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Particle-resolved CFD Simulations for Fixed-bed Reactors and Particle Shape Optimization
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We proposed a novel scheme to identify an optimal catalyst particle shape for fixed-bed reactors using particle-resolved
computational fluid dynamics. This scheme was applied to a fixed-bed catalytic reactor that triggered a methanation
reaction. First, a basic reaction flow model was developed, and it was confirmed that the predicted pressure drop agreed
with the experimental equation. Next, using this model, reaction flow simulations were performed for 266 different fixed
-bed structures, and pressure losses and CHs yields are calculated for each structure. Then, a database associating the
structure parameters and the calculated parameters is constructed. Finally, from the correlation analysis of this database

and the calculation of the Pareto solution, the factors needed to optimize the fixed-bed structure were derived.
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Fig. 1 Schematic view of the fixed-bed reactor.
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Fig.2 Image figure of the calculation model.
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Fig.3  Overview of the model shape for this CFD simulation.
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Table 1 Input parameters for the flow simulation.

Parameter Symbol Value
Gas density p 1.0 [kgm]
Gas viscosity u 1.0x10% [Pas]
Particle diameter dp 10 [mm]
Porosity £ 0.405
Superficial velocity U 0.01-0.1 [ms]
Particle Reynolds number Re, 25-250
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Table2 Number of elements for each case.

Number of boundary layers Number of elements
1 246,312
2 271,693
3 297.044
4 322,293
5 515494
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Fig.4 Overview of the calculational meshes for this CFD simulation.
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Fig.5 Comparison of CFD results and Ergun equation.

Table 3 Difference between Ergun’s equation and CFD results.

Case Pressure loss Difference from
[Pam’] Ergun’s eq.
Ergun eq. 23.78 -
1 layer 3924 65%
2 layers 29.95 26%
3 layers 23.84 0%
4 layers 22.01 7%
5 layers 21.76 8%
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Table3 Structure parameter ranges for the flow simulation.

Parameter Value
Average particle diameter 5—13 [mm]
Standard deviation 1X10*—3 [mm]
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Table4 Inlet gas parameters for the reacting flow simulation.

Parameter Value
Temperature 400 [°C]
Absolute pressure 0.1 [MPa]
Mole fraction of CO2 20%
Mole fraction of H2 80 %
Mole fraction of CH4 0%
Mole fraction of H2O 0%
Mole fraction of CO 0%
Density 0.186 kg m?]
Space velocity 2000 [h]
Inlet velocity 0.0694 [ms]
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Table5 Database constructed by 266 reaction flow simulations.

Structure parameters Output parameters
Average Standard
No. . . Pressure loss Yield of
particle deviation CH,
diameter [mm] [mm] [P}
1 6 1.10 0.164 0.763
2 11 0.902 0.0823 0.595
3 5 0.175 0.183 0.789
4 9 1.51 0.113 0.666
5 11 2.81 0.113 0.614
6 10 228 0.0810 0.579
7 13 292 0.0704 0.545
8 7 1.72 0.146 0.732
9 12 291 0.0475 0477
266 8 0.696 0.126 0.705
90 13
Estimated #4 =
80 pareto front ‘,.«.'1.'13 . E
— O g
L'., 70 10 g
T =
2 60 9 3
3 -
2 5 %)
~ 50 i %n
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6
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Fig. 6 Scatter plot for pressure losses and yields of CHa.
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Fig.7 Correlation coefficients for structure parameters and output
parameters.
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Table 6 Four representative data extracted from the database.

Structure parameters Output parameters
# Avel.age Standard Pressureloss  Yield of
particle deviation [Pa] CH,
diameter [mm] [mm]
1 9 1.50 0.104 0.640
2 10 0.0167 0.1049 0.667
3 13 1.09 0.103 0.566
4 5 0.0113 0.186 0.794
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Fig.8 Overview of the model shape for four representative structure.
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Fig. 10 CHa generation rate distribution in Y-directional center cross
section.
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Fig. 13 Comparison of experimental results
in sphere with Ergun’s equation.
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Fig. 14 Comparison of experimental results
in cylinder with Ergun’s equation.
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Fig. 15 Comparison of experimental results
in hollow cylinder with Ergun’s equation.
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