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P Introduction—a bit of history

- Modeling strategy to capture dynamics of colloids
(Modified Stokesian Dynamics)

- Flow in a Widegap Couette cell
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“On the dilatancy of media composed
of rigid particles in contact”
Reynolds 1885

“If in any way the volume be fixed,
then all change of shape is prevented.”

from wikipedia
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“Experiments on a gravity-free dispersion of large

solid spheres in a Newtonian fluid under shear”
Bagnold 1954

spherical droplets of mixture of paraflin wax
and lead stearate (~ 1.32 mm)

When shear rate y is low, shear stress oc v viscous effect of solvent

When shear rate y is high, shear stress oc y>  particle inertia
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from wikipedia
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from wikipedia

Hydrodynamic theory

Einstein 1906
n=no(l+2.5¢) for p <1

Batchelor & Green 1972
n =~ 770(1 +2.5¢ + 6.9¢2)

T

two-body problem

one-body problem



Hydrodynamic simulation

Stokesian Dynamics
Brady & Bossis 1985

6N-dimensional overdamped Langevin eq.
FH + FB =0

Fuy=-R-U-uw)+R:D

u(r)=Vu-r=D-r+(w/2)xr

from http://www.che.caltech.edu
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Mechanical properties of fluid materials

Liquid Suspensions
Newtonian Non-Newtonian

o=—-pl+2nD 2

D = % (Vu['r(t), 1] + V' [r (), t])

Molcular dynamics Stokesian dynamics
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mean free path’ radius’

velocity diffusion constant

~ 1071 [s] ~ 1[s]
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Zero-Reynolds number hydrodynamics

Navier-Stokes equations (non-linear)

ouw ,_, R h—s
Re E'F(MV)M =—Vp+V u
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Stokes equations (linear)

—

0=—-Vp+VW

Hydrodynamic interactions
(6 N dimension)

Fuy=-R-(U-u)+R:D
ur)=Vu-r=D-r+(w/2)Xr

cf. Stokesdrag R = 677,al




Newtonian dynamics vs. Overdamped dynamics

dU U
— = — 00— m = — 6an,al
m = O6rnyal >Z< i
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Purely hydrodynamic suspensions

force balanceeq. Fy=10
hydrodynamic interaction Fy=-R.-(U—-u)+R':D

Perfect reversibility, if lubrication layers can remain.

shear reversal demo



Singularity of non-Brownian simulation
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Regularize the singularity

lubrication force

F ST i _
= — — - NN
lub 2h
| — h>0
— > I;+5 5=10"3a
= h<0

Particle contacts are no longer forbidden!!



We need a contact force model
because particle contacts are no longer forbidden

Fy=-R-(U—-u)+R:D

| FEn| < | FE|

(FI™ = ky(rj = 2an¥

F)"=-ke
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Effect of particle softness
Fy+F-=0

=k (r — 2a)n

frictionless i =0

F,=-R-(U-u)+R':D

k, = 0.5 x 10° [6777,a7]

k. =3x10° 6717507 ]

040 045 050 055 0.60 0.65

¢

Q
-)
=

max(|a; + a; —r|/a)
-)
5

<

>
-
S

l T

k=3 x 103 [6zna7]
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Contact deformation of Silica

particle size a=10"°[m]
a large shear stress Oyy = 10° [Pa]
typical force F, ~ Oy X (2a)> =4 x 107 [N]
overlap 2aa_ d ~ 107

This level of stiffness is very difficult in simulation!!



With and without hydrodynamic lubrication
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contributions to total stress
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Hydrodynamic vs contact force contributions

' a hydrodyn. <
. m contact
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Force-chain network in 2D simulation
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(F(6))/ Finax

Angular dependence of normal force

K

Only hydrodynamics forces are able to be attractive
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77/770 = 0-xy/7707/

With and without contact friction
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Jamming
with gear-like
contacts
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2D demo for an extreme contact model

no slide and rolling as long as pushing




Origin of rate-dependence ;.-

Fy+F-=0 rate independent o

Fy+ F-+ Fp =0 rate-dependent e ~

repulsive force
10’
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rate-dependent

=0

repulsive force

Fy + F.+ Fy







How do shear flows bring Brownian hard spheres
to non-equilibrium states?

Stokesian Dynamics was introduced to tackle this problem
6N-dimensional overdamped Langevin eq.

FH+FB :0
ur)=Vu-r=D-r+ (w/2) Xr

hydrodynamic force Fy;=-R-(U-u)+R':D

Brownian force (Fy) =0, (Fy(t)Fg(t,)) =2kgTRo(t; —1,)




Modified Stokesian Dynamics

Step 1: Remove lubrication singularity

|

|

Step 2: Introduce a contact-force model



Contacts in sheared Brownian motions
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a = 125 nm
o = 0.001 Pas
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To match experimental data

Stokesian Dynamic + DEM
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- Modeling strategy to capture dynamics of colloids
(Modified Stokesian Dynamics)

P> Flow in a Widegap Couette cell




Mechanical properties of fluid materials

Liquid
Newtonian
o=—-pl+2nD
D = % (Vu['r(t), 1] + V' [r (), t])
Molcular dynamics
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Suspensions
Non-Newtonian
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Macro-scale constitutive eq. _ Mlcro-scqle _
continuum sim. mmm e mmmsmmmsmeen e Particle dynamics sim.

ou v
p{E+(u-V)u}:V-0'W1thV-u:O




Force-balance dynamics with fixed particles

(O Velocities of mobile particles to be solved: U™ = (U(l), el U(”))
O Velocities of fixed particles: Ut = (U(”+1), e F(”+m))

Q Q Fp : interparticle forces (and torques)
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Migration




%00e, Jamming




Monolayer simulation for wide-gap Couette cells
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Summary

Simulation models for colloidal suspensions
are very different from MD simulations. (Particles are not points)

We introduced a Modified Stokesian Dynamics simulation.
- A realistic choice to avoid lubrication singularity

- Various possibilities for contact interaction between colloids
- Additional force is essential for rate-dependence

Although we now know rheology of dense suspensions well,
we know little about fluid mechanics of dense suspensions



