Structure and diffusion in dense sheared granular flows

Ashish Orpe
Chemical Engineering Division, NCL, Pune
Arshad Kudrolli
Department of Physics, Clark University, MA, USA
Chris Rycroft
Department of Mathematics, MIT, UC-Berkeley, USA
“MPGF09’
Joint IUTAM-ISIMM Symposium
(14th -18th September)



Motivation

Boundary generated shear flow of dense (  0.6) granular materials

(Applications: surface flows, hopper flows, flow in silos etc.)

+ Self-diffusion in slow, dense granular flows subjected to uni-directional

shear. « Steady state dynamics in the bulk ?
» Shear induced structural re-arrangements of particles and their effect

on the flow dynamics

 Diffusion behaviour in three dimensions ?

'\
* Refractive index (RI) matching RI matching more advantageous for
Direct visualization of « Magnetic resonance imaging (MRI) measu_remerlts qf fluctuating particle
particle flow in bulk _ . , > motion, diffusion and structural
* Positron Emission Tracking (PET) changes under flow
o X- \— _/
X-ray Tomography D ~

Viscous interstitial liquid effects ?
Particle dynamics simulations
Flow of slightly soft particles in a specified geometry, Interacting through contact force models
Modified Cundall-Strack Model (Sandia Labs)
Macroscopic flow features in chutes + Systematic comparison to experimental data in the bulk ?

--- Silbert et al., (2001) « Applicability of simulation parameters for larger systems ?
Static microscopic features (packing geometry)

 Microscopic dynamic features ?
--- Landry et al., (2003)

« Effect of interstitial liquid on behaviour of slow dense granular flows ?



Experimental system

Gravity induced shear flow
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Particle Imaging Technique

Refractive Index matching

Eq m and

on-Equilibrium Sftistical
Thermodtnamics

Bin filled with beads Bin filled with beads and a liquid with
the same refractive index

Particles : glass beads (d = 1mm) Gollub et al (2003), Pouliquen et al. (2003),

Liquid (HC oil) : Rl ~ 1.52, v ~ 25 cP Siavoshi et al (2006), Losert et al (2006),
’ Orpe et al. (2007, 2008)




Experimental system

13.5d

Laser induced fluorescence

Fluorescence dye : Pyromethene 597
Green Laser (532 nm, 50 mW)
0d <y<13.5d
Test section: 20d <z < 40d
80d <x<100d

System filled with particles and refractive index matched liquid

Measurements within the laser sheet (  0.1d) at any location



Shear flow

Rough Wall
Smooth Wall
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Particle identification/tracking using IDL
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Motion of particles in the layers

Layer 1 Layer 3




Mean velocity

Temporal variation
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Orientational order

% e
Two-dimensional bond angle
orientation parameter

qs = <exp(i66)>

q = 1 (Hexagonal ordering)

g =0 (Complete disorder)

Negligible particles orientation within and across the layers



Displacement distributions

Spatial and temporal mean

\

Ax = x(t + 8t) — x(¢) — Vot

Ay = y(t+0t)— y(t)
Az = z(t +8t) — z(¢)

ot =d/V; V: mean flow

\ Particle motion restricted

to less than %2 diameter
due to layering



Mean squared displacements
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sub-diffusion

Anisotropy in diffusion constants

Sheared dense granular media : 3D Simulations,
Campbell, 1997; 2D Couette experiments, Utter
& Behringer 2004)



Interstitial liquid forces

Particle Reynolds number pav/u 103 <<1.0
Stokes drag 6ruav 10" N
Gravity force Mg 10° N

Viscous force (tangential)

6muRVv,R’/s (Goldman et al., 1967)

Viscous force (normal)

(8/15In R'/s + 0.95)6nuv, R* (Adams and Perchard, 1985)

u: Viscosity of liquid: 2.5 x 102 kg/m-s
p: Density of liquid: 103 kg/m3

a: Particle radius: 0.0005 m

M: Mass of particle: 106 kg

s: Separation between particles

R’: Effective radius of particles




DEM simulations

Chris Rycroft

Large-scale Atomic/Molecular Massively Parallel simulator (LAMMPS) ----- Sandia National Laboratories, USA
http://lammps.sandia.gov

For particles (d) overlapping by distance

F =f(8/d{k sn—VT") F=f@/d) -kAs —%’j |[F|> p|F | tocal Coulomb

yield criterion
(Normal) (Tangential)

Simulation parameters

Particle: mass (m), diameter (d), density ( ), Natural time scale ( ) = (d/g)

Force model: Hookean [f( ) = 1] (repulsive force linear function of overlapping distance)
~

Normal elastic constant (k ) =2 x 10 mg/d ( ( )

Tangential elastic constant (k) = 0.3 k ( ) .

Normal damping ( ) = 50(g/d) , Tangential damping ( )=0

Tangential friction co-efficient ( ) =0.2-0.4 _
Features

» System/particle size ratio same as in experiments; approximately 1,50,000 particles
» Simulations for a dry system; no momentum transfer to interstitial liquid

* Flow visualization in 3D slices; trajectory tracking in a 3d space, no loss of particles



Mean flow profile

Effect of particle friction ()

\ Friction for glass-on-glass

--- Siavoshi et al. (2006)

Macroscopic properties weakly dependent on particle friction
Kamrin et al. (2007)



V4

Layer number density

Effect of particle size poly-dispersity

Layer centers

NN

v

Layer formation independent of particle size; Layer positioning dependent
on flow characteristics



Mean flow within layers



Displacement distributions

Ax = x(t+0t)—x(t)— Vot

Ay = y(t+0t)— y(t)
Az = z(t +8t) — z(¢)

ot =d/V; V: mean flow



Mean squared displacements

Particle hopping between layers

Simulations more suitable to study dynamics
for very long times and particle displacements



Diffusion co-efficients

Particle geometry & local packing more important in
determining local rearrangement and particle diffusion



Comparison of simulation parameters

Effect of normal elastic constant

k =2x10 mg/d (solid lines)
k =2x10 mg/d (Dashed lines)



Conclusions

» Investigation of sheared dense granular flow system using internal imaging.
Systematic, detailed comparison with soft-particle simulations.

» Shear localized within 3-4 particle diameters. Motion of particles near the walls
restricted to layers. Diffusion coefficients show anisotropy (flow > vorticity;
gradient diffusion negligible due to confinement).

» The fluctuation properties (when plotted over equal distance), irrespective
of shear rates, compare well with computer simulations which do not model
interstitial fluid effects
- Effect of interstitial fluid negligible for the range of flow velocities studied.
- Possible applicability of the results to dry sheared granular flows.
- DEM simulations model capable of handling real granular material flows.
- Established simulation model parameters valid for significantly larger systems.
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