
Sedimentation
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Sedimentation

Gravity

Buoyancy

Equation of motion (neglecting inertia)
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Gravitational Peclet number

with

particles stay dispersed by Brownian motion

particles sediment rapidly
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Equilibrium and the gravitational length
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Gravitational energy in a gravitational field

What is the probability that a particle will be at a height z?

Gravitational length
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Diffusion and settling

124

What is the probability that a particle will be at a height z?

flux due to sedimentation

balanced by diffusion at equilibrium

Like energy earlier, but finite
height of column
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Higher concentrations
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Particle concentration (osmotic pressure) and hydrodynamic interactions (settling dynamics and diffusion) will play a role

Davis, K. E.; Russel, W. B. J. Chem. Soc. Faraday Trans. 1991, 87, 411–424.
Davis, K. E.; Russel, W. B. Phys. Fluids A Fluid Dyn. 1989, 82, 82–100.

Sedimentation coefficient

osmotic compressibility
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Higher concentrations
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Particle concentration (osmotic pressure) and hydrodynamic interactions (settling dynamics and diffusion) will play a role

Davis, K. E.; Russel, W. B. J. Chem. Soc. Faraday Trans. 1991, 87, 411–424.
Davis, K. E.; Russel, W. B. Phys. Fluids A Fluid Dyn. 1989, 82, 82–100.

In a scaled, non-dimensional form,
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Numerical solutions
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Davis, K. E.; Russel, W. B. Phys. Fluids A Fluid Dyn. 1989, 82, 82–100.

steady state

Nominal sediment height

When
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Iron oxide settling behavior
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G. G. Glasrud, R. C. Navarrete, L. E. Scriven, C. W. Macosko, Settling Behaviors of Iron Oxide Suspensions. AIChE J. 39, 560–568 (1993).

• 500nm needle-like iron oxide (Fe2O3) 
anisotropic, polydisperse

• Attraction leads to denser sediments and 
faster settling 

• Horizontal cracking 
• Rising air bubbles create channels

Compressive strain
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Attraction – faster settling, more 
compact sediment
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Final sediment volume fraction

G. G. Glasrud, R. C. Navarrete, L. E. Scriven, C. W. Macosko, AIChE J. 39, 560–568 (1993).



© 2022 Eric M. Furst—Chemical & Biomolecular Engineering, University of Delaware—furst@udel.edu

Smaller diameter containers delay settling
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G. G. Glasrud, R. C. Navarrete, L. E. Scriven, C. W. Macosko, AIChE J. 39, 560–568 (1993).

Wall shear stress and 
shear-thinning?
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Rising air bubbles create channels for 
solvent back flow
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Vesicle dispersion creaming
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J. Y. Huh, M. L. Lynch, E. M. Furst, Microscopic structure and collapse of depletion-
induced gels in vesicle-polymer mixtures. Phys. Rev. E. 76, 51409 (2007).

Attraction leads to faster settling (creaming) due to increasing porosity of microstructure, 
which enables faster solvent back-flow
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Initial settling velocity

133

R. Buscall, L. R. White, The Consolidation of Concentrated Suspensions. J. Chem Soc. Faraday Trans. 83, 873–891 (1987).

gravitational stress

compressive yield stress

settling velocity of single sphere

Hydrodynamic
interactions Carman-Kozeny 

permeability
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Compressive yield stress
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Buscall, R. et al.  “The rheology of strongly-flocculated suspensions.” J. Non-Newtonian Fluid Mech. 24, 183–202 (1987).

compressive 
yield stress

shear yield stress

Polystyrene latex in salt solutions

Compression — dewatering and filtration
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Initially low compressive yield stress
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Solve for the permeability

Permeability ~ microstructure pore size
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Monodisperse silica in CMC
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initial and 
final height

M. L. Kilfoil, E. E. Pashkovski, J. A. Masters, D. A. Weitz, Dynamics of weakly aggregated 
colloidal particles. Phil. Trans. R. Soc. A. 361, 753–766 (2003).

Scaled master curve

Note with increasing attraction:
longer induction
less dense sediment
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Monodisperse silica in CMC
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M. L. Kilfoil, E. E. Pashkovski, J. A. Masters, D. A. Weitz, Phil. Trans. R. Soc. A. 361, 753–766 (2003).

Onset time

Delay time

Final sediment 
volume fraction
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Monodisperse PMMA with PS depletant

138

L. Starrs, W. C. K. Poon, D. J. Hibberd, M. M. Robins, Collapse of transient gels in colloid-
polymer mixtures. J. Phys. Condens. Matter. 14, 2485–2505 (2002).
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Delayed sedimentation
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Collapse of transient gels in colloid–polymer mixtures 2487
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Figure 1. Schematic diagram of a height against time plot for a suspension exhibiting delayed
sedimentation. The delay time, τ , and the slow and fast settling rates, vs and vf respectively, are
shown.

of the suspending medium, transient gels exhibit a settling behaviour known as delayed
sedimentation [15]. The defining characteristic of this behaviour is the presence of a delay time
τ during which little or no settling is observed, before a sudden onset of rapid sedimentation.
A plot of the height of the sediment interface h(t) with time for a suspension exhibiting
delayed sedimentation has a characteristic shape as shown in figure 1. From this plot we can
extract information on the settling rate and delay time of a gel. The settling rates during the
delay period and the rapid collapse stage, vs and vf respectively, can both be approximated
by straight lines as shown in figure 1. The time coordinate of the intersection of these lines
provides a measure of the delay time τ . Delayed sedimentation has been reported in many
different colloidal systems [1,3,16,17]; however, it remains a poorly understood phenomenon.

Our current aim in studying transient gels is to understand the mechanisms of gel collapse.
This is a phenomenon that is poorly understood but also inadequately defined. The picture of
gel collapse in monodispersed systems under the influence of gravity is incomplete with many
aspects appearing contradictory. The delay time of a gel has been found to depend on many
parameters other than colloid and polymer concentration, including the height and width of
the sample and its cross-sectional geometry [18, 19]. In this paper we present a collection of
observations, on a set of transient gels with various lifetimes, which provide a more complete
picture of the collapse process. Our study falls into three parts. Firstly, direct observations
in the bulk of collapsing gels have been made using a dark-field imaging technique. These
experiments have shown many new features in the collapse process and provide some insight
into the physical processes involved. In the second experiment, the concentration of transient
gels with height has been determined using a non-intrusive technique which measures the
speed of ultrasound in the sample. The results of this study are consistent with the dark-field
observations. Finally, we have studied the effect of sample height and width upon the measured
delay time of a transient gel.

The remainder of this paper is structured in the following way. In section 2 we describe
the three experimental techniques employed in this study of gel collapse. The results of each
experiment are dealt with separately in section 3 and discussed in the context of each other in
section 4. We shall also discuss the study of height and width dependence by referring to a
theory presented in the following companion paper [19].
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Figure 3. Sample height as a function of elapsed time. The initial sample height was kept constant
at ∼2 cm for all systems studied.

equilibrium fluid phase. With further small increase in polymer concentration, transient gels
are no longer observed and the gel remains stable without any evidence of settling for months.

These observations indicate that the dramatic drop in settling velocity seen in figure 2
is indicative of both cluster formation and percolation to form space-spanning gels. With
increasing polymer concentration, the network strength increases, thereby increasing the net
resistance to settling, and as a result the initial settling velocity decreases. The technique of
figure 2 has therefore been employed to define the gel boundary at a given volume fraction
as the mean of the polymer concentration values that demarcate the two initial settling
velocity regimes. The gel boundary polymer concentrations for the different system parameters
employed in the study are listed in table 1.

Table 1. Polymer concentrations at the transient gel boundary for the different values of colloid
volume fraction, particle radius and Rg/R ratios employed in the study.

φ Rg/R R (nm) cgel/c∗

0.225 0.076 275 0.10
0.275 0.076 275 0.05
0.225 0.029 275 0.03
0.275 0.029 275 0.01
0.21 0.086 188 0.14
0.26 0.086 188 0.10

For the volume fractions and particle sizes in this study, the samples immediately above
the gel boundary display a transient gel-like response, similar to what has been reported
previously [12]. Shah et al [33] did not observe transient gels in their determination of the
gel boundary for φ < 0.35 (however, they do report continued slow settling), although their
silica-based system is identical to ours, with the only difference being that they performed
their experiments on a smaller particle radius of 50 nm. As discussed below, the absence of a
transient gel phase can be attributed to the smaller particle size employed by Shah et al [33].
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Figure 1. Sedimentation profiles for 0.5 µm silica/CMC/glycerol/water colloid–polymer mixtures
at φ = 0.11: black diamond, Cp = 0.087 wt%; black square, Cp = 0.16 wt%; black circle,
Cp = 0.25 wt%; grey square, Cp = 0.33 wt%; grey triangle, Cp = 0.5 wt%; grey diamond,
Cp = 0.75 wt%; black triangle, Cp = 1.0 wt%; black circle, Cp = 1.5 wt%. To account for
slightly different initial heights, the height, h(t), has been normalized by the initial height, h0,
for each profile. The profiles show the characteristic delay before collapse of the colloidal network.

We report on colloid–polymer mixtures in which ageing leads to destabilization and
collapse of the particles under gravitational stress. All of the samples are prepared
in glass vials at varying particle volume fraction and polymer concentration. We
mix the samples prior to starting to measure them, ensuring that the particles are
well dispersed. In samples which sediment, we observe the development of a smooth
interface between a particle-rich sediment and the supernatant, which appears free
of particles. We measure the height h of the particle-rich phase as a function of time.
We define t = 0 as the time the sample is mixed and poured into its sample vial.
Sedimentation profiles for one series of samples at a fixed volume fraction of φ = 0.11
and varying polymer concentrations are shown in figure 1, where we plot the height,
h(t), as a function of the time, t. The profiles are characterized by slow or non-existent
settling for a finite waiting time, followed by a sudden, catastrophic collapse of the
colloidal particles. We measure the slope of the sedimentation profiles in the fastest
part of the collapse and find that it is constant for a given sample. This indicates that
the boundary between the colloidal particles and the supernatant moves at a constant
rate during the fastest part of the collapse, so that the sedimentation proceeds at
a constant velocity. The velocity itself is sample dependent. In the final stage, the
sedimentation profiles level off as the height of the colloid-rich phase approaches a
final height, at which it is again stable, under gravitational stress. The final height
of the colloid-rich phase is unique to each polymer concentration. This collapse is
exhibited by all of the samples which phase separate on time-scales we observe. The
time-scale for the onset of the collapse becomes dramatically longer with increasing
polymer concentration.

Phil. Trans. R. Soc. Lond. A (2003)

Kilfoil et al., Phil. Trans. R. Soc. Lond. A 361, 753 (2003)  
0.5 μm silica / CMC / glycerol / water

Gopalakrishnan et al., J. Phys.: Condens. 
Matter 18, 11531 (2006).
0.55 μm silica/ decalin/ PS

Increasing attraction
L. Starrs, et al. J. Phys. Condens. Matter, 14:2485–2505, 2002.

Waiting time 
(creep)

Gel collapse

Gravity
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Model of delayed collapse
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Settling and 
solvent backflow Pore nucleation

Erosion and growth

Zs. Varga, J. L. Hofmann, J. W. Swan,  J. Fluid Mech. 856, 1014–1044 (2018).


