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Abstract 11 

The Sabatier process is promising for carbon dioxide utilization and energy storage. 12 

However, the serious problem that limits more comprehensive industrial applications is catalyst 13 

deactivation due to the temperature runaway phenomenon. The inert particle dilution approach, 14 

including the mixing dilution method and layered dilution method is applied to solve this 15 

problem. Based on the lattice kinetic scheme-lattice Boltzmann method (LKS-LBM), the 16 

effects of three parameters in bed dilution structure reconstructed by the discrete element 17 

method (DEM) on temperature distribution and carbon conversion rate were discussed, so as 18 

to investigate the relationship between packing structure and temperature distribution. 19 

Furthermore, numerical results indicated that an optimal bed dilution structure, which not only 20 

can control the peak temperature below the critical temperature to avoid coking and sintering 21 

of catalyst, but also can improve the carbon conversion rate by almost 18% compared with the 22 
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structure without dilution under the same circumstance. 1 
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Introduction 4 

The Sabatier process is a promising process for carbon dioxide utilization and energy 5 

storage due to the ever-increasing greenhouse effect and energy demands. The Sabatier reaction 6 

converts H� and CO� into combustible gas with high energy density, CH�: 7 

4H� + CO� ⇌ CH� + 2H�O    ∆��
���� = −165 �� ∙ ����� (1) 

Eq. (1) indicates that the Sabatier process refers to a strongly exothermic reaction. High-8 

temperatures cause a sintered catalyst with carbon deposition on its surface. As a result, those 9 

result in catalyst deactivation, one of the most severe industrial applications problems. I.e., the 10 

temperature runaway phenomenon is still challenging to tackle the Sabatier process. 11 

Most studies1-5 mentioned that the reasonable reaction temperature range for the Sabatier 12 

process is 533-823 K. The Sabatier process is an exothermic reaction and thermodynamically 13 

favored at low temperatures. However, at low temperatures, the kinetic limitation would reduce 14 

the conversion efficiency of CO�  to CH�
 6. Conversely, relatively high temperatures cause 15 

catalyst deactivation, as mentioned above. Therefore, temperature control plays an important 16 

role in the Sabatier process. Several previous studies mainly focused on synthesizing the 17 

catalyst that keeps high activity and stability at low temperatures6-9. Transitional metal-based 18 

and noble metal-based catalysts have been successively synthesized and have made notable 19 

progress so far. Plus, some literature highlighted that high temperatures over 823 K easily 20 
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deactivated the catalysts by sintering and carbon deposition, which should be avoided2-3. 1 

Therefore, controlling the peak temperature in the Sabatier process is still important. 2 

In order to further optimize the Sabatier process’s temperature distribution, especially for 3 

the temperature runaway phenomenon, the optimization of catalysts packing structure should 4 

be studied. Industrial utilization often employs a fixed bed reactor for the Sabatier process10-12. 5 

Regarding structure optimization in a fixed bed reactor, Berger et al.15 reported that different 6 

bed reactor configurations could affect the axial and radial dispersion of reactants in 7 

heterogeneous catalytic reactions. Guo et al.13 developed a novel type of fixed bed structure 8 

with the radial layered configuration. They used a wire mesh to split the reactor into two parts 9 

in the radial direction to enhance radial heat conduction. Hong et al.14 optimized the packing 10 

structure in the fixed bed reactor by adding inert particles to regulate temperature distribution 11 

and reaction conversion for Fischer-Tropsch synthesis (FTS). As they reported, adding inert 12 

particles is capable of effectively regulating the temperature distribution, as well as increasing 13 

CO2 conversion and CH4 selectivity compared with the case without inert particles. Regarding 14 

the Sabatier process, few studies involve optimizing the catalysts packing structure to solve the 15 

temperature runaway phenomenon 16 

The present study is aimed to investigate the fluid flow, heat and mass transport, and 17 

chemical reaction in the packing structure by virtue of the bed dilution. The discrete element 18 

method (DEM) is adopted to reconstruct a pellets' random packing structure computationally 19 

(e.g., catalyst particle and inert particle). The effects of three parameters in bed dilution 20 

structure on temperature distribution and carbon conversion rate are explored, which are 21 

volume fraction of inert particle, inert particle dilution method, inert particle conductivity, 22 
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respectively. Moreover, the lattice kinetic scheme-lattice Boltzmann method (LKS-LBM) 1 

model is adopted to simulate the Sabatier process in bed dilution structure, so as to obtain an 2 

optimal bed dilution configuration. 3 

Numerical Simulation Method 4 

General description 5 

The present study investigates heterogeneous reactions and transport in porous media. Fig. 6 

1 shows a schematic diagram of this process. The transport in porous media contains two parts: 7 

inter-particle convective heat and mass transport and intra-particle heat and mass transport. The 8 

inter-particle transport occurs in the void of porous media, which includes external diffusion, 9 

convection, and surface adsorption. In contrast, the intra-particle transport occurs inside the 10 

catalyst particles, including the intra-particle diffusion and intra-particle adsorption. Typically, 11 

the heterogeneous reactions occur inside the catalyst57. However, the present study assumes a 12 

homogeneous reaction on particle surface for simplicity, following the previous studies53-55. 13 

Based on the description of reaction and transport in porous media, the governing 14 

equations are expressed as follows: 15 

∇ ∙ (��) = 0                   in � (2) 

∇ ∙ (���) = −∇� + ∇ ∙ (∇��)     in �� (3) 

∇ ∙ (���) = ∇ ∙ (��∇��) + ��      in �� (4) 

∇ ∙ (��) = ∇ ∙ �
�

���
∇�� + ��    in � (5) 

where � , � , �� , � , � , ��  are the local velocity vector, pressure, concentration of � th 16 

component, temperature, thermal conductivity, heat capacity, respectively. �  is the total 17 
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volume, whereas �� is the fluid volume around catalyst particles. �� and �� are the source 1 

terms related to reaction kinetics and reaction heat, respectively. 2 

Compared with other numerical methods, the lattice Boltzmann method (LBM) has 3 

several advantages in dealing with porous media. The LBM is a mesoscopic computational 4 

fluid dynamics (CFD) method, which can flexibly handle irregular boundary conditions in 5 

porous media and is not limited by the fluid continuity assumption. Extensive studies19-23 have 6 

affirmed the LBM approach. Therefore, the present study adopted the LBM to solve the above 7 

governing equations. 8 

Lattice Boltzmann solver for fluid flow equation 9 

The multiple-relaxation-time (LBM-MRT) model has several advantages in numerical 10 

stability, accuracy, and efficiency. The evolution of the LBM-MRT equation is as follows: 11 

��(� + ��∆�, � + ∆�) − ��(�, �) = −(������)���(�, �) − ��
��(�, �)� (6) 

where ��(�, �) is the particle velocity distribution function at position � and time �; �� is 12 

the � th discrete velocity. In the present study, the D3Q15 discrete velocity model60 was 13 

adopted for three-dimension fluid flow calculation as seen in Fig. 2. �  and
 

��  are the 14 

transformation matrix and a diagonal relaxation matrix, respectively. ��
��(�, �)  is the 15 

equilibrium distribution function. According to He and Luo24 ��
��(�, �) can be given by: 16 

��
��(�, �) = �� �� + �� �

�� ∙ �

��
�

+
(�� ∙ �)�

2��
�

−
��

2��
�

�� (7) 

where �� is the weight coefficient; �� is the lattice sound speed. Notably, � is a variable 17 

related to the pressure as � = ��
�� , and �� denotes the density of the fluid. For the D3Q15 18 

discrete velocities model, ��, ��, ��, �,
 

�� are given by: 19 
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e0=(0,0,0), 

e1=(1,0,0), e2=(-1,0,0), e3=(0,1,0), 

e4=(0,-1,0), e5=(0,0,1), e6=(0,0,-1), 

e7=(1,1,1), e8=(-1,1,1), e9=(1,-1,1), e10=(-1,-1,1), 

e11=(1,1,-1), e12=(-1,1,-1), e13=(1,-1,-1), e14=(-1,-1,-1) 

(8) 

�� = 1 √3⁄ , w0=2 9⁄ , w1-6=1 9⁄ , w�-14=1 72⁄  (9) 

M=

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-2 -1 -1 -1 -1 -1 -1 1 1 1 1 1 1 1 1
16 -4 -4 -4 -4 -4 -4 -4 1 1 1 1 1 1 1
0 1 -1 0 0 0 0 1 -1 1 -1 1 -1 1 -1
0 -4 4 0 0 0 0 1 -1 1 -1 1 -1 1 -1
0 0 0 1 -1 0 0 1 1 -1 -1 1 1 -1 -1
0 0 0 -4 4 0 0 1 1 -1 -1 1 1 -1 -1
0 0 0 0 0 1 -1 1 1 1 1 -1 -1 -1 -1
0 0 0 0 0 -4 4 1 1 1 1 -1 -1 -1 -1
0 2 2 0 -1 -1 -1 -1 0 0 0 0 0 0 0
0 0 0 1 1 -1 -1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 -1 -1 1 1 -1 -1 1
0 0 0 0 0 0 0 1 1 -1 -1 -1 -1 1 1
0 0 0 0 0 0 0 1 -1 1 -1 -1 1 -1 1
0 0 0 0 0 0 0 1 -1 -1 1 -1 1 1 -1⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 (10) 

�� = �����1,1.2,1.2,1, ��, 1, ��, 1, ��, ��, ��, ��, ��, 1.98� (11) 

Note that the parameters in the relaxation matrix are normally in the range of 0 to 2. The values 1 

of �� and �� are related to the mixture kinematic viscosity (����): 2 

���� = ��
� �

�

��
−

�

�
� Δ�, �� =

������

�����
 (12) 

According to the Chapman-Enskog expansions, density (�) and velocity vector (�) can be 3 

defined by: 4 

� = � ��

�

 (13) 

�� = � ����

�

 (14) 
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Lattice Boltzmann solver for heat and mass transport equation 1 

The Bhatnagar-Gross-Krook (BGK) model is the most widely used model for heat and 2 

mass transport. Based on the numerous previous studies25-28, however, the numerical accuracy 3 

and stability of the BGK model depend strongly on the relaxation time in the evolution equation. 4 

The relaxation times for heat (�� ) and mass (�� ) transport are determined by the thermal 5 

diffusion coefficient and mass diffusion coefficient, respectively. In the lattice Boltzmann 6 

equation, the relaxation times can be defined: 7 

�� =
�

��
�∆�

+ 0.5 =
��

���

�

��Δ�
+ 0.5 (15) 

�� =
�

��
�∆�

+ 0.5 =
��

���

�

��Δ�
+ 0.5 (16) 

where �� =
�

��
, ��� =

��

�
 and ��� =

��

�
 are the Mach number, the Péclet number for mass 8 

transport, the Péclet number for heat transport, respectively. Moreover, �  and �  are the 9 

characteristic velocity and the reference length. As indicated in Eqs. (10) and (11), it can be 10 

easily deduced that ��  and ��  approach to 0.5 with an increase in ���  and ��� , 11 

respectively, resulting in a numerical instability problem as pointed out by Sterling and Chen29. 12 

In order to improve stability, one can increase the value of �. However, this treatment will 13 

require to refine the lattice. Hence, it would cost massive computer resources and significantly 14 

reduce computational efficiency. Inamuro used the lattice kinetic scheme (LKS) was used to 15 

solve the instability problem without refining the lattice36. The LKS evolution equations for 16 

mass and heat transport with D3Q7 velocity discrete model are as below: 17 

��
� (� + ��∆�, � + ∆�) − ��

� (�, �) = −
1

��
���

� (�, �) − ��
�(��)(�, �)� + ���� (17) 

��
�(��)

= ���� �1 +
�� ∙ �

��,�
� � + ����∆�(�� ∙ ∇��) (18) 
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ℎ�(� + ��∆�, � + ∆�) − ℎ�(�, �) = −
1

��
�ℎ�(�, �) − ℎ�

��(�, �)� + ���� (19) 

ℎ�
��

= ��� �1 +
�� ∙ �

��,�
� � + ����∆�(�� ∙ ∇�) (20) 

where, ��
� (�, �)  and ℎ�(�, �)  are distribution functions at position �  and time �  for 1 

concentration and temperature, respectively. ��
�(��)

  and ℎ�
��

  are equilibrium distribution 2 

functions for concentration and temperature. ∇�� and ∇� are the gradients of concentration 3 

and temperature, respectively. For the D3Q7 model, ��, ��, �� are given by: 4 

�� = (0,0,0), 

�� = (1,0,0), �� = (−1,0,0), �� = (0,1,0), 

�� = (0, −1,0), �� = (0,0,1), �� = (0,0, −1) 

(21) 

�� = �2 7⁄ , w0=1 4⁄ , w1-6=1 8⁄  (22) 

The gradients of concentration (∇��) and temperature (∇�) can be calculated by16-18: 5 

∇�� = −
∑ ����

�
� − ∑ ����

�(��)
�

��
���∆�

 (23) 

∇� = −
∑ ��ℎ�� − ∑ ��ℎ�

��
�

��
���∆�

 (24) 

The �� and �� in the source term, including the effects of the chemical reaction and heat 6 

transport can be defined as: 7 

�� = ������� (25) 

�� =
��������������

������,���
 (26) 

where �����  is the reaction rate. ��  and ����  are the stoichiometric coefficient of 8 

component � and density of the mixture, respectively. It should be noted that, ��������� is 9 

equal to the reaction heat at the fluid-solid interface, whereas ��������� is zero at the other 10 

place without reaction. The specific heat capacity of the mixture (��,���) can be calculated by 11 
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��,��� = ∑ ����,�, here �� is the mass fraction of component �.  1 

According to the Chapman-Enskog expansions, the mass diffusion coefficient of 2 

component � (��), the thermal diffusion coefficient of mixture gas (���� = ���� ������,���⁄ ), 3 

the concentration of component �  (�� ), and the temperature (� ) can be calculated by the 4 

following equations: 5 

�� = ��
� ��� −

1

2
− ��� ∆� (27) 

���� = ��
� ��� −

1

2
− ��� ∆� (28) 

�� = � ��
�

�

 (29) 

� = � ℎ�

�

 (30) 

where the values of �� and ���� are dependent on ��, �� and ��, ��, respectively. The 6 

present work keeps ��=1 and ��=1 to guarantee the stability of the LBM model. Therefore, 7 

the values of �� and ���� are controlled by �� and ��, respectively. 8 

Boundary conditions and reaction model 9 

For hydrodynamic boundary conditions, the Zou-He scheme30 was applied to inlet and 10 

outlet boundaries. The solid-fluid interface on porous pellets was regarded as no flux condition. 11 

The standard bounce-back scheme was utilized for the no flux boundary condition31-33. 12 

Regarding the boundary condition of the heat and mass transport process, the non-equilibrium 13 

extrapolation scheme proposed by Guo et al.34 was applied to inlet and outlet boundaries.  14 

For reaction boundary, the empirical kinetic model for the Sabatier process proposed by 15 

Takano35 was used, consisting of individual terms of forwarding reaction and its backward 16 

reaction.  17 
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����� = ��

����
����

���

�.�

�1 + ����
����

�
� − ��

��������

� ����

�1 + ���������
� (31) 

where, ��  and ��  represent reaction rate constants of forwarding reaction and backward 1 

reaction, respectively, which can be expressed by the Arrhenius equation. ��  and ��  are 2 

adsorption equilibrium constant and partial pressure of component �, respectively. 3 

�� = ��,��
��

��,�

��
�
 (32) 

�� = ��,����
∆��
��

� (33) 

where ��,� and ��,� stand for the pre-exponential factors. ��,� and ∆�� are the activation 4 

energy and enthalpy change of adsorption, respectively.  5 

Physical Geometry and Code Validation 6 

Construction of packing structure 7 

The suitable physical geometry of the packing structure should be determined in advance 8 

to implement the simulation. Imaging techniques, such as computed tomography (CT)37 and 9 

magnetic resonance imaging (MRI)38-39, can give the real experimental images of porous media. 10 

However, the required images are probably only valid for specific porous media structures. 11 

Moreover, it should be mentioned that even though the high-performance computing 12 

techniques can tackle this problem, experimental measurements commonly require many 13 

carefully controlled experiments and usually are expensive40. For decades, many researchers 14 

have developed mathematical algorithms to reconstruct the porous media structure without 15 

using experimental images. For example, Adler and Thovert41 gave a similar porous media 16 

structure to the measurements. Concerning the fixed bed’s packing structure with abundant 17 

randomly distributed catalyst particles, many investigators used the DEM, showing good 18 
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agreement with the experimental data41-46. Therefore, the present simulation adopted the DEM 1 

approach to construct the packing structure, following these previous studies. It is noteworthy 2 

that three components could control the packing structure, which are the catalyst diameter 3 

(����), the ratio of the number of inert particles to the number of catalyst particles (������ ����⁄ ), 4 

the inert particle dilution method, respectively. Moreover, the bed porosity (�) in the DEM 5 

approach is implicit. Namely, �  is a given variable after the construction of the packing 6 

structure. Plus, the number of catalyst particles (����) remains constant in different dilution 7 

structures. Fig. 4 shows the schematic diagrams of the packing structure by the DEM approach. 8 

Verification example 9 

Before the code validation, a benchmark example related to the Péclet number for mass 10 

transport (��� ) based on the Lévêsque solution47 was carried out to compare the results 11 

obtained in the present study with the analytical prediction. As illustrated in Fig. 5(a), a 12 

parabolic velocity of fully developed laminar flow was applied for the entire domain. 13 

�(�) = −4���� �(� − �) ��⁄  (34) 

where ���� is the axial velocity. A constant concentration (��) and zero-flux condition are 14 

defined for the inlet and outlet boundary conditions, respectively. Moreover, the upper 15 

boundary was set to be nonreactive with a zero-flux condition, and the first-order Henry’s 16 

adsorption process was applied in the bottom boundary 17 

��

��

��
= �� (35) 

where k is the reaction constant. 18 

The LKS-LBM model with D2Q5 discrete velocities model was used to calculate the 19 

steady-state normalized mass flux (�) at the bottom for the above process and compare it with 20 
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the Lévêsque solution. The correlation of normalized mass flux (�) obtained by Lévêque48 and 1 

Machado49 can be expressed as: 2 

� =
�

��

��

��
= 0.854 �

������

���
�

�
�

 (36) 

where � is the streamwise coordinate. The relevant simulation parameters under lattice units 3 

are presented in Table 1. As shown in Fig.5 (b), the present studies show good agreement with 4 

the Lévêsque solution, indicating the accuracy of the LKS-LBM model and physical geometry. 5 

Code validation 6 

The comparison between the present study and experimental data were conducted in this 7 

section. For the sake of simplicity, three dimensionless parameters, Reynolds number (��), 8 

Péclet number for mass transport (��� ), and Péclet number for heat transport (��� ), were 9 

adopted to convert the physical unit into lattice units, which can be defined by: 10 

�� =
���������

����
�

���

=
���������

����
�

��������

= 107 (37) 

��� =
���������

���

�
���

=
���������

���

�
��������

= 105 (38) 

��� =
���������������,���

����
�

���

=
���������������,���

����
�

��������

= 228 (39) 

where �����  and ����  are average velocity in porous media and catalyst diameter, 11 

respectively. Moreover, ����, ��,��� and ���� can be calculated by each component: 12 

���� = ���
���

+ ����
����

+ �������� + ����
����

 (40) 

��,��� = ��,��
���

+ ��,���
����

+ ��,������� + ��,���
����

 (41) 

���� = ���
���

+ ����
����

+ �������� + ����
����

 (42) 
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where �� is the mass fraction of component �. Table 2 lists the physical properties of each 1 

component concerning NIST. It is noteworthy that these physical properties all depend on the 2 

temperature. The relevant input parameters are: ���,����� = 0.799, ����,����� = 0.199, 3 

����,����� = 0.001, ����,����� = 0.001, ������ = 473 � , ���� =90.182 ���  in 0.35 ��� , 4 

����=154.598 ��� in 0.60 ���, ����=280.854 ��� in 1.09 ���. 5 

As for the Sabatier reaction, Table 3 shows the values of kinetic parameters in the present 6 

study. Moreover, the reaction kinetic was based on the powder-like catalyst. Therefore, the 7 

reaction rate (����) for geometry catalysts in this model should multiply by the scaling factor. 8 

���� = � ∙ ����� (43) 

where � is the scaling factor, which considers the effect of intra-particle transport. In order to 9 

further validate the LKS-LBM model, the present study compares the predicted data and 10 

experimental data. Regarding the experiment configuration, Fig. 6 shows the schematic 11 

diagram of the single shell-and-tube reactor. The length of the reactor is 2000 mm, and the 12 

diameter of the reactor tube is 28 mm where the length of the catalyst packed bed at the center 13 

of the reactor tube is 1500 mm. The experiment's catalyst is from Hitachi Zosen59, and 14 

thermocouples’ positions are on the tubular reactor's central axis. The catalyst pellet is a 15 

cylindrical geometry catalyst (diameter: 3 mm; height: 3 mm). Fig. 6 also illustrates the 16 

temperature distribution measured on the central axis. The significant temperature variation 17 

appears clearly near the inlet. 18 

For the sake of simplicity, the present simulation targets only close to the single tubular 19 

reactor's inlet (first 150 mm) for validation. The temperature increasing trend and peak arose 20 

in the previous simulation. Moreover, the cylindrical geometry catalysts are simplified into the 21 
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sphere geometry catalysts with the same surface area. This section adopts the simulation 1 

domain with 500×100×100 (with catalyst particles of diameter 10 lattice points). As shown in 2 

Fig. 7 (a), the comparison between the experimental data and predicted results with three 3 

scaling factors (� = 0.02 ; � = 0.01 ; � = 0.005) in 0.6 MPa. The predicted results show 4 

obviously a good agreement with experimental data when � = 0.01. As presented in Fig. 7 5 

(b), predicted results with � = 0.01  have a good agreement with experimental data under 6 

three different pressures (0.35 MPa, 0.6 MPa, and 1.09 MPa), indicating that the value of the 7 

scaling factor (� = 0.01 ) is reasonable in this simulation. Moreover, this demonstrates the 8 

accuracy of both the physical and mathematical models established in this study. 9 

Results and Discussion 10 

The present simulation adopted the bed dilution to tackle the temperature runaway 11 

phenomenon for the Sabatier process, adding inert particles into the catalyst packing structure. 12 

Optimizing the temperature distribution in a fixed bed reactor eases the temperature runaway 13 

phenomenon. Most relevant researches1-5 mentioned that the reasonable reaction temperature 14 

range for the Sabatier process was 523-823 K. According to the previous studies2-3, the 15 

temperature over 823 K causes catalyst deactivation due to unfavorable sintering and carbon 16 

deposition. Therefore, the critical temperature defined here is 800 K, and the present study aims 17 

to regulate the peak temperature below this temperature by adding inert particles. Moreover, 18 

the predicted carbon conversion rate was used as an indicator to estimate the reaction 19 

performance for the Sabatier process. Since the kinetic model in the present study was a one-20 

step model, CO� the conversion rate was defined as the carbon conversion rate: 21 



 15 / 30 

 

�� =
����,����� − ����,������

����,�����
 (44) 

where ����,�����  and ����,������  denote the inlet and outlet mass flow rates of CO� , 1 

respectively. The present section evaluated the effects of several structural parameters related 2 

to bed dilution: the volume fraction of the inert particle (������ ����������⁄ ), inert particle 3 

dilution method, and inert particle conductivity, respectively. Apart from the discussion about 4 

the inert particle conductivity, the material of the inert particle was alumina (Al�O�). Moreover, 5 

the reaction operating conditions for the Sabatier process were kept constant to explore the 6 

relationships between the packing structure and the temperature distribution (inlet temperature: 7 

�= 473.15 K, operating pressure: � = 0.6 MPa, and H2 CO2⁄  feed ratio = 4:1). 8 

Effect of inert particle volume fraction 9 

Since the Sabatier process refers to a strongly exothermic reaction, the present simulation 10 

added the inert particles to the catalyst packing structure to regulate the reaction temperature 11 

distribution. Taniewski et al.50 reported that dilution using inert particles provided the lower 12 

and wider local temperature peaks (hot-spots) and those shifted to the exit from the bed. The 13 

present section analyzed the effect of the inert particle volume fraction on temperature 14 

distribution. Fig. 8 presents three types of bed dilution structures exhibiting different inert 15 

particle volume fractions under the equal number of catalyst particles. Note that the red and 16 

blue particles represent the inert and catalyst ones, respectively, in the mixing dilution method. 17 

Moreover, Fig. 9 shows the temperature distributions versus variation of the inert particle 18 

volume fraction (Vinert Vinert+cat⁄  = 50.0%, 33.3%, 16.7%). 19 

As indicated in Fig. 9, increasing the inert particle's volume fraction limits the temperature 20 

distribution. Notably, the predicted peak temperature was lower than the critical temperature 21 
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(800 K) set in the present study for Vinert Vinert+cat⁄  ≥ 33.3%. Furthermore, Fig. 8 indicates that 1 

with a rise of volume fraction of inert particles, a longer packing structure length is required to 2 

maintain the equal number of catalyst particles, which is no economical. Thus, under the 3 

volume fraction of inert particles taking up 33.3%, it could control the temperature distribution 4 

below the critical temperature (800 K) and reduce the length of the packing structure maximally. 5 

Effect of inert particle dilution method 6 

The inert particle dilution method was also critical to regulating temperature distribution 7 

for a strongly exothermal reaction in a fixed bed reactor. Van Den Bleek et al.58 pointed out 8 

that different inert particle distribution would affect the reaction conversion. Hong et al.14 9 

employed four inert particle dilution methods: without inert particles, inert particles and 10 

catalyst in 4 layers, inert particles and catalyst in 8 layers, and catalyst mixed with inert particles. 11 

Then, they determined the effect of the dilution method on temperature distribution and 12 

reaction conversion rate for Fischer-Tropsch synthesis (FTS). They reported that adding inert 13 

particles could effectively control the temperature distribution and increase CO2 conversion 14 

and CH�  selectivity compared with the case without inert particles. Moreover, the dilution 15 

method of catalyst uniformly mixed with inert particles demonstrated superior temperature 16 

distribution and reaction conversion to other dilution methods. In this section, the inert particle 17 

dilution method was considered for the Sabatier process as well. 18 

First, the mixing dilution method and layered dilution method were investigated. 19 

Considered methods were one mixing dilution method (catalyst uniformly mixed with inert 20 

particles) and two types of layered dilution method (inert particle and catalyst in 9 layers and 21 

inert particle and catalyst in 5 layers). Fig. 10 illustrated the schematic diagrams of the 22 
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mentioned dilution methods. Moreover, the number of catalysts in these packing structures is 1 

kept constant. 2 

Fig. 11 indicates that the central axis temperature distributions using the dilution methods 3 

were lower than the critical temperature (800 K) defined in the present study. Moreover, Figs. 4 

11 and 12 confirmed the reactor bed’s unstable temperature profiles using the layered dilution 5 

method (inert particles and catalyst in 9 layers and 5 layers). Hong et al.14 stressed that the 6 

unstable temperature profile was due to the different degrees of heat transfer between the 7 

catalyst layers, affecting thermal stability in the reactor bed’s axial direction. Fig. 13 further 8 

exhibits the effect of the unstable temperature profile on reactants and products for the Sabatier 9 

process. In terms of the layered dilution method, the mass fractions of reactants (H� and CO�) 10 

and products (CH� and H�O) indicated a step-change attributed to an unstable temperature 11 

profile. Moreover, in Table 4, the carbon conversion rate in the mixing dilution method (catalyst 12 

uniformly mixed with inert particles) was higher than the layered dilution methods, 13 

demonstrating that the mixing dilution method could be superior to the layered dilution method. 14 

To gain insights into the effect of the mixing dilution method on temperature distribution 15 

and carbon conversion rate, the following three mixing schemes were discussed, i.e., catalyst 16 

uniformly mixed with inert particles and two gradient mixing schemes. The two gradient 17 

mixing schemes use the heat profile and temperature profile on the central axis without adding 18 

inert particles. Namely, the high-temperature place needs more inert particles. For simplicity, 19 

the gradient structure based on heat profile is called the first gradient mixing scheme; the 20 

gradient structure based on temperature profile is called the second gradient mixing scheme. 21 

Fig. 14 illustrates the inert particle volume fraction distribution along the longitudinal direction 22 
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for the three mixing schemes. In Fig. 15, the temperature distributions using the three mixing 1 

schemes on the central axis are less than that without bed dilution and the critical temperature 2 

(800 K). Moreover, the temperature distribution in the first gradient scheme is superior to the 3 

other two schemes, and its peak temperature does not exceed 773.15 K. Besides, Fig. 16 further 4 

illustrates the optimal reaction performance of the first gradient scheme.  The more products 5 

(CH� and H�O) yielded due to the superior temperature distribution than those using the other 6 

two methods. Table 4 shows the highest carbon conversion rate in the first gradient scheme 7 

(65.22%). The improvement in the carbon conversion rate was almost 18% using the inert 8 

particle dilution method, compared with the predictions for no bed dilution. 9 

Effect of inert particle conductivity 10 

Different inert particle conductivities probably affect the heat transfer and temperature 11 

distribution in the packing structure. This section investigated the effect of inert particle 12 

conductivity on temperature distribution for the Sabatier process. Plus, Table 5 lists the thermal 13 

conductivities of the two types of inert particles. 14 

Fig. 17 illustrates the effect of thermal conductivity on the central axial temperature 15 

distribution. Interestingly, the effect on central axial temperature distribution was trivial, even 16 

with the significantly different thermal conductivity. 17 

Several heat transfer behaviors without bed dilution in the present study were first 18 

analyzed to elucidate the mentioned phenomenon. The compared results were heat conduction 19 

in the fluid phase (�∗�� ), heat conduction in the solid phase ((1 − �∗)���� ), longitudinal 20 

thermal dispersion (�����). Kuwahara et al.51 and Yang et al.52 determined the effective porosity 21 

(�∗) and heat dispersion coefficient (����) following the equations, respectively: 22 
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�∗ =
���� − �����

���� − ��
 (45) 

����

��
= 0.15

���
�

2.0 + 1.1 ���
�.� ���.��⁄

 (46) 

where ����� is the stagnant thermal conductivity, determined by Hsu et al56. 1 

The thermal conductivity counterparts, namely, �∗�� , (1 − �∗)����  and ����� , are 2 

presented in Fig. 18 to investigate their relative contributions to the effective thermal 3 

conductivity. According to Fig. 18, in the packing structure without inert particles, the 4 

longitudinal thermal dispersion’s contribution ( ����� ) overwhelms the other two ones. 5 

Moreover, heat conduction in the fluid phase (�∗��) and longitudinal thermal dispersion (�����) 6 

primarily occurred in the fluid phase. In contrast, heat conduction in the solid ((1 − �∗)����) 7 

appeared in the solid phase. Accordingly, without bed dilution, the heat transport contributions 8 

in the fluid phase to the effective thermal conductivity were higher than that in the solid phase, 9 

demonstrating that heat conduction in the solid phase plays a controlling step. 10 

Fig. 19 further gives the schematic diagram of heat transport in the fluid and solid phases 11 

considering the bed dilution. As shown in Fig. 19, the solid phase’s heat conduction in the solid 12 

phase can fall into two parts in addition to the inert particles. I.e., heat conduction in the catalyst 13 

and heat conduction in the inert particle. Since the Sabatier reaction occurred in the catalyst, 14 

the heat conduction first occurs in the catalyst. Then the heat was transferred to the inert 15 

particles or other catalysts. From the above studies, the contribution of heat conduction in the 16 

catalyst was minimal. Namely, the catalyst’s heat conduction was still a control step, even 17 

though the inert particles' thermal conductivities were higher than that of catalysts. Therefore, 18 

the temperature distribution did not change with varying the thermal conductivity of inert 19 
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particles. 1 

Conclusions 2 

In this study, the discrete element method (DEM) was used to construct the bed dilution 3 

structure. Moreover, numerical simulations using the LKS-LBM approach that is appropriate 4 

for the condition with a high Péclet number were performed to calculate temperature 5 

distribution and carbon conversion rate for the Sabatier process. The effects of three structural 6 

parameters in bed dilution on temperature distribution and carbon conversion rate were 7 

investigated, which are the volume fraction of inert particles, inert particle dilution method, 8 

inert particle conductivity. Based on the results achieved in the present study, three remarks 9 

can be sorted as follows: 10 

1) The temperature distribution due to the Sabatier process decreases with increasing the 11 

volume fraction of inert particles under the constraint of a constant number of catalysts. 12 

However, the reactor’s length gets longer. Based on the critical temperature (800 K) set in the 13 

present study, the configuration is optimal when the volume fraction of inert particles is equal 14 

to 33.3%. 15 

2) In terms of the bed dilution method, the gradient mixing schemes based on the heat 16 

profile show superior temperature distribution and a high carbon conversion rate. I.e., the 17 

Sabatier process's carbon conversion can be improved by roughly 18%, compared with that 18 

without bed dilution. 19 

3) Inert particles' thermal conductivity has a trivial effect on the temperature distribution 20 

when the catalyst thermal conductivity mainly limits heat transport. 21 
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 6 

Notation 7 

�� = lattice sound speed 

� = solute concentration, ��� ⋅ ��� 

���� = total concentration, ��� ⋅ ��� 

�� = specific heat capacity, �� ∙ ���� ∙ ��� 

���� = catalyst diameter, � 

� = diffusivity, �� ⋅ ��� 

ie  = discrete velocity 

�� = activation energy, �� ∙ ����� 

� = velocity distribution function 

� = concentration distribution function 

ℎ = temperature distribution function 

� = reaction rate constant 

� = adsorption equilibrium constant, ����� 

� = characteristic length in, � 

� = mass flow rate, kg/s 
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� = transformation matrix 

�� = Mach number 

� = the number of particles 

� = pressure, ��� 

��� = Péclet number for mass transport 

��� = Péclet number for heat transport 

� = normalized mass flux 

�������� = reaction heat, �� ∙ ����� 

�� = Reynolds number 

�� = diagonal relaxation matrix for fluid flow 

� = temperature, � 

� = velocity tensor, � ⋅ ��� 

� = characteristic velocity, � ⋅ ��� 

� = volume, �� 

�� = weight coefficient 

� = position tensor in lattice unit 

�� = mass fraction of component � 

�� = mole fraction of component � 

∆� = enthalpy, �� ∙ ����� 

 1 

Subscripts and superscripts 2 

� = discrete velocity direction 
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��� = catalyst particle 

�� = equilibrium state 

� = forwarding reaction 

� = component � 

����� = inert particle 

� = component � 

mean = average value 

mix = mixture 

� = reverse reaction 

� = fluid 

 1 

Greek letters 2 

� = scaling factor in Eq. (43) 

� = density, �� ⋅ ��� 

� = porosity 

� = thermal conductivity, � ∙ ��� ∙ ��� 

� = kinematic viscosity, �� ⋅ ��� 

� = relaxation time 
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