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High-speed tracking of rupture and clustering in
freely falling granular streams
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Thin streams of liquid commonly break up into characteristic
droplet patterns owing to the surface-tension-driven Plateau–
Rayleigh instability1–3. Very similar patterns are observed when
initially uniform streams of dry granular material break up into
clusters of grains4–6, even though flows of macroscopic particles are
considered to lack surface tension7,8. Recent studies on freely falling
granular streams tracked fluctuations in the stream profile9, but the
clustering mechanism remained unresolved because the full evolu-
tion of the instability could not be observed. Here we demonstrate
that the cluster formation is driven by minute, nanoNewton
cohesive forces that arise from a combination of van der Waals
interactions and capillary bridges between nanometre-scale surface
asperities. Our experiments involve high-speed video imaging of
the granular stream in the co-moving frame, control over the
properties of the grain surfaces and the use of atomic force micro-
scopy to measure grain–grain interactions. The cohesive forces that
we measure correspond to an equivalent surface tension five orders
of magnitude below that of ordinary liquids. We find that the
shapes of these weakly cohesive, non-thermal clusters of
macroscopic particles closely resemble droplets resulting from
thermally induced rupture of liquid nanojets10–12.

Granular systems in Hele–Shaw geometries or impinging on
stationary targets have recently been shown to provide excellent
approximations of liquid behaviour in the limit approaching zero
surface tension7,8. In these experiments, however, the material was
strongly forced and momentum transfer dominated other forces. To
observe the vestiges of any residual surface tension and estimate its
magnitude requires conditions where the material experiences as
little external forcing as possible. Motivated by the strikingly
liquid-like appearance of streams of fine-grained granular material
breaking into droplets, first reported in 1890 (ref. 13) and more
recently observed within the context of granular jets4,5, we investi-
gated freely falling granular streams, analogous to liquids falling
from a faucet. These streams provide a controlled system for the
study of droplet formation provided that break-up events can be
tracked with high spatial resolution at high imaging speeds. The
difficulty is that the time to break-up increases rapidly with decreas-
ing surface tension. For granular streams this requires tracking grains
for half a metre or more before they form clusters. We achieve this
using a high-speed video camera that falls with the stream and report
here on experiments capturing the granular break-up dynamics in
detail.

Figure 1 shows the break-up process for a stream of glass spheres
emerging from a small opening in the bottom of a hopper mounted
inside a 2.5-m-tall, evacuated cylinder (Fig. 1a). As the stream acce-
lerates under gravity, an axial velocity gradient develops and elon-
gates the stream as it falls. While the stream stretches, initial
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Figure 1 | Break-up of a granular stream. a–d, Stream of glass grains of
diameter d 5 107mm 6 19 mm falling out of a nozzle of diameter
D0 5 4.0 mm at the following points: just below the nozzle (a), and z 5 20 cm
(b), z 5 55 cm (c) and z 5 97 cm (d) from the top of the frame to the nozzle.
e–h, Stream of copper grains of diameter d 5 130mm 6 30 mm falling out of
the same D0 5 4 mm nozzle at the following points: just below the nozzle
(e), and z 5 20 cm (f), z 5 55 cm (g) and z 5 97 cm (h) from the top of the
frame to the nozzle. The nozzle and reservoir of grains are housed in a 2.5-m-
tall acrylic tube, which is sealed and evacuated to 0.03 kPa (gas mean free
path, ,200mm) to reduce air drag. We use a high-speed camera (Phantom
v7.1) falling along a low-friction rail outside of the chamber to track a 3-cm-
long section of the stream as it falls from the nozzle to the bottom of the
chamber (0.04 mm per pixel, 1,000 frames per second; see Supplementary
Movies). An optical encoder measures the position of the camera, allowing
us to correct for small deviations from free-fall as the camera moves along
the rail.
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undulations emerge and deepen (Fig. 1b), creating clusters connected
by thin bridges a few grains wide (Fig. 1c). These bridges eventually
rupture as the clusters continue to separate (Fig. 1d). This ability to
track the evolution of individual clusters over several metres and
image the rupture details provides unique insights into the under-
lying clustering mechanism.

Whereas the instability of ordinary liquid columns is driven by
molecular surface tension, possible mechanisms for droplet forma-
tion in granular systems include hydrodynamic interactions with the
surrounding gas, inelastic grain–grain collisions, and cohesive forces.
Hydrodynamic interactions have indeed recently been associated
with fluctuations in the profile of streams falling in air9; however,
from experiments across a wide range of ambient pressures down to
0.03 kPa we find that grain–gas interactions do not drive clustering
(Supplementary Fig. S1), in agreement with earlier work6. Inelastic
collisions are known to produce clusters in other granular
systems14–16, although for realistic grains, where the coefficient of
restitution approaches unity at low velocities, these clusters may be
transient. To vary the inelasticity, we replaced the glass spheres by
copper grains of similar size. The grain mass does not enter scenarios
solely driven by inelasticity, so the smaller coefficient of restitution
(for copper17, e < 0.90, for soda lime glass18, e < 0.97 at impact
velocities of 0.5–1.0 m s21) should lead to even more pronounced

clustering. As shown in Fig. 1e–h, the opposite behaviour is observed:
Instead of breaking up into discrete, compact clusters, sections of the
stream begin to drift apart and expand in the radial direction.

In principle, cohesion might arise from a variety of sources, includ-
ing electrostatic charging, capillary or van der Waals forces19–21. For a
rough estimate of the cohesive strength we track clusters as they fall and
accelerate to a speed at which Stokes drag pulls individual grains off
cluster protrusions. Correcting for slight changes in the air viscosity at
reduced pressure, this gives values of a few nanoNewtons. To compare
this to any electrostatic forces present, we obtain the distribution of
charges on the grains by applying a uniform electric field perpendicular
to the falling stream and tracking individual grain trajectories (see
Supplementary Information). For both glass and copper, we find the
streams are neutral overall but contain a small fraction of positively and
negatively charged grains, up to a roughly qmax 5 6100,000 electron
charges per grain (Supplementary Fig. S2). Still, this gives attractive
electrostatic forces a maximum Fmax 5 (1/4pe0)qmax

2/d2 < 0.1 nN
for grains with diameter d 5 100mm, too weak to be the dominant
cohesive force. (Here e0 5 8.85 3 10212 C2 N21 m22 is the permittivity
of free space.) Furthermore, experiments with conductive, silver-
coated 100-mm-diameter glass spheres produce clusters identical to
experiments using uncoated spheres, emphasizing that electrostatic
forces do not drive the observed clustering.
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Figure 2 | Controlling clustering by altering cohesion. a, Stream of glass
grains of diameter d 5 151mm 6 26mm (left) and the same grains coated
with silica particles of size 10–100 nm (Aerosil 200, Degussa) (right). Aerosil
is a common additive used to improve the flowability of powders by reducing
cohesion. The addition of Aerosil altered but did not eliminate clustering in
finer glass grains of diameter 107mm or 54 mm. b, Histograms of cohesive
forces between pairs of grains for untreated, clean glass grains (blue) and
Aerosil-coated grains (red). Forces were measured using an Asylum
Research MFP-3D-Bio AFM. Single grains were epoxy-glued to the AFM
cantilever (Nanosensors, spring constant k < 2 N m21) and brought into
contact with fixed grains of the same material. The inset to b shows a typical
force–displacement curve for a pair of untreated glass grains, showing the
approach (open symbols) and retraction (closed symbols) of the cantilever.
Fcoh is the maximum force magnitude before two grains abruptly snap apart

during retraction (dotted lines). Each histogram consists of measurements
from 20 separate force curves from 15 different grains. c, AFM topographic
map of 20 mm 3 20mm section of an untreated glass grain. d, e, Scanning
electron microscope images of an untreated glass grain (d) and a grain coated
with Aerosil (e). The grains were coated by mixing a small amount (,0.1%
by weight) of Aerosil with untreated grains. Scanning electron microscope
imaging of random samples confirmed that the Aerosil was well dispersed
across the grain surfaces. f, Stream of copper grains of diameter
d 5 130mm 6 30 mm (left) and the same copper mixed with a small amount
of oil (right). g, Histogram of pull-off forces for untreated grains (blue) and
oil coated grains (red). The inset to g shows a force–displacement curve
illustrating the larger pull-off force from oil-coated grains and the
measurable displacement of the grain before it snaps off the surface. h, AFM
topographic map of a 20 mm 3 20 mm section of a copper grain.
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To determine the intergrain cohesive forces Fcoh directly, we
record force–displacement curves of individual grains brought into
contact and pulled apart by an atomic force microscope (AFM)22,23

(Fig. 2). Fcoh varies across different grains, but is generally a few tens
of nanoNewtons, in agreement with our earlier estimate. Both van
der Waals and capillary forces for perfectly smooth spheres in contact
scale as Fcoh / cd, with interfacial energy c of the order of tens of
milliNewtons per metre (ref. 19), giving microNewton forces for
grains of diameter d 5 150 mm. The orders-of-magnitude-smaller
forces observed (Fig. 2b, g), as well as the absence of any scaling of
Fcoh with grain diameter, emphasize the significance of the local,
nanometre-scale grain topography23,24. It is difficult to distinguish
van der Waals from capillary forces because we cannot rule out
molecularly thin absorbed films that create tiny bridges between
individual asperities24,25. However, we still observe clustering in glass
grains stored under vacuum (0.05 kPa) at low humidity (,1%) and
also in grains coated with hydrophobic silane.

To confirm that tiny, short-ranged cohesive forces are responsible
for the clustering, we can decrease their strength by enhancing the
grains’ surface roughness. As shown in Fig. 2 for 150-mm-diameter

glass grains, adding nanoscale asperities to the grain surfaces reduces
Fcoh by roughly a factor of two and indeed reduces clustering signifi-
cantly. However, what controls clustering cannot be determined
solely from knowledge of Fcoh. In fact, although clean glass does form
clusters, Fcoh for glass is not larger than for copper grains with similar
mass (median values are 17 nN and 30 nN, respectively; see Fig. 2).
One reason is that AFM pull-off force measurements only mimic
head-on collisions, while both normal and tangential force compo-
nents must be considered to describe fully the collision of mac-
roscopic bodies. Topographic maps show significant differences in
the nature of the roughness (Fig. 2c, h), and the much more
pronounced large-scale roughness for copper is likely to reduce
sliding, leading to different rotational collision dynamics. For coarse
sand, rough and irregular like copper, we indeed observe weaker, less
compact clusters (Supplementary Information).

We can greatly simplify the picture and eliminate many of the
complications associated with dissipation due to sliding or rolling
when ‘sticky’ collisions are the dominant source of energy loss. In this
scenario, inelastic interactions initially reduce the relative particle
velocities du to a level where colliding grains with mass m get captured
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Figure 3 | Clustering dynamics. a, Separation of clusters Dz versus time t
(see diagram) for representative sample of five adjacent clusters from the
stream shown in Fig. 1a–d (107-mm-diameter glass, D0 5 4 mm). Dz was
measured by tracking local maxima in the width of the stream both before
and after the clusters separated. t 5 0 corresponds to the time where each
section of the stream left the nozzle. Solid lines show fits to
Dz(t) 5Dz0 1 (Dv)t. Linear growth was observed for all nozzle diameters
and grain materials. The inset to a shows the median separation velocity Dv
obtained from fits to Dz(t) versus nozzle diameter D0 for glass spheres of
d 5 54 mm6 10 mm (open triangles), d 5 107mm6 19 mm (solid circles),
d 5 151mm 6 26 mm (open diamonds), and oil-coated copper particles of
d 5 130mm 6 30 mm (solid squares). b, Cluster length lc versus cluster
width wc (see diagram) for individual clusters. Different grain materials are

represented by the same symbols as in a. Different nozzle diameters are
colour-coded: D0 5 1.0 mm (red), 2.0 mm (blue), 2.9 mm (green), 4.0 mm
(purple) and 6.1 mm (orange). c, Thinning and rupture of the neck between
adjacent clusters for three of the pairs of clusters from a. Rupture time t0 is
the first frame where an open gap appears between clusters. From the time
each section of the stream left the nozzle, t0 5 421 ms (pair 4–5), 325 ms
(pair 2–3) and 350 ms (pair 1–2). d, Log–log plot of the minimum neck
diameter wmin (see diagram) versus time to rupture for each of the pairs of
clusters in c: pair 4–5 (blue), pair 2–3 (green) and pair 1–2 (red). Solid line
with a slope of 12/3 drawn for comparison. Error bars on Dz and wmin

indicate statistical errors from averaging over multiple frames. Error bars on
Dv show the standard deviation based on 6–10 pairs of clusters from a single
experiment.
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by cohesive trapping potentials. This happens when the pre-collision
kinetic energy or ‘granular temperature’ (m/2)(du)2 becomes smaller
than Wcoh 5 #Fcoh(j)dj, the work done against a cohesive force
Fcoh(j) as two particles try to separate themselves by a distance j
(refs 26, 27). This energy loss to cohesion prevents the coefficient of
restitution from approaching unity at low velocities, instead causing it
to rapidly drop to zero as the collision velocity approaches
vc 5 (2Wcoh/m)1/2.

This scenario can be tested quantitatively by using rough grains (to
reduce sliding) and adding cohesion (to induce sticking). To do this, we
mixed copper grains with a small amount (,3 3 1024 by volume) of
mineral oil, amounting to a 10-nm-thick coat on average. As Fig. 2
shows, this results in a fivefold increase of the median pull-off force
for copper, which now clusters very similarly to glass. Tracing Fcoh(j)
over 10–20 nm we calculate Wcoh < 10215 J. The velocity threshold for
sticking collisions between two copper grains (density r 5 8.9 kg m23,
d 5 130mm) is then vc 5 (2Wcoh/m)1/2 < 0.4 mm s21. This value agrees
well with upper limits on the relative particle velocities inside clusters
obtained from direct imaging. For example, for the glass data in Fig. 1,
from the appearance of undulations (Fig. 1b) to the fully formed
clusters (Fig. 1d) 240 ms later, the maxima in the stream width change
by ,0.1 mm, limiting du to less than 0.5 mm s21 inside clusters. It also
explains the absence of clustering when the velocity fluctuations are
much larger, for example, at the nozzle where du < 1 cm s21 for both
glass and copper as determined directly by particle imaging velocimetry.

We can use our results to estimate an equivalent ‘granular’ surface
tension c. In a conventional liquid, surface tension scales as c < e/s2,
where e is the depth of the attractive potential between molecules and
s is their size28. Using Wcoh instead of e and d instead of s, we find
c < 0.1 mN m21, which is five orders of magnitude lower than in
conventional liquids. To the extent that the granular streams behave
like liquids, our experiments can therefore probe an ultralow-
surface-tension regime that has recently attracted attention—such
as simulations of nanojets10–12, and colloidal systems a few molecules
or particles wide29. For liquids in this regime, thermal fluctuations are
sufficient to drive break-up. Intriguingly, the granular cluster shapes
exhibit striking similarities, including characteristic double-cone
necks at break-up.

To explore these connections quantitatively, we track details of the
break-up between pairs of clusters (Fig. 3). The separation velocity
between any two clusters varies significantly, as does the cluster size
and the precise shape of the necks; on average, however, separation
speed, cluster aspect ratio and neck evolution exhibit remarkably
robust behaviour, largely independent of grain type, grain size or
nozzle diameter. Independently of surface tension, in both mac-
roscopic and nanoscale liquid streams, perturbations are unstable
only for wavelengths l greater than the stream circumference pw
(refs 2, 10, 12). For all granular streams studied, the ratio of cluster
length lc to cluster width wc instead appears to be smaller, falling
between one and three (Fig. 3b). This narrow interval is independent
of experimental details, which might explain why similar clusters also
form under quite different initial conditions, for example, in granular
jets formed by sphere impact4,5. Finally, Fig. 3c and d shows the
evolution of three different necks taken from a small section of the
granular stream. In liquid nano-threads the minimum neck width is
predicted30 to scale as wmin / (t0 2 t)0.418 with time to break-off at t0.
While our data range is too small to claim any particular scaling, the
data nevertheless appear incompatible with exponents ,1/2. At early
times the data seem much more in line with inviscid break-up (expo-
nent 2/3) of macroscopic liquid streams2, although there the neck
shapes are quite different1.

These experimental results open up new territory for which there is
at present no theoretical framework. The granular streams act like
dense, cold fluids. The low temperature allows us to observe the
exceedingly weak cohesive forces responsible for clustering and
extract an effective, ultralow surface tension. Although the break-
up shapes are similar to those seen in simulations of mesoscopic

liquid threads such as nanojets, the clustering results from collisional
cooling rather than thermal fluctuations. Given that freely falling
granular streams are exquisitely sensitive probes for minute forces
they also provide a new tool with which to measure cohesive energies
in granular systems.
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