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TABLE I. Some material properties of the spheres used in the

Mass Effectiv Mass ratio
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Formulation of the
problem

o Binary mixture of smooth inelastic
hard spheres
v Heavy species (1):
m,, G, X,=n,/n, &, a,,.
v Light species (2):
My, Oy, X,=N,/N=1-X{, 5y, Ay;= Qy5.
o In the homogeneous cooling state,
ma m, m,v2/,v,20=?



Enskog-Boltzmann
equation
O f1(v) = Ji1lf1, f1] + Ji2lfi1, fo

Ocfo(v) = Jo1[f2, fi] + Joo fa. fo]

87 5, 14+ as  mo

V= 5 ng12015(V2)

2 my + mo



“Order” parameter




Maxwellian approximation
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Homogeneous ¢ a granular mixture

Ell ( 0 ) — 11\ (;f)ll,:i"'ffl? Elg (@) — @29/ 1+ O (1 — ;—;
cooling rates thermalization rates
O — @

£ 22(Q) — ro 3o, £ 21(@) — X1/ 1+ ()] 1] (l -+

Elastic collisions: ¢=1, m" T,/ T,)=1 Energy equipartition!



A few representative cases

1. Quasi-elastic cross collisions:
011= Op=1, 1-0,,=0(%,)

B1=02=0, ¢o~ hs

ho < & < ho + dohe

Weak breakdown of energy equipartition
t=h,, T\~ T,



2. Inelastic cross collisions:
011= Op=1, 1-0,,=0(1)

S E— )()[] —()

201(¢) — 21/ 1+ Oh

9

No Brownian dynamics (x, &0)
Regardless of the concentrations | -

No Lorentz gas (x,&0)

Strong breakdown of energy equipartition
=1, 7,/ T, O
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3. Inelastic heavy-heavy collisions:
0= Oy=1, 1-0,=0(1)

¢ ~ ho S0, Ty /Ts ~ hy'"

strong breakdown of energy equipartition
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4. Inelastic light-light collisions +
disparate sizes:

0,,= 05=1, 1-0,,=0(1), S;~m,!

Intermediate between normal and ordered states
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5. Inelastic light-light collisions +
Brownian limit:

01,= 01571, 1=0,,=0(1), x,=O(%,)

Very strong breakdown of energy equipartition

(K



State
Sub-normal
Normal
Sub-ordered

Ordered

f‘?ﬂl] 1= 01 ]i T 11

Classification of states

finite

.9

14



Scaling laws

7

¢~ hy, 1

n(ai, as,b)
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Sub-normal
Normal
Sub-ordered
Ordered
Super-ordered
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Sub-normal
Normal
Sub-ordered
Ordered
Super-ordered
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Sub-normal
Normal
Sub-ordered
Ordered
Super-ordered

S

Phase diagram
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Sub-normal
Normal
Sub-ordered
Ordered
Super-ordered
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1 —ao=0(1)

1 — ] /1(_;1

- / s N O as
(1 — ago)(o2/01)” ~ hy?

xy ~ hy'

Sub-normal
Normal
Sub-ordered
Ordered
Super-ordered
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Phase diagram
(Brownian limit)

Critical lines
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more concentration

less concentration

Critical lines
(Brownian limit)
(1) x,~h,, b, &0

X 1 — X 12 1
4 =1= ¢~ h,
B >1= ¢op~1

/2

<1= CZSth |

1/2

(35 =1= o~ ]?2 |

>1= ¢op~1 |
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Case (ll) 1-a,, ~A,, x,/h, S0

VOLUME 86, NUMBER 21 PHYSICAL REVIEW LETTERS 21 May 2001 PHYSICAL REVIEW E. VOLUME 64, 051305

) ] Nonequilibrium phase transition for a heavy particle in a granular fluid
Critical Behavior of a Heavy Particle in a Granular Fluid

. . ' Andres Santos* and James W. Dufty’
Andrés Santos* and James W. Dufty
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FIG. 1. Ratio of mean square velocities, ¢», as a function of
the mass ratio parameter h for 8 = 09, 1, and 1.1. FIG. 3. Inverse characteristic time 7~ (v*7)"! as a func-
tion of the mass ratio parameter /i for 9, 1,and 1.1.




Case (ll) 1-a,, ~A,, x,/h,S0

Solution to the
kinetic equation

FIG. 4. Velocity distribution function of the impurity particle, FIG. 9. Plot of the order parameter in the deterministic limit,

('.Li' 1; l“; lif -[)D [-—lle N{ai tashed line). and B _ 11 (solid line) &y, as a function of £*. The dashed line is the maximum entropy
(aotted 11ne), o = (dasned 1ne), and o = 1.1 (sold 11nc). . -

estimate = &*2— 1 of Sec. 1L
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And if the system IS heated?

JGaussian thermostat

NESS: z,=z, NO CHANGES

JWhite noise

NESS: z, f=z, MINOR CHANGES

25



Conclusions

Depending on the control parameters (coefficients of restitution, size
ratio, and concentrations), the mean square velocity ratio ,v,20/,v,2l (and
the temperature ratio 7',/T,) in a free cooling granular mixture exhibit a
rich diversity of scaling laehawors in the disparate-mass limit m,/m, S,
ranging from the “sub-normal” state (7,/7,&0) to the “super-ordered’

state (,v,2U0/,v,20& ).

L11f the cross collisions are inelastic (a,,<1), the state is always
“ordered” (,v,2U/,v,20~1). As a consequence, in this case there is neither
Brownian dynamics (when x, €0 ) nor Lorentz gas (when x, &0).
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Conclusions

A “normal” state (7,/7,~1) is only possible if the three types of
collisions are sufficiently quasi-elastic.

A “super-ordered” state is only possible in the Brownian limit (when x,
0). There is no “sub-normal” state in that case.

Uin the Brownian limit, there exist critical lines in the phase diagram
where the state can be normal, ordered or sub-ordered.

LIThe same scenario as for free cooling mixtures holds essentially in the
heated case.
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THANKS!
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