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Dynamic Temperature ~0 as compared to granular energy
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FAFRE T ST

» Velocity distribution

» Energy dissipation along flow direction
during condensation

» Clustering in granular gas

» Cluster in compartmentalized granular
system
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Z1B2 I 5 (Clustering)

Molecular gas system

granular gas system

Goldhirsch I and Zanetti G,
Phys.Rev.Lett.1993



MR R E T S5 BRI RIS : Maxwell’s Demon

Maxwellﬁ

% 15 B 1k B BB 0 T S8 5 I 2 AT,
Maxwelldk 4 A7 il id. MmiE i3 m
P —ARBHEERRG ST, —&
RBEH T MmABRLART, Fk
AF sk riE £ Maxwellbt 69 /8 &, Fik
AARELE—NCT

BHZERKAERNN, KREBHIEZR NI
RBA, XNT XIE 7 # (pitchfork) .

J. Eggers Phys. Rev. Lett. 83 (1999) 5322
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Oscillation

'V
'V

f=60 Hz

Hou et. a/ Phys. Rev. Lett. 100 (2008) 068001
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Liu et al., Front Arch Civil Eng, 2010
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BR S 4 In ideal gas

» In equilibrium statistical mechanics, the kinetic
theory is used to define an absolute temperature as
the average translational kinetic energy of the random
motions of all the particles.

» The simplest case is non-interacting particles of the
ideal gas,

In a gas at equilibrium, the distribution of the
particle velocities must satisfy a statistical distribution
function in Gaussian form

> that T, a is connected not only to the average value of the energy, but also to the
form of the distribution function.



B S 4 What is the case in granular gas if we want to establish an
athermal non-equilibrium thermodynamics?

P(v)~exp[ —[v/vo|

with the exponent (=3/2.

The experimental and theoretical conditions are quite
different: in the experiments, the energy is injected at the
boundaries;

the theoretical model considers a homogeneous driving by a
white noise, acting in the bulk of the homogeneous system.
The agreement between experiment and theory for the
exponent ( is somewhat misleading. The inconsistencies in
experimental results depend on various parameters, such as
number density, inelasticity, energy injection,etc.

A Barrat, E Trizac and M H Ernst, J. Phys.: Condens. Matter 17 (2005)



BRI S5 Experiment in microgravity

Boundary Heating

Parabolic 2006

Cell = 10d x 10d
N=47 Bronze balls
® =0.54

Frequency(Hz) A0 =peak, mm) T(m/s?) Vy(m/s)

49 0.23 2156 0,070

07 0.11 41,28 0.067
07 0.14 53.60 0.088
49 0.12 11.73 0.038




AR S A Vibro-fluidization

<V,>=0,<V,>=0, — y

The boundary heating method develops gradient in
density and in mean kinetic energy along the vibration

direction, and n (y) 7 n (Y), + () ;é T ()

Hydrodynamic description fails?

28
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The local velocity distribution profiles
of the longitudinal component are
asymmetric or in two peaks near the
walls, and this feature extends into the
bulk, while the transverse component
remains symmetric.

Journal of Physics: Conference Series 327 (2011) 012033
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Chen Yanpeil?, Pierre Evesque', Meiying Hou?, C. Lecoutre?, F.
Palencia® and Yves Garrabos?




FR S Event-driven simulation by Zippelius’ group
(Phys. Rev. E 70,051313(2004))

Considering stress tensor in two terms: kinetic contribution and interactions
between particles:

mt{: r.t

ﬂ+rr

’ dv, ’ Avy, foelr. vy 0y)
JR JER

X[v;= U)o~ U]




y— Event-driven simulation by Zippelius’ group (Phys. Rev. E 70,051313(2004
%ﬁ*ﬁ SE y Zipp group (Phy (2004))

» They showed solid like stress tensor in such
boundary heating system.

» Anisotropic stress that 6,, # 6, and the o is a
constant, while oyy(x) is not, it is a function of x.

Xis the
vibration
direction




ARL S The problem:

No convective flow:
Stress, density, k/net/:cm?TgH: X-dependent

Probably because of insufficient grain-grain collisions?

Two unusual facts:

Q Wall effect enters into bulk: f(v) has two

peaks

O Stress anisotropy: | W

Haff's hydroadynamics of granular gas has to be generalized

[ ]




=
AL S } Haff's hydrodynamics of granular gas ‘
lar heat:
e halanoe _ Flux of granular heat
L

=xV,T,

mass conservations 0,0+ V,pV, =0
0,8y + Vi (,V —7, =(Rg /Tg)—
0,s+V, (sV,-h)=R/T

thermodynamic o - ( pﬂ _f jgik _ O-i[k)
identity of stress op
5 / No stress anisotropy:
Viscous stress: oy =1V,

when V =0

W

Production rate of entropies:
R=hV,T+¢V,T, +IT, +0?V,

ik
_ (D)
Rg =0, V.

ik



How to generalize the Haff’s?

€s.

Expanding the set of state variak

Poudres & Grains, 18(1):1-19, 2010

suggested.:
Haff: o, T ,V,
P )y yO
To add
P4 pO = p
Egs. of motion? PV 1+ pOVE) = py
Thermodynamics?
0 — Y l
: o : o
® %o | ©, %o | °, o




How to generalize the Haff’s?

Expanding the set of state

variables:
Haff: ,01 Sg | Vi

0.8, +V, (v 1) =(R, /T, ) =1 Additing two more diiffusing-
relaxing variables: (a vector A t
1771

_ (o) _
Ry = 0 Vi and a tensorj

a'[Ai +Vk (Ain _li(kA)) — _|i(A)
54y 9, ) =1
R=hV,T+4V,T +IT, 1oy,

k

The additional

dissipations produce the
heats

(A) (t) (A) (t)

A simple choice of transport coefficients gives:
oij = Pdij —nuj; — cpaldiAj —ep Bt



Reasons for a vector and a tensor: Ai : ti j

k_> »Two peaks of velocity distribution
e mamac » Anisotropy of kinetic energy

ot 4
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0
x/L

Phys. Rev. E., 70:051313, 2004.

_Olaf Herbst_. Peter ;\-'Iiiller. Matthias Otto, and Annette Zippelius
for <v. >=0
f(v,,v,,V,) = ozexp[—(vi -&)B;(v,-¢ )J + exp[—(vi +aé) B, (v, +aé )J

k_} G By & A
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ARS® Free energy

consider v=0
Haft: ~ W(0, T,)

The GSH: W(,O1Tg ) Ai 1tik)

We may simply assume the Tailor expansion:

w = wp + {f}{JTf cpAF + ep f ) /2






packing fraction

RIS 1

Applying the GSH to:

ALt =0

.

0.0

05

10
x/L

15

2.0

0.4
0.24

0.0

0.2

0.0

The observed behaviors could be
explained.

Y
—————— simulation [2]
(restitution coefficient 0.5, loose)
; : : ‘ ;

(b)

______ simulation [2]

(restitution coefficient 0.9, loose)

0.2

R simulation [2]

0.0

(restitution coefficient 0.9, dense)

05 1.0 15 2.0
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1Z|S For mo

parameters: number of cells. particle numbers. driving
velocity

.
.




Granular Clock

®Segregation distributions
(SEG)

® Particles populate among the
two compartments back and
forwards periodically (OSC)

f=60 Hz

Homogeneous distribution / “
- / -
L[][

Oscillation




p— When increasing the number
03-*;;;ﬁ£3§ of heavy particles, d-0SC

0.6} W and s HOM states are
& % (o)

il observed.

s—HOM:

LA 0.0]. o rerd?
100 200 300 400 500 0.0 03 06 09
time Do Light particles homogenous

populated in the two
compartments, while the
heavy particles only partly

R PSS ) I (O ici
N A ' participate
gAY

Ao rnyf S | d-0SC:

Light particles Oscilate

0 50 16_0 50 200 00 02 04 06 08 10 between two compartments,
time 2, while heavy particles only

partly participate

o
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_ V,driving velocity
gratio of N __ /N,

heavy

N...., =1000

total




ik Flux model

@
O
o O = Assume the flux is only a
o function of number of
particles in the cell

© O
Balance eq.
e B




F(N) oc n(h)Jk,T
p=nk,T
m __mgz
b @=—mgn n(z) = - e =
= = Qk,T
Qdissipation — ‘]in — kBT o \|<|b22
Qdissipation

J.. oc NV,







Flux model for Mono-disperse granular system

homogeneous:

Small perturbation around this point

Around a homogenous solution

At point a, homogeneous,

At point b, segregate



Flux Function for Mono-disperse System

h=45r (simulation)
h=65r (simulation)
h=85r (simulation)
— h=45r (flux model) :
- = - h=65r (flux model) Smgle—peak
h=85r (flux model)

200 400 600 800 1000 1200 1400

N

MD Simulation results (dots) and
theoretical results (lines)
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0.z

0.0

(experiment)

Vb

Bi-disperse two-cell system

1.0
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Bifurcation

[u]
o
u]
[u]
o
e}
(@]
0]
O
\V

b
=

-
L]

v (experiment)

o
(]

infinite periodic [T, nIzLEE

Hopf
bifurcation bifurcation
sadcﬁle-node bifur
HOM—— OSC — SEG

One One Two I e el

fixed Limit fixed [

point cycle points
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BRI S / J\ z:él:

» The clustering behaviors in shaken fluidized mono-
disperse and bi-disperse granular material in connected
compartments were studied experimentally, by simulation
and theoretically.

Granular system > agood model system
for studying nonlinear bifurcation phenonema.
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Fig. 8.1 Grains in a bed of granular material separate out according to size when it is shaken vertically, with the larger grains rising to the top. This
may be due to a ratchet-like motion in which small grains fall into the space beneath Iz ' grains as they rise during each shake. Each large grain

tends to accumulate an empty space (void) below it. When the box is shaken ve ! arge white ball rises from the walls of the void, and the
smaller grains in a ring (with 3 wedge-shaped cross-section) above it can slide down the walls of the void—here | have indicated these grains in
dark grey to distinguish them from the other small (light grey) grains around them. When the ball settles again, It come to rests on the cone of dark
grains, and so has risen a small distance d. roughly equal to the thickness of the dark layer. Note that the disparity in sizes is extreme in this picture,
for clarity.
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Nagel (PRL, 1993): Convection causing large grain from moving back down.

Fig. 8.2 Grains in a tall column undergo convection-like circulating mot?o—r;} the grains in the centre rise upwards, and those at the edges crawl
down to the bottom in a narrow band. The images shown here are reconstructions of an experiment in which some glass beads were dyed to reveal
their motions. An initially flat layer near the bottom of the column (3) separates into down-going beads at the edges and rising beads at the centre
(b). The latter move outwards at the top and then downwards at the walls (d); the former move upwards at the centre when they reach the bottom
(c, d). A single large bead gets trapped at the top because it is too large to fit in the narrow down-welling band at the edges. So the convective
motion causes size segregation. (Images: Sidney Nagel, University of Chicago.)
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Wig L/M L/M

Fin MEES SN BEL 1.31: 8.37
® = 0.55 mm; I' = 6; f = 90Hz (a), 70Hz (b), 60Hz (c).

remmmwEeanmEn. = *\d/g




WIS &AL, Ry 2.5 18
0.55mm(a),0.25mm(b),0.17mm(c)

I'=6,f=90 Hz
BB R B BE UL R~ 3G 0 TG 3 0
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rise/sink time of ball

AP

SRR
120 . . . ] :
1 1 D=0.0mm
807 4 d=0.12mm
T 604 J H=60mm
= 40 ih=somm |
" ! 41=3.0
20'- 1 f=30Hz
0 >, o
E/g), 4212-. Positive buoyancy - ]
" 50n C‘|> Negative (reverse) buoyancy h O. D\E'] ' '
80_' : eutral buoyancy > ; . \ \D /F—'”bo\m\m/m |
1004 d> ] |
120. - I ] | b | . ,-E\ _40 \\ — t& |
0 1 2 3 4 5 E |
sink time e _ X _ = 60 o e 1
rise time density of ball/density of bed particles > *\1“\5 0
-80 \ S/
o 1 2 3 4 5
NEEAP(A05MM) A EA R M oot o

X. Yan, Q. Shi, M. Hou, K. Lu and C. K. Chan,

PRL 91 (2003) 14302



Dilute-to-dense transition in
2D granular flow
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Dilute-to-dense transition in 2D granular flow

Thin plates

Confined exit

Weighing sensor




Dilute-to-dense transition in 2D granular flow

Outflow rate vs. opening size

40

10

The transition occurs along Curve BF(Q_, d_)




Dilute-to-dense transition in 2D granular flow

Vin Pin ((D—d)/Z) — VOut pout 0

and

o
o ’ A
',(’Q‘v pout - pcr
-1

r




Dilute-to-dense transition in 2D granular flow

New scaling variable

% = (d/do)*(d/(D - d))



Dilute-to-dense transition in 2D granular flow Rescaled
flow rate vs. A

fr

N

I KL A

Dilute-to-dense

Dilute flow

m D=30mm
A D=25mm

¢ D=20mm
» D=15mm

q =216 (1- e M*)

black q=270 (1- e -8

)0.7

)



B - 36ms B —(ns B =16ms

The drag force:
<F>d = mgH




LR .
Equation of motion:

du/dt=-2u/1-2/7%+g

The penetration distance z(t) is found to fit

4 (t) =gt 2 (1 et/ T) + (uo—g’c) tet/ &

where ¢ is the gravitational acceleration, and t1=o/2M, is a
characteristic time depending on «, a coefficient related to
the medium "viscosity", and projectile mass M.

gﬁ ﬁﬂ\/ﬁ' ———a hon-Newtonian fluid
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/%ﬁ ‘/))( (SHOCK WAVE)

SHOCK WAVE Is a thin transitive area
propagating with supersonic speed in which
there Is a sharp increase of density, pressure
and speeds of substance.

—




for a typical steel alloy,

K =170 GPa, R4 &

G = 80 GPa BY{J# & and

e = 7700 kg/m3, yielding

a longitudinal velocity ¢, of 6000 m/s.
The shear velocity c, = 3200 m/s

E(l -v)
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( Speed of sound in granular medium )

/5]

y=1+2+evl-(v/iv_)"™"T")
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CCD 256*256 pixels,
955Hz
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The density profile of the granular shock front can be fitted to
a generic density profile used in compressible fluids:

—(y'-ut)/ A
_ nye +n,

e—(y'—ut)//l +1
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lfequation(l) :

o measured
eqgn. (1)
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» Albert Einstein noted in his 1905 paper on Brownian
motion that the same random forces that cause the erratic
motion of a particle in Brownian motion would also cause
drag if the particle were pulled through the fluid. In other
words, the fluctuation of the particle at rest has the same
origin as the dissipative frictional force one must do work
against, if one tries to perturb the system in a particular
direction.

» Einstein-Smoluchowski relation: D = pkgT

» linking D, the diffusion constant, and y, the mobility of the
particles. (u is the ratio of the particle's terminal drift
velocity to an applied force, u = v, /' F). kg = 1.38065 X
10~ m? kg s™2 K !is the Boltzmann constant, and 7T'is the
absolute temperature.



http://en.wikipedia.org/wiki/Albert_Einstein
http://en.wikipedia.org/wiki/Brownian_motion
http://en.wikipedia.org/wiki/Brownian_motion
http://en.wikipedia.org/wiki/Einstein_relation_(kinetic_theory)
http://en.wikipedia.org/wiki/Fick's_law_of_diffusion
http://en.wikipedia.org/wiki/Boltzmann_constant
http://en.wikipedia.org/wiki/Absolute_temperature

Stochastic processes

The Langevin equation

T & F o RART, ‘f‘é?ﬂikbf&ég\é@a/i\m/‘,,fo,_/l\mﬁ(t)
dr _ g
gt B4 #AE| [E=6znalm
dv L
dt

|

|
Oy
<
.|_
]

£ X e #ANV() = Ve + ; dze *“F(7)

- - t — —
<V(t)-v(t) >=vie " +2 jo dee*® v <F () > | [Fomo

. Jot dr j; dre @) < F(7).F(r) > <F(t)-F(t) >-=Coo(t-t)




o C-
<V(t)-v(t) >_=vee ™ + 2—V° (1—e")

Forlarget, X2 % [3KT /m

T = .
The fluctuation-dissipation theorem|< F(t)- F(t) >= 6%550 ~t)

then we get
F() =1 +% = (-e) + [ de[ dre“IF ()
=NtV ‘de]

from which we calculate the mean square displacement

r(t)—ro 2 :V—gz(l—e‘ft)z+£T2(2§t—3+4e‘5‘—e‘zft)
v 5 mg

for very large t this becomes
- -2\ 6KT
<(I’(t) — ro) > = m_ft
_ kT
mg

from which we get the Einstein relatigD

— — 2
where we have useo <(f(t) - ro) > = 6Dt
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(1) {(t"))=2(kgT/ y)S(t—1"),

driving force f.

V(r) == kgT In pey(r)



= Probability distribution
Gauss Fit of B
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x=(12.1,13.5]
x=(13.5,14.9]
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Gaussian fitted
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x=(10.7,12.1]
x=(12.1,13.5]
x=(13.5,14.9]
x=(14.9,16.3]

x=(16.3,17.7]
x=(17.7,19.1]
Gaussian fitted




Experimental test of Bier-Astumian Fluctuation theorem
in a granular system

_ W | BRIEREMOR R
45- . 200 . .
4.0 500 Bier and Astrumian
35+ ooy discovered that the
20 > 2000 transition probability of
2.5 - 3000 : . .
20! 5000 particle trajectories
S el between two positions in
104 space with defined
0.5 potential U satisfies
0.0- B e
. S P(x, = X;At)
0.5 . T K T K T K T K T K 1 — 0 !
8 10 12 14 16 18 2AU = —kBT log

P(X — X,; At)

MU= TIoglPOI-U, [ e
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> BULEE (Effective temperature)
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Sound probing in sheared granular
solid



Background

Effectives Coherent Porous & Geological Media
Modes

Grains & Powders

(10pm ~ imm)

Waves Propagation Acoustics

@ Disordered Media ‘:I @ Granular Media
@ Nonlinear Behaviour @ Heterogeneous Media
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Motivation

Granular Matter w | =

“solide” “liquide™

=> Statics & Dynamics (dense flow): Contact force networks

under load R o L under shear

(Dantu ,1957) T R A R T s b §rs-10d : owell et al, 1999
2o Dl e S (d: grain size) @ )

4 Non invasive acoustic probing: statics (viscoelasticity) and dynamics (dense flow) (reversible
sound-matter interaction: x < 10 m)

4 « Perturbating » the granular medium by sound (irreversible sound-matter interaction:
u ~ 10°— 107 m): effective granular temperature

vs weakly shaking / shearing (x > 10 m), leading to the solid-liquid transition




Gas — liquid — solid transitions in Granular Matter FI KL B TS

Jamming-unjamming transition Granular gas-liquid transition

Temperature

&
3® « Jammed
grains etc.

G

Loose grains,
bubbles, droplets etc.

1/Density

M. Hou et. al. PRL 91,204301(2003) R. Liu et. al. Phys. Rev. E
75, 079705 (2007)
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perimental setup

» _reveived signal

Displacement



Sound speed and yield stress in simple sheared
dense granular solid gongitudinal wave)
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Sound speed (shear wave) and yield stress in simple
sheared dense granular solid
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main stress coordinations
shear stress coordination :

0=45"+¢/2

Internal friction angle

oo 0 O
0 o O
0 0 o

Then in blue coordinates, stress is

N +aF 0 F
O = 0 N—-Fcotéd O
—F 0 \
a = tan @sin” @ —cot & cos’ &
o,=N-Fcotd

o,=N+Ftand



Based on the elastic theory, sound speed

SR [E] T -
Sij — p_lMimnj kmkn
Sound speed )
0o, 0°W ,
ou,; oU;,0U,

k =k /k Wave vector
sound speed is obtained by the root square

Of the three eigenvalues.

Consider the sound wave propagates along z
direction, the speed of sound is a function of

M348 B8 2w (o, u,, )
1FRIEM, (o5 uy)),

number density and the stress
P AR, TN T o C ( 7 )
s, (0.0, ), HHELHAGEL, 123\ 1 Ojj

A Cp (p1o-ij)




SR B 1
Internal energy W ( joz uij )

0.15
-pl
W=Bo[pl - pmpj x/X[éA%éus?j

1=p/ P

Wetale: B ~12.2GPa
£=5/3
o, =0.74
Py =1585(1588.2)kg /m®  RCP



Comparison of the calculation with the experimental results

longitudinal wave

0o _go

noo-gU%0o
ooo

= 0PP0oagn o

0.05

Under different load, density and shear force Using these ,N,F values sound speed is

we measured

calculated and compared with the
C:c(p’ N, F) nerimental results as shown above
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