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Many materials, often grouped together using the term
‘soft matter’, share common-characteristics and behavior:
For example, the materials consist of macroscopic
particles, larger than the molecules that build up the world
around us. They jam when flow is about to stop, and unjam
just before flow starts. The static (‘solid’) situation is often
characterized by a high degree of disorder, inhomogeneity
and anisotropy, while the dynamic (‘fluid’) situation is
frequently dominated by dissipative interaction forces

leading to a dissipation time scale that interacts with other
time_scales in the system. Finally, there is the role of the
interstitial fluid that resides between the particles and may
mediate thermal.(Brownian) motion, in the case of colloids,
or hydrodynamic interactions (drag) in the case of macro-
scopic grains. This ceurse, aimed at graduate students,
will._provide aangintroduction to this type of materials and
discuss many of the. phenomena mentioned above both as
an overview and in the context of actual research.
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Soft Matter physics is:

the physics (statics/dynamics) of a system consisting
of many particles at a scale on which quantum effects
are not important.
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and many biological materials.




granulars
materials

1072 10-6 particle size (m) 103




granuiar
materials

colloids RIS woerkshop

-
S ﬁ ;& :vri, ‘I

S,
0-3L .@Iymegs _

107° particle size (m) 10-3




The tools of Soft Matter physics

All the tools of physics that do not contai
“quantum” or “high energy”:

V1

V2

V5 &V9
V6

V7

V38

V10

This is 8 out of 10 volumes of La
famous “Course of Theoretical Physic

the words

(Nonlinear) Mechanics
Classical fields

Fluid Mechanics
Elasticity
Electromagnetism
Kinetic Theory

& Lifshitz







or, even \
as all threessimultaneously!




Impact on a granular solid

Ball dropped onto loose, very fine sand
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What sets these materials apart from
their molecular counterparts ?

To some or large extent, they:
1. are athermal
2. interact through contact forces
3. have dissipative interactions

4. are inhomogeneous




1. Granular matter is athermal

Definition:
Granular matter =

many body system in which the typical
particle size > 10 um

[ . 3
SMUtLermal = 5kB1 = (atroom temperature)

3kpT 10—20 i
Uthermal = \/4 o - \/10_11 ~ 310 g Hl/S

3
§7T7“ P

Thermal energy is negligible for such particles !




When does thermal motion matter?

>

. > Droplet (radius a) in liquid with
Y viscosi.ty n and densify pi.
5 Flow with shear rate y.
— Pl 5

Péclet number:

2 .3 3
Tthermal . a nya Ta
- Tshear fYDO " ]‘CBT " kBT
kT
Dy = (Stokes-Einstein FDR)
Omna
Péclet number (sedimentation):
A 4
Pe, = 4m =227 [Pe8~1 = a%500nm}
kT
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2. Contact rorces

Cannon Ball Stack Contact Points

“Chaotic” network of contact points and forces !
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Static granular matter: Force Chains




In stalling flow, force chains manifest
themselves as arches
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Tube filled with
colored liquid —

Rubber pouch
“containing sand
+ colored liquid

Osborne Reynolds (1885):
“A strongly compacted granular medium dilates under pressure”.




What causes the dilatancy ?

@ = 0.907

¢ = packing fraction
= Vsolids/ Viotal




What causes the dilatancy ?

@ = 0.907
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¢ =0.785

¢ = packing fraction
= Vsolids/ Viotal







When compressed vertically,
ordinary materials expand
horizontally.

v>0




Negative Poisson ratio v
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When compressed vertically,
tailored metamaterials compress

horizontally.

v<0




Stability of foams

b =0.95

Bolton, Weaire, PRL (1990)

The foam looses stability at ¢ = 0.84




Jamming

A granular material with a packing fraction
above a critical value @, is stable.

applied
stress
(o)

unjammed

P 4

At @, the packing is marginally stable:
any stress will destroy the packing




Jamming diagrams

Temperature

Jammed Load
grains etc.

Loose grains,

bubbles, droplets etc.

1/Density

Temperature

CD ::Jammedgrains,etc ...........
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Y Loose grains, bubbles, etc
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1/Density

Andrea Liu, Sid Nagel
Nature (1998)

Martin van Hecke,
J. Phys.: Cond. Matt. (2010)




The controversy continues...

> favg cluster, €x=0.

+32T
OB sh"s

Dapeng Bi, Jie Zhang, Bulbul Chakraborty, Bob Behringer,
Nature (2011)




The controversy continues...

Unjammed Unjammed

Dapeng Bi, Jie Zhang, Bulbul Chakraborty, Bob Behringer,
Nature (2011)




Finite temperature: glassy behavior
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System quenched in a jammed or glass state




Close to point J:
Very loose contact networks

response to uniform compression

close to @.: displacement field has non-affine response




3. Dissipative interactions

Dissipative interactions may arise:

» as a result of motion through another
medium (see 4)

* Brownian motion (fluctuation-dissipation)
* dissipation in medium (viscosity, turbulence)

» as a result of contact forces:
e friction
e inelastic collisions

transfer of kinetic energy into
other degrees of freedom.




Dissipative collisions

(O A coefficient of
" | normal restitution:

. " g s

i I i o v2n (_ [ho

v : B Ul,n B hq
lvl,n

Grains have many internal degrees of freedom
through which kinetic energy is dissipated.

(sound, heat, deformation)




4. Inhomogeneous

Soft Matter is usually inhomogeneous. There are
two main causes:

1. The inhomogeneity is caused by the (unavoidable)
presence of an interstitial fluid (intrinsic).
» colloids are particles subject to Brownian motion and
hydrodynamic interactions with the embedding fluid.
» polymers are modeled as Brownian particle-springs

2. The inhomogeneity is due to inhomogeneity of
the material (external).
» granular materials can be bidisperse or polydisperse

» clay is a material made up of clay (nanoscale) and silica
particles
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Vibrated bidisperse mixture

Segregation !




“Brazil Nut Effect”




Three explanations BNE

1. percolation:

2. exclusion:

3. convection:

small grains percolate the empty spots
between the large ones.

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

interaction with
walls trigger
convection rolls.

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




Role of intersitial air: single particle

Fdrag = 37T77dv

B = Fdrag o 1877V
B Fg ppgd2
1
Br~1—-d~ snV.
Ppd

Iy = %deppg

d = particle diameter

V' = typical particle velocity
5 = air viscosity (2-107 Pa-s) - 9 I
pp = part. density (2.5-10° kg/m?) 4 \V 29 d d 16 Jm
g = grav. acceleration (10 m/s?)

Va~lm/s—d~120 ym




Role of interstitial air: packed particle

1 —
Ff—>s = 2k 8F‘drag
8
Fe .. 18nV
B, = 1% x40
Iy Ppgd
18nV
B,~1—d~ v40 i
Ppd

Fy = 5md’ ppg
Va~1lm/s— d= 760 um

e =1— ¢ =porosity (= 0.5)
k = Kozeny constant (= 5) V ~ /29d —d ~ 190 (4m




0.16000 s 0.16000 s

without air with air




Interstitial liquids: suspensions

a granular suspension: cornstarch on a shaker




Walking on cornstarch
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SCOpIC VS microscopic

[T Viscoplastic

-Bingham
Plastic

Shear Stress

Pseudoplastic
Newtonian Fluid_]

Dilatant Fluid
| |

Shear Rate




Why Is Soft Matter a booming
subject in physics ?

There are many reasons,
but one has been absolutely crucial:

NUMERICS




Some numerical techniques

» Brownian dynamics

» Monte Carlo

» molecular dynamics

» lattice Boltzmann

» Event driven hard sphere dynamics
» Hard sphere dynamics

» Soft sphere dynamics

» Two or multiple fluid models

» Multi-particle collision dynamics

» Hybrid MD lattice Boltzmann

» Stochastic rotation dynamics

» Hybrid granular dynamics computational fluid dynamics







Granular packing (for spheres)

................ - 0.57, RLP =
random loose packing

o
= 0.64, RCP =
2 random close packing

0.74, crystal =
perfectly hexagonal

solid
fraction




Compactification experiment
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regime 2: global reorganization t+1




Analogy: car-parking in street

Model (Ben-Naim):
* Initial state: randomly parked cars (no extra fit in)
 Start to move cars randomly. Whenever there is a
large 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:
pt) — py 1
X
po — P log(t/T)




Importance of sidewalls:
Rayleigh-Janssen model

Force parallelogram as unit cell
of a 2D granular medium

Q I
|
vertical forces = horizontal forces

balanced by sidewalls

T

Lord Rayleigh:

K = coefficient of redirection;
pn, pv = horizontal, vertical pressure

ph:va




Importance of sidewalls:
Rayleigh-Janssen model (2)

Slice experiences friction

force with sidewalls: Pyo
deriction = ,usphU dh CQSurface Area A
= ps(Kpy)U dh g
Vertical force balance on slice: C @ Perimeter U
[p’v(h T dh) — pv(h)] A + Tp +dp,
psipyU dh = pgddh "

dp, U
dh T ’USKZPU — PY | Integration gives:

( N

_ pgA U Janssen’s
po(h) = ns KU {1 — <_MSKZ h)} equation




Importance of sidewalls:

Rayleigh-Janssen model (2)

Pu '/,,fpv = pgh (hydrostatic
/ regime)
........... »/ Dy = pgA
/ ? 9 SK U
/ (saturated
/’ crossover. regime)
/ A D
/ hO — ~ ~ D
us KU  2ug K
h
_ Py A U Janssen’s
Pl = {1 - <_MSKZ h)} equation




Effective weight of granulate

_ psKU
A

in silo

h |(decompaction parameter)

Effective weight on bottom = F (h) = p,(h)A

F,(h) =mg

1 —exp(—x) _ mg | (- 0 for large x,

r~y
([ 4

X

% i.e., large h)

What happens to the remaining weight?




Collapsing silos

Walls take this weight!
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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, Illinois 60637
(Received 15 August 1994)

- s o »; R 8 Q x 3 T

Energy in from this wall Elastic wall
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A) Hydrodynamic approach

Coarse graining over small intervals Ax, At to define
macroscopic quantities:

density:

p(z,t) = <Z 0(zi(t) — ﬂf)>

Ax,At

velocity:
u(z,t) = <Z v (t) 6((t) — az)>
Ax,At

1

temperature:
T(x,t) = <

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

> (wilt) —ula,t)” o(a(t) - ﬂ?)>
Ax,At




Conservation laws

In the dilute limit, using the ideal gas law:
i) =0
M“" Mu = —c1 0, (pT)
p/é‘f—k py@/T - C1MU — ¢y 07 T3/2) —c3ep?T3/?

e =(1—e)/2 expresses inelasticity
In the stationary limit (u=0, 0,=0) this becomes:
pl = constant

82(T3/2) _ %pQT:s/z
x Co

These equations can be solved analytically:




Hydrodynamic solution:
20— NOTE:

ideal case (¢=0, no dissipation)

i has the solution:
1.5 T(x) = TO
' P(x) = po

1.0

0.5

0.0

M N s N | s 1 L s
0.0 0.5 1.0
x

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

0, T'(1) =0 [elastic wall (no heat flux) at right border]




Particle dynamics solution:

Energy in from this wall Elastic wall

(using MD simulations)




B) Discrete description

2-particle collision with

*momentum conservation:

/ /
V1 + Vg = V1 + V2

* energy dissipation:

v1 — vy = e(v] — v3)

This implies:

-

(V)
\

/
Uy
/
2 —

=ev1 + (1 —¢)wvg
(1—€)U1—|—5U2

~N

with: e = (1 —¢e)/2

Before...

...after collision.

/ /
Ul( )( )7}2




Ideal case €=0:

vi’ = vz, v2' = vy, exchange of velocities.

Finally all velocities will be given by the PDF of
velocities on the left.

Uniform distribution of particles, consistent with
continuum description.

Non-ideal case £€> 0:

Numerical result very different from continuum result!

1 fast particle vn~\To 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 !




( )

: I
Velocity centero = ' 1 "

/
1
/
2

U
\_

(1 —¢)vi +ev

assume: vy =1 (for simplicity)

O O-O-00—00-§
v
N Nt N—2  oennon... 2 1

before first collision:
vy =v9=1, v, =0 fort < N

after first collision (between N and N-1):
vy =€, Un_1=1—¢,v,=0fori <N -1

after second collision (between N-1 and N-2):
Uy = &€ - ?JN_1:(1—5)8, UN_2:(1—8)2, U@':O foris < N —2

after (N-1)t collision (between 2 and 1):
VN — &, UN—1 = (1—6)8, UN_—92 = (1—6)26, o
Vo = (1 — 8)N_2€, V1 = (1 — €)N_1




Velocity center of mass (2)

Mean velocity of cluster particles N,N-1,...,3,2:

UCcM = ﬁ(vz\f +uN_1+UN—2+ ... + V3 + v2)

e+ (m e+ (1= et e+ (1— V2

IE SN A

k=0

~ = (1 —exp [ (N — 1)g])

for large N
» € =0, ideal case:
UCM-cluster — 0

» € #0, real case:

VCM-cluster > 0 drift of cluster towards wall !




In an isolated 1D case
granular hydrodynamics
does not work.

What about the general case?




Knudsen number

. J = mean free path
o ° > [ = typical length at which
« . . ° macroscopic quantities vary
o . . | L =typical system size
< ° l o> ®
oo Kn = /L (global Knudsen
° ° o number)
© g local Knud
o L o Kn, .= M (local Knudsen
° o o oc number)

Hydrodynamics work if Kn <<1!

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

Granular system: local Kn large !







