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Abstract -The CFD-DEM-CVD multiscale coupling simulation concept was 
proposed based on the mass/momentum/energy transfer involved in the FB-CVD 
process. The pyrolysis process of the reaction gas in the spouted bed can be 
simulated by CFD method, then the concentration field and velocity field can be 
extracted and coupled with the particle movement behavior which can be simulated 
by DEM. Particle deposition process can be described by the CVD model based on 
particle position, velocity and neighboring gas concentration. This multiscale 
coupling method can be implemented in the Fluent@-EDEM@ software with their 
UDF (User Definition Function) and API (Application Programming Interface). 
Base on the multiscale coupling concept, the criterion for evaluating FB-CVD 
process is given. At first, the volume in the coating furnace is divided into two parts 
(active coating area and non-active coating area) based on simulation results of 
chemical pyrolysis process. Then the residence time of all particles in the active 
coating area can be obtained using the CFD-DEM simulation method. The 
residence time distribution can be used as a criterion for evaluating the gas-solid 
contact efficiency and operation performance of the coating furnace. At last 
different coating parameters of the coating furnace are compared based on the 
proposed criterion. And also, the future research emphasis is discussed.  
Keywords:  TRISO particle; Coating technology; FB-CVD; CFD-DEM; Residence 
time distribution (RTD) 
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1. INTRODUCTION 
 

Fluidized bed-chemical vapor deposition (FB-
CVD) process is a common method in particle 
surface modification and particle coating layers 
preparation. The typical application is the 
production of the tristructural-isotropic (TRISO) 
type coated fuel particle, as shown in Fig.1, which 
has been commonly used in the current HTGR in 
different research groups of different countries[1-4]. 

The TRISO type coated fuel particle, which 
has been commonly used in the current HTGR 
design consists of a microspheric UO2 fuel kernel 
surrounded by four coated layers. The coating layers 

are deposited on UO2 kernels in the spouted bed 
coating furnace by FB-CVD method. The process 
for depositing the four coating layers is as follows: 1) 
Deposit a porous pyrocarbon layer (the “buffer” 
layer) on the kernels by the decomposition of 
acetylene (C2H2): C2H2 (g) → 2C(s) + H2 (g). 2) 
Deposit an inner, dense layer of isotropic 
pyrocarbon on the porous carbon layer by the 
decomposition of acetylene and propylene (C3H6): 
C3H6 (g) → 3C(s) + 3H2 (g). 3) Deposit a dense, 
isotropic layer of SiC on the IPyC layer by the 
decomposition of methyltrichlorosilane: CH3SiCl3 (g) 
→ SiC(s) + 3HCl (g). 4) Deposit an outer, dense 
layer of isotropic pyrocarbon on the SiC layer by the 
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decomposition of acetylene and propylene (similar 
to the inner dense layer). 

 

 
Fig.1 FB-CVD process for producing the 

TRISO type coated fuel particle 
 
One of the major factors to influence the 

coated layers performance is the contact efficiency 
between the gas and the solid particles, which is 
determined by the hydrodynamics in the spouted bed 
nuclear fuel particle coated furnace[5, 6]. The high 
collection efficiency of depositing species by the 
large surface area of the particle bed should be 
achieved to produce uniform microstructures of 
coating layers, which is required from nuclear 
physical design. The hydrodynamics of spouted bed 
is also important from a CVD perspective because it 
directly determines the magnitude and variability of 
the concentration and species gradients in the zone 
where the reactant gases first come into and then 
contact with hot particles[7]. 

Our group has studied the coating technology 
for many years and established a product line for 
TRISO particle production in Baotou City, Inner 
Mongolia, China. We will optimize and scale up the 
coating technology in order to enhance the safety 
and economy of the HTR in the next step. For scale 
up, the experimental study is very important and 
direct, but if the numerical simulation method can 
give insights and direct the modification of the 
experimental study, it will accelerate the 
experimental progress. In addition, the numerical 
simulation can give the detailed information which 
cannot be obtained easily by experiments but is 
important for understanding the FB-CVD process. 
Also, numerical simulation is necessary to save time 
and money. Actually, the numerical simulation has 
been used widely for studying the particle coating 
technology in the polysilicon producing process[8] 
and thermal decomposition of triisobutyl-aluminum 
(TIBA) on particle surface[9].  

The numerical method called CFD-DEM is 
adopted to study the FB-CVD process in this paper 
because the coating mechanism can be investigated 
on the micro-scale by single particle tracking[10]. The 

CFD-DEM-CVD coupling model concept is 
proposed firstly based on the particle movement-
adhesion-deposition mechanism. As a preliminary 
result, a novel evaluation criterion for optimizing the 
design of coating furnace is proposed and different 
operation parameters are compared based on 
simulation results.  

 
2. CFD-DEM-CVD MODEL 

 
2.1. Coupling concept and feasibility 

 
The reaction gas in the spouted bed can be 

simulated by CFD method based on the mass/ 
momentum/energy conservation law. The gas 
phase velocity/concentration/temperature field 
can be extracted and coupled with the particle 
movement behavior which can be simulated by 
DEM based on the particle contact force model 
and particle-fluid interaction force model.  

 

 
Fig.2 The CFD-DEM-CVD multiscale coupling 

model 
 

Particle velocity and position distribution 
can be obtained from CFD-DEM simulation. 
Particle deposition process contains crystal 
growth mechanism and particle evolution process 
which can be described by the CVD model based 
on movement-adhesion-deposition mechanism. In 
this model, the particle growth rate is 
proportional to the sweep volume of particles and 
effective gas concentration: 

2 24 a r f p eff

dr
R k k R U U C

dt
              (1) 

in which R is the particle radius, ka is adhesion 
coefficient ， kr is deposition coefficient. The 
particle velocity (Up) can be obtained from DEM. 
The gas velocity (Uf) and the effective gas 
concentration (Ceff) neighboring the particle can 
be obtained from CFD, so the CFD-DEM-CVD 
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multiscale coupling concept is established here. 
This method can be implemented in 

commercial software linked with in-house codes. 
Traditional CFD numerical simulation can be 
implemented using the Fluent@ software, DEM 
simulation of particles can be implemented using 
EDEM@ software. The good coupling between 
them has been achieved by passing particle 
information and multiple physical fields between 
each other. Both of them have in-house code link 
interface, which is called UDF (User Definition 
Function) and API (Application Programming 
Interface) respectively. In UDF, multi-component 
simulation can be realized by adding chemical 
reaction equations, concentration field of different 
species can be obtained. Particle information can 
be extracted in the API, such as position and 
velocity. Then the particle position and the 
effective gas concentration field neighboring the 
particle can be read, and the CVD model can be 
calculated. So the simulation of surface 
deposition and evolution process of single particle 
can be obtained. The concentration field should 
be changed by the mass conservation law, 
returned to the Fluent@ software to calculate the 
gas velocity in the next time step. 

 
2.2. Evaluation criterion of FB-CVD process 

 
The complete CFD-DEM-CVD multiscale 

coupling model is intractable to implement for the 
real practice process, but based on this idea, a simple 
evaluation criterion of FB-CVD process can be 
proposed. At first, the volume in the coating furnace 
is divided into two areas (active coating area and 
non-active coating area) based on the mass 
concentration field of active product from the 
multicomponent CFD simulation, similar to the 
spray coating system. Then the residence time of all 
particles in the active coating area can be obtained 
from the CFD-DEM simulation. The CVD process 
should be consistent with the particle residence time 
in the active coating area. So the residence time 
distribution can be used as a criterion for evaluating 
the gas-solid contact efficiency and operation 
performance of the coating furnace. 

 
2.3. Geometry and simulation parameters 

 
The coating process involved 4,200,000 UO2 

particles one time in the real TRISO coated particle 
fabrication process. For simplification but without 
loss of generality, the spouting process of glass 
beads using Argon in the 2-dimensional spouted bed 
is simulated here. 

The configuration of the 2-dimensional spouted 
bed is shown in Fig. 3. The geometric parameters 

include inverted cone angle (γ), nozzle size (D0), 
bottom width (Di), bed width (Dc), bed thickness (L). 
The particle parameters include packed height (H0), 
particle diameter (dp), particle density (ρp). The 
geometric and simulation parameters are shown in 
Table 1. The velocity boundary condition is set at 
the gas inlet. The free pressure boundary condition 
is used for the gas outlet. The no-slip boundary 
condition is used for the walls. 

 

 
Fig.3 The geometric parameters of the 2-

dimensional spouted bed 
 

Table 1 Simulation Parameters 
Parameter value 

Geometry parameters   
Spout nozzle diameter (Do) 9mm 

Inverted cone angle (γ) 60 
Bottom width (Di) 15mm 

Bed width (Dc) 150mm 
Bed thickness (L) 15mm 
Particle properties  

Particle loading (H0) 100mm 
Diameter (dp) 2mm 
Density (ρp) 2.60g/cm3 

Gas properties  
Density (ρg) 1.78 g/cm3 
Viscosity (μ) 2.24×10-5 Pas 

 
 

3. RESULTS AND DISCUSSION 
 
At first the acetylene pyrolysis process is 

simulated, then the active coating area is obtained. 
The CFD-DEM simulation is implemented to obtain 
the residence time distribution in the active coating 
area and the influence of different superficial gas 
velocity is discussed based on simulation results.  

 
3.1. Pyrolysis process 
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For the porous carbon layer, the argon and 
acetylene are used as the inlet gas. The acetylene 
pyrolysis process has been studied by many 
researchers. The reaction equation is: 

C2H2(g) → 2C(s) + H2(g)            (2) 
The proposed reaction mechanism and kinetic 

parameters of acetylene pyrolysis are given in 
previous studies. For simplicity, the overall reaction 
kinetic equation and parameters are adopted as 
follows [11]: 

2 2

2

1.9

1 1.8
C H

H

c
r k

c



                      (3) 

In the coating process, the argon is used as 
fluidization gas and plays a dominate role, the 
concentration of hydrogen is smaller than 10-2 mol/L, 
so the reaction kinetic equation can be simplified as 

2 2

1.9
C Hr k c                           (4) 

In which [11], 
AE

RTk A e
 

 
   , 

6 35.5 10A mol m   , 165.0 /AE kJ mol  

In the simulation process, the inlet mass 
fraction of argon and acetylene is set as 0.8 and 0.2 
respectively and the total gas velocity is 30.0 m/s. 
The concentration field of acetylene and the reaction 
rate are given in Fig. 4 and Fig. 5 respectively.  

 

              
Fig. 4 The mass fraction of C2H2 in spouted bed 

 

 
Fig. 5 Reaction rate of C2H2 pyrolysis process in 

the spouted bed (kg.mol.m-3s-1) 
 

It can be found that the acetylene only exists near 
the nozzle and the reaction rate is very high near the 
acetylene disappearing area. The area where the 
reaction rate of C2H2 pyrolysis process is high 
should be the main source area of  carbon.  

 
3.2. Active coating area assumption 

 
In the coating process, the reaction gas is injected 

into the coating furnace from the bottom nozzle. 
Particles are spouted up and formed three regions: 
central spout area, top fountain area and annular 
particle accumulation area. The whole area in the 
coating furnace should not have the uniform 
characteristic for the CVD process. It can be divided 
into the active coating area and non-active coating 
area. 

In the simulation studies of the spray coating 
system, spray zone, i.e., the deposition species 
generation  area, is used as the active coating area 
and the simulation results was validated by 
experiments[12][13].  Similarly, it can be assumed that 
the CVD process mainly proceeds in the area of high 
chemical reaction rate, where the deposition species 
of carbon is mainly generated, so the active coating 
area can be defined as the region when the reaction 
rate is larger than 0.1 kg.mol.m-3s-1 based on the 
simulation results in section 3.1. 

 
3.2 Particle residence time 

 
The contour profile of the reaction rate of C2H2 

pyrolysis process can be extracted from the above 
simulation results. Then it can be coupled with the 
particle fluidization process. The CFD-DEM 
simulation results of particle dynamics in the 
spouted bed have been validated in literature[14]. 
When the particle goes through the active coating 
area, the particle residence time will be accumulated. 
Then the particle residence time distribution in the 
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active coating area can be obtained when the 
simulation is implemented for a given spouting time. 
The particle residence time at the spouting process 
of 3.5 s is obtained as shown Fig. 6. The spouting 
gas velocity is 30.0 m/s, the same as the total gas 
velocity in the chemical reaction flow simulation. It 
should be indicated that the real nuclear fuel coating 
process is not simulated for speeding up the 
simulation process, but the principle for optimizing 
the coating process is the same. 

The particle residence time distribution is changed 
with time as shown Fig. 6. It can be found that the 
actual coating time is 0.2s, 0.4s and 0.6s when the 
coating process continues for 1.5s, 2.5s and 3.5s 
respectively. For a single particle, the actual coating 
time is 40ms in a cycle time of 800ms[15]. It means 
that the actual coating time of a single particle is 
about 1/20 (=40/800) of the coating time, but 
statistically the actual coating time is about 1/7.5 
(=0.2s/1.5s) of the coating time, and the ratio is 
increased to 1/5.8 when the coating time is longer 
(0.6s/3.5s). 

 
Fig.6 Particle residence time distribution changed 

with coating time 
 
If the deposition rate is assumed as a constant 

rate, the thickness of coating layer should be 
proportional to the residence time in coating area, so 
the coating efficiency can be obtained from the 
simulation results. For example, the coating 
efficiency is 90% in Fig. 7 if the thicknesses of 
coating layers are between ±25% of the mean value. 
It should be indicated that the coating efficiency 
(which means how many particles are coated 
effectively) here is different from the deposition 
efficiency, which is defined as the effective 
deposition ratio of the whole active pyrolysis species. 

 
Fig.7 Coating efficiency obtained from RTD 
 
The coating process can also be given more 

intuitively in detail as shown in Fig. 8. The mixing 
behavior between the coated particle and uncoated 
particle can be found clearly. It should be indicated 
here that although the whole area is divided into the 
active coating area and non-active coating area, the 
coating process can be seemed as a whole after 2s 
because of the quick particle mixing behavior in the 
spouted bed. The coating efficiency is decided by 
the operation and geometrical parameters when the 
coating time is long enough.  

0s 
 

1s 
 

2s 

2.5s 
 

3s 
 

3.8s 
 
Fig. 8 The simulation results of the particle coating 

process at different coating process time 
 

3.3 Study of coating technology based on RTD 
 

The investigation schedule of pyrolysis process 
simulation - the active coating area assumption - 
particle residence time distribution - the coating 
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efficiency were given and the simulation results in 
the spouted bed with single nozzle were discussed 
above. The coating technology parameters can be 
tested using the above evaluation criterion before 
experimental study. An example of the effect of 
different gas velocities on RTD is given in Fig. 9.  

It can be found that the average residence time 
increased and the RTD curve is more uniform with 
the gas velocity increasing. It means that more 
uniform coating can be obtained with increasing gas 
velocity to some extent. But the deposition 
efficiency maybe decreases because gas bypass 
increases as a result. 

 

 
Fig. 9 The simulation results of the effect of 

different gas velocities on RTD 
 

It should be indicated here that this paper did 
not consider the particle movement behavior can 
influence the concentration field and the gas 
pyrolysis process. So it can be seemed as the one-
way coupling. Only preliminary results are given, 
the complete coupling CFD-DEM-CVD model is 
not implemented and it will be the research 
emphasis in our future work. 

 
4. CONCLUSIONS 

 
The CFD-DEM-CVD multiscale coupling 

concept was discussed and the preliminary results 
were given based on this concept. Some conclusions 
can be drawn out: 
1) The multi-physical field can be coupled and 

described using the proposed CFD-DEM-CVD 
multiscale method. 

2) The residence time of all particles in the active 
coating area can be used as a criterion for 
evaluating the gas-solid contact efficiency and 
operation performance of the coating furnace. 

3) The simulation results can give the information of 
the coating process in detail, such as effective 
coating time, coating efficiency, particle 
mixing process and so on, which are important 
parameters for optimizing and scaling up the 

coating technology. 
4) The parameters of the coating technology can be 

studied based on the proposed criterion. More 
uniform coating and longer coating time can be 
obtained with increasing gas velocity to some 
extent. 
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