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A bit of hydrodynamics
Hydrodynamic interaction matrices
Mean suspension stress

Some numerical methods

Contacting particles
Historical perspective
Roughness and friction
Shear reversal
Shear thickening as a lubricated-to-frictional transition

Shear thinning in frictional non-Brownian suspensions



sharp corners Suspensions / emulsions / foams
flakes

steric layers Particles
* Fluid, solid, visco-elastic
« Size, shape, surface properties and interactions
rigid-body * Buoyancy
constraints
potentials Suspending fluid

* Non-Newtonian

boundaries ) )
: Brownian motion

S. Kim and S.). Karrila. Microhydrodynamics: principles and selected applications . Dover (2005).

Here
* "rigid" particles = no vesicle, droplet ...
« Short range ("contact") interactions (solid-
solid, grafted polymer chains, double-layer ...)
* Newtonian liquid
* No Brownian motion
* No particle nor fluid inertia




Boundary condN

Hydrodynamics

Particles

Flow u(x),P(x)

Gravity force

+ Rigid U, Q,
Momentum balance equation x €Dy u(x)=U,+Q, x (x—xp)
* Hydro forces and torques - Direct Interaction forces / torques
h h) inter i z
(Fh, Th) = F(u,P) e Fi

N modelling

Strongly coupled equations * Gravity force

Particle linear / angular momentum balance equations
h inter
Fo+F 4 (pp — pr)Vpg =

h inter
Tp—I—Tp =




Newtonian liquid Om=—Pml+71(Vu+Vul)

Pm =P — (Po— pgz)

Momentum balance equation

nAu — VP, =>j< Re = pTUa <1 Stokes equations
\ALLL. st= 2P <1
Tn
Boundary conditions * Particles x €Dy u(x) =Up +Q x (x—xp)
* External boundaries x € 0D u(x) = U(x)

h
Forces and torques Fo = //BD Om - ndS
P

ng// (X —Xp) X O - n dS
oDy




Stokes equations : some fundamental properties

Any fluid volume
nAu — VP, =0 _ _ n
* No inertia <ﬁ> F" — 0
V U = O /

* Flow instantaneously driven by the B.C.

« Linear equations for (u(x), P (X)) ©——=> Linear relation Hydrodynamic forces / Velocities

Simple shear

N particles in a linear flow X€ 0D u(x) =us(x) =Ug+ R xx+E, -x _
Extensional flow ...

F=-Rru U-U.)+Rre :E- | Rxy Resistance tensors

(Rru,Rre) = f(x1,x,...) Nottobe computed exactly
(in general) 6



Jeffrey, D. J., & Onishi, Y. (1984). Journal of Fluid Mechanics

Two-particle grand resistance matrix  Jefirey, 0. J. (1982). Physics of Fluids A: Fluid Dynamics
Jeffrey, D., Morris, J., & Brady, J. (1993). Phys. Fluids A.

* Known exactly (= analytical / semi-analytical) for any particle distance

/F1 \
F, ( Al A Bi B Gp 912\
T Ax; Axn By B Gy Gy
. . .

Stresslet : later || T2 - 821 822 C21 C22 |:|21 |:|22

Tensors of order 2 to 4

= f(Xl,XQ,...> Ul
; "
Example U =0 Fi=-nAu-U;
U2 =0 (1) 2)
Q= =0
U;

/ \ T2
T, =-nBy -U;



e r>>a,a,

« s=r-(at+ta)<<a,a,

Squeeze Shear

Ball & Melrose (1997) Physica A.

1)

Lubrication approximation

Pump

Q

Q‘

Twist

* Very long range (1/r)

a1 U
u(r) o P * Primary role when external
forces are considered
Fb o 67r77a2371U1 (sedimentation ...)
S
= <<1
(a1 +a2)/2
* Squeeze
F17 F2 X 1/§

e Other terms

o log(¢)
or smaller




>0
p=1

= uoo
Mean stress 3 = L /// o;dV
VJJ)Jp
T — (1 )Pty (20 O L
0= T ox T ax ) TV &
Mean fluid Mean fluid
pressure '

p:// Om N (X—x%,)dS =T, +S,
oD,
To  Antisymmetric part _
Induces patrticle
<——> torque rotation

Induces patrticle
deformation

S, Symmetric part
= stresslet

N.B. Another splitting hydro / contact is possible (next slide)

deformation rate

Particle
contribution

Second moment of the force
distribution = Force dipole

Stress = hydro contribution + point contact forces

. h No
7;_7;C+7;_0 inertia
__ ¢c h
S, = S; + Sh
1 C C
Sp §(Ar®F + F* ® Ar)
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Hydrodynamic and contact contributions

Two different ways of separating contact and hydrodynamic contributions :

* The « Stokesian dynamics » way Phung et al. (1996). . JFM, 313, 181-207. Mari et al. (2015). Phys. Rev. E, 91(5), 052302.
Banchio and Brady, J. Chem. Phys. 118, 10323 (2003).

Hydro. in nature (viscous stress)

B A
— — rl ~
-1 —1
S:[—Rgu-R}—u-R}“E—FRSE} cE —Rsy - ]_-U-FC—F—(AI‘(X)FC—I—FC(X)AI‘)
— U — 2 __
—~ —~"
Produced by the external shear w/o forces Produced by the forces w/o external shear
= hydro = contact

Physical meaning in shear reversal (Peters et al. 2016 J.O.R) and shear rotation (Blanc et al. 2023 PRL
More about this on Wednesday 11h15 : Romain Mari

N N
| 1 hoo 1 c
* The « direct » way Y=-(1-¢)P)d+n(Veau+Vau) +V;SP+V;SP

y4‘ - T 7\ 7
Y Y

* Shear flow "

>h 3¢
z <J‘::—’x

Reduced zxy ZQy—i_Z)C(y __h + fo Normal
Viscosity N4y ny =7 n stresses

Ni= So— Ty | [No= T, — 5o
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Maxey, M. (2017). Simulation methods for particulate flows and concentrated

N ume rl Cal m eth OdS suspensions. Annual Review of Fluid Mechanics, 49(1), 171-193.

Brady, J. F., & Bossis, G. (1988). Annual Review of Fluid Mechanics
Sierou, A., & Brady, J. F. (2001). Journal of Fluid Mechanics

P
}Q:» Of( —> O h
ZE y o ) F +F =0

« Stokesian dynamics

No flow is computed

(&)= (")

U=U.+R7, Rre :E. +R5, - F° —=> Particle motion

1
S=[-Rsu Rz, Rre+Rse| :E —Rsu- ;i[.FCJFE(Ar@FCJFFc@Ar) —> Stress

R = M ' +RY% — M5

Mff Far field multipole expansion (pairwise- th Theoretical 2-body lubrication resistance (pairwise-

additive construction of the mobility tensor) 2B additive construction ———> sparse matrices)

> Original method : My is dense —=> building O(N?), inverting O(N?)

> Accelerated SD : O(NIn(N))

Pros
* accurate (long range and lub.)

* quite fast ouaknin et al (2021). JCP

Cons
for spheres only (and maybe spheroids)
for Newtonian liquid only
Re = 0 only
method quite involved

11



Fictitious Domain Methods : actual flow computation

* Fluid flow computed over the whole domain

» Particles accounted for using force density A

Immersed body

Gallier et al. (2014) JCP.
Orsi et al. (2023) JCP.

* Constraints x € D

» Subgrid corrections

AN
1]

u(x) = Up + 2, x x

Immersed boundary method (IBM)

Uhlmann (2008) Phys. Fluids
Breugem (2012) JCP.

FFDM,p+FSG,p_|_
TFDM,p_i_TSG,p_'_

SG
SSG

nAu — Vp — VPo+ psA =0
V-u=0

Force coupling method (FCM)
||

2a

' Sk T ]
Monopole Dipole

Maxey & Patel (2001) Int. J. Multiphase Flow
Yeo & Maxey (2011) JCP.

FP =0
TP =0

U — U (xp)
o

pairwise-additive construction

12



FDM : pros and cons

Pros Cons
* Hydrodynamics : short and long rang interactions * Not that fast
included, few restrictive assumptions. - Parallelized particle sub-problem
- Sedimentation allowed (long range interactions) implementation quite difficult

« Extension to any particle shape or liquid
* Extensionto Re, St #0

 Some open CFD toolboxes (OpenFOAM, Basilisk) with
native MPI integration

13



Distinct (or discrete) elements methods (DEM)

* From granular physics cundal, P. A, & Strack, 0. D. L. (1980). Géotechnique, 29(1), 47-65. O
. . dU
* Molecular dynamics w/o thermal forces, no fluid flow computed Mpd—tp =F, F"

 Different versions (not a comprehensive list)

> No inertia, 2-particle lubrication interactions and drag F = Fgrag — Riwp - (U —U) + RMiup : Eo

S l. (2013 g
eto et al. (2013) PRL F‘; % = —67na (Up — uss(xp)) \ /

Mari et al. (2014) JOR g
It 3 . . .. . .
T, = —8mna’ (2, — Qo)) Pairwise additive lubrication

> Inertia, 2-particle lubrication interactions, drag or no drag F=-R U+ (Fdrg)
(depending on the papers) ©

Ness & Sun (2015) PRE
Cheal & Ness (2016) JOR

> Inertia, 2-particle lubrication interactions, poromechanical coupling F=-R U+ Fpore P.

Chareyre et al. (2012] Transp. in porous media
* qij < Pi — P;

Marzougui et al. (2015) Granular Matter _ _ dVi
Chevremont (2019) Phys.rev. Fluids A % > Pressure velocity coupling E = E dji
5 _
Y ]

Adapted from \ ‘% i _af
Marzougui et al. (2015) \ > Viscous force Fprorep. =1 -P

Granular Matter

14



DEM

 All versions : cutoff distance for lubrication interactions s/a 2 0.1=F =0

(.nf"_"'_"

Pros Cons

* Fast (meaning large size systems, large volume e Only lubrication interactions :

fractions ...) > Better for high volume fraction

* Some open codes, easy to use (LAMMPS > Not suitable for sedimentation

(Ness), YADE (Chareyre et al.)...) > Specific strategies for some problems

involving heterogeneous flow, e.g.
migration (Kolmogorov flow = external
force on the particles), resuspension...

> Data to be checked against method with
more comprehensive hydrodynamics
(migration, velocity fluctuations etc.)

15



A force free particle pair in simple shear flow

* Resistance matrices known exactly (semi-analytical) V(;)
—>
 Direct integration of the momentum balance equation » ;7’
<
OZ_R]:U(U_UOC>+R]:E :Eoo (U17 U27 Qla 92) - Z/loo —l—R;‘z{[(r)R}_E(r) . Eoo (é
Lubrication
Shortrange 0—0—0-0-0—0—0—0—0—0—0—0—0—0—0—0—0—0-0-0-0-0-0-0-0-0-0-0-0-0-0—0—0 ﬂ
Interactions \
(lubrication) s N
1 but

¥ I — direct time-integration 1 rmin _5
/ 7'4 7'2 (I) é AIL 3 ~ 4. 10
Long range ]

) ; T 100 Arp, P.A. & Mason, S. G. (1977).
Interactions g - J. Colloid Interface Sc.
102 a =40um = rmin ~ 1.6.10°m
N0
. ! ! ; : : : Asperities = contact !
-6 —4 -2 0 2 4 6
Tx/a1

Orsi, M. (2022) Doctoral dissertation, Université Cote d’Azur.
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No direct interaction force in NB suspensions: lubrication breakdown

Melrose, J. R., & Ball, R. C. (1995). The pathological behaviour of

sheared hard spheres with hydrodynamic interactions. 0.010
Europhysics letters, 32(6), 535. o
o
Ball, R. C., & Melrose, J. R. (1995). Lubrication breakdown in Eb
hydrodynamic simulations of concentrated colloids. Advances in E
colloid and interface science, 59, 19-30. b= g
S =
5 ¢
. - . . . 2 s
* Simplified Stokesian dynamics (DEM, no far field) 50008 ©
. 0 =2
* Various time schemes (4™ order RK, 2nd order &
predictor corrector ) and time steps
* Unphysical value of the gap
— 0.000
d=40um = s=4.10"Pm -8.0

log (gap)

* No steady state (viscosit
y ( y) Melrose, J. R., & Ball, R. C. (1995). Europhysics letters, 32(6), 535.

RK. N.=700 (A), N =50 (F)
PC. N = 50. dt = 5.10% (B), dt = 5.10* (C), dt = 5.10° (D), dt =
1.10° (E)

* Simulation stops (too long, gap collapse)

e Also observed in full SD

Dratler, D. I., & Schowalter, W. R. (1996). Journal of Fluid Mechanics Unphysical
Computationally Intractable
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Contact due to roughness in NB suspensions : quite an old idea (1980-1990)

Breaking of periodic orbit of a particle pair in shear flow Armp, P. A. & Mason, S. G. (1977) J. Colloid Interface Sci.

Proposed to explain particle migration  Leighton, D., & Acrivos, A. (1987) Journal of Fluid Mechanics

Measured via particle-wall hydro interactions Smart & Leighton (1989).Physics of Fluids A: Fluid Dynamics

l l g Time for separation = f(h) ~<—=> Lubrication cutoff

Roughness connected to asymmetric pair distribution function Rampall et al. (1997). Journal of Fluid Mechanics

) i Blanc, F. et al. (2011). Physical
D review letters, 107(20), 208302.

18



Contact force modelling

» Contact between solid bodies : complicated matter Johnson, K. L. (1987). Contact mechanics.
Cambridge university press.

e Suspensions: many parameters (Jean Comtet lecture) smooth

> Smooth / rough surface

r 3

> Elastic / plastic / viscoelastic solids

> Adhesion rough

> Surface physico-chemistry (grafted polymers, electric charge)

Areal < Aapparent

W b
=7 *
r/zl +-

19



Contact forces in simulations (NB suspensions) : the early days

* Roughness (contact) induces irreversibility Da Cunha, F. R., & Hinch, E. J. (1996). J.F.M
> Shear-induced diffusivity in dilute suspensions (2 particles)

> Simple model of roughness : modification of the mobility functions equivalent to a radial force

Ay = D

i

s=r—2a=h,=V,=0
* Repulsive spherical potential

> Avoid lubrication breakdown

r
> Weak influence of the specific form if short range (w.r.t radius a) F\

) =TS
Double layer-like  F — of Dratler, D. I., & Schowalter, W. R. (1996). J.F.M, 325, 53-77.
1+e 7 [|r
hr ~ 1/7’ e—Ts r
F= foT Sierou, A., & Brady, J. F. (2002). J. Rheol. 46(5), 1031-1056.
1—e 7 [|r

Cut off distance
Arbitrary

R2. _ Hr||2 - HFH Reff/a = 2.002
r < Reff = F = —67T773Vref (%) —
Rier — 2 I r hy = R — 2a = 0.002a
Yeo, K., & Maxey, M. R. (2010).Journal of Fluid Mechanics, 649, 205-231. 2a 2Reff
20



Further modelling : elasto-frictional contact

» Standard in dry granular physics cundall, P. A, & Strack, O. D. L. (1980). Géotechnique -
Shéfer, J., Dippel, S., & Wolf, D. E. (1996). Journal de physique |
e More recently in suspensions  seto, R, Mari, R., Morris, J. F., & Denn, M. M. (2013) PRL F.

Gallier, S., Lemaire, E., Peters, F., & Lobry, L. (2014). JFM Point forces

* Elastic normal force
Compression 6 = h, —s

s < h, . _ _ No need for dissipative terms Ynd
5>0 = F. = —k,0 n Linear spring — Y

(Hertz k,, o V3 ) if lubrication is kept

 Elastic tangential force Slip velocity U.=U - U — [(U—U) n-n+ (a2 +2,Q) xn
t
Accumulated slip YV :/ U, dt
0
Elastic force (stick phase)  F{ = —k,) (Hertz-Mindlin k; o< V8 )

Fy
IF]

Slip condition (Amontons-Coulomb)  ||F{|| > us||Fq|| = F; = us ||Fy |

21



Dimensionless numbers

* Equations made dimensionless Length : radius a - D— Two particles
Time : 4~ - = dilute suspension
Force - 67777a2# -— F ~ 67T7732"y = 67rzlza2
: -—
vV ‘T_ » A . Nir A, &Acrivos, A. (1973). JFM
Volume fraction ¢ = — 1=
Vtot
Roughness hy/a ~ 1073 —-10"2 Experiments with model spheres
: 6mnay B :
Shear rate L= h ol M Increases with
ner < r/L volume fraction or stress
. FE(8) ~ 6ma’y™ =
[y — 67na’y 7(0) me Ly S—> (é) ~ ﬁzH/3
T h? he/n

N.B. Shear stress : 7, Typical compression (dilute case)

Tangential stiffness k¢ /ki

Friction coefficient s
22



Stiffnesses

: L : " 2
. Asimple estimation: a sphere (a) against an asperities (h <<a) F§ = gﬁh}/%w
Peters et al. (2016). Journal of rheology, E ~ 3GPa 3~ 20Mm r - 10_3
v~ 0.4 he/a ~ 1072 5/hy ~ 4.102

PMMA n ~ 1Pa.s
4 ~ 100s1

« [ <107! Mostly Newtonian
[ > 10! Weak shear thickening behaviour

Gallier et al. (2014). Journal of Fluid Mechanics

E

Yo /= 0

= lubrication

* One strategy : keeping  (0/a) < dmax/a~5% and kn 7 (6, hrﬁm)

Mari et al. (2014). J. Rheol. <y/a> S ymax/a ) 5% kt

No stress scale other than 77 —>

o Usually ki/k,=2/7

~ Newtonian behavior

[ = cst <= & ~ cst

N\

;

23



Monodisperse supensions  Galiier et al. (2016). J. Fluid Mech.

----------------- na=0 20

15

ey r’r 10
Obulk = 0.4 % |
A = 100
5 10 15 o0 0.1 0.2 03 0.4 05
y/a Dbulk

Slight bidispersity

0_4-: \./‘X Z; /\ /\
o / \ o i ll\\ e
Vidily 4 o o 04 I V V ¢ =0.54
0.3
05 32/31 =14
_/ 0.2 - _
—0.4 0.1 ¢1 =2 = ¢/2
-04 -02 00 02 0.4 0.0 —-0.4 =02 0.0 0.2 0.4 Same Data as in

I '
yiLy ylLy Michel Orsi (2023) JCP. 24



e =h,/a
ps =0
¢=0.4

T

9 0
- —T+—— Total

8+ ——{C— Contact

; - ——H+— Hydrodynamic

i -0.05
6 I
> -0.10
4 :_EM 2 |

— -0.20

ol 1 | 1
1074 1073 1072 1074 1073 1072
€r €r
103 = -
TV V—y—v—v
\v
g — —_— —_—
102 o0—n u——n—-u._.n\ o ¢=0.2
o ® ¢=0.3
B — A A—A-—A A
Ul TATA~a_, |+ 4=04
"—+—_+—+—+-—+—.+_+___+ ;¢=0-45
P S )
—_— x—:—-u—x—;._,___-‘ V¢=056
¢ —0 0O—Q0=——0—0—0—0
0 ;
10
10°° 102 o 107 10°
r

Gallier et al. (2014). J. Fluid Mech.

« h_ as such : weak influence

« he ¢ = lubrication
=>n /

 h acts as a lubrication cut-off

Chevremont et al. (2019). Phys. Rev. Fluids 25



v #= T H
g =0 5000 L 2 5000
20_— ........ o ,{Ldzol Oany,uaty—»O 1 1
........ O g =0.3 (or u =0 at any y) : :
........ e g = 0.5 mu=laty — oo | 1
L 1 L 1 L
15 v  Dbouk ef al. (2013) vy B0 1= a1 5 I : ug
- Zarraga et al. (2000) - O 500 : : 500 -
| 1
ool 2o & | o=
o | | 1 L
W 100 . , 100
s , 1 1
I 2 501 | : 50'.anypat;‘z—>0
5+ | 1 (or ¢ = 0 at any y)
I L ! mu=laty - o
10 : : : 10'<>Mzooat—jf—>oo
L 1 1 1
0 A L 1 L A s 1 1 A 1 L L 1 L | 1 L 1 L 1 1 1 L
0.1 0.2 0.3 0.4 0.5 0.45 05 055 06 065 001 002 005 01 02 0.5
¢ ¢ 1 ¢/

Mari et al. (2014). J. Rheol.

Hs /‘:>¢J \A:>77r /‘

Gallier et al. (2014). J. Fluid Mech.

simulation

/~LS:075:>77r %anp

Close to jamming  7r(ps = 0) o< (1 — ¢/¢y)*° ¢ ~ 0.66
(s = 1) oc (1 — ¢/¢J)_2'3 ¢y ~ 0.58
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0.7
0.6f *
0.5¢

(@)

O hy/a=510"3;4=0
O h/a=210"2;4=0
O hy/a=510"3;u=0.5

>
.g 0 4_ -
E ' A hy/a=1210"2;54=0.5
0.3} : :
~
—
0.2}
0.1} N
N
r N
03 04 05 06 07 08
o
0.7 -
Singh et al.
0.68 Chévremont et al. 1
Lobry et al.
0.66
0.64
SF .62 .
n
0.58 F \ 05 1
0.56 } T
0.54 .
2 4 6 8
I

(07

T A= g/e)

Maron-Pierce

o us S =05 \\=n

e ¢;(us=0)=~0.7 toolarge

Singh et al. (2018). JOR

Lobry et al. (2019). JFM

Lemaire et al. (2023) Rheologica Acta

10

0.75

(b) O h,/a=5.10"3

O. (5 5

O h./a=1.10
" 0l65 O hyja=12.10"2
4
0.6}
9
0'550 0.2 0.4 0.6 0.8 1

%
Peters et al. (2016). J. Rheol.

Chevremont et al. (2019). Phys. Rev. Fluids 10

0.8

0.4

0.2

0.0

N

Na

N

“~

0.0

0.1

0.2

0.3 0.4 0.5 0.6

¢

data from Gallier al. (2018). Phys. Rev. Fluids



10 T T T T . T
al [
- "C (u=0) - H
i
10°f € (u=03) £ A
=l (,,=0) . u__nl
w0 ce-gfems L " gt P
10f e
102 &
l 0.3 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7

¢
Lemaire et al. (2023). Rheologica Acta.

data from Gallier al. (2018). Phys. Rev. Fluids

C,n
no"
[ =
Hs /! nC,t P

C,t
Ui

i n—c = f(us)

" = f(fb,)Q

ps S =n"

us=0 n°=n"atp~05
s =05 n°=n"at o~ 04

0.35
0.3r
0.25¢

Ct . !

3

nC 0.15} '
0.1} 0,2< ¢ <05

0.0} 51073 < h,/a <2.1072]

0 0.2 0.4 0.6 0.8
1

Peters et al. (2016). J. Rheol.

1
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~0.05 |

—0.10

~0.30
~035}

-0.40 £

0.1

-0.1

—03F}
—04F

_05 L~

Nz/‘t’

B o e o

~0.05 |
—0.10}
015}
—020}
—0.25}
~030}
035}

-0.40 |

0.1~

_03|

04

N\/o

—05 [

Gallier et al. (2014). J. Fluid Mech.

Seto & Giusteri (2018). J. Fluid Mech.

p=20

® Total ]
A Hydrodyn.

= Contact

040 045 050
¢

0.60  0.65

° /,L5—0:>
* us S =
p=1

(@)

—0.05 -

—0.10

—0.15

0.05

e Total
A Hydrodyn. |
= Contact

0.45
¢

N1 >0 : finite particle stiffness

0.50 0.55



e E 0 el R L x|
—Boyer et al. (2011)
—— Gallier et al. (2014) model 1
—Lecampion and Garagash (2014) 1

o Gallier et al. (2014) frictionless ]

© Gallier et al. (2014) frictional /,

o py = 0.00 &7
v I, =0.09 . 5
o py= 0.18 ““"_r_ ]
e '»' 'ﬁ 4
+ p,, =0.36 il 1
A.u,m=0.58 ."'4.7- Z 1
o op = 0.84 g % , e ]

* po =120 : . -~
boa, =173 T ]
pi i — - Y 2 ° 1
. xx % o ©° o 1
L L3l P il L | L PR Ll L 1111
107 1073 102 10" 10° 10!

e = lim py ~ 0.3 — 0.4

J—0

fc(pim = 0) ~ 0.1

Chevremont et al. (2019). Phys. Rev. Fluids

Y

Independent of y_if im

¢/ P,

>0.3—-0.4

A pm=ﬂ.53 .00 0n
03 | o n, =084 i
* uy, =120 ‘\,'!,'
B opy = 1.73 =5 . o8
0.2 - —poyeretal. (2011) B
© Gallier et al. (2014) frictional *x *
o Gallier et al. (2014) frictionless
0-1 1 1 1 1
104 1073 1072 10 10° 10’
1 T
0.9 o K, =0.00 )
v g =0.09
0.8 © My =0.18
g =0.36
0.7 1 14 4, =058
o, =084
0.6 x pg =120 0.65
b #, =173
0.5 — Model 0.6
&0
0.4
0.55
0.3 0
Hm
0-2 1 1 1 Il
104 1073 102 10" 109 10°



uniaxial

biaxial

TEe

Seto

planar

a . b
10' S
3 3
\E —p— biaxial 100 ;IQ : \E
—B- planar = [
< 1()4 3 10 e opiaxial
> —¥%- uniaxial é‘
) %)
8 —o—shear — — o
o -.0- shear hydro : 8
> --0- shear contact >
_GZJ 102 = biaxial fit ] '023
3 ©
[ o
frictionless ¢o
ol i i : y, : 0
10 10
04 045 05 055 06 065 0.7
volume fraction ¢
¢ b biaxial frictionless d
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Standard splitting H/C
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. . Seto et al. (2013) PRL 111(21), 218301.
Shear-thickenin g Mari et al. (2014). J. Rheol., 58(6), 1693-1724.

* Direct interaction forces : short range repulsive + contact
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Controlled shear rate
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* Controlling stress is easy (using DEM w/o inertia) e==> Marietal. (2015). Phys. Rev. E.

* S-shape flow curve indude DST at controlled rate ===> Wyart & Cates (2014). Phys. Rev. Lett.
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Shear-thinning behavior in NB suspensions  Lobry etal. (2019). Journal of Fluid Mechanics

* Amontons-Coulomb law : Greenwood & Williamson (1966)

"
Aapp

« Statistical distribution of asperity height ——> A, x F,

F
o Slidingif Ft=0A, xF, —s |p= Ft = constant

Ar << Agpp
* Single asperity model : a first course

* Elastic regime ( Fn < F): R, F, ,
a/i Fr 2 2 /
Hertz: A x F,3 F: = 0sAx F,3 ‘ e

1
M_FnOCFn3 A

* Plastic regime ( Fn > F¢) :

F Y3 R 2 Fn 0-5

c X — Iy pD—— —> H = = — = constant
E2 P A H H
E :Young modulus H = hardness

Y :yield strength 41
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Simple model
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* Mean friction coefficient !
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Polystyrene particle 2a=40pum
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* Not enough time to talk about :

> Heterogeneous flows (migration / sedimentation, resuspension)

> Other interactions (adhesion, rolling friction...).
* Primary interest : microscopic measurements (AFM, SFA) for relevant modelling

* Beyond rigid particles ? Very soft particles, elasto-hydrodynamics ...
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Moments de |la contrainte
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Tij = —Tji
Moment d’ordre 2 de la distribution de contrainte = moment dipolaire (de force)
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