Robust Slow Granular Flows
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plit-bottomed geometry

Shallow layers: Universality

Deep layers: Precession / Localization
3D: Velocity and Density

Model




Velocity profiles
Rate independent
Short transients
Azimuthal

M(r): nondimensional

Denis Fenistein, Rene Mikkelsen, Jan-Willem van de Meent, Henri Bontebal & MvH

Nature 425, 256 (2003); PRL 92, 094301 (2004)




Surface Velocity Profiles
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Shallow Layers




Shallow Layers R.
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Shallow Layers: W

glass spheres
250 - 440 um
560 - 800 um
1.0 -1.2 mm

20 40 60 10 20 40 100 300
H (mm) H/L
1.1 mm bronze: W 30% smaller L: best fits, 0.25, 0.65, 1.1, 2.2 mm

W/L ~ (H/L)23 , L ~d




Shallow Layers

o(r)=1/2+1/2 erf[(r-R.)/W] := nerf [(r-R.)/W]

(Re-R.)/R, = (H/R,)>? : Independent particles

W/d ~ (H/d)?3 :Independent R,




Deep layers: Core Precession
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Deep layers




Deep layers: Asymmetry
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Precession Asymmetry

ot [o(r)=merf ], shallow: x(N=(-Ro)/W.
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Precession Asymmetry

ot [o(r)=merf (], shallow: x(N=(-R)/W.

3
0.4
02 |Hence x(r) := nerf'[o(r)]
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‘Fit: X()=ag+a;r+agr




Precession, Asymmetry
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Local vs Global shearmodes
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‘m(r)= nerf [( @g+a;r)] =nerf [(r-R,)/W]

‘oo(r)= nerf [( a0+a3r3)]‘




Deep Layers

w(r)=nerf[( ay+ a, +a,r)]

Shallow: a;=0, Deep: a,=0

Precession, Symmetry breaking




Wall-localized shearbands
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Wall-localized shearbands

H=10,30,40,50,60,70,80,100,110 mm
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Wall-localized shearbands

107% @ H=10,30,40,50,60,70,80,100,110 mm

independent of grain shape, polydispersity
Exponent NOT~grain diameter
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Wall-localized shearbands
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Wall-localized shearbands

Imm glass beads

10
- Rm L0mm
. * Rm 20mm
10
10" &
10°) o k‘“ A
TR Ad &
cerem! - - urfa
& b -
10 lll'fJ | ":'ID T
i 1(r-R
0 Imm glass beads ( m)
10 - -
tRm 4ihmam
. &Rm 20rmm
107}
10'f &
[ =
10°} )
Ltey T
-8B , - - L REITEET IR
L 0 2 4 6 i 10

2mm glass beads

10
-Rm Alhmm
. me 20mm
107
10°}
- >
10 5 "o ® :.-"': iﬁﬁﬁ ;
L3 .:a'b; : U" L
&
10 ' '
0 10 20 R
r-R.
0 2mm glass beads ( |n)
10 - .
- Rm 4{hmim
. - Ri“ 20mm
10°
10t
10° . . A
ity
r :‘-_ ! (BT |
10° - :
0 2 4 6 8 10
- 1/2
(r Rln)/Rln




Localized Shearbands

Exponential talil

Lengthscale: radius of curvature, grainsize




Surface Velocity Profiles

Shallow

Errorfunction,
universal center

Deep

Precession,
Global modes

Wall localization,
Exponential talil,
Radius of Curvature
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Reconciling two types of tails?

Stepfunction -> erf

Large height: z-indep
0=0’w+0J.w
Exponential tail

But width: ~ HZ'®

Location?




3D Profile: What happens inside?

tracers bury turn suck




Model: Location in Bulk
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T. Unger, J. Torsk, J. Kertész and D. E. Wolf, PRL 92, 214301(2004) h/Rg




Model: R, at surface

R. : Torque minimalization

(/Idz rP(eNr°+1(H -2)
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T. Unger, J. Torok, J. Kertesz and D. E. Wolf, PRL 92, 214301(2004)




Mohr Coulomb: A Riddle

Vibrations: No strainrate = No shearstress
Quasistatic: shearstress constant along sliding planes of equal depth

: No strainrate : ro
: N0 strain rate :




Mohr Coulomb: A Riddle

Vibrations: No strainrate = No shearstress
Quasistatic: shearstress constant along sliding planes of equal depth

No strainrate :
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With Paul Umbanhowar (NWU)

64 turns
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Outlook

Split Bottom: wide range of flows
3 regimes: shallow, precession, localization
All hold surprises

Dilation

MD/Theory: stresses




