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Highlights 

 Development of a hierarchical methodology enabling fundamental multi-scale modeling 

 Application of the hierarchical method to study transport phenomena in micro packed beds 

 Analysis of micro packed bed reactors for high exothermic processes  

 

1. Introduction 

The first-principles reactor engineering is becoming a very promising tool for the analysis of catalytic 

reactors [1]. It relies on a fundamental description of all the phenomena occurring in the reactor, where each 

scale is represented by means of its own governing equations. In heterogeneous catalysis, this approach 

would theoretically allow for the accurate description of the interplay between chemistry and transport 

processes. Despite this potential, the first-principles reactor engineering is still hampered by numerical 

challenges and computational costs, even for simple reactor geometries. To enable its application even to 

complex reactor geometries, during my PhD activities in the groups of Prof. Maestri and Prof. Dixon, I 

developed a specific numerical method based on a hierarchical approach [2]. This methodology couples 

simplified/classical models (e.g. 1D models) with multi-scale models (e.g. Computational Fluid Dynamics 

(CFD)) allowing a detailed and fundamental analysis of unconventional and complex reactor configurations 

with an affordable computational cost. In particular, in this work the hierarchical modeling is applied to 

micro packed bed reactors as a show-case. This reactor configuration consists of catalytic particles packed 

into the channel of a metallic honeycomb matrix, which leads to an unusual and complex configuration, 

which is different from well-established reactor geometries. For this reason, this configuration is a 

representative case study to test the capabilities of the proposed hierarchical methodology. 

2. Methods 

The application of the fundamental multi-scale modeling is limited by the dimension of the problems of 

practical relevance [3], which leads to impractical computational costs. A reasonable solution to this issue is 

to determine the controlling event at each scale.  

 

Figure 1.  Schematic description of the hierarchical modeling applied to novel reactor configurations. 

In this way, instead of attempting to simulate all phenomena at each scale with the highest accuracy, only the 

relevant events are simulated with a first principles model. This is the basis of hierarchical multiscale 

modeling, where the full multi-scale problem is tackled with an increasing level of complexity and 



 

computational cost to identify the most important and governing parameters at each scale. In this work, this 

technique is applied to the transport phenomena following the approach reported in Figure 1. In essence, it 

consists of using the first principles multi-scale model to analyze a selected and limited number of operating 

conditions. Then, the results of these simulations are used to derive lumped parameters, which are then 

implemented in simplified/classical models. The generated hierarchical derived model fully retains all the 

information of the fundamental multi-scale model. Therefore, it enables a fundamental and multi-scale 

description of complex reactor geometries with an affordable computational cost.  

3. Results and discussion 

The hierarchical approach is, herein, applied to investigate (i) the gas-to-particle heat and mass transfer and 

(ii) the wall heat transfer between the packed channel and the honeycomb matrix. Figure 2 show the j-factors 

(a) and wall heat transfer coefficient (b) derived from CFD simulations compared with common literature 

correlations. Figure 2(b) illustrates the overall heat transfer. These comparisons demonstrate that only 

correlations derived from low Reynolds number (~70), which is the typical flow regime for micro packed 

bed reactors, can correctly represent the reactor behavior. Once identified and derived this correlation, they 

are implemented in a 2D heterogeneous reactor model to analyze the selective oxidation of o-xylene to 

phthalic anhydride in micro packed beds. This hierarchical derived 2D model, due to the fundamental 

derived correlations, enables a detailed analysis and description of the performance of the full-scale micro 

packed bed reactor in an affordable computational cost. This analysis shows that the micro packed bed 

reactor is characterized by higher heat transfer properties than a packed bed reactor. In particular, Figure 2(c) 

illustrates that the micro packed bed reactor is quasi-isothermal because of the enhanced heat transfer 

properties of the honeycomb matrix. 

. 

 

Figure 2. (a) Heat and mass transfer properties: comparison between the computer-generated packed beds and the correlations from 

literature; (b) Overall heat transfer coefficient as a function of the Reynolds number; (c) Temperature axial profile for the packed bed 

reactor (dashed line) and the micro packed bed reactor (solid line). 

4. Conclusions 

The hierarchical approach, originally applied at the microscale, has been herein extended to the macroscale. 

The analysis of micro packed bed reactors demonstrates that the hierarchical modeling is a novel numerical 

methodology capable of handling the complexity of catalytic reactors and enabling their the fundamental 

description.  
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