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Motivation: Granular Gases

o Applications:
— Granular materials: powders, grains.
— Geophysical flows.

— Large scale formation in universe.

o Characteristics:
— Hard sphere interactions.

— Dissipative collisions.

o Experimental observations (1D, 2D, 3D):
— Density inhomogeneities.
— Velocity correlations, non-Gaussian stat

— Phase transitions: order-disorder.



Inelastic collisions

e Relative velocity reduced by r =1 — 2¢
AV = —rAv
/

vV = v —€eAv

e Energy dissipation AE o« —e(Av)?

r=0 r=1
€=1/2 e=0

Freely evolving gas

e N point particles in 1D ring.
Random velocity distribution.
Typical velocity vg. Typical distance xy.

e Dimensionless variables © — x/xq, t — tvg/x
— “Temperature” T'(t) = (v3(t)) — (v(t))?

— Characteristic time/length scales.
— Continuum theory?



Mean Field Theory

e Energy dissipation
AT x —e(Av)?

e Collision frequency

At ~ 0/ Av ~ (Av)™?

e Assuming a uniform gas

v o~ Av~TYE A<
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e Cooling law Haff 83

1 t < el

T = AEt)_Q ) {62152 t> e

Holds only in early homogeneous phase




The Inelastic Collapse e o0, vouns 01

e 3 particles clump if r < r. =7 —4v/3 = 0.07

e Finite time singularity: Cluster formation
via infinite collisions when N > N_(r).

e Estimating the critical mass: vy =1 — Ne
particle passes through if N < e~}

e N, ~ ¢! = collapse always encountered
in the thermodynamic limit N — oo.
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Particles coalesce rather than pass through




The Sticky Gas (r = 0)

o Multiparticle aggregate of typical mass m

¢ Momentum conservation

m

P, = P, = Pwml/Q, v~ m L2
e Mass c¢ servatlon

—1

o Dimensional’ z?n%oﬂfsgis o] =T

+2/3 —1/3 —2/3
e Final sfate’l aggregate Wl?h ;

(1 t < 1;
Tt)~<t723 1<t< N2

(N N32 <«

T is monotonicinr = r =20 is a lower bound




Crossover picture

o Large systems N > ¢!

2

1 t << et
Tt e27? el 6_3/2;
(1) ~ 3 t=2/3 €32 « t <« N3/2;

\N—l N3/2 « ¢t

T()/T(0)

Asymptotic behavior is independent of r




The Velocity Distribution
o Self similar distribution
P(v,t) ~ t1/30(vt!/3)

e Large velocity tall
®(z) ~ exp(—const. x 2%) z>1

e Simulation results » = 0, 0.5, 0.9
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The Inviscid Burgers Equation

" W

e Nonlinear diffusion equation

Vi + VVp = VU v — 0

o v =—=2v(lnu); = ur = Vg,

J dg 75 exp [—% {% + <I>o(Q)H

v(z, 1) [ dgq exp {—% {(x;tq)z + (I)O(Q)H
x — qt(il% t) vo(x) = 0, Po(x)

e Collisions conserve mass & momentum

e Describes “sticky gas” r =0 zeldovich RvP 89

Burgers equation = sticky gas = inelastic gas




Predictions verified in 1D

o Velocity statistics v ~ ¢t~1/3

e Discontinuous (shock) velocity profile

e Slope = t~1 (simulation with r = 0.99)
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Formation of Singularity

Collapse = finite time singularity in v; + vv, =0
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Underlying Length Scales

e Burgers equation

V¢ + VVyp = Vg

e Correlation length = &; Balance terms:
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e Momentum conservation v ~ V—1/2 ~ ¢=d/2

td%z 0<d<?2
t/2 2<d

o Temperature T ~ v? ~ ¢

- t2d/(d+2) <« d <2
T ) /2 2 < d



Conclusions

Asymptotic behavior:

o Governed by cluster-cluster coalescence

e Universal = Independent of degree of
dissipation

e Described by Burgers equation

Outlook

e Velocity & spatial correlations
e Predictions in higher dimensions

e Use inelastic gases to study shocks



