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How does the presence of an
interstitial fluid affect the
dynamics of granular materials?




Time =040 ms




Time=307 ms

porous medium




residue shape depends
on mixing rate
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D)’oplet Impact on sand




Role of intersitial fluid: single particle

Fdrag = 37T77dv

B = Fdrag o 1877V
B Fg ppgd2
1
Br~1—-d~ snV.
Ppd

Iy = %deppg

d = particle diameter

V' = typical particle velocity
5 = air viscosity (2-107 Pa-s) - 9 I
pp = part. density (2.5-10° kg/m?) 4 \V 29 d d 16 Jm
g = grav. acceleration (10 m/s?)

Va~lm/s—d~120 ym




Role of interstitial fluid: packed particle

1 —
Ff—>s = 2k 8F‘drag
8
Fe .. 18nV
B, = 1% x40
Iy Ppgd
18nV
B,~1—d~ v40 .
Ppd

i = %Wd?’ppg
Va~1lm/s— d= 760 um

e =1— ¢ =porosity (= 0.5)
k = Kozeny constant (= 5) V ~ /29d —d ~ 190 (4m




Why this difference?




Why this difference?

BB Btl

Darcy’s law:
L, Rz
qgq=—VP
7
» space around sphere » narrow channels
» moderate shear rate » large shear rate and

and shear stress shear stress




Why this difference?

AA A

i

» space around sphere » narrow channels

» moderate shear rate » large shear rate and
and shear stress shear stress







Example 1

When air is forced
through a granular layer




Faraday heaping

... goes back all the way to
Michael Faraday

M. Faraday, On a peculiar class of acoustical figures;

Philos. Trans. R. Soc. London 52, 299 (1831).

32 sec




Not: Chladni patterns




Particle diameter: 0.5 mm
Width of box: 10 cm
Number of particles: 13500
Vibration frequency: 6.25 Hz
Vibration amplitude: 1.0 cm

Maximum acceleration: 1.6 g
Number of CFD elements: 80 x 60 x 1
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Numerical simulation of heaping with a hybrid GD-CFD code
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But why does the bulk only move inwards ?
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~virtual displacement
due to contact forces
virtual displacement
due to drag forces
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How does heaping start ?

051 —inward displacement \
) outward displacement Stati le of
atiC angle O
—_ repose °
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E 0l air drag
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©
ol due to
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4.64000 s




experimental result

PR RS EOY! RN INTA N SO SRt i ] ¥ ULy | 1 |

simulation result

model result




Power-law scaling:
mw=-N? witha=-3.0

experiments
A model, experimental input
® model, 100 initial heaps




Example 2

The Iinfluence of air on
drag in a granular bed




Preparing the sand

sand

sintered
wmme

air

turn
off
air

I

very loose
packing:

solid fraction
= 41 °/o




Controlled experiments

Ball dropped on decompactified, very fine sand

| Sy




Controlled experiments

Ball dropped on decompactified, very fine sand

| A




Ball impact on sand

3 events: |- Impact creates splash

- Ajetis formed

- Granular eruption




“Mechanism similar to
disk impact on water

o i
« &







Disk impact on water (side view)

Vimpact = 1.0 m/s

Bergmann, DvdM, Stijnman, Sandtke, Prosperetti,
Lohse, Phys. Rev. Lett. 96, 154505 (2006)

Gekle, Peters, Gordillo, DvdM, Lohse,
Phys. Rev. Lett. 104, 024501 (2010)




Fr=92 | 892.4 ms

X-ray Y

source vé
detector
array

Rob Mudde, TUD

reconstruction




What is the role of
air in granular jet
formation ?

Royer, Corwin, Flior, Cordero,
Rivers, Eng, and Jaeger,
Nature Physics 1, 164 (2005).

Caballero-Robledo, Bergmann,
DvdM, Prosperetti, and Lohse,
Phys. Rev. Lett. 99, 018001 (2007)

25 mbar

1 bar




Jet height vs. pi

' |
Froude number

* 66

m 175
* 9

4 35

T T T T T ! | : I 2
0.0 0.2 0.4 0.6 0.8 1.0 Fr = U_
Pressure: p (bar) gD




Trajectories in the

Pulleys
Device for 6
extra friction\ ' / \ ..Zfinal/D
1/ — 5 ]
Tracer s——__
. Counterweight 4r 7
Pneumatic e Q_
releasing N 3 -
mechanism
2 i
1t / Fr=17 |
0 1 1 1 1
0 20 40 60 80 100

Time after impact: t (ms)




Final depth vs. pressure
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218 The jet becomes less vigorous
|
51 because the ball penetrates less deep
‘ Drag decreases with pressure
O . | | ' I !

0.0 0.2 0.4 0.6 0.8 1.0
Pressure: p (bar)




Directly measuring drag:
Modified penetrometer

» linear motor controls velocity U
» load cell measures drag F directly
» pump controls ambient pressure Py

drag vs time drag vs position

t (s) 0 160,2 (mm%oo

(U =100 mm/s)

--------------




Drag F versus velocity U (Py=1 bar)

30

F(N)

drag decreases
with velocity

(drag F measured at z = 10 cm below surface)




Drag reduction in literature

Bubbles generated

by supplying air to Eat e
ﬂw vme'.s m"m YR "/c'.:'..—:. ¢

drag reduction
~5%to 30 %




Drag reduction in literature

Impact Carbopol droplet Impact heated sphere

drag reduction = 85 % drag reduction 2 85 %

Luu, Forterre, Vakarelski, Marston, Chan, Thoroddsen,
Phys. Rev. Lett. 110, 184501 (2013). Phys. Rev. Lett. 106, 214501 (2011).




Drag F versus velocity U (Py<1 bar)

30 - — drag reduction is due
z to interstitial air !
<3

(drag F measured at z = 10 cm below surface)




Model

assumption:
air modifies the contact forces

between grains.

drag without air:
grains perform work against contact

forces ~ hydrostatic pressure p;gz

F
psgz D?

drag with air:
excess air pressure AP works against hydrostatic pressure
and therefore decreases the contact forces

I — f ( AP) Problem:
psgz D? 0sG% f() is unknown




What determines AP ?

Time evolution of the excess pressure:

dAP PU| | P nD”
dt D 7 ~ 4.5 -10*Pas
_— ~
_— o~
increase due to com- decrease due to Darcy
pressional compaction flow inside the sand

For constant U this linear ODE is directly solved (7r=z/U):
~ AP 1 U B
II = _ 1 1 —exp | —B—2
apsgz P psgDz nU
which in the limit of large U becomes constant (z-independent):

R E py— 10 Can we use this to
’ psgD determine f{) ?




Drag F versus pressure Py (U=200 mm/s)

Calculate 11, from Py and ffrom F in this limit of large U
Fit to functional form: f(II) = f, + fo exp(—IL/II,)




model \ ;|

Turn back to the time evq

~ AP 1
H - — = — -
ApPsgz 6/

For all of our F(z,U,Po) d:

C:_

o

30

s

Th '™

20 [y ®
it

LTl

10F

200

0 50 100 150
U (mm/s)

- gD ~

which turns the equation into:

with II determined from the
dimensionless drag force f'by
inverting fI1).

Does this single

~, |1 —exp(—5Q) parameter equation

1" =

8¢

fit the data?




comparison

1
%‘Qg | experiments + model
Qlw B =1.40







Granular matter and water

Wet granular matter capillary bridges

water

little liquid, A
much particles 1808401

liquid consolidates
granular material Flop 1




Granular matter and water

Wet granular matter

little liquid,
much particles

liquid consolidates
granular material




Granular matter and water

Wet granular matter Suspension

little liquid, much liquid,

much particles few particles
equal amount

liquid consolidates | of Jiquid and | particles determine
granular material grains suspension rheology

|




TINELQ);

diameter: 5-20 ym,
flat distribution of sizes (hnumbers)
Irregular shapes

p=1.5g/cm?

“shear thickening suspension”




Cornstarch on a shaker

- - - o _— -~




Walking on cornstarch
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Guiderails —
Slingshot —

— Accelerometer

Impact rod -

Cornflour i
suspension l

Force sensor

Rod

Outline of total
added mass

Solid plug

klzrod I

Waitukaitis & Jaeger,
Nature (2012)




Is this force large enough?

side view bottom view

q4— 50 mm ——p»

o Impactor

above a critical impact velocity a solid-like (jammed)
front moves towards bottom and provides the force

Mukhopadhyay, Allen & Brown, cond-mat (2014)




How fast is the shock wave?

shock wave speed > 2,000 m/s (!)

Lim, Barés & Behringer, youtube (2016)




Example 3

Settling In a cornstarch
suspension




Experimental setup

\\\\\\\\

\\ marker
\\\\\\\\ @

hlgh-speed
camera

X(t) (depth sphere
inside suspension)

Control parameters:
» packing fraction ¢
cornstarch » object mass




X — glycerine
[m/s]
1 i
0.5+ terminal |
velocity

0.2 3 .t 0.4
deceleration ! [S]

due to bottom




Liquid vs suspension

added mass effect

1.5 (Waitukaitis, Jaeger, Nature 2012) |
% : — glycerine
rm /s] — cornstarch
I free : oscillations -
fall in bulk
0.5 stop-go cycles
| imr')act near bottom

! ! !
—8.1 0 0.1 0.2 0.3 t[S] 0.4




. 0.02
X x| [m]
[m/s] 0.01
1,
0 -
02
03 frgp 04
0.5
—8.1 0.1 0.2




oscillations & stop-go cycles
appear for ¢ > 0.39




Increasing sphere mass




Equation of motion

Added mass corrected mass:
jE—"
M = Msphere + Madded = Msphere - Eﬂ-d Psusp

Buoyancy corrected mass:

_ _ 1 3
M= Msphere — Mbuoy — Msphere — gﬁd Psusp

use this equation to calculate drag D vs velocity X




[ [s]




Bulk oscillations

What type of model could describe
the bulk oscillations?

Shear thickening or other § D|

No. Leads to monotonic

Visco-elastic liquid models

No. Leads to damped os

Hysteretic drag model? [R.D. Deegan, Phys. Rev. E 81, 036319 (2010).]

Works reasonably well




Stop-go cycles at the bottom

\& [m/s]

Fast deceleration
points to jamming |

‘ v=0

o @ @
grains
want to v > ()
dynamically dilate NV
jJammed tensile Darcy’s
. pressure » flow 2
in pores N\ unjams &~

similar to: S. Mukhopadhyay, B. Allen, E. Brown, arXiv:140719 (2014).




A minimal model

D when ¢ < ¢,
when ¢ > @

é — _Cg — ’f(qb - Qbeq)

\_ J

increases ¢ decreases ¢

due to compression due to relaxation
(—=x/x = compression rate)




Comparing to experiment




Comparing to experiment

0.1F + experimental X max
+* o experimental At

. - - model X max

— model At

® 002 004 006 008 01 012
U [kg]







