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Abstract. It is difficult to accurately measure the parameters of solid particles in the experiment of the 
gas-solid fluidized bed. The numerical simulation plays an important role to accurately describe flow 
characteristics in the fluidized bed. Combined with the research work of the research group, this paper 
analyzes the application of numerical simulation of fluidized bed from the aspects of gas-solid coupling 
algorithm, drag model, flow characteristics, and reaction characteristics based on the previous studies. The 
specificity improvement of the gas-solid coupling algorithm and the regional application of the drag model 
is the trend of the recent development of numerical simulation. Previous studies mainly focus on the 
gas-solid two-phase flow field characteristics in the traditional fluidized bed, but few on the complex flow 
characteristics such as gas-solid reverse flow and the coupling with reaction characteristics. It is of great 
significance for designing a novel fluidized bed reactor to realize gas-solid continuous reaction to establish 
and improve the numerical simulation method of gas-solid non-catalytic reaction.  

1 Introduction 
Gas-solid fluidized bed has been widely used in 
petrochemical, pharmaceutical, drying, and other fields, the 
study of gas-solid two-phase flow has important significance 
for industrial equipment design and optimization of 
operating conditions. The current research on gas-solid 
fluidized bed is mainly carried out by experimental studies 
and numerical simulations: most of these experimental 
methods are based on experimental setups, which are 
expensive and involve considerable engineering effort, and 
very few studies are conducted on industrial setups; 
numerical simulations allow more accurate calculation, 
prediction and study of gas-solid two-phase flow, and more 
intuitive access to the processes and details of gas-solid flow 
at the particle and mesh scales, which are difficult to 
measure experimentally, resulting in a wealth of microscopic 
information. The prediction results can be helpful for the 
development of novel reaction equipment and the 
optimization of internals, however, the reasonableness of the 
parameters and the reliability of the prediction results are 
still difficult to be verified theoretically and largely depend 
on experimental data for examination and determination. As 
an important method complementary to experimental 
research, numerical simulation will play a more important 
role in the analysis and research process of gas-solid 
fluidized bed.  

The particles are often used as catalysts in the traditional 
fluidized bed, which properties do not change in the reaction 
process, and are easy to be simplified in numerical 
simulation, so that the simulation results match well with the 
actual flow conditions. However, there are numerous 

gas-solid non-catalytic reactions in pharmaceutical and 
chemical production, that is, solid particles react directly 
with the gas without catalyzing the reaction. For example, 
the carboxylation reaction of sodium phenolate and CO2 in 
the production process of salicylic acid, it is usually 
produced using the agitator which is the batch production 
equipment. If the fluidized bed technology can be used to 
achieve the continuous operation of this reaction, the 
product quality and output would be improved significantly. 
The research group has carried out an in-depth study on the 
process conditions, reaction thermodynamics, reaction 
mechanism and reaction kinetics of sodium phenolate 
carboxylation, and proposed a novel fluidized bed [1] that 
can realize the efficient contact between gas and solid 
particles and continuous reaction to generate solid particle 
products. The reactor has a big difference with the 
traditional fluidized bed in terms of feeding mode and 
internals settings. Sodium phenolate particles fall 
overcoming the drag between the gas-solid phase and then 
evenly distributed in the bed through the role of the internals. 
CO2 gas is both fluidizing medium and involved in reactions. 
It mainly solves the technical problems of solid particles 
react with gas to generate solid particles, effectively ensure 
full contact between the gas-solid phase, reduce the axial 
back mixing of solid particles, and improve the reaction 
efficiency.  

In recent years, the improvement of simulation accuracy 
mainly depends on modification of drag model and coupling 
algorithm, the research on simulation of gas-solid fluidized 
bed mainly focuses on gas-solid flow characteristics, but the 
mass transfer and reaction characteristics are mentioned in 
some literature. This study summarizes the progress of 
numerical simulation technology in gas-solid flow, discusses 
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the simulation methods and results of the coupling with 
reaction characteristics in gas-solid fluidized bed and 
analyzes its future development direction, and it is of great 
significance to the application of numerical simulation in the 
field of the fluidized bed and the related research, provide 
useful help for the exploration of simulation that can 
reasonably describe the reaction characteristics of gas-solid 
non-catalytic reactions.  

2 Drag model and coupling algorithm 
The gas-solid coupling algorithm can be divided into 
Two-Fluid model (TFM) and Discrete phase model (DPM). 
The selection of the coupling algorithm depends not only on 
whether the gas-solid interaction is considered, but also on 
the particle concentration. Generally, when the particle 
concentration is low, to simplify the algorithm and speed up 
the operation, the DPM model can be selected[2-6]. In this 
model, the gas is regarded as a continuous phase, and the 
Stokes equation is solved in the framework of Euler, 
particles are regarded as discrete phases and the orbit 
equation is solved in the Lagrangian framework. The 
interaction between particles is ignored in the DPM model, 
but it can not be ignored in dense gas-solid fluidized bed. In 
this case, the dense discrete phase model (DDPM) can be 
selected[7], which is an extension of the traditional DPM 
model. When the particle concentration is high or the flow 
characteristics of gas-solid two-phase need to be studied 
accurately, the TFM model is often used[8-22]. In this 
model, both gas and solid phases are regarded as continuous 
media, and the interaction between particles is calculated by 
Kinetic theory of granular flow (KTFG) and particle 
temperature transport equation. Among them, the Stokes 
equation is solved in the Eulerian framework for the gas 
phase, and the conservation equation is solved for the 
particle phase in the Eulerian framework.  

In addition to the traditional TFM model, many coupling 
algorithms[2, 7, 23-28] have been proposed to simulate 
dense gas-solid two-phase flow effectively, most of these 
algorithms are aimed at specific working conditions, and 
have the characteristics of large limitations and single 
application range, so they are difficult to be popularized. In 
short, in the face of more complex simulation requirements, 
gas-solid coupling algorithm is more and more difficult to 
achieve a wide range of applications, accurate calculation 
and save computing resources and other aspects of 
comprehensive consideration, the improvement of its 
specificity is a new trend in the development of current 
numerical simulation.  

Bian et al. [29] compared the results obtained by the 
TFM model, the DPM model, and experiment on gas-solid 
flow in a dense fluidized bed, and the results indicated that 
the drag force between the two phases was the key to the 
accuracy of the simulation. The drag force is the main force 
in the vertical flow of gas-solid two phases and is an 
important parameter to characterize the interaction and 
momentum exchange between gas-solid two phases. The 
correct drag model and coefficient of drag force are the key 
to describe gas-solid two-phase motion accurately in 
numerical simulation[30-31]. Studies have shown that the 
Gidaspow model can more accurately simulate the 

fluidization and flow characteristics of large particles in a 
gas-solid fluidized bed. On the contrary, the 
Stokes-Cunningham drag law is more suitable for 
characterizing the flow behavior of small-diameter particles 
[10]. However, existing models of drag force are difficult to 
accurately describe the increasingly complex industrial 
production situation, many scholars have integrated and 
improved the existing drag force model [8-9, 32] and 
achieved good results. Some scholars also proposed a 
gas-solid drag force model based on bubbles or particle 
clusters [14, 33-34]. These models can accurately represent 
the gas-solid phase drag force in a specific region under a 
specific working condition, but their application scope is 
relatively narrow. It is difficult for these models to fully 
reflect the characteristics of gas-solid flow in the case of a 
complex structure in fluidized bed equipment or a large 
difference in gas-solid flow in different areas of the same 
equipment. Therefore, scholars have carried out a lot of 
work on the research of using the drag model in stages[11, 
13, 37]. Segmental use of the drag force model can 
effectively predict the transient particle distribution in 
different regions observed in the experiment. It also shows 
that the application of the drag model in numerical 
simulation is more and more regional and specific.  

3 Gas-solid flow characteristics 
The simulation of gas-solid two-phase flow mainly involves 
fluidized bed, spouted bed, and coal-fired boiler. It is 
difficult to directly observe the gas-solid two-phase flow 
characteristics in the equipment under the experimental state. 
Therefore, it has gradually become the mainstream to 
investigate the gas-solid two-phase flow characteristics by 
means of numerical simulation. The research on the 
characteristics of gas-solid two-phase flow field is relatively 
mature, which mainly involves gas-solid mixing [19, 25, 
35-38], diffusion [36], aggregation [39-40], separation [20, 
41], backmixing [40, 42], uniformity [43-44] and heat 
transfer [45-47]. However, the particles properties are more 
complex. The investigation of particle characteristics mainly 
focuses on the movement law [17-18, 20, 30, 39, 42-43, 
48-53] and the distribution of particles. It is a difficult 
problem to find a scientific and effective method to visually 
characterize the flow state of particles in the fluidized bed.  
The structure of the fluidized bed and the installation of 
internals can significantly improve the flow state and mixing 
effect of gas-solid two-phase. Reasonable selection and 
design can effectively achieve specific industrial production 
purposes and improve industrial production efficiency. The 
geometry size and bed structure will also directly affect the 
gas-solid flow characteristics and the performance of the 
fluidized bed [54-61]. Transverse internals such as grid trays 
will increase the turbulence degree and the residence time of 
the particles, and increase the reaction efficiency [15, 22, 
62-63]. The air distributor is generally located behind the 
gas inlet, and the gas flowing into the equipment is evenly 
distributed in the bed through the redistribution of the air 
distributor, which can effectively improve the mixing 
efficiency of gas-solid two-phase and enhance the 
controllability of equipment operation [55, 64]. The effects 
of operating conditions such as superficial gas velocity [2-3, 
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16, 22, 30, 39, 44, 54-55, 65-67], bed height [3, 66] and feed 
position [7, 20] on particle distribution, separation efficiency 
and residence time in fluidized bed can not be ignored. The 
application of these variables to numerical simulation can 
realize the organic combination of numerical simulation and 
experimental research, and the obtained results can 
effectively predict the flow field inside the equipment during 
actual operation. The study of gas-solid two-phase flow in 
the fluidized bed is of great significance in the design of 
industrial equipment and the optimization of operating 
conditions. However, few studies have investigated the 
reverse flow of gas-solid in fluidized bed or more complex 
fluid characteristics.  

4 Mass transfer and reaction 
characteristics 
With the continuous optimization of gas-solid coupling 
algorithm and drag model, as well as the constant maturity 
of research on gas-solid two-phase flow field characteristics, 
CFD has been applied in gas-solid two-phase mass transfer, 
heat transfer and reaction characteristics gradually. 
Especially in reaction characteristics, it is often used to 
predict the gas-solid distribution [40, 68-73], velocity 
[72-73], temperature [69, 73-75], reaction conversion rate 
[73, 76-77], reaction efficiency [6, 21, 69-70, 74] in a 
fluidized bed. 

Early scholars mainly studied gas-gas reactions [6, 74, 
68-69, 78-81] and gas-combustion reactions [47, 72, 75, 77] 
with solid particles as catalysts, solid particles do not 
directly participate in the reactions, so it is easier to simplify 
the numerical model. With the increasing demand of the 
pharmaceutical and chemical industries for continuous 
production process, the mass transfer and reaction 
characteristics between gas-solid two phases in a fluidized 
bed have gradually become a new research direction [39-40, 
71, 82-84], and its research methods can provide a reference 
for the simulation of gas-solid carboxylation reaction 
characteristics in a fluidized bed.  

5 Conclusion and outlook 
With the in-depth study of gas-solid two-phase flow in a 
fluidized bed, especially the increasingly mature CFD 
technology, the simulation results can help researchers to 
effectively understand and improve the gas-solid two-phase 
fluid flow characteristics and to combine with engineering 
practice. Through the analysis of the article, the research 
conclusions are as following:  
(1) The existing gas-solid coupling algorithm and drag 
model are difficult to accurately represent the numerical 
models. Therefore, the specificity improvement of gas-solid 
coupling algorithm and the regionalized applications of drag 
model are the recent trends of numerical simulation;  
(2) The research on gas-solid flow characteristics in 
fluidized bed by numerical simulation is relatively mature. 
However, the investigation on gas-solid reverse flow or 
complex fluid characteristics is insufficient. In addition, 
effective methods are needed to quantitatively characterize 
the flow characteristics of particles;  

(3) There are few researches on the coupling of gas-solid 
flow with reaction characteristics in the gas-solid fluidized 
bed, but some scholars have begun to carry out this work. In 
engineering practice, there are many reaction processes in 
which solids participate in the reaction and generate solid 
products. It is very important to establish and improve the 
numerical simulation method which can reflect the influence 
of reaction characteristics on the flow characteristics, which 
are of great significance for the development and use of a 
new fluidized bed reactor to realize gas-solid continuous 
reaction.  
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