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Granular matter

O Large collection of particles

QO Particle inertia important

O Frictional/collisional interaction of particles
O Dissipative systems (inelastic interactions)
O Athermal systems (kgT ~ 0)




Industrial Applications

Nuclear pebble bed reactors

Rotary kiln .

Industrial systems

* Agriculture and food

» Chemicals & petrochemicals
 Construction

» Ceramics

* Mining & minerals

* Pharmaceuticals
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Type of granular flows

Dilute granular systems

Inelastic, binary collisions (gas-like)

Kinetic theory formulations

- Jenkins & Savage, Haff (1984)
- Kumaran (1998)

Experiments: Vibro-fluidized and Gas-
fluidized granular beds

Molecular dynamics, MC simulations

Dense granular systems

» Close packed (¢ ~ 0.6): solid-like
(crowded particles) and liquid-like
(disordered structure)

» Multi-particle contacts, co-
operative flow of particles, flow

induced particle rearrangements
Nuclear reactor

drainage

Heap formations Caging in a Traffic Jam



Motivation

Shear flow of dense granular materials

(Applications: rotary kilns/dryers, hopper flows, fluidized bed reactors etc.)

TN Diffusion of particles through the system
2D Couette assembly, Utter & Behringer (2004)
Quasi-2D silo flows, Choi et al., (2004)
C\yclic shear, Pouliquen et al., (2003)

/
M|X|ng/segregat|on Orderlng & d'Sorde”ng Measurements near the wall or free surface
(Orpe et al., 2001) (Tsai et al., 2004)
* Refractive index (RI) matching RI matching has superior spatial and

Direct visualization of

particle flow in bulk  * Magnetic resonance imaging (MRI) temporal resolution required for

measuring diffusion and structural

* Positron Emission Tracking (PET) g changes )
Y

Viscous interstitial liquid effects ?

Macroscopic flow features in chutes
--- Silbert et al., (2001)

Static microscopic features (packing geometry)
--- Landry et al., (2003) « Effect of interstitial liquid on behaviour of slow dense granular flows ?

* Applicability of simulation parameters for larger system ?

 Microscopic dynamic features & systematic comparison to experiments ?



Experimental system

Gravity induced shear flow
13.5d



Particle Imaging Technique

Refractive Index matching

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

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

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




Experimental system

13.5d

Laser induced fluorescence

Fluorescence dye : Pyromethene 597
Green Laser (532 nm, 100 mW)
0d <y<13.5d
Test section: 20d <z < 40d
50d < x < 70d




Shear flow

Rough Wall
Smooth Wall

y

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

Layer 1 Layer 3




Mean velocity

=01d

=0.5d



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 mean

\

Ax = x(t + 8t) — x(¢) — Vot

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

ot =d/V; V: mean flow



Mean squared displacements
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Velocity auto-correlations

oG,

Fluctuating velocity of each particle

¢ ()= (ou(z +3¢) ;toc(t) — VSt); o=z

Correlation of velocity of a particle at time t with
its velocity at time (t+ t)

U} (t):<c (f)c (t+At)>;oc:x, V,Z




Velocity auto-correlations

¢ ()= (x(z +8¢) — x() - V§§)+ (z(t+8t) - z(2))

v (0=(c (Oc (t+A)

Back-scatter due to
caging effect

Uniform granular flows
--- Orpe & Kudrolli (2007)

Simple dense liquids
--- Rahman (1964),
Williams (2006)

<= Slower long time decay

X Z < ':8$& decay of auto-correlations;
Absence of long time tails

--- Kumaran (2006)

--- Otsuki and Hayakawa (2007)

Applicability of kinetic theory to dense granular flows ?



Interstitial liquid forces

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

Viscous force (tangential) | 67puRv,R/s

Viscous force (normal) (8/15In R'/s + 0.95)6muv R

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
( ) -——-- Sandia National Laboratories, USA
http://lammps.sandia.gov

F =f(8/d{k sn—VT") F =f(6/d(—kAs —%’j |F|> p|F | tocal Coulomb

yield criterion
( ) ( )

Simulation parameters

Particle: mass (m), diameter (d), density ( ), Natural time scale ( ) = (d/g)
System/particle size ratio same as in experiments; approximately 1,50,000 particles
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) = 0.3k ( )
Normal damping ( ) = 50(g/d) , Tangential damping( )=0
Tangential friction co-efficient ( ) =0.2-0.4

Features

 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 (u)

\ Friction for glass-on-glass

--- Siavoshi et al. (2006)

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



Layer number density

Effect of particle size poly-dispersity

Layer centers

NN

v

Layer formation independent of flow characteristics and patrticle size



Mean flow within layers

Comparison to DEM simulations



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



Velocity auto-correlations



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).

» Velocity autocorrelations decay faster in sheared systems compared to uniform
granular flows

» The fluctuation properties (when plotted over equal distance), irrespective
of shear rates, compare well with computer simulations which do not model
interstitial fluid effects
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