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 semi-dilute 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 semi-dilute 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 semi-dilute and dense suspensions.

Clogging is a major issue in a wide range of systems at
various length and time scales [1-4]. Clogging can hap-
pen when a flowing suspension is geometrically confined,
particularly in the presence of constrictions, and can im-
pair 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: siev-
ing [5-8] bridging [9, 10] and aggregation[11-14], or a
combination of thereof [15]. We focus here on bridg-
ing, corresponding to the formation of a stable arch of
several particles at a constriction. Recent studies have
shown that semi-dilute and dense suspensions follow a
general behavior for clogging similar to dry grains in si-
los despite some important differences (e.g., [9, 16, 17]).
More generally, the role of various parameters on bridg-
ing was investigated and included the constriction width
[9, 18, 19], particle roughness [20], particle stiffness [21],
liquid driving force [22], as well as active particles [23].
Geometrically, the ratio of the constriction width W to
the particle diameter d is key to determining the proba-
bility of clogging [15]. Experiments with dry grains in a
2D hopper suggest that the constriction angle 8 could also
affect the clogging probability of suspensions through the
selection of the minimum possible number of particles to
form an arch [24]. An example of the importance of this
angle might be found in additive manufacturing, as re-
cent research has shown that better design of the nozzle
angle can prevent the clogging of fiber-filled polymer ink
in 3D printers [25].

The difference between semi-dilute and dense suspen-
sions has been studied through the evolution of the
clogging probability with the particle fraction, reveal-
ing fundamental differences in the clogging of semi-dilute
and dense suspensions [10]. In the former, the num-
ber of particles forming an arch is minimized and equals
N, = |W/d] +1, i.e., the minimum size of an arch span-
ning the entire constriction. In contrast, dense suspen-
sions form arches with a variety of numbers of particles

N, > |W/d] + 1. This difference in arch formation leads
to a step-wise evolution of the clogging time with W/d
for semi-dilute suspensions and a continuous monotonic
increase of the clogging time with W/d for dense suspen-
sions [10], similar to the behavior of dry granular material
in 2D and 3D hoppers [24, 26-30]. Since the selection of
the number of particles in the arch is critical in the re-
duction of the clogging probability of dry grains in silos
[31], 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 non-Brownian monodisperse suspensions. This study
is geometrically bounded by two cases: a hopper, typical
of dry granular flows, with a constriction angle § = 90°
so that the reduction from the channel to the constric-
tion is abrupt, and a tapered long channel at small val-
ues of § when the reduction is smooth. For dry granular
materials, the seminal work of To et al. showed that
the angle of the constriction has little impact on clog-
ging for hoppers above a critical angle [32]. This result
was experimentally extended and further characterized
by Lépez-Rodriguez et al. [31], and confirmed in other
configurations [33, 34]. However, the influence of the
constriction angle remains elusive in the case of suspen-
sions [35]. In the following, we characterize the clogging
probability from hopper-like geometries to gently tapered
channels for both semi-dilute 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 appearance and geometry of clogs formed. The mil-
lifluidic devices are made using stereo-lithography (SLA)
printing methods (Formlabs Form 3) [10]. The system
is quasi-bidimensional with a height H ~ 0.95 mm, min-
imizing particles overlap. The design of the system is



FIG. 1. Examples of visualizations for (a) a large constriction
angle (6 = 60° and W/d = 1.7) with a semi-dilute suspension
at ¢ = 0.19, and (b) a smaller constriction angle (§ = 15°
and W/d = 2.7) with a dense suspension at ¢ ~ ¢n. The
particles of diameter d are flowing from left to right, first in
a main channel of width W, = 7.8 mm, and then brought to
a constriction of width W with a narrowing part of constant
angle 0. Scale bars are 3 mm.

illustrated in Figs. 1(a)-(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 con-
striction Wy, is kept constant in this study.

The suspensions consist of non-Brownian spherical
polystyrene particles of diameter d = 580 £ 15um
(Dynoseeds from Microbeads) dispersed in a Newto-
nian mixture of DI water and polyethylene glycol (PEG,
Sigma Aldrich) at 62%/38% per weight, with a dy-
namic viscosity of 7 = 75mPa.s. The density of the
interstitial fluid matches the density of the particles,
pr =~ pp ~ 1.05g.cm™3. The size of the particles en-
sures 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 con-
striction. Considering the quasi-bidimensional situation,
we define here the surface fraction of particles ¢ as the
ratio of the projected area of particles to the total area
[10]. In the following, we investigate the influence of
the angle of the constriction 6 on the clogging probabil-
ity. We consider both the cases of semi-dilute (¢ ~ 0.19
and 0.32) and dense (¢ ~ ¢,,) suspensions. The suspen-
sion is injected at a constant flow rate @ = 1mL/min
leading to particle velocity of order up ~ 2.2mm.s~! up-
stream of the constriction and a particle Reynolds num-
ber Re, = pr du,/np always smaller than unity.

We first performed the experiments with a semi-dilute
suspension at ¢ = 0.19 for constriction angles 2.5° <
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FIG. 2. Probability density function P(s/(s)) of the normal-
ized number of particles escaping the constriction s/(s) before
clogging for (a) ¢ = 19% with a constriction width W/d = 1.7
and (c) ¢ = ¢m with a constriction width W/d = 2.7. Evo-
lution of the average number of particles flowing through the
constriction (s) as a function of the constriction angle 6 for
(b) ¢ =19% and W/d = 1.7 and (d) ¢ = ¢m with W/d = 2.7.
The colorbar on the right indicates the angle of the constric-
tion.

f < 90°. Similar to previous studies for semi-dilute sus-
pensions [9, 10], the present experiments show that the
number of particles flowing through the constriction be-
fore clogging is characterized by an exponential distribu-
tion, p(s) o< e~*. In addition, using the mean number
of escapees (s), the experimental data for all constric-
tion angles collapse on a master curve, as reported in
Fig. 2(a). This observation is expected since the clog-
ging process is stochastic and can thus be described by
a geometric law [32]. 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 Fig. 2(d) the evolution of
(s) for a semi-dilute 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 behaviors 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°. However,
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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
function of the angle of the constriction for semi-dilute and
dense suspensions. Inset: Divergence of (s)/(s)o in the limit
of small angles 6.

the relative increase of (s) seems more limited for the
semi-dilute suspension than for the dense suspension.

To characterize more quantitatively the relative influ-
ence of the constriction angle in the semi-dilute 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)p and shown by the horizontal dotted line in Fig.
2(c) and 2(d).

Fig. 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 § = 5°, the millifluidic channel can take as
long as 7 times the time it would take for a dense sus-
pension 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 sug-
gest that (s)/(s)p o (sin#)* where @ < 0 depends on
the experimental condition. This scaling law observed
comes from the fact that the reaction of the particles
with the solid surface is proportional to sinf. In par-
ticular, for semi-dilute suspension and a small constric-
tion W/d = 1.7 we observe that for both ¢ = 0.19
and ¢ = 0.32, |a] < 1 (Jo| = 0.5 £0.1). However,
for dense suspensions (¢ ~ ¢r,) the exponent is larger,
|a] = 1.1£0.3, and seems similar for the two dimension-
less constriction width W/d considered here, although
the data suggests that for W/d = 1.7 the coefficient
is closer to |a| = 0.9 and for W/d = 2.7 is closer to
|a] = 1.2. This observation suggests that reducing the
angle of the constriction is more efficient in delaying clog-
ging for concentrated suspensions with particles almost
always in contact.

Although their focus was more on the evolution of clog-
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FIG. 4. Relative percentage of clogging arches with N, par-
ticles when varying the angle of the constriction of width
W/d = 1.7 for (a) ¢ = 0.19 and (b) ¢ ~ ¢m. The color
code indicates the number of particles in the arches. (c) Evo-
lution of the average number of particles (Np) in the clogging
arches in the same two cases.

ging with W/d rather than the angle, we can consider the
experimental data of Lépez-Rodriguez et al. [31] for some
values of W/d (see supplementary material). In their ex-
periments, 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 addition, the increase of (s)/(s)o when re-
ducing the constriction angle is even more pronounced. A
fit to their data suggests that (s)/(s)o o (sin)* still ap-
ply. However, the value obtained from their experiments
at a similar W/d than our dense suspension is |a| ~ 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 supplementary material).
Such an effect was less significant for dense suspensions,
likely due to limitations in our range of |W/d|. The dif-
ference 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
(sin§)® in the semi-dilute and dense cases, we analyzed
the arches formed for all experiments, and in particular
the number of particles that constitute them. We report
in Figs. 4(a) and 4(b) the evolution of the percentage of
arches made of IV, particles for ¢ = 0.19 and ¢y, respec-
tively. We observe that for semi-dilute suspensions, the
number of particles constituting an arch for W/d = 1.7
remains equal to |W/d] 4+ 1 = 2 irrespective of the con-
striction angles. In contrast, Fig. 4(b) illustrates that for
¢ ~ ¢m, a range of arch sizes is possible when the con-
striction angle is large, approximately § 2 45°. Arches
comprised 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,
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FIG. 5. Example of streamlines and velocity amplitude (color
bar) for W/d = 1.7, ¢ = 0.19 and (a) § = 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 Tconstri and
at the average position of clogs (Zciog) as a function of the
constriction angle 0 for ¢ = 0.19. The horizontal dashed line
is the velocity of the fluid computed with the imposed flow
rate.

a trend emerges where only one arch size, equivalent to
|[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 comparing the evolution of the aver-
age 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 sta-
ble arch configurations available for clogging. This result
is also valid for larger W/d with dense suspensions (see
Supplementary Materials). The present observation is
in agreement with the one reported for granular flows
[31, 32].

As a result, since the reduction in arch size is not possi-
ble for semi-dilute suspensions as the arch size is already
minimized, the effect of decreasing the constriction an-
gle is less pronounced for semi-dilute suspensions. This
is the main cause behind the distinct divergent behavior
of semi-dilute 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 semi-dilute suspensions, fluid flow may
affect the clogging dynamics and stability of the arches.
We report the trajectory of the particles in Fig. 5(a) for
6 = 7.5° and 5(b) for # = 60°. The trajectories of the
particles follow qualitatively the fluid streamlines, but
particles have a slightly lower velocity due to the verti-
cal confinement. Since incoming particles will impact on
arches just after their formation occuring at different lo-
cations depending on the angle, we consider in Fig. 5(c)

the average distance between the position of a clog (de-
fined at the most upstream edge of the arch) and the
constriction, (lciog). As expected (leog) increases when
decreasing 6 since the clogs form earlier in the channel.
We can then compare in Fig. 5(d) the velocity of par-
ticles 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 observation was expected at the constriction, it is
also the case at the average position of clogs as this lo-
cation moves further away from the constriction when
decreasing the angle [Fig. 5(c)]. Therefore, stable arches
are created, on average, 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 re-
arrangements before the constriction. Such effects might
lead to a smoother flow rate of particles through the con-
striction and, thus, to fewer variations in the local solid
fraction directly upstream of the constriction. Nonethe-
less, our experiments seem to suggest that hydrodynam-
ics 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 work characterized the role of the
constriction angle on the bridging of semi-dilute 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 both the diver-
gence at low angles for semi-dilute and dense suspensions
scales as (sin#)® (a < 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 ge-
ometrical constraints, as reported for dry grains in silos
[31] and thus reduce significantly the clogging probability.
The role of 6 is less important for semi-dilute suspensions
since arches are already formed with the minimal number
of particles N, = |W/d| 4 1 regardless of §. The smaller
divergence observed is due to the mechanical stability of
the arch, an effect that is present in both cases. Finally,
while hydrodynamics may play a role in the clogging of
semi-dilute 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 particles and the particle-particle and
particle-wall interactions could help decipher more accu-



rately the contribution of both mechanisms [36].
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Supporting Material for

Role of the constriction angle on the clogging by bridging of suspensions

ABSENCE OF CORRELATION BETWEEN SUCCESSIVE CLOGGING EVENTS

Two clogging events by bridging of cohesionless non-Brownian particles should be independent of each other. In
our experiments, for all angles considered, series of trials were conducted in a sequential process. For semi-dilute
suspensions, in the event of a clog, the device was flushed with fluid alone, eliminating any particles within the
system. Therefore, each trial starts with a new batch of suspensions, allowing for a precise control of the solid
fraction. For dense suspensions, whenever a clog occurred, the flow direction was reverted for a sufficiently long time
to break the clog and ensure that we reinitialized the system. The flow direction was then reversed again to return
to the initial conditions. This cycle was repeated a sufficient number of times for every set of parameters until we
obtained statistically relevant results.

We report in Fig. 6(a) and Fig. 6(b) the number of escapees for a clogging event i as a function of the number of
escapees in the previous clogging event ¢ — 1, for semi-dilute and dense suspensions, respectively. The dispersion of
the data indicates that our experimental methods do not lead to any apparent correlation between consecutive events,
i.e., the history of the system does not influence subsequent clogging events.
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FIG. 6. Number of particles flowing through the constriction before a clogging event occurs for the experiments i, s;, as a
function of the number of particles in the previous clogging event, s;_1, for (a) a semi-dilute suspension (¢ ~ 0.19, W/D = 1.7,
0 = 2.5°) and (b) a dense suspension (¢ ~ ¢m, W/d = 2.7, § = 10°).

EVOLUTION OF (s)/(s)o WITH THE HOPPER ANGLE FOR DRY GRAINS

Loépez-Rodriguez et al. [31] have considered the role of the narrowing angle on the clogging of dry grains discharged
from a two-dimensional hopper under the action of gravity. Since their system shares some common features with our
millifluidic experiments, but also some key differences, we report their experimental data for different W/d in Fig.
7. Note that their definition of the constriction angle differs from our definition in that it is complementary (i.e., a
constriction angle of 60° in their study corresponds to 90° — 60° = 30° with our notation). Lépez-Rodriguez et al.
kept 0 constant and varied W/d. As a result, it is not possible to get exactly the same value of W/d and vary the
angle so that we interpolate between appropriate values of W/d to get the values presented here. We define (s)o as
the average number of escapees in the plateau region (6 > 40°).

We report in Fig. 7 the evolution of (s)/(s)o as a function of the angle of the constriction. Interestingly, their
experimental results show a similar qualitative behavior as the one observed in our experiments. In particular, it
shows a similar divergence, scaling as (s)/(s)o o (sin@)®. However, |a| ~ 2.5 is significantly larger than the one
observed for dense suspensions at a similar W/d in our experiments. Moreover, in their data the value of |« varies
widely based on |W/d]|. Such an effect was not observed for dense suspensions, likely due to the factor that our range
of |W/d] was more limited due to experimental constraints.



FIG. 7. Evolution of the rescaled average number of particles flowing through the constriction before clogging, (s)/(s)o, as a
function of the angle of the constriction of the hopper, 0. Data are extracted from the experiments of Lépez-Rodriguez et al.
[31]. Inset: Exponent || characterizing the divergence as (s)/(s)o x (sin#)* (o < 0) in the limit of small angles 6.
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SIZE DISTRIBUTION OF ARCHES FOR DENSE SUSPENSIONS AT W/d = 2.7

In Figs. 4(a) and 4(b) in the main paper, we compared side by side the distribution of the number of particles in
clogging arches for semi-dilute and dense suspensions, respectively, for the same constriction width, W/d = 1.7. We
report here in Fig. 8(a) the distribution p(Vp), i.e., the number of particles that constitute the arches formed for
a dense suspension (¢ ~ ¢n,) and a constriction width W/d = 2.7. We observe a similar behavior with a range of
possible sizes of arches formed for dense suspension at § 2 30°. Decreasing the constriction angle § here also leads
to a selection of the size of the arches formed towards N, = |W/d] + 1 = 3, as can be seen in Fig. 8(b) where the

average arch size (in number of particles) (Np) is reported.
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FIG. 8. (a) Relative percentage of clogging arches with NN, particles when varying the angle of the constriction 6 for a width
W/d = 2.7 for dense suspensions (¢ ~ ¢m). The color code indicates the number of particles in the arches. (b) Evolution of
the average number of particles (IV,) in the clogging arches with the constriction angle in the same configurations.

80

5.5

(b)
L [ ]
° [ ]
| . . .
| e® ®
i W/d]+1=3
0 20 40 60 80




