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We performed high resolution measurements of the dynamics of non-Brownian and
neutrally buoyant particles subjected to a periodic shear flow under low Reynolds
number conditions. By changing the particle roughness and showing that it signif-
icantly affects the particle motion, we provide direct evidence that particle solid-
solid contacts occur in viscous suspensions and strongly influence the particle
dynamics. An accurate prediction of the particle trajectories is obtained with a
minimal model that solely includes normal lubrication interactions and a frictionless
contact force. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919728]

A different perspective, increasingly supported by experiments and numerical simulations, on
how to describe sheared suspensions is emerging. Several experimental studies1–4 have suggested
that solid-solid contact causes irreversible displacement of particles when colliding in viscous shear
flows. Recent numerical studies demonstrated that in sheared suspensions, neither the long range
hydrodynamic5 nor the lubrication interactions6 generate sufficient chaos to produce the irrevers-
ible behaviors observed experimentally; rather, contacts between particles were found to largely
dominate the particle dispersion phenomenon. Clouds of particles, submitted to a periodic flow,
progressively disperse until the volume fraction drops below a critical threshold where particles
cease to fluctuate between cycles.7 This evolution also suggests that particle dispersion arises from
contact interactions. More generally, simulations of shearing flows based on the simple rule that
particles should not overlap8,9 generate results that compare well with experimental observations,
yet these methods are exceedingly simple relative to simulation methods that incorporate the effects
of multi-body hydrodynamics.10–12 Moreover, accurate measurements of pair distribution functions4

revealed a strong fore-aft asymmetry in which a “high concentration tail” forms in the recession
quadrant. This distribution function was identified by Blanc et al.4 as consistent with that predicted
for rough particles13 having a similar roughness, hence providing the most direct evidence yet that
solid-solid contacts influence suspension dynamics.

All of these numerical and experimental observations support the idea that irreversible dy-
namics in sheared suspensions are dominated by particle contacts and their associated steric effects.
This hypothesis is a promising one, since not having to account for the long range hydrodynamic
interactions could greatly simplify calculations and would focus attention on what may be the
essential ingredient to accurately model sheared suspensions. In this letter, we perform high resolu-
tion measurements of the dynamics of small numbers of particles submitted to a periodic flow. By
altering the particle roughness and showing that this directly affects the particle motion, we provide
evidence that particle solid-solid contacts occur in viscous suspensions and strongly influence the
particle dynamics.

The experimental setup, shown in Figure 1(a), is an improved version of the one used by Met-
zger and Butler.7 A linear shear flow is generated by a transparent mylar belt that is mounted tightly
on two rotating cylinders. The motion of the belt is controlled by a rotating stage (M-061.PD from
PI Piezo-Nano Positioning) with high angular resolution (3 × 10−5 rad). The cell was carefully de-
signed to ensure reversibility upon flow reversal. To avoid unwanted secondary fluid re-circulations,
this new configuration enables the fluid to flow under the cylinders and a constant spacing between
the belt and the inner wall of the cell is maintained all around the cell.

1070-6631/2015/27(5)/051701/5/$30.00 27, 051701-1 ©2015 AIP Publishing LLC

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded

to  IP:  195.83.220.70 On: Tue, 12 May 2015 16:19:09

http://dx.doi.org/10.1063/1.4919728
http://dx.doi.org/10.1063/1.4919728
http://dx.doi.org/10.1063/1.4919728
http://dx.doi.org/10.1063/1.4919728
http://dx.doi.org/10.1063/1.4919728
http://dx.doi.org/10.1063/1.4919728
http://dx.doi.org/10.1063/1.4919728
http://dx.doi.org/10.1063/1.4919728
http://dx.doi.org/10.1063/1.4919728
http://dx.doi.org/10.1063/1.4919728
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4919728&domain=pdf&date_stamp=2015-05-01


051701-2 Pham, Metzger, and Butler Phys. Fluids 27, 051701 (2015)

FIG. 1. (a) Sketch of the experimental shear-cell. A linear shear flow is generated by moving the transparent mylar belt (in
red). Fluorescent particles, which are initially placed carefully in the shear plane, are illuminated with a thin laser sheet.
(b) AFM image of a particle and table of the RMS and peak roughness in µm, measured using AFM for the three different
batches of particles.

The fluid is a mixture of Triton X-100 (76.241 wt. %), zinc chloride (14.697 wt. %), and water
(9.062 wt. %). It is a Newtonian fluid with a viscosity of 3 Pa · s and a density of 1.18 g/cm3

at room temperature. The composition was chosen to match both the refractive index and den-
sity of the particles, which are mono-disperse spheres of diameter d = 2 mm that are made of
poly-methylmethacrylate (PMMA). The roughness of the particles was modified by stirring the
particles at 60 rpm for one hour while immersed within a diamond paste solution (Presi Reflex
LDP). Experiments were performed with three different batches of particles: the original ones and
two other batches produced by polishing the original particles with solutions having different grades
(0.25 µm and 15 µm). For each batch, the surface roughness of the particles was characterized
by examining a total area of 400 µm2 on four different particles. The data were processed using a
standard method;14 an example result over a 20 × 20 µm area is shown in Figure 1(b) and the root
mean square and peak values of the surface roughness are reported for each batch. The error values
of roughness are reported in Figure 1(b) also.

Initially, the particles were carefully placed approximately 2.5 cm below the free surface of the
fluid (see Fig. 1(a)) and were confirmed to be in the flow-gradient plane prior to starting an experi-
ment. Visualization of the particles was enhanced by coating them with Rhodamine 6G. The coating
was applied by soaking the particles in an equal parts solution of water and ethanol doped with
Rhodamine 6G for 30 min at 60 ◦C. The particles were sheared forward and backward for 10 cycles
at a strain amplitude of γ0 = 4, where each cycle required 20 s to complete; the Reynolds number,
based upon the particle diameter, is consequently 3 × 10−4. A laser sheet, generated by a green
laser diode (100 mW power and wavelength of 532 nm), was used to illuminate the particles. The
fluorescing particles were imaged from the top with a digital camera (Basler Ace) and a magnifica-
tion lens (Sigma APO-Macro-180mm-F3.5-DG). A 550 nm high-pass filter was positioned before
the lens to remove any light directly scattered by the particles. Images were then analyzed using a
circular Hough transform to obtain the particle positions.

The experimental results were compared to a numerical model. This model represents a rudi-
mentary description relative to the substantially more accurate models existing in the literature.10,13

However, it was built6 with the aim of determining the minimum physical ingredients needed to
capture the dynamics of particles in sheared viscous suspensions. It includes the hydrodynamic
drag on the particles from the background shear flow, a constant repulsive force, and the normal
component of the lubrication force; long-range hydrodynamic interactions were not included in the
model. In the absence of inertia, the sum of the hydrodynamic forces, Fh

i , and the contact forces, Fc
i ,

on each particle i balances

Fh
i +

N
j,i

Fc
i j = 0. (1)
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In this minimal approach, we write the hydrodynamic forces as the sum of the drag due to the
background shear flow and the normal components of the lubrication forces between neighboring
particles,

Fh
i = 3πµd(ui − ui∞) +


j(i)

3πµd2

8hi j
ni j(ui − u j) · ni j, (2)

where µ denotes the fluid viscosity, d the particle diameter, and ui the velocity of particle i. The
fluid velocity at xi = (xi, yi), the position of particle i, is ui∞ = γ̇ yiex, where γ̇ is the shear rate and
ex is the unit vector in the x-direction. Lubrication forces between particle i and the particles j(i)
located within the lubrication range of particle i depend upon the relative velocities and separation
distance hi j = |xi j | − d, where |xi j | = |xi − x j |, of each pair. The particles j(i) located within the
lubrication range of particle i satisfy 2ϵ 6 hi j 6 d/2, where ϵ denotes the dimensionless roughness
of the particles. The algorithm only accounts for the normal component of lubrication,15 which acts
along the vector ni j = xi j/|xi j |. The contact forces are given by

Fc
i j =




F0ni j if |hi j | 6 2ϵ
0 if |hi j | > 2ϵ,

(3)

where F0 denotes the amplitude of the repulsive force. This repulsive force was chosen for its
simplicity. It is large enough so that particles do not overlap. If |hi j | 6 2ϵ , the particles are instanta-
neously pushed away from each other by the repulsive force which is much larger than any hydro-
dynamic force. During contact, the typical variation of the distance between particles is O(10−6d).
Other, more sophisticated definitions of the repulsive force (such as Hertzian contacts or the expo-
nentially decaying potential used in Stokesian dynamics10) were also tested and provide very similar
particle trajectories. The equations presented above are solved for the velocities of the particles
given their spatial positions. The positions are updated in time using a fourth-order Runge-Kutta
method with a time step that ensures a displacement of less than 10−5d at each time step.

Figure 2(a) shows the initial position of the particles and the corresponding relative trajectories
recorded over 10 cycles of shear. Arrows indicate the direction of motion of the particles. The
interesting feature is that during the backward part of the first cycle, particles are forced away
from their reversible path: particles follow different trajectories, ending further apart than they were
initially. This irreversible behavior occurs only during the first cycle. Over the next nine cycles,
particles exhibit a reversible behavior, always retracing the same trajectory on the forward and
backward portions of the cycles. This behavior is illustrated by the spatio-temporal plot shown in
Figure 2(b). This spatio-temporal plot was constructed from the pixels highlighted by the dashed
line on Figure 2(a), which was taken from each successive image and plotted side by side. During
the first cycle, the spatio-temporal pattern changes indicating irreversibility. After that, reversibility
is observed clearly as the patterns repeat.

The irreversible motion of the particles observed here is reminiscent of the behavior observed
in homogeneous suspensions5,6,16 or for clouds of particles subjected to a periodic flow.7 To probe
whether solid-solid contacts between particles are responsible for this behavior, the experiment

FIG. 2. Experiments: (a) Initial configuration of the cloud of particles and relative trajectories over 10 cycles for particles of
Batch III. Arrows indicate the direction of motion of the particles. (b) Spatio-temporal plot of the dashed line shown in (a).
A movie is available with the online version of the paper. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4919728.1]
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FIG. 3. Experiments: (a) Example of trajectories for particles of Batch III. (b) Magnitude of the irreversibility, ⟨S/d⟩, during
the first cycle of shear versus accumulated strain for the three batches of particles. Errors bars correspond to the standard
deviation calculated over the five experimental runs performed for each roughness. (c) Image of the particles at γ0= 0 and at
the end of the first cycle.

was repeated with the three batches of particles having different roughnesses. For each run, the
amount of irreversibility, ⟨S/d⟩, was quantified as the average separation distance between the for-
ward and backward motions of the first cycle as shown in Figure 3(a). The striking result, shown
in Figure 3(b), is that the amplitude of the irreversibility increases as the particle roughness is
increased. For larger roughness, the particles end up further apart at the end of first cycle as shown
in Figure 3(c). This measurement provides direct evidence that particle solid-solid contacts are at
the origin of the irreversible behavior observed in sheared suspensions.

In the following, we investigate if the minimal model presented above can capture the particle
dynamics. We assume the particles are initially at contact, forming an equilateral triangle. This
defines the particle diameter, d, taken as the average initial separation distance between the parti-
cles. The model then only contains two adjustable parameters: the magnitude of force, F0, and the
surface roughness, ϵ . The optimum values for these parameters are determined by minimizing the

distance, ℓ = 1
N

t
i=1
N

i=1((xA
i − xB

i )2 + (y A
i − yB

i )2), where A and B indicate the experimental
and simulation data, respectively.

The inset of Figure 4(b) shows ℓ, as obtained for incremental values of the magnitude of
the force, F0, and of the particle roughness, ϵ . The distance between simulations and experiments

FIG. 4. Experiments and simulations: (a) Comparison of the trajectories obtained from simulations to experimental trajecto-
ries for particles of Batch III. (b) Dimensionless roughness obtained from the simulations trajectories providing the best fit
with the experimental trajectories versus the dimensionless peak roughness obtained from AFM. Inset: Separation distance,
ℓ, vs. magnitude of the repulsive force, F0, and roughness, ϵ.
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behaves as a flat valley suggesting that the magnitude of the force, if chosen in a reasonable range,
does not affect significantly the particle trajectories. Conversely, changing the roughness provides a
well-defined minimum separation distance, which defines a roughness that optimizes the agreement
between experimental and simulation trajectories. Trajectories obtained with the optimum rough-
ness are shown in Figure 4(a): as observed in the experiment, the first cycle is irreversible, while
the following cycles are reversible. This minimal model, which only includes a solid-solid contact
force and the normal component of the lubrication force, quantitatively reproduces the trajectories
that were measured experimentally.

In Figure 4(b), the roughness AFM measurements are compared to the optimum roughness
obtained from the best fit of the numerical model to the experimentally measured trajectories. The
results are close (within a factor 2) to the AFM peak values; the measured RMS values are one order
of magnitude smaller than those obtained from the minimization, see Figure 1(b). This suggests that
the relevant roughness is given by the peak value. This is consistent since when particles approach,
the minimal separation distance at which the particles can touch is given by the peak value of the
roughness, not by the RMS.

We have reported on highly resolved experimental measurements of the individual trajectories
of small number of particles subjected to a periodic shear under creeping-flow conditions. These
experiments provide evidence that particles experience solid-solid contacts, as increasing the rough-
ness was found to increase the irreversibility of the particle trajectories. A minimal model that
includes only hydrodynamic drag, the normal component of the lubrication interaction, and contact
forces provides a quantitatively accurate description of the particle dynamics and consequently
supports the idea that particle contacts are responsible for the experimental observations.

The authors thank P. Cervetti, S. Noël, and F. Ratouchniack for machining and helping with
the design of the setup and A. Rangis (Aix-Marseille University) for the AFM measurements. This
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Government program managed by the French National Research Agency (ANR).
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14 D. Nečas and P. Klapetek, “Gwyddion: An open-source software for SPM data analysis,” Cent. Eur. J. Phys. 10(1), 181

(2012).
15 G. K. Batchelor and J. T. Green, “The hydrodynamic interaction of two small freely-moving spheres in a linear flow field,”

J. Fluid Mech. 56, 401 (1972).
16 D. J. Pine, J. P. Gollub, J. F. Brady, and A. M. Leshansky, “Chaos and threshold for irreversibility in sheared suspensions,”

Nature 438, 997 (2005).

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded

to  IP:  195.83.220.70 On: Tue, 12 May 2015 16:19:09

http://dx.doi.org/10.1016/0021-9797(77)90414-3
http://dx.doi.org/10.1016/0021-9797(77)90414-3
http://dx.doi.org/10.1017/S002211209600479X
http://dx.doi.org/10.1122/1.2169806
http://dx.doi.org/10.1103/PhysRevLett.107.208302
http://dx.doi.org/10.1103/PhysRevE.82.051406
http://dx.doi.org/10.1103/PhysRevE.87.052304
http://dx.doi.org/10.1063/1.3685537
http://dx.doi.org/10.1016/j.cpc.2012.10.020
http://dx.doi.org/10.1103/PhysRevLett.111.218301
http://dx.doi.org/10.1063/1.446585
http://dx.doi.org/10.1205/cherd06114
http://dx.doi.org/10.1016/j.jcp.2009.11.041
http://dx.doi.org/10.1017/S0022112096001619
http://dx.doi.org/10.2478/s11534-011-0096-2
http://dx.doi.org/10.1017/S0022112072002435
http://dx.doi.org/10.1038/nature04380

