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Granular materials

“Granular matter is a system composed of many discrete macroscopic particles”



  
Reactions in heterogeneous particulate systems

Energy from biomass (E.g., Combustion, Gasification)

Example of reaction rate model

Biomass Gasifier/Combustor



  
Reactions in heterogeneous particulate systems

Blast furnaces

Iron Oxide reduction
Example of reaction rate model

Blast Furnace



  
Numerical representations of reacting particulate systems

Example of lumped model for metal-oxide reduction (WO3 reduction)

SRC: Haboury et al. , Metallurgical and Materials Transactions B, 2014
Fouad, Journal of Analytical and Applied Pyrolysis, 1997



  
Numerical representations of reacting particulate systems

Example of continuous model for heat transfer in packed beds

SRC: Yang, Jian et al. , Chemical Engineering Science, 2010



  
Numerical representations of reacting particulate systems

Example of continuous model for heat transfer in packed beds

SRC: Estupinan Donoso et al. , International Review of Mechanical 
Engineering, 2013



  
Numerical representations of reacting particulate systems

Lumped modelling
One (or One set) of equations 
with analytical solution 

Continuous modelling
One set of equations (e.g. Navier–Stokes)  
numerically solved

Discrete modelling
N set of equations (e.g. Navier–Stokes),
boundary conditions  and sources numerically solved

Continuous + Discrete modelling
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Discrete Element Method (DEM)

DEM motivation and history

 The Discrete Element Method (DEM) is a discrete approach that 
enables accurate numerical calculation of finite particle 
displacements and rotations, as well as automated contact 
detection for a group of particles.

 The method was first proposed in 1956 by Alder and Wainwright 
for molecular dynamics studies. The method was later 
developed by Cundall and Strack in the 1970s, and since then, 
the principles of the discrete element method, also known as the 
distinct element method, have been widely used for simulating the 
behavior of granular materials and other discrete systems.

 Due to its discrete approach, DEM is particularly well-suited for 
modeling the bulk behavior of materials. Its ability to simulate 
discontinuous media can also provide valuable insights into 
various processes, potentially reducing the number of physical 
experiments required to understand them.



  
Discrete Element Method

How does it work ?

SRC:

DEM software utilizes contact detection algorithms and 
appropriate contact models to calculate the forces acting 
on particles. By applying Newton's laws of motion and 
numerical integration, the software can then compute the 
accelerations, velocities, and positions of the particles.



  
Discrete Element Method

How does it work ?

How can we calculate the trajectory of a 
particle ?
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Discrete Element Method

How does it work ?
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 Single Particle Contact

Discrete Element Method

How does it work ?

SRC: Yade - Open Source Discrete Element 
Method   https://yade-dem.org/



  
Discrete Element Method

A dam break example

SRC: XDEM software, https://luxdem.uni.lu/



  
Discrete Element Method

How does it work ?

SRC:

Applications at  LuXDEM

https://luxdem.uni.lu/gallery/index.html


  
Thermochemical DEM simulations

The eXtended Discrete Element Method (XDEM)

Wikipedia: is a numerical technique that extends the 
dynamics of granular material or particles as described 
through the classical discrete element method (DEM) 
(Cundall [1] and Allen [2]) by additional properties such as 
the thermodynamic state, stress/strain or electro-magnetic 
field for each particle. Contrary to a continuum mechanics 
concept, the XDEM aims at resolving the particulate 
phase with its various processes attached to the particles. 
While the discrete element method predicts position and 
orientation in space and time for each particle, the 
extended discrete element method additionally estimates 
properties such as internal temperature and/or species 
distribution or mechanical impact with structures.



  

Inner-particle processes predictions by
PDEs for conservation:

Energy

Gas Species g

Mass

+ Chemical conversion

Solid Species k. E.g., Equilibrium reaction

Thermochemical DEM simulations

The eXtended Discrete Element Method (XDEM)



  

Boundary Conditions and sources

E.g., melting

Thermochemical DEM simulations

The eXtended Discrete Element Method (XDEM)



  
Thermochemical DEM simulations
The eXtended Discrete Element Method (XDEM)
Continuous and discrete phases 4-way coupling for mass and energy
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WHY?
Finding kinetic parameters for heterogeneous reaction systems
A chemical optimization problem

Container with powder

H2
H2O

WO2(OH)2(g) 

CFD domain



  
Finding kinetic parameters for heterogeneous reaction systems
A chemical optimization problem
SRC: Mónica Arenas, Maitsetseg Borchuluun, Léopold Hillah, 2020

Objective Function



  
A chemical optimization problem

SRC: Mónica Arenas, Maitsetseg Borchuluun, Léopold Hillah, 2020



  
A chemical optimization problem



  
A chemical optimization problem

Example of several "testing parameter" executions compared to the reference 
solution for the reduction of tungsten trioxide under dry atmospheres



  
A chemical optimization problem

SRC: Mónica Arenas, Maitsetseg Borchuluun, Léopold Hillah, 2020



  
A chemical optimization problem

XDEM jobs: parallel performance

SRC:  Mainassara Chekaraou, A.W., Large Scale Parallel Simulation For Extended Discrete
 Element Method, Doctoral Thesis, 2020

Rousset, A., OpenMP optimisation of the eXtended Discrete Element Method 
(XDEM), Scientific Report, 2021



  
A grain growth proposed problem



  
A grain growth proposed problem

SEM image of WOx particles undergoing H2 reduction TEM image of WOx particles undergoing H2 reduction 



  
A grain growth proposed  (optimization) problem

Synchrotron measurements: Volume reconstruction of Nano-holotomography.
Particle characteristic size L = 25 um. ESRF (Grenoble-Fr).

Objective Function



  
A grain growth proposed (optimization) problem

Objective Function XDEM simulations

Vs

Nucleation + grain growth parameters
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Takeaways

 HPC has enabled an accurate solution of particulate systems undergoing physical/chemical transformations

 Different modeling approaches for particulate systems

 Extended discrete element methods are the closest numerical representation for particulate systems at "macro" scale

 In a real world, particulate matter interacts with a continuous medium. This interaction it is of pivotal interest and 
needs to be accounted for

 Warning: Reaction / diffusion parameters change with the dimension of the problem (except resolved methods)

 Synergy between computer-sc, phyms and engineering for a successful large-scale simulation. "Zapatero a sus 
zapatos"

 However, as a scientist, a good knowledge of both worlds is imperative for achieving meaningful results
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