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Clogging-jamming connection in narrow vertical pipes
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We report experimental evidence of clogging due to the spontaneous development of hanging arches when a
granular sample composed of spherical particles flows down a narrow vertical pipe. These arches, akin to the
ones responsible for silo clogging, can only be possible due to the role of frictional forces; otherwise they will
be unstable. We find that, contrary to the silo case, the probability of clogging in vertical narrow tubes does not
decrease monotonically with the ratio of the pipe-to-particle diameters. This behavior is related to the clogging
prevention caused by the spontaneous ordering of particles apparent in certain aspect ratios. More importantly, by
means of numerical simulations, we discover that the interparticle normal force distributions broaden in systems
with higher probability of clogging. This feature, which has been proposed before as a distinctive feature of
jamming in sheared granular samples, suggests that clogging and jamming are connected in pipe flow.
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When a system composed of many bodies passes through
a constriction, clogging may appear due to the spontaneous
formation of local structures that arrest the flow [1-3]. Clog-
ging has been traditionally investigated in bottleneck flows,
a phenomenon affecting several many-body systems such as
pedestrians [4-7], colloidal suspensions [8,9], active matter
[10], or granular media [11-18]. From these works, it is
known that the development of clogs is memory independent
as the clogging probability is constant for given experimental
conditions [11,19-21]. Also, it is well accepted that the ratio
outlet-particle size is the most important variable in determin-
ing clogging probability: The average flow duration preceding
a clog monotonically increases with the outlet size [12—14].

Recently, a clogging phase diagram [22] that resembles
the jamming one [23], has been proposed; then arousing
an important debate on to what extent the phenomena of
clogging and jamming are related. In principle, clogging
is triggered by a local structure (the arch) that drives the
system to a metastable configuration, whereas a jammed state
is characterized by a motionless homogeneous arrangement
whose rigidity diverges as the critical density is approached.
This is, basically, the main conclusion of a series of works
in which disks were driven through obstacles [24-27]. As a
result of this interpretation, it turns out that jamming involves
the whole system, whereas clogging is primarily related to the
bottleneck region.

For these reasons, the passage of an assembly of grains
through a narrow pipe seems a good scenario to further
investigate this divisive topic. As in this geometry there is
not constriction, clogging in pipes implies the formation of a
dome spanning the whole system size, at least in one direction
[Fig. 1(b)]. Surprisingly, the number of works on this topic
is scarce, and a connection between clogging and jamming
is missing. In [28], spherical beads were shown to clog
when flowing through a narrow channel of very rough walls
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(sawtooth shaped). Also, clogging was reported for faceted
particles (stones) within inclined smooth tubes discharged
through a belt at the bottom [29]. Finally, Verbiicheln et al.
[30] numerically showed that a very diluted sample of spheres
falling under the force of gravity within an infinitely long
vertical narrow tube could clog after forming a dense cluster.
Nevertheless, to our knowledge, there is not any experimental
evidence of clogging of spheres in smooth vertical tubes.

In order to investigate this problem, we have designed an
experimental setup consisting of a vertical narrow pipe full
of grains which are extracted at a constant rate by means
of a conveyor belt placed at the bottom [Fig. 1(a)]. The
pipes are 2 meters long, have an inner diameter D ranging
from 10 to 26 mm, and are made of transparent polymethyl
methacrylate. This material allows the observation of clogs
and was observed to be very stable in combination with Delrin
spheres [31]. The latter also have different diameters, d, from
5 to 8 mm, and are used in either monodisperse or bidisperse
samples. The grains are extracted by a 60-mm-width con-
veyor belt placed 10 mm below the pipe and running at v =
2.2 mm/s. The system is complemented by ten independent
electric shakers that hit the back of the pipe to remove the
clogs; a top reservoir from which the grains are poured into
the tube; a bottom reservoir that collects the grains; and two
cameras (a webcam at the top, and a HD camera on the side).

The measuring protocol is the following: First, the pipe is
filled through the reservoir at the top [31]. Then, the conveyor
belt is switched on and the material starts flowing down
the pipe; this instant is defined as #y,. When eventually, a
hanging dome clogs the pipe, all the material above it stops.
This moment (f.,q) is detected by means of a real-time image
analysis using the top camera with a resolution of 0.1 s. Then,
a picture of the entire pipe is taken by the lateral camera
and analyzed in order to identify the position of the clog,
which is destroyed by activating the nearest shaker above it.
Finally, the conveyor belt is switched on, initiating a new
measurement until around 500 data points are obtained for
each experimental condition.
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FIG. 1. (a) Sketch of the experimental setup. (A) Aluminum framework attached to the laboratory wall in which ten independent shakers
(G) are placed at 20 cm distance. (B) Apparatus devised to fill the vertical pipe (H) from the top reservoir (C). (D) Top and (F) lateral cameras,
and (E) LED panel. (I) Belt that extracts the material and deposits it in a bottom reservoir (J). (b) Photograph of a hanging arch. (c) Probability
distribution function (PDF) of the flowing intervals 7 for an aspect ratio of £ = 2.67 when using monodisperse (6 mm) and bidisperse (5 and
7 mm) samples as indicated in the legend. The dashed lines correspond to exponential fittings (note the log-lin scale). The faster decay for
the monodisperse case corresponds to a higher value of p. in panel (e). (d), (e), and (f) show the probability of clog formation versus & for
monodisperse and bidisperse samples as indicated in the legend. The arrows indicate experiments for which no clogs are observed after more

than 4-5 h of flow; hence implying p. < 107*.

The first meaningful result is that, effectively, the flow of
equally sized grains in a smooth vertical pipe can be halted
due to the formation of hanging arches. Also, we found that
in all the experimental conditions the duration of flowing in-
tervals t = feng — fsare 1 distributed exponentially [Fig. 1(c)];
hence suggesting a constant probability of clog formation
over the whole discharge process similar to that of bottleneck
clogging [11,14,19-21]. It is well known that the probability
that the system gets clogged per unit time can be calculated in
a straightforward manner as p. = ({t)) + 1)~! [32]. Then, in
Figs. 1(d)-1(f), we plot p. against the pipe diameter rescaled
by the sphere diameter (§ = D/d) for several monosized
samples. Surprisingly—and contrary to the behavior observed
in bottleneck flows—we spot erratic behavior: Clogging is
rather likely in the regions where 2.7 < & <3 and & ~ 2,
whereas it is extremely rare when 2 < £ < 2.7and & > 3. The
absence of clogs for values of £ > 3 can be justified by a low
probability of large arches forming. Whereas in bottlenecks
this transition occurs for D/d ~ 5 [12-14], a shift to lower
values is to be expected in straight pipes due to the special
nature of the hanging arches causing the clogs. Nevertheless,
the absence of clogging for 2 < £ < 2.7 and the sudden drop
of p. for & = 3 are two features that cannot be explained based
on the existing knowledge on bottleneck clogging.

As proposed in [30], the absence of clogging for some
specific aspect ratios could be related to a spontaneous de-
velopment of ordering in the packing. Remarkably, the for-
mation of periodic structures within narrow tubes is a topic
of great interest in many fields [33—37]. Nevertheless, with
some exceptions [33], its study has been mainly conducted

from a theoretical or numerical point of view: Following either
annealing processes [34,35], sequential deposition protocols
[36], or adaptive-shrinking cells [37]. As the spontaneous
formation of these structures is favored for monodisperse
samples [33], we decided to indirectly test this hypothesis
using bidisperse mixtures. We used two different sets of 5 and
7 mm, or 6 and 8 mm spheres (50% in weight) for which an
equivalent diameter of d.q = 6 and 7 mm was defined, respec-
tively (see [31] for a precise definition of deq and its effect in
the obtained results). The dependence of p, on & for bidisperse
mixtures [Figs. 1(e) and 1(f)] reveals that the range of & at
which clogs develop is enlarged, extending past £ = 3. Also,
we observe flow arrest in the region of 2 < & < 2.7 where
the pipe never clogged in the case of monodisperse samples.
Nevertheless, a reminiscence of the behavior reported for the
monodisperse case is also evident for bidisperse mixtures as
p. does not monotonically decrease with &.

Aiming to shed light on this counterintuitive phenomenon,
we implemented numerical simulations which can provide in-
formation on the three-dimensional structure of the packings
and the force transmission within the grains. We used discrete
element modeling (DEM) accounting for particle-particle and
particle-wall contacts, hence reproducing the dynamics of
each particle. We implemented a linear-dashpot model with
k, = 6.85 x 10* N/m and k, = 2/7k, for the normal and
tangential stiffness, respectively. The density of the particles is
o = 1360 kg/m> and the coefficient of restitution is e = 0.9
for both particle-particle and particle-wall interaction. For the
calculations, we used MercuryDPM, which is a well-known
DEM simulator [38].
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FIG. 2. (a) Illustration of a simulated hanging arch with beads colored depending on the weight they are supporting (rescaled by the weight
of a single particle) as shown in the scale. (b) PDF of the flowing intervals duration + when & = 2.93 for monodisperse and bidisperse samples
as indicated in the legend of (c). The dashed lines correspond to exponential fits (note the log-lin scale). The faster decay for the bidisperse case
corresponds to a higher value of p,. in panel (c). (c) Probability of clogging versus £ in semilogarithmic scale for monodisperse and bidisperse
samples. Arrows are used to underline the values of £ for which no clogging is observed in the whole simulated time, implying p, < 107*.
(d) Normalized polar distribution of the angles formed between the contact forces and the gravity direction, for different values of &£. Black
and red lines correspond to the monodisperse and bidisperse cases, respectively.

The simulated system consists of a vertical pipe of di-
ameter D, which is initially filled with N = 500 spherical
particles of diameter d = 7 mm. As in the experiments, we
also examined a 50% mass mixture of particles with d = 6
and 8 mm (d.q = 7 mm). To mimic the experimental particle
extraction procedure, we take the particles at the base (those
within a region of height A;, = 2d) and we fix their vertical
velocity to v, = 7 mm/s. These particles act as a mobile base,
so in the absence of friction (1 = 0) the whole granular
column would move at that constant velocity. When intro-
ducing friction (u = 0.4), however, the formation of hanging
domes can halt the flow. When this happens, an empty region
develops below the clog [see Fig. 2(a)], a moment in which
the mobile base is stopped and the duration of the event is
registered. Finally, the clogging arch is removed and the base
starts moving again, this procedure being repeated 500 times
in most cases. The protocol followed to break the clogging
arch consists of removing the particles that are in a thin layer
above the empty region (with height of half a particle); the
spheres are then placed in the middle of the empty region with
a velocity equivalent to that which they would have if falling
freely under the force of gravity. Additionally to the flowing
time intervals, numerical simulations allow us to calculate the
interaction forces and branch vectors. This is done when the
moving base is effectively descending (excluding the times in
which it is arrested) in order to allow better comparison among
results of all pipe diameters irrespective of whether clogging
occurs or not [39].

Starting with the monodisperse case, after checking the
exponential nature of the distributions of clogging times
[Fig. 2(b)], we calculated the clogging probability for differ-
ent pipe diameters [Fig. 2(c)]. As in the experimental case,
we observed a nonmonotonic trend and found the existence

of two clogging regions for aspect ratios 2.7 < & < 3 and
& ~2.2. Also, for bidisperse samples, we reproduced the
experimental finding that p. augments and becomes different
from zero in the region of 2.4 < & < 2.7, and for £ slightly
above 3.0.

As said before, the reason behind this unexpected behavior
can be gathered in the spontaneous formation of ordered
structures that prevent clog formation. In this regard, aiming to
characterize the ordering, several calculations have been per-
formed. The first one concerns the orientation of forces among
particles [Fig. 2(d)]. Remarkably, for the monodisperse case,
the polar distributions show very sharp peaks for aspect ratios
where there is no clogging (§ = 2, 2.43, and 3) which broaden
in areas where clogging is frequent (£ =2.21, £ =2.71,
and 2.86). In the same way, the outcomes of the bidisperse
case reveal an overall broadening of the distributions that
is less marked for the cases where clogging probability is
smaller.

In order to better quantify the degree of ordering developed
within the packings, we have built their phyllotactic diagrams
[31] and computed the pair-correlation function g(r), but
adapted it with regard to the special geometry of our system
(Fig. 3). In fact, this calculation has been divided into two
different measurements, which consider either the vertical (z)
or the spiral radial (r0) position of the spheres. Clearly, for the
monodisperse case, both parameters display very sharp peaks
for & = 2, 2.43, and 3, confirming the emergence of crystal-
lization suggested before for these aspect ratios. Therefore, we
confirm that the spontaneous development of crystallization
correlates with a reduction of clogging as demonstrated in
[30]; otherwise, the existence of disorder seems to favor
force transmission towards the walls, which is a necessary
requirement for the formation of stable arches.
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FIG. 3. Pair-correlation function g(r) of monodisperse samples
in (a) the vertical (z) and (b) spiral radial (#0) directions. Bluish and
reddish lines correspond to ordered (clogging free) and disordered
(clogging prone) packings (see legend for the specific aspect ratios).
Top right: Visual representation of the most ordered packings.

Finally, in Fig. 4 we show the distributions of the nor-
mal forces among particles for several aspect ratios in the
monodisperse and bidisperse cases. Remarkably, the distribu-
tions display exponential tails that broaden for the scenarios in
which clogging is more frequent (i.e., all the bidisperse cases
and & = 2.14, 2.43, and 3 for the monodisperse sample). Even
more, in the bidisperse mixture, it is observed that the broader
the tail is, the higher the value of p. [see arrow in Fig. 4(b)].
Interestingly, the broadening of the force distribution tails was
already suggested as a distinctive feature of jamming in a
sheared system [40]. This analogy may imply that, in our
system, clogging is only possible when the ensemble is al-
ready close to the jamming transition point. This relationship,
which has never been observed in silos, could be caused by the
obvious difficulty of getting a clog formed in a pipe (without
bottleneck): A clog only appears if the sample is already in a
configuration close to jamming. This hypothesis is supported
by the fact that, in our experiments, the formation of clogs at
several positions at the same time is rather common.

In summary, we have provided experimental confirmation
of clogging of spheres in narrow pipes due to the formation
of hanging arches. We obtain an exponential distribution of
the times that the system is flowing before a clog devel-
ops, a feature that can be explained by considering a con-
stant probability of clogging for each experimental condition.
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FIG. 4. Normalized distributions of the particle-particle normal
forces in (a) the monodisperse, and (b) the bidisperse samples, for
several values of £ as indicated in the legends. In panel (b) the arrow
indicates an increase in p. which correlates with the broadening of
the tails.

Nevertheless, instead of the monotonic decrease of the clog-
ging probability with the outlet size reported in silos, we
observe a nonmonotonicity that is attributed to the formation
of ordered structures; these prevent the redistribution of forces
towards the pipe walls and hence, the stabilization of domes.
Finally, we find a notable broadening in the distributions of
interparticle normal forces for the scenarios where clogging
occurs, suggesting that jamming and clogging could be related
in pipe flow. This analogy encourages further research on the
flow of grains within this geometry, as it seems especially
suitable to throw light upon the extent to which jamming and
clogging are connected phenomena.
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