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Role of the constriction angle on the clogging by bridging of suspensions of particles
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Confined flows of particles can lead to clogging, and therefore failure, of various fluidic systems across many
applications. As a result, design guidelines need to be developed to ensure that clogging is prevented or at least
delayed. In this Letter, we investigate the influence of the angle of reduction in the cross section of the channel
on the bridging of semidilute and dense non-Brownian suspensions of spherical particles. We observe a decrease
of the clogging probability with the reduction of the constriction angle. This effect is more pronounced for
dense suspensions close to the maximum packing fraction where particles are in contact in contrast to semidilute
suspensions. We rationalize this difference in terms of arch selection. We describe the role of the constriction
angle and the flow profile, providing insights into the distinct behavior of semidilute and dense suspensions.
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Clogging is a major issue in a wide range of systems at
various length and time scales [1-4]. Clogging can happen
when a flowing suspension is geometrically confined, partic-
ularly in the presence of constrictions, and can impair many
applications. Therefore, guidelines to design resilient fluidic
systems that handle suspensions must be carefully established.
Describing clogging is challenging as it might occur through
different mechanisms: sieving [5-8], bridging [9,10], and ag-
gregation [11-14], or a combination thereof [15]. We focus
here on bridging, corresponding to the formation of a stable
arch of several particles at a constriction. The formation of
stable arches arises from particle-particle and particle-wall
interactions that can be quite complex, and the role of the
friction is important, as also observed in the rheology of dense
suspensions [16—19]. More specifically, recent studies have
shown that semidilute and dense suspensions follow a general
behavior for clogging similar to dry grains in silos despite
some important differences (see, e.g., [9,20,21]). For instance,
for nondense suspensions, corresponding to a situation where
the particles are not all in contact, the evolution of the clog-
ging probability follows a stepwise evolution, whereas this
evolution is continuous for dense suspensions [9,10]. More
generally, the role of various parameters on bridging was
investigated and included the constriction width [9,22,23],
particle roughness [24], the effects of fixed grains near the
outlet [25], particle stiffness [26], liquid driving force [27],
as well as active particles [28]. The shape of the particles
also has a strong influence on clogging [29], but we restrict
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ourselves in this Letter to spherical particles. In this case, geo-
metrically, the ratio of the constriction width W to the particle
diameter d is key to determining the probability of clogging
[15]. Experiments with dry grains in a two-dimensional (2D)
hopper suggest that the constriction angle 6 could also affect
the clogging probability of suspensions through the selection
of the minimum possible number of particles to form an
arch [30]. An example of the importance of this angle might
be found in additive manufacturing, as recent research has
shown that better design of the nozzle angle can prevent the
clogging of fiber-filled polymer ink in three-dimensional (3D)
printers [31].

For particulate suspensions, a key difference is the role of
hydrodynamics that may affect the formation of clogs [32,33].
Besides, there are some key differences in the clogging of
semidilute and of dense suspensions. Such differences have
been studied through the evolution of the clogging probability
with the particle fraction, revealing fundamental differences
in the clogging of semidilute and dense suspensions [10]. In
the former, the number of particles forming an arch is min-
imized and equals N, = [W/d] + 1, i.e., the minimum size
of an arch spanning the entire constriction. In contrast, dense
suspensions form arches with a variety of numbers of particles
N, > |W/d] + 1. This difference in arch formation leads to a
stepwise evolution of the clogging time with W/d for semidi-
lute suspensions and a continuous monotonic increase of the
clogging time with W/d for dense suspensions [10], similar
to the behavior of dry granular material in 2D and 3D hoppers
[30,34-38]. Since the selection of the number of particles in
the arch is critical in the reduction of the clogging probability
of dry grains in silos [39], it is unclear if tuning the angle of a
constriction of a fluidic system will lead to the same reduction
of clogging probability and therefore if this approach is, at all,
useful for suspensions of particles.

In this Letter, we investigate the influence of the con-
striction angle 6 on the clogging of millifluidic channels by
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FIG. 1. Examples of visualizations for (a) a large constriction
angle (0 = 60° and W/d = 1.7) with a semidilute suspension at ¢ =
0.19 and (b) a smaller constriction angle (6 = 15° and W/d =2.7)
with a dense suspension at ¢ >~ ¢,,. The particles of diameter d
are flowing from left to right, first in a main channel of width
Wen = 7.8 mm, and then brought to a constriction of width W with a
narrowing part of constant angle 6. Scale bars are 3 mm.

non-Brownian monodisperse suspensions. Due to the fun-
damental difference in clogging of semidilute and dense
suspensions mentioned previously, we consider a moderate
solid fraction where the particles are not all in contact and
a solid fraction where the particles are close to the maximum
packing. This Letter is geometrically bounded by two cases:
a hopper, typical of dry granular flows, with a constriction
angle 6 = 90° so that the reduction from the channel to the
constriction is abrupt, and a tapered long channel at small
values of & when the reduction is smooth. For dry granular
materials, the seminal work of To ef al. showed that the angle
of the constriction has little impact on clogging for hoppers
above a critical angle [40]. This result was experimentally
extended and further characterized by Lopez-Rodriguez et al.
[39], and confirmed in other configurations [41,42]. However,
the influence of the constriction angle remains elusive in the
case of suspensions [43]. In the following, we characterize
the clogging probability from hopperlike geometries to gently
tapered channels for both semidilute and dense suspensions in
viscous flows.

The flow and clogging of non-Brownian suspensions are
investigated in 3D-printed millifluidic channels. We can track
and count the particles as well as characterize the appear-
ance and geometry of clogs formed. The millifluidic devices
are made using stereolithography printing methods (Formlabs
Form 3) [10]. The system is quasibidimensional with a height
H ~ 0.95 mm, minimizing particle overlap. The design of the
system 1is illustrated in Figs. 1(a) and 1(b) and allows us to
tune the width and the angle of the constriction, respectively
W and 6. The width of the channel upstream of the constric-
tion Wy, is kept constant in this Letter. The direction of 3D
printing is selected as parallel to the main axis of the channel,
with the converging area pointing opposite to the direction

of gravity. Using this approach ensures that the roughness
of the wall is similar across the constriction width and angle
considered.

The suspensions consist of non-Brownian spherical
polystyrene particles of diameter d = 581+ 15um
(Dynoseeds from Microbeads) dispersed in a Newtonian
mixture of DI water and polyethylene glycol (PEG, Sigma
Aldrich) at 62%/38% per weight, with a dynamic viscosity
of n¢ = 75 mPa s. The density of the interstitial fluid matches
the density of the particles, or ~ p, ~ 1.05¢g cm™3. The size
of the particles ensures that electrostatic forces are negligible
with respect to contact and hydrodynamic forces and that
clogging occurs only through the formation of an arch at
the constriction. Our experiments are quasibidimensional,
and we define here the surface fraction of particles ¢ as
the ratio of the projected area of particles to the total area
[10]. Because the ratio of the channel height on the particle
diameter is slightly larger than unity (H/d =~ 1.6), there
is a small overlap of the particles leading to values of the
maximal packing fraction ¢, >~ 0.95 larger than a perfect
two-dimensional situation. We should also emphasize that
since our particles exhibit a small size distribution around
the mean diameter (d =581 & 15um), no ordering or
crystallization is observed in the tapered area of the channel.
In the following, we investigate the influence of the angle of
the constriction 6 on the clogging probability. We consider
both the cases of semidilute (¢ =~ 0.19 and 0.32) and dense
(¢ ~ ¢,,) suspensions. The suspension is injected at a
constant flow rate Q = 1 mL/min leading to particle velocity
of order u, ~ 2.2mms~! upstream of the constriction and a
particle Reynolds number Re, = pr du,/n; always smaller
than unity.

We first performed the experiments with a semidilute sus-
pension at ¢ = 0.19 for constriction angles 2.5° < 6 < 90°.
Similar to previous studies for semidilute suspensions [9,10],
the present experiments show that the number of particles
flowing through the constriction before clogging is character-
ized by an exponential distribution, p(s) o e~*. In addition,
using the mean number of escapees (s), the experimental
data for all constriction angles collapse on a master curve,
as reported in Fig. 2(a). This observation is expected since
the clogging process is stochastic and can thus be described
by a geometric law [40]. Similarly, a dense suspension at
¢ ~ ¢ also exhibits a similar behavior once rescaled by (s)
[Fig. 2(b)]. We thereafter rely on (s) to characterize the system
while varying the different parameters, and in particular, the
constriction angle.

We show in Figs. 2(c) and 2(d) the evolution of (s) for a
semidilute and a dense suspension, respectively, as a function
of the constriction angle 6. Due to the significant experimental
time to clog a constriction at low volume fractions, we used in
Fig. 2(b) a constriction size of W/d = 1.7, whereas we were
able to consider W/d = 2.7 for the dense case. The behav-
iors observed appear qualitatively similar with a substantial
increase of (s) at small constriction angles and an almost
constant value of (s) for angle larger than & = 10°-20°. How-
ever, the relative increase of (s) seems more limited for the
semidilute suspension than for the dense suspension. We no-
tice that both in the semidilute and dense cases, a plateau value
for (s)/(s)o is observed for 6 = 30°. We will discuss in the
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FIG. 2. Probability density function P(s/(s)) of the normalized
number of particles escaping the constriction s/(s) before clogging
for (a) ¢ = 19% with a constriction width W/d = 1.7 and (b) ¢ =
¢m Wwith a constriction width W/d = 2.7. Evolution of the average
number of particles flowing through the constriction (s) as a function
of the constriction angle 6 for (c) ¢ = 19% and W/d = 1.7 and (d)
¢ = ¢ with W/d = 2.7. The color bar on the right indicates the
angle of the constriction and the dashed line is the plateau value at
large constriction angles (6 = 30°).

following the reasons for the divergence of (s)/(s)o at smaller
constriction angles.

To characterize more quantitatively the relative influence
of the constriction angle in the semidilute and the dense case,
we rescale the mean number of escapees, (s), by the plateau
value observed for 6 2 30°, later referred to as (s)o and shown
by the horizontal dotted line in Figs. 2(c) and 2(d).

Figure 3 shows that reducing the constriction angle has
indeed a stronger relative effect for dense suspensions where
particles are more in contact. In our system, for an angle of
6 = 5°, the millifluidic channel can take as long as seven times
the time it would take for a dense suspension to clog at a larger
constriction angle. The role of the volume fraction ¢ and the
increase in (s)/(s)o at small constriction angle can be better
seen in the inset of Fig. 3. In all cases, the experimental results
suggest that (s)/(s)o o (sin8)* where o < 0 depends on the
experimental condition. This scaling law observation comes
from the fact that the reaction of the particles with the solid
surface is proportional to sin 8. In particular, for semidilute
suspension and a small constriction W/d = 1.7 we observe
that for both ¢ = 0.19 and 0.32, |¢| < 1 (Ja|] = 0.5 £ 0.1).
However, for dense suspensions (¢ ~ ¢p,) the exponent is
larger, || = 1.1 0.3, and seems similar for the two dimen-
sionless constriction widths W/d considered here, although
the data suggest that for W/d = 1.7 the coefficient is closer
to |a| =0.9 and for W/d = 2.7 it is closer to |¢| = 1.2.
This observation suggests that reducing the angle of the
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FIG. 3. Evolution of the rescaled average number of particles
flowing through the constriction before clogging (s)/(s)o as a func-
tion of the angle of the constriction for semidilute and dense
suspensions. Inset: Divergence of (s)/(s)o in the limit of small
angles 6.

constriction is more efficient in delaying clogging for concen-
trated suspensions with particles almost always in contact. In
addition, in the dense case, even if the start of the divergence
appears roughly at 8 = 22.5° for both W/d = 1.7 and 2.7, the
divergence seems to be slightly faster for W/d = 2.7 likely
due to a stronger mechanism of arch selection.

Although their focus was more on the evolution of clogging
with W/d rather than the angle, we can consider the experi-
mental data of Lépez-Rodriguez et al. [39] for some values of
W/d (see Supplemental Material [44]). In their experiments,
an effect of the angle seems to appear as early as 6 = 30°
(note that the definition of the angle of the constriction is
different, and we adapted their data to our notation). In ad-
dition, the increase of (s)/(s)o when reducing the constriction
angle is even more pronounced. A fit to their data suggests
that (s)/(s)o o< (sin8)“ still apply. However, the value ob-
tained from their experiments at a similar W/d as our dense
suspension is || 2~ 2.6, which is significantly larger than the
one observed for dense suspensions. Moreover, in their data
the value of || varies based on |[W/d]| (see Supplemental
Material [44]). Such an effect was less significant for dense
suspensions, likely due to limitations in our range of |W/d].
The difference in this divergence may be due to the difference
in roughness and the lubrication between particles in our
cases.

To rationalize the difference in exponent for (s)/(s)o
(sinf)* in the semidilute and dense cases, we analyzed the
arches formed for all experiments, and in particular the num-
ber of particles that constitute them. We report in Figs. 4(a)
and 4(b) the evolution of the percentage of arches made of N,
particles for ¢ = 0.19 and ¢y, respectively. We observe that
for semidilute suspensions, the number of particles constitut-
ing an arch for W/d = 1.7 remains equal to |W/d] +1=2
irrespective of the constriction angles. In contrast, Fig. 4(b)
illustrates that for ¢ ~ ¢, a range of arch sizes is possible
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FIG. 4. Relative percentage of clogging arches with N, particles
when varying the angle of the constriction of width W/d = 1.7 for
(a) ¢ = 0.19 and (b) ¢ ~ ¢y,. The color code indicates the number
of particles in the arches. (c) Evolution of the average number of
particles (V) in the clogging arches in the same two cases.

when the constriction angle is large, approximately 6 2> 45°.
Arches composed of N, = 2 particles occur frequently, some-
times even more so than the minimum possible size of N, =
2. However, as the constriction angle 6 decreases, a trend
emerges where only one arch size, equivalentto |[W/d] + 1 =
2, is observed, as can be seen for instance for § = 7.5° here.
This shift is further evident in Fig. 4(c) when directly com-
paring the evolution of the average arch sizes for ¢ = 0.19
and ¢ ~ ¢,. We observe a reduction of arch size along with
the reduction of the constriction angle for dense suspensions,
with less stable arch configurations available for clogging.
This result is also valid for larger W/d with dense suspensions
(see Supplemental Material [44]). The present observation is
in agreement with the one reported for granular flows [39,40].

As a result, since the reduction in arch size is not possible
for semidilute suspensions as the arch size is already mini-
mized, the effect of decreasing the constriction angle is less
pronounced for semidilute suspensions. This is the main cause
behind the distinct divergent behavior of semidilute and dense
suspensions. Yet, even without this selection mechanism, the
mechanical stability of the arches decreases when decreasing
the angle, leading to less stable arches and thus an increase
in (s).

In the case of semidilute suspensions, fluid flow may af-
fect the clogging dynamics and stability of the arches. We
report the trajectory of the particles in Fig. 5(a) for 6 = 7.5°
and Fig. 5(b) for & = 60°. The trajectories of the particles
follow qualitatively the fluid streamlines, but particles have
a slightly lower velocity due to the vertical confinement.
Since incoming particles will impact on arches just after their
formation occurring at different locations depending on the
angle, we consider in Fig. 5(c) the average distance between
the position of a clog (defined at the most upstream edge
of the arch) and the constriction, (lcog). As expected (leog)
increases when decreasing 6 since the clogs form earlier in
the channel. We can then compare in Fig. 5(d) the veloc-
ity of particles when entering in contact with a clog and at
the constriction for different angles. Both velocities keep a
similar value regardless of the constriction angle. While this
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FIG. 5. Example of streamlines and velocity amplitude (color
bar) for W/d = 1.7, ¢ =0.19, and (a) 8 = 7.5° and (b) 6 = 60°.
Scale bars are 2 mm. (c) Average distance between the position of
a clog and the constriction as a function of the constriction angle.
(d) Velocities of the particles when crossing the constriction at its
narrowest part Xconsi and at the average position of clogs (xciog) as
a function of the constriction angle 6 for ¢ = 0.19. The horizontal
dashed line is the velocity of the fluid computed with the imposed
flow rate.

observation was expected at the constriction, it is also the
case at the average position of clogs as this location moves
further away from the constriction when decreasing the angle
[Fig. 5(c)]. As a result, stable arches are created, on aver-
age, at the part of the constriction with the same velocity.
Therefore, we do not expect arch destabilization due to the
impact of particles to be more important at small constriction
angles for viscous flows. Another main difference between
low and large angles is the dispersion of the streamlines.
As particles arrive in the tapered part of the channels, the
more confined environment will lead to more interaction
and more rearrangements before the constriction. Such ef-
fects might lead to a smoother flow rate of particles through
the constriction and, thus, to fewer variations in the local
solid fraction directly upstream of the constriction. Nonethe-
less, our experiments seem to suggest that hydrodynamics
do not appear to play the main role in the decrease of the
clogging probability as it is mostly governed by particle-
channel interactions, at least for small enough constrictions,
W/d < 2 here.

In conclusion, our Letter characterized the role of the
constriction angle on the bridging of semidilute and dense
suspensions. The angle of constriction has little to no impact
when 6 2 20°. This value angle is likely to depend on the
frictional interactions and is similar to dry grains. Our results
revealed that, while the divergence at low angles for both
semidilute and dense suspensions scales as (sin6)* (¢ < 0),
the latter is far more sensitive to it. This key difference comes
from the fact that the average number of particles in an arch
is correlated to the constriction angle for dense suspension.
Decreasing 6 in this case eliminates the possibility of forming
arches with more than N, = [W/d] + 1 particles due to geo-
metrical constraints, as reported for dry grains in silos [39] and
thus reduces significantly the clogging probability. The role of
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0 is less important for semidilute suspensions since arches are
already formed with the minimal number of particles N, =
[W/d] + 1 regardless of 6. The smaller divergence observed
is due to the mechanical stability of the arch, an effect that is
present in both cases. Our experimental approach limited the
range of solid fractions that we were able to consider, but it
would be interesting to study the power law of the divergence
at small constriction angles for solid fractions close to, but
smaller than, the maximum packing fraction. Finally, while
hydrodynamics may play a role in the clogging of semidilute
suspensions, it does not seem to be the main mechanism for

the reduction of the clogging probability when reducing the
constriction angle in our experiments. Numerical simulations
that would allow computing the drag force on the parti-
cles and the particle-particle and particle-wall interactions
could help decipher more accurately the contribution of both
mechanisms [45].

This material is based upon work supported by the Na-
tional Science Foundation under National Science Foundation
(NSF) Faculty Early Career Development (CAREER) Pro-
gram CBET Award No. 1944844.

[1] J. K. Patnaik, B. S. Das, S. K. Mishra, S. Mohanty, S. K.
Satpathy, and D. Mohanty, Vascular clogging, mononuclear
cell margination, and enhanced vascular permeability in the
pathogenesis of human cerebral malaria., Am. J. Tropic. Med.
Hyg. 51, 642 (1994).

[2] Q. Liu, B. Zhao, and J. C. Santamarina, Particle migration
and clogging in porous media: A convergent flow microfluidics
study, J. Geophys. Res. 124, 9495 (2019).

[3] G. Piton, S. R. Goodwin, E. Mark, and A. Strouth, Debris flows,
boulders and constrictions: A simple framework for modeling
jamming, and its consequences on outflow, J. Geophys. Res.
127, €2021JF006447 (2022).

[4] B. Dincau, E. Dressaire, and A. Sauret, Clogging: The self-
sabotage of suspensions, Phys. Today 76, 24 (2023).

[5] A. Sauret, E. C. Barney, A. Perro, E. Villermaux, H. A. Stone,
and E. Dressaire, Clogging by sieving in microchannels: Appli-
cation to the detection of contaminants in colloidal suspensions,
Appl. Phys. Lett. 105, 074101 (2014).

[6] A. Sauret, K. Somszor, E. Villermaux, and E. Dressaire, Growth
of clogs in parallel microchannels, Phys. Rev. Fluids 3, 104301
(2018).

[7] C. Duchéne, V. Filipe, S. Huille, and A. Lindner, Clogging of
microfluidic constrictions by monoclonal antibody aggregates:
Role of aggregate shape and deformability, Soft Matter 16, 921
(2020).

[8] O. T. Majekodunmi and S. M. Hashmi, Flow dynamics through
discontinuous clogs of rigid particles in tapered microchannels,
Sci. Rep. 12, 22587 (2022).

[9] A. Marin, H. Lhuissier, M. Rossi, and C. J. Kihler, Clogging
in constricted suspension flows, Phys. Rev. E 97, 021102(R)
(2018).

[10] N. Vani, S. Escudier, and A. Sauret, Influence of the solid frac-
tion on the clogging by bridging of suspensions in constricted
channels, Soft Matter 18, 6987 (2022).

[11] B. Dersoir, M. R. de Saint Vincent, M. Abkarian, and H.
Tabuteau, Clogging of a single pore by colloidal particles,
Microfluid. Nanofluid. 19, 953 (2015).

[12] G. Gerber, S. Rodts, P. Aimedieu, P. Faure, and P. Coussot,
Particle-size-exclusion clogging regimes in porous media,
Phys. Rev. Lett. 120, 148001 (2018).

[13] B. Dersoir, A. Schofield, M. R. de Saint Vincent, and H.
Tabuteau, Dynamics of pore fouling by colloidal particles at the
particle level, J. Membr. Sci. 573, 411 (2019).

[14] B. Dincau, C. Tang, E. Dressaire, and A. Sauret, Clog mitigation
in a microfluidic array via pulsatile flows, Soft Matter 18, 1767
(2022).

[15] E. Dressaire and A. Sauret, Clogging of microfluidic systems,
Soft Matter 13, 37 (2017).

[16] J. E. Morris, Lubricated-to-frictional shear thickening scenario
in dense suspensions, Phys. Rev. Fluids 3, 110508 (2018).

[17]1 J. F. Morris, Shear thickening of concentrated suspen-
sions: Recent developments and relation to other phenomena,
Annu. Rev. Fluid Mech. 52, 121 (2020).

[18] A. Singh, C. Ness, R. Seto, J. J. de Pablo, and H. M. Jaeger,
Shear thickening and jamming of dense suspensions: The roll
of friction, Phys. Rev. Lett. 124, 248005 (2020).

[19] C. Ness, R. Seto, and R. Mari, The physics of dense suspen-
sions, Annu. Rev. Condens. Matter Phys. 13, 97 (2022).

[20] G. H. Goldsztein and J. C. Santamarina, Suspension extraction
through an opening before clogging, Appl. Phys. Lett. 85, 4535
(2004).

[21] J. Koivisto and D. J. Durian, Effect of interstitial fluid on the
fraction of flow microstates that precede clogging in granular
hoppers, Phys. Rev. E 95, 032904 (2017).

[22] J. R. Valdes and J. C. Santamarina, Particle clogging
in radial flow: Microscale mechanisms, SPE J. 11, 193
(2006).

[23] A. Guariguata, M. A. Pascall, M. W. Gilmer, A. K. Sum, E. D.
Sloan, C. A. Koh, and D. T. Wu, Jamming of particles in a
two-dimensional fluid-driven flow, Phys. Rev. E 86, 061311
(2012).

[24] C.-P. Hsu, H. E. Baysal, G. Wirenborn, G. Martensson, L. P.
Wittberg, and L. Isa, Roughness-dependent clogging of particle
suspensions flowing into a constriction, Soft Matter 17, 7252
(2021).

[25] J. M. Hanlan, S. Dillavou, A. J. Liu, and D. J. Durian, Cor-
nerstones are the key stones: Using interpretable machine
learning to probe the clogging process in 2D granular hoppers,
arXiv:2407.05491.

[26] C. Bielinski, O. Aouane, J. Harting, and B. Kaoui, Squeezing
multiple soft particles into a constriction: Transition to clog-
ging, Phys. Rev. E 104, 065101 (2021).

[27] M. Souzy and A. Marin, Role of liquid driving on the clogging
of constricted particle suspensions, J. Fluid Mech. 953, A40
(2022).

[28] E. Al Alam, M. Brun-Cosme-Bruny, V. Borne, S. Faure, B.
Maury, P. Peyla, and S. Rafai, Active jamming of microswim-
mers at a bottleneck constriction, Phys. Rev. Fluids 7, L.092301
(2022).

[29] A. Hafez, Q. Liu, T. Finkbeiner, R. A. Alouhali, T. E.
Moellendick, and J. C. Santamarina, The effect of particle shape
on discharge and clogging, Sci. Rep. 11, 3309 (2021).

L032060-5


https://doi.org/10.4269/ajtmh.1994.51.642
https://doi.org/10.1029/2019JB017813
https://doi.org/10.1029/2021JF006447
https://doi.org/10.1063/PT.3.5174
https://doi.org/10.1063/1.4893459
https://doi.org/10.1103/PhysRevFluids.3.104301
https://doi.org/10.1039/C9SM01583C
https://doi.org/10.1038/s41598-022-25831-w
https://doi.org/10.1103/PhysRevE.97.021102
https://doi.org/10.1039/D2SM00962E
https://doi.org/10.1007/s10404-015-1624-y
https://doi.org/10.1103/PhysRevLett.120.148001
https://doi.org/10.1016/j.memsci.2018.12.025
https://doi.org/10.1039/D2SM00013J
https://doi.org/10.1039/C6SM01879C
https://doi.org/10.1103/PhysRevFluids.3.110508
https://doi.org/10.1146/annurev-fluid-010816-060128
https://doi.org/10.1103/PhysRevLett.124.248005
https://doi.org/10.1146/annurev-conmatphys-031620-105938
https://doi.org/10.1063/1.1818342
https://doi.org/10.1103/PhysRevE.95.032904
https://doi.org/10.2118/88819-PA
https://doi.org/10.1103/PhysRevE.86.061311
https://doi.org/10.1039/D1SM00738F
https://arxiv.org/abs/2407.05491
https://doi.org/10.1103/PhysRevE.104.065101
https://doi.org/10.1017/jfm.2022.981
https://doi.org/10.1103/PhysRevFluids.7.L092301
https://doi.org/10.1038/s41598-021-82744-w

VANI, ESCUDIER, JEONG, AND SAURET

PHYSICAL REVIEW RESEARCH 6, L032060 (2024)

[30] L. Zuriguel, Invited review: Clogging of granular materials in
bottlenecks, Pap. Phys. 6, 060014 (2014).

[31] B. P. Croom, A. Abbott, J. W. Kemp, L. Rueschhoff, L.
Smieska, A. Woll, S. Stoupin, and H. Koerner, Mechanics of
nozzle clogging during direct ink writing of fiber-reinforced
composites, Addit. Manuf. 37, 101701 (2021).

[32] D. C. Mays and J. R. Hunt, Hydrodynamic aspects of parti-
cle clogging in porous media, Environ. Sci. Technol. 39, 577
(2005).

[33] N. J. Di Vaira, L. Laniewski-Woltk, R. L. Johnson, S. M.
Aminossadati, and C. R. Leonardi, Hydrodynamic clogging of
micro-particles in planar channels under electrostatic forces,
J. Fluid Mech. 960, A34 (2023).

[34] A. Janda, 1. Zuriguel, A. Garcimartin, L. A. Pugnaloni,
and D. Maza, Jamming and critical outlet size in the dis-
charge of a two-dimensional silo, Europhys. Lett. 84, 44002
(2008).

[35] 1. Zuriguel, A. Garcimartin, D. Maza, L. A. Pugnaloni, and J. M.
Pastor, Jamming during the discharge of granular matter from a
silo, Phys. Rev. E 71, 051303 (2005).

[36] C. C. Thomas and D. J. Durian, Fraction of clogging configu-
rations sampled by granular hopper flow, Phys. Rev. Lett. 114,
178001 (2015).

[37] A. Nicolas, A. Garcimartin, and I. Zuriguel, Trap model for
clogging and unclogging in granular hopper flows, Phys. Rev.
Lett. 120, 198002 (2018).

[38] D. Gella, I. Zuriguel, and D. Maza, Decoupling geometrical and
kinematic contributions to the silo clogging process, Phys. Rev.
Lett. 121, 138001 (2018).

[39] D. Lépez-Rodriguez, D. Gella, K. To, D. Maza, A. Garcimartin,
and I. Zuriguel, Effect of hopper angle on granular clogging,
Phys. Rev. E 99, 032901 (2019).

[40] K. To, P--Y. Lai, and H. K. Pak, Jamming of granular flow in a
two-dimensional hopper, Phys. Rev. Lett. 86, 71 (2001).

[41] Q.-C. Yu, N. Zheng, and Q.-F. Shi, Clogging of granular mate-
rials in a horizontal hopper: Effect of outlet size, hopper angle,
and driving velocity, Phys. Rev. E 103, 052902 (2021).

[42] M. H. Khalid and Y. Zhou, Study of clogging phenomenon for a
conical hopper: The influence of particle bed height and hopper
angle, Sci. Technol. Nucl. Install. 2021, 1 (2021).

[43] S. Mondal, C.-H. Wu, and M. M. Sharma, Coupled CFD-DEM
simulation of hydrodynamic bridging at constrictions, Int. J.
Multiphase Flow 84, 245 (2016).

[44] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.6.L.032060 for the evolution of the
average number of escapees with the hopper angle for dry grains
extracted from the experiments of Lopez-Rodriguez et al.

[45] Z. Zhou, R. Moncada, N. Jones, J. Ulloa, X. Fu, and J. E.
Andrade, Simplified level set discrete element modeling of
particle suspension flows in microfluidics: Clogging statistics
controlled by particle friction and shape, Granular Matter 26,
39 (2024).

L032060-6


https://doi.org/10.4279/pip.060014
https://doi.org/10.1016/j.addma.2020.101701
https://doi.org/10.1021/es049367k
https://doi.org/10.1017/jfm.2023.214
https://doi.org/10.1209/0295-5075/84/44002
https://doi.org/10.1103/PhysRevE.71.051303
https://doi.org/10.1103/PhysRevLett.114.178001
https://doi.org/10.1103/PhysRevLett.120.198002
https://doi.org/10.1103/PhysRevLett.121.138001
https://doi.org/10.1103/PhysRevE.99.032901
https://doi.org/10.1103/PhysRevLett.86.71
https://doi.org/10.1103/PhysRevE.103.052902
https://doi.org/10.1155/2021/9993614
https://doi.org/10.1016/j.ijmultiphaseflow.2016.05.001
http://link.aps.org/supplemental/10.1103/PhysRevResearch.6.L032060
https://doi.org/10.1007/s10035-024-01405-7

