
 
 

 

 
Nanomaterials 2024, 14, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/nanomaterials 

Supplementary Materials 

Flow behavior of nanoparticle agglomerates in a fluidized bed 
simulated with porous-structure-based drag laws 
Shaowei Wang1,*, Xiaobing Hu1, Niannian Liu2 and Huanpeng Liu3 

1 Energy and Power Engineering Institute, Henan University of Science and Technology, Luoyang, Henan 471003, PR 
China 

2 Department of Engineering Mathematics, University of Bristol, Bristol, United Kingdom 
3 School of Energy Science and Engineering, Harbin Institute of Technology, Harbin, Heilongjiang 150006, PR China 
* Correspondence: 9906235@haust.edu.cn; Tel.: 0086-379-64231480 
 

Section S1. Governing equations for gas/solid flows. 

Mass conservation for phase i (i = g for gas and s for solid):  

     
Linear momentum balance for gas and solid phases:  

  
Transport equation for the solid phase granular temperature:  
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Section S2. Constitutive equations of gas-solid flow. 

  

Gas stress tensor:  

 
Solid stress tensor:  

  
where solid shear viscosity is:  µ𝑠 = µ𝑠,𝑐𝑜𝑙 + µ𝑠,𝑘𝑖𝑛 + µ𝑠,𝑓𝑟  

The collisional contribution to shear viscosity is:  

  

The kinetic contribution to shear viscosity: 

  
The frictional contribution to shear viscosity [1]:  

Solid phase bulk viscosity:   

  

Collision dissipation energy [2]:  

  
Solids pressure:  𝑝𝑠 = 𝜀𝑠𝜌𝑠𝛩𝑠 + 2𝜌𝑠(1 + 𝑒𝑠𝑠)𝜀𝑠2𝑔0,𝑠𝑠  

Thermal energy diffusion coefficient:  

  
Radial distribution function:  

  
Dissipation of granular temperature by gas damping:  𝛷𝑔𝑠 = −3𝛽𝛩𝑠  
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Section S3. The drag model used in this work. 

  

Huilin-gidaspow drag model [3]:  
Huilin-gidaspow drag model is a combination of the previous drag models proposed 

by Wen and Yu [4] and Ergun [5]. It introduces a transition function to smoothly switch 
the drag coefficients at the bed porosity of 0.8. The pressure drop due to friction between 
gas and particles is described by the Ergun equation [5] as the bed porosity is less than 0.8 
and Wen and Yu equation as the bed porosity is larger than 0.8.   

  𝛽𝑔𝑠 = 𝛽1                (𝜀𝑔＜0.8)  

  
where drag coefficient is:  
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