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S.1. Aim of the simulation model 

The simulation model described below was developed to validate and quantify the trends observed in the 

experimental investigations with ADDmeth1 with respect to the reactors’ catalytic ignition behavior. In 

particular, consistent, practical operating maps for estimating the minimum and maximum permissible reaction 

channel inlet temperatures for stable and safe reactor operation in steady-state are to be determined for the 

syngas power range and reactant gas mixtures also investigated experimentally. Transient effects are not taken 

into account. 

The simulation model was implemented in COMSOL Multiphysics® 6.0 (COMSOL Inc., Stockholm, Sweden). 

The following sections describe the implemented modules, approximations and boundary conditions. 

S.2. Simulation model and boundary conditions 

S.2.1. Geometry 

Based on the additively manufactured reactor ADDmeth1 presented in [1], only its main innovation, the 

conically widening reaction channel, was simulated for simplicity (see Figure S1). The catalyst volume is 

represented here as a porous matrix. Furthermore, the thermowell present in the real case for measuring axial 

temperature profiles is not simulated. Instead, its area/volume is taken into account by reducing the reaction 

channel diameter (Dinlet = 7.42 mm, Doutlet = 31.86 mm). The reaction channel length of 167 mm is identical. 

Deviating from the real design, in the simulation the gas flows in and out via the end faces (see Figure S1), which 

avoids numerical problems and significantly reduces the calculation time compared to a lateral in- and outlet. 
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Figure S1. Rotationally symmetric simulation geometry of the reaction channel of ADDmeth1. 

S.2.2. Material data 

S.2.2.1. Thermodynamic system of the gas phase 

The internal COMSOL® database provides material data for all required fluids (CO2, CO, H2, CH4, N2, H2O). 

By defining a thermodynamic system of the mentioned components based on the ideal gas law, relevant mixture 

variables are also calculated (including feedback of the other simulation modules). The default settings for the 

property models were retained. 

S.2.2.2. Material data of the solid phase 

The solid phase of the catalyst bed assumed to be porous material must be defined manually. For the heat 

capacity at constant pressure and the thermal conductivity of the solid (Ni/Al2O3), the temperature-dependent 

functions according to Liu et al. [2] are used. An extrapolation of the values beyond the validity range described 

in [2] is not performed; here, the last value of the validity range in each case is assumed to be constant for 

higher/lower temperatures. The solid density is assumed to be 1987 kg/m³ according to Neubert et al. [3], who 

used the same catalyst. Also according to [3], a (constant) porosity of the catalyst bed/porous material of 𝜀𝑏𝑒𝑑 = 0.4 

is used; boundary effects are neglected. This experimentally determined value is in very good agreement with 

the value calculated for the inlet cross section according to the empirical model of Pushnov [4] (cylindrical pellets, 

d = 1.9 mm). 
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S.2.3. Chemistry 

The 'Chemistry' module implements the involved chemical reactions. The thermodynamic system described 

above provides the required thermodynamic quantities of the involved species. Both the CO methanation and 

the WGS reaction are implemented as reversible reactions. The direct input possibility of the module for 

equilibrium constant, Arrhenius expression and rate constants is not used, because this information is already 

included in the (separate) calculation of the reaction rate. 

The kinetic approach of Rönsch et al. [5] is taken to implement the intrinsic reaction kinetics, which was used 

before in combination with the given catalyst [6]. The kinetics were developed for a Ni/Al2O3 catalyst with a 

similar high nickel content (~50%) and verified for a relatively large temperature and pressure range (275-360 °C, 

1-5 bar) [5]. This describes the methanation reaction system on the basis of the above reactions; the CO2 

methanation is taken into account by the linear combination of these two. The aforementioned approach follows 

a Langmuir-Hinshelwood-Hougen-Watson (LHHW) approach. The rate coefficients are calculated according to 

the Arrhenius approach and the adsorption constants according to the van't Hoff approach. The equilibrium 

constants are calculated according to Elnashaie and Elshishini [7]. 

When moving to catalyst pellets with dimensions in the millimeter range, as also used in ADDmeth1, mass 

transport limitations increase and the reaction rate declines compared to the intrinsic reaction rate. To account 

for the influence of diffusion processes, effective reaction rates 𝑟𝑒𝑓𝑓,𝑛  can be calculated as the product of the 

intrinsic reaction rate and effectiveness factors for pore diffusion 𝜂𝑝𝑜𝑟𝑒,𝑛 and external mass transport, or film 

diffusion respectively, 𝜂𝑒𝑥𝑡,𝑛 (Equation (S1)). 

𝑟𝑒𝑓𝑓,𝑛 = 𝑟𝑖𝑛𝑡,𝑛 ∙ 𝜂𝑝𝑜𝑟𝑒,𝑛 ∙ 𝜂𝑒𝑥𝑡,𝑛 (S1) 

According to Jess and Wasserscheid [8], the pore efficiency can be calculated as a function of the Thiele 

modulus using Equation (S2) (valid for all catalyst geometries). The Thiele modulus relates the reaction rate at 

surface conditions to the mass transport by pore diffusion. It can be calculated for an irreversible first order 

reaction and for any catalyst geometry according to Equation (S3) [9]: 

𝜂𝑝𝑜𝑟𝑒,𝑛 =
tanh(Φn)

Φn

 (S2) 

Φ𝑛 =
𝑉𝑝

𝐴𝑝,𝑒𝑥𝑡
∙ √

𝑘𝑉,𝑛 ∙ 𝜌𝑝

𝐷𝑒𝑓𝑓,𝐶𝑂
 (S3) 

𝑉𝑝 and 𝐴𝑝,𝑒𝑥𝑡  denoted the geometric particle volume and surface area of a catalyst pellet, respectively, 𝑘𝑉,𝑛 

the volume-specific rate constants of the respective reaction n, 𝜌𝑝 the density of the catalyst particle, and 𝐷𝑒𝑓𝑓,𝐶𝑂 

the effective diffusion rate of CO in the catalyst pores. 

The factor 𝜂𝑒𝑥𝑡,𝑛, describing the inhibition by film diffusion, depends on the mass transfer coefficient 𝛽, the 

geometric mass-related catalyst surface 𝐴𝑚𝑎𝑠𝑠,𝑒𝑥𝑡 , and the internal mass transfer described above (Equation (S4)) 

[8]: 

𝜂𝑒𝑥𝑡,𝑛 =
𝛽 ∙ 𝐴𝑚𝑎𝑠𝑠,𝑒𝑥𝑡

𝛽 ∙ 𝐴𝑚𝑎𝑠𝑠,𝑒𝑥𝑡 + 𝜂𝑝𝑜𝑟𝑒,𝑛 ∙ 𝑘𝑉,𝑛
 (S4) 

After the implementation according to the system described above, initial simulation runs showed that the 

numerical ignition behavior of the catalytic reactions deviated significantly from that observed experimentally. 
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Steeper gradients and significantly higher maximum temperatures were observed in experiments. A similar 

behavior was also noticed by Gruber [10,11], who stated as possible causes an overestimation of the thermal 

conductivity of the perfused fixed-bed (too high heat dissipation) and/or an underestimation of the effective 

reaction rate. The latter may again be due to the selection of the intrinsic reaction rate or the calculation of mass 

transfer limitations. The challenging aspect of this problem is that the parameters 𝑟𝑖𝑛𝑡 , 𝜂𝑝𝑜𝑟𝑒 , and 𝜂𝑒𝑥𝑡 , which 

determine the effective reaction rate, depend on each other and consequently cannot be considered individually.  

Gruber  [10,11] approaches this problem by an elaborate iterative analysis of these three factors. He performs 

modifications which are as justified as possible and which can be reconciled with constraints from the literature. 

Finally, he achieves a very high agreement between numerical simulation and experimental results by means of 

adjustments of the intrinsic reaction rate (modification of activation energy, pre-exponential factor and 

adsorption coefficient of water), the internal mass transfer limitation (modification of the Thiele modulus) and 

the external mass transfer limitation (empirical correlation of the Sherwood number). 

Since the obtained correlations are not directly transferable (e.g. dependence on used intrinsic kinetics and 

catalyst geometry) and fitting by the method used by Gruber would be disproportionately time consuming for 

the actual simulation objective (see Section S.1.), an additional factor 𝜉 is used in this work to modify the effective 

reaction rates (Equation (S5). 𝜉 is composed of the composition specific sub-factors 𝜉𝐵𝐹𝐺  and 𝜉𝐵𝑂𝐹𝐺  (Equation 

(S6)), weighted according to the BFG:BOFG ratio (𝑥𝐵𝐹𝐺 = 1: 100% BFG, 𝑥𝐵𝐹𝐺 = 0: 100% BOFG). 

𝑟𝑒𝑓𝑓,𝑛 = 𝑟𝑖𝑛𝑡,𝑛 ∙ 𝜂𝑝𝑜𝑟𝑒,𝑛 ∙ 𝜂𝑒𝑥𝑡,𝑛 ∙ 𝜉 (S5) 

𝜉 = 𝑥𝐵𝐹𝐺 ∙ 𝜉𝐵𝐹𝐺 + (1 − 𝑥𝐵𝐹𝐺) ∙ 𝜉𝐵𝑂𝐹𝐺  (S6) 

𝜉𝐵𝐹𝐺  and 𝜉𝐵𝑂𝐹𝐺 in turn are linearly dependent on the inlet standard flow rate according to Equations (S7) and 

(S8). The definition of the curves is based on iteratively determined values for 𝜉𝐵𝐹𝐺  and 𝜉𝐵𝑂𝐹𝐺  at the lowest and 

highest syngas power investigated (OP1.1/OP1.5 and OP2.1/OP2.5, respectively), at which the hotspot 

temperature coincides with that of the experiments. 

𝜉𝐵𝐹𝐺 = −0.6789 ∙ 𝑉̇𝑁,0  [
min

l
] + 19.844 (S7) 

𝜉𝐵𝑂𝐹𝐺 = −0.3975 ∙ 𝑉̇𝑁,0  [
min

l
] + 26.484 (S8) 

This approach limits the validity of the simulation model to the syngas power range considered and to the 

reactant gas mixtures used. In addition, a loss of information is to be expected, since the numerical adaptation 

via a global factor 𝜉 is considerably more undifferentiated than, for example, the adaptation according to Gruber 

[10,11] (several adapted factors). Detailed statements about the three-dimensional temperature field off the 

hotspot are not possible. 

Furthermore, the implemented thermal conductivity (see Section S.2.5.) was assumed to be applicable. Any 

deviations of this parameter are therefore also contained in 𝜉 and its dependencies. 

The dependence of 𝜉  on the volume flow rate could be due to an implicit temperature dependence. As 

observed experimentally, the overall temperature level increases (with otherwise unchanged conditions) with 

increasing reactant flow rate. Gruber made the same observation and also concluded that the temperature 

influence on the intrinsic kinetics was overestimated (activation energy too high), which has an effect especially 

at lower volume flow rates with lower temperatures [10]. Consequently, a higher elevation of the effective 

reaction rate would be necessary at lower volume flows, which in turn results in larger values for 𝜉. The fact that 
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a second correlation, dependent on the BFG:BOFG ratio, appears to exist could be related to the fact that the 

relative relationship between heat release and heat transport (primarily convective) changes with the reactivity 

of the reactant gas. Another issue could be that the chosen kinetics and its underlying assumed reaction 

mechanism describe the mixed CO/CO2 methanation inadequately (not taking into account competitive 

adsorption of CO and CO2), which may lead to inconsistencies in kinetic and thermodynamic parameters [12,13]. 

S.2.4. Fluid flow 

To model the flow through the porous medium, the Brinkman equations (module ‘Brinkman Equations’) are 

used, whose mathematical model is an extension of Darcy's law by including a term to account for viscous 

transport. Thus, continuity equation and momentum balance are taken into account and pressure and velocity 

vector are considered as independent variables. [14] 

A compressible fluid was assumed under steady-state conditions, neglecting additional forces (swirl, gravity, 

inertial term, Forchheimer/Ergun drag). The no-slip condition applies to solid walls. The permeability of the 

porous medium was calculated by the Kozeny-Carman equation using the volume equivalent diameter of the 

cylindrical pellets as the particle diameter. 

The presented assumptions are applicable in laminar flow conditions. However, the simulations performed 

showed that these are not always fulfilled, but are often in the transitional regime. For the operating points 

discussed, the Reynolds numbers were in the range of 450 – 525. 

S.2.5. Heat transfer 

The used module ‘Heat Transfer in Porous Media’ solves the heat equation by assuming local thermal 

equilibrium between solid and fluid phase. Both convection and heat conduction in the porous material are 

considered. The only relevant volumetric heat source 𝑄 is the released heat of reaction. This is calculated in the 

'Chemistry' module. It is assumed that the heat of reaction is only released in the pore volume of the porous 

material. 

The model according to Zehner/Bauer/Schlünder is used to calculate the effective thermal conductivity of 

the catalyst bed (VDI Wärmeatlas [15], module D6.3). The primary and the secondary influencing parameters are 

taken into account.  

The inlet temperature into the reaction channel  𝑖𝑛  and its influence on the ignition behavior of the reactor is 

the main subject of the simulative investigation. Accordingly, the parameter  𝑖𝑛 is varied. 

In the real application of the ADDmeth concept, the heat of reaction is transferred via the reaction channel 

wall to the internal reactant gas preheating or to the heat dissipation system. For simplicity, a spatially constant 

wall temperature  𝑐𝑜𝑜𝑙𝑖𝑛𝑔  is assumed in the simulation model. This is linked to  𝑖𝑛  via an empirical function 

obtained from the ADDmeth1 experimental data (see Equation (S9)). By means of a case differentiation at the 

relevant root of the quadratic function, it is ensured that  𝑐𝑜𝑜𝑙𝑖𝑛𝑔  does not become smaller than  𝑖𝑛 . This 

corresponds to the real case. In addition, extrapolation beyond the data range of the empirical function is not 

permissible. 

𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = {

                                                                                    𝑇𝑖𝑛 ,        𝑇𝑖𝑛 < 458.7 K

𝑇𝑖𝑛 + (−0.0031 𝑇𝑖𝑛
2 [

1

K2
] + 3.4286 𝑇𝑖𝑛 [

1

K
] − 920.42) [K],       458.7 K ≤ 𝑇𝑖𝑛 ≤ 552 K

 (S9) 
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S.2.6. Chemical species transport 

The transport of the chemical species is modeled in the module ‘Transport of Concentrated Species’. In the mass 

balance, diffusive and convective mass transport phenomena are considered. Additionally, a rate expression 

describing the components production or consumption is included. 

The mixture-averaged diffusion model is used, where the binary diffusion coefficients are calculated in the 

'Chemistry' module based on the kinetic gas theory [16]. Migration in an electric field is not applicable and 

Knudsen and thermal diffusion are neglected. 

S.2.7. Mesh and numerical issues 

The mesh used for numerical calculation is of tetragonal shape and follows the contour of the reaction 

channel ('mapped' mesh). In the region of parallel reaction channel walls, the cells have a rectangular shape; with 

increasing expansion, distortion occurs. Accordingly, the mesh segments also increase in the r-direction with 

increasing reaction channel diameter. At the transition to the solid wall, the mesh is refined by means of 

boundary layers. The mesh, comprising a total of 17,000 elements, achieves a very high average quality with a 

value of 0.9539 (min. quality: 0.6267).  

Solving the simulation model, which has a total of 157,816 degrees of freedom, is not trivial. In order to 

support the solver, in a first step only the flow field is simulated in steady-state and in a second step a solution 

of the overall system of equations is found by means of a time-dependent simulation. This solution serves as a 

set of initial values for the subsequent steady-state simulations for parameter investigation. 
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