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Velocity Oscillations in Microfluidic Flows of Concentrated Colloidal Suspensions
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We study the pressure-driven flow of concentrated colloids confined in glass microchannels at the
single-particle level using fast confocal microscopy. For channel to particle size ratios 2a/D =< 30, the
flow rate of the suspended particles shows fluctuations. These turn into regular oscillations for higher
confinements (2a/D =~ 20). We present evidence to link these oscillations with the relative flow of solvent
and particles (permeation) and the effect of confinement on shear thickening.
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The bulk flow of colloidal suspensions has long been a
subject for investigation [1]. Nowadays, the availability of
micro- and nanofluidic devices [2] also necessitates the
understanding of flows in confined geometries. Confine-
ment effects are inevitable when colloids are transported
through structures with dimensions <10? particle diame-
ters. Thus, such effects occur when colloidal inks flow
through micronozzles [3-5], and must be important in
the transport of particles through lipid nanotubes [6].

The study of confined colloidal flow may also have
wider implications. First, some aspects of the flow of sus-
pensions may usefully be compared to that of dry granular
matter [7,8] and dense emulsions [9], so that fruitful com-
parison may extend to confined flows. Second, it has
recently become possible to pump atomic and molecular
liquids through carbon nanotubes and similar structures
[10]. Since excluded volume effects between molecules
are strong in such liquids if hydrogen bonding is absent, the
study of confined colloidal flow may provide significant
insight: such “knowledge transfer” from the colloidal to
the atomic and molecular domain is already well estab-
lished in the study of equilibrium phenomena [11], includ-
ing the structural effects of confinement [12].

In this Letter, we use real-time single-particle imaging
[13] to study confinement in the simplest possible concen-
trated colloid, a suspension of hard spheres, flowing in one
of the simplest possible geometries, a square channel. The
motivation for studying such a well-characterized model
system is twofold. First, excluded volume effects between
particles are hard to ‘““turn off,” so that phenomena discov-
ered in our system are likely generic. Second, data from a
well-characterized system should allow direct comparison
with future theories. We observe confinement-induced flow
instabilities, in the form of large-amplitude oscillations.
We propose that these oscillations are an unexpected and
dramatic consequence of the recently discovered effect of
confinement on shear thickening [14]. The ubiquity of the
latter phenomenon in colloid rheology [1] suggests that the
instability we observed may also occur widely.

We used sterically stabilized polymethylmethacrylate
(PMMA) spheres (diameter D = 2.6 = 0.1 uwm, volume
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PACS numbers: 83.80.Hj, 83.50.—v, 83.60.Rs, 83.60.Wc

fraction ® = 0.63, from confocal microscopy, Brownian
time 73 = 4.4 s), fluorescently labeled with nitrobenzox-
adiazole and suspended in a mixture of cycloheptylbro-
mide and mixed decalin (viscosity 2.6 mPas) for buoyancy
matching at room temperature. A pressure difference, AP
(=107 to 10* Pa, see [15] for details), is applied to drive the
suspension into square borosilicate glass microchannels
(Vitrocom, Ltd.; width 2a = 50, 80, and 100 wm) with
untreated, smooth inner walls. The channel dimensions
(2a/D =20, 30 and 40) were not integral multiples of D
to avoid complete layering.

The flow across the full width of the channel y was
imaged with a Visitech VTeye confocal scanner and a
Nikkon TE 300 inverted microscope. We collected
44 pm X 58 pum images (107 frames/s) at 17 um from
the lower surface. From these we located (resolution
=~50 nm) and tracked particles [13,16]. From the single-
particle velocities we calculated the macroscopic flow
velocity, averaged over five frames to eliminate high fre-
quency instrumental and tracking noise.

In the widest channel (2a/D = 40), the velocity is steady
with time, Fig. 1(c) [17]. The velocity profile and density
(data not shown) do not vary with position along the
channel x after entrance effects. The velocity profile con-
sists of shear zones near the walls and a central plug with a
flow-speed-independent size. We have recently shown that
such profiles can be understood using a model developed
for granular pipe flow [7].

The situation is radically transformed when the channel
size is halved (to 2a/D = 20). The average velocity profile
and density are now x dependent, Fig. 1(a). Near the inlet
(x = 0) we find the same kind of sheared profile as in the
wider channels. Further downstream we encounter another
region where the central plug extends across the full chan-
nel; i.e., the shear between particles is completely absent
and the suspension flows as a solid body with velocity V; in
this complete plug region the density reaches a maximum
value & »» and remains constant over ~1 cm (~4000D),
before terminating even further downstream at a sharp
interface with another sheared region, Fig. 1(a), whose
density decreases away from the plug. Dramatic, quasire-
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FIG. 1 (color online). (a) Normalized particle volume fraction
as a function of x from particle counting in 1000 frames.
(b) Velocity profiles as a function of normalized y (a.; = a —
D/?2) corresponding to points 1 and 2 in (a). (c) Velocity offset
by the long-time average as a function of time for three different
channel sizes. (d) Space-time (x-f) diagram of oscillating flow in
a = 20D channel. The arrows highlight jamming events.

gular velocity oscillations are also seen, Fig. 1(c). The
oscillations are lower in amplitude and less regular in
a =~30D channel, and absent when the channel is widened
to =40D.

Figure 1(d) shows a “space-time diagram” of the oscil-
lations in the ~20D channel, constructed by stacking one-
pixel-wide y bins taken from consecutive images in the
channel’s center, in the region of complete plug flow.
Changes in the slope of the traces correspond to changes
in the flow speed, and we observe regularly spaced hori-
zontal bands corresponding to events where the flow jams
and comes to an almost complete arrest.

These regular jams are absent below a particular thresh-
old driving pressure, corresponding to a threshold average
flow rate Vy,. In a typical experiment, Fig. 2, an initial
small driving pressure AP is applied and then stepped up
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FIG. 2 (color online). Flow velocity V(z) (black, left axis),
offset by the long-time average (V) (2a = 20D). Right axis
(red or gray): corresponding driving pressure AP normalized
by the initial AP,. During each pressure step, AP is a constant.

taking the flow into an oscillatory regime. Flow rate oscil-
lations and nonuniform density along the flow make it
unfeasible to access the local pressure from the macro-
scopic AP. Moreover, the relation between applied A P and
measured (V) can be strongly history dependent. Therefore
the following discussion is performed in terms of the flow
rate, which constitutes the relevant local, measured control
parameter.

To emphasize the highly regular nature of the oscilla-
tions observed in = 20D channels, we show in Fig. 3 their
power spectrum. Superposing the fundamental frequency
and the first five harmonics reproduces the gross features of
the velocity wave form (inset, Fig. 3). We measured the
fundamental frequency of the oscillations as a function of
the local average speed (V), Fig. 4. The flow is steady for
average velocities below a run-dependent threshold, while
oscillations arise above this threshold (bottom inset,
Fig. 4). The fundamental frequency f can be fitted by
fV)) = a((V) — Vi, )P, where f extrapolates to O at
Ve (for the curve in the inset Vi, = 10.06 um/s) and «
and B are fitting parameters. Plotting f versus (V) — Vg,
collapses all the data onto one single curve, which is fitted
by a power law with exponent 8 = 0.34 = 0.13.

The amplitude of the oscillations (quantified by the
standard deviation of the velocity signal, Fig. 4, top inset)
shows a linear increase with flow speed above the thresh-
old. The offset for (V) — Vy,, = O represents the upper
limit of the noise in nonoscillating signals. This linear
dependence is directly related to the fact that at each
jamming event, the velocity drops from roughly =(V) to
a much lower value that is only weakly dependent on the
average flow speed.

Interestingly, although the oscillations become less
regular when we widened the channel to ~30D, Fig. 1,
the fundamental frequency and its dependence on flow
speed hardly differ from what we measured for ~20D
channels, Fig. 4. This observation, together with the fact
that our sampling frequency is 2 to 3 orders of magnitude
higher than the frequencies reported in Fig. 4, confirm that
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FIG. 3 (color online). Normalized power spectrum of an os-
cillating velocity signal in a = 20D channel ((V) = 20.4 um/s).
Inset: 4 secs. of the offset velocity signal with the fit obtained
from the superposition of 6 sine waves from the power spectrum
(red or gray).
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FIG. 4 (color online). Fundamental frequency of the velocity
oscillations as a function of (V) — Vy,, (l ~20D, @ ~30D); the
full curve is a power-law fit with exponent 0.34 = 0.13. Top
inset: amplitude (standard deviation) of the velocity oscillations
vs (V) — Vi, (points) and a linear fit (line). Bottom inset:
fundamental oscillations frequency f vs the average flow speed
(V) for one run (points) with a power-law fit (curve).

the absence of oscillations in the ~40D channels is not an
artifact due to experimental limitations.

Summarizing our observations, we find that under strong
confinement (channel width 2a/D ~20) and above a
threshold flow rate, the flow velocity oscillates while
driven by a constant pressure difference. The frequency
and the amplitude of the oscillations increase with flow
rate. The velocity profile and particle density are nonuni-
form along the channel. Increasing the channel width to
2a/D = 30 leads to lower amplitude, less regular oscilla-
tions, but the threshold flow rate and oscillation frequen-
cies are little changed. The velocity oscillations and spatial
nonuniformities along the flow direction completely dis-
appear when the channel width is doubled (2a/D = 40).

We do not yet have a quantitative theory of these
confinement-driven flow instabilities. Qualitatively, how-
ever, we propose that the phenomenon results from the
interplay between permeation [18] and strong shear thick-
ening [14]. When the suspension is momentarily jammed
(time point 1 in the (V(¢)) plot in Fig. 5) the applied
pressure gradient still drives solvent flow through the sta-
tionary plug of particles. This permeation flow erodes
particles from the front of the plug, forming a lower density
region. A rarefaction wave propagates upstream, unjam-
ming the plug (time point 2, Fig. 5). At the same time, the
lower density region at the front can sustain shear. Above a
threshold flow rate, which we estimate to be Pe =~ 2, this
region can exhibit strong jamming, akin to transient shear
thickening [19]. As the sheared front thickens, it slows
down, and particles accumulate upstream, increasing the
local density and enhancing the tendency to shear thicken,
until the front once more jams suddenly (time point 3,
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FIG. 5 (color online). Plug velocity (V(?)) in the lab frame (left
axis, black curve) and absolute value of the x component of
particle velocities in the CM frame |»,(¢)|. The values of v, have
been calculated using particle displacements over 0.1 s. Top:
spatial distributions of v, over the field of view. Positive flow
direction from right to left.

Fig. 5) [20]. A compaction wave passes upstream, and
the cycle repeats. Crucially, Fall et al. [14] recently re-
ported that the tendency to shear thicken was enhanced
under confinement. This may explain why we only observe
instabilities in narrow enough channels.

Evidence for a lower density, sheared region at the front
has already been shown in Fig. 1. Detailed analysis of
single-particle data provides evidence for the rarefaction
and compression waves. We were unable to observe these
very small density changes directly, but have been able to
deduce their presence by examining particle displacements
in the plug’s comoving (CM) frame. Figure 5 reports the
absolute value of the x component of the particle velocity
in this frame, |v,| (blue curve), as well as the plug velocity
in the lab frame, (V) (black curve), over two cycles of
oscillations. The sum of the signed values », is zero in the
CM frame by definition, while peaks in |v,| evidence
additional relative motion between the particles. We indeed
observe a rises in |v,| as the plug successively unjams
(time point 1) and jams (time point 3). Spatial maps of
the signs of v, (top of Fig. 5) confirm that these are
rarefaction and compaction waves, respectively.

In our scenario, the frequency of the oscillations is
probably controlled by the need for the sheared region to
accumulate a finite strain before jamming takes place.
Multiplying the local shear rate in front of the plug (ex-
tracted from the velocity profiles) and the inverse fre-
quency of the oscillations yields a value of 2 to 10,
weakly dependent on (V). This suggests analogies with
strain thickening in concentrated colloids [22].

Further insight into our proposed mechanism comes
from examining the transition region from plug to shear
flow. Particle trajectories from this region, Fig. 6, clearly
show that the flow here is convergent. Such convergent
flow is reminiscent of behavior at an imposed geometrical
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FIG. 6. Left: superposition of particles positions during flow
(right to left, (V) =25 um/s, 50 images) at the plug-shear
interface showing converging streamlines.

constriction. Indeed, intermittent jamming was observed at
the inlet of the flow of concentrated hard-sphere colloids
into a narrow capillary [23]. Similar phenomena are also
well known in granular materials (e.g., the hourglass [24]).
There is, however, an important difference in our case,
Fig. 6: here, the ‘“‘constriction” into which some of the
particles flow convergently is due to a self-organized con-
figuration of other particles.

Recall that in 220D and ~30D channels, we see longi-
tudinal inhomogeneities, and therefore associated ‘‘self-
organized” convergent flows at the “plug-shear” interface,
at all flow speeds, although oscillations emerge only when
the flow speed is high enough, presumably because high
speeds are needed to jam the convergent flow. These con-
siderations also suggest that the details of confinement-
induced shear thickening in our system differ from the
system studied by Fall et al. [14]. Significantly, we
never observed any longitudinal inhomogeneities in
~40D channels, and hence no plug-shear interface or
self-organized convergent flows. This suggests that our
failure to observe oscillations in these wider channels is
not because we did not reach high enough flow speeds;
rather, the flow instability described here is an intrinsic
confinement effect.

To conclude, we explore the wider relevance of our
observation of confinement-induced oscillations in the
flow of concentrated hard-sphere suspensions. First, we
note that oscillations are in fact ubiquitous in the pipe
flow of pastes. Interestingly, if the pipe diameter is ex-
pressed in units of average particle diameter, a number of
previous studies of oscillations in paste flow clearly over-
lap or just border the regime we have explored (e.g.,
~10-40D in [18] and ~50-100D in [25]). While previous
research has noted the importance of permeation and in-
homogeneities along the flow direction [18], the role of
confinement was not considered. Previous studies typically
used much bigger particles and therefore worked at sig-
nificantly higher Pe than in the present investigation;
nevertheless, our results do suggest that confinement can-

not safely be neglected. Second, we point out that the
strong confinement effects we observe recall analogies in
dry granular flow [24,26,27]. Interestingly, in place of the
solvent permeation that is important in our experiments, air
flow can play a crucial role in confinement-driven granular
oscillations [24]. Finally, the occurrence of instabilities in
flowing colloids under confinement must be taken into
account in microfluidic applications [2,5].
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