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Suspensions granulaires
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« Matiere molle
 Notions de viscosite et rhéologie

» Viscosité de suspensions granulaires
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- Etalement de gouttes de suspensions granulaires

» Quelques pre-réesultats sur lI'instabilite de
Rayleigh-Taylor avec des suspensions granulaires




FLUIDES COMPLEXES ET

MATIERE MOLLE




Pierre-Gilles de Gennes (1932 - 2007)




Cristaux liquides & polymeres

Cristaux liquides Polymeres
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Polyaniline
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Mélanges biphasiques

Gaz dans un liquide Liquide dans liquide
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Mechanics of fire ant aggregations

Michael Tennenbaum, Zhongyang Liu, David Hu &0 & Alberto Fernandez-Nieves

Nature Materials 15, 54-59 (2016) ‘ Cite this article
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. i — > u-paris.fr > Les chats sont-ils liquides ?
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Paris Cité

Chercheur en
rhéologie a I'Institut Jacques
Monod, Marc-Antoine Fardin a
réalisé ses études a
I'université Paris Diderot, a
I'université Columbia a New
York et au MIT a Boston. Il a
€galement travaillé pour la
National University of
Singapore et pour I'Ecole
Normale Supérieure de Lyon.
Il fait aujourd'hui partie
de I'équipe d'adhésion
Les chats sont-ils liquides ? aellulairerer mesanique e g
recu le prix Ig Nobel de
physique, le 14 septembre
2017, pour son étude "les

Jacques Monod (Université Paris Diderot/CNRS). Il a regu le prix Ig Nobel de chats sont ils liquides ou

Marc-Antoine Fardin est chercheur en rhéologie a I'Institut




Felix catus rheology

FIG. 3: (a) A cat spontaneously rotates in a cylindrical jar.
(b) Normal forces and Weissenberg effect in a young sam-
ple of Felis catus. [Courtesy of (a) http://guremike.jp/, (b)
http://buzzlamp.com/10-weird-places-cats-get-stuck-in/|




Suspensions




Suspensions
THE CHEMISTRY

Milk is an emulsion of fat in water. It is also
a cofloidal suspension of proteins. Other
compounds, inchuding lactose and minerals, are
fully dissolved in the solution

Droplets of fat in milk have an average size of 3-4
micrometres, They consist mainly of triglycerides
and also contain fat-soluble vitamins

23.6-31.4%
14822 0%
10.4-14.6%
9.1-119%

OF COW’S MILK

Milk contains hundreds of types of protein, of
which casein is the main type. The milk proteins
form micelles. These micelles scatter ght,
causing milk to appear white
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Lactose 5 a sugar found in milk. People who
are lactose intolerant are unable to digest it
Lactose can be fermented by microorganisms to
form lactic acid. causing the milk to sour
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Suspensions

Suspensions colloidales =
Mouvement brownien

Taille des particules <2 pm

Interaction electrostatiques

Stables

Suspensions granulaires =
Pas de movement brownien

Taille des particules > 2 um
Contacts et interactions hydro

Sédimentation / cremage
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VISCOSITE




Viscosite

plus visqueux




Viscosité - contrainte
= taux de déformation

Glycerol




Viscosite

Reservoir

Capillary tube




contrainte (o)

Rheomere T~ taux de déformation (€)

couple

{ vitesse de rotation

Upper tool
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Viscosite T~ faux de déformation (€)
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Viscosite T~ faux de déformation (€)
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contrainte (o)

Viscosite T~ faux de déformation (€)
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Viscosite independante
du taux de deformation




B contrainte (o)
Viscosite T~ taux de déformation (€)
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Fluides rheo-epaississants
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Fluides rheo-epaississants
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HOW IT WORKS

TRADITIONAL VEST:
Contains 31 layers of Kevlar.
When bullet hits, the Impact
Is concentrated on a small
area and causes adeep
indentation

Left: A
digital
image of
the future

LIQUID ARMOUR:
Contains ten layers of
Keviar with thick fluid
between each layer.
When bullet hits, the
fluid solidifies and
absorbs the impact
over a wider area




Fluides rheo-fluidifiants
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Elasticite et plasticite

Modele de Kelvin-Voigt
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RHEOLOGIES DES

SUSPENSIONS GRANULAIRES




Une particule dans un cisaillement
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Une particule dans un cisaillement
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Une particule dans un cisaillement

eass——

..l.




Une particule dans un cisaillement
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Une particule dans un cisaillement
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Une particule dans un cisaillement

Viscosité d’Einstein (1905)

Vparticules

¢ =

Vtotal

5
Nsusp = MNfluid (1 + E ¢)




Une particule dans un cisaillement

(a)10°

Boyer eral. (2011a) PS
Boyer et al. (201 1a) PMMA
Bonnoit er al. (2010) (angle = 5°)
Bonnoit er al. (2010) (angle = 15°)
Dagois-Bohy er al. (2015)
Dbouk er al. (2013)
Ovarlez er al. (2006) (MRI)
Zarraga et al. (2000) (3 different fluids)
Gallier et al. (2014) (1, = 0)
Gallier et al. (2014) (pn, = 0.5)
Mari ez al. (2014) (1, =0)
Mari et al. (2014) (p, = 1)
1 Sierou & Brady (2002) (p, =0)
102 { —— Einstein (1906, 1911): 1 + 5¢/2
{ = Baichelor & Green (1972b): 1 + 5¢/2 + 5¢"
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Plusieurs particules




Plusieurs particules
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Viscosite de Batchelor (1952)

Nsusp

Ne = (1+ qb+5gb>

Nfluid




Plusieurs particules

(a)10°

Boyer eral. (2011a) PS

Boyer et al. (201 1a) PMMA
Bonnoit er al. (2010) (angle = 5°)
Bonnoit er al. (2010) (angle = 15°)
Dagois-Bohy er al. (2015)

Dbouk er al. (2013)

Ovarlez er al. (2006) (MRI)
Zarraga et al. (2000) (3 different fluids)
Gallier et al. (2014) (1, = 0)
Gallier et al. (2014) (pn, = 0.5)
Mari ez al. (2014) (1, =0)

Mari et al. (2014) (p, = 1)

Sierou & Brady (2002) (p, =0)
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Plusieurs particules
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- Interactions
hydrodynamiques




Plusieurs particules

aanssss———)
- Contacts

Coefficient de friction microscopique

Hp




Jamming

=)
Compacité maximum

b, ~ 55— 60 %

Deformation impossible




Viscosite des suspensions granulaires

Regime Dilute Semi-dilute Dense

¢ range 0-10% 10% - 20% 20% - ¢

Interpolation Einstein et al. (1905) Batchelor and Green (1972) Krieger and Dougherty (1959)
s =1+ gf,ﬁ and (Batchelor 1977) ne = (1- ¢/¢C)-[U]¢c

Ns =1+ 3¢ +6.2¢°
Eilers (1941)
(nl__¢

2
lim n, = +o Is = (“ 2 1—¢/¢c)
OB TOP S Mooney (1951)

7 = exp (4125 )

Table 2.6: Relative viscosity of granular suspensions in different ¢-regimes. We define [n] = lim,_,, ”s; =25
the intrinsic viscosity of the suspension.
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Boyer eral. (2011a) PS
Boyer et al. (201 1a) PMMA
Bonnoit er al. (2010) (angle = 5°)
Bonnoit er al. (2010) (angle = 15°)
Dagois-Bohy et al. (2015)
Dbouk et al. (2013)
Ovarlez er al. (2006) (MRI)
Zarraga er al. (2000) (3 different fluids)
Gallier er al. (2014) (1, = 0)

allier et ¢ )14 =

ari et al. (2014) (p, =0)

{ == Einstein (1906, 1911): 1 4+ 5¢/2
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Boyer er al. (201 1a) PS (¢.= 0.585)

Boyer er al. (201 1a) PMMA (¢. = 0.585)
Bonnoit er al. (2010) (angle = 5°; ¢. = 0.605)
Bonnoit er al. (2010) (angle =15°; ¢, = 0.605)
Dagois-Bohy er al. (2015) (¢, = 0.59)

Dbouk er al. (2013) (¢. = 0.58)

Ovarlez et al. (2006) (¢. = 0.605)

Zarraga et al. (2000) (¢. = 0.58)

Gallier er al. (2014) (p, = 0; qbr = 0.65)

Mari er al. (2014) (u, = 0; ¢. = 0.66)
Mari et al. (2014) (,up— 1: ¢.=0.58)

Einstein (1906, 1911): 1 + 5¢/2

Batchelor & Green (1972b): 1 + 5¢/2 + 5¢°
Krieger: (1 — ¢/¢.) %

Maron-Pierce: (1 — ¢/¢.) >

Eilers: [1 + (5¢/4)/(1 — ¢/¢.))




Taille des particules et taux de cisaillement

10°

Boyer er al. (201 1a) PS (¢-.= 0.585)

Boyer er al. (201 1a) PMMA (¢, = 0.585)
Bonnoit er al. (2010) (angle = 5°; ¢. = 0.605)
Bonnoit er al. (2010) (angle =15°; ¢, = 0.605)
Dagois-Bohy et al. (2015) (¢, = 0.59)

Dbouk er al. (2013) (¢.= 0.58)

Ovarlez er al. (2006) (¢. = 0.605)

Zarraga et al. (2000) (¢, = 0.58)

Gallier er al. (2014) (j1, = 0: ¢.= 0.65)
Gallier er al. (2014) (i, = 0.5; ¢. = 0.61)
Mari er al. (2014) (u, = 0: ¢. = 0.66)

Mari et al. (2014) (u, = 1; ¢ = 0.58)

Sierou & Brady (2002) (1, = 0; ¢. = 0.65)
Einstein (1906, 1911): 1 + 5¢/2

Batchelor & Green (1972b): 1 + 5¢/2 + 5¢°
Krieger: (1 — ¢/¢,) %

Maron-Pierce: (1 — ¢/¢.)

10" Eilers: [1 + (5¢/4)/(1 — ¢/6))
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Tallle des particules et taux de cisaillement
(a) (b)
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ECOULEMENTS CAPILLAIRES DE

SUSPENSIONS GRANULAIRES




Ecoulements capillaires

Tension de surface y
- Interface libre
-"Petit” = Longueur capillaires

., = l~1mm

\lpg




Confinement de suspensions granulaires

Suspension de volume ~ milieu continu Confinement ~ Effets de taille finie des particules

Viscosity of confined
suspensions?

Interaction between
particles and a free
surface?

Effect of the particles on
surface instability?
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Mesure de viscosité confinée




Viscosite de suspension confinee




Mouillage d'un solide




Projects

Drop spreading Rayleigh-Taylor instability of thin films

Do particles affect drop spreading or the Rayleigh-Taylor instability?




