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Introduction

A Solid particulesuspendedn afluid

A Examples
I Oilindustry:
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Suspensions vs. Granular Media
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Simple mode

Hydrodynamignteractions

Newtoniansuspendindluid S =h,

h, : dynamicaliscosity
n, = h,lr;: kKinematicviscosity

r¢ - fluid density
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A naive physicist insight




d : particlesize
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Hydrodynamianteractions

Viscous drag : Fo=30/,dV

Stokes force (low Re) _x\\!//:(_

Inertial drag FD:%CX/' SV? &@*—

(high Re)



Re- 0

Distance

Large scale interactions decaylin

N-body Linearproblem



Lubrication forces

Separation s << d

F hOdV
o

Divergeswhen S- 0




Weakdivergence
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Regularization of lubrication interaction forg

Divergencecut-off when S @x roughnesscale
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Towardsa solidgranularcontact



Contact force{s




Elastianteraction

Hertz contactaw

H.R.Hertz J.fir ReineundAngewandteMathematik 92156 (1881)
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A Nonlinearspring
A Separatiorof scales

d< a< d

A Local stress amplificatio



Solid onsolid Coulomb friction

C.A de Coulomb (1781)

Nosliding : m Staticcoefof friction

Dynamicalcoefof friction

T
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HertzMindlin contact model

Mindlin, J.App.Mech.;71259 (1949)

Q G 3/2
b, = 31—y R(Ed) Normal contact force
8
3G a\'”? :
AF, = —gR(— Dl Incremental tangentialcontact force
-V, \R
Ft Coulombyieldcriterion




Many other possible interaction?neglectednere!

A Coulombelectricforces
A Van derWaallsattractive forces ¢ohesior)
A Physicechemicafforces

A Entropicforces



Jammedpackind

51 NDeé Qa E)Pﬁh—KOYJf
e -F porosity
Permeability: K(e) ~ d?
6‘3 2
CarmanKozenymodel : K( 6) =C d

(1- &)

C @l/180 Spherical packing



Volume fraction

31

f = Vgrains D Ve ® e
Vtotal -
Volume
0 fe fraction f
| | R
| >

Lubrication/

. Jammed solid
Solid contact

Hydrodynamic
interaction forces



Thermal energy sca'e

Brownianmotion

<R?> $Dt

Browniandiffusion coefficient




Colloidal/granular suspensions

Peclethnumber

Colloidalsuspension

_ Browniantime Pe< 4  Browniandominated

Pe= _
Flowtime /

Pe> 34 Granularsuspension

Hydrodynamia@lominated

ne 071D _3p [
1/ & KT




d: Particlesizenm
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« Generally»

d<1/mm Brownian
d>1/mm Non-brownian



Length and Time Scales of Particulate
Material
Method Time Scale

[
‘ Granular Media I— 1hr

Granular
Dynamics

Stokesia
n
Dynamic
S
Brownian
Dynamics

1 ns

1 nm 1 pm 1 mm

Size Scale J. Brady 2010



Diluted suspensiorviscosity

A.Einstein, Annalen der Physik7 (8): 549 560 (1905)

Dilutedsuspension [ <1%

h:h0(1+gf)

Brownian/non brownian



Batchelor& Geeen(1972)

h :h0(1+gf +bf?+...)

NonBrownian particles: b @5.2

Brownian patrticles :

b @7.6




Note :elongatedparticles

exc

A
Excludedolume :E,UL3

Excludedrolume fraction

Vexc
Vv

n=f

part

n<d4 h :/70 (1+ Bf) Dilute regime

n = O(]_) 1/2 Dilute regime
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Empiricaformulas

KriegerDoughertyJ.Rheol 3,137 (1959
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Localrheologymeasuremenﬂ
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Granulamatter rheology

& NPT Y
D0 @) 0005 IS0
eB e e @ 0;00
AT S R

Dynamicalfriction coef ?




Microscopiaeorganizatiortime scale: T,

%C%%% 8%8 TH - @f 8 Hydro time

=i | TP =
,/Pg/r
I _To __gd
=-— = Inertianumber
T, \/Pg | r




Constitutive relations

Da Cruz at al. PRE 72, 021309 2005
GDR MiDi, Eur. Phys. J. E 14, 341 (2004)
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Control innmversus control irf

{n(l)@ng+bl +...
f.-7°]

‘ Bagnoldrheology (1954)
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mecontrolrheometryof a suspension

Inclinedplane

C.Bonnoitet al., JRheol 54, 65 (2010)

C.Bonnoitet al., PRL 105, 108302 (2010)

m=—2| =tanJ




Model IsodenseSuspension

C NewtonianFluid
ShinEtsu®
' =139mPa.$=1070kg.m3 T=25C

C polystyreneBeads
Dynoseed®
"=1050kg.nT3
d=20(4, 80, 140, 256m

Densitymatching Dr @D
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Expérimentaket-up

C Grains diameter d

C Volume fractions
.g C Angle’

L=1m, I=38 cm



n =1%
30% < <61%

L,=10cm
12*16 cn¥
U =49%
nt=3s

35



Threeflow regimes

3 : :

10 @. R ® D 1 ¢ Viscougegime

- @ o ° 2 ¢ « Pseudegranular» regime
10™ 3 -« |

ﬁ 3 ¢ Stoppagaegime
10° 1%,

3 ina

4567 2 3 4567



h (Pa.s)

Viscoulateau

h> K

401 N
301 A"'ééﬂ“------ C Viscoudluid behaviour
20t o oa Ah*A
10-h* AA. .'-@(.--.Q--.-. ------------ V ’ h2
0 }jﬁm--mn-mé--u---u ----- o TR = S

0 100 200 300

h/d « time
/’gh2 sing

Extractaviscosity A(f) = Y,
S
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Alpha

Flow profileshape
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Volume Fraction

If stationaryflow

V) =VF

Viscoudlow



Reliablerheometer
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Deviationfrom the viscousregime

4 U =49.3%
' ® =49,3% g=15°
1 m f=53,6% g=5° U =57.8%
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« Pseud@ granular» régime
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Powerlaw regime: V, ~ h with 6< 2
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Scalingegime

20.0x10™F
15.0F

10.0F

Vs/sin® (m/s)

0.0 1.0 2.0
hI(7f ,) g

Fit of the data: \_/S ahg v, b6=132°001



Flowrule
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4 Open questions
O
V\QE) O CC)) O O Why N-L rheologyapproachinglamming?

Fluidstructuration?
Emergence of clusters ?
Boundaryconditions drive
differently grainsclusters fluid?




Unificationsuspension angjranularrheology

Granularpressure control Pg

Viscoushumber

Viscoudime

Hydro time

Boyer et al. PRL 107, 188301 (2011)



