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Pneumatic transport in a representative ball mill

Relevant flow phenomena:

o Flow separation / turbulence

o Particle size segregation

o Preferential concentration

o Deposition/erosion/abrasion

Introduction               Fluid coarsening               Particle coarsening               Conclusions

Neikov (2009) Handbook of non-
ferrous metal powders (pp. 45-62).
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Context & challenges

Complex turbulent two-phase transport of particles in mills 
and classifiers determines the magnitude and frequency of 
the breakup of particles and stress exerted on surfaces that 
determine the overall energy efficiency.

Modeling challenges

o Scales of motion of turbulence

o Varying particle size / shape

o Large number of particles

o Four-way coupling
(gas⇄particle + particle ⇄ particle)

Flow simulation of 
a Mikro ACM
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Modeling approaches (not comprehensive)

o Direct numerical simulation (DNS)

o High-resolution CFD-DEM

o Coarse-grain DEM / MP-PIC (parcels)

o Moment methods

o Two-fluid models

o Filtered two-fluid models

o “Engineering models”
(head loss coefficient)

Particle 
(Lagrangian) 
models

Continuum 
(Eulerian) 
models
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Yu et al. (2020) 
Chem. Eng. Sci.

Ozel et al. (2016) 
Chem. Eng. Sci.
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Coarser grids induce loss of local structure representation

“DNS” (Δx<η) fluid 
velocity fluctuations 
are resolved

Microscale                    Mesoscale                              Macroscale

“LES” (Δx>dp) fluid velocity 
resolved at scale larger than 
particle (need to model drag)

“RANS” (Δx≫dp) average 
velocity solved (need to 
reconstruct SGS fluctuations)

Sun et al. (2021) 
Adv. Powd. Tech., 
32(4), 977-986.
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Particle coarsening

6

‘Fine-grain’ CFD-DEM1

o Track individual particles w/ models 
for hydrodynamic forces (e.g., drag) 
and particle-particle/particle-wall 
interactions (DEM)

o Transport relies heavily on treatment 
of hydrodynamic forces

1. Correct reconstruction of gas velocity

2. Account for volume fraction (neighbor 
effects)

o Main drawback: Requires tracking 
every particle in the system! 1Tsuji et al. (1993) Powd. Tech, 77(1), 79-87.

2Sakai & Koshizuka (2009) Chem. Eng. Sci., 64(3), 533-539.
3Andrews & O'Rourke (1996) Int. J. Multiphase Flow, 22(2), 379-402.

4Lu et al. (2014) Chem. Eng. Sci., 120, 67-87.

Coarse-grained CFD-DEM2 & MP-PIC3

o Track groups of particles (parcels)

o CG-DEM: Handle collisions as 
larger/softer spheres4

o MP-PIC: Collisions computed from 
particle stress (kinetic theory)

o Assumes each particle within the 
parcel has equal properties!

<latexit sha1_base64="MunPA1t5kP+1+TTKdueDlE13syI="></latexit>
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Outline of today’s talk

1. Fluid coarsening—Coarser grids induce loss of local 
structure representation

o Modeling drag in dense suspensions

o Modeling unresolved turbulence in dilute suspensions

o Capturing subgrid-scale heterogeneity (clustering)

2. Particle coarsening—Reducing the number of particles 
that must be tracked enables larger system sizes to be 
simulated and enables larger time steps to extend the 
process time that can be simulated

o Coarse graining approaches

o Applications to mills and classifiers

o Future directions: filtered CG-DEM

Introduction               Fluid coarsening               Particle coarsening               Conclusions
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Standard practice in commercial CFD software

<latexit sha1_base64="MFV8bVUJ+c4IsJKP5XRqZGatumg=">AAACSXicbVBNaxsxFNTaaeO4H3GSYy8ippBCMbtJSHIJGFJKj06InYBlFq38bItIWiFpDWa9f6t/or8g0FOgvfcWeqps7yFO+kAwmpn3njSJFty6MLwPKtWNV683a1v1N2/fvd9u7Oz2bJoZBl2WitTcJtSC4Aq6jjsBt9oAlYmAm+TuYqHfTMFYnqprN9MwkHSs+Igz6jwVNzpEUDUWgEki869F/IWY5f38iGhOZIaHscbz0r TwZEXpmJPOhB9cwWcypQa05cLP05/iRjNshcvCL0FUgiYqqxM3HsgwZZkE5Zig1vajULtBTo3jTEBRJ5kFTdkdHUPfQ0Ul2EG+/HmBP3pmiEep8Uc5vGSfduRUWjuTiXdK6ib2ubYg/6f1Mzc6G+Rc6cyBYqtFo0xgl+JFjHjIDTAnZh5QZrh/K2YTaihzPuy1LYks6j6U6HkEL0HvsBWdtMLL42Y7LOOpoQ9oHx2gCJ2iNvqGOqiLGPqOfqJf6HfwI/gTPAZ/V9ZKUPbsobWqVP8BGiez3g==</latexit>

hFDi = 3⇡µdp|hui|�(Re, "p)

Coarsening the grid Δx>dp requires modeling drag. Typically modeled as a correction 
to Stokes drag, usually informed from particle-resolved simulations

Introduction               Fluid coarsening               Particle coarsening               Conclusions
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Drag in a dense assembly of particles

It is now well established that a collection of particles exhibit a significant 
variation in drag about its mean.

Existing drag laws fail to capture particle velocity variance and dispersion.

Each case has the same value of Re and εp

U
<latexit sha1_base64="3GroiEoC6FCfQFLW6vdnVlJcxZ4=">AAAB+HicbVA9TwJBEJ3DL8Qv1NJmIzGxInfEREsSG0tIPCCBC9lb5mDD7t1ld88ECb/AVns7Y+u/sfWXuMAVAr5kkpf3ZjIzL0wF18Z1v53C1vbO7l5xv3RweHR8Uj49a+kkUwx9lohEdUKqUfAYfcONwE6qkMpQYDsc38/99hMqzZP40UxSDCQdxjzijBorNf1+ueJW3QXIJvFyUoEcjX75pzdIWCYxNkxQrbuem5pgSpXhTOCs1Ms0ppSN6RC7lsZUog6mi0Nn5MoqAxIlylZsyEL9OzGlUuuJDG2npGak1725+J/XzUx0F0x5nGYGY7ZcFGWCmITMvyYDrpAZMbGEMsXtrYSNqKLM2GxWtoRyVrKheOsRbJJWreq5Va95U6nX8niKcAGXcA0e3EIdHqABPjBAeIFXeHOenXfnw/lcthacfOYcVuB8/QLYeZNv</latexit><latexit sha1_base64="3GroiEoC6FCfQFLW6vdnVlJcxZ4=">AAAB+HicbVA9TwJBEJ3DL8Qv1NJmIzGxInfEREsSG0tIPCCBC9lb5mDD7t1ld88ECb/AVns7Y+u/sfWXuMAVAr5kkpf3ZjIzL0wF18Z1v53C1vbO7l5xv3RweHR8Uj49a+kkUwx9lohEdUKqUfAYfcONwE6qkMpQYDsc38/99hMqzZP40UxSDCQdxjzijBorNf1+ueJW3QXIJvFyUoEcjX75pzdIWCYxNkxQrbuem5pgSpXhTOCs1Ms0ppSN6RC7lsZUog6mi0Nn5MoqAxIlylZsyEL9OzGlUuuJDG2npGak1725+J/XzUx0F0x5nGYGY7ZcFGWCmITMvyYDrpAZMbGEMsXtrYSNqKLM2GxWtoRyVrKheOsRbJJWreq5Va95U6nX8niKcAGXcA0e3EIdHqABPjBAeIFXeHOenXfnw/lcthacfOYcVuB8/QLYeZNv</latexit><latexit sha1_base64="3GroiEoC6FCfQFLW6vdnVlJcxZ4=">AAAB+HicbVA9TwJBEJ3DL8Qv1NJmIzGxInfEREsSG0tIPCCBC9lb5mDD7t1ld88ECb/AVns7Y+u/sfWXuMAVAr5kkpf3ZjIzL0wF18Z1v53C1vbO7l5xv3RweHR8Uj49a+kkUwx9lohEdUKqUfAYfcONwE6qkMpQYDsc38/99hMqzZP40UxSDCQdxjzijBorNf1+ueJW3QXIJvFyUoEcjX75pzdIWCYxNkxQrbuem5pgSpXhTOCs1Ms0ppSN6RC7lsZUog6mi0Nn5MoqAxIlylZsyEL9OzGlUuuJDG2npGak1725+J/XzUx0F0x5nGYGY7ZcFGWCmITMvyYDrpAZMbGEMsXtrYSNqKLM2GxWtoRyVrKheOsRbJJWreq5Va95U6nX8niKcAGXcA0e3EIdHqABPjBAeIFXeHOenXfnw/lcthacfOYcVuB8/QLYeZNv</latexit><latexit sha1_base64="3GroiEoC6FCfQFLW6vdnVlJcxZ4=">AAAB+HicbVA9TwJBEJ3DL8Qv1NJmIzGxInfEREsSG0tIPCCBC9lb5mDD7t1ld88ECb/AVns7Y+u/sfWXuMAVAr5kkpf3ZjIzL0wF18Z1v53C1vbO7l5xv3RweHR8Uj49a+kkUwx9lohEdUKqUfAYfcONwE6qkMpQYDsc38/99hMqzZP40UxSDCQdxjzijBorNf1+ueJW3QXIJvFyUoEcjX75pzdIWCYxNkxQrbuem5pgSpXhTOCs1Ms0ppSN6RC7lsZUog6mi0Nn5MoqAxIlylZsyEL9OzGlUuuJDG2npGak1725+J/XzUx0F0x5nGYGY7ZcFGWCmITMvyYDrpAZMbGEMsXtrYSNqKLM2GxWtoRyVrKheOsRbJJWreq5Va95U6nX8niKcAGXcA0e3EIdHqABPjBAeIFXeHOenXfnw/lcthacfOYcVuB8/QLYeZNv</latexit>

“Neighbor effect”

Image via Bala @ UF
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Modeling the drag force stochastically (IFPRI ‘23 talk)
o Do not account for precise neighbor information

o Instead, capture correct statistics of residual drag

�F
<latexit sha1_base64="0GA6RS8ZuExGN2TSnIR3HRSvV00=">AAAB/3icbVA9SwNBEJ3zM8avqKXNYhCswp0IWgYEsYxgPiA5wtxmkyzZ3Tt294RwpPAv2GpvJ7b+FFt/iZvkCpP4YODx3gwz86JEcGN9/9tbW9/Y3Nou7BR39/YPDktHxw0Tp5qyOo1FrFsRGia4YnXLrWCtRDOUkWDNaHQ79ZtPTBseq0c7TlgocaB4n1O0Tmp1DB9I7N51S2W/4s9AVkmQkzLkqHVLP51eTFPJlKUCjWkHfmLDDLXlVLBJsZMaliAd4YC1HVUomQmz2b0Tcu6UHunH2pWyZKb+nchQGjOWkeuUaIdm2ZuK/3nt1PZvwoyrJLVM0fmifiqIjcn0edLjmlErxo4g1dzdSugQNVLrIlrYEslJ0YUSLEewShqXlcCvBA9X5aqfx1OAUziDCwjgGqpwDzWoAwUBL/AKb96z9+59eJ/z1jUvnzmBBXhfvzialnA=</latexit><latexit sha1_base64="0GA6RS8ZuExGN2TSnIR3HRSvV00=">AAAB/3icbVA9SwNBEJ3zM8avqKXNYhCswp0IWgYEsYxgPiA5wtxmkyzZ3Tt294RwpPAv2GpvJ7b+FFt/iZvkCpP4YODx3gwz86JEcGN9/9tbW9/Y3Nou7BR39/YPDktHxw0Tp5qyOo1FrFsRGia4YnXLrWCtRDOUkWDNaHQ79ZtPTBseq0c7TlgocaB4n1O0Tmp1DB9I7N51S2W/4s9AVkmQkzLkqHVLP51eTFPJlKUCjWkHfmLDDLXlVLBJsZMaliAd4YC1HVUomQmz2b0Tcu6UHunH2pWyZKb+nchQGjOWkeuUaIdm2ZuK/3nt1PZvwoyrJLVM0fmifiqIjcn0edLjmlErxo4g1dzdSugQNVLrIlrYEslJ0YUSLEewShqXlcCvBA9X5aqfx1OAUziDCwjgGqpwDzWoAwUBL/AKb96z9+59eJ/z1jUvnzmBBXhfvzialnA=</latexit><latexit sha1_base64="0GA6RS8ZuExGN2TSnIR3HRSvV00=">AAAB/3icbVA9SwNBEJ3zM8avqKXNYhCswp0IWgYEsYxgPiA5wtxmkyzZ3Tt294RwpPAv2GpvJ7b+FFt/iZvkCpP4YODx3gwz86JEcGN9/9tbW9/Y3Nou7BR39/YPDktHxw0Tp5qyOo1FrFsRGia4YnXLrWCtRDOUkWDNaHQ79ZtPTBseq0c7TlgocaB4n1O0Tmp1DB9I7N51S2W/4s9AVkmQkzLkqHVLP51eTFPJlKUCjWkHfmLDDLXlVLBJsZMaliAd4YC1HVUomQmz2b0Tcu6UHunH2pWyZKb+nchQGjOWkeuUaIdm2ZuK/3nt1PZvwoyrJLVM0fmifiqIjcn0edLjmlErxo4g1dzdSugQNVLrIlrYEslJ0YUSLEewShqXlcCvBA9X5aqfx1OAUziDCwjgGqpwDzWoAwUBL/AKb96z9+59eJ/z1jUvnzmBBXhfvzialnA=</latexit><latexit sha1_base64="0GA6RS8ZuExGN2TSnIR3HRSvV00=">AAAB/3icbVA9SwNBEJ3zM8avqKXNYhCswp0IWgYEsYxgPiA5wtxmkyzZ3Tt294RwpPAv2GpvJ7b+FFt/iZvkCpP4YODx3gwz86JEcGN9/9tbW9/Y3Nou7BR39/YPDktHxw0Tp5qyOo1FrFsRGia4YnXLrWCtRDOUkWDNaHQ79ZtPTBseq0c7TlgocaB4n1O0Tmp1DB9I7N51S2W/4s9AVkmQkzLkqHVLP51eTFPJlKUCjWkHfmLDDLXlVLBJsZMaliAd4YC1HVUomQmz2b0Tcu6UHunH2pWyZKb+nchQGjOWkeuUaIdm2ZuK/3nt1PZvwoyrJLVM0fmifiqIjcn0edLjmlErxo4g1dzdSugQNVLrIlrYEslJ0YUSLEewShqXlcCvBA9X5aqfx1OAUziDCwjgGqpwDzWoAwUBL/AKb96z9+59eJ/z1jUvnzmBBXhfvzialnA=</latexit>
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‘Ground truth’

Standard drag

Stochastic 
drag

<latexit sha1_base64="MFV8bVUJ+c4IsJKP5XRqZGatumg="></latexit>

hFDi = 3⇡µdp|hui|�(Re, "p)
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Deterministic approaches to modeling drag
o The force on each particle is deterministically dependent on average (known) 

quantities: Re, εp, and available microscale information

o Example: pairwise interaction extended point particle (PIEP) model1,2

o Key idea: assume that the effective flow around a particle can be expressed as a 
linear superposition of the undisturbed flow and perturbation flow due to each 
neighboring particle taken one at a time

o Use pre-computed maps or data (regress model coefficients)

Model predictions vs. particle-resolved simulations 
for Re=40 and εp = 0.11

1Akiki et al. (2017) J. Fluid Mech., 813, 882-928.
2Moore et al. (2019) J. Comp. Phys., 385, 187-208.
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Example of a machine learning model for the drag force
The hydrodynamic force acting on the ith reference 
particle considering all the N neighbors can be 
represented by the following series expansion:

A sequential learning process1 can be used to 
obtain the binary and trinary terms. Training based 
on a force loss function:

‘Unary term’ 
(effect of 
neighbors in 
collective sense)

Binary interaction 
(perturbation due 
to 1 neighbor at a 
time)

Trinary 
interaction 
(influence of 2 
neighbor pairs 
at a time)

1Siddani & Balachandar (2023). Point-particle drag, lift, and torque closure 
models using machine learning: Hierarchical approach and interpretability. 
Physical Review Fluids, 8(1), 014303.
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Now let’s consider dilute suspensions in turbulence

M
ea

n 
flo

w

Transport mechanisms driving concentration build-up in 
the near-wall region, Soldati & Marchioli (2012) Advances 
in Water Resources, 48, 18-30.

o Particle distribution becomes strongly non-homogeneous in turbulent flows

o Particles sample preferentially the periphery of strong vortical regions and 
segregate into straining regions

o This has important consequences on deposition and impaction

DNS by Yao & Capecelatro 
(2022) J. Aerosol Sci. 166.
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Particles tend to cluster in turbulent flows

o Kolmogorov scales:

o Particle properties:

o Small: 

o Heavy:

o Dilute: 

o Stokes number:

<latexit sha1_base64="B0VGE7tZ3pc1RdgrvCTsHFTBBk0=">AAACA3icbVC7SgNBFJ2NrxhfUUubwSBYxV0RtQzYWEYwD8guYXb2bjJkZnaZmRXCktJfsNXeTmz9EFu/xEmyhUk8cOFwzr2cywlTzrRx3W+ntLa+sblV3q7s7O7tH1QPj9o6yRSFFk14oroh0cCZhJZhhkM3VUBEyKETju6mfucJlGaJfDTjFAJBBpLFjBJjJT/qpxc+GOJz7vWrNbfuzoBXiVeQGirQ7Fd//CihmQBpKCda9zw3NUFOlGGUw6TiZxpSQkdkAD1LJRGgg3z28wSfWSXCcaLsSINn6t+LnAitxyK0m4KYoV72puJ/Xi8z8W2QM5lmBiSdB8UZxybB0wJwxBRQw8eWEKqY/RXTIVGEGlvTQkooJhVbirdcwSppX9a967r7cFVruEU9ZXSCTtE58tANaqB71EQtRFGKXtArenOenXfnw/mcr5ac4uYYLcD5+gXl85fo</latexit>
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<latexit sha1_base64="PCmDP4uwa3dP1SlFfTvaTQcAv1Y=">AAACH3icbZC7TsMwFIYdrqXcCowsFhWIqUoQAhakSiyMRdCL1ESR4zqtVTuJ7BOkKsob8BK8AivsbIi1K0+C22agLUey/Ov/z9GxvyARXINtj62V1bX1jc3SVnl7Z3dvv3Jw2NJxqihr0ljEqhMQzQSPWBM4CNZJFCMyEKwdDO8mefuZKc3j6AlGCfMk6Uc85JSAsfzKWeYqiR8h910G5NYNFaGZCyT1k3x2T/zcr1Ttmj0tvCycQlRRUQ2/8uP2YppKFgEVROuuYyfgZUQBp4LlZTfVLCF0SPqsa2REJNNeNv1Pjk+N08NhrMyJAE/dvxMZkVqPZGA6JYGBXswm5n9ZN4Xwxst4lKTAIjpbFKYCQ4wncHCPK0ZBjIwgVHHzVkwHxCABg3BuSyDzsoHiLCJYFq2LmnNVsx8uq3W7wFNCx+gEnSMHXaM6ukcN1EQUvaA39I4+rFfr0/qyvmetK1Yxc4Tmyhr/All+pAQ=</latexit>

St⌘ =
⌧p
⌧⌘

<latexit sha1_base64="ckG3OT7lGygPNsNq6R3rtRgJqXU="></latexit>

⌘ =
�
⌫3/✏

�1/4
, ⌧⌘ =

p
⌫/✏
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Particles tend to cluster in turbulent flows

o Kolmogorov scales:

o Particle properties:

o Small: 

o Heavy:

o Dilute: 

o Stokes number:

o Large-eddy simulation (or 
RANS):

<latexit sha1_base64="B0VGE7tZ3pc1RdgrvCTsHFTBBk0=">AAACA3icbVC7SgNBFJ2NrxhfUUubwSBYxV0RtQzYWEYwD8guYXb2bjJkZnaZmRXCktJfsNXeTmz9EFu/xEmyhUk8cOFwzr2cywlTzrRx3W+ntLa+sblV3q7s7O7tH1QPj9o6yRSFFk14oroh0cCZhJZhhkM3VUBEyKETju6mfucJlGaJfDTjFAJBBpLFjBJjJT/qpxc+GOJz7vWrNbfuzoBXiVeQGirQ7Fd//CihmQBpKCda9zw3NUFOlGGUw6TiZxpSQkdkAD1LJRGgg3z28wSfWSXCcaLsSINn6t+LnAitxyK0m4KYoV72puJ/Xi8z8W2QM5lmBiSdB8UZxybB0wJwxBRQw8eWEKqY/RXTIVGEGlvTQkooJhVbirdcwSppX9a967r7cFVruEU9ZXSCTtE58tANaqB71EQtRFGKXtArenOenXfnw/mcr5ac4uYYLcD5+gXl85fo</latexit>

dp/⌘ ⌧ 1
<latexit sha1_base64="5EHuhOlmrmMwmlUB5KKaheNXrbo=">AAACCnicbVDLSsNAFJ3UV62vVJduBovgqiYi6rLgxmUF+4AmhMl0kg6dmYSZiVJC/8BfcKt7d+LWn3DrlzhNs7CtBy73cM693MsJU0aVdpxvq7K2vrG5Vd2u7ezu7R/Y9cOuSjKJSQcnLJH9ECnCqCAdTTUj/VQSxENGeuH4dub3HolUNBEPepISn6NY0IhipI0U2HVPjpIgPS9a5MWxG9gNp+kUgKvELUkDlGgH9o83THDGidCYIaUGrpNqP0dSU8zItOZliqQIj1FMBoYKxIny8+L1KTw1yhBGiTQlNCzUvxs54kpNeGgmOdIjtezNxP+8QaajGz+nIs00EXh+KMoY1Amc5QCHVBKs2cQQhCU1v0I8QhJhbdJauBLyac2E4i5HsEq6F033quncXzZaThlPFRyDE3AGXHANWuAOtEEHYPAEXsAreLOerXfrw/qcj1ascucILMD6+gVvLJpW</latexit>

⇢p/⇢f � 1
<latexit sha1_base64="dHK+Wm3hWilPELG4l+PX3rCzzEc=">AAACGXicbZC7SgNBFIZnvcZ4W7W0GQyCVdgVUcuAjWUEc4HsEmYnZ5Mhs7PDzGwgLGl9CV/BVns7sbWy9UmcJFuYxB8Gfr5zDufMH0nOtPG8b2dtfWNza7u0U97d2z84dI+OmzrNFIUGTXmq2hHRwJmAhmGGQ1sqIEnEoRUN76b11giUZql4NGMJYUL6gsWMEmNR18UBJ6LPIRgRBVIzbqEM1Jxxjv2uW/Gq3kx41fiFqaBC9a77E/RSmiUgDOVE647vSRPmRBlGOUzKQaZBEjokfehYK0gCOsxnP5ngc0t6OE6VfcLgGf07kZNE63ES2c6EmIFerk3hf7VOZuLbMGdCZgYEnS+KM45Niqex4B5TQA0fW0OoYvZWTAdEEWpseAtbomRStqH4yxGsmuZl1b+ueg9XlZpXxFNCp+gMXSAf3aAaukd11EAUPaEX9IrenGfn3flwPueta04xc4IW5Hz9AvZNoRs=</latexit>

h"pi ⌧ 1

<latexit sha1_base64="PCmDP4uwa3dP1SlFfTvaTQcAv1Y=">AAACH3icbZC7TsMwFIYdrqXcCowsFhWIqUoQAhakSiyMRdCL1ESR4zqtVTuJ7BOkKsob8BK8AivsbIi1K0+C22agLUey/Ov/z9GxvyARXINtj62V1bX1jc3SVnl7Z3dvv3Jw2NJxqihr0ljEqhMQzQSPWBM4CNZJFCMyEKwdDO8mefuZKc3j6AlGCfMk6Uc85JSAsfzKWeYqiR8h910G5NYNFaGZCyT1k3x2T/zcr1Ttmj0tvCycQlRRUQ2/8uP2YppKFgEVROuuYyfgZUQBp4LlZTfVLCF0SPqsa2REJNNeNv1Pjk+N08NhrMyJAE/dvxMZkVqPZGA6JYGBXswm5n9ZN4Xwxst4lKTAIjpbFKYCQ4wncHCPK0ZBjIwgVHHzVkwHxCABg3BuSyDzsoHiLCJYFq2LmnNVsx8uq3W7wFNCx+gEnSMHXaM6ukcN1EQUvaA39I4+rFfr0/qyvmetK1Yxc4Tmyhr/All+pAQ=</latexit>

St⌘ =
⌧p
⌧⌘

<latexit sha1_base64="SATTQIGUE0Va1UpXJ8p8n5fBdTs=">AAACH3icbZA9SwNBEIb34leMX1FLm8WgWIRwJ6JWEtDCMoJRIRfC3GaiS/Y+2J0TQ8g/8E/4F2y1txPbtP4S9+IVanxh4eWZGWb2DRIlDbnu2CnMzM7NLxQXS0vLK6tr5fWNKxOnWmBTxCrWNwEYVDLCJklSeJNohDBQeB30T7P69T1qI+PokgYJtkO4jWRPCiCLOuVd/wwVAX/gJ9xHgqpfzQllhCDtZLhTrrg1dyI+bbzcVFiuRqf86XdjkYYYkVBgTMtzE2oPQZMUCkclPzWYgOjDLbasjSBE0x5O/jPiO5Z0eS/W9kXEJ/TnxBBCYwZhYDtDoDvzt5bB/2qtlHrH7aGMkpQwEt+LeqniFPMsHN6VGgWpgTUgtLS3cnEHGgTZCH9tCcJRyYbi/Y1g2lzt17zDmntxUKm7eTxFtsW22R7z2BGrs3PWYE0m2CN7Zi/s1Xly3px35+O7teDkM5vsl5zxF/IwoVk=</latexit>

�x > ⌘, �t > ⌧⌘

<latexit sha1_base64="ckG3OT7lGygPNsNq6R3rtRgJqXU="></latexit>

⌘ =
�
⌫3/✏

�1/4
, ⌧⌘ =

p
⌫/✏

<latexit sha1_base64="4HDTrT+HBxHpdEmyh/HAAZ9azcE="></latexit>

⌧� ⇠
�
�x2/✏

�1/3
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Particles tend to cluster in turbulent flows

o Kolmogorov scales:

o Particle properties:

o Small: 

o Heavy:

o Dilute: 

o Stokes number:

o Large-eddy simulation (or 
RANS):

<latexit sha1_base64="B0VGE7tZ3pc1RdgrvCTsHFTBBk0=">AAACA3icbVC7SgNBFJ2NrxhfUUubwSBYxV0RtQzYWEYwD8guYXb2bjJkZnaZmRXCktJfsNXeTmz9EFu/xEmyhUk8cOFwzr2cywlTzrRx3W+ntLa+sblV3q7s7O7tH1QPj9o6yRSFFk14oroh0cCZhJZhhkM3VUBEyKETju6mfucJlGaJfDTjFAJBBpLFjBJjJT/qpxc+GOJz7vWrNbfuzoBXiVeQGirQ7Fd//CihmQBpKCda9zw3NUFOlGGUw6TiZxpSQkdkAD1LJRGgg3z28wSfWSXCcaLsSINn6t+LnAitxyK0m4KYoV72puJ/Xi8z8W2QM5lmBiSdB8UZxybB0wJwxBRQw8eWEKqY/RXTIVGEGlvTQkooJhVbirdcwSppX9a967r7cFVruEU9ZXSCTtE58tANaqB71EQtRFGKXtArenOenXfnw/mcr5ac4uYYLcD5+gXl85fo</latexit>

dp/⌘ ⌧ 1
<latexit sha1_base64="5EHuhOlmrmMwmlUB5KKaheNXrbo=">AAACCnicbVDLSsNAFJ3UV62vVJduBovgqiYi6rLgxmUF+4AmhMl0kg6dmYSZiVJC/8BfcKt7d+LWn3DrlzhNs7CtBy73cM693MsJU0aVdpxvq7K2vrG5Vd2u7ezu7R/Y9cOuSjKJSQcnLJH9ECnCqCAdTTUj/VQSxENGeuH4dub3HolUNBEPepISn6NY0IhipI0U2HVPjpIgPS9a5MWxG9gNp+kUgKvELUkDlGgH9o83THDGidCYIaUGrpNqP0dSU8zItOZliqQIj1FMBoYKxIny8+L1KTw1yhBGiTQlNCzUvxs54kpNeGgmOdIjtezNxP+8QaajGz+nIs00EXh+KMoY1Amc5QCHVBKs2cQQhCU1v0I8QhJhbdJauBLyac2E4i5HsEq6F033quncXzZaThlPFRyDE3AGXHANWuAOtEEHYPAEXsAreLOerXfrw/qcj1ascucILMD6+gVvLJpW</latexit>

⇢p/⇢f � 1
<latexit sha1_base64="dHK+Wm3hWilPELG4l+PX3rCzzEc=">AAACGXicbZC7SgNBFIZnvcZ4W7W0GQyCVdgVUcuAjWUEc4HsEmYnZ5Mhs7PDzGwgLGl9CV/BVns7sbWy9UmcJFuYxB8Gfr5zDufMH0nOtPG8b2dtfWNza7u0U97d2z84dI+OmzrNFIUGTXmq2hHRwJmAhmGGQ1sqIEnEoRUN76b11giUZql4NGMJYUL6gsWMEmNR18UBJ6LPIRgRBVIzbqEM1Jxxjv2uW/Gq3kx41fiFqaBC9a77E/RSmiUgDOVE647vSRPmRBlGOUzKQaZBEjokfehYK0gCOsxnP5ngc0t6OE6VfcLgGf07kZNE63ES2c6EmIFerk3hf7VOZuLbMGdCZgYEnS+KM45Niqex4B5TQA0fW0OoYvZWTAdEEWpseAtbomRStqH4yxGsmuZl1b+ueg9XlZpXxFNCp+gMXSAf3aAaukd11EAUPaEX9IrenGfn3flwPueta04xc4IW5Hz9AvZNoRs=</latexit>

h"pi ⌧ 1

<latexit sha1_base64="PCmDP4uwa3dP1SlFfTvaTQcAv1Y=">AAACH3icbZC7TsMwFIYdrqXcCowsFhWIqUoQAhakSiyMRdCL1ESR4zqtVTuJ7BOkKsob8BK8AivsbIi1K0+C22agLUey/Ov/z9GxvyARXINtj62V1bX1jc3SVnl7Z3dvv3Jw2NJxqihr0ljEqhMQzQSPWBM4CNZJFCMyEKwdDO8mefuZKc3j6AlGCfMk6Uc85JSAsfzKWeYqiR8h910G5NYNFaGZCyT1k3x2T/zcr1Ttmj0tvCycQlRRUQ2/8uP2YppKFgEVROuuYyfgZUQBp4LlZTfVLCF0SPqsa2REJNNeNv1Pjk+N08NhrMyJAE/dvxMZkVqPZGA6JYGBXswm5n9ZN4Xwxst4lKTAIjpbFKYCQ4wncHCPK0ZBjIwgVHHzVkwHxCABg3BuSyDzsoHiLCJYFq2LmnNVsx8uq3W7wFNCx+gEnSMHXaM6ukcN1EQUvaA39I4+rFfr0/qyvmetK1Yxc4Tmyhr/All+pAQ=</latexit>

St⌘ =
⌧p
⌧⌘

<latexit sha1_base64="SATTQIGUE0Va1UpXJ8p8n5fBdTs=">AAACH3icbZA9SwNBEIb34leMX1FLm8WgWIRwJ6JWEtDCMoJRIRfC3GaiS/Y+2J0TQ8g/8E/4F2y1txPbtP4S9+IVanxh4eWZGWb2DRIlDbnu2CnMzM7NLxQXS0vLK6tr5fWNKxOnWmBTxCrWNwEYVDLCJklSeJNohDBQeB30T7P69T1qI+PokgYJtkO4jWRPCiCLOuVd/wwVAX/gJ9xHgqpfzQllhCDtZLhTrrg1dyI+bbzcVFiuRqf86XdjkYYYkVBgTMtzE2oPQZMUCkclPzWYgOjDLbasjSBE0x5O/jPiO5Z0eS/W9kXEJ/TnxBBCYwZhYDtDoDvzt5bB/2qtlHrH7aGMkpQwEt+LeqniFPMsHN6VGgWpgTUgtLS3cnEHGgTZCH9tCcJRyYbi/Y1g2lzt17zDmntxUKm7eTxFtsW22R7z2BGrs3PWYE0m2CN7Zi/s1Xly3px35+O7teDkM5vsl5zxF/IwoVk=</latexit>

�x > ⌘, �t > ⌧⌘

<latexit sha1_base64="ckG3OT7lGygPNsNq6R3rtRgJqXU="></latexit>

⌘ =
�
⌫3/✏

�1/4
, ⌧⌘ =

p
⌫/✏

<latexit sha1_base64="4HDTrT+HBxHpdEmyh/HAAZ9azcE="></latexit>

⌧� ⇠
�
�x2/✏

�1/3
Adapted from Marchioli (2017) Acta Mechanica, 228(3), 741-771.

Need to reconstruct subgrid-scale turbulence experienced by particles!
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Reconstructing the subgrid-scale ‘velocity seen’

<latexit sha1_base64="da+eaQgCd975vQikE6KM0tvm4y0=">AAACGXicbVDNS8MwHE3n15xfVY9egkMUhNGK6C7CwIvHCe4D1jLSLN3CkrQkqTBKr/4T/gte9e5NvHry6l9iuvXgNh+EPN77fSQviBlV2nG+rdLK6tr6RnmzsrW9s7tn7x+0VZRITFo4YpHsBkgRRgVpaaoZ6caSIB4w0gnGt7nfeSRS0Ug86ElMfI6GgoYUI22kvg29gKdJduNFpiofks6E7Hx2n/btqlNzpoDLxC1IFRRo9u0fbxDhhBOhMUNK9Vwn1n6KpKaYkaziJYrECI/RkPQMFYgT5afTn2TwxCgDGEbSHKHhVP3bkSKu1IQHppIjPVKLXi7+5/USHdb9lIo40UTg2aIwYVBHMI8FDqgkWLOJIQhLat4K8QhJhLUJb25LwLOKCcVdjGCZtC9q7lXNub+sNupFPGVwBI7BGXDBNWiAO9AELYDBE3gBr+DNerberQ/rc1ZasoqeQzAH6+sXuIChmw==</latexit>

u = u+ u0

<latexit sha1_base64="MzjuBLlT1TQq+VCVyb5V55QnHC8="></latexit>

dvp

dt
=

1

⌧p
(u� vp) , ⌧p =

⇢pd2p
18µ

Stochastic Models Structural Models 
CRW DRW ADM SVS SOI 

Pros 

• Captures one-point fluid 
statistics 

• Insensitive to grid 
coarsening 

• Captures correlation in time 

Pros 

• Captures one-point 
fluid statistics 

• Insensitive to grid 
coarsening 

Pros 

• Low computational 
cost 

• No reliance on ad-hoc 
coefficients, 
correlations, etc. 

Pros 

• Directly constructs 
spatially 
heterogeneous 
velocity field 

• Captures preferential 
concentration 

Pros 

• Captures SGS 
velocity field 

• Works well in 
combination with 
ADM 

Cons 

• Unable to capture spatial 
heterogeneity (e.g., 
preferential concentration) 

• Results depend strongly on 
model timescale 

Cons 

• Same cons as CRW 
• Uncorrelated time 

increments 

Cons 

• Accuracy degrades 
with grid coarsening 

• Sensitive to sharp 
discontinuities (can be 
unstable) 

Cons 

• Computationally 
expensive 

• Difficult to use in 
wall-bounded flows 

Cons 

• Reconstructed field 
may be erroneous 

• Does not correctly 
capture clustering 
for St~1 particles 

 

Particle SGS models seek to capture particle kinetic properties and preferential 
concentration determined by the small-scale interaction between particles and 
turbulence. Requires modeling the unresolved part of the fluid velocity seen by the 
particles along their trajectory.
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The continuous random walk model

18

Random walk models are among the most widely used

o Drift: relaxation back to mean,

o Diffusion: random forcing, 

<latexit sha1_base64="da+eaQgCd975vQikE6KM0tvm4y0=">AAACGXicbVDNS8MwHE3n15xfVY9egkMUhNGK6C7CwIvHCe4D1jLSLN3CkrQkqTBKr/4T/gte9e5NvHry6l9iuvXgNh+EPN77fSQviBlV2nG+rdLK6tr6RnmzsrW9s7tn7x+0VZRITFo4YpHsBkgRRgVpaaoZ6caSIB4w0gnGt7nfeSRS0Ug86ElMfI6GgoYUI22kvg29gKdJduNFpiofks6E7Hx2n/btqlNzpoDLxC1IFRRo9u0fbxDhhBOhMUNK9Vwn1n6KpKaYkaziJYrECI/RkPQMFYgT5afTn2TwxCgDGEbSHKHhVP3bkSKu1IQHppIjPVKLXi7+5/USHdb9lIo40UTg2aIwYVBHMI8FDqgkWLOJIQhLat4K8QhJhLUJb25LwLOKCcVdjGCZtC9q7lXNub+sNupFPGVwBI7BGXDBNWiAO9AELYDBE3gBr+DNerberQ/rc1ZasoqeQzAH6+sXuIChmw==</latexit>

u = u+ u0

<latexit sha1_base64="MzjuBLlT1TQq+VCVyb5V55QnHC8="></latexit>

dvp

dt
=

1

⌧p
(u� vp) , ⌧p =

⇢pd2p
18µ

<latexit sha1_base64="ys+neZ609rmYEKqb/eNVwuWB5QE="></latexit>

du0 = a(x)u dt| {z }
Drift

+ b(x) dW| {z }
Di↵usion

<latexit sha1_base64="Dw2e4v7BeljNWlOMJFp3i1fy5is=">AAACF3icbVDLSsNAFJ34rPUVdSnIYBHqoiUpom6EghuXFewDmhgm00k7dCYJMxOxhOz8CX/Bre7diVuXbv0Sp20WtvXAhcM593LvPX7MqFSW9W0sLa+srq0XNoqbW9s7u+befktGicCkiSMWiY6PJGE0JE1FFSOdWBDEfUba/vB67LcfiJA0Cu/UKCYuR/2QBhQjpSXPPEJlx+fpY3Z6VXEUSrzUERzKvszu04qdeWbJqloTwEVi56QEcjQ888fpRTjhJFSYISm7thUrN0VCUcxIVnQSSWKEh6hPupqGiBPpppM/MniilR4MIqErVHCi/p1IEZdyxH3dyZEayHlvLP7ndRMVXLopDeNEkRBPFwUJgyqC41BgjwqCFRtpgrCg+laIB0ggrHR0M1t8nhV1KPZ8BIukVava51Xr9qxUr+XxFMAhOAZlYIMLUAc3oAGaAIMn8AJewZvxbLwbH8bntHXJyGcOwAyMr18XKp+C</latexit>

a(x) = �⌧�1
sgs

<latexit sha1_base64="JyU4RPflr1YPunnoC+OjLaQdF/c="></latexit>

b(x) =
p

C✏sgs, dW ⇠ N (0,
p
�t)
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Preferential concentration in homogeneous turbulence

DNS (2563)

LES (323)

<latexit sha1_base64="Txh1fwFNBOHoqoLjX9BoGWR3yQM="></latexit> hv
0 p
(t
)v

0 p
(t
+

s)
i
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Preferential concentration in homogeneous turbulence

DNS (2563)

LES (323) R
ad

ia
l 
d

is
tr

ib
u
ti

o
n
 f

u
n
ct

io
n
, 

g
(r

)

Pair separation (r)

Existing stochastic models capture one-point 
and two-time statistics but fail to capture two-
point (spatial) statistics

DNS

LES+CRW
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Taylor-Green vortex as a model CFD cell

Continuous random walk (CRW)
<latexit sha1_base64="jHbhzXFwp/58A7OYfqwlcVlue54="></latexit>

du = � u

⌧L
+ �sg

r
2

⌧L
dW ! dvp =

u� vp

⌧p
dt ! dxp = vpdt

à Homogeneous dispersion!

Exact solution (using u) CRW (using one-point info)

21
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o How to capture instantaneous spatial distribution in LES/RANS?

o Key idea: leverage what is available
In each grid cell we know:

o One-point fluid information (k, 𝜖, etc.)

o Two-point particle information (relative particle positions, velocities, etc.)

o Replace white noise with spatially correlated noise

22

A promising approach to embed spatial information

<latexit sha1_base64="3W0r7+JnORVWYwixLVl6myMUNDM="></latexit>

r = kx(i)
p � x(j)

p k

<latexit sha1_base64="LCWyjHADkKuM7ik6RX6xzjVS0Ac=">AAACAnicdVDLSsNAFJ34rPVVdelmsAiuQhLS1u4KblxWtA9oQplMJ+3QmSTMTIQSsvMX3Orenbj1R9z6JU7aClb0wIXDOfdy7z1BwqhUlvVhrK1vbG5tl3bKu3v7B4eVo+OujFOBSQfHLBb9AEnCaEQ6iipG+okgiAeM9ILpVeH37omQNI7u1CwhPkfjiIYUI6WlgRfwzLulY47yYaVqmVbDdZ0atEy75jrNgjhNu1GvQdu05qiCJdrDyqc3inHKSaQwQ1IObCtRfoaEopiRvOylkiQIT9GYDDSNECfSz+Yn5/BcKyMYxkJXpOBc/TmRIS7ljAe6kyM1kb+9QvzLG6QqvPQzGiWpIhFeLApTBlUMi//hiAqCFZtpgrCg+laIJ0ggrHRKK1sCnpd1KN+fw/9J1zHtumnduNWWu4ynBE7BGbgANmiAFrgGbdABGMTgETyBZ+PBeDFejbdF65qxnDkBKzDevwBSyZhD</latexit> ⌃
C

o
va

ri
an

ce

<latexit sha1_base64="2Ip7fLQrZKi/LTtunhKYrSOStsI="></latexit>

du0 = �Adt+B · dW ⌃ = BBT
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Towards a two-point Lagrangian stochastic model

<latexit sha1_base64="sroVoiGkjxRhyD8vOwgbVc5woh4="></latexit>

r = |x(i) � x(j) |

o We propose a model of the form:

o ⍴(r): “smoothing kernel” that controls
spatial correlation

o The spatial structure of velocity fluctuations described by the structure function

o From Kolmogorov’s theory the structure function scales like:

o Pair separation:

o Kolmogorov constant: C≈2
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Spatially-correlated random walk

SGS model that captures one-point and two-point statistics!

DNS LES+CRW LES+SCRW
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Outline of today’s talk

1. Fluid coarsening—Coarser grids induce loss of local 
structure representation

o Modeling drag in dense suspensions

o Modeling unresolved turbulence in dilute suspensions

o Capturing subgrid-scale heterogeneity (clustering)

2. Particle coarsening—Reducing the number of particles 
that must be tracked enables larger system sizes to be 
simulated and enables larger time steps to extend the 
process time that can be simulated

o Coarse graining approaches

o Applications to mills and classifiers

o Future directions: filtered CG-DEM
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Coarse-grain DEM

26

Introduction               Fluid coarsening               Particle coarsening               Conclusions

o In CG-DEM, several particles are lumped together to form grains (parcels)1

o Coarse-grain factor:

o Coarse-grain number:

o Mass is conserved:

o Equation of motion of each grain:

o Drag:

o Coefficient of restitution:

o Spring and damper:

o Sliding friction:
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fluidized bed simulation: A review. Processes, 9(2), 279.
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Coarse grain DEM applied to a horizontal pipeline

27

Sakai, M., & Koshizuka, S. (2009). Large-scale discrete element modeling in pneumatic 
conveying. Chemical Engineering Science, 64(3), 533-539.

3D plug flow in a horizontal pipelineo CG-DEM: Cannot simply replace small 
particles with fewer large ones

o The contact force is modeled under the 
assumption that the kinetic energy of a 
coarse grain particle agrees with that of 
a group of the original particles

o Drag is modeled by balancing the coarse 
grain particle and the group of the 
original particles

124K 
particles

4K 
particles
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Coarse grain DEM applied to a spiral jet mill

28

Scott et al. (2022). Application of coarse-graining for large scale simulation of fluid and 
particle motion in spiral jet mill by CFD-DEM. Powder Technology, 411, 117962.

o “As the particle number is reduced 2-fold and 4-fold, respectively, and interparticle 
collision rate is reduced 60% each time”

o Increasing the CG number beyond 4 further led to a decrease in the average rate of 
dissipated energy for each particle system
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CG number # particles

1 233,213

2 117,057

4 58,664

8 29,397

10 23,550
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Assessment of discrete particle methods for fluidized beds

Lu et al. (2017) Ind. & Eng. Chem. Research, 56(27), 7865-7876.

o TDHS: Time-driven hard 
sphere

o CG PM: Coarse-grain 
particle method

o CG HS: Coarse-grain hard 
sphere

o MP-PIC: Multiphase 
particle-in-cell
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Existing work in the literature demonstrates 
accurate results for # particles per parcel < 10
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Eulerian-based two-fluid models

Araújo dos Santos  et al. 
(2020) Eulerian multiphase 

simulation of the particle 
dynamics in a fluidized bed 

opposed gas jet mill. 
Processes, 8(12), 1621.
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o Avoid cost of tracking individual particles by solving 
hydrodynamic equations for each phase:

o Solid-phase constitutive equations (e.g., granular 
viscosity) from kinetic theory of granular flow

o Assumes highly collisional + no trajectory crossing (can 
alleviate these assumptions by solving for higher order 
moments)

o Commonly applied to fluidized bed reactors, less 
common for mills/classifiers (limited validation data)

o Capturing size segregation and particle breakage less 
straight forward compared to Lagrangian approaches

Fluidized bed 
opposed gas jet mill 

(RANS+TFM)

Particle 
velocity

Volume 
fraction



2024 Annual General Meeting  |Capecelatro Research Group 31

Capturing size segregation using Eulerian models
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o Directly extending the two-fluid model to polydisperse flows requires binning the 
size distribution and solving equations for each bin (very expensive)

o Example: particle segregation in a rotating drum1

o 3 continuum phases are considered: solids phase 1,
solids phase 2, and gas phase. The solids pressure
consists of a kinetic term and a collision term:

o Size-induced particle segregation in a 20 RPM rotating drum1

1Huang et al. (2013) Numerical studies of particle segregation in a rotating drum 
based on Eulerian continuum approach. Advanced Powder Technology, 24(1), 364-372.

2Marchisio & Fox (2013) Computational models for polydisperse particulate and 
multiphase systems. Cambridge University PressVolume fraction of small & large particles
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dp = 0.775mm

Challenges with Eulerian models:

o Expensive to bin each size class

o One value of velocity in each cell 
(cannot capture trajectory crossing)

o Promising approach: CFD+population 
balance equation using moment 
method closure to track moments of 
the distribution function2
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Filtered two-fluid models
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o Performing simulations with Δx≫dp results in subgrid-scale heterogeneity

o Two-fluid models assume one value of velocity, volume fraction, etc. per grid cell!

o Filtering the two-fluid equations reveals need for sub-filter closure (e.g., drag)1

o Applying a low pass filter to the solids momentum equation:

o Filtered drag:

o Correction:
1Igci et al. (2008) Filtered two-fluid models for fluidized gas-particle 

suspensions. AIChE Journal, 54(6), 1431-1448.

64x64 128x128 256x256 512x512
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Sub-filtered drag is important
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o Sub-filtered drag is significant1

o What should a model of the sub-filtered drag depend on?

o Filtered volume fraction2,3

o Volume fraction variance3

o Drift velocity2,3

o Other?

o Recent work is turning to ML
to model sub-filtered drag

1Milioli et al. (2013) AIChE Journal, 59(9), 3265-3275.
2Parmentier et al. (2012) AIChE Journal, 58(4), 1084-1098.

3Ozel et al. (2017) Physics of Fluids, 29(10).

‘Drift’ velocity Volume fraction variance
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A promising direction: Filtered CFD-DEM

Applying a low-pass filter to the DEM equations reveals unclosed terms that are 
typically neglected in CG-DEM1

o Parcel position:

o Parcel velocity:

o Filtered momentum equation:

Notation:

o Npp is # particles/parcel

o j is particle index

o Vp is the particle volume

o Xp is the partice position

o W is the filter kernel
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A promising direction: Filtered CFD-DEM

Applying a low-pass filter to the DEM equations reveals unclosed terms that are 
typically neglected in CG-DEM

o Significant particle-to-particle
variation may exist at the
sub-filter level

o Each parcel contains a
distribution in velocity
and granular temperature

o Sub-filter drag laws mostly
developed for Euler-Euler
(two-fluid) models. Previous works
show that neglecting this term can be detrimental!

Ozel, A., Gu, Y., Milioli, C. C., 
Kolehmainen, J., & 
Sundaresan, S. (2017). 
Towards filtered drag force 
model for non-cohesive and 
cohesive particle-gas flows. 
Physics of Fluids, 29(10).

Bhatt & Capecelatro (in progress)
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Concluding remarks

1. CFD-DEM is a popular choice for modeling transport in mills and classifiers 
(typically coupled with RANS)

2. Recent advancements have been made to improve hydrodynamic interactions in 
dense assemblies (capturing neighbor effects) using deterministic/stochastic 
approaches and more recently ML

3. In many cases, gas-phase turbulence is unresolved, need to reconstruct subgrid-
scale velocity fluctuations. Commonly done using stochastic (random walk) models 
(but they fail to capture spatial heterogeneity)

4. Everything above requires tracking each individual particle! Coarse-grained DEM is 
gaining popularity to reach industry-relevant scales

5. Standard CG-DEM approaches degrade accuracy once the number of particles per 
parcel > 10

6. A rigorous derivation of the filtered DEM equations reveal unclosed terms that are 
often neglected. This points to a route towards scalable CG-DEM!

7. Eulerian-based models based on kinetic theory of granular flows are promising. 
Momentum methods represent attractive approach to capture breakage/size 
segregation. Filtered two-fluid models are needed to capture SGS heterogeneity.

Introduction               Fluid coarsening               Particle coarsening               Conclusions



2024 Annual General Meeting  |Capecelatro Research Group 37

Questions?CAPECELATRO RESEARCH GROUP 
JESSECAPS.COM 

10,000 spher ica l par t ic les 
randomly d is t r ibu ted in a 
quiescent flow. Particle-fluid 
density ratio = 1,000. 

Overlapping particles repel due 
to collision force. 

Particles fall under the influence 
of gravity and entrain the 
surrounding fluid. 

Clusters of particles form and fall 
faster compared to isolated 
particles due to drag coupling. As 
a result, the fluid becomes highly 
unsteady, referred to as cluster-
induced turbulence. 

Fluidization the process by which fine solids are transformed into a fluid-like 
state through contact with a gas or liquid 


