¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

View Article Online

View Journal

Intermittent flow and transient congestions

’ '.) Check for updates ‘
of soft spheres passing narrow orificest

Cite this: DOI: 10.1039/d0sm00938e

Kirsten Harth, @2 % Jing Wang,+® Tamas Bérzsonyi® and Ralf Stannarius (2 *®

Soft, low-friction particles in silos show peculiar features during their discharge. The outflow velocity
and the clogging probability both depend upon the momentary silo fill height, in sharp contrast to silos
filled with hard particles. The reason is the fill-height dependence of the pressure at the orifice. We
study the statistics of silo discharge of soft hydrogel spheres. The outflow is found to become
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increasingly fluctuating and even intermittent with decreasing orifice size, and with decreasing fill height.
In orifices narrower than two particle diameters, outflow can stop completely, but in contrast to clogs
formed by rigid particles, these congestions may dissolve spontaneously. We analyze such non-
permanent congestions and attribute them to slow reorganization processes in the container, caused by

DOI: 10.1039/d0sm00938e

Published on 06 August 2020. Downloaded by Wigner Research Centre for Physics on 8/24/2020 4:31:52 PM.

rsc.li/soft-matter-journal viscoelasticity of the material.

1 Introduction

The peculiarities of granular materials stored in containers
have raised the interest of scientists already centuries ago.
One of the earliest scientific reports on the outflow of sand
from storage containers dates back to 1829, when Pierre Huber-
Burnand® described the pressure conditions in a granular bed
within vertical cylinders. He noticed already that the flow of
grains is essentially pressure independent. Gotthilf Hagen
(known for the Hagen-Poiseuille law) reported, in great detail,
experiments and calculations on the pressure in dry sand.>
An important step forward was made by Janssen®* who measured
the pressure in wheatfilled silos and provided a quantitative
explanation. He predicted that the pressure characteristics
changes with increasing fill level from a hydrostatic behaviour at
fill heights comparable to the container diameter to a saturated
maximum pressure. The latter is fill-level independent, but relates
to the friction properties of the grains and the bin width. Many
dynamic features of hard particles discharging from silos with
small orifices at the bottom are well-known: the grains flow freely
and without interruptions when the orifice size is sufficiently large
(about five particle diameters or more). The discharge velocity is
described quite reliably by Beverloo’s equation®” and some refine-
ments proposed later.® With smaller orifice sizes, the discharge
rate decreases continuously. The outflow rate is practically
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independent of the pressure at the container bottom, and thus
also independent of the container fill height.” This is true at least
when the instantaneous fill height is larger than the orifice size.

Below a certain outlet diameter, hard particles form a stable
clog at the orifice.'° This structure blocks further outflow, and
it can only be destroyed by external forcing like vibration of the
silo'*™*® or air flushes through the opening.'® The destruction
of clogged states by container vibrations, also called unjamming,
has been extensively studied quantitatively in the past. Vibrations
have also been applied during avalanches to study inhibiting or
supporting effects on discharge rates.’*>*

The amount of grains discharged between two clogs, the
so-called avalanche size S, is one of the key figures of merit in
silo discharge. Avalanche sizes are statistically distributed.
Their mean size (S) increases with increasing outlet width,
more specifically with increasing ratio p of orifice width to
particle size. Empirically, a power law has been proposed for
the relation (S) (p)."” A crude estimate of the orifice width
necessary for free uninterrupted flow of hard spheres is five
times the particle diameter."*' On the other hand, an expo-
nential dependence was derived theoretically by Thomas and
Durian®® on the basis of a microscopic model. In their descrip-
tion, there is no critical orifice size that sharply separates the
free-flowing from the clogging regime.>> However, the avalanche
sizes become very large when p exceeds a value of approximately 5.
For typical avalanche sizes found in experiments, the two models
are practically indistinguishable. The Beverloo equation describes
the discharge rate both during avalanches and in the free flow
regime.

Most experiments and numerical simulations have been per-
formed with hard monodisperse spherical grains in the past.
Few experiments of non-spherical shapes'®***® demonstrated

Soft Matter


http://orcid.org/0000-0003-3896-8239
http://orcid.org/0000-0002-6836-3663
http://crossmark.crossref.org/dialog/?doi=10.1039/d0sm00938e&domain=pdf&date_stamp=2020-08-11
http://rsc.li/soft-matter-journal
https://doi.org/10.1039/d0sm00938e
https://pubs.rsc.org/en/journals/journal/SM

Published on 06 August 2020. Downloaded by Wigner Research Centre for Physics on 8/24/2020 4:31:52 PM.

Paper

that many features of the discharge can be compared to those
of spheres when an effective particle radius is introduced.
Examples of numerical simulations of silo discharge of non-
spherical particles with multisphere-DEM include rods* and
mixtures of spherical and rodlike grains.*®

Many features of silo discharge are not only qualitatively but
even quantitatively similar in two-dimensional (2D) and three-
dimensional geometries. The 2D container geometry offers the
advantage that internal structures and dynamic processes can
be directly observed with non-invasive optical techniques.
Interesting features are the spontaneous formation of blocking
arches,**” the preceding kinetics,* and the identification of
force networks in the blocking structures.***® The detailed
structure and stability of clogs of hard grains has been
investigated.'®*>*¢™*3 For 3D systems, a few results on clogging
structures were obtained using X-ray imaging.>®*°

It was also shown that non-adhesive colloidal particles in
suspension flow across constrictions in a way that is very similar
to the behavior of dry non-cohesive granular materials.****

Silo discharge of hard grains has been investigated in
numerous studies in the past, yet in agriculture, pharmacy
and many technological processes, one frequently encounters
soft particles. Nevertheless, soft granular material has been
investigated only scarcely so far.*®™*? In earlier experiments, gas
bubbles in a liquid®® and liquid droplets in an oily emulsion®®>*
were investigated. Hydrogel spheres (HGS) served as elastic
solids.***® These HGS are incompressible and moderately
deformable, with elastic moduli of the order of 10 kPa to
100 kPa. As a descriptive measure of this softness, one can regard
the amount of deformation induced by the pressure at the silo
bottom. In a silo of about 1 m fill height, as used in our
experiments, the particles are compacted by up to about 20% of
their diameter (compensated by a transverse expansion because of
volume conservation).

Several peculiarities distinguish silo discharge of this soft
material from that of hard grains. First, it is a striking new
feature that these low-friction soft grains do hardly clog, even
when the orifice size is only slightly larger than two particle
diameters.*®*” Only below that size, the system forms clogged
states. Second, the very low friction coefficient of these HGS
leads to a nearly hydrostatic pressure characteristics, at least at
practical fill heights up to about 100 particle diameters.?” This
pressure in the quasi-2D hopper is linearly related to the fill
height. In contrast to rigid grains, there is also a clear fill-height
dependence of the discharge rate and even of the discharge
characteristics. For each orifice size below two particle diameters,
one finds a characteristic fill height at which the outflow stops
permanently.”” An aspect that has been disregarded in the earlier
studies is the occurrence of transient clogs in these systems.
These are blocking structures that dissolve spontaneously
after some time. Such structures have been found earlier in other
contexts, viz. oil droplets in emulsions,” living matter like
animals passing a gate®® or pedestrians.>*™>°

In the present study, we analyze the flow of soft, low-friction
grains through small orifices and the spontaneous formation
and dissolution of non-permanent congestions of the outlet.
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2 Experimental setup

The setup consists of a flat box of 80 cm height and 40 cm
width, slightly thicker than the particles’ diameter, with an
adjustable orifice in the center of the bottom plate.*” A front
view is shown in Fig. 1. In the images, the side edges are hidden
by 3 cm wide aluminum bars carrying the front and rear glass
plates, so that the optically accessible area in the pictures is
only 34 cm wide. Two symmetric sliders at the bottom are used
to fix the orifice width W. They are tapered towards their ends.
The bin can hold about 9500 grains with a total weight of ~1.75 kg.
At the top of the container, there is an additional storage volume
that can comprise another ~2.5 kg of grains.

Hydrogel spheres were acquired from a commercial supplier
(Happy Store, Nanjing) in dry form. They were soaked before
the experiments for at least 24 h in a NaCl solution. The final
size of the swollen HGS depends upon the salt concentration

Fig. 1 Image of the 2D silo filled with 6.5 mm HGS particles, snapshot
during discharge (33 s after initiation). Grains with different colors are
equivalent, colors are only used to trace individual grains to monitor flow
processes. The bottom images show expanded details of regions 1 cm
below the upper layer (left) and 1 cm above the bottom (right). The orifice
width is 12 mm.

This journal is © The Royal Society of Chemistry 2020
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which was chosen such that we obtained uniformly-sized HGS
with 6.5 mm diameter, which varied by approximately 3%. The
mass of a single HGS is 0.185 g. The friction coefficient is very
low, of the order of 0.01 or lower. The elastic modulus is
approximately 50 kPa (they are slightly softer in the outer shell
than in their cores). We determined the elastic moduli from
diameters of Hertzian contacts under given weights. A reason-
able measure of the softness of the particles is the ratio of the
pressure at the bottom of the container (of the order of a few
kPa for fill heights of up to 1 m) and the elastic modulus. In our
setup, this ratio can reach a value of 0.1.

The setup is observed with a commercial video camera
(XiaoYi 4K + Action Camera), and videos are taken with a frame
rate of 60 fps and, if not stated otherwise, with a spatial
resolution of 0.327 mm per pixel. Below the orifice, we collect
the discharged particles in a tray mounted on a balance. The
HGS are taken from the storage bath, placed on tissue to
remove excess water and then filled into the silo from above,
while the orifice is closed. After filling, the orifice is opened and
we record in parallel the weight of the discharged material and
the video of the silo front side. Video and mass measurements
can be synchronized better than 0.5 s.

In order to demonstrate the differences of the behavior of
the soft, low friction grains in comparison to hard frictional
particles of a similar size and density, we have performed some
experiments with hard plastic ammunition (Airsoft bullets,
ASB). These have a similar density as the HGS and a compar-
able diameter of 6 mm. ASB have a friction coefficient of
approximately 0.3. Their deformability can be neglected in
our experiments.

Table 1 lists the combinations of orifice sizes and materials
in this study, and the character of the discharge. Free flow
means an uninterrupted discharge where the flow rate is either
constant or decreases with decreasing fill heights. Fluctuating
flow is identified by randomly varying flow rates, superimposed
on the general trend to lowering rates with decreasing fill
heights. Intermittent flow is characterized by phases where
flow is completely interrupted. The distinction between inter-
mittent and fluctuating flow cannot be defined sharply. There
is no clear criterion, since the fluctuations can become large
enough to practically stop the flow. Empirically, we may set
some threshold time where the observer by eye does not
perceive motion of the grains blocking the orifice. These details
will be clarified in the following sections.

Table 1 Materials, orifice sizes, and the character of discharge. p is the
ratio of orifice width (gap between upper edges of the two sliders, see
Fig. 1) and particle diameters. In cases where the system clogs perma-
nently, h. is the average remaining fill height

Material Orifice p Character of discharge

ASB 34 mm 5.7 Free flow

HGS 18 mm 2.77 Free flow

HGS 15 mm 2.30 Free flow

HGS 12 mm 1.85 Fluctuating flow, i, =~ 4 cm
HGS 11 mm 1.69 Intermittent flow, 2. ~ 11 cm
HGS 10 mm 1.55 Intermittent flow, 4. ~ 23 cm

This journal is © The Royal Society of Chemistry 2020
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3 Experimental results
3.1 Packing structures

The ASB are packed in domains of a perfect hexagonal lattice
with few defects and dislocations forming the domain borders.
The effective 2D packing fraction ¢,p, (in the container mid-
plane) is close to the maximum packing density ¢, = n/\/r ~
0.9069 for identical disks in a hexagonal 2D lattice. During the
discharge, the packing fraction lowers noticeably in the flowing
region, in particular near its edges and directly above the
orifice, owing to Reynolds dilatancy.

The situation for the HGS particles is quite different. They
also form a hexagonal lattice, but practically without dis-
locations or defects. However, there are long-range distortions
of the lattice (see Fig. 1). Since the HGS can be substantially
deformed, the 2D packing fraction ¢, is, although still applicable,
not the most reasonable presentation. While we determine the
local packing densities by counting the spheres per area, we
present the results in terms of the 3D packing fraction ¢;p. The
densest packing of uniform spheres with diameter d in a cell with

2
thickness d yields ¢ = n/v27 = §¢2 ~ 0.6046.

It is evident that the packing structure of the soft HGS is
denser at the bottom than at the top (see Fig. 1, bottom).
Moreover, the packing fraction depends in a complex fashion
on the history of the ensemble. After filling the hopper, we
counted a 2D packing density of approximately 3.07 spheres per
ecm” in an upper part, approximately 45 cm above the orifice
(still approximately 30 cm below the top of the granular bed).
This corresponds to a space filling of ¢;p = 0.683 ~ 1.13 ¢;3.
The spheres are flattened and squeezed out of the central plane
so that the distance between neighbors is smaller than the
original sphere diameter. At the bottom of the container,
approximately 50 cm below the top of the granular bed, we
found on average 3.55 spheres per cm” (¢3p = 0.792 ~ 1.31 ¢3),
i.e., more material of the HGS was squeezed out of the midplane.
The pressure in HGS-filled cells has been measured earlier by
Ashour.”” It was found that the static pressure at the bottom of the
silo grows nearly linearly with height, at a rate of about 7 kPam™".

As soon as the outflow starts, the packing fraction gradually
decreases, starting from the region near the orifice. During the
phases of continuous flow in a hopper with 10 mm orifice,
the average packing fraction near the bottom (&5 cm above the
orifice) dropped by more than 15% to about 3.0 spheres per cm®
(¢p3p=0.665 ~ 1.1 ¢b3) and near the top layer by approximately 5%
to about 2.93 spheres per cm? (¢psp = 0.653 ~ 1.08 ¢h3). We will
show in more detail in the next section how the packing fraction
relaxes during the discharge. The packing fraction fluctuates
during the discharge by a few percent until the outlet gets
blocked. After a longer (several seconds) stagnation of the outflow,
the average packing fraction near the bottom is increased again to
roughly 0.756 (approximately 1.25 ¢3), and it drops again as soon
as the discharge continues.

The focus of the following experiments will be the fluctua-
tions of the outflow that are related to the elastic and frictional
characteristics of the HGS. First, we will concentrate on the flow
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field inside the container and the reorganization of the packing
structures, before we analyze the dynamics at the orifice. Note
that in both ASB and HGS experiments, we used monodisperse
ensembles. As stated above, this leads to more or less perfect
lattice structures with dislocations in the container. This influ-
ences the flow field particularly in the hard particle experiment.
Polydisperse mixtures may differ in some features.

3.2 Flow inside the silo

The structure of the flow field®® can be directly visualized by
averaging subsequent images of the recorded videos. Fig. 2a
shows averages of 1000 frames of the front view of ASB. The
image is blurred in flowing regions. The most characteristic
feature is that there is a pronounced flow along the trigonal
lattice planes, indicated by ray-like lines, most prominent at the
lateral edges of the flowing zone. A comparable average is
shown in Fig. 2b for the soft HGS. Qualitatively, the flow
profiles inside the container do not depend significantly upon
the orifice sizes, but strongly on the material properties.

In the ASB-filled silo, two stagnant zones are identified by
their stationary hexagonal lattice. At the right hand side, one
sees a dislocation in the lattice structure. In the HGS, the flow is
slower in the corners, but there is no stagnant region at all. This
finding is in perfect agreement with observations by X-ray
tomography in 3D containers.*®*°

The soft, low-friction grains remarkably differ from hard
particles during silo discharge in another aspect: after the start
of the discharge, the local packing fractions change consider-
ably. In the silo filled with hard grains, this quantity changes
only marginally, primarily in the sheared regions near the
edges of the flowing zone and in the direct vicinity of the
outlet. As a consequence, the flow starting at the outlet causes
motion practically instantly in all layers. This is visualized in
Fig. 3a. The image shows the space-time plot of a vertical cut
along the central vertical symmetry axis of the silo, above the
outlet. After the orifice is opened at time zero (vertical line), the

Fig. 2 Superimposed 1000 images (x~16 s) of the 2D silo filled with
(@) 6 mm ASB and (b) 6.5 mm HGS particles during the discharge. The
orifice size is 34 mm for the ASB, 18 mm for the HGS.
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Fig. 3 Space-time plots of a vertical cut at the central symmetry axis of
the silo, (a) ASB, 34 mm orifice width, (b) HGS, 18 mm orifice width. In the
hard particle system, the flow reaches the upper edge of the selected
region within approximately 100 ms. In the soft material, it takes 4.5 seconds
after the orifice was opened for the flow to reach the upper region shown in
the plot. This is even more pronounced at lower orifice widths because of the
lower flow rates.

positions of all grains stacked along this cut start to move down
almost immediately. In different experiments, we found delays
no longer than 0.1 and 0.2 seconds. The behavior of the soft,
low-friction grains (Fig. 3b) is in sharp contrast. Initially, flow
sets in only in the vicinity of the outlet, while the positions of
the upper grains remain unchanged. The material expands at
the bottom first, lowering the effective 2D packing fraction as
stated above. This is obviously a consequence of the viscoelastic
properties of the HGS. Only after a substantial amount of
material has flown out, in this case roughly 150 g or nearly
1000 spheres, the granular bed has sufficiently diluted and the
flowing region has reached the height of 50 cm, the upper edge
of the image. From then on, the material flows with roughly
uniform velocity in the central axis. The downward flow accel-
erates only within the final 10 cm above the orifice, where the
flow velocity is slower at the sides (¢f. Fig. 2b).

3.3 Outflow velocity and fluctuations in the outflow rate

The most significant difference between the flow of hard and soft
grains is the temporal variation of the outflow rate. Fig. 4a shows

This journal is © The Royal Society of Chemistry 2020
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the outflow of rigid ASB from the same silo, where we have set the
orifice size to 34 mm (orifice to particle size ratio p = 5.7).
It represents the standard behavior of hard particles. We find a
continuous outflow until the silo is nearly emptied. The outflow
slows down only when the silo is almost empty and the stagnant
zones erode from above until the static angle of repose is reached.
Finally, some material remains in the bottom corners. At smaller
orifice sizes, the same features are found, except that the discharge
will stop completely when a permanent clog blocked further outflow.

In the HGS-filled silo with large enough orifice sizes, the
behaviour is similar to that of the hard grains, but there is a
slight pressure dependence of the outflow rate. This becomes
more evident with decreasing orifice size. When the orifice is
approximately 3 particle diameters wide (Fig. 4b), there is still
continuous outflow of the HGS without clogging. However, one
observes a clear pressure dependence (dependence upon the
instantaneous fill height) of the discharge rate, even when the
silo is still half-filled (¢f Fig. 6). For comparison, hard ASB
will permanently clog at this relative orifice size with mean
avalanche sizes of only 65 grains (~8 g).”’

When the orifice size is further decreased, the dependence
of the mean outflow rate on fill height gets more pronounced.
In addition, the outflow rate starts to fluctuate. This is evident
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in Fig. 4c where we show the discharge through a 10 mm orifice
(p =~ 1.55). Not only is the initial flow rate reduced respective to
the 18 mm orifice by one order of magnitude, but the discharge
curve also shows clear plateaus where the outflow stops for
several seconds.

Zoomed-in details for the same data as in Fig. 4 are shown in
Fig. 5. The discharge rate of the hard grains (Fig. 5a) is linear
within the experimental resolution of our setup. Small steps
seen in the curves are artifacts of the measurement technique,
resulting from the time resolution of the balance: the balance
updates its values every 0.214 s, while the computer samples
these data every 0.1 s, thus each balance datum is regularly read
out twice, but three times every 1.5 s.

The 18 mm HGS curve (Fig. 5b) is not straight but still
smooth except for the readout artifacts. In clear contrast, the
10 mm HGS plot (Fig. 5¢) shows strong fluctuations and steps
that are no artifacts (note the different scales of the time axes).

Since the outflow rate is primarily determined by the pres-
sure at the container bottom, it is more instructive to plot the
outflow rates depending on the remaining fill heights instead
of time. In Fig. 6, the momentary rates are presented as
functions of the instantaneous container fill level. In order to
smooth these graphs, we averaged these data over periods
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Fig. 4 Discharged mass (a) in the ASB-filled silo with 34 mm orifice width, p = 5.7, (b) in the HGS-filled silo with 18 mm orifice width, p = 2.77, and (c) in
the HGS-filled silo with 10 mm orifice width, p = 1.55. Apart from the very different time scales caused by the different orifice widths, it is evident that the
flow of the hard ASB grains is practically constant until the very bottom of the silo is reached. In the 18 mm orifice, HGS-filled silo, the discharge slows
down with sinking fill level. This is even more pronounced in the 10 mm orifice silo where strong flow rate fluctuations occur even when the silo is still

well-filled. Different colors distinguish individual runs of the experiment.
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Fig. 5 Zoomed-in details of the three graphs shown in Fig. 4(a)—(c). All graphs show periods ending approximately 100 g before the discharge stops
(empty silos in (a) and (b), permanent clog in (c)). The small step-like undulations in the graphs (a), (b) are a beating artefact of the sampling frequency of

the balance (4.66 Hz) and the poll frequency of the computer (10 Hz).
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Fig. 6 Mean outflow rates of HGS for different orifice sizes as a function

of the instantaneous fill level. All rates are averaged over 5 cm height

difference. The solid curves represent the averages of curves belonging to

one set of experiments at fixed orifice sizes. Arrows indicate where the tip

of the v-shaped surface of the granular bed reaches the outlet.

where the fill level dropped by 5 cm. The top edge of the flowing
granular bed is v-shaped, we use the mean height of this edge
as the relevant parameter. The arrows in the figure indicate
where the tip of the v has reached the outlet (independent of the
orifice widths), and the granular bed splits in two cones left and
right of the orifice, from which particles slide down and pass
the gap.

As seen in the figure, all rates are strongly fill-level depen-
dent, and the discharge rates for given orifice sizes vary
considerably between individual runs of the experiment, with
no systematic trend. For narrow orifices in particular, the
outflow rates depend sensitively on the preparation of the
samples. Even though the HGS surfaces are dried with tissue
before filling them into the silo, slight variations in moisture on
the HGS surfaces may affect cohesion of the spheres by
capillary bridges and influence the magnitude of the flow.

Next, we analyze the temporal fluctuations of the outflow.
One can directly visualize the differences between hard and soft
grains without having to rely on the limited time resolution of
the weight measurement: we have constructed space-time plots
of a horizontal cut just below the orifice in the video frames.
Fig. 7 shows exemplary plots for the ASB at 34 mm opening
and HGS at 10 mm opening. The ASB pass the orifice rather
continuously, practically independent of the container fill
height. The plot (b) of the final phase of the discharge shows
that it is not a reduced rate of particles passing the orifice that
flattens the graph in Fig. 4a near the end. Instead, particles do
not pass through the complete outlet gap anymore. When the
stagnant zones erode, grains rolling down the slopes of the
remaining piles only pass the lateral sides of the orifice.

In clear contrast, the passage of soft, low-friction grains
through the outlet is fluctuating substantially. At orifice sizes
between p ~ 2 and 2.5, these fluctuations set in only when the
container is nearly empty and pressure is low. At orifice sizes
below p = 2, they are permanently present in our setup. This is
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seen in the space-time plots of Fig. 7c and d. While there are
phases when the grains leave the opening at a rate comparable
to the hard grains, there are clearly distinguished phases where
the orifice is blocked temporarily. These phases where the
outflow is clogged completely are distributed in lengths, they can
persist for several seconds as seen in Fig. 5¢ and 7c, d, and they
dissolve spontaneously. The mechanism is discussed below.

Most of these transient clogs are formed by arches of 4
particles, whose configurations are not static in time. From
time to time, the 10 mm orifice is blocked by a pair of particles
that has already partially passed the bottleneck (Fig. 7c and d).
In the space-time plots of cross-sections taken ~2 mm below
the narrowest part of the orifice, such particles exhibit a
bell-shaped signature. (blue and red particles after about
2.5 seconds in (c), red and blue particles after about 3 s in (d)).
Their signature in the plots evidences that they are continu-
ously squeezed into the gap, and then suddenly drop down,
releasing a new avalanche. The nature of this discontinuous
flow makes it difficult to define avalanche sizes for the soft,
low-friction grains at narrow orifice sizes, since there is no clear
definition of what can be considered a clog. A similar problem
was discussed by Hidalgo®” and Souzy®® in the context of
colloidal systems.

It is important to emphasize that with respect to the internal
state of the granular ensemble, the non-permanent congestions
that we observe are not static. Each of the discharge scenarios
shown, e.g., in Fig. 4c and 7c, d, has to be considered one single
avalanche until the permanent clog has formed. This is
explained in detail in the following Section 3.4.

The fluctuations in the outflow rate can be characterized
quantitatively by windowed Fourier Transforms of the discharge
rates that were extracted from the balance data. We restrict this
analysis to the low-frequency range below 0.6 Hz. Thereby, the
artifacts from the balance readout at 2/3 Hz are outside the
observed frequency range. We focus on the fluctuations on time
scales of several seconds. Fig. 8 shows four different typical
frequency spectra. All spectra are normalized with the respective
maximum Fourier amplitude g,ax at zero frequency and clipped
the low-frequency part of the spectrum for better visibility at
0.1¢max- In none of the spectra, we observed a persistent frequency.
At 18 mm orifice size (not shown), fluctuations are hardly seen in
the spectrum. At 15 mm (Fig. 8a), one can observe slight fluctua-
tions with amplitudes of about 4% of g.x. This trend increases
significantly for p < 2. At 12 mm orifice width (Fig. 8b),
the fluctuations considerably intensify towards the end of the
discharge. Fig. 8c shows that at 11 mm orifice width, the
fluctuations reach already 10%, even at the beginning of
the discharge. In Fig. 8d, for the smallest orifice size of 10 mm
(o = 1.55), fluctuations reach more than 40%, and some inter-
ruptions extend over the full width of the Fourier Transform time
window, ie., some congestions last longer than 15 s.

3.4 Non-permanent congestions

We will now analyze in more detail what causes the interrup-
tions and restart of the outflow through small orifices (p < 2),
seen for example in Fig. 5c¢, 7c, d and 8c, d and in the

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Space-time plots of cross sections directly below the outlet, time runs from top to bottom, each plot covers a time interval of 6 s. The discharges
started at time to. (@) ASB, p = 5.7, (to — 0.3 s) to (to + 5.7 ), (b) ASB p = 5.7, (tg + 23 s) to (to + 29 5), (c) HGS at p = 1.55, to to (to + 6 5), (d) HGS at p = 1.55,
(to + 480 s) to (to + 486 s). The cuts (a) and (b) are 36 mm wide, those in (c) and (d) are 12.5 mm wide. (e) shows the positions of the cross sections at the

orifice.
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Fig. 8 Windowed Fourier Transforms (Hamming window width 15 s) of the HGS outflow rates for different orifice sizes, (a) 15 mm, (b) 12 mm, (c) 11 mm,
and (d) 10 mm. The peaks are scaled with the maximum Fourier amplitude gmax and clipped at 0.1gmax. Note the different color scale in (d).

supplemental video.”® The phenomenon of spontaneous non-
permanent clogging has been described earlier for active
matter like pedestrians and animals and for thermal systems
like colloids.”” Zuriguel et al.>*> have coined the term ‘clogging
transition’ for such scenarios. A characteristic figure of merit of
such transitions is the distribution of durations of clogged
states, which was found to follow a power law for sufficiently

This journal is © The Royal Society of Chemistry 2020

long clogs. On the other hand, a problem is the clear distinction
between delays between passages of individual particles and short
clogs. The definition of a clogged state in these systems can
influence the avalanche statistics substantially.”” The difference
to the present soft granular system is the existence of thermal noise
or activity of the involved entities in those systems which can
destroy an existing clog.
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Fig. 9a presents the distribution of ‘clog lengths’ for the
10 mm orifice HGS-filled silo. We have evaluated the plateaus
of the mass curves, i.e., the time intervals in which the balance
readout was constant. The number 7n of short stopped phases
(up to about 3 seconds) follows approximately a power law n(t)
oc t* with exponent o = —1.85. The graphs give no indication as
to when the system can clearly be declared clogged. We argue
that in the athermal, passive granular system studied here, the
non-permanent states of stopped outflow are never static in the
complete container. Therefore, we prefer to avoid the estab-
lished technical term clog for them, and suggest the alternative
denomination ‘congestion’ to describe the phases of stopped
outflow that dissolve spontaneously in this system. They repre-
sent mere fluctuations of the discharge, but no equilibrium
states in the container. The durations of the congestions show
the tendency to increase with smaller fill level, ie., with
decreasing pressure at the bottom of the silo, yet the exponents
are practically identical. Fig. 9a separately shows data collected
during the outflow of the first 400 g of granular material, and
during the remaining discharge until a permanently clogged
state is reached. Within the experimental uncertainty, both
curves can be described with the same o. Actually, the exponent
is reliable only for the first couple of seconds. Congestions
much longer than 10 s are clearly underrepresented. This is
supported in particular by the cumulative distributions N(t) of

2 1000

Joo
)

100F o

10k

n(x)

0.1

f000p T

100 |

N(r)

1
duration 1 [s]

Fig. 9 (a) Number n(z) of plateaus of durations (t — 0.1 s)---(t + 0.1 s) in
the discharged mass curves, averaged over 12 discharges, 10 mm orifice
width. Red circles: clogs during the discharge of the first 400 g (approxi-
mately 1/3 of the silo content), blue circles: clogs during the remaining
discharge. (b) Cumulative plots of the same data, number of clogs N(z) of
plateaus with duration longer that . Solid symbols represent the sum of
both data sets, dashed lines reflect power laws N(z) oct’, the solid line
marks N(z) oct”’.
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intervals longer than 7 (see Fig. 9b). The exponent f§ = —0.85 of
the power law N(tr) oct’ describing the first 3 seconds is
consistent with # = o + 1. An exponent f§ > —1 (ie., o > —2)
means that if the distributions would follow these power laws
for all 7, the mean congestion length would diverge. For clogs
longer that 10 seconds, however, the exponent ' ~ —1.8
(solid line in Fig. 9b) is well below —1 and in principle, a finite
mean congestion duration exists. These quantitative scaling
parameters are very preliminary, the accurate analysis of
the long-term behaviour of congestions requires much more
data, particularly measurements at approximately constant fill
heights.

From an external viewpoint, the observed congestions are
practically indistinguishable from clogs in active and living
matter. Internally, they have a completely different origin:

After we have identified and quantitatively characterized the
features of intermittent outflow of the elastic grains from the
silo, we will now discuss their physical origin: the reason for
this behavior is that the material never reached an equilibrium
configuration inside the silo before the blocking arch is
destroyed. Even when the particles near the orifice locally form
a stable blocking arch, there is still reorganization of the
structures in the granular bed above. These redistributions of
particles and of the force network can occur anywhere in the
container, and they can finally reach and affect the blocking
arch and relieve the congested state. This is exemplarily
shown in the picture of an HGS-filled silo with 10 mm opening
width in Fig. 10. The space-time plot shows a cut along the

N e R
0 mm M ”W—T"_""_tmh

21s

Fig. 10 Rearrangement of the inner packing structure in the silo with
10 mm orifice shown in a space-time plot. The interruption (same as in
Fig. 4c at time 210 s), indicated by vertical dashed lines, lasts for 21 seconds.
While the particles at the bottom are immobile, one can see that the HGS
in the upper layers still move down. For better visibility of the downshifts,
two dashed horizontal lines mark fixed heights.
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Fig. 11 Difference image of two frames, recorded immediately after the
beginning and before the end of a 21 s congested state (Fig. 4c at about
210 s, orifice 10 mm). Image width 34 cm.

vertical central axis of the silo, right above the orifice. Within
the 35 s time window shown, the discharge stops after 3.5 s. The
position of the grains at the bottom remain practically fixed. For
the following 21 s, the outflow rate is zero. Then, the discharge sets
in again. The vertical cross-sections show that the upper particles still
move downward while the blocking particles and the surroundings
of the orifice remain static.

The corresponding 2D redistributions in the complete silo
are shown in Fig. 11: we have computed the difference between
an image recorded immediately after the outflow stopped and
an image recorded shortly before the discharge continued, 21 s
later. White regions in the image are unchanged, while colors
indicate where a sphere has been replaced by one of a different
color. Near the orifice, the grains have shifted only slightly.
However, one recognizes considerable reorganization and
compaction in the upper parts. The essential point is that the
majority of these rearrangements proceed very slowly compared
to the time scale of silo discharge (of individual grains). This is
related to viscoelasticity of the HGS. These processes set the
time frame for the dissolution of blocking arches in the soft
grain system. A reasonable estimate of the time scales of such
rearrangements can be extracted already from Fig. 3b. Not only
do the HGS slowly build up pressure near the congested outlet,
they can also perform quick local reconfigurations. Unless all
these internal motions have ceased, there is the chance that the
force equilibrium of the blocking structure gets broken and the
avalanche continues.

Permanent clogs occur only after all transient rearrangements
in the container have ceased while the blocking structure is still
there. Then, the clogs are permanent and can only be destroyed by
external forcing. This is regularly observed in silos with small

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

apertures below a certain fill-height.”” These observations are not
specific to the quasi-2D geometry of our setup, they are expected to
be similar in 3D containers, where the observation of internal flow
requires specific tomographic techniques.*’

4 Discussion and summary

We have analyzed the outflow of soft, low-friction hydrogel
spheres from a 2D silo with small aperture experimentally,
in particular its fluctuations and intermittent character at
small orifice sizes. Furthermore, the internal reorganization
processes and packing densities were monitored. We have
discussed the stability of blocking structures and the life times
of congestions that are specific for the type of materials
investigated here.

Fluctuations of flow rates have been described earlier for
hard grains: Unac et al.°® reported oscillations with a narrow
frequency spectrum. Such instabilities are not present in our
material. One reason may be that the HGS mass flow rate is
considerably lower, and the grains are much rounder and have
a viscoelastic character, so that oscillatory density waves are
rapidly dampened. Rather, we find fluctuations in a broad
frequency range that are related to the slow propagation of
density and velocity fluctuations through the soft granular bed.
Far regions react to local flow variations with a considerable
retardation (Fig. 3b), so that density inhomogeneities or flow
divergences are not compensated rapidly. This causes strong
fluctuations in positions and force networks, particularly when
the orifice is narrow, less than two particles wide. Then, the
system can build up considerable pressure near the orifice
when the flow ceases, on a time scale of seconds. This pressure
is relieved when the flow continues, causing the system to
expand again.

One consequence is that the stresses that build up after the
outlet is blocked and the related rearrangements of grains can
spontaneously restart the outflow from the container after
some delay. This is a qualitatively new observation for passive
granular materials that are not agitated by external forcing.
Intermittent clogs that look very similar in terms of the outflow
rates are found with hard particles in vibrated containers,***™*® in
silos with oscillating bottom,> or in flocks of animals passing a
gate.’® In these systems, however, momentarily existing clogs
can be broken by external forces like vibrations, or by the
activity of bacteria, animals or pedestrians. Similar intermittent
clogging was recently reported in suspensions of non-Brownian
microparticles.”> The authors suspect that these clogs are
dissolved by flow through interstices of the blocking particles.

In our passive soft sphere system, there are no such external
forces. However, the system is never in an equilibrium unless a
stable overall configuration is reached. As a consequence, the
problem of the definition of avalanche sizes can be solved
straightforwardly: avalanches are separated only by stable clogs
that must be destroyed by external forcing. Plateaus in the
discharged mass curve m(t) do not separate avalanches. Never-
theless, for practical purposes it may be useful to define a
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certain empirical delay 7. as a minimum clog duration to
distinguish avalanche events from clogs. One can then calcu-
late mean avalanche durations and other useful statistical
features. As stated above, one has to be aware then, that this
statistics will depend on the arbitrary ad hoc definition of 7.’
In a theoretical study, Manna and Herrmann®® predicted
that internal avalanches in a 2D hopper filled with frictionless
hard disks lead to self-organized criticality and intermittent
clogging. In experiments, it seems that such processes are hard
to observe because the systems quickly reach an overall equili-
brium or the flow continues. The time scales of internal
rearrangements of the material are comparable to those of the
passage of individual particles through the orifice. In contrast, in
the hydrogel system, there is a clear separation of these time
scales. Particles pass the orifice in a few hundredths of a second,
but the internal redistributions of grains require seconds.
In principle, ideas similar to those simulated in ref. 38, cascades
of internal avalanches in combination with the elastic deforma-
tions of the grains near the outlet may explain the intermittent
outflow characteristics of soft, low-friction grains through nar-
row orifices. It suggests itself that the mean time interval
observed for grain rearrangements (c¢f Fig. 3) is closely related
to the ~3 seconds range of the power law 7(t) in Fig. 9a and b.
If one considers mean flow rates, then there is a clear
discrepancy for small (p < 2) apertures between the behavior
of the soft material studied here and Beverloo’s® classical
equation. This arises from the fact that Beverloo’s model does
not account for the clogged or congested states. Yet, even for
larger orifices, the fill-level dependence of the outflow is not
explained within Beverloo’s model and requires a more detailed
analysis of how deformable grains pass narrow bottlenecks.
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