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Overview

* Impact of shape on dynamics
— Vortices, ratchets, and bouncing dimers
— Robo-bug

* Magnetized grains
— Self-assembly of chains, rings and droplets

» Pictures of other ongoing experiments
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Importance of geometry in thermal systems

Entropy maximization leads to long
range order Onsager (1949)

A schematie representation of
the nematic phase (left) and a
photo of a nematic lquid crostal
(ahowe).
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Packing and avalanching of non-spherical
particles

Random packing for oblate
particles can be greater than that
for spherical particles (~0.7)

Donev et al, Science (2004)

Prolate grains (rice) shows more
irregular avalanche dynamics

Local angle of repose can be as
high as 90 degrees.

Frette et al, Nature (1996)
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Smectic-like phases of rodsin vibrated tall cylinders

Villarrudl, Lauderdale, Muet

h, &

Jaeger (PRE, 1999) performed
experiments with rodsinside tall thin

cylinders

Upon vertical vibration, parti
observed to order into smecti
phases

clesare
clike

Ordering starts at the boundaries and

propagates inward

Kodak

Experimental setup

SR 1000 mCCD camera

Circular cell

rI%

Electromagnetic
shaker

at)=T sin (2 Ttf )

f=20-100 Hz

D=850r6.0cm

Q H=15cm

Rods:
|=6.2mm
d=0.5mm
N =0 - 10000

(Thanksto S. Fraden)
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Self-organized vortex patterns observed

f =50 Hz, N = 8000

Image of the inclined rods

Angle of inclination

of therods
B=snt(d/x)
Ny = 0.42
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r=A(@nf)2/g

N = Number of rods

Phase Diagram

Gas
-+
Gaseous state vertical rods
N : Heaping
i ] .
ontal rod : Horizontal + Vertical rods
rizontal rods ' !
Nematic ! " e EOTGG:_H S,
Heaping /Nematic
e ——
Static region
T I ' ! I
0.0 0.2 ) 06 .
Mg
Nyg= N/ N

N,.x = Rods required to obtain avertically aligned monolayer
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Are the rods vertical because the vibrations are vertical ?

Horizontal shaking

r=104,n,=061 f=30Hz

- Domains with vertical rods observed
- Vortices are not observed

Why arerodsvertically aligned?

Void filling mechanism

* A vertically aligned rod can fall in to asmaller void then a horizontal one.

'HHHHWQ ‘ == mo
:  E— S—
Ul
r]v rlh
P.E > P.E

* A vertically aligned rod in the center of avertical pack cannot easily hop out
and become horizontal.
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Teflon rods of length 5.1 cm and diameter 0.6 cm are vibrated inside a1D
annulus

| 259,60 Hz

Experimental Data

Forward Motion

I I [ [ T T I T T T T
0 10 20 30 40 50 0 10 20 30 40 50
¢ (deg) ¢ (deg)

Velocity vs. tilt Phase diagram
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Molecular dynamics simulations

Dimitri Volson and Lev Tsimring, UCSD

Rod parameters match with experiments

M otion ceases when friction between rods and the bottom of container is

Velocity versus rod-side wall friction

decreased to zero
Simulations
12 16 ——— 12 16
10 5 ] 10 ¢ 5= ZMW ]
%- 15 /QW %- 15 : |
— 8 4 1~ 8
"» 14 T "0 14 T
E 6 0 05 1 15 2] g ¢ 0 05 1 15 2|
O (3]
~ Mrw ~ Hrp
& 4t g 4l
2t 2l
0 : : , 04 : : :
0 0.5 1 15 2 0.5 1 15
Mrw Mrp

Velocity versus rod-bottom friction
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Collision of arod and the plate

mdc = dP
| dw=-1/2ux dP

Apply Newton's law at contact point
to relate velocity before and after
collision

During collision, three possible scenarios:
«dip
o dip-stick
o dipreversa

Velocity asa function of tilt and driving veloicty

c.=f& 1 DV,

To close the equation we assume:
(i) w=0 before collision of the rod with plate
(ii) horizontal velocity before and after collision is the same
(iii) vertical velocity simply changes sign

- D.Volson, A.K., L. Tsimring, PRE (2004)
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Comparison of model with simulations and experiments

0.8 |

C'y

0.4

Experiment

04—
0 20 40 60 80

¢
Model / 2D simulation

Motion of an anisotropic particle on avibrated plate

<>

o—90O

' $'Asin(ot

Complex modes observed depending on the relative phase of motion of the
two particles on the plate
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Rod/Dimer

Dynamics of a bouncing dimer

Flutter mode
Jump mode




Zols 2> 2y (mm)

Flutter mode

Jump mode

Drift mode

(A =38,f=50Hz, I =0.9)

Drift Mode

1D

2D

Plate surface is smooth and therefore our situation is different from previous

examples of ratchets

—

@
i AN NN NN\ eg Derenyi e al, Chaos (1998)
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Collision of the dimer with the plate

Newton's laws:

Force at contact points: F°=(F7,0,F’) Duringdip: F; =-sgnU (F;

X

Stick-dip: | F¢ IF U4F, U depends on the contact time

Single collision Double collision

1: Continuous dlide 1: Double dlide

2: Slip-stick 2: Double dlip-stick

3: Slip reversa 3. Double dip reversal

1: Rolling without dlip
2: Rolling with dip

Need to consider al possible collisions to obtain correct dynamics

m‘i’=ZFc—|—mg. IQ=Z[‘C><FC
[} (s} (1)

m: mass I: moment of inertia

SINGLE COLLISIONS

In this section we write down the formulas for an isolated collision between a dimmer and a plate. These formulas
are deduced [rom our previous paper (with some change of the notations) [2]. The general mappings which relate CM
velocities immediately after collision to the CM veloeities right hefore collision may be written as,

u® = Fu(ub, ot wb, ¢ (2]
v = F(ub, ot wb, g) (3)
K A T T/ EAN (A
w Folu® o W g) (4)

A, Slide

The continmous sliding eondition reads

. Cpe?
7 -'rb = .-,-”Z t Mﬁ'h t ,-,'F"\_ — 1}“1_][ Il +e)| =0 (5]

K2+ X2+ X2 "

Here j = sgn{u® — w?Z) is the direction of the horizontal projection of the contact point velocity in the beginning of

the contact, and the expression in square brackets is the horizontal contact veloeity in the end of the contact. If this
condition is satisfied, the llH'i(]i'II_:; ball zlides l]||'lll1_:;‘|l)l1l the collision withont (||r|||5_';i1|_'_; direction. The \||r1]|]|i||;;; for
the CM velocities at the end of the collision reads:

il e K (o — Vor +wX)
K24+ X2+ X7
Folu o d) L (v — Vo +wX (14 )2 (7
SRR K2+ X2+ uXZ
(v — 1}“; FwX )1+ e)( X + jad)
K2+ X2+ juXZ

Fou(u,v,w, @) i+

(6)

JF1JI:fi.f'..,;,'_w.':I w—
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Event driven ssmulation based on single and double collision rules

=<

M=09,f=25Hz, A =38

The friction coefficients and inelasticity parameters used were directly
measured from the experiment

Velocity versus aspect ratio

g
o

f=25Hzo |
50 Hz o L .
75 Hz » Criterion for reverse motion

<u> (cms'l)
=

i (A’ +7/5)> A

L
o

oo

-
=

The average velocity measured in experimentsis similar to those obtained
in the simulations

Dimer can drift in the forward (in the direction of bouncing end), or
backward direction depending on the aspect ratio A,
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A dimer can climb an oscillating hill

angle (deg.)
N

NF---—-—-—-- — _ __ =
OF-—-———— -

0=3deg, f=50Hz I =0.9

S. Dorbolo, D. Volfson, L. Tsimring, A.K., preprint

Asymmetric Dimer Ratchets: Robo-Bug

“Simplest” examples of noise driven motors

e s
Stedl-Glass beads

Aluminum-Steel beads

» Symmetry breaking leads to tranglation motion in rods and dimers
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Magnetized Granular Matter

Q
%) Thermal
o |
20

Ko

Dipole interaction:

UM =y 1) /P-3 (. 1) (W 1)/ 1°

Granular matter with “long” range interaction
Also representative of polar fluids— e.g. Ferrofluids

Dipoles liketo line up thus creating chains, this anisotropic nature lead to novel
phases

Simulations are difficult, and the issue is complicated theoretically

Dipolar hard sphere model (DHSM)
N (No dissipation)

@

S
U =Ups+ (U - H) /P-3(Hy - 1) (M. 1)/ 1°

Each dipole alignment lowers P.E. by U = 2 u/d?

lower once number of particles equals four

DSMC on the DHSM find atransition from a gas
composed of free particlesto aliquid composed of a
network of chains (reference point)

§ Energy isrequired to bend, but energy of aringisin fact
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Experimental system

Kodak

SR 1000 ﬂcco camera

Circular cell

r 1? 30cm

Electromagnetic
shaker

M agnetized beads vibrated inside a container

Examples of Cluster Seeds

Chains

* Because of dipolar field, particlesalign in chains.

* Rings are energetically more favorable when chain length exceeds four particles
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Movies

Growth of Clusters

Phases observed as a function of granular temperature and volume
fraction of particles

50.0F ' - 3
Gas red /
".".
40.0+ P
o TS \ .‘-.“.‘.— —
T & Clustered
£ 300} '/
~ /
200 ©
10.0k , \
0.00 0.05 0.10 0.15

o

Compact clusters or networks are observed
to grow depending on the rate of cooling
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107

102

P)

10°

10*

The velocity distribution of particlesin the cluster is significantly narrower
than that of the magnetic and non-magnetic particles in the surrounding gas
phase

Thesize of thecluster and itsgranular temperature

0.04

0.03 4

0.02 §

T, (cm s~1)2

0.01 k

0 1 1 1 1 1
0 5 10 15 20 25 30

r/o

Equipartition is not observed
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Growth of theradius of gyration

T=T,
30 T T T T T 60 1 T T T
o =0.03 Siad
25 | a g = 88? ” 00K )
Ay A o -
T
b5 & e 8
~ L R v i
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10 + L %m‘ M
é‘f’k‘:}wmm $=003 o
Foae o - =005 o 1
O g 5007 -
0 ” 1 1 1 1 1 ¢ = 0.09 °
0 200 400 600 800 1000 X 1.0 1.5 2.0
t(s) t/T
Growth described by R.=r, [1—exp(- t/1)]
Growth of theradius of gyration
T<T,
R 4P QARORAE AR
< B g =001 o
; =002 +
0.4 g $=003 o
¢$=0.04 x
=005 =&
0.2 § ﬁz 006 x ]
I ¢=007 v
0.0 & . . . . .
0 2 4 6 8 10 12
t/T
Growth also described by R.=r, (1—exp(- t/1)
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Compactness of Cluster

T<T,
100 [~
S 10 ] .
= SR e =001
e q ";‘:v + ¢ =0.02
Sy Pam o $=003
A x  ¢=004
[ e s $=005
0t 0 < $=006
- $=007
1 Lo :
1 10
Ry/o
Growth also described by n.=a R/

Migration of Cluster

30

5L
20 F/

15

y (cm)

10 1

Pressure due to gas particles colliding with cluster keeps the cluster pinned
to the side wall.
Similar effects observed in bidisperse colloids - Depletion Force
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Summary

e Granular matter with dipolar cohesive interaction
— Compact structures observed
— Chains and rings are observed to be unstable in the experiments

» Clustering transition observed below a critical temperature which depends on
volume fraction of particles

e Thetemperature of the particlesin the clustersis significantly lower than that
of the surrounding gas phase

The Physics of
Granular Media
o

See: PRE (2004) & .

Complex Matter and Biodynamics Laboratory, Clark University
http://physics.clarku.edu/~akudrolli

Erosion Patterns

Bacterial Trek Crumpling

(Samadani, Xu, Smith, Lobkovsky, Rothman, Delprato, Tsimring, Blair)
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Junetalk: Slow dense granular flows

* Moretypical, e.g. silo drainage

e Particlesamost awaysin contact,
geometry dominated flow

Of interest: velocity fields, residence
time, particle diffusion

Applications: Hourglass, Nuclear pebble
bed reactors

* Granular flows are advective and % 10
considerably less diffusionis =
observed then predicted by models 'y

* Imaging 3D flow using index- 10

10

matching 10

‘-l ‘0
‘°vat /d

Choi et al, PRL (2004)
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