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How Do You Know It Works? 
(for not hard spheres)
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FIG. 2. Normalized settling velocity as a function of particle volume fraction for B⇤
2
= �1.08 (red),

B⇤
2
= �0.27 (blue), and B⇤

2
= 1 (black) from the experimental data of Ref. [10] (stars with lines,

denoted LBP2016 in the legend) and computed in the present work (filled circles) and the SRD

simulations of Ref. [9] as interpolated in Ref. [10] (open squares, denoted MLP2010 in the legend).

Error bars represent the standard error of the observed measurements.

that Pe ⇡ 2.5 in their dynamic simulations, which means that deviations from equilibrium

distribution for the particle configuration are inevitable. The e↵ect of Pe on the mean

settling rate of dispersions is also not well studied. However, for hard-spheres in the dilute

limit and at large Peclet numbers, Cichocki and Sadlej [23] have shown that a di↵erent

expression for the sedimentation rate is expected: U/U0 = 1� 3.87�. The settling rate is a

sensitive function of the structure, and the settling process modeled dynamically by the SRD

simulations may have exhibited changes from the equilibrium structure and even structural

anisotropy promoted by the hydrodynamic interactions among the particles. In the present

study, the Peclet number is set asymptotically to zero and only the equilibrium structure is

used for the calculation of the transport properties.

B. Microstructural Characterization and Corresponding States

As is common for colloids with short-ranged attractions, Lattuada et al. characterized

the attraction strength in their dispersion using the Baxter temperature, ⌧ . The Baxter

temperature is a parameter that arises in the adhesive hard sphere (AHS) model of attractive

particles, in which the inter-particle potential has vanishing width and infinite depth, but
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FIG. 6. (a) Inter-particle interaction contribution to the hindered/promoted settling function given

in Equation (7) with m = 4.27 as a function of the normalized volume fraction for a range of ⌧

computed from sedimentation data in the present work (circles) and the experimental data of Ref.

[10] (open squares, denoted LBP2016 in the legend). Hard sphere data, for which f = 0, has been

omitted. The red line is given by Equation (8). The color of each data point corresponds to the

⌧ value determined by fitting S(q) to the AHS model. (b) Relative error in the computed model

velocity Umodel given by Equation (7) compared to the observed velocity U as a function of volume

fraction. (c) Observed probability distribution for the relative error in the model prediction. (d)

Settling rates predicted by the model (7) for ⌧ = [0.106, 0.125, 0.136, 0.165, 0.219, 0.322, 0.484,1]

(lines) compared to the simulation results (Figure 4), with the same coloring as in panel (a). Hard

sphere data, for which ⌧ = 1, is shown in black.

⌧ , the physical picture is that particles aggregate into transient clusters, which distribute

homogeneously in the dispersion. However, in the neighborhood of the boundary for liquid-

liquid phase separation, the system exhibits large particle number density fluctuations. This

produces large fluctuations in the mean settling rate that are quantified by the standard

error in Figure 4. In spite of this physical limitation, the results of the empirical model

appear to provide good predictions of the settling rate even in this region of phase space.
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Structure factor in an imposed shear flow

R206 Topical Review

v

ω Figure 13. (a) Neutron scattering pattern at high shear rate for a
sticky sphere dispersion of silica particles in benzene at a volume
fraction of 0.38 in the v–ω plane (reprinted with permission from
Woutersen et al (1993), © (1993) the Society of Rheology).

Figure 14. Comparison of the
evolution of S(q ) at low q with
the stress evolution of organophilic
silica-hexadecane at φ = 0.035
at 3 s−1 (reprinted with permission
from Varadan and Solomon (2001),
© (2001) American Chemcial Soci-
ety).

For experiments with thixotropic clay dispersions using both neutron and light scattering,
it was concluded that the larger length scales are the pertinent ones for rheological
properties (Pignon et al 1997). Experiments on better defined model colloids consisting
of thermoreversible adhesive spheres, where gelation can be induced by variation of the
temperature, also reveal a pronounced butterfly pattern that progressively develops as the
material is subjected to flow (Verduin et al 1996, Varadan and Solomon 2001). Figure 14 gives
a comparison of the time evolution of the enhancement of S(q) at low q with the stress evolution
(Varadan and Solomon 2001), demonstrating the link between anisotropy development and the
evolution of the stress.

Video microscopy experiments of 2D particulate monolayers were used to gain insight into
the mechanism of the butterfly scattering patterns and the associated microstructural anisotropy
(Hoekstra et al 2003). The 2D experiments provide access to the shear-induced microstructure
in the v–∇v plane. Examples of the flow-induced microstructure and its FFT image are shown
in figure 15. Anisotropy was shown to exist on both large and local scales, in line with the
SALS and SANS results on 3D systems discussed above.

Wouterson et al.,  
J. Rheol. 1993

Kim et al.,  
J. Rheol. 2014

R204 Topical Review

Figure 11. Isointensity contours showing the evolution of the anisotropy in the v–ω plane at high
shear rates for organophilic silica-hexadecane gels at φ = 0.1. The line crossing the images is due
to a wire that contains the beamstop (reprinted with permission from Varadan and Solomon (2001),
© (2001) American Chemical Society).

enhancement of local scale in homogeneities. Apart from the weakly aggregated sticky
sphere dispersions, the patterns are displayed in SALS experiments from a variety of complex
fluids subjected to shear flow. Examples include semi-dilute polymer solutions (Hashimoto
and Kume 1992, Van Egmond et al 1992, Moses et al 1994, Boue and Lindner 1994, Van
Egmond 1997), polymer blends with a viscoelastic asymmetry (Hobbie and Migler 1999,
Hobbie et al 2002), polymer microgels (Stieger and Richtering 2003), micellar wormlike
surfactants (Wheeler et al 1996, Kadoma and van Egmond1997, Schubert et al 2004), different
polymer–colloid mixtures such as nanocomposites (Lin-Gibson et al 2004) and mixtures of
associative polymers and latex particles (Belzung et al 2000). In the latter case, no evidence
of particle aggregation was observed in the rheological behaviour. In the case of associative
polymer/particle mixtures and for semi-dilute polymer solutions, a clear maximum in the
scattering curves is present, which evolves from large to small q as time evolves. This
maximum and the corresponding time evolution are not observed for suspensions of weakly
aggregated suspensions. For viscoelastic polymer solutions, scattering anisotropy of the kind
described above has been understood to be the consequence of shear-induced enhancement of
concentration fluctuations (Helfland and Fredrickson 1989, Fuller 1995).

Varadan and Solomon 
Langmuir 2001

Colloidal gels

but ter fly pa t tern (contour const itu ted of two lobes) for
the isoin tensity curves as has been shown using SANS
under shear .44 Such a behavior of neutral polymer under
shear is of course completely differen t from polyelec-
t rolyte systems as has been clear ly demonst ra ted in
these exper iments.

Conclus ion

This paper discusses synchrot ron SAXS data on Na-
Hy and xanthan (for compar ison) “sa lt -free” solu t ions
a t rest and under shear . Cont ra ry to other radia t ion
(ligh t or neut rons), the use of h igh-br illiance SAXS
enables the observa t ion of the expected sca t ter ing peak
in the Na-Hy polyelect rolyte systems. Indeed a t zero

shear ra te, the sca t tered in tensity I(q) presen ts a very
small maximum that becomes more intense as the shear
is increased. These resu lt s show clear ly, as opposed to
neut ra l polymer systems, tha t the observed peak is
rela ted to elect rosta t ic in teract ions magnified by the
effect of shear . The posit ion of the peak (qmax) remains
at the same posit ion at rest and at different shear ra tes.
At h igh shear , the cha ins adopt a preferen t ia l or ien ta -
t ion in the shear direct ion , leading the system to
undergo a progressive change from isot ropic to aniso-
t ropic phase clear ly observed on the azimuthal narrow-
ing of the peak. Compared to da ta obta ined on other
synthet ic polyelect rolytes or polysacchar ides, one may
emphasize that the expected scat ter ing peak in the Na-
Hy system was not so far observed because of the weak
elect rosta t ic na ture, the small in t r insic persistence
length , and a lso the cont rast when using neut rons or
light scat ter ing techniques. In this work, high-br illiance
synchrot ron was used to overcome the signal/noise ra t io
(cont rast ) and to highlight the elect rosta t ic in teract ions
of Na-Hy polyelectrolyte system. This has been achieved
successfu lly using synchrot ron radia t ion exper iments
and par t icu la r ly magnified under shear . As for the
xanthan case, a single peak exist s a t rest (the so-ca lled
polyelect rolyte peak), and the effect of shear induces a
long-range order illust ra ted by the emergence of a
second-order peak a t h igh shear ra tes.

Acknow ledgment. The authors gratefully acknowl-
edge the ESRF for the use of the synchrot ron facilit ies
(a lloca t ion beamt ime SC458). Marcos Villet t i acknowl-
edges the financia l suppor t from CAPES-Brazil dur ing
his PhD work in France.
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Figure 5. 2D SAXS pat tern obta ined on xanthan a t CP ) 15
g/L in radia l geomet ry a t rest and a t differen t shear ra tes:
(a ) γ̆ ) 0 s-1; (b) γ̆ ) 5 s-1; (c) γ̆ ) 50 s-1; (d) γ̆ ) 1600 s-1.
Spect rum (e) cor responds to the tangent ia l configura t ion a t
γ̆ ) 1600 s-1.

Figure 6. Var ia t ion of the circumferen t ia l in tegra ted in ten-
sity a t the peak posit ion as a funct ion of the azimutha l angle
ψ for xanthan a t CP ) 15 g/L in radia l geomet ry a t differen t
shear ra tes from γ̆ ) 0 s-1 to γ̆ ) 1600 s-1.

Macrom olecules, Vol. 33, N o. 25, 2000 Polyelect rolyte Solu t ions under Shear 9421

Polyelectrolytes

Villetti et al.,  
Macromol. 2000

The 2 wt. % short MWNT dispersion was also studied in the flow-gradient (1-2) plane
of shear flow using a custom annular cone and plate shear cell [Caputo and Burghardt
(2001)]. These experiments were performed at APS beam line 5ID-D; experimental pa-
rameters were identical to those used in the simultaneous SAXS=WAXS experiments
described in the preceding paragraph. However, only SAXS experiments are possible
with this shear cell, as wide-angle scattering is obstructed by the annular cone and plate
fixtures. In this shear cell, the x-ray beam passes through 1 cm of sample thickness; the
high x-ray energy used in these experiments reduces absorption in the sample to manage-
able levels.

Representative 2D x-ray scattering patterns reveal flow-induced particle alignment
(Fig. 2). 2D SAXS patterns in both 1-2 and 1-3 planes show anisotropic scattering at low
values of scattering vector. In both cases, scattering intensity is concentrated perpendicu-
lar to the flow direction, although in 1-2 plane measurements the anisotropic pattern is
rotated slightly, corresponding to a small misalignment of the average nanotube orienta-
tion away from the flow direction (effects which may be quantified using methods
described below). 2D WAXS patterns collected using either the Mar [Fig. 2(c)] or Roper
[Fig. 2(d)] detectors similarly show that the wide-angle diffraction peak from MWNT in-
ternal layering also becomes concentrated perpendicular to the flow direction.

In WAXS experiments, analysis of anisotropy is performed on the diffraction peak
arising from the internal layered structure of MWNTs. Here, the length scale and struc-
tural feature being probed in the measurement are unambiguous. In order to better illus-
trate the length scales probed in our SAXS measurements, Fig. 3 compares azimuthally

FIG. 2. Scattering patterns during shear of 2 wt. % short MWNT suspension. (a) SAXS in 1-2 plane, 20 s!1 (b)
SAXS in 1-3 plane, 200 s!1; WAXS patterns collected with (c) Mar CCD and (d) Roper detector, 200 s!1.
SAXS patterns in (a) and (b) cover a range of scattering vector jqxj, jqyj " 0.33 nm!1. The reflection highlighted
by red arrows in (c) and (d) is located at q*¼ 18.5 nm!1, corresponding to graphene interlayer spacing of 0.34
nm. SAXS and WAXS patterns (b) and (d) were collected simultaneously using the SAXS=WAXS capabilities
at APS beam line 5ID-D.

1038 PUJARI et al.

Nanotubes

Pujari et al.,  
J. Rheol. 2011

elongated concentra t ion fluctuat ions which are or iented
para llel to the flow (x) direct ion with a character ist ic
spacing along the gradient (y) direct ion of 2/qpeak ) 0.6
µm for Á̆ ) 90 s-1 and 2/qpeak ) 1.3 µm for Á̆ ) 120 s-1.
The va lue of qpeak and it s shear ra te dependence for Á̆
> 60 s-1 is in st r iking cont rast to the da ta for Á̆ 60 j
s-1. Below 60 s-1, the magnitude of qpeak is essen t ia lly
independent of the shear ra te, while above 60 s-1, qpeak
decreases dramat ica lly with increasing shear ra te.
Typica lly, qpeak is 2-3 t imes smaller for Á̆ J 60 s-1 than
for Á̆ j 60 s-1. This indica tes a coarsen ing in the
character ist ic length scale of the fluctuat ions by a factor
of 2-3 for Á̆ > 60 s-1.

There are a lso other fea tures in our ligh t sca t ter ing
data which indicate a qualita t ive change in the behavior
of these solu t ions when the shear ra te exceeds ap-
proximately 60 s-1. F ir st , the sca t ter ing in tensity
dramat ica lly increases above Á̆ ⇡ 60 s-1. As one
measure of th is increased sca t ter ing, we plot in Figure
6 the m axim um value of the st ructure factor a t t ) 45
s a long the qy-axis as a funct ion of shear ra te. Note the
dramat ic upturn in the sca t ter ing for Á̆ > 60 s-1.

Hashimoto and Kume15 have observed simila r upturns
in the sca t ter ing in the velocity-vor t icity (x-z) plane
above a cr it ica l shear ra te (in what they ca ll “Regime
IV”). In addit ion , they note tha t these upturns are
accompanied by dramatic changes in the light scat ter ing
pat tern . In their light sca t ter ing pat terns they observe
a “dark st reak” a long the vor t icity (z) axis which , for
shear ra tes smaller than a cr it ica l shear ra te, is ra ther
broad and poorly defined. Above their cr it ical shear rate
the dark st reak becomes much nar rower and more
sharply defined. This nar rowing of the dark st reak
could coincide with the coarsen ing of the concent ra t ion
fluctua t ions we observe in the x-y plane, though direct
compar ison between da ta set s is not possible given the
difference in the molecula r weights and concent ra t ions
of the samples.

Second, we observe an abrupt change in how quickly
S (q) decays after the shear flow is turned off. For Á̆ j
60 s-1, S (q) decays to its equilibr ium value more quickly
than we are able to resolve, i.e., in less than 1 s. By
cont rast , for Á̆ > 60 s-1, S (q) typica lly takes 4-10 s to
decay and can take as long as severa l minutes to decay
depending on the va lue of q (the relaxa t ion after
cessa t ion behavior is discussed fur ther in sect ion VIIB).
Thus, there appears to be a cr it ica l shear ra te Á̆c ⇠ 60
s-1 above which our samples exhibit qua lita t ively dif-
ferent behavior , including a coarsening of the st ructures
measured by ligh t sca t ter ing, an increase in the ligh t
sca t ter ing in tensity, and a dramat ic increase in relax-
a t ion t imes. These observa t ions are consisten t with a
growing body of exper imenta l work in which dramat ic
increases in the sca t ter ing are observed above a cr it ica l
shear ra te.10-12,14-16,22 Never theless, these phenomena
are st ill poor ly understood.

What are the under lying causes of these changes?
What are mechanisms which determine the length scale
associa ted with qpeak and what determines how it
changes with shear ra te? To make progress toward
answer ing these quest ions, we examine the tempora l
development of the ligh t sca t ter ing pa t terns as they
approach the steady sta te depicted in Figure 5.

VII. Trans ien t Ligh t Scatte ring Resu lts
A. Commencement of Shear Flow . Upon com-

mencement of st rong shear flow (Á̆ > Á̆c), the evolu t ion
of the st ructure factor becomes r ich and interest ing. We
can separa te the t ransien t response in to two regimes.
In the fir st regime, there is an overshoot in the sca t -
ter ing which essent ia lly follows the overshoot observed
in the rheologica l da ta . In the second regime, the
sca t ter ing shows a coarsening behavior which occurs on
longer t ime scales. In the second regime, the coarsening

Figure 4. Steady sta te st ructure factor S (qx,qy,Á̆) a t (a ) Á̆ ) 10 s-1, (b) Á̆ ) 30 s-1, and (c) Á̆ ) 60 s-1. The contours indica te the
enhancement in sca t ter ing ar ising from the imposed shear flow; a contour labeled “6” cor responds to a sca t tered in tensity 6 t imes
tha t of it s equilibr ium value. The gray sca le in th is and subsequent figures is a rela t ive sca le which is meant only to serve as a
visua liza t ion a id.

Figure 5. Steady sta te st ructure factor S (qx,qy,Á̆) a t (a ) Á̆ )
90 s-1 and (b) Á̆ ) 120 s-1.

Figure 6. Maximum value of the st ructure factor a t t ) 45 s
a long the qy-axis vs shear ra te.

1426 Migler et a l. Macrom olecules, Vol. 29, N o. 5, 1996Polymer solutions

Miller et al.,  
Macromol. 1996
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separating into coexisting colloidal gas (upper) and liquid (lower)
phases, e.g. Fig. 2, and in gravitationally collapsing gels, there are
sharp, horizontal interfaces, which we detect digitally using a
Sobel edge finding algorithm,§ and plot their height as a
function of time normalised by the height of the bottom of the
meniscus, h(t)/h0 (defined in Fig. 2). The experiments were
performed in a temperature controlled cabinet in which the
temperature was controlled to within 1 1C. We have verified that
the results presented here do not depend on the accuracy of our
temperature control by repeating experiments in a chamber in
which the temperature was controlled to within 0.1 1C. The h(t)
and the delay time measured in the better controlled chamber
fall within the spread of the experiments in the cabinet. The
temperature gradients over the samples were too small to mea-
sure and their effect was excluded by repeating experiments with
samples placed inside cm thick metal blocks.

2.3 Simulations

We performed constant NVT event-driven Brownian dynamics
(EDBD) and event driven molecular dynamics (EDMD) simula-
tions of 4000 to 5 ! 104 attractive hard spheres in 3D. We used
periodic boundary conditions in all three directions and did
not include gravity. In our EDMD the temperature was thermo-
statted. Assuming ELCS, we used not the depletion potential,
eqn (2), but attractive square wells, for which b2 is calculable
analytically. To avoid crystallization, we used either a 50 : 50
binary mixture with size ratio 0.8 or a system with quasi-
continuous size distribution of 10% polydispersity; we cannot
distinguish their binodals. Periodic boundary conditions in an
elongated box allow accurate measurement of coexistence
density profiles. Note that EDMD and EDBD do not include
hydrodynamics.

For a gel to form the system needs to form a percolating
network of particles attached to each other, otherwise it will not
have a yield stress and will not be able to support its own
weight. The equilibrium percolation line has been obtained in
computer simulations and theory29,30 and follows the binodal
at high attraction strength. However, it can take a very long
time for the system to form a percolating structure at low
colloid volume fractions. If the colloids are severely affected
by gravity in this time a gel might never form. Therefore we

calculated a dynamic percolation line, which we have defined
as the volume fraction fperc(1 " b2) at which the time it takes to
form a percolating structure is longer than the time it takes for
single particles to sediment significantly. To test for percolation
we define particles to be connected if they are in each other’s
square well. To obtain the dynamic percolation line the simula-
tion was started with an equilibrated HS configuration and a
EDBD simulation (without gravity) was run until a percolating
structure was formed or the time limit exceeded. As a time limit
we have taken the time it takes for a single particle to sediment
its radius in our experiments.

In an event-driven simulation the most time consuming step
is finding the next event in the list of future events, which we
optimised with a binary search tree.31 We simulated well widths
from 0.01D and 0.1D, in which range ELCS is expected16 to
remain at least approximately valid.

2.4 Magnetic resonance imaging (MRI)

MRI has previously been used quantitatively to measure the
local volume fraction of non-colloidal suspensions.32 Here, we
extend the use of MRI to quantify the liquid phase volume
fraction of the collapsing colloidal gels as a function of height
and time. MRI experiments were performed using a Bruker
DMX300 spectrometer operating with a 7 T vertical-bore super-
conducting magnet fitted with a 25 mm inner diameter radio
frequency (rf) coil tuned to a frequency of 300.1 MHz for the 1H
resonance. A three-axis magnetic field gradient system was
used for spatial encoding with a maximum gradient strength
of 98.7 G cm"1. Homogenised samples were placed in round,
flat-bottomed NMR tubes with outer diameter 10 mm and inner
diameter 8.8 mm. A polytetrafluoroethylene insert was used to
reduce the diameter of the rf coil to 10 mm and ensure optimal
(and reproducible) positioning of the sample. The round NMR
tubes show qualitatively the same h(t) behaviour as the square
cuvettes used for the visual observations, although for weak gels
the delay time seems to be systematically larger in the square
cuvettes. The temperature of the sample environment was con-
trolled to within 0.1 1C using gradient hardware cooling.

In order to quantify the spin density (concentration) of the
liquid phase, the effect of signal relaxation on the MRI experi-
ments must be accounted for. In MRI experiments, the signal
measured is proportional to the spin density of the liquid
phase, I0, but the signal decays such that, at a time t after
signal excitation, the measured signal, I, will be:

I ¼ I0 exp
"t
T2

! "
; (4)

where T2 is the spin–spin relaxation time.33,34 To correct for
this signal decay, the signal is measured at increasing values of
t such that I0 can be calculated from a regression to eqn (4).
However, T2 can be sensitive to the local physical environment
and, during gel collapse, the formation of (at least) two environ-
ments is expected; a colloid-rich phase with low liquid volume
fraction, i.e. low liquid spin density, and a colloid-poor phase
with high liquid volume fraction, i.e. high liquid spin density.
These different environments may be characterised by different

Fig. 2 Images of a non-gelling, phase separating, sample. The time t is
given in minutes after homogenisation. The time-dependent interface
height h(t) and the meniscus height h0 are as defined.

§ Note from Fig. 2 that after E100 min, the gas phase starts to sediment visibly;
but this kind of diffuse interface is of no interest to us in this work.
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predicting a stretched exponential law h(t),44 as we find,
Fig. 5(b) (blue line).

Delayed rapid collapse is less well understood. Optical
imaging7 suggests that this is initiated from the top of the
suspension. MRI confirms this by probing the space-resolved
liquid fraction. This is then converted into height profiles of
solid volume fraction, shown as colour maps for a typical
sample in each regime, Fig. 8. In regime A, Fig. 8(a), the body
of the sample remains homogeneous as a dense layer builds at
the bottom. In contrast, as a gel in regime D detaches from the
meniscus, a dense layer builds up on top. This shows up as a
widening band of deepening purple coloration in Fig. 8(b).

A more detailed analysis of this rather surprising phenom-
enon is shown in Fig. 9, where part (a) gives the time-dependent
height profile of this sample, showing that fast sedimentation
commences after E570 min. Zooming in to the rapid collapse
region of the density profile colour map, Fig. 9(b), we see clearly
the build up of denser material on top (purple colour), and the
rapid sedimentation of this material through the sample
(arrow) before the commencement of macroscopic rapid collapse.
Notably, the speed of this collapse (slope of the arrow in part (b)),
E8 mm s!1, is an order of magnitude higher than the speed of the
rapid macroscopic collapse (slope of the linear fit, green, in part
(a)), E0.6 mm s!1.

Previous optical imaging7 suggests that the dense material
accumulating at the top consists of broken up and compacted
gel ‘debris’. The stress exerted by a random close packed cluster

of N particles is sN " N
4

3
pa3Drfrcpg

!
N2=3pa2, with frcp E 0.64

and Dr E 0.28 g cm!3. The yield stress of the gel in Fig. 8(b)
was measured to be sy E 20 mPa. Equating these two quan-
tities, sy E sN, gives an estimate of the radius of a compact
cluster capable of yielding the gel by its weight:

Ry " aN1=3 " 3sy
4DrgfRCP

" 10 mm: (8)

These dense clusters scatter light at {11, consistent with dark-
field observations of gel ‘debris’.7 They fall through the gel at
speed u = 8 mm s!1, Fig. 9(b), so that their size is

r E (9uZ/2gDrfrcp)1/2 E 14 mm, (9)

using a measured Z E 0.01 Pa s, so that indeed r \ Ry.
We do not yet know the origins of these dense clusters.

However, we were unable to reproduce such clusters in our
Brownian dynamics simulations, in which we never observed
delayed rapid sedimentation. This suggests that hydrodynamics,
left out in such simulations, is essential. It is possible that as a
gel sediments slowly and tears itself away from the top interface
(to which it is initially held by the depletion attraction45),
hydrodynamic back flow from the compacting gel merges and
consolidates the gel fragments thus created. Detailed investiga-
tions, however, must be left to future work.

The formation of a dense layer of colloids on top of a more
dilute layer has been observed before,7,25 however, the sedimenta-
tion of this dense layer through the body of the gel is new. The
density profiles containing three regimes observed by Secchi

et al.25 are a direct consequence of this. In line with Secchi
et al.,25 the density profile observed after 575 and 600 minutes
can be divided in three distinct regions named foot, leg, column.
The dense foot is formed by slow compaction of the gel during the
delay time, the leg is formed by the more loosely packed clusters
falling through the gel during the rapid collapse and the column
is formed by the still standing gel.

Interestingly, a dense top layer also appears to form in
regime B, Fig. 8(c) (blue band on top), although fast collapse
does not happen. Perhaps the yield stress of the gel is now high
enough to support these dense clusters. This is a reasonable
hypothesis because we know that the yield stress of a gel
increases sharply with the colloid volume fraction, eqn (6) with
n E 3.5 to 6,42 so that the size of a cluster heavy enough to
overcome this yield stress increases sharply with f. However,
quantitative testing of this hypothesis will not be possible until
the origins and properties of these clusters are known.

The scale-setting constant c in the expression for the yield
stress of colloidal gels, eqn (6), is expected to scale with particle
size as c B a!3. Secchi et al.25 worked with a = 90 nm particles,

Fig. 8 Time evolution of the height profile, f(z), from MRI. In all cases, the
dashed horizontal line marks the bottom of the meniscus (h0 in Fig. 2). (a) A
typical sample showing type A gravitational collapse. (b) A typical sample
showing regime D gravitational collapse. The time-dependent height
profile of this sample, picked out in red, is reproduced in Fig. 9(a). (c) A
sample just inside regime B.
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predicting a stretched exponential law h(t),44 as we find,
Fig. 5(b) (blue line).

Delayed rapid collapse is less well understood. Optical
imaging7 suggests that this is initiated from the top of the
suspension. MRI confirms this by probing the space-resolved
liquid fraction. This is then converted into height profiles of
solid volume fraction, shown as colour maps for a typical
sample in each regime, Fig. 8. In regime A, Fig. 8(a), the body
of the sample remains homogeneous as a dense layer builds at
the bottom. In contrast, as a gel in regime D detaches from the
meniscus, a dense layer builds up on top. This shows up as a
widening band of deepening purple coloration in Fig. 8(b).

A more detailed analysis of this rather surprising phenom-
enon is shown in Fig. 9, where part (a) gives the time-dependent
height profile of this sample, showing that fast sedimentation
commences after E570 min. Zooming in to the rapid collapse
region of the density profile colour map, Fig. 9(b), we see clearly
the build up of denser material on top (purple colour), and the
rapid sedimentation of this material through the sample
(arrow) before the commencement of macroscopic rapid collapse.
Notably, the speed of this collapse (slope of the arrow in part (b)),
E8 mm s!1, is an order of magnitude higher than the speed of the
rapid macroscopic collapse (slope of the linear fit, green, in part
(a)), E0.6 mm s!1.

Previous optical imaging7 suggests that the dense material
accumulating at the top consists of broken up and compacted
gel ‘debris’. The stress exerted by a random close packed cluster

of N particles is sN " N
4

3
pa3Drfrcpg

!
N2=3pa2, with frcp E 0.64

and Dr E 0.28 g cm!3. The yield stress of the gel in Fig. 8(b)
was measured to be sy E 20 mPa. Equating these two quan-
tities, sy E sN, gives an estimate of the radius of a compact
cluster capable of yielding the gel by its weight:

Ry " aN1=3 " 3sy
4DrgfRCP

" 10 mm: (8)

These dense clusters scatter light at {11, consistent with dark-
field observations of gel ‘debris’.7 They fall through the gel at
speed u = 8 mm s!1, Fig. 9(b), so that their size is

r E (9uZ/2gDrfrcp)1/2 E 14 mm, (9)

using a measured Z E 0.01 Pa s, so that indeed r \ Ry.
We do not yet know the origins of these dense clusters.

However, we were unable to reproduce such clusters in our
Brownian dynamics simulations, in which we never observed
delayed rapid sedimentation. This suggests that hydrodynamics,
left out in such simulations, is essential. It is possible that as a
gel sediments slowly and tears itself away from the top interface
(to which it is initially held by the depletion attraction45),
hydrodynamic back flow from the compacting gel merges and
consolidates the gel fragments thus created. Detailed investiga-
tions, however, must be left to future work.

The formation of a dense layer of colloids on top of a more
dilute layer has been observed before,7,25 however, the sedimenta-
tion of this dense layer through the body of the gel is new. The
density profiles containing three regimes observed by Secchi

et al.25 are a direct consequence of this. In line with Secchi
et al.,25 the density profile observed after 575 and 600 minutes
can be divided in three distinct regions named foot, leg, column.
The dense foot is formed by slow compaction of the gel during the
delay time, the leg is formed by the more loosely packed clusters
falling through the gel during the rapid collapse and the column
is formed by the still standing gel.

Interestingly, a dense top layer also appears to form in
regime B, Fig. 8(c) (blue band on top), although fast collapse
does not happen. Perhaps the yield stress of the gel is now high
enough to support these dense clusters. This is a reasonable
hypothesis because we know that the yield stress of a gel
increases sharply with the colloid volume fraction, eqn (6) with
n E 3.5 to 6,42 so that the size of a cluster heavy enough to
overcome this yield stress increases sharply with f. However,
quantitative testing of this hypothesis will not be possible until
the origins and properties of these clusters are known.

The scale-setting constant c in the expression for the yield
stress of colloidal gels, eqn (6), is expected to scale with particle
size as c B a!3. Secchi et al.25 worked with a = 90 nm particles,

Fig. 8 Time evolution of the height profile, f(z), from MRI. In all cases, the
dashed horizontal line marks the bottom of the meniscus (h0 in Fig. 2). (a) A
typical sample showing type A gravitational collapse. (b) A typical sample
showing regime D gravitational collapse. The time-dependent height
profile of this sample, picked out in red, is reproduced in Fig. 9(a). (c) A
sample just inside regime B.
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Parameter Starrs et al. Secchi et al.

Attraction width ∆ (nm) 17 4
Attraction strength U (kT ) 6.5 12
Density mismatch ∆ρ (g/cm3) 0.26 1.14
Particle radius a (nm) 196 90
Solvent viscosity η (mPa s) 2.5 1.0
Temperature T (oC) 25 23
Volume fraction φ (-) 0.2 0.04

Table 2: Experimental parameters of collapsing gels as found in Starrs et al. (2002) and
Secchi et al. (2014).

(a) Comparison of data published by Starrs
et al. (2002) (open squares) and the best-fit
prediction of the model (dashed line).

(b) Comparison of data published by Secchi
et al. (2014) (open circles) and the best-fit
prediction of the model (dashed line).

Figure 8: Time evolution of streamer radius R as extracted from experimental data
published in the literature and the best-fit predictions of our model.

a typical value for dilute colloidal gels(Zaccarelli 2007). The exact volume fractions for
both systems are available, and so it remains to obtain a best-fit of (2.15) to the two
data sets using tblowup and R∗ as freely adjustable parameters. Figure 8 compares the
experimental data and the best-fit model predictions and table 3 shows the values for
the two parameters, which are in physical agreement with the experimental observations
made in the experiments. The model does an excellent job in describing the evolution of
the streamer radius for the two significantly different colloidal gels.
However, our approach is not only able to explain and reproduce observed collapse

dynamics, but make predictions provided only with the experimental parameters -
without doing any measurements. Using the values of the experimental quantities in
the two papers (see table 2), R∗ and tblowup can be computed directly using (2.6) and
(3.2) assuming again df = 2. These estimates are reported in table 3. In the case of
the work by Starrs et al. (2002) the best-fit values for both parameters are in good
agreement with what is computed a priori. This would suggest that the proposed model
subsumes all essential factors contributing to streamer growth and can accurately describe
the dynamics of network erosion and collapse. In contrast, the estimates of R∗ and
tblowup for the other example are an order of magnitude larger than the corresponding
best-fit values and exceed both the dimensions of the gel and the observation window

Weak gel Strong gel

Actual blow-up time: 570 min. 
Best fit to model: 586 min. 
From sim. parameters: 623 min.

tblow�up � t ⇠ R⇤2�df/3�

✓
2� df

3
,
R(t)

R⇤

◆
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