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Sample Previous Projects
• Soft-particle DEM simulations of 2-D granular flow in a
high-shear mixer
• A review of continuum hydrodynamics using molecular
dynamics
• A 3-D analytical geometry based contact detection
procedure for sphero-cylinder shaped bodies
• An algorithm for contact detection of cylindrical bodies
• Polygonal collision detection for DEM
• Discrete element modeling of a ball on a rotating plate
• A discrete element model for simulating fracture in solids
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Project Report Outline
•
•
•
•
•
•
•
•
•
•

Introduction
Background
Theory/Algorithm Description
Implementation
Results
Conclusions
References
Tables
Figures
Appendices (derivations, codes, etc.)
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Questions to Address
• Why use computational models?
• What is DEM?
• How is DEM different from other methods such
as CFD and FEM?
• What are DEM’s strengths and weaknesses?
• What will be discussed in this course?
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Motivation for Computational Modeling
• Experimental measurements of particulate flows
are often difficult or expensive to make
– can’t easily investigate internal structure
• PEPT (Stewart et al., 2001)
• x-rays (Baxter et al., 1989)
• nuclear magnetic resonance (NMR) / magnetic resonance
imaging (MRI) (Nakagawa et al., 1993)
• γ-ray tomography (Langston et al., 1997)
• radio pill (Dave et al., 1998)
• radioactive tracers (Larachi et al., 1995)
• intrusive probes
• “freezing” the system (Brone and Muzzio, 2000)
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Motivation for Computational Modeling…
• Experimental measurements of particulate flows are
often difficult or expensive to make…
– observations at boundaries
• behavior at boundaries isn’t necessarily the same as the internal
behavior, e.g. side-wall convection (video), packing structure

– some quantities are difficult to measure
• e.g. inter-particle forces, coordination number, particle orientation
and rotational speed

6

C. Wassgren, Purdue University

Motivation for Computational Modeling…
• Some environments and properties are difficult
to investigate experimentally
– e.g., inter-particle friction, modified gravity

• Computer models can be used to overcome
these difficulties; however, care must be taken to
address the following
– proper modeling of the physics
– computational issues such as:
• stability, accuracy, duration, storage

– validation
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Motivation for Computational Modeling…
• reduce the number of experiments
• optimize design and operating conditions; allow for more
creative design
• computational models are well suited for parametric
studies
⇒ “A case study of the economic benefit of the application
of CFD in one chemical and engineered-material
company over a six-year period conservatively estimated
that the application of CFD generated approximately a
six-fold return on the total investment in CFD.”
(Davidson, 2001)
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Modeling Approaches
• Two broad classes of approaches for
modeling particulate materials
– continuum
– discrete
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Modeling Approaches…
• Continuum Approach
– treat as a continuous substance, ignore individual particles
– assumes the length scale of importance >> particle length scale
– apply conservation of mass, momentum, and energy to small
regions of the material
– also need constitutive relations that define a particular substance,
e.g. how stress and strain (or strain rate) are related for that
substance
• e.g. Newtonian fluid behavior
• constitutive laws for particulate materials are not widely agreed upon,
hundreds have been proposed, most are phenomenological (for dense
flows in particular) (Cundall, 2001)
• several constitutive laws may be required to describe different regions
of the flow

– solve the resulting equations numerically using methods such as
finite differences, finite volumes, or finite elements
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Modeling Approaches…
• Continuum Approach…
– not well suited to investigate phenomena occurring at the length scale
of a particle diameter
– some particulate system phenomena are highly dependent on particle
level behavior, e.g. shear bands
– best suited to investigate large scale systems, e.g. at the unit operation
scale
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Modeling Approaches…
• Discrete Approach
–
–
–
–

e.g., the discrete element method (DEM)
models the behavior of individual particles
overall system behavior the result of individual interactions
examples include:
•
•
•
•

cellular automata (Baxter and Behringer, 1991)
Monte Carlo methods (Rosato et al., 1986)
hard-particle methods (Campbell and Brennen, 1982; Luding, 1995)
soft-particle methods (Cundall and Strack, 1979; Walton and Braun,
1986)

– these methods are used in fields other than granular flows
• traffic simulations, astronomy, computer networks, crowd dynamics,
biosystems interactions, roller bearing dynamics
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Modeling Approaches…
•

Discrete Approach…
– very good for investigating phenomena occurring at the length scale of a
particle diameter
– not well suited for modeling larger scale systems exactly
• e.g. Vsystem = 1 L, d = 100 µm ⇒ ~108 particles
• however, can use DEM to approximate system behavior and gain insight

– need information at the particle scale, e.g. particle shape, particle-particle
friction, particle mechanical properties, etc.
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Issues to Consider
• Make sure the physical model is a good one
– 2D/3D, viscous/inviscid, compressible/incompressible,
laminar/turbulent, frictional/non-frictional, deformable/rigid, etc.
– CFD/FEM: continuum methods – not suited for phenomena
occurring at a particle length scale
– DEM: force models, particle shape, degree of deformation,
number of particles
– appropriate constitutive laws
– appropriate boundary conditions

• Make sure the computational model is a good one
– grid/element quality (discretization errors)
– convergence criteria
– time step / stiffness / model parameters

• Model validation

14

C. Wassgren, Purdue University

15

References
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Baxter, G.W., Behringer, R.P., Fagert, T., and Johnson, G.A., 1989, “Pattern formation in flowing sand,” Physical Review Letters, Vol. 62,
No. 24, pp. 2825 – 2828.
Baxter, G.W. and Behringer, R.P., 1991, “Cellular automata models for the flow of granular materials,” Physica D, Vol. 51, pp. 465-471.
Campbell, C.S. and Brennen, C.E., 1982, “Computer simulation of shear flows of granular materials,” Mechanics of Granular Materials:
New Models and Constitutive Relations, J.T. Jenkins and M. Satake (editors), Elsevier Science, Amsterdam, pp. 313-326.
Cundall, P.A., 2001, “A discontinuous future for numerial modelling in geomechanics?” Geotechnical Engineering, Vol. 149, pp. 41 – 47.
Cundall, P.A. and Strack, O.D.L., 1979, “A discrete numerical model for granular assemblies,” Geotechnique, Vol. 29, No. 1, pp 47-65.
Dave, R.N., Voicy, J., Agarwal, J., and Gupta, V., 1998, “Non-Intrusive rigid body tracking technique for dry particulate flows, Part II:
Practical aspects and implementation,” Review of Scientific Instruments, Vol. 69, No. 10, pp. 3606 – 3613.
Davidson, D.L., 2001, “The Enterprise-Wide Application of Computational Fluid Dynamics in the Chemicals Industry”, Proceedings of the
6th World Congress of Chemical Engineering, Melbourne, Australia.
Langston P.A., Nikitidis, M.S., Tuzun, U., Heyes, D.M., and Spyrou, N.M., 1997, “Microstructural simulation and imaging of granular flows
in two- and three-dimensional hoppers,” Powder Technology, Vol. 94, No. 1, pp. 59 – 72.
Larachi, F., Chaouki, J., Kennedy, G., 1995, “3-D mapping of solids flow fields in multiphase reactors with RPT,” AIChE Journal, Vol. 41,
No. 2, pp. 439 – 443.
Luding, S., 1995, “Granular materials under vibration: Simulations of rotating spheres,” Physical Review E, Vol. 52, No. 4, pp. 4442-4457.
Nakagawa, M., Altobelli, S.A., Caprihan, A., Fukushima, E., and Jeong, E.-K., 1993, “Non-invasive measurements of granular flows by
magnetic resonance imaging,” Experiments in Fluids, Vol. 16, pp. 54 – 60.
Rosato, A., Prinz, F., Standburg, K.J., and Swendsen, R., 1986, “Monte-Carlo simulation of particulate matter segregation,” Powder
Technology, Vol. 49, No. 1, pp. 59-69.
Stewart, R.L., Bridgwater, J., and Parker, D.J., 2001, “Granular flow over a flat-bladed stirrer,” Chemical Engineering Science, Vol. 56, pp.
4257 – 4271.
Walton, O.R. and Braun, R.L., 1986, “Viscosity, granular-temperature, and stress calculations for shearing asemblies of inelastic, frictional
disks,” Journal of Rheology, Vol. 30, No. 5, pp. 949-980.

