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Landslide
Bingham Canyon copper mine, US (2013)

http://www.news.com.au/

Avalanche
Galtür, Austria (1999)
http://www.theskichannel.com/

Ground fissure
http://flickeflu.com/

Granular flow in nature and engineering …

Dense granular flow
& shear banding

Geophysics, engineering,
and science
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Physics: Why are granular materials interesting?

Solid

Liquid

Gas

They exhibit different phase.

Particle systems

sometimes FLUID
sometimes SOLID
sometimes BOTH

un-jamming:
fluid <==> solid
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Why granular materials are so important?
Ï 2nd only to water as the most handled material in global industry. 
Ï 40% of industrial plant efforts are wasted.
Ï 10% of the energy consumed in the world.

Test case: Silo flow model
Silo flow model with internal flow pattern is used

(a) t=0.745s

④ ④ ④

x2 x1 x0

(b) t=1.200s (c) t=1.490s (d) t=2.240s

Figure 4: Silo flow evolution.
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Test case: 
Silo flow model

Horizontal variation: 0
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Figure 5: Instantaneous solid fraction, momentum and stress profile in the flowing (x0),
shear (x1) and stagnant (x2) zone at height z = 10 cm, averaged over y, with w = d.
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Test case: Silo flow model

Horizontal variation – different fields:
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Figure 11: Profile of solid fraction ν (left), momentum |ρv| (centre), and horizontal shear
rate ∂xvz (right), averaged over y and 1.0 s < t < 1.4 s with w = d. The three points
shown as x1, x2, x3 in the plot as well as the profile at z = 10 cm, are selected for further
analysis.
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Multi Scale – from Particles to Continuum – HOW?

For fluids and solids this can be done

For particles and their contacts, 
i.e. granular materials and powders, 
use: discrete approaches for fluid- & solid-like behavior

Micro-Macro transition 
to derive constitutive relations for continuum theory 

and applications with FEM/CFD

N. Rivas,
MSM, 2011

Example 1: Vibration => Leidenfrost
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N. Rivas,
MSM, 2011

Example 2: Vibration => Fingering

VIBRATED SHALLOW BOX “From colliding particles to a hydrodynamic
description of granular matter” N. Rivas

Transition

Experimental
Analytical
Simulations: - Molecular Dynamics (ED, DEM)

- Granular Hydrodynamics Solver
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VIBRATED SHALLOW BOX
ED SIMULATIONS

—background from P. Eshuis, et al. Physics of Fluids, 2007

“From colliding particles to a hydrodynamic
description of granular matter” N. Rivas

LX = 100

LX = 80

LX = 50

LX = 40

“From colliding particles to a hydrodynamic
description of granular matter” N. Rivas

ED SIMULATIONS

VIBRATED SHALLOW BOX
ED SIMULATIONS
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P. V. Quinn, D. Hong, SL, PRL 2001

Example: Segregation/Mixing

A. Gupta et al., MSM, 2010

Example:
Mixing
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Challenge: DEM with realistic sizes

… highly polydisperse powders

Our Approach: MATERIALs

F. Goncu, CRAS, 2010 V. Magnanimo (2011-13) S. Luding et al. (2001-13)
O. I. Imole et al KONA, 2013        O. I. Imole et al (to be submitted and in preparation, 2014)
N. Kumar et al Particuology (2013)
N. Kumar et al. Acta Mechanica (2014)

FRICTIONLESS FRICTIONAL COHESIVE

Pictures: J. Brujic et al. Nature 460 (2009)
Dijksman, Brodu, Behringer (2013-14)
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PARDEM Overview/Philosophy

28

Experiments

BOX

Shear

Rotating 
Drum

Simulations

Calibrate

E
le

m
en
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Application

Dosing test

Silo Flow

Compression

Open source

Based on:
- HGrid
- MicroMacro

Dosing application example …
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Open source

Based on:
- HGrid
- MicroMacro

flowable powder

(screw hidden)

Dosing application example …

© Marco Ramaioli, Nestle

Open source

Based on:
- HGrid
- MicroMacro

flowable powder vs.
sticky, chunky powder

(screw hidden)

Dosing application example …O. I. Imole, MSM, 2013
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Dosing: DEM vs. experiment

*Based on O. I. Imole, D. Krijgsman, T. Weinhart, V. Magnanimo, 
E. C. Montes, M. Ramaioli, and S. Luding. 

Experiments and Discrete Element Simulation of the Dosing of 
Cohesive Powders in a Canister Geometry. In preparation, PhD-thesis, O. I. Imole 2014 

5.5 Numerical Results 123
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Figure 5.5: Snapshot of the time evolution of the simulation during the dosing test with
time increasing from (a–d) and (e-h), respectively. (a–d) are taken from simulation while
comparable snapshots (e–h) are image processed experimental visualizations of the powder
profile. Colors/shades in (a–d) indicate the kinetic energy of the particles with blue (static)
and orange (dynamic) particles. For the simulation, parameters are Kc = 0.872 and µ = 0.5.
The coil is not shown for clarity.

at the rear end of the coil and arches forming during ongoing dosage are reproduced in the
simulation. Also, we must point out that the faster emptying at the rear end of the coil is due
to the design of the coil which can be mitigated through the use of conical inserts in the coil
[126]. In the next sections, we will focus on a quantitative comparison between experiments
and simulation.

5.5.2 Calibration and Sensitivity Studies

The particles used in the simulation can be seen as meso-particles consisting of an agglom-
erate of other smaller particles. Due to this, it is important that their material properties are
carefully selected based on sensitivity studies of how each parameter influence the dosing
process in comparison to the experiment.

In order to obtain relevant parameters unique for our problem, we perform various studies in
order to test the sensitivity of the essential material parameters, namely interparticle friction
and cohesion during the dosing process. To achieve this, several simulations were run where

Dosing – parameter calibration

*Based on O. I. Imole, D. Krijgsman, T. Weinhart, V. Magnanimo, 
E. C. Montes, M. Ramaioli, and S. Luding. 

Experiments and Discrete Element Simulation of the Dosing of 
Cohesive Powders in a Canister Geometry. In preparation, PhD-thesis, O. I. Imole 2014 

124 Chapter 5 Dosing of cohesive powders in a simplified canister geometry

the interparticle friction is fixed in each case and cohesion is varied. Note that for each
simulation, we obtain data on the cumulative dosed mass and the number of doses. From
each simulation, the respective mass per dose β are obtained within the linear region where
initial conditions and other artefacts due to arching are absent. The mass per dose β is then
systematically compared for different interparticle friction and cohesion and bench-marked
against the obtained experimental β value. We choose β as a calibration parameter since
it is largely independent of the initial mass (see Fig. 5.3a). The For the sake of brevity,
this calibration procedure is performed on using a total mass of 48grams in the box and the
narrow pitch coil with 8 complete turns. We attempted a calibration with higher masses as
compared with the experiments but we observe that due to arching occurring when cohesion
is high, the plot of the cumulative dosed mass becomes non-linear. This made defining an
appropriate β challenging therefore requires further work. In the mean time, we focus the
calibration with the lower mass.
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Figure 5.6: Calibration of the cohesive stiffness Kc = kc/k and inter particle friction µ . Here
we plot the mass per dose β for different Kc and different µ as given in the inset. The dotted
horizontal line shows the experimental β value.

In Fig. 5.6, we show the mass per dose β , plotted against the interparticle cohesive stiffness
Kc and different interparticle friction coefficient µ . The horizontal dotted line shows the
mass per dose obtained in the experiment with value 3.702g/dose. A first observation is the
consistent decrease of β with increasing Kc for all friction. This is due to reduced flowability
of the bulk sample with increasing cohesion. We note however that for the highest friction,
we observe a slight increase in the β values obtained at high cohesion. This is a consequence
of arching that sets in due to high cohesion causing a bridge in the flow especially in the
region above the coil. This leads to highly unsteady mass throughput from the box.

Comparing the data for different friction, we observe a decrease in β with increasing µ .
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Dosing: DEM vs. experiment

*Based on O. I. Imole, D. Krijgsman, T. Weinhart, V. Magnanimo, 
E. C. Montes, M. Ramaioli, and S. Luding. 

Experiments and Discrete Element Simulation of the Dosing of 
Cohesive Powders in a Canister Geometry. In preparation, PhD-thesis, O. I. Imole 2014 

5.5 Numerical Results 125

Increased interparticle friction leads to an an increased resistance to flow which reduces
the rate at which the material is being dispensed out of the box and consequently lower β .
Similar to what is found in other studies, for interparticle friction within the range µ =0.5
and 0.65, the effect becomes less strong as seen in the saturation and collapse of β .

As seen from Fig. 5.6, the experimental measured mass per dose (dotted horizontal line)
intersects with the different friction data at different points leading to different possible Kc

values. A choice therefore has to be made of the appropriate Kc which reproduces the exper-
iments and leads to the least variability between successive doses in the simulations. In this
case, we choose the lowest possible Kc which gives the match with the experimental β value
at Kc = 0.872 and µ = 0.50.

5.5.3 Comparison with Experiments

In order to test the validity of the interparticle friction and cohesion parameters obtained from
the calibration test, we perform simulation setting Kc = 0.872 and µ = 0.5. We then compare
the simulation results with experiments. We note that the total mass mtot used in experiment
is approximately 60grams while the simulation mass is 48grams. For both experiment and
simulation, the narrow coil with 8 turns is used. For each dose, the coil is rotated at a speed
of 90rpm for 2 seconds.
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Figure 5.7: Comparison between simulation and experiment. Here we plot the cumulative
dosed mass as function of the number of dose obtained from experiment and simulation. For
simulations, mtot = 48g, and parameters are Kc = 0.872, and µ = 0.5.

Software used …
• DEMSolutions/EDEM

• YADE

• DCS Comp.

• MercuryDPM

• and others

unique features:

- open-source (really ;-)

- HGrid for largely different particle sizes

- mercuryCG for coarse-graining to continuum

- analytical complex geometry-support

- parallel, etc.

See talk by T. Weinhart, 

Thu 11:20, M&S=StPetersbg.
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So far: Nothing about parallelization in this talk …
A) There are serial ED algorithms that not parallelize
B) Standard MD/DEM does parallelize very well … 

See talk by A.R. Thornton, Tue 15:20, Mixing=Shanghai

Single 
particle

Contacts

Many 
particle 

simulation

Continuum Theory

Overview Particles&Continuum

Introduction
Contact models
Many particle simulation
Local micro-macro
Continuum Theory
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Single 
particle

Contacts

Many 
particle 

simulation

Continuum Theory

Goal:
Large Scale systems
Applications

Continuum Theory

Continuum theory

• Pressure P
• Shear Stress
• Energy Dissipation Rate I
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Multiscale modeling

Fully resolved (DNS) Meso-resolvedAtomistic (MD)

Continuum approachAtomistic approach

10−11m 10−8m 10−5m 10−2m

Multiscale modeling

Fully resolved (DNS) Unresolved (DPM)Atomistic (MD)

Continuum approachAtoms/Molecules

1210 m- 610 m- 1 m 310 m

K. Yazdchi, I. Gueven M. Robinson, S. SrivastavaW.denOtter & R.Hartkamp
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Example: Fluidization DEM-FEM

Fluidization on moving mesh with 800 particles (with gravity)

Set of Realistic Fluid-Particle Parameters
• Three different fluids used to provide a 

range of particle Reynolds Numbers
• Parameters based on 

air, water and 10% glycerol-water solution

Property Air Water Glycerol-water
Density 1.18 kg/m3 1000 kg/m3 1150 kg/m3

Viscosity 1.86x10-5 Pa·s 8.9x10-4 Pa·s 8.9x10-3 Pa·s
Rep 0.65 – 3.19 0.15 – 0.85 0.002 – 0.011
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Multiple Particle Sedimentation – SPH Results

Wet Start
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Dry Start

Simulation of powder dispersion by a liquid jet

• Application: Particle dispersion 
(collaboration with Nestle)

• Method: SPH-DEM

• Results:
• Wet – Recovers quanitative features 

from experiment: Jet, dispersion … 
• Dry – Fails to recover some 

major features (e.g. bed lift regime). 

TODO:
Gas-phase not modelled yet;
Surface tension not modeled yet;
Polydisperse particles ..

M. Robinson, M. Ramaioli, 
S. Luding, MSM, PG2013
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Single 
particle

Contacts

Many 
particle 

simulation

Continuum Theory

Overview

Introduction
Contact models
Many particle simulation
Local micro-macro
Continuum Theory
… Anisotropy

Two deck banana screen (6g)

• Top deck bed is dense and coherent (not dilated with little saltation)
• Clear reduction in finer (blue) material along the top deck

Colour
By size

Examples are provided on courtesy of Paul Cleary, CSIRO, Australia.
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Challenge: DEM with realistic sizes

… highly polydisperse powders

Challenge:

Fast contact detection 
between particles with 
strongly different sizes

Size ratio >> 10
Number of particles > 106

• Breakage / Grinding
• Granulation

fly ash sample at 2000x magnification,
University of Kentucky,  CAER



23

Hierarchical grid: fast, robust & flexible
example: L=2 level grid

Analytical prediction vs Simulations

2* >L2* @L

uniform size uniform volume

)( KmNLT L +=

optimal L=7
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Parallelization – communication 

processor 1 processor 2

border zone

Parallelization – load balancing

processor 1

processor 4

processor 3

processor 2
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Parallelization – load balancing

processor 1

processor 4

processor 3

processor 2

Parallelization – load balancing

processor 1

processor 4

processor 3

processor 2
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Inherent Yield Stress

Powders heap Liquid spreads

Yield stress = resistance against flow

Powder and Liquid Flow (differences)

Dense particle systems: 
experiments - simulations
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Mechanical
(dp>10µm)

Chemical
(10nm<dp<10µm)

Atomic Cluster
(dp<10nm)

Particle Interactions

Mechanical
(dp>10µm)

Chemical
(10nm<dp<10µm)

Atomic Cluster
(dp<10nm)

Particle Interactions
Surface and Field Forces Material Connections

by: J. Tomas, 
Magdeburg
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How to model Contacts?

Atomistic/Molecular  …
Continuum theory + Contact Mechanics
Experiments (Nano-Ind., AFM, Mech., HSMovies)
Contact Modeling
• Full/All Details … too much! 
• Mesoscopic type Models
• (Over-)Simplified Models

1 for un-/re-loading
hys
i

k
f

dì
ï= í
ï
î

- (really too) simple J
- linear
- very easy to implement

Linear Contact model
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- really simple J
- linear, analytical

- very easy to implement

Linear Contact model

elastic freq. 0
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k
mw =
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visc. diss.
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http://www2.msm.ctw.utwente.nl/sluding/PAPERS/coll2p.pdf

fi = −mij
δ = kδ + γ δ

kδ + γ δ +mij
δ = 0

k
mij

δ + 2 γ
2mij

δ + δ = 0

ω0
2δ + 2η δ + δ = 0

δ (t)

Time-scales

contact duration ct p
w= argl e small

c ct t>

time-step 50
cttD <=

different sized particles
n ct t<

n ct t>

sound propagation  ... with number of layers L c LN t N

experiment T

time between contacts

http://www2.msm.ctw.utwente.nl/sluding/PAPERS/coll2p.pdf
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3/ 2
1 for un-/re-loading

hys
i

k
f

dì
ï= í
ï
î

- simple J
- non-linear
- easy to implement

Hertz Contact model

3D

Anisotropy 3D
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The picture can't be displayed.

Sound
3-dimensional modeling of sound propagation 

P-wave shape and speed 


