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puntains, Sea floor,
»aturn’s riggs, asteroids ...
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Chemical ... ™



Granular Matter can behave like. ..

. a solid

. or a gas |
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When solid,
Granular Matter is a special solid




Reynolds dilatancy

Tube filled with
colored liquid —

Rubber pouch
containing sand
+ colored liquid

Osborne Reynolds (1885):
“A strongly compacted granular medium dilates under pressure”.
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What causes the dilatancy ?
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hourglass - sand hourglass - water
"klepsydra”




] ek

Segregation |



“Brazil Nut Effect”




Three explanations BNE

1. percolation: small grains percolate the empty spots
between the large ones.

2. exclusion:  while vibrating small grains fill space
below the large ones, not vice versa.

3. convection: interaction with
walls trigger
convection rolls.

large grains can follow the upward,
but not the downward flow.



Driving strength: high

And if Granular Matter behaves like a gas,
it is a special gas




Flux function




In five compartments:




Planet with rings




Phenomena

Granular Fluid:
Arching, blocking, convection, segregation

Granular Gas:
Clustering, non-equipartion



Why does Granular Matter
behave so differently
from other solids and fluids
we know ?



Definition:
Granular Matter =
many body system in which the typical
particle size > 100 um

imvg =3k, T ——> (af room temperature)

hermal ~—

l/’rher'mal \/gﬂ.rﬁp \/ 10-8

Thermal enerqgy is negligible for such particles /




M interacts through
contact forces

Cannon Ball Stack Contact Points

"Chaotic” network of contact points and forces /



M interactions are dissipative

Grains have many internal degrees of freedom

through which kinetic energy is dissipated.
(sound, heat, deformation)



Implications

—

2. contact :> Ordered molecular-scale
forces structures do not occur

3. dissipation I::) Far-from-equilibrium system
Constant energy supply is necessary to keep
systems “alive” (i.e. T, >0)



pical practical problems

- casting by sacrificial polystyrene

Nature (geophysics):
- dunes: movement
- avalanches: ranges, volume, prediction
- dikes: stability
- seismology



1.2.3. Problems of Segregation

The industry processes enormous quantities of granular materials year in and year
out. Virtually every stage of its operations is at the mercy of segregation—a most
irksome phenomenon that tends to separate the components of a mixture supposed

(a) (b) (c)

|

FIGURE 6. Three methods used in industry to prevent or remedy blockages by arch effect.
They include (a) an Archimedes screw, and (b) a conveyor belt with a corrugated surface.
In (c), a plant worker pounds an obstructed hopper with a sledge hammer to get the flow
started again. The latter is the method of choice in industries producing low-value-added
granular materials.




Compacted Molten
sa nd meta/

\

Convection

Polystyrene model
Vibration

Principle of casting by sacrificial polystyrene.
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Granular packing (for spheres

0.64, RCP =
random close packing

0.74, crystal =
perfectly hexagonal

solid
fraction



1 experiment
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Pr — Po
1+ Blog(1+1/7)

pt=0)=po; Pt — =)= p,

regime 1: /ocal reorganization

p(t) = p; —

regime 2: global reorganization
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Analogy: car-parking in street

arge enough gap, a new car jumps in.

regime 1: movement of a single car creates gap

regime 2: more than one car has to move:

required time for gap to open grows exponentially:
pH)—pr 1
Pr — Po log(7/7)




(Bob Behringer, Duke)



In stalling flow, force chains manifest
themselves as arches
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Importance of sidewalls:
Rayleigh-Janssen model

Force parallelogram as unit cell
of a 2D granular medium

< L

vertical forces = horizontal forces

balanced by sidewalls

Lord Rayleigh:

b, =K p,| K= coefficient of redirection




Importance of sidewalls:
Rayleigh-Janssen model (2)

Slice experiences friction

force with sidewalls:
dF';r‘ICTIOH lus ph Udh CQ Surface Area A
= u Kp,Udh i\
Vertical force balance on slice: 5“ Perimeter U
(p,(h+ah)— p,(h) A+ Tp b,
U Kp,Udh=p gAdh o
ap U
v 4 K— _
ah S & Integration gives:
_ PIA B B % Janssen's
P = u KU (1 exp( usK Ahjj equation




Importance of :’IJ
P) \Jf/Jr'_,j('::'/ rd’/J

/ crossover: (saturated
/ 5 regime)
, h = ~ 2D
ﬂsk U~ 4uk
h
_ PIA B B % Janssen's
P = U KU (1 exp( K A h)j equation
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yeight of' granulate
in silo

3 1-exp(—y) _ Mg | (for large #, i.e.,
F,(h)=mg P - 7 large 4)

What happens to the remaining weight?
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Decompactification UU’JJJN
ng

dm
tf Compacted ||,
U h 1 vertical

shaking

"Decompacted” means: acceleration overcomes friction
Force balance: acceleration - gravity = (wall) friction:
I"'gdm—- gdm = dF,

Sand moves freely if |hs > rhs /

riction




Decompactification through
shaking (threshold calculation)

Total height of stack: A,
Threshold condition lhs>rhs fullfilled from A, (<A,) on.

1 dF. . .. wKpr)dh u KU

F_l — friction _ 75 % _ s
_pgA [, el j
mm-ﬂsw(l exp( 1k Y~ h) j

r=2- exp(—’(‘;‘/ (h —hf)j

I'=1 means: A, = Ay nothing can be fluidized
I'=2 or larger: all can be fluidized



mpaction: Experiment,
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Granular matter in a hopper. ..
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. and in a funnel
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Breakdown of Hydrodynamics in a One-Dimensional System of Inelastic Particles

Yunson Du, Hao Li, and Leo P. Kadanoff

The James Franck Institute, The University of Chicago, Chicago, lllinois 60637
(Received 15 August 1994)

(a)

Energy in from this wall Elastic wall




A) Hydrodynamic approach

' [N Ax At
velocity:
ulx, )= (2 vi(#) S ()-x))
temperature:

T(x.1)= < 2. W) —ulx, 1)) 3(x, (1) - x) >

Assuming local "thermal” equilibrium, one can derive
mass, momentum, and energy conservation laws:

Ax AT



conservation laws

€ =(1-e)/ 2 expresses inelasticity
In the stationary limit (u=0, d,=0) this becomes:
ol = constant
( _ &€ GE ey

.
These equations can be solved analytically:
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Hydrodynamic solution:
2.0 ——————— NOTE:

ideal case (¢=0, no dissipation)
! has the solution:

T = T;

AX) = po

1.0

0.5

r,

0.01

0.0 0.5 1.0
w

Using the boundary conditions:
T(O) = TO [constant T at left border]

0 XT(].) = 0 [elastic wall (no heat flux) at right border]



Particle dynamics: solution:

(d)
o - B E W e B
(e)
" — W M MO [N
i) T
Energy in from this wall Elastic wall

(using MD simulations)



Before...

VI, — VZ, = —e(vl — VZ) ...after collision.

This implies: <V_1,© OLZ,’

vi=¢cv,+(1-¢)v,

v, =(1—-&)v, + €v,

with: e=(1-¢)/2




Non-ideal case ¢ > O:

Numerical result very different from continuum result!
1 fast particle v,, ~ \/ﬁ and (N-1) slow particles,
clustering to the right and dissipating energy. Fast
particle transports energy from left to right.

No longer local “"thermal” equilibrium !

Breakdown of continuum approach !




Velocity center of

vi=€evi+(-¢€)v,
v, =(1-¢€)v, + ev,

assume: ¥, = const = 1  (no random distribution)

—(O—>

N N N-1 N-2 -

before first collision:
ww=w=1 v.=0 for /<N

after first collision (between Nand N-1):
w=E& wy=1-¢ v.=0 for /1 <N-1
after second collision (between N-1 and N-2):

vy =€, v =01-8k¢, v,,=1-¢Y,

v.=0 for /<N-2

after (N-1)™ collision (between 2 and 1):
Ww=¢ Wy =0-8¢ v, =(-¢€fe ..,

b=1-e"¢ y=(1-&""



enter off mass (2)

~1— exp( —(N -1)¢g)

for large N
* &= 0, ideal case:

I/CM-clus‘rer — O
ez 0, real case:
Vemcluster = 0 ‘ drift of cluster towards wall !

*




What about the general case?



o _ (global Knudsen
( ® ® ® ® R Kn - Z/L number)
o L o _ (local Knudsen
) ° .| Knge = A7/ number)

Hydrodynamics work if Kn<<1 |

Molecular system: local Kn <<1 (not a Knudsen gas!)

Granular system: local Kn large !
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INo' separation o

Flowing systems: :
. “ " " _ velocity
mean velocity ~ “thermal” velocities

~ fluctuations

No separation of time scales:

macroscopic quantities can change as fast as
particle velocities




The surprise is that
nevertheless in many cases

it DOES work I




Influence of
the Bagnold r

Y =0,V ;

Dy = tyy
respect
A, = chg
over wh
due to f

Ralph Bagnold

JAY =99 m o7y

. : F = -
Friction force F. - 7 2

e e

Viscous damping force F: F, =3znDv ~ nyD*?

F my | B>450: granular regime
B == ~ =L * g g
Bagnold number F A.n | B<10: ambient fluid crucial




Bagnold number for a
vertically vibrated granular gas

For a vertically vibrated granular gas the Bagnold
number is defined as the ratio of gravity and viscous

forces:

C

__ Mg

~ 37znDv

_p,D%g
18nv

For a sand/glass particle (p=2.5-103 kgm-3) in air
(7=1.9-10° Pas) with a typical velocity of 1 m/s

we have:

B =~7.3-10"D¢

B =1

}*DleOum



Sand dunes: "barchans”

Tunesié
.-..' .'




Sand dunes travel ...




Barchans op Mars

Photos from the Mars Orbiter Camera
(Mars Global Surveyor project)




LA S
%}%'Eamhanﬁ

Transverse Dune Parabolic Dune

Longitudinal Dune

Star Dune




5. R, BISHOP er af.

(a) Dome dune (b} Barchan dune

wind

Wind causes saltation, or jumping grains,

c) Transverse dune (d) Linear dune on the windward side of sand dunes.
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Wind directional variability




Singing sand

< Frequency spectrum of
"booming sand” in the
Kelso dunes, California.
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SeaWIiFS Captures Massive Dust Storm Febrﬁafy 26, 2000 SeaWiFS Project/ ORBIMAGE
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