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[. Introduction - What is granular physics?-

» Granular Materials: Inelastic Repulsive
Interactions, Excluding Volume Effects

* Rich Examples in Daily Life: Important in
Industries

* Interdisciplinary : Soil Mech., Civil Eng., Chem.
Eng., Earth Sci., etc.

» Strong Fluctuation : Not easy to control
* A Good Subject for Theoretical Physics
* Important for Education of Physics



I-A.Physics of inelastic collisions of
macroscopic materials

You do not know the details of inelastic collisions of macroscopic materials.
For example, the coefficient of restitution becomes easily larger than 1.

M.Y.Louge and M.E.Adams,

Phys. Rev. E, 65, 021303 (2002).
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FIG. 5. Kinematic coefficient of normal restitution versus ",
=|tan y|. The triangles and circles are data with |u|=1.5 m/s (A

12 cm) and |u|=22 m/s (A=25 cm). respectively.

FIG. 1. Impact geometry.



Shape of sand piles

« Static shape is from the frictional
force. (Cf: No shape of fluid).

* Force distribution is not uniform.
The shape and the force
distribution depend on history of
making sand piles.

* Pressure distribution obeys an

exponential function.




Force propagates along force

chains

* Strong fluctuations - collapse of a silo by

» Concentration of stress concentration!
stresses in small

number of particles

~
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Force chains (2)

* Force chains can be observed in an array
of photo-elastic disks (below).




Frictional flow in seeds of mustard (photo by
Chicago group)

coexistence of solid-like
region and fluid-like
region
Seeds in solid-like
region has very slow
creep motion.

Fluid-like region obeys
Bagnold’s law (shear
stress is proportional to
the square of velocity
gradient).




Granular Gases (What can we obtain if molecules in
gases are dissipative?

(1) The system is a model of
intersteller dusts.
(2) Theoretical analysis is possible,

Goldhrisch and
Zannetti (1993 PRL)
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An oscillon observed in the experiment in Texas group




Typical Patterns

Multiple oscillons Surface patterns in vibrating beds



Tvpical Patterns (2)

Multi-rolls convections



Segregation

Radial segregation

Axial segregation [>
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Ugawa and Sano

Fig. 2. Undalations of a thn pranuler byer, Right column = a
cirespenchng example obbserved e an h = GHmm layer of Sesaime:
(A) f =20Hz, o= 260mm, I' =4.18: ($,} f=27Hz, @ =252 mm,
F=T7.41: {As) f=30Hz, a=1A0mm, I' =507 (%) Ff=30Hzx
ag=202mm, ['=732; {A3) f=30Hx, a=233mm, I' = 8.44; {55}

f=30Hz, a = 264 mm, [ = 456 Mxle 5, is an almost nigid-bady up
andd dovwn molion.



EERTHASNT=tD (2)
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in) fi=0 i ft=0.8 (¢) fi=1.2
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{1.:] ﬂ_l 3 th) fi=3.0 m ft—a 5

l‘r T T I T T

— container
&= = = bodtom of gramuler layer (sesamel ¥

{a) (e

Fig. 3. Snapshoiz of the sesame layer af time {(8) r =10, {b) r =T and
{c) r=2T.

ig. 4. Reltion between the container and the lower boumndary of the
granular layer: (1) Snapshots of the time sequence of undulations with
F=30He, a=23mm and k =4.0mm {zesame layer), {IT) Relation
between the bottom of tee container and the lower boundsry of the
granular layer; the alphabets (#2)—{i) indicae the cormesponding phases.



|-B.Standard method of simulation for granular
particles (DEM)

 DEM(=discrete or distinct element method) is a
standard technique to simulate granular assemblies.

* This model is a kind of that for molecular dynamics
simulation based on a soft sphere model.

 The model can describe both static friction and
dynamical situations which is superior to high speed
simulators such as inelastic hard sphere models.



Outline of DEM

DEM includes both contact
repulsive force and dynamical
friction force.

DEM includes the tangential
contact force as well as the
normal contact force.

DEM usually contains the
rotational motion of particles.

For the simplicity of contact
judgment we usually adopt soft
spheres but we can introduce
more realistic models.
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Equations of motion for DEM
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Ripple Formation
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I-A EFEHOAE . BAZOREE M

(T;X) = (T X") e ST X") > 8(T; X)

S(T'; X):entropy
T:intensive variable
X:quantive variable

a:adiabatic operation

IR (Clausius D E38)
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Ludwig Boltzmann

Boltzmann @ HHY : #4528 2 3B 2 %A CREBAL 7=
1866 RAH (Z01)

1872 Boltzmann HFFEAZEA = HBEHMRFREOER (H = —kS)

vrdt

.....
]

HED (e, ¢, +de)) DENIHL5T L (e,e+ de) & DFELET
(6,6 + df) IZHYEL S 3 S SR



Boltzmann A2 D EH

f(e)def(cr)deyv I (v, 8)27 sin Odt2mbdb
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_ &
=

I(v,,0) 2r | ~ d9sin 01(v,, 0) = wd?
0




HE (1)

H BBz ke —@mAlE DERy o328, (FL50a0mBEEf
FPHAL TWBRATHPRHIZRWVE WL EZOFENR.)

H= f f dedrfin f < s =—k Zp.i, In p; (Shannon entropy)

— f f f f drdodedeyve(In f +1)(f' f; — ff1)
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Boltzmann A &=
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HEIE(2)

57
Infeq = A—FmB'C—I—,B%mcE
feq o< exp gmﬂz+m3-c+m5-c]
X exp 5%3%((3—(;:})2] c) : BB
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dt  —

Bt e T 0 434 BT Maxwell 55 Tdh 5,
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NEERET HFITEER T DD,
Liouville ® g
ATy = ATy : ATy = Aq,Ap, GIBGHEESRE
HESRARAE
p(q;,p,,t) : HEFRSAT. q, : (&, p, : EBE, ¢ B

p(4o,Po,to) = p(qy, Py, t)
Gibbs = s ¥ — o BRI FE R

Saibss(t) = —k / p(a;, P, t) Inp(gy, P, to)dT

—k / p(Qg, Py, to) In p(qy, P,,to)dlo

= Sgibbs(to)
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11-B: Langevin A 2 &Fokker-Planck 52

TSI KTFOMBE X)L L LD, FOERL
CdX___ﬂ&ﬂX}
Tdt 0X
LW H RN ERNZRE S, Z 2 TCRBERE R TEIBRE. Up(X)IERT 2V ThH D,
F)IXZ7 7 LRBEATHY, ROFHERETHOLTS

+ F(t) (1.6)

<F(t)>=0, < F{F({')>=2kgTs(t—1) (1.7)

ZZTkglIANY = EHTHY, TIRRETH S, £/ < f(F) > IIBEREHFIZ X
LR R, (1.7 NOEWRT DL ZAITEMRMICRINT 7 v A2 LWHET
H5, (1.7) Az KT bEETEHEN FOSMIT Y ARHTH D, TOLEIETH
WOMHBIILTHEA S, 2T (1.6),(1.7) AWV, BMROHEER LW o AET U A
(Gauss) BF & HFES, E72 (1.7) XL REH A & Bk %25 SRR O CREBh ke H# L i
X 5Pl E O EAREA O —RBA L R->TnD, !
Z 2T (1.6) = UM REIRERR At THRESL, (L) 2FAT 5 &

<AX > 109U, <AX?® > 2kgT

lim lim

A0 At (OXT a0 At ¢

275, HLAX =X(t+A) - X(t) TH5H., £ limar o < AX" > /At =0 (n > 3)
LEBIIRTERTE S,

(1.8)



Fokker-Planck A XX D EH

7. TR P(X, 1) B L S RERRET A L5, 20L& X b X+AX
~D ARG 7= ) OBBHERE W (X, AX) Z AV T P(X, t) DRI EIL

or E;: b _ _p(x,t) f dAXIW(X,AX) + f dAX)W (X — AX)P(X — AX,#) (L9)
LEITHTHAS, ZHLEiBERE /LT (Markov) BRREFES, ZZT
B o {_ﬂX}n an
FX =A%) = 32 R S ()
ZRWDE (1.9) 1
SP{X 2 f ﬁX}n au f dAX)AX"W (X, AX)P(X, ) (1.10)

CBEXEITENRTE S, EBEERY At TH L ORBEVEB Y- OBBHEEW (X, AX)
7207 (1.10) I2 RN BT



Fokker-Planck 532X &FDT

d(AX)AX"W(X,AX) = lim (1.11)

A=l At

/ < AXT >

LB, 4, FryanyFRERA (1.6) TREIN2MFBEEREEZS L5 & (1.10), (1.11) Ko
b EMh e R E TR

OP(X,t) _ 9 (,9P(X.t) 13U;
ot 0X 0X ' (OX

P(X, t}) (1.12)

LB, TOFBAIZ7 Ay h— T2 FREASg IRV A5 —FREA L EHIN
5. DITIEBHRETH 20 (1.7) LW T 2D
p = ksl (1.13)
¢
BUETHL, ZOBERRIET Ay af At loTEMNENE 1 BEDERERED
RO HEREAE 52 TW5, (9]
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WMATE 20, BEBOBRTENPS 22/, ZZTREFORTHEERNILL Y. &4
~VARNVYDHBATZAVT—F %

F= f dXP(X,)(kgT1n P(X,t) + Up(X)) (1.14)

TEATE, EIETCHLAKEIH Iz oY — —SIZREZNTI-LOTHE, FO
RER A (1.12) & AT

F= -% [ AXP(X, (kT n P(X, 1) + (X)) <0 (1.15)

&%, AL (1.15) DEHIIIEROMRAE [dXP(X,t) =1 L BRERRCESERT P
BOIRBZEEANTVS, (1]

ZOEHTT YV anv FRATERT AT BT B L HITEREL . AR
xRS, EABHTRVF—OBR RV E XIS

Up(X)
kpT
R, ZITARICHEBT R —BETENTHRVDIET ¥V any HEA (1.6) 53

BEHEOFBRAENS TH D, o TTrvarny FERRILEH~0EnEZHTHEAL
ZzTRW, 3

P.,(X) o exp[—

] (1.16)



IBEIERIES

(1.6) T d 2 EHCEBBEOFERTH S, EBNUTT T 7 RFOBBEOBES b 5
ThHAHI, E-TLY —RIZIX

Uy
0X

EREIND, HL MIZEETH D, ZOHBRAL FiLERBYFERAITI 7~ —A
(Kramers) 522

MX +(¢X = -

+ F(t) (1.17)

G,
5 P(X, P.t) = {

o P 00U, 9 P 0 ,
“oxm Tapax Tartut *‘EHT@)} P(X, P,t) (1.18)

ELTHIGNS., ZDOFRAD L 5AmIT

1 [ P?
P.,(X, P) x exp [— T (EM + U{])] (1.19)



SN\ HEREXOEH

HEMO7 7 bFOME, EE#EL (X, P} &L, FRUUNOEEm OB TO
(i, HEEEX {z;,p;} =1,---,N) &T5%, ZDF%D Hamiltonian |%

Pj N

H = M+Z -I—UY{:IJ})
UX,{z;}) = LFU(X}JF_i_j%{IJ—%a(X)} (1.20)

LEERESNBELE D, SEAEHORT Vv v Uy(X) DI BAD B iR B
R W), RADRE v TRBICER LD THS,
WA EE o A BIR R SR T

P _EjUﬂ , f‘-’ﬁ_ N .
ME = g 0Ty { mu;.a““”}*-
mi; = —mwiz;+ya(X) (1.21)
Y725, AL d(X) = da(X)/dX Th B, (1.21) D2 R4t 2, io 5T 5 2 BB o>
HFRALOT X #FATERTHL Eﬁi'ﬁ‘ﬂﬁ 5, FORERT
By i — _ Y oy da(X (@)
(t) mw;fa(x[tj) = m? b dt cos(w;(t — 1] o
| i o s Sin(wt)
-I—{mj(ﬂ] mw?a[}{(ﬂ))}ms(ujﬂ—I—,t::,(ﬂ') " (1.22)



—fi%{tLangevin A2 X L4018k
Ehp, ZTOAE X ORIRATEE

MX = —U{gf) _ L "t — 1) d&(ﬁf” + F(1) (1.23)
fH, AL
N ,.\r.?
C(t) = a'[‘(}; m:.lf cos(w;t)
e a ¥y . sin (w;t :
F(t) = a IIXJ;%- Hffj(n}—?H:JER[X[U}}}CGE{M}-#]—I—:rj{{]}qmij ) (1.24)
LB,
CORIEAF
FRIEDNE

DVEAEHIZRLENSLWVDHRZES
Q@A) —hEZETRL. < I/ILaT7ELERS
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I1I-A. Boltzmann AR &ERAHZE

BB T, W ¢ % b DK T ORI f(c, T, t) DHEH Boltzmann HRRI:
0 + (e V) = JUf f1= [ der T (f Sy = F's i) (1)

LET L, BLANR WL T5, 2T I f]l=fdaT(f fLi = £ 1D 130 mEES
AR T f, DS fL AT 5 2 2 RTE REDTH S,

Boltzmann HFERIIHHER TR, WO HERLOTRICHEL KDL Z L IFES TR
W, LALIRIBHERA =)V L SEAaRTRE LNEdORIC Ay —VO5EE L > 1> d
MEAL T S S AHRICBY 2 REEDH - Tt RN ((RIEHZHER) 2 /M

BHTLIENARETHS.
RO DTS I ECHEL HE, PMfEe b, WBHERRVEUET 5.

H A% A A—=JFThE LN, ZLOERBTEHMEEER AN a7 Th b & B ii{tT 5,
ffeipFRIVEER, EiE, 23X —Ths, Thbbm. o (i=1,2) 2Hzed5 2
W OEHEL EE TS L REFH]

mi+me = m]+ms (2)

m(c;+¢2) = mic +¢') (3)

1 1
smle’+e?) = omia” +e”) (4)



MANFEHERAETERN

— f de fde (6)
nu = fdccf (7)
gﬂkT = fdc%m(c —u)’f (8)
MZNTNGTUETFEER L 25T 5,
(1) RELEEHEST 5L
8tn+/dc(c-V)f:é‘tn+V-(nu):O (9)
2135, ZONITEEORFHNII MR 5720,
(RIS ¢ 2T THST L
B+ V= —%v . P; (13)

ZRNF-HFEAAL D)X mE 22T THFTL2 22 THONS, w=c—u 2T
L

2 (3nkT) = =V - q = = Vou;Py = SnkTV - (16)

Yib, 2Z2CD/Dt=d+u-VThb.



Pressure tensor and heat current : C-E method

1 '
PHFJUW:EEﬂr+JthhHYiﬁrﬁJL

ql r.t|f = J dv SIVifirv.i, (12}
.. "I.r"|=m( o — Lt ‘:T--) S Vi=| ﬂ 2 — :
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3 1 1
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¥
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[1|-B.Burnett order solution of Boltzmann
equation (with H-D. Kim)

The distribution function for hard spheres is expanded as

fi=rO4+ O @4 = O 460 4¢P 4.

fﬁ] 15 the local Maxwellian distnbution function, s

3 7
a m 2 . mvj
/s _H{r}(zﬁﬂ"[r}) E“P[ sz'r:;r}}‘

To solve the Boltzmann equation Burnett assumed

1
4.7 m 2 5
- 107 - = E 1 . = 2
f=7 {1 S5bynkT (?HT) r-b”Lxl_"(r + 2)5'%[1: )

=1

> r!bn,r(r+ E)mcz}
2/ =

r=2 =

N 4096mJ?
5625b7 0213 T3

2 2 B ? r 2
+§ riby,(2c2 — 2 — r:g)r(r+ E)S%{c }} } (39)



Results (1)

T r E T F E T

4.380 x 10~ 1.025 3320 107
1,276 % 107!

— —2 4.802 » 1077
5-42‘; X lﬂ - - ﬁ-414 w ln—ﬂ
—4.098 x 107 5715 % HE 5.521 x 10
—3.184 x 10~ 2922 x 1074 4214 % 1074
—2.087 = 1073 2187 x 107 3.106 » 1077
1.492 x 107° 1.861 > 107°

8.322 x 107°




Results (2)

(2)

Scaled
¢

Fig. 3. Comparison of the scaled ¢**s for hard-core molecules with the
scaled ¢! for Maxwell molecules. The dashed line, the dash-dotted line,
the long-dashed line and the solid line correspond to the scaled ¢*'s for
hard-core molecules with 4th, 5th, 6th and 7th approximation ks and
by.s, respectively. The dotted line is the scaled ¢'® for Maxwell

molecules. Note that we put ¢, = ¢, =10,



Comparision between the Burnett solution with MD

Figure 2.5: Fushiki’'s Examination
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Results (3)

* This suggests that there are no universal properties as
expected by SST or extended thermodynamics.

« Thermodynamic quantities exhibit qualitative differences
among hard spheres, Maxwell molecules(=BGK model) and
information theory.

TABLE III: The numerical constants for the macroscopic quantities: the precise values for infor-

mation theory, the 7th Sonine approximation values for hard-core molecules and the exact values

for Maxwell molecules.

Ap }'-.?}" AT, ATy Ag
: - 12 6 i 3 ]
information theory — - 5E — —

hard-core molecules —4.600 x 1072 2.300 x 1072 —2.300 x 1072 1.150 = 1072 —2.035 x 10!

Maxwell molecules 0 0 0 0 —%




Thermodynamic quantities

* Pressure tensor

mJ?
P, =n«kT|8;: + 4] = _ |,
Y [ Y F HE.F{JTJi|
" . ~ - *n 2
» Kinetic temperature nili _ (ZTN2 [ 4™ g
2 m — 2
_ nkT [1+£l m..i'f }
2 2T |
, 2uT\2 [
« Shanon’s entropy S= —x(?) f def log f
3 >
m 42 3 mJ_
= —nklog|n ST +Em¢’+i+;rmz?g.




Application to chemical reaction

From our result we can calculate chemical reaction rate
under the heat conduction. Note that the Burnett order is
essential for the calculation.

In Present’s model, the rate for chemical reaction is

R= I[d’v fch-] /dﬂ/ff]gff{gl,

Here the cross section is

d? 4E* ~  JAE*
T(1-5) ezy%



The result of calculation of reaction rate

Scaled R[:' ke
Bolzmann Eq.
— __ BGKEg
———— e information theory
E::.A:
— ___ Boltzmann Eq.
— — BGK Eg.and information theony
E' /KT

FIG. 1: Sealed R(2) compared to sealed R34} as a function of E*/kT for the line-of-centers model.



Summary and Discussion for IlI-B

We have obtained a systematic perturbative solution of
Boltzmann equation at Burnett order.

The solution is useful for the test of extended
thermodynamic argument or the calculation of chemical
reaction.

The effect of boundaries is crucial in this problem. (in
progress)

The correlation effects may not be negligible. We should
check it.
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Haff's law

e 0D () ) o 2L F—
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(t) = —2wyE(t) & E(t) = Fye~ 2707

T LRI 4720 ORI ZERIELL (dr = w(t)dt)



Chapman-Enskog method for inelastic gases

B oY kiR
o1 = 11O, 1O, (3.23)
THT L, ZICRERO A=) T ffETS
FO = w(t) 2V /w(t), wl(t) = E (3.24)

Z OEEIHEEEOREL S LN ENT Ay =T 5 L SABEILED & v
OO FRIRFL Tob, $E5T O 2Rk 2RI H R (3-23) 1 fle) ko
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Evaluation of transport coefficients
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The linear stability analysis for uniform state

* As suggested the shear mode is always unstable.
« Other three modes are degenerated but one of three is unstable,
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Beyond Haff's law
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Many Body Effects in Granular Gases

Correlation effects are always important in granular gases,
because uniform states are unstable.

Intrinsic long-range correlation plays important roles.
The velocity correlation function is defined by

Goplr,£) = 1,1 [ < tialr + ¥, Drus(r', 1) >
T DI ERHD Gog RV T D7 — N ZBHS 5k, 1) %

Gog [1', ﬂjl = '.'f;',;._.'.'f'*ﬁG| ﬁ:?‘, E:l -+ [5,;.,.5 - '.'f"“'.'f"'.ﬁ:IG L {_‘.’f', 5:!,
Sas(k:t) = kakS)(kst) + (ag — kaks)SL(K,1) (3.33)
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Long range correlation
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Driven Granular Gases by Heat Bath
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Model and framework
* We start from the inelastic Boltzmann equation

(0 +v-V)f =J|f,fl|+ LFrp/J,

where J[f,f] is

J|f,h] = dl/dﬂ/dvlﬂ)g o)g-o

(e 21 — 1) f(r,v,t)h(r,vy,1)

g=v-v_1is the relatlve velocity and

_ 1 +e€ L
b lg = g —(g-6)6.

where e is the restitution constant.



The Fokker-Planck operator L_{FP} is defined through

o I'g O
V

|

where the first and the second terns represent friction and
the activation.
Hydrodynamic variables are (V=v-u)

n(r.t) = / dv f(r,v.1t).

m ov

n(r,t)u(r,t) = /dvvf(r,_v,t)i_

_ 1
gﬂ-(l‘i)T(rﬁﬂ /dvaﬂlvi‘f(rﬁvﬁt):



The loss of energy in each collision is

1— e
AE = — 4E m(g - )2,

Thus, the macroscopic loss of the energy appears as
1 nd, .
[ avymv2ais. ) = -5ercis s

The balance equations for hydrodynamic variables are
Din + nV-u=20,

Diu; + (-?11.?1-)_1?_?-1?’@ — 0,

2

= 27T —T),
where P_{ij} and q are the pressure tensor and heat flux,
respectively.



Homogeneous States

* The basic solution is that for homogeneous state. We
assume

f(v,t) = nvg(t) " %f(c,7), ¢= V/vy(t)
with dr = wgdt and vo(t) = /2T /m.

Here wg is Enskog’s collision frequency given by

d -+ 2 [ 2
WE = jl_ Vg = ;ﬂdn.::rd_l-uu.




The scaling form of the inelastic Boltzmann equation is given by

f;?@srf(c;r) = J[f, f]+ (i — *ug) ;ﬂ (cf(e, 7))

| f(e, 1) (28)

where ¢ = 1/Ts. Here we note the distribution function and

Uy = —fdcckJ[f*_ ﬂ

are the function of

d <V4> 1
— — 1 = — = . = T
ao IS 7o R < V¥ > H_/dVV f(V.,t)




a2 and ¢ can be obtained as the functions of time and e.

The steady value of @2 is plotted as a function of e.




Transport coefficients

The transport coefficients such as viscosity and heat
conductivity are introduced as

Pij(l} = —nAijk VEUl q(” = —KkV1 — pVn,
where Aijrt = 0051 + 05055 — %5@5&1-
These are obtainable. For example, the viscosity is given by

e 2y +1
T T (A0 )+, — ()2

where v* = v /1o, v,* = v /vg and ¢* = ¢ /vo. no(7)

Is the viscosity of e=1.



Results (1)
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FIG. 2: The time evolution of n* (solid line), k™ (dashed
line) and p* (dot-dashed line) for e = 0.9, d = 3, 4 = 0.1 and
f(0) = 2.



Results (2)

FIG. 3: The steady values of * (solid line), k* (dashed line)
and p” (dot-dashed line) for e = 0.9, d = 3, ¥ = 0.1.
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Application of granular gas kinetic theory for flow
on a slope or in a pipe

Collisional granular
flow is similar to
granular gases.

In the vicinity of the
boundary, rotation of
particles is excited,

This flow can be
characterized by
microploar fluid
mechanics.



Validity of micropolar gas-kinetic theory

- 1 w'(y) —@(y)

2.0

Figure shows comparison
between MD simulation and
analytic expression of
micropolar fluid mechanics
for intrinsic spin field.

Agreement is almost perfect.

Unfortunately, the effect of
spins to translational velocity
IS not large.

See, N.Mitarai, HH and H.
Nakanishi, PRL 88, 174301
(2002).



[II—D. Experimental Accesible Granular
Gases and its Statistical Mechanics
(with A. Kawarada)

* Motivation

* Purpose

« Simulation setup

» Simulation Result and Analysis
» Discussion

» Conclusion



Motivation

» Granular gas is
eas | eSt m Od el Of g ranu | es. [.Goldhrirsch and G.Zanetti,Phys. Rev.Lett.

70,1619(1993)

* There are many researches by theoretical
and numerical methods.

* Most of systems cannot be regarded as
idealistic granular gases.




Purpose

* We propose an experimental accessible
system of granular gases.

* We find characteristic behavior of velocity
distribution function (VDF) in such systems.

* We make a theory for the system.

» Parts of the contents in this section has been
accepted for publication in J. Phys. Soc.Jpn.
(cond-mat/0404633)



Setup of our Simulation
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Energy
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The system reaches a statistical “steady state”
after about 25 cycles of the oscillation.




Granular temperature

W

\

0.06 \
0,1 0sl WW
0.02

l

|

O 1 1 1 1
0 10 20 30 40
uT

50

1 & 2
0, = WZ:; m(V,(t) =V, (1))

%m=%2mm

The velocity fluctuation reaches the statistical

“steady state” .



Density
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Vortex and Velocity filed

T T T T T T
~ - . v - N e - e B < o~ )
N RN \\‘,k,,\\ pe /v\)\‘, - -
\ \ : - N ~
[ A ‘ VA oy - -
30 - N Lo~ TN ﬂ,\? /,<./ /,\ PR NN AN /( \
- . Voo— . //, RN ~ e - - ~
/\\ N i ~ —_— / ‘ ’
N A ,/’ . A T Ny -~ [N
P P U R -~ . . NI
~ - - \/\,\\\ I - - P PR >~ -~
‘./,/\ A R NED /L_\/ - . ¢</\_
e e ., o <o - - - T - P
(\,,k,\,,i‘,‘{,w\ s P L B |
,‘»/t\‘<é,—y; R ;o ' , ey s
T S L R A AT
’\ &‘ VO .~ . .o . AN N -1 -7.
\ — s/ ~ \
N PN \ - - - N7y ' . '
N PN PN P N, - \ N / 7
) ~ \ \
NS SR S U AN SN
PRI IS S DT S Il
*/,4 \/a\ i ;/\,,A , /\\,\\ /’/,, PN N
NE A PV PN P - < e s =
sy = =N [ PR AN N N
pox T e v /\// ‘- \ N ~ /«‘\“\
10 N P W L ~ N - <~/ —_— v Nt
L o~ a - - PN , o~ .~ . - R — —. .~ = .
~ - y\/‘\ ] f -~ /,/‘, f DU
/ L /
— /N ~- L, - N e =— -~y YR
. _ S, 1-‘\ 7 - | \ N
R N R
~ =~ - e N e \ -\ -
k/ ,_7\ <N - L - -, ., =
\ PN L. Sy \\\ NN
- - -/ Lo - N — . -\ = Vo
J — — - . - - ~
| | | |

-0.15 ¢

Velocity filed: at 46 period

“( %!“ (;\‘ ‘

: “\\véﬁ“\wﬂ LD

o1s] 4@!\‘%’/,‘\"&@‘»"'@\!75&4/ X
o KGR D

i ’71)‘}9(‘%%”-‘?" WiEi

-0.3 ¢

N
e=——<_\ =

vortex —
0.2---

Vortex: at 46 period

The system does not have any systematic flows



Velocity Distribution Function (VDF)
various area fraction
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Velocity Distribution Function
Dependence on time (VD F)

Dependence on space
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Phase: (A) 7t . (B)37/2 (A) corner. (B)(C)along wall. (D) center,

A little dependence on time and space exists
at high energy tail.



Tabkle I. Flatnesses(FN) un

Murmber of Fractions

latness (FN)

(%) FN

VDF in the cooling process is nearly Gaussian.
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S0
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all
3.0 = 107 6.0
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i3
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1.0 = 10° 7.2

f|'-|'|'--|'-||-u-|i|::||3__ 1.0 = I_[:II'

74  6.90
11 626

4
15 587 C >
10 5.36 FN = 3
2
C

2.2 9.57
G0 H.14

T4 Ak
11 634
14 5.064
18 527

2.6 6.8

VDF can be approximated by an exponential

function.



VDF without Coulomb’s friction

1l ' ' ' X ' "undulation X |
no tangential X
no friction [0
0.1 Table 1. Flatonesses[FN) under the several conditions.See the text in detad,
. Number of  Fractions(%) FIN
particles  Area Volume
~ 0.01¢ y f|'1'|'-11|-|r|i[]|3__ 1.0 = l[:ll' T.2 26 4.4
f(c) > A<\>’< no tangentical 1,0 x 10° 6.5 2.4 3.26
T 30 %1070 6.0 29 3.43
0.001 - o 5 . ; o friction 10x10° 6.5 2.4 3.27
Rise 1%6% RIS - O : 1 . EE
s Spsq 3.0 = 10 L) 23 343
X 7
0.0001 | O - :
K
X
L L L L L L *I
-4 -3 -2 -1 0 1 2 3 4

The essence to produce the large flathess
in VDF is Coulomb’s friction.



Analysis VDF

* Langevin equation du u
——=—Y—+7
dt u

* Fluctuation-dissipation relation
D)= 0, (1, (0 My (€)= 2D 8,,8(t— 1)

* Fokker-Planck (Kramers equation)

2
OP(x,u,t) {7/ 0 u 0 1 P(x,u, 0)
Ot m ou u 8u
» Solution (Steady state) . p (y)_, [™ oo - [3m
o 3T T

The langevin equation with Coulomb’s friction law
obey the exponential VDF.
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Diffusion coefficient
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a =1.094 £0.002403

1 (t=100)

The diffusion coefficient is evaluated from the
relation ((r®-r(t,)))=4D(-t,)



Fluctuation-Dissipation Relation
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D(T) —
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/
0'OOE()).15 01.2 0.125 01.3 ~ 0.135 01.4 0.145 0.5
JT
Particle number: ,(b)1000

Fitting function

1 D =0.0735T°*% —0.007
| D =0.0744T —0.0054

i . T .
D=y Am:y—0.129g

The friction 7 is independent of T.



Free-Cooling state
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VDF In a free-cooling state
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VDF in cooling process is independent of time



Energy decay

10000

X XX data X E(t) — T(O) 1
1000 | X%W 10 B (1_|_t/t0)0‘
E | | T(0) =255.0 £0.6295
t, =267.0 £2.399
10f o =1.267 £0.004988
L _ : N b c=-0.4764 +£0.0307
| | ¢ (xd/g)

Energy decay is slower than Haff's law .



Coulomb friction and Langevin equation

Coulomb EEE D & 5D Langevin FERNDMH

BEI bR 7258 U Langevin FHEzIE

dv
— = F 1
o= (vt (1)
LETL, ZZCFRS VI ANT
< Fp(t) >=0, < F(H)Fs(t") >=2CkTo(t — 1) (2)

LBiT4, ZOTFIVHEHLIREEIRERL . OYpRIREENY Maxwell-Boltzmann 4345 € &t
MTELZ LI L<HMENTNEG, F-mEBORERMOBEE LR E L RTIEHITRSR
SR T L BRLEERNIL TIN5 TINDS,

Folt, %7 TFHEICH] - THIE O Langevin HHENE FERREAEEICHERL L 5 2D 3A
Mg shTnwsg, Zo—2RHEE KICELTERT ¥y i B8 T 50T DELR D
RLTH L, TFEROER, %0kt Einstein OFHEERMN BN 2 0 Y EABAE 2 > =
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Coulomb’s fluid

frilig A CRoL, SEEM RV 72 4%) Langevin 7RIS
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LWIDONRBHL, TZTCy=pgC, Fu 3ANITHL, 72505 20k
<a(t) >=0, <u(tns(t') >=2Ddnp0(t — 1), (4)

ZFlTEeL kD, ZOEFNVLEHED Langevin HFERE FIRRICHER AR P(v, 1) 1<
%95 Fokker-Planck /22

TR P = 5 (""HP vt) + D P 5)) o
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VDF

ZZTCu=|v|TH 5. sMBEHE
P(v,0) = ZPR(U) cosnf = Py(v) + Pi(v) cosd, (7)

YERETL (6) RS n=y/DELT

Py(v) = f(v)e™™ (8)

LB D
Py(v) = Ef (v)e™™, (9)

ERHZ LMD, BRI REHFERND
(o) o (Lsa) o =0 0

a5, HL e=(g/7)*TH 5.



VDF (2)

e <1 DEEIT
flv) = TF{ +efV+fP 4.0, (11)
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0 1
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I\VV. Physics of Inelastic collisions by elastic
materials (Kuninaka & HH)

Inelastic collisions are characterized by the
coefficient of restitution definedby e = — v . / v |

FO - — =g — e —

Coefft. of restitution e

0.1 | | |
0.1 1.0 10

Velocity of impact ¥(m/s)

Plastic deformation

~1/4

€ XU



JEEEE DY IE

. BRI D IR B TR S B R O R AL M AR E

EZZHDITHELI=IRE (WhELNZELY),

. MMAYMEORLERMNLZIOER
« JERETEEIZEE 171%0"');(63%71,3%@\6&@ UNVEEC

—~ FEEZETHDIFRNAVRIDEE EEXRFE
—IFIEHEETD TR ZAYIZRE
- e>1EEHEBLTIRR




IV—A. EFFR7 & ZEEE 7

o HertzDiEfMIEH

e ro\ 1/2
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1— 2 1— 2
l D = i( YJ ; )
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One point lesson for Hertzian contact theory

Z ZCHRITL e v il e % IEHEL T S IS LR B o0 TR BT R
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=5(0) R AEO DL ZATOMERFIOEREL T5HL 6(#) = R(1 — cosf) T
SA56N0 5. HHEEIIFRRIC iiﬁﬁégn DHEDT ZDEMEIC kD2
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MEEVILD, 22T Moy = mm'/(m +m)) FMBEEETH L. BATEE i
dh/dt B 0IC B L EDATHLED S hg = (Mep /K55 LI 2, firZeo s
Bt L AD0E hy £ TCERT LBHEIOE R 0T

2 \Y5 1 gp 2 N\ L/ e PR 1/5
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Hisao Hayakawa and Hiroto Kuninaka
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"Simulation and theory of the impact of two-dimensional elastic disks"
Chem. Eng. Sci. 57 (2002) 239-252

1

modelA -

I ]
x X % 437 modes +
0.98f * % 1189 modes *
¥ b
. XXExx %
0.96 ¥
¥ ¥ ’
0.94 | X % :
O
0.925 0.05 0.1 0.15 0.2
vilc
Yoo = | r'—ué B4 |‘;.-1$
N — I
F,moc THEENRET

: iE [ET BT ZE0F D B 22 B LR T IR D LT Z YRS DAEHT

GEE
AN EB 1x7:J~L/)
):1{)
2.5
(b)
2
E 15 Fur
c E,
= '
0.5 theory
v=0.001¢ -
% 02 04 06 08 1 xi0°
hR

—\®

LTI+



An example of simulation of inelastic collision
by a completely elastic disk and a wall.
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Numerical Modeling of interaction between a wall and a disk
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N EmOMFICERT S

F(l)=aV,exp(—al)

15757
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Disk particle
() Wall particle

F .(l) = j
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Comparision with Hertzian contact theory
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Comparision with quasi-static theory
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O.R.Walton and R.L.Braun:
J. of Rheol., 30 (1986) 949.
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Walton )& 221 ;

—1+ﬂ0(1+e)cot7(1+ mTRz) Q=) slip
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rolling
b g0 /
0 ) Rotational
v — g (1)1 415y Soelfient /
; / (8) coty
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stick T slip

coty VS. B



Outline of derivation of Walton’s theory

+ WE J=m{v'~v) o d
« MLODZEIE PR Iw'—w) = —5(nx J)
c ERDRE Ve=V—gwxn

+ ERAROEEZE (n-ve) = —e(n-ve).

+ BERAROEEZEL (nx vi) = —fm x v.)

o BOTWAEETDERELE 0 J| = a(n- J)

o IMbBlZcoty =(n=J)|nxJ|%

- WS E

J=-m(1+e)(n.v_c)+ um(1+ ) coty[v_c-(n.v_c) n]

%1585, FohsWaltonB| A BS5N5,



Comparision between Walton’s theory and an experiment
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N.Maw,J.R.Barber,and J.N.Fawcett(1976),
W.J.Stronge:ImpactMechanics(2000)
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Displacement () = —Q o, (0) sin ¢ u(t) = —eZ o, (0)sin | 24+ Z (1 - !;])jl
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I\VV-C.Anomalous behavior of e>1
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Comparison of 2D simulation and 2D experiment

Calsamiglia et al: J.Appl.Mech. 66 (1999) 146.
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Impact with intermediate v (tany =2)

The disk Is
bounded on a
soft wall. It is just
like an impact of
a stone on water
surface.




Impact with large ¥ (tan ¥ =10)

* Disk slips on
a wall. No
reflection for
normal
direction.
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Phenomenology (1)

i . . (i—1)

We assume that the tangential velocity v,” ' changes
' _ 1 . i .

to -ari” = (1 — -r;)-tr? ) when the disk hit the i-th as-

perity. Thus, if the disk contact N asperities during
the impact, the tangential speed at the release point be-
comes v¢(7.) = -a:i‘m = (1 — )N v:(0). Here we estimate
the number of contacted asperities during the collision
as N = plg, where p is the number of the asperities
in a unit length on the surtace and [ i1s the length
of sliding which can be evaluated as [, = v,(0)7. with
7. = 7(R/c)\/In (4¢/v,,(0))[6]. Thus, the tangential im-
pulse .J; = J - t is approximated by

Jy = M{(1 - -r;)f;’g"’f — l}-azt([}) ~ —nM pl,v:(0) (10)



Phenomenology (2)

where we assume small 1. Now, we should answer the
question how to determine . When the impact velocity
is large enough, n becomes smaller, because the asperi-
ties are broken down when the disk hit them. Therefore
we may assume the form 7 = ny/(1 + B07(0)/02(0)) =
no/(1+ 5W f) with the introduction of the dimensionless
parameters ng and (. Taking into account .J,, =J -n =
—M (1 + e)v,(0) and the definition of = .J;/.J,, we ob-
tain

TF'T}{”(JR LII 1 If'lll 1:[1% ) f_ 9 |V(D) |
= = 5sIn [ 404/ 1+ U7 ) —F.
a 1l+e 14+ j‘l’% V 1 4+ W f H V T 1 C
(11)
Here we use cosy = +/1/(1+¥2) siny =

.-"'ll o - 3 T .
VYT/ (14 ¥7). We adopt numerical results for the value
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Bagnold’s scaling
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{ED ML 12BHT8 4. ), 2T OMHEBRIRN L & v ) Z 2 EfE L EE oKic
BMED H L L W H 2 2ER TS, ZoBFRIBRTHATLHEZOMR OB
27 A,




Bagnold’s scaling (2)
BE & K f-O T2l s & A

Jo = pom{1 + €) 00t (111 — 1)
BRI N GRSV ICBAENS T I EREECRETEDT

Oz (2) = pod®n(z)m(1 + €) cot «y (diﬁﬁf))

(4.3) AN TKD R F AL WL TR KD, o (TR TR 2 = A T3
Tt 7T, BEE : <h T—ELTLL op =pgainb(h—z) 2705 Z2
Tp=nmiiEEEETHL, 20X 4R EHL{ELZLT

du(z) : __ gsinftanvy
( dz ) Wn:-(lw;&“"*“’f) (4.4)

ERL. 2O EHC ES 2 =0 CHE v =0DBREGETCEST L L

'IJ.'-I['—"':)=E _G'S]:tlfl'ta.ll",f' lmhﬁfﬂ 1_ .IF'E-_.-? 3l'll'2
3 (1 + e)d? h

(4.5)




Scaling in surface flow profile

U h

m = m (4.6)

EoCodb, 22T hy(6) = /10l +e)/smbtany T D, Hdor & 31 (4.6)
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4.2 ﬁ%ﬁ (Angle of repose)
AR TRRISTNV T UL, AR O ERT — 75 6 (4.6) Nohb D i

4 _ 5 h.
m | hsﬁap{ﬂ:‘

2Rz, 2 ZICHONTZ haop(9) 1IZAE O Z BEEL 7z & FiCRpHA RIS R S 42
WIRKDRERTHY, SIIERARE 6 L ERUREL BV ERTHETIE 0.136 &
WOELERE ShTO D, L 2 D hae(d) b 5 EEAE L T

(4.7)

tané = tan &, + (tan @, — tané,) exp[— %] (4.8)

ZRIEBLTHE. ZZT 0,05 ThTh hyy(l) = o0 & hg,l) =025
SO O THY, tand,, tan b, {F-Th T T & 7V & fEe o i - B R
Tl T0d, T EERUREL 213 B E0BR oM Tths. v iab-=
Y avil kb EE S 2 OAIE OWMEEPER D - EEEEH 1 = tan# T 1 = tan b,
Je = tanf, & FV T

! —z
M= pip + (s — pa) exp[— ‘M{E ] (4.9)
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The critical line between no flow region and flow region
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FEFR(2)
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FPA model and dip
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BIERMNOIEERANTLTE =R

 [&AEHDBoltzmann AR (D RHDH)

il

P(f,n,r+ndr) = (1—%) P(f,n,r)
-I-QTdT/dQ’/df'P'(f',n',I‘)W(n',nﬁ (f __! )
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Boltzmann equation for the stress field

2T
Fin,r) = f df fP(f,n,T) (5.5)
AL T(GARI f2TT fTHEITLE

111')

In-VFinr)=-Finr)+ f dY ~¥(n-n)+ in Fy(r) (5.6)

LD AL Foit G.4) R EEh ol s hEHRY o hiz Rl Tn s,
FofE#HEs 2 TL2 L coralii

plr) = ag [ dQF(n,r) (5.7
Jo = ag [ dnaF(n,T) (5.8)
Oug = gD f dQn,naF(n,r) (5.9)

LENTEL, ZZTpRED, JIXRAEASNIZGHHOBETHY gus 1T A
N ATFYIYNTHL, Bl Tro=Dp LI ANV ATV Voxgine £
OEOMHRN VBRI R TE 5.



Chapman-Enskog method for stress chains

« \We can obtain a static equation for stress balance.

vl.ﬂlﬂ'qlﬁ = Fl:l-r:t
2185, 5.6 AN Ta£fLT5L
IDPK,
Taslats = Ty (Vel+ V) (5.20)
D—1
235, £-AEE
[D . . dyg — G2
Tgp = (D_——].:I [2DI£ | Vel =+ (D.F‘i[ — (.D — 1:'(&1:' — ].:I) V-J {521]

&V, **EMﬁﬁwﬁEJaaﬁ%wbwcu&»ﬁML&M%%iT
BT (5.20),(5.21) MiFARE R OB A RAL ZRICHIEL b o TH 5.

D X2 LTHE 5.3, B 54 THE Shi-sit s oRE s mammiiciihiok
5.

e R OB AR SASW GG Yo7 L TRYP Vo) %
K> ZLWTEL, (HEBICEL G Lhidr o ik 1/ (Pe=a 1) o
B2z ehiamh, Ry o

1 D—=143ag—(D=+2)as
D—1D+14ay—(D+2)as

(5.22)
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rescaled averaged response h G(x,h)
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Fluctuations in granular flows

« Study of Granular Flow (Solid-Gas Mixtures) 1991 —

« Experiments by Matsushita’s group : At the same
time
— They are interested in power spectra.

P(f)~ f™¢ 1 <a<?2

— Exp. at initial stage a=1.5? , Peng and Herrmann a=4/3, My
prediction: a=4/3 (1996)
— The experiments by Matsushita’s group confirms a=4/3.



Experimental Setup of Granular Flow

\ /-

Laser Sensor
I:I L aser
/[I Glass Pipe

AD converter

L1

In a Pipe

* From laser sensor, they
observe the time evolution
of density fluctuation.

* The effect of air is crucial
to produce power laws. So
they control the air flow.

- owaar * The paper is published in
PRL (Moriyama et al.
1998).

Flow Meter

Computer

Flask Coc



Results and interpretation

| * They have
N confirmed that the
2 X exponent is a=4/3.

* | reproduce the
result from the
simulation of a

nonlinear Langevin
equation.

f (Hz)



P(f)

Analysis Based on Langevin
Equation

P+ ([rn = Wlrn)] = F(ra) + fa(t) (1)

where rp = z,41 — 2, W(rp) is the optimal
S velocity function, F(r,) is the repulsive force,
‘ and f,(t) is noise.

1072,

10| ‘~~\~‘_,"'\’h&v\\\\., f- 4/ 3
' N\ - From the relaxation theory of local
10 e fluctuation we can derive a=4/3 for
f weakly stable region.

- But, theory is unsatisfied.



Application of ASEP to granular flows

« ASEP (asymmetric simple exclusion process)
IS an exactly solvable model but | feel that the
model contains some reality. At least, the
model is regarded as a simple one for traffic
flows and granular flows.




Simulation of ASEP

J
(A) low density phase
a=025=1.0

J
coexistence line
a=0.2 =02

J
(C) maximal current phase
a=10,4=1.0

J
(B) high density phase
a=1.0,8=0.2

Depending on & and
B there are four phases.

The exact phase diagram
(see below).

1/2

0 1/2 o



Domain wall theory of ASEP on the
coexistence line

« S. Takesue, HH and T. Mitsudo (PREGS-
015103R) demonstrate that power spectrum
on the coexistence line can be explained by
the domain wall theory.

* On the line, the density is saturated near the
exit, but it is almost zero near the entrance.
So the random walk of the domain wall is
essential.
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From a toy model to a realistic model

* ASEP is exactly solvable but it is too simple.
Analysis of DW theory is just like exercise.

* |f we introduce multi-lanes for flows, the
model may become realistic. If the rule of
lane change is not complicated, we may
keep most of good properties of ASEP.



Multi-lane ASEP by T. Mitsudo and HH(in
progress)

* The rule of lane-change: if a vehicle exists Iin
front of the moving vehicle, it prefers changing
the lane.

* The external field can be added.
* The result is similar to granular flow on a slope.

* The velocity obeys an exponential function of
depth.
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