method can improve the performance of
sewage treatment from many aspects and can further guide its industrial application. Through the
experimental data, the improved effect of the ﬂuidized bed is analyzed by placing a cross-shaped bafﬂe in
the base gap. Consequently, both hydraulic conditions and system energy consumption of ﬂuidized beds
are greatly improved. The experiments of the cross-shaped bafﬂe and funnel-shaped bafﬂe show that the
coupling can optimize the mass transfer and ﬂuidization quality of gas-liquid two-phase. Obviously, the
CFD can accurately simulate the changes of the ICFB under different conditions including physical law
like gas-liquid two-phase ﬂuid movement and mass transfer. It also plays an active role in the structure
optimization of ICFB.
Due to the urgency for sewage treatment, a new type of biological treatment equipment is desperately
needed globally. The conventional activated sludge process and bioﬁlm process of ICFB are improved
utilizing the CFD simulation technology. Still, there is considerable room for improvement, and there are
also some limitations and deﬁciencies in this research process that can be further discussed in future
studies. (1) More accuracy is needed in a more complex practical situation for an ICFB, which involves a
lift model and virtual mass force model. (2) Only the two-phase ﬂow model is involved here. The spacetime distribution of the inﬂuence of multiphase structure can be solved if the gas-liquid-solid three-phase
ﬂow model can be added in future research.
Funding Statement: The authors received no speciﬁc funding for this study.
Conﬂicts of Interest: The authors declare that they have no conﬂicts of interest to report regarding the
present study.
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