
Ch 11 
Particulate suspensions



Issues 

Stability (dispersion)
sedimentation
migration
wall slip



Hard spheres
Only rigid repulsions present when particles come into contact

Zero shear viscosity
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−= 1 Krieger-Dougherty equation



Hard spheres

Viscosity can be reduced when particles of different sizes are mixted
Higher volume fractions of particles can be packed into a suspension
Of practical importance in the formulation of highly loaded suspension
-> allows thermal expansion coefficient be closely matched to the devices
-> prevent crack and debonding



Hard spheres

Shear thinning
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time for a particle to diffuse a distance 
equal to its radius

Universal function of  Pecle number for fixed volume fraction



Hard spheres

Mechanism of shear thinning & shear thickening

Shear thinning;
1.disappearance of Brownian 
contribution 

-> viscosity reduction by a factor of 2
2.formation of lines of particles (strings) 
parallel to the flow direction

-> evidenced by computer simulation 
& light scattering

Shear thickening;
1.formation of clusters containing 
particles driven by shear into close 
proximity
2.deformation of clusters produces large 
lubrication stresses in the thin films 
separating closely spaced particles
3.the mechanism depends on the nature 
of the repulsive potential



Non-spherical particles

Dilute suspensions

Jeffery orbits
In the absence of Brownian motion and of interparticle interactions,
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In a shearing flow,

θ; the angle of the axis of symmetry measured in the clockwise 
direction from the flow direction

θ is time-periodic; a non-Brownian axisymmetric particle rotates 
indefinitely in a shear flow with a period

When particle rotations are disturbed by Brownian motion,
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Rotary diffusivity for a spheroid of aspect ratio p

Rotary diffusivity for rods



Non-spherical particles

Dilute suspensions of spheroids
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Non-spherical particles

Dilute suspensions of high-aspect-ratio particles or molecules
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Non-spherical particles

Semi-dilute suspensions of Brownian rods
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Orientation dependent rotary 
diffusivity



Non-spherical particles

Semi-dilute non-Brownian fiber suspensions

1.viscosity increase is not much
2.normal stress ~ 0.4 times shear 
stress

3.large extensional stresses
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Electrically charged particles

Hard spheres; coated with an organic layer that provides a steric barrier to 
prevent flocculation

The chages lead to long-range repulsions that can keep the particles far enough 
apart that they are not drawn together by short-range van der Waals forces

The surface charges increase the effective particle diameter

viscosity

at small volume fraction
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Electrically charged particles

viscosity

at effective volume fraction larger than 0.1
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Electrically charged particles

viscosity: shear rate dependence

as shear rate increases, hydrodynamic contribution increases,  the effective 
particle diameter goes down, the particles approach each other more 
closely



Electrically charged particles

Yield stress and modulus

The yield stress appears when the particle repulsions are strong enough to 
induce macrocrystallization. 

As the ionic strength decreases further, the repulsions become stronger, 
and the yield stress becomes larger.
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Electrically charged particles

Flow mechanism
- formation of sliding layers 
- breakdown of these layers as shear rate increases



Electrically charged particles

Shear thinning; due to slipping of the layers past each other

Shear thickening requires not only that sliding layers be broken down by 
shear, but that the fragments of these layers must rotate and collide with 
each other to form structures whose average dimensions in the flow-
gradient direction are large. Such structures can ‘jam’ the flow, leading to 
abrupt shear thickening.



Electrically charged particles

Normal stress difference

σ≈−≈ 122 NN

appears only when
- LCP composed of rod-like molecules
- electrorheological suspensions which form chain-like aggregates

similarity supports the notion that in the shear thickening region, the 
relevant flow units are no longer spheres, but are rod-like or disk-like 
particle aggregates



Particles in viscoelastic liquids

- to add performance, to save cost, to potentially reduce thermal 
expansion stresses

effectively less elastic 
than polymer alone

effect of coupling agent

enhanced shear thinning, because the 
shear rate experienced by polymer 
confined between two particles can be 
much larger than the overall shear rate



Particles in viscoelastic liquids

Thixotropy; 

as the diffusion time constant is too large (order of an hour) due to high 
viscosity, it takes a long time for a gel-like particle structures to relax or 
reform, hence, flow induces changes in fluid structure that are erased only 
after hours of quiescence


