Supplement 1. Governing equations solved by Fluent [32]
The fluid flow, heat transfer, and mass transfer (with the  turbulence model) in the solid, fluid, and porous regions of reformers should be properly considered for accurate prediction of the steam methane reforming process. ANSYS Fluent solves the following governing equations for conservation of mass and momentum (continuity and Navier-Stokes equations):
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where the stress-strain tensor  is defined as
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For the porous regions (such as the porous catalyst layers), the external body force, , is employed to consider the Darcy’s law for laminar flow in porous media as
,								(S1-4)
where  is the flow permeability.
The standard  model equations consider the transport of the turbulence kinetic energy () and its dissipation rate ( in the fluid regions, which are expressed as:
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ANSYS Fluent solves the following governing equations for conservation of energy in the fluid regions:
, 		(S1-7)
where  is the effective thermal conductivity,  is the diffusion flux of species ,  is the sensible enthalpy, and  is the stress tensor, and  is the volumetric heat source including the heat of chemical reaction.
The total energy, , in the above equation is defined as
, 							(S1-8)
and the sensible enthalpy of species , , is determined by integrating the species thermal capacity, , from  (=298.15 K) to  as
. 							(S1-9)
Note that energy equations slightly different from Eq. (S1-7) are solved for the porous regions or solid regions.
Finally, ANSYS Fluent solves the following governing equations for conservation of chemical species:
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where  is the species mass fraction,  is the molecular weight, and  is the molar reaction rate of species  by reaction . The reaction rates for the steam methane reforming process can be assigned by using the user-defined function of ANSYS Fluent.
The diffusion flux of species , , is calculated as
					(S1-11)
where  is molecular diffusivity of species ,  is turbulent viscosity,  (=0.7) is turbulent Schmidt number, and  is thermal diffusivity. 

Supplement 2. Summary of the reaction rate constants from Xu and Froment [26,27]
The reaction rate constants are given as
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The adsorption coefficients are given as
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The equilibrium constants are given as
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Supplement 3. Equilibrium composition calculation [28,31]
The equilibrium of the steam reforming (reaction I) and water-gas shift (reaction II) should be considered to determine the equilibrium methane conversion ratio, , and the equilibrium mole fraction of methane, . Then, the equilibrium constants are given as [26,27] 
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where  is the total pressure (bar),  is the temperature (K), and  and  are the mole fraction and mole number of gas species , respectively.
Consider a reformer operating with 1 mol of methane and  mol of water vapor at a fixed total pressure. If the steam reforming and waster-gas shift reactions occur in the reformer by  and  mol, respectively, then the initial, change, and final mole number of gas species become as follows [2].
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The final gas composition, , must satisfy the equilibrium constraints provided in Eqs. (S3-1) and (S3-2), resulting in a set of nonlinear equations, written as
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.		(S3-4)
These nonlinear equations can be accurately solved within 10 iterations using the multivariate Newton-Raphson method (initial values of  and  are recommended). Please, refer to Nam (2015) for more details regarding numerical procedure.
Once  and  are obtained by solving Eqs. (S3-3) and (S3-4), the equilibrium methane conversion ratio, , and the mole fraction of methane, , are evaluated as
, .						(S3-5)
In the effectiveness CFD model, the multivariate Newton-Raphson calculation were included in the UDF of ANSYS Fluent (DEFINE_VR_RATE) to accurately obtain  for volume cells of the dummy layer (the convergence criterion is set to  in absolute magnitude for  and ).


Supplement 4. Suggestions for ANSYS Fluent model setting [32]
For simulating the SMR process using Fluent, there are several points that should be remembered to avoid time-consuming trial and error caused by mistakes in model setting.
· A laminar porous zone should be used for the washcoat catalyst layers whose pore structure is fine enough to almost completely suppress turbulence. If not, turbulent diffusivity will come to play in the mass transfer calculation.
· When the DEFINE_VR_RATE UDF is used to prescribe the volume reaction rate, instead of using the “Reaction” setting panel, it is recommended to enter zero values in the input boxes for the Arrhenius rate setting. In some cases, the rate coefficients in the reaction setting panel appear to be additionally used to calculate the volume reaction rate.
· It should be noted that the reaction rate in the porous zone is calculated by multiplying the volume reaction rate, the cell volume, and the porosity in Fluent, based on the fact that volume reaction occurs only inside the void volume in porous media. For example, if the reaction rate is determined to be  (kmol m3 s1) in a porous washcoat layer whose porosity is , the volume reaction rate should be set to  in the DEFINE_VR_RATE UDF.
· When the effective diffusivity is defined for a porous zone using the DEFINE_DIFFUSIVITY UDF, the diffusivity is not further modified by the porosity. In contrast, when the effective diffusivity is directly entered in the “Create/Edit Materials” setting panel, the diffusivity multiplied by the porosity is used in the mass transfer calculation.
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