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Stokesian suspensions
Non brownian particles ( a>1um) 1n a viscous fluid .

® Fluid flow in inertialess regime:

Navier-Stokes equation:

dt
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Stokes equation:
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® With non-brownian inertialess particles:
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Stokesian suspensions

Non brownian particles ( a>1um) in a viscous fluid .
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Gt — ppa’?y <1  thermal agitation kT

Yy =0 ; Ap=0 ” At rest forever (Lazy nautilus -400000000)

(Archimede -250)

Yy =0 ; Ap#0 h The particles settle: (Stokes1846, Richardson-Zaki 1954...)
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Yy =0 ; Ap=0 H The viscosity increases: (Einstein 1905...Krieger & Dougherty 1959)
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Buoyant particles

Sedimentation:

(Richardson-Zaki 1954...)

<u>P= f(q))VStokes,
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Vstokes = 91 pg




Sedimentation:

< > = f(D)Vsrores
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Buoyant particles

Fluidization:

<U >P = f(DP)Wiopes +
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<u>P=0
for ® = ©°(1,,)




Suspension«—etiective fluid?

Fluidization:
<u>P=0

for ® = ®°(V,,)

<u>P= f ((D)VStokes, + Vup,

Fluid (p~,n")
Denser thicker fluid (p*, n™)

Fluidized suspension (p*, n')

Suspension=Effective dense viscous fluid?

mmmp Cravity waves at miscible interfaces?



Suspension«—etiective fluid?

Fluidization:
<u>P=0

for ® = ®°(V,,)

<u>P= f(q))VStokes, + Vup,

mmmP Gravity waves at miscible interfaces:
(Gauthier et al 2005)

Suspension=Effective dense viscous fluid

Psusp = Ppp + (1 — D) pr

- n
nsusp o (1 _ (D/(D*)l,s




But also:
Yy =0 ; Ap#0

Fluidization: Hydrodynamic dispersion:
(Martin et al 1995)

—> Diffusive front :
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mmm)> (scttling-induced) hydrodynamic diffusion:
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Ap#0 ” D = d(CI)) aVsiokes
<u>P=0

for @ = ®°(1,,,) d(®) = 60

<u>P= f(q))VStokes: + Vup




Stokes regime = Reversibility?

Yy #0; Ap=0

Taylor experiment with a stokesian suspension




Stokes regime = Reversibility?

Yy #0; Ap=0

Taylor experiment with a stokesian suspension




Stokes regime = Reversibility?

Yy #0; Ap=0

Taylor experiment with a stokesian suspension




Stokes regime but irreversibility!

Taylor experiment with a stokesian suspension — Self diffusivities

mmm)> Shear induced diffusion of the fluid

Periodic shear — random walk of particles:  (Pine et al. 2005)
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mmm) Shear induced diffusion of the particles

Agitation:
T(Brownian)é&=) Shear (Stokesian)

) Shear induced diffusion

D x a*¥




Shear-induced diffusion —Collective migration

Viscous resuspension of buoyant macroscopic particles in a Couette device

(Gadala-Maria 1979,
Leighton & Acrivos 1987)
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Fick:

Flux oc —DV®

Shear induced migration of neutrally buoyant partlcles in a Poiseuille flow:
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shear-induced osmotique pressure ?
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Stresses 1n a sheared suspension

Phase-averaged equations for stokesian suspensions (Jackson,1997)
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Non-newtonian behaviors !....A Bird’s eye view

Anti-Weissenberg effect Free surface deformation 1n a tilted trough
(Zarraga 2000, Boyer et al. 2011) (Wineman & Pipkin 1966, Tanner 1970)
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Particle migration <= particle stress tensor
Suspension Balance Model (Nott & Brady 1994, Morris & Boulay 1999)
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"% Particles: v (B <T>P)+ FI/P 4 ®p,d = ﬁ

viscous friction
Ff/o ==L hydrosatic presure (or Archimede)
+ other stress? (as solid friction)
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How to measure a sheared induced particle

(Deboeuf et al., Phys Rev Lett. 2009)

normal stress?

Thermal agitation
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Sheared induced particle pressure?

No shear: ¥ =0

Thermal agitation Shear rate
Q)]
[—] f—

- |1 Ah | 1Ah :
—= solvent ~e-suspending fluid =
00® . . ) :_E
o solution Suspension J p 02
— grid ! :E
membrane =
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Sheared induced particle pressure?
Shear: ~ = 10s~1

Thermal agitation Shear rate
Q)]
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Set up

2 non permeable ¢ Pressure transducers
membranes

m==P> No flow across the grids

Suspension

8 grids } connected to

Cone-cone geometry

== N o accumulation at the bottom

mmm) No migration!

(ac 40, 140|um
nf = 3Pa.s
Rq : 8 grids captors used to align the set-up O € [0_2, ()_5]

Egrid (¥ = 0) =0 v € [0,10]s~1
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Grid pressure measurements:
Linear in shear rate?

Saturation!? -




Case of saturated grid pressure




Grid pressure measurements:
Linear in shear rate?

Creaming occurs when the particle pressure I’

p
exceeds capillary pressure! 2 > —
X pillary pressu 77 7

AP(Pa)




Grid and membrane pressure measurements

a =40um; ®=45%
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Normalized grid and membrane measurements:

Variations with volume fraction

AP,, << AP,

'&Pm/('??fﬁ")

Effect of particles |

anisotropy?




Which normal stress?

AP, = —AX]

g

AP, = —Azi}f‘gpk: —AE%?T o Azfi{r)

=) | AX?, =AP, - AP,

No vertical friction at the wall
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Radial particle stress vs particle pressure (Mills)

30

(Mills & Snabre 2009, Boyer et al. 2011)
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Set up used with bidisperse suspensions

{ a=40pm, O,
Bidisperse suspension a=140pm , @,

D, . =D+ D, =0.4;0.45; 0.5
(I)s/ (I)tot € [0 9 1]

24 orids: @ 11pum == Pressure in the fluid

mmm) Shear-induced pressure of both particles ?

4 orids: @ 100um smsd> Pressure in an effective fluid ?
(=suspension of small particles?)

mmmm)> Shear-induced pressure of large particles ?




Normalized grid measurements:

O+ =45%
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mmm) Partial pressure (of large particles)? = f(®;) ?



Normalized grid pressure measurements in bidisperse

suspensions:
|AP11“m| |AP100um| . b
g g — s
L and — (P;) with =
e ((I)) et i ( l) Hef f ﬂsusp(1_c1>l)
30 A 40%, grid 100um |
A 45%, grid 100um
251 . 50%. grid 100um
— Mills
20 1 > grid 11um 7
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mmm) Partial pressure of large particles, in an effective suspending fluid, 1.¢.
. . , D,
the suspension of small particles at: P ,, sp — ( -y )

mmmP> Grid pressures give total or partial « shear-induced osmotic pressure »,



Conclusions and open issues:
==p 2nd normal particle stress in monodisperse and bidisperse suspensions
=) contribution of the large particles to the 2nd normal particle stress
== all described by:

nr __ tr(ZP) X7
S R (e Ok (Mills & Snabre 2009, Boyer et al. 2011)

Has to be tested with migration experiments
G= 2 29 fi( s ) V I = bi(ub — T with fi(diid;) 2
—}Different evaluatlons of particle stresses componants due to?
=) Particle size (and shape) distributions?
=) Rugosity?
=) Structurations under shear, effect of large scale clusters?
mm) Differences in stresses in the suspension bulk and on a wall ?

(ct swapping trajectories, Zurita-Gotor et al. 2007, Zarraga Leighton 2002)
Needs of Simulations!!!



And also...

Migration of buoyant particles

v =251 v = 0s1 Y =5s~ 1

(movie accelerated by a factor 70)
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0=m

Eccentricity drawbacks

mmm) v # cst
mmmdp P(0)#cst + Particle migration

oWith the fluid alone:

O=m/2

Matching of the axes of the cylinders,
by minimising dp

op = cst ==> ¢ = cst

0=n/2 0=n/2
p+3p p-5p Averaging pressures
f ‘ﬁ “ﬁ@% at +Q and -Q
o U~
; t 9 0,21 0= ; : S Z ;
E p+3p

6 37:/2 0=3m/2

2 P,(Q) = P(+Q)+P(-Q)



What can we measure
In a bidisperse suspension?
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Normalized grid measurements:
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mmm) Partial pressure (of large particles)? = f(®;) ?




