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Granular Matter
- dry, partially wet, and wet systems
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Mechanisms, Interstitial Fluid (air, liquid)

diameter d, roughness &

Collisional Lubrication wyd

2.2
. 1.~p. d — g~

Ba, ~10%, 10’

T_C _ ppart d'YS

139 K Ba

Bagnold Number (Ba) = 0 qnl
~10°, 10

water

* Coussot and Ancey, PRE 1999
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Granular Materials and Suspensions

“dry” (DGS) “wet” (LGS)
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Stokes Number:

DGS:
St >> 1

"particle inertia"

St

"viscosity"
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DGS

(Dry Granular System)

Distributions, bi-modal, etc.

LGS

uid Granular System)

D-system (density)

S-system (s1ze)

Combinations, €.g. S-DGS, D3-LGS, etc
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Granular matter/environment interaction

2D+1 3D
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Tumbling

(S. Meier 2004)
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Experimental

PIV

5 10

Vol

glass, steel,
d~1mm

“wall effects”, 4 <
dt<8

Jain et al. Phys. Fluids 2002 (DGS), Jain et al. JFM, 2004 (LGS)
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Core precession and erosion

revolutions

DH8 Socie et al. 2004

Initial
Condition




Force Distribution,
P(1)
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How Mixing Occurs
(basis of continuum model)

dv,
= f(v)d?
(v)a™ =

coII

— — —

Collisional Diffusion E—— .
no diffusion  with diffusion

0=AX) layer thickness

Khakhar et al. 2004
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Segregation
due to flow (size) S-systems, (density) D-systems

*Reynolds’s dilatancy (percolation)

Osborne Reynolds, Philosophical Magazine,
December, 1885.

Size segregation

Flux, Field o
“Flux Model”.. .heuristic, PD-

based...measurement?
Ottino & Khakhar ARFM 2000
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e Mixing =2 Unmixed
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“Radial Segregation”, O(1) rotations

S-system Computation

D-system
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Non-circular geometries
continuum model, Poincar¢ plot

Flow Flow
IC’s —* plot —* plot...
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1/2 full < 1/2 full > 1/2 full

D-systems Poincaré Sections

S-systems

Hill et al.
PNAS
1999

D-systems
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Poincar¢ Model Exp (S-DGS)

nterpenetrating
ontinua Model

Steve Cisar 2004
unpublished
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Locally 1n layer... Species 1 and 2
y

Pe=uL/D_, >>1

dx
= Vx
dt

%:_a)xl(ﬁj +S— Zﬂ(l_ﬁ)Dcoll(l_ f)

dt d

Segregation

) 3 model
%— WX +2,8(1—§)D00"f
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Segregation 1n Tumblers

Large particles

smaller
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Difficulties, Questions

* No fit-all approach.
Discrete and continuum (Gollub)

Particle dynamics (PD), Lattice
Boltzman, Monte Carlo (MC),
Cellular Automata

* Role of thermodynamics (kT)
—Behringer, Edwards, Makse, others
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FACTORY VS. LAB

The 16 largast drug companias spend mora

Applications than twice as much on manufacturing drugs
as on R&D.,

Marketing and
Cost of administration
manufacturing! | expenses?
36% AN A%

=,

Taxes — | Research & WSJ page 1

development

1 Cost of sales Sept. 4, 2003

£ Salling, genaral and administrative expensa
Sowros: GlavoSmithKime




I M CCOI‘mICk Robert R. McCormick School of Engineering and Applied Science

Consequences of Axial Segregation
Device for breaking rings (1904)

Patented November 22, 1904.

Ring formation

Wo. 775,600.

Molten clinker may solidi | | -
Y ty UNITED STATES PATENT OFFICE.
to form annular rings:

THOMAS A. EDISON, OF LLEWELLYN PARK, NEW JERSEY.

ROTARY CEMENT=KILN.

Has been a significant
problem for

rotary cement kilns
for many years

Invento

R e,

A ftorney




No. 775,800,

UNITED STATES
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Patented November 32, 1504

PaTENT OFFICE.

THOMAS A. EDISON, OF LLEWELLYN PARK, NEW JERSEY.

ROTARY CEMENT-KILN.

SPECIFICATION forming part of Letters Patent No, 775,800, dated November 22, 18404,
Lpplication Sled Faly 33, 1903 Bevial Fo 168,318, (Ho medel.}

o all wihane (8 maly ORCEFR; |

Be it known that 1, Tuosas A, Episox, of
Llewellyn Park, Orange, in the county of Es-
six, State of New Jersey, have invented cer-
tain Improvements in Rotary Cement-Kilns,
{Case No. 1,104,) of which the following is a
deseription.

Prior to my work in connection with the
manufacture of Portland cement the Portland-

cement mixtore has bean, and in most cases |
still is, calcined in rotary kilns about sixty |
foot in length and heated by means of pul- |
verized coal.  As the materinl progresses |
slowly throngh the kiln toward the zone of |
highest heat it first becomes vary viscous; but |
as the chemical reactions progress it is con-

verted into the usual hard clinker-balls of |
varying sizes. Although the n:ulLiuu-]mitlLi

bt aofitened and rendersd worthless in about
fifteen ssconds, more or less.

With my new comeni-kiln I make vse of a
structure approximately -two and ooe- balf
times the length of the kilns now used, and
in consequence the zone in which the mass
forms into aggregates is proportiopately re-
moved from the lower end, s0 as to make it
in many cases practically impossible to break
up any of such coherent masses by any of the
gxpedients as now employed.

The object of my invention, therefors, 1=
to provides kiln, or rather attachments thoro-
to, by which any aggregates or masses of ma-
terinl can be efectively broken up, no matter
how far their formation may take place from
the lower end, and at the same time this op-

eration will be performed much more oxpe-

of the material in this lattercondition is much | ditiously than heretofore and with resulting
higher than when the material is introduced | cconomies and improvements in uniformity

into the kiln, yet in the hottest portions of

of burning.
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Particle Level

Building understanding up... O(1 mm)
mm

Non elastic collisions Exchange linear and
Restitution coefficient K angular momentum
4

fluid

X Normal forces, Hertzian
(classical elasticity)

~

Tangential forces
Coulombic

Needs to add dissipation

“Regimes”...rolling regime, fast flow regime, etc.
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Vibrated layer

Small brass spheres

JPPTER |

Energy in....Vibrate amplitude A frequency f

Umbanhowar, Swinney
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top view

perspective
view

side view

Vibrated granular matter
Umbanhowar, Swinney et al.
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Dynamic Self-Assembly of Rotating Disks

Monomorphic Pattern Symmetry-Breaking

1
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0 ——
OOQOG
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5 o0 o o

Grzybowski and Whitesides, Science 2003
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...Beyond Granular Matter...

* GM serves as a prototype of collective
systems far from equilibrium

* Concepts apply across a wide range of
scales — from fine particles to 1ce floes
to asteroid belts...

* Example of Complex Systems
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Complex system... recognize by...

1) What Is does: Display organization without any
organizing principle being applied, 1.e. behavior
emerges

(2) How can be analyzed: Decomposing the system
and analyzing a part does not give a clue as to the
behavior of the whole.

‘ Rich behavior with simple parts




- pfibto Norbert Wu
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Termites, mounds

Segregation, cities

Vitoria, Spain

ey "|';r_ &"- Ei: II__. 5 . "
S ] . .IE-' [L‘ I-, 7 .. v ..__‘.! o
e e

P e
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Granular Matter, Metaphors

Sandpile Avalanches

...motion of flux lines 1n a type-II
superconductor (de Gennes).

Self-Organized Criticality, microscopic to
astrophysical scales

Excited granular matter, slow relaxation
found 1n glasses, spin glasses, and the like

Fluid-like behavior, convection
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Beyond Granular Matter...

ERRBA K

Per Bak |
10W
“How Nature natare

Works: works

The Science of
Self Organized
Criticality™
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Reasons for “Success” of Granular
Matter

New physics, open theoretical questions,
continuum, discrete.

Experimentation still accessible and creativity still
plays an important role.

Intuition — often built on fluids — often does not
work.

Interplay
Science (understanding and explaining)
Technology (making and building).

The “appeal” of metaphors.
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Osborne Reynold
(1842-1912)
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* Osborne Reynolds “On the dilatancy of media composed
of rigid particles 1n contact. With experimental
illustrations”. Philosophical Magazine, December 1885.

Rode Lecture in 1902 (““On an inversion of ideas as to
the structure of the universe™)

“I have In my hand the first experimental model
universe, a soft India rubber bag filled with small shot”.

“The Sub-Mechanics of the Universe” (Reynolds
1903). “By this research it is shown that there is one,
and only one, conceivable purely mechanical system
capable of accounting for all the physical evidence, as
we know It, in the Universe.”




I M CCO”T"CI( Robert R. McCormick School of Engineering and Applied Science

e Mechanical theory of the ether. Universe filled
with rigid grains size: 5.534x10°'% cm, mean

free path 8.612x10-2° cm.

* Planck length (‘quantum of length’) smallest
measurement of length with any meaning;:

1.6 x 1037 cm or about 102Y times the size of a
proton.

 ....but Reynolds was a teacher of J.J.
Thomson (discoverer of the electron).

...so much for the modernity of far-reaching
analogies...




McCormick

F L (wHAR

27T E)E s Mo kb SBh osEm”
ZHSRMNE O £ B

ma-tEey SAHRE XA

1w ]

m—!ﬁ—?ﬁc e & K EVE N Aic RS SRR o IR R oA BN
i BT BT Hest, TleTc Rl Nk miln G—-Eo MB BT LD B8R
HHNT DB ETBRAT, By Bk iR SRR EET 25, N2 §I£ﬂ
¥ Eri o FEwe —bk LT, ¥ —ﬂﬁﬁr%m e R A A 3D e
AR B e BT OEmERE 7o HRTBE.

EMT D WHSEE WAL T BP2: MR 3. W PHE 200mm, BLa 400
mm @ AEE THFC thkes SRS kF Gl T, 8t FHRTEcT mo, &
nE BLT AR EEo EEAEE L, e B #ELMA XL WOoT
25 WRIC @AY BT BiE (R8N p = 272) T, §F WL, Rk B X5
TS LOT B0 . 0 B 35mam, 1-435mm, 05T mm o =4, 2 @t ¥
B fi=fz.

I ZES%MEo £9me B < Brd %

(1) ZRAR ko N,

FoEe S ZElo BB S--EEMe —E RO WLolarme, plRE s
S REFO WA HERD FEERiu AT ds,. e ko Slo R —E ke 4
;e TRiC TRBES P EH L E D, o Riiaen & BEc 20#ftE E
MLr3 WAL B¢ AT 83,

Mmaic, BO MEC B8 Wi REAEN Bl 26T, MERTE T
Mo ZMic AsBAT Ho ARE @b, nESME W2 2P &:Eﬁmrx ELL
& k3.

Furnzs, Westman and Hugll 2 3o 422, fto MUliE Efye 8T, MEK
Tk MR AED & RS UL St RELT REoT HD.

* kPMERERET AWATER
1) W OTSRiE. 3120 J38k; SodW TEE, 9Bk MaSR oRE.
(2) C,C Fumpas: fud, Bagy, Chon,, 23 (1951), 1053; Doy of Mmes Bull,, 307 74,
ALE R, WEsTsan and M, R, Huowe s J, dAm, Oem, Se., 13 (1930), 767.
AE R Wesmsan: J, dm, (low, See, 19 (1936}, 177,
B R—: S, 1 (EE 7Y, 790

Oyama 1939

Robert R. McCormick School of Engineering and Applied Science

A

A EH R A Bl N R GO1

Bls W@ fng E2E @ 26T, v.'::z, EEME T D RENB R, n XD
ZfkEE W3 EMDEE B ECT e Sl 8, ndt AT ERo

ST SER MB2{T 2T
B AEETFRO Lo fm
R A LEne B
. e fiand 4o ns
IO BEIE SR (V) &, B
7,
18 AR W (o =m|—'m)
£ BRI, AMEBEFIS
WM O ZEMRE MH oL
ik, MBS 5.
SERT RUEGH HRE (VO 21k,

s & FTD N HRRD ©

o m#ts 5 meix,
T WEhD

o EHABRE RT
Rirdux

- a2
l.=-————‘1(1_vi] (n

& &b, #—mEic BT ABO

T HWEND Ok T

T EARE X 3. )
TE AERT Mo 2R

B @ JMEET FHoT B8

b Mt (B B It BTk R
0 R W S R D o W
W RIT S, W

mue w ik PSRk M FRE o S0 mito RET 3.

"2

(A) rpm.=10

I

(ife)

— LN R

12

nﬂumauauwsommmsulm

W,
— xEuTo 1A 9% (o) #
M st 3-5mmoc 057 mm

wry = ) (1—ng)my
= (L)
Tk Ben hoASE it

AR EET fF0 LA o T A Sor

* BT # R BRCHETIE MO SRR XENT, 21 AENTo

Xine TT LoLT.

fic 7L Md®s L2 HEHEo See 7.




I M CCO”T"Ck Robert R. McCormick School of Engineering and Applied Science

Sleeping Beauty Papers

“...a publication that goes unnoticed (‘sleeps’),
gathering less than one citation a year for many
years, and then, almost suddenly, attracts a lot of

attention (the paper 1s awakened by a “prince”).
van Raan (2004)

Bridgwater (1976) cites the paper and attributes
the reference to Weidenbaum (1958); the next
influential reference 1s Dasgupta et al. (1991), and
after that the paper awoke...
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NOTICES
IO#IHS

PROCEEDINGS

AT THE

MEETINGS OF TIIE MEMBERS

aF THE

Ropal dngtitution of Great BVritain,
ABSTRACTS OF THE DISCOURSES

THE EVENING MEETINGS.

VCLUME X1V.
1893—1895.

- LONDON:
PRINTED BY WILLIAM CLOWES AND SONS, LIMITED,
STAMPOLRD STRERT AND CIHARING CLHOSB,

1896.4- '

WEEELY EVENING MEETING,
Fridu.}', June 2, 1893.

8z Doveras Garran, K.C.B. D.C.L. LL.D. F.R.8. Vice-President,
in the Chair.

Provrssor Ospouss Reyworps, M.A. LL.D. F.R.S.
Study of Fluid Motion by means of Coloured Bands.

Ix his charming story of . ‘ The Purloined Lettor, Edgar Allan Poo
fells how ull the eifurts and artifices of the DPuris police to obtain

ion of a certain lettor, kmown to be in w particular room, wero
mmplﬁt.ulj' bullled for mouths 1.‘:}" the Hilullhs plun of ].uu.ving the
letter in un unscaled envelope in w letter-rack, and so destroying ull
curiosily ns to its coutents ; und how the lettor was ut lust found thero
by & young mun who wus not a profussional member of the furce.
Closely analogous to this is the story I have to set bofors you tu-
might—how certain mysteries of fluid motion, which have resisted all
sttempts to peunctrate themn are at lust explained by tho simplest
means and in the wost vbvious manner.
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Osborne Reynolds,
the essential elements of chaos

In fluids, no less than in cooking, spinning and rolling—this
attenuation is only the first step in the process of mixing—all
involve the second process, that of folding, piling, or wrapping,
by which the attenuated layers are brought together. This

* Reynolds (1894); 16 citations in the period
1955-2004.

* Identification of stretching and folding as
basic mechanism for mixing
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The work of the Innovator

“Never forget what I believe was observed
to you by Coleridge, that every great and
original writer, 1n proportion as he 1s great
and original, must himself create the taste

by which he 1s relished”

William Wordsworth (English poet, 1770-1850) in Letter
to Lady Beaumont, 21 May 1807; in E. de Selincourt (ed.)
Letters of William and Dorothy Wordsworth vol. 2;
revised by M. Moorman, 1969.
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Segregation 1n Tumblers

smaller particles
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“outside view”’

“Interior view”’

A
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S-LGS system

Jain et al. PRL. 86, 3771 (2001
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Onset, Morris

. . [
Typical space-time plot ' ' ”" ‘
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Band Dynamics (LGS)
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Efftect of rotation rate - DGS
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Effect of rotation rate DGS

* 10rpm | |
« 15 rpm )l
* 20rpm | |
e 25 rpm
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% Surface Containing Dark Bands

. Rotations
Rotations

In all cases “mass” conserved

(circular, square cross sections)
Fiedor & Ottino, PRL 2003
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Logarithmic decay

Circle-Wet

Number of Bands

| 0.!-
Rotations

M: Circle-Dry

1‘}{

{

|
)y
\If

(
)
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Number of Bands

m=224%¥04

L 1
10° 10’
Rotations
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...for S-systems, D-systems

LGS
(“liquid,
slurries, wet”)

Set Of.aﬂ possible Set of all possible
behaviors of DGSs behaviors of LGSs

under tumbling

under tumbling
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S- and D-systems

Set Of.aﬂ possible Set of all possible
behaviors of DGSs behaviors of LGSs

under tumbling

under tumbling
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Periodic Forcing in Quasi-2D Tumblers

Angular Position
/2 T 32 2n

— o(t)
-——. (B

Angular Velocity

Fiedor and Ottino 2004
(unpublished)

(related work Hill et al. 2004
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Half Full — Even Frequencies

Poincaré
Sections
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How to invariant regions form?

Steady Flow Vs

angle of repose

constant Invariant Region

Time-Periodic Flow Dynamic
angle of repose

~ function o

<§

Invariant Regions

Mechanism active only
during acceleration
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More Than Half Full — Even Freqgs

Poincaré
Sections
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DGS:

St >> 1
Stokes Number:

LGS

~ particle nertia

(smallest

V1SCOsity particles
St~10)

St

Brady 2004
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More Than Half Full — Odd Freqgs

Poincaré
Sections
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Half Full — Odd Frequencies (Disagreement?)

Poincaré
Sections




I M CCOI‘miCk Robert R. McCormick School of Engineering and Applied Science
Matching Model-Experimental Images
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Probability Dis

Number of Occurences

0.25 0.5 0.75
Radial Position

Number of Occurences

i L
w4 n2 3mid
Angular Position

Number of Occurences

Number of Occurences

750

tributions

0.25 0.5 0.75
Radial Position

w4 ni2 3mid
Angular Position
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Return Map

Freq=3

Angular Position at i+/ Revolutions
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[Long Term Behavior - Averaged Experimental Images
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2D+1 3D

05@3@ I :

Meier 2004
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3D Experimental Setup

Axis "B

«

\Axis "A

Streamline crossing
when sphere is rocked

Surface flow

Solid body
rotation

Gilchrist & Ottino PRE 2004
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Space-time plots Bottom View

Large beads: Black

. Small beads: Fluorescent

>

Gilchrist & Ottino PRE 2003
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Phase Plot

A, degrees

Axial e .
bands

0.842 0.844 0.846 0.852 0.854




I M CCOI‘mICk Robert R. McCormick School of Engineering and Applied Science

Continuum Model (template)

g

S~ ;

i

Experiment-Model
(without segregation)

e

e

Gilchrist & Ottino PRE 2003
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S- and D-systems

Set Of.aﬂ possible Set of all possible
behaviors of DGSs behaviors of LGSs

under tumbling

under tumbling
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Some open 1Ssues

Framework...skeleton, symmetries

Granular matter/suspensions, exploitation of LGS
Surface flows

Math 3D mixing-segregation

Segregation

— Flwuidity

— Combined SD

— Friction

Surface properties
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