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Editors' Suggestion

Anchoring Effect of an Obstacle in the Silo Unclogging Process
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Contrary to the proven beneficial role that placing an obstacle above a silo exit has in clogging
prevention, we demonstrate that, when the system is gently shaken, this passive element has a twofold
effect in the clogging destruction process. On one side, the obstacle eases the destruction of weak arches, a
phenomenon that can be explained by the pressure screening that it causes in the outlet proximities. But on
the other side, we discover that the obstacle presence leads to the development of a few very strong arches.
These arches, which dominate in the heavy tailed distributions of unclogging times, correlate with
configurations where the number of particles contacting the obstacle from below are higher than the
average; hence suggesting that the obstacle acts as an anchoring point for the granular packing. This finding
may help one to understand the ambiguous effect of obstacles in the bottleneck flow of other systems, such
as pedestrians evacuating a room or active matter in general.
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The suitable placement of an obstacle in front of a
bottleneck is known to be beneficial in terms of flow
enhancement for particulated materials. This strategy, origi-
nally implemented for the discharge of granular materials
from silos [1,2] was afterward generalized to other systems,
such as pedestrian flows [3] and animal streams [4].
Curiously, the use of obstacles in pedestrian evacuations is
the scenario arising the most interest, yet controversy still
goes on about the efficiency of this procedure [5]. Thus, in a
recent work it was suggested that, in highly competitive
conditions, the effect of the obstacle on the flow rate is
negligible [6]. On the contrary, there is an agreement about
the positive effect of an obstacle suitably placed above the
exit of a silo in terms of clogging reduction and granular
outflow [7-11]. Indeed, it is accepted that the obstacle may
lead to a decrease of the probability of clogging by more than
2 orders of magnitude, while keeping the flow rate almost
unaltered (maximum 10%). But even in the silo case, there
are some exceptions such as the one revealed by Wang et al.,
who demonstrated that the obstacle effect is negligible when
the granular material is conformed by soft spheres [12]. And
yet this exception fails for an extreme case of deformable
particles (droplets) flowing through constrictions, adding
further confusion. In this scenario, in which the droplet
breakage is tantamount to the clogging process of rigid
grains, it has been experimentally proved that the obstacle
presence reduces breaking probability by almost 3 orders of
magnitude [13].

At the core of this conundrum is the fact that discrete
systems flowing through constrictions display intermittent
dynamics, with flowing intervals interspersed by clogging
ones [4,14-16]. This behavior occurs when blocking
structures develop and then shatter if they are not able
to resist a given energy input. The source of this energy can
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be intrinsic to the agents (like in the case of animals,
humans, or active particles, in general), externally imposed
(in a vibrated silo), or arise from an energy unbalance
within the system (storage and release of elastic energy
in the case of soft particles). Anyway, the flow in the
intermittent regime is determined by two processes: (1) the
probability of clog formation, which defines the duration of
“flowing intervals” (¢y) and (2) the probability of clog
destruction, which sets the duration of “clogged intervals”
(t.). Importantly, clogging and unclogging processes are
well differentiated as they display distinctive statistical
features. Then, it should not come as a surprise that the
obstacle effect on them is not equally important. Even
more, it should not be discarded that the obstacle could
affect both processes in different manners in terms of global
flow improvement. But as far as we know, there is not any
investigation about the way in which an obstacle placed
upstream a bottleneck affects the unclogging process in an
independent manner from the clogging one. This is indeed
the goal of this Letter, where we make use of the simplest
possible system, i.e., hard inert grains flowing out of a silo
that is externally vibrated. In this way, we discover that the
presence of the obstacle (which always prevents clog
formation) may lead to either (i) an acceleration of the
clog destruction process (flow rate improvement) and
(ii) the development of a few very strong arches that cause
an overall flow rate reduction.

The experimental setup is the same described in [17]. It
consists of a thin silo (300 mm wide, 800 mm high, and
1.20 £ 0.05 mm thick) containing a monolayer of stainless
steel monodisperse spheres (diameter 1.00 £ 0.01 mm).
The orifice at the base is made with two movable flanges
separated among them [Fig. 1(a)], hence conforming
an outlet of size d = 2.83 £0.05 mm. The flanges are
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FIG. 1. (a) Photograph of the outlet; the lowest part of the

obstacle can be observed. Beads are marked with yellow circles
and their centers with yellow crosses. Contacts among beads and
the obstacle just above the orifice (green line) are marked in red.
(b) Exponential distributions (note the log-lin scale) of the
flowing time intervals (z;) for the cases with (O, filled symbols)
and without (O, empty symbols) an obstacle above the orifice.
The corresponding characteristic times are 7= 0.33 and
7 =0.15s. The survival functions of the clogging times are
displayed in (c) for a silo without an obstacle and in (d) for the
silo with an obstacle, both in log-log scale. Colors (see color bar)
encode the value of S.

isolated from the rest of the silo, so they can oscillate
vertically while the rest of the silo remains static. The
vibration, of amplitude A and frequency w = 2xf (with
f =90 Hz; other values are reported in the Supplemental
Material [18]), is characterized by § = Aw/+/gl, where g is
the gravity acceleration, and [ is a characteristic length for
which we use the bead diameter. Note that S is a non-
dimensional velocity that can be interpreted as the square
root of the ratio between kinetic and potential energy
[21,22] and was already shown to be a good control
parameter in the description of silo unclogging as a
continuous transition [17]. As a novelty, in this Letter,
we place a static obstacle above the orifice. The obstacle is
a disk of diameter 8.90 = 0.05 mm with its lowest point at
h=395+0.05 mm above the orifice and vertically
aligned with it [see Fig. 1(a)]. This value of 4 (two others
are reported in the Supplemental Material [18]) was chosen
because it is close to the position where clog formation is
reduced the most [7]. Also, at this position most of the
arches span across the orifice (less than one in 10 000 block
the exit by forming instead two lateral arches spanning
from the silo base to the obstacle).

The procedure implemented here differs from previous
studies in that the silo is only vibrated when a clog
develops; i.e., the silo is stopped while the system is
flowing. This protocol was conceived to univocally sepa-
rate the flowing and clogging intervals. Then, the silo (with
the base at rest) was filled and the grains started to pass
through the outlet. When an arch blocked the orifice (an
instance that was detected when the flow was interrupted
during 5 s), the end of the flowing interval 7, was
determined at the moment of the passage of the last
particle. After that, the vibration was applied until a bead
crossed the outlet, marking the end of the clogging time
interval (#.). This event also flags the beginning of a new
flowing interval. Then, the procedure was repeated as many
times as wanted, typically more than 3000. Note that in the
hypothetical case a clogging arch was not shattered after
2000 s, a stronger vibration was applied, and the clogging
time registered as “censored” (longer than 2000 s). The
resolution of all temporal measurements was conditioned
by the frame acquisition rate (100 frames/s); but this being
smaller than the typical time it takes for one bead passing
through the outlet, we decided to assign a minimum of 0.2 s
to both 7, and 7..

We start by representing the distributions of both flowing
and clogging intervals for all the vibration strengths
implemented, with and without an obstacle above the
orifice. The flowing intervals (or avalanche durations)
represented in Fig. 1(b) evidence exponential decays in
all the cases, corroborating the known result that the
clogging probability remains constant during the whole
avalanche duration [23-26]. As expected, the distributions
of flowing times are independent of § (recall that the
vibration was off when the system was flowing). On the
contrary, there is an important effect of the obstacle on
the avalanche duration. Indeed, the characteristic time (see
caption) is more than doubled when the obstacle is present,
which is an important reduction of the probability of
clogging. All these features just confirm previous results
about clogging prevention by obstacles in static silos [7].

The analysis of clogging times [Figs. 1(c) and 1(d)]
reveals completely different distributions, with tails broader
than exponential (note the logarithmic scale). This implies
an arch breaking probability that is not constant over time
(it decreases as time goes by), a behavior whose physical
origin is still under active debate [27,28]. In order to better
visualize the distribution tails, it is convenient to compute
the survival distributions, a representation that is well suited
for the censored data of this experiment (note that, for some
clogging times, we only know they are longer than 2000 s).
A first inspection of Figs. 1(c) and 1(d) evidences that, no
matter if the obstacle is present or not, increasing S leads to
a downward displacement of the curves; hence the prob-
ability of finding long clogs is reduced. More importantly, a
close comparison of both plots reveals an intriguing
feature: in the presence of the obstacle [Fig. 1(d)], the
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FIG. 2. (a) Q-0 plots of the clogging time distributions for the

silo with obstacle O against the silo without obstacle O. The
values of S, which have been chosen to be as similar as possible,
are indicated in each panel. The continuous black line indicates
O = 0, so points below (above) this line indicate a scenario in
which the presence of the obstacle reduces (increases) clogging
times. (b) Probability of finding a clogging time longer than 100 s
vs the vibration strength S for the cases with and without obstacle
(see legend). Inset: an enlargement of P(z, > 100) < 0.025.

tails corresponding to different values of S are less scattered
than in the no-obstacle case [Fig. 1(c)]. And this is the
result of both (1) a downward displacement of the curve
obtained for the smallest S with obstacle with respect to the
corresponding one without the obstacle [red in Figs. 1(c)
and 1(d), corresponding to S=~0.7 x 107*] and (2) an
upward displacement of the curve obtained for the largest S
with obstacle with respect to the corresponding one without
the obstacle [blue in Figs. 1(c) and 1(d)]. If confirmed, this
would imply a counterintuitive effect: the obstacle reduces
the amount of long clogs when S is small, but favors their
development when S is large.

In order to better compare the scenarios with (O) and
without (O) obstacle, we have computed the Q-Q plots of
their respective clogging time distributions for similar
vibration strength [Fig. 2(a)]. In the x axis, the condition
O is represented as a reference. For the two lowest values of
S displayed, all data appear below the line O = O, proving
the beneficial role of the obstacle in terms of reducing the
clogging times. Nevertheless, for vibration strengths above
S ~2.0 x 1073, a crossover becomes patent. This crossover
implies that the obstacle induces a reduction of the duration

of short clogs, but an increase of the long ones. Indeed, as S
increases, it seems obvious that the crossover occurs for
lower clogging times, going from about 200 s when S ~
2.1 x 1073 to 20 s when S ~ 8.1 x 1073, In summary, from
the Q-0 plots we evidence that the obstacle always reduces
the duration of the short clogs (no matter the value of ),
whereas it reduces or enlarges the duration of the longest
clogs depending on the vibration strength. The discovery of
this behavior is relevant as it constitutes the first evidence of
the obstacle reducing the flow rate in a vibrated silo, in a
scenario in which it is clearly beneficial in terms of clog
prevention (in both, a static silo and a vibrated one).
Aiming to confirm this latter behavior, in Fig. 2(b) we
represent the probability of finding clogs longer than 100 s
(we take this number as an example of what we consider
long clogs) vs S, for the obstacle and no-obstacle scenarios.
The plot shows that, for low values of S, the data points for
the silo without obstacle are above the ones for the silo
with an obstacle, hence demonstrating the beneficial role
of the obstacle in terms of reducing clogging times.
However, a magnification of the low values of P (inset)
allows appreciation of a crossover from a region where the
obstacle facilitates breaking of long-standing arches (low
values of §) to another one in which these long-standing
arches become more robust in the presence of the obstacle
(high values of S).

After confirming that the obstacle reduces duration of
short clogs but has a dual effect on long clogs (reducing
their amount when S is small and increasing it when S is
large), we investigated the physical reasons behind this
unexpected behavior. To this end, we resorted to analyzing
the grain arrangements above the clogging arches; in
particular, we focused on the configurations in which
grains were touching the lowest part of the obstacle. We
thought that these configurations, in which the obstacle
could act as a support point for beads below it, were good
candidates to be behind the increase of long clog durations.
Therefore, for each clog, we tried to estimate the anchoring
level by computing the number of beads 7. touching the
lowest part of the obstacle in the region just above the
orifice as represented in Fig. 1(a) (this configuration, for
instance, corresponds to n, = 2). After this, in Fig. 3 we
represented the survival functions of the clogging times for
different values of S, but discriminated configurations
depending on the value of n,. Interestingly, all distributions
are almost identical when S is low [Fig. 3(a)] indicating a
negligible role of the anchoring. In this scenario, only very
weak arches are destroyed, and it is well known that these
ones are primarily conditioned by the arch structure [29]
and the weight above them [4]. Accordingly, the pressure
reduction that the obstacle introduces leads to a decrease of
the clog duration which is independent of n, (note the
lower values of all curves for different . with respect to the
case without obstacle). Interestingly, the differences among
the curves corresponding to structures with different n,
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FIG. 3. Survival functions of f. when grouping the data
depending on n., the number of grains contacting the lowest
part of the obstacle (see legend). Black lines correspond to the
survival functions obtained for the case without an obstacle.
Figures (a—d) show results obtained for increasing values of S as
indicated in the bottom-left corner.

become clear when S grows [Figs. 3(b)-3(d)], especially
for long clogging times. Two features should be highlighted
there: (i) The higher n, is, the greater the probability of
finding long clogging times; i.e., the stronger the anchor-
ing, the longer the arches resist the vibration. (ii) The
distributions obtained for n, = 0 fall systematically below
the curves obtained for the case without an obstacle (black
lines), whereas the ones for n,. > 1 fall above. This
behavior definitively proves the dual role of the obstacle
in relation to clog destruction. On one side, the obstacle
reduces pressure at the orifice facilitating arch breaking
(this is visible for n, = 0 when anchoring is minimized); on
the other, the obstacle allows the anchoring of the structure,
hence providing extra resistance to the arches (this is
clearly visible for n, = 2 or 3).

An alternative way of proving the importance of anchor-
ing among the obstacle and the outlet in the development of
long clogging times when the vibration strength is high is
representing the distribution of configurations according to
n.. This is done in Fig. 4 for different values of S (in each
panel) and grouping the data depending on the 7, associated
with each granular configuration. Note that the distribu-
tions for 7. > 0 are necessarily similar in all panels as
correspond to all arches formed before applying the
vibration. Compared with these, we observe no differences
in the distributions for the smallest value of S [Fig. 4(a)],
corroborating that in this scenario anchoring does not
affect the arch stability. On the contrary, when S grows
[Figs. 4(b)—4(d)] there is a shift in the distributions toward
higher values of n,. as the associated clogging times
enlarge. Indeed, when S > 2 x 1073 [Figs. 4(c) and 4(d)]

§=23-10" $=3.0-10"

0 1 2 3 4 0 1 2 3 4

FIG. 4. Probability that a configuration has n, particles con-
tacting the obstacle in the region marked with a green line in
Fig. 1. Distinct colors are used for different groups of configu-
rations depending on the time they have resisted before collapsing
[see legend (a)]. Figures (a—d) show the distributions obtained for
increasing values of S as indicated in the bottom-left corner.

the proportion of scenarios with n, > 1 is about 30% if we
consider all configurations, but grows above 50% for
t. > 100 s. This confirms that the most resistant clogs
are associated with configurations where the number of
particles contacting the obstacle from below is more
abundant than the average, hence supporting the hypothesis
of the obstacle acting as an anchoring point.

In summary, we have carried out a thorough analysis of
the flowing and clogging intervals of granular bottleneck
flow combined with the characterization of the packing
configuration above the arch developed for each clog.
Although in this Letter results are presented only for a
given obstacle position and vibration frequency w, we have
tested the robustness of our findings against the variation of
these parameters (see Supplemental Material [18]). All this
has allowed us to discover a novel role of the obstacle,
which can act as an anchoring point for some (very few)
structures, hence leading to very long clogging times. This
negative effect of the obstacle (which is marginally com-
pensated by a positive one in terms of reducing the duration
of short clogs) is only visible when the magnitude of the
vibration strength is high. On the contrary, when the
vibration strength is low, the obstacle has only a positive
effect, reducing both the duration of short and long clogs.
Our hypothesis is that, when S is low, the dynamics are very
slow and only very weak arches break, so the pressure
reduction at the outlet region imposed by the obstacle
dominates the process favoring unclogging. On the con-
trary, for high vibration strengths (where 99% of the arches
quickly break in less than 10 s) the presence of the obstacle
can serve as an anchoring point, hence preventing unclog-
ging. It is meaningful that many experiments in other
systems (such as pedestrian flows) are also characterized by
fast dynamics, so the ambiguous results reported in the
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literature may be explained by the anchoring effect of the
obstacle.
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