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(Event-Driven Molecular Dynamics)
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(Granular Turbulence in Two Dimensions)

o
ImII

ENTHRAHRSEROQEDEFISONTOHLLE
F i & 1R B BURE R DN

(Granluar Gas under Gravity)

. SROEE




olec

. (Event-DriYen__M




NUhEYTLE #1%% (Event-Driven MD) |

R A e

* DFBAFEE
=1—hr DEBAEREHFME - TEEMRC LIS
UEHRROBMNEERRT SEBLS AR

o ARV IUBSFEINFEE
(Alder&Wainwright 1957)
o BALRTYTRIVITUBRSFEINFEE

(Rahman 1964, Verlet 1967) A I % 22 5k
o ARIREFAIA? | "™T0
FIFREIER, R GEEE, RELGE) LOFER. It

BEIBEE ...

o ARUIRHFDa—Y Y45
HEEODIVEUR:
WPREEO R TRLIEVERENELURET s

RIS, MIEERR S FEN N F LI —Tay —HEROBENBBERFBI 2L —Ts

YDA —, BAYMEZEEEE Vol.10 pp.748-753 (2007).



Historical Review of Event-Driven MD

Alder and Walnwrlght J Chem Phys 31 459 (1959)
Studies in Molecular Dynamics. I. General Method

Generalized algorithm of Event-Driven MD including Square-Well potential.




ﬁ%h%c‘:ﬁr z’)%ﬁ‘f\fﬂ)ﬁ%“\?’ @i,j)

o (r<o)

{ ([ZDOWTHE 2RI DR ZFHHE 5. ON?)

0 (r>o)

BAEDREE CEZE T DRI T 2T t ;.. ON)

EETH

v, = v; — [(v: — ;) - ey] e
S R TORLT ORI TR AR i
v; = v + (v; — v;) - €] €5 &)%)t O(N)

min®
'T’!'j

T

et-j:|

B 2RI 2o T, HEZ24& DRI T DI E
ZEE 5. 0(1)

RIS LR TIZEAL T, IRDOETZE DI
FWZHEHET5. ON)



~MDD7 VIR LR

D.C. Rapaport J. Comp Phys 34,184 (1980).
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L72>L . Rapaport (1980) D7 /LY R LTIE THEMESTE CTHAEL OB, 71
T30 7 a—RVERRICIZRE 2 N E#EA2 35, 90T AD, RapaportDig
X EFEMECT —AEEZ EME ST STV DD R B3 T,

B.D.Lubachevsky, J.Comp.Phys. 94,255 (1991). § Heap Algorithm

M. Marin, D. Risso and P. Cordero, J.Comp.Phys. 109, 306 (1993)
M. Marin and P. Cordero, Comp.Phys.Commun. 92, 214 (1995).

More efficient and simple

algorithm by using Complete
Binary Tree.
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1 2 3 4
(0.20) (0.30) (0.18) (0.18)




M.Isobe, Int. J. Mod. Phys.C 10, 1281 (1999).

Extended Exclusive Grid Particle
Method
*Dynamical Upper Time Cut-off

«Cell-Crossing EventZ & JEL 72\,

FE S A V28 F P REZS A TR T
ShHERAY7 TIVIY XL ERR LT,

S. Muller and S. Luding,
J.Comput.Phys. 193, 306 (2004)

W F b~ DA

A. Donev, S. Torquato and F.H.Stillinger, o
| ° B R~ S5

J. Comput. Phys. 202, 737 (2005)




Development of Efficiency of Event-Driven MD

m 50 years ago.. Alder & Walnwrlght could perform onIy 2000
collisions per one (CPU) hour with 100 particles.

Authors Published | Computer | Particle Efficiency
Year Number million coll. /h
Alder & Wainwright 1959 IBM704 100 0.002
Rapaport 1980 IBM370/168 256 1.060
Rapaport 1991 IBM3090E 57600 7.0
Marin et al. 1993 SUNG690 2500 16.07
Isobe 1999 VT-Alpha 2500 460
600

m Now, we can perform a few billion (~10°)collisions per one
hour on the personal computer with one million particles.
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(Granular Turbulence in Two Dlmenons)
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*ﬁﬁimﬁi((}ranular Gas) =21 ;77_

O 1993fﬁd)Goldhlrsh&Zanettl(PRL 70 1619)0)‘3 EEEI’J SCLHE MAEB S NES
DRFER 7 —ILICHARNGE(EA. RHIRGE) THE S ITon S ESDRE R 7—
ILNE SISV R(TEHBRNE D . S (L. EFEERTTMEFZDE
MOFEZIRLU-ZMIARLEBRASA . —KROFELTHIINA TS,

m COHFIEEIC. MAEKAE(Granular Gas)ERE (X, AN DERPRFEHLE 21—
HHREN TS,

B T. Poschel & S. Luding (Eds.), Granular Gases (Lecture Note
in Physics, 564), Springer (2001).; T. Poschel & N. Brilliantov
(Eds.), Granular Gas Dynamics (Lecture Notes in Physics,
624), Springer (2003).; N. Brilliantov & T. Poschel, Kinetic
Theory of Granular Gases, Oxford University Press (2004).; T.
Poschel & T. Schwager, Computational Granular Dynamics,
Springer (2004).;I. Goldhirsch, Raipd Granular Flows,

Annu.Rev.Fluid.Mech.35. 267 (2003).

0 *ﬁﬁF—LﬁF(Granular Gas)’é mi‘.ﬁumgwo -Dimensional
Turbulence) DR S M LT X
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Calculation (2010.6) I

N=4.19 million
v=0.60
r=0.996368
C/IN=6956




Final Attractor ;

»
»

N=20482
v=0.60
r=0.996

BES. RESZD
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MIRILF—AR
IRV REARY
kL

—» E(K)

— Z(K)

Initial State > Onset of 3 Stage > Final Steady State



Isobe, PRE 68, 040301 (2003).
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McNamara & Young, PRE 53, 5089 (1996).
=% RIZT 2 VortexE—FDEFEEMNEDMDY 22 L— 3> DFERMN SR
'c"*LT:o

Soto, Mareschal & Mansour, PRE 62, 3836 (2000).

RIEARRREHAN TR : 27/ R E2 VortexDEIDE—FDELVEE,
Y (i

Hill & Mazenko, PRE 63, 031303 (2001)' PRE 67,061302 (2003).

E=E R CHRADSDITBIESN R RFRITIA S IEXAIRES, DNSIC
J:Ur‘f"?lv’]@ AIRELNHE SN,

(| EDMDT#HLL R DH>71=1 Vortex 7595 —IKRE

Shear Band

1 Vortex .
r=0.9968 |

2 Vortex
r=0.9968 |

| r=0.9953 |



lar Gas |

o o 7 7

m 1 Vortex Mode: Only particles near the edge of the void-crystal boundaries are
moving actively, therefore, it looks like a ring shape in the temperature field. The
prediction of final attractors seems to be difficult since different final attractors
(1Vortex, Shear, 2 Vortex) appear even if the restitution coefficient is almost
the same. Of course, these results are out of expectation of the previous
phenomenological theory.

m Bose-Einstein condensation: In the dense system, other physical mechanisms
might be relevant, such as the condensed state in terms of 2D turbulence. Indeed, in
the study of 2D turbulence, when the minimal correlation scale (such as
Kolmogorov or dissipation scale) is larger than the system size, the one or two
vortex state appears and a type of Bose-Einstein condensation was pointed out by
Kraichnan (Tabeling, Phys.Rep. 362 (2002)).

Some Examples of Bose-Condensed State in Fluid Turbulence

Experiment

Paret et al., 1996



Sctrum on 2D Turbulence

Theory

Kraichnan-Batchelor Theory E(k)

Energy Spectrum E(k) [m®s]
Enstrophy Transfer Rate 7 [s-3]
Wave number k [m-"]

2/31.—3 ‘
E(k) i 77 / k ? ' o 2 LIlI::trult!ru'.e: ¥ :

" rra

. R.H.Kraichnan, Phys.Fluids 10, 1417 (1967).

. The inverse energy cascade and forward enstrophy cascade (2D forced
turbulence)

. G.Batchelor, Phys.Fluids Suppl. Il 12, 233 (1969).

. The forward enstrophy cascade (2D freely decaying turbulence)

. From the dimensional analysis (like a Kolmogorov scaling in 3D turbulence), -
3 power law in energy spectrum is derived under the assumptions that the

energy spectrum only depends on enstrophy transfer and wave number.




E(k) (arb. units)
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N=4.19 million |
v=0.60
r=0.996368 |
C/N=6956 |
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Theory J P L C Salazar&L R Colllns, Annu Rev Fluld Mech 41 (2009) 405-32

Rlchardson Law—> R(t)~t3 (L F Rlchardson Proc R Soc London Sect A 110, 709 (1926) )

2. Inertial Subrange: 7 <r(r) < L L is the integral length scale

of the problem of single-particle dispersion

1. Dissipation Subrange: 7(r) K n 5= (v*/(e))/*is the Kolmogorov length scale

3. Diffusion Subrange: () > L. statstically equivalent to the long-time lin

1t

Inertial Subrange (2D)

srexp(c’%) for r(t) « /; 1s the energy-injection length

2
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s (*é) + g’ (€ );.J for I; « 7(t) < ly, ko 1s the largest length scale in the

scale

How

HEIRT—TF r(t) >, EEOTERBHTIEED. | o Ve
1,A Dissipation Subrange&Intertial SubrangeZ 73 rosse
[+ & (Kolmogorov AR 7T— )LD K5E) KLVEEEIC

T Mean Square Disp. '
i i

MLIZEIET AR THTT R b S, 2F | T
Y. BART—U IS EAHBEREHDEE TIELEL, oo |

1st (HCES) Znd (Shearing) 3rd {I:Iu$1¢nng@
F . N \]

EO TN EA DA D 2101 N /
D RT LY AZXLATRIZKENH, F4R R S -/ A— _

T—S(HFRE—MRE) (&, WP O | |

AR CHREET AEEZ LN, o e




IRA7—H |

NTHY, 2RTIFEMIEFHILERTIE, S
A=(8v<u?>/<e>)12¢73 5, o 2 ez

o TAS—IAOORr—)L: A
RARELR T, 74—/ 0RT— )L KLFERS

o LA/JILAEL: R, =<u>12)\/v ok
TAS—RAYVART—)LEFE>TLA/ IR FE £

H95&, REBREHRBETIE, 0(102~10%), HIERPIERIR | ool [ °
ETIHO(10YHTELIREGAHIEN LGN TLVD, o
MEASEOIRILE—BERes T, BRAEHITE | 8 7
PLIZaAL—2avh b REBEND, BifhtEREvIE | X
r=1DEnskogB i MHRFS, t~0TIER ,~124ThH | Z

DM, TVAMATA—RUBERENRRELEDVSAZ) Y i 5
SR E L ~252T R ,~445.4 [THKL. BLfEd 5,| @ = 3((V-u)7)

MAIARDEBEBRICE TEH5L /I X BITDHATERENSEFEEHEITER . JE

ER—HRFAREDOEKEINEARIEREEDONSIFE2RT—ODROHYICENTIE, FEL
EELRDIEETEMT 5, MARAFRDIEFRIEZRIT EENZIRIN GO NT=,




Point Particles

(r=1)

Qi%ﬁﬁﬁmﬁggmwwé

EBH— T
Sl R

IRAMAT4—HRT—R Bose-Einstein &
LT —asF A \ ‘
TR S g
CO

Inelastlc Collapse |go-

URTFLYARKE

/0 FHAF)

SRFLHARIKE? b
EDMDIZ XA ASARITEROFMTRIECIZELFRIEDS /O

REGH P

BEREERI DERLG A EmairBELTSEEDND,



Brownian particle
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Driven Granular Gas under Gravity I

 Energy Balance

 Supply (External Driving):
Vibrating Wall, Thermal Wall ...
« Dissipation (Inelastic Collisions): :

- Driven Granular Gas is one of prototype to investigate o R

the Nonequilibrium Steady State (NESS)

Vibrating Wall

Sdede W 0 20RO EFS B & b 000 00 &

Thermal Wall



Introduction g

Collective Behavior in NESS

: !

Various Interesting Phenomena

« Convection (Faraday 1831, Evesque, Rajchenbach 89)

« Surface Waves (Fauve et al. 89, Umbanhowar et al. 96)

« Size Segregation (Duran et al. 93)

 Transition from a condensed state to a fluidized state
(Luding et al. 94, Goldshtein et al. 95).

Macroscopic Characterization

 Itis important to study how macroscopic quantities in the
system (Center of mass, Granular temperature, etc..)
depend on the system parameters (N, r, A, ...)

« Scaling relationship for the macroscopic quantities
(Luding et al. 94, Warr et al. 95).




Introduction

B We propose a novel approach based on a Langevin equation
for fluctuating motion of the center of mass of driven
granular gas under gravity.

B In this framework, the analytical solution of the Langevin
equation is used to derive analytic expression for several
macroscopic quantities and the power spectrum for the
center of mass(COM).

B In order to test our theory, we performed extensive event-
driven molecular dynamics simulations for one- and two-
dimensional systems for a wide range of parameters and

compare with the theoretical predictions.




e Equatlon of motion of Center of Mass (COM)
d’Z

—=-Mg+F,

M : total mass of particles | 3
Z(t) : height of the COM ' o lg
F,(t) : force exerted by the bottom plate RRTAEY '

 Important time scales: ’aT‘

t: oscillation period of the bottom plate, I 2] R
T,o- Macroscopic relaxation time.

Fluidized state <= 1 <1

s e

rel

J. Wakou, A. Ochiai and M. Isobe, J. Phys. Soc. Jpn. 77, 034402 (2008)



Theoretical Approach

(Course-Graining from Micro- to Macroscopic)

_______ e B R e Microscopic

* Molecular Dynamics -
(Gallas et al.92, Luding et al.94) etc.. I

 Kinetic Thoery (Jenkins Savage 83)
Velocity Distribution (Bernu et al. 94)
Scaling Relations (Kumaran 98)

« Hydordynamics (Jenkins, Richman 85)

Density, Flow, Temperature Profiles (Brey et al.01)
Scaling Relations (Lee 95)

 Langevin equation (wakou, Ochiai, Isobe 08)
(which aims to describe macroscopic properties)

Center of Mass, Global Temperature :
Macroscoglc




Analogy with the Brownian Motion |

Assumption:

F, consists of the
static pressure &
1. Random force
2. Frictional force
3. Elastic force

| Brownian particle

Force acting on

the bottom plate

Analogy

Force acting on
a Brownian particle




Langevin Equation |

* Langevin Equation of the COM

2 —
c % =-Q*(Z-2Z) +f, —p£+R
dt dt
IFrictional Force I

2. Elastic Force Random Force
Elastic Force due to:

1. Expansion and contraction of the granular gas
2. Excitation of a sound wave

1. Elastic Force

* Macroscopic Parameters: Q=Q/t_, u=[/1,
T, = ¢/g (c: thermal velocity)




Properties of Force |

 Elastic Force due to excitation of sound wave

Hydrodynamic sound-wave theory
if Vi oiom << €, then

= f(t)=59 A mcosat
C

(if Vi teom == ©, I, might become nonlinear (shock-like) )

e Random Force

Gaussian white noise
Fluctuation-Dissipation Relation

(RIHR(E')) = 2ukg T /M x 3(t - t')

(T is granular temperature)




Solutlon of Langevm equatlon

Z(t)-Z = Agsin(ot+0)+ [ G(t-t)R(t)dt
(D Power injected by the bottom plate

5 (Aof [ (o
P, =Fv, = -MaZv, = Mg (1+0(®7))
)
O=0T, =—>>1
T

@ Power spectrum for the height of the COM

N N ) 20
ICM((D)/NSf _2N( c’ ](( o ))Jr(f? &°) +(Ad)’

Delta functional peaks at the
frequency of the bottom plate




N
‘ Event-Driven MD 1D System I Model -

AZ
.-
| -

ZN

Z4

-- 13

Gdbde 00 SOROMORIS B & 0O MR 0 @

N inelastic particle under gravity

Bottom plate oscillate sinusoidally
Z,(t)=A, sinot )

Acceleration: = A

g
Inelastic collisions between particles
with the restitution coefficient r
Elastic collisions between particles
and the bottom plate
No rotational degrees of freedom

S. Luding et al., Phys. Rev. E 49, 1634 (1994) and many papers.

M. Isobe and A. Ochiai, Mol. Sim. 33, 147 (2007).
J. Wakou, A. Ochiai and M. Isobe, J. Phys. Soc. Jpn. 77, 034402 (2008).




Macroscopic Characterization | Introduction g

1D Event-Driven MD (Luding et al. 94)

*  Order Parameter: X=(1-r)N

2
_ A0

e Acceleration: I

* X>X( :Condensed State /

* X<X¢: (I' small) Condensed State
(I large) Fluidized State—"|

* Averaged height of COM ,
in Fluidized State 7 o \/s

X

Kinetic Theory(2D,3D) (Warr et al. 95)(Kumaran 98)
« Theoretical Derivation for the Height of COM

V,: Maximum Velocity
of the vibrating plate




Power Spectrum for the height of the COM |
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The continuous part of the power spectra

at various system parameters collapse on
a single master curve, which agree well

Behavior at high frequency

is out of our theory

with the theoretical prediction.



Summary of 1D System with Vibrating Wall || | Discussion jp

 Comparison with the extensive microscopic Event-Driven
MD simulation for a wide range parameters

*  T<< T, - fluidization
* Ayo <<c: hydrodynamic sound-wave theory is valid

 Amplitude of Oscillation of the COM

* Power Injected by the Bottom

 Power Spectrum for the height of the COM

* Kinetic Energy of the COM (Violation of Equipartition)

 Theoretical prediction is good agreement with the event-driven
MD simulation by the following three parameters:

n

5=1.501=2.00=1.5




Event-Driven MD :2D System I Model jgor

N=200, r=0.996
2500 prrrrrrrm T T T T ‘

* N inelastic particles with diameter d
ol * Periodic boundary condition in the
horizontal direction
* Bottom plate is a thermal wall with
temperature T, T
* Driving Intensity: A =-82°
mgd

G * Inelastic collisions between particles

Shoxt) ° ° ° °

o | with the restitution coefficient r
7. .o d |+ No rotational degrees of freedom.

M. Isobe and H. Nakanishi, J. Phys. Soc. Jpn. 68, 2882 (1999).

M. Isobe, Phys. Rev. E 64, 031304 (2001).
J.Wakou and M.Isobe, AIP Conf. Proc. 1145,171 (2009).;1217,135 (2010).




* Langevin Equation of the COM

d:Z — dZ
= =02 z-7) B - 145 4R
dt . dt
1. Elastic Force I I
Frictional Force
2. Elastic Force Random Force

Elastic Force due to:
1. Expansion and contraction of the granular gas
2. Excitation of a sound wave

+ Macroscopic Parameters: Q=0)/ Ty, W=0/T,

T, = ¢/g (c: thermal Velomty)




Power Spectrum of the height of the COM I Result j
Theory:
Nearly Elastic Case

A= lﬂﬂ{]
mrm —0.999%

~xsm.ooe | || Theoretical predictions
N=300), r=0.9992
WN=200, r=1.0

—xaroms  AWith i = 2.0and Q =1.5.

N=200, =0.994_-

el e o0 1000

In the case of nearly elastic particles, the power spectrum (with same
parameters as 1D case) agrees well with our theoretical prediction.




Theory:

5 ~
lem() O = 2 Azuz n ~\2
Ng' (¥ -&°) + (@)

Largely Inelastic Case

N=200, A=1000
i N —LEZEE Theoretical predictions

~ RSy 7o A -
" ! & “fZ09 t Awith i =2.0and Q =1.5.

- N r=0.90

| 1

i I What is the cause

e of the deviation?

We find that systematic deviation from the theoretical predictions as

inelasticity increases , which have high intensity.




Cause of Deviation at Large Inelasticity |

Failure of the Law of Equipartition

A=1000
100; T
g © 1000 ]
i 0 500 ] .
S _ Sodtpartition | Ky Kinetic energy of the COM
<10 — 0.340* (k,T/2) "'
- - ]
2]
4
\2 ____________________________
O
X

We found the failure of the law of equipatition at low temperature.

This is not surprising because the system is far from equilibrium.
No theoretical predictions on the behavior of K, / (kgT/2).




Thelolatlonof the LaW oquu1part1t10n

Development of the density inversion

(Simulation: Isobe&Nakanishi 99; Theory: Brey et al. 01, Bromberg et al. 03)
A =—N
2

ey’

N, : number of layers of particles at rest

Density inversion occurs at A > A,

A=0.886 (r=0.9998)
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Packing fraction
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— slope +2

-- equipartition
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Violation of Fluctuation-Dissipation Theorem f

Fluctuatlon-Dlssmatlon Theorem (of the first kind)

(ROR(')) =18(t—t")

K LMWQ
cM =

4u 2
Equipartition

KgT

global — I x 2HkTg|oba| /M

Is the Langevin equation still useful?

We put | = oB Kcy and determine K., from simulation data
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Concludmg Remarks

Conclusion g

B A Langevin equatmn for the motlon of COM was formulated to describe
the macroscopic properties of the fluidized state of granular gas under
gravity. Comparison with the result of extensive simulations:

Vibrating Wall Thermal Wall
~
1D System excitation of the sound Good agreement
wave (%)
2D System Under consideration No density inversion
(nearly elastic)
2D System Under consideration density inversion (**)
(Large inelasticity)

B The origin of Violation of the Law of Equipartition is
different between (*) and (**)

B Future Works: Extended theoretical framework for the presence

of density inversion (modified Fluctuation-dissipation relation)
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