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The effect of particle shape 
on discharge and clogging
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J. Carlos Santamarina1*

Granular flow is common across different fields from energy resource recovery and mineral processing 
to grain transport and traffic flow. Migrating particles may jam and form arches that span constrictions 
and hinder particle flow. Most studies have investigated the migration and clogging of spherical 
particles, however, natural particles are rarely spherical, but exhibit eccentricity, angularity and 
roughness. New experiments explore the discharge of cubes, 2D crosses, 3D crosses and spheres 
under dry conditions and during particle-laden fluid flow. Variables include orifice-to-particle size ratio 
and solidity. Cubes and 3D crosses are the most prone to clogging because of their ability to interlock 
or the development of face-to-face contacts that can resist torque and enhance bridging. Spheres 
arriving to the orifice must be correctly positioned to create stable bridges, while flat 2D crosses 
orient their longest axes in the direction of flowlines across the orifice and favor flow. Intermittent 
clogging causes kinetic retardation in particle-laden flow even in the absence of inertial effects; the 
gradual increase in the local particle solidity above the constriction enhances particle interactions 
and the probability of clogging. The discharge volume before clogging is a Poisson process for small 
orifice-to-particle size ratio; however, the clogging probability becomes history-dependent for non-
spherical particles at large orifice-to-particle size ratio and high solidities, i.e., when particle–particle 
interactions and interlocking gain significance.
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  Particle surface area
do [m]  Ori�ce size
d [m]  Particle size
(do/d)50[]  Characteristic ori�ce-to-particle size ratio with clogging probability p = 0.5
k[]  Logistic function growth rate
n[]  Number of particles in a bridge
Nd[]  Number of discharged particles before clogging
p[]  Clogging probability
Ve [ml]  Elementary �uid volume
Vd [ml]  Discharged volume before clogging
Vp

[

m
3
]

  Particle volume
Vs [ml]  Discharged suspension volume
α[]  Weibull scale parameter
β[]  Weibull shape parameter
Φ[]  Solidity = (volume of particles)/(total volume)
�[]  Fitted shape coe�cient
ρp

[

g/cm3
]

  Particle mass density
ρf

[

g/cm3
]

  Fluid mass density
ζ [◦]  Inter-particle angle
ψ[]  Particle sphericity

Granular �ow is common across di�erent �elds including silo discharge in the food  industry1, cement  production2 
and the transport of mining  products3. Granular �ow is o�en driven by �uids as in particle-laden �uid �ow in 
porous media during water  extraction4 and oil  production5–8. In either case, migrating particles may jam and 
form arches that span constrictions and hinder particle  �ow9. Similar granular �ow phenomena emerge in other 
�elds, from vehicular transportation to crowd management at exit  points10.
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Many experimental, theoretical and numerical studies have investigated the migration and clogging of spheri-
cal  particles4,10–14. Results highlight the central role of the constriction-to-particle size ratio do/d in clogging, and 
show that the probability of clogging depends on the solidity Φ in the �owing �uid, de�ned as the ratio of the 
solid volume of migrating particles to the total �uid  volume15.

Natural particles are rarely spherical, but exhibit eccentricity, angularity and  roughness1,16,17. Shape emerges 
as a critical parameter in lost circulation treatment during oil  drilling5,18,19, sand control  methods20,21 and in the 
development of novel construction  materials22,23. Previous research has investigated the role of particle shape 
on packing density and mechanical properties of granular  media24,25. Experimental evidence and numerical 
simulation results show that particle interlocking governs the behavior of non-convex particles, while face-to-
face aggregation leads to high packing densities in faceted  particles26,27. Furthermore, ellipsoidal particles align 
their longest axes along the direction of  �ow3,28. �e discharge rate of faceted and non-convex particles through 
a hopper during dry granular �ow is lower than the �ow rate of smooth  spheres1,22,29.

�is study evaluates the discharge of spherical, elongated, faceted, and non-convex particles during both dry-
granular and particle-laden �uid �ow. Experimental results and functions with physically justi�able asymptotic 
trends and with a minimum number of parameters (Ockham’s criterion) enable us to compare the clogging 
tendencies for di�erent shapes.

Experimental studies: materials and methods
Experiments involve plastic particles of four di�erent shapes: cube, 2D cross, 3D cross and sphere (see Fig. 1 for 
dimensions). �e 2D and 3D crosses were 3D printed with acrylonitrile butadiene styrene plastic �lament (ABS: 
ρp  = 1.04 g/cm3. Printer: Fortus 400 mc, Stratasys—STL �les provided as supplementary materials). We purchased 
the plastic cubes (ρp = 1.09 g/cm3) and spheres (ρp = 1.02 g/cm3) and inspected them for consistency. �e particle 
sphericity ψ relates the particle surface area Ap to that of a sphere of the same volume Vp

17,30:

Clearly, sphericity decreases as the particle shape deviates from a spherical geometry for which ψ = 1. Figure 1 
lists the value of sphericity ψ for the particles tested in this study.

(1)ψ =

3

√

36πV2
p
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Figure 1.  Particle shapes tested in this study. �e angle of repose expressed as the mean ± the standard 
deviation SD. �e initial packing density or solidity inside the hopper before discharge Φi. �e characteristic size 
ratio (do/d)50 obtained by �tting Eq. (2) to data in Fig. 3.
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Particle shape determines mobility, interlocking and the angle of  repose31. We measure the angle of repose 
on a rough surface to hinder particle rolling and follow these steps: (1) �ll a cylinder with the selected particles, 
(2) slowly li� the cylinder to let the particles �ow and form a granular heap, and (3) measure the angle the heap 
forms with the horizontal surface close to the base of the heap. We repeat the experiment for each shape �ve 
times and measure two diametrically opposite angles of repose. Results in Fig. 1 con�rm the inverse relationship 
between sphericity and angle of repose.

We use a �at-bottom hopper for dry granular �ow experiments (Fig. 2a). All tests follow the same procedure: 
we close the ori�ce and �ll the hopper with the selected particles (spheres, 2D cross and 3D cross: 4000 particles; 
only 2000 cubic particles �t inside the hopper due to the larger particle volume); then we uncover the ori�ce 
and let the particles �ow until they form a bridge and clog the ori�ce, or the hopper is emptied. We run these 
experiments for di�erent shapes and do/d size ratios and repeat each test 20 times. �e initial packing density or 
solidity Φi of particles inside the hopper before discharge varies for the di�erent shapes (Fig. 1).

�e device for particle-laden �uid �ow involves the two-compartment hopper shown in Fig. 2b with an 
adjustable ori�ce size to accommodate do/d ratios between 1.5 and 7.5; the double compartment design allows 
us �ow rate control through the lower outlet regardless of the do/d ratio. We use a viscous aqueous solution of 
xanthan gum to suspend particles (mass concentration of xanthan gum = 0.002, viscosity = 93 cp, mass density 
ρf = 0.99 g/cm3). �e particle settling velocity determined from sedimentation tests is lower than 0.17 mm/s 
for all shapes while the initial particle discharge velocity exceeds 5 mm/s. Given the similarity in mass density 
ρp/ρf = 1.05 and the low Stokes velocity, we assume that particles �ow neutrally buoyant without signi�cant 
deviations from the �uid.

�e test starts by �lling the lower compartment with the aqueous xanthan gum solution, then the upper 
compartment with the particle-laden suspension. We open the outlet at the bottom of the lower compartment 
to initiate �uid �ow, and use a high-resolution scale to continuously monitor the total discharge mass (OHAUS 
Valor 7000). Figure S1 in the supplementary materials illustrates the discharged mass as a function of time for a 
typical test; “falling head” boundary condition justi�es the decrease in �ow rate during the experiment, even in 
the absence of particles and clogging. While �ow rate a�ects particle migration and clogging when ρp > ρf (grav-
ity and inertial  retardation12), changes in �ow rate have a minor e�ect on clogging when particles are neutrally 
buoyant (ρp ≈ ρf).

We also image the 3D granular dome that forms above the openings during dry granular �ow (X-ray tomog-
raphy, pixel resolution: 40–100 μm). �e post-processing image analysis involves the “watershed” algorithm to 
separate and identify individual particles (Avizo, �ermo Fisher Scienti�c).

Experimental results
Particles form a bridge when they arrive quasi-simultaneously at the  ori�ce11,32. �e probability that the needed 
number of particles arrive at the ori�ce in the correct con�guration decreases rapidly with do/d and increases 
with the initial particle volume fraction or solidity Φi. Dry granular �ow experiments have the highest inlet 

Figure 2.  Hoppers. (a) Dry granular �ow tests. (b) Particle-laden �uid �ow tests; the dual chamber 
con�guration allows for controlled discharge rate.
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solidity Φi and set the upper bound for the constriction-to-particle size ratio do/d that can experience clogging 
for a given �ow volume.

Dry granular flow. We de�ne the clogging probability p during dry granular �ow tests as the ratio of the 
number of tests that clog within a maximum discharge of 4000 particles (2000 particles in experiments with 
cubes), to the total number of tests. Figure 3 illustrates the clogging probability as a function of do/d ratio for the 
di�erent particle shapes. A logistic function �ts experimental results (Fig. 3):

�is equation has two �tting parameters: k is the logistic function growth rate, and (do/d)50 is the size ratio 
with a clogging probability of p = 0.5. Cubes are the most prone to clogging for a given size ratio and form the 
largest granular bridges during dry granular �ow with (do/d)50 = 7.2, followed by the 3D crosses (do/d)50 = 6.7, 
2D crosses (do/d)50 = 5.5 and spheres (do/d)50 = 4.7.

Figure 4 illustrates the number of particles discharged before clogging for the di�erent shapes during dry 
granular �ow. We �t the data in Fig. 4 with a power function:

Granular domes either readily form soon a�er uncovering the ori�ce or the entire hopper empties. �us, 
the particle discharge data in Fig. 4 re�ects the structure of the granular dome that forms above the ori�ce 
immediately a�er releasing the plug. �e one-particle discharge asymptote Nd = 1 for size ratio do/d → 1 implies 
that bridging forms instantaneously upon unplugging the ori�ce and that only one particle can fall if sitting 
immediately above the ori�ce.

�e lower bound exponent γ = 2 represents a discharge of one layer of particles sitting on the ori�ce. �e 
upper bound exponent γ = 3 represents the number of particles that occupy a volume ∝ d3 just above the ori�ce 
with a solidity similar to simple cubic packing. �e 2D crosses are anisotropic, thus, the upper bound for these 
particles takes into consideration their thickness dt:

where d/dt is a measure of particle �atness. Indeed, experimental results show that the particle discharge for the 
2D crosses is higher than for the other shapes.

Particle-laden fluid flow. �e observed sequence of events leading to clogging at large do/d ratios during 
particle-laden �ow is similar for all shapes and test conditions. At the beginning, particles form unstable bridges 
that readily collapse (intermittent clogging). Increasingly, particles accumulate around and above the ori�ce 
increasing the local solidity Φ. A�er multiple bridging and destabilization events, a stable bridge forms and addi-
tional particles soon become trapped behind the bridge and contribute to its stability. Clearly, bridge formation 
at pore constrictions is a stochastic event when particles are in suspension.

We repeat the tests for each shape, suspension solidity Φi and ori�ce-to-particle size ratio do/d to obtain 
statistical trends for clogging. Let’s de�ne the elementary volume Ve as the suspension volume associated with 

(2)p =
1

1 + exp(−k · (do/d − (do/d)50)

(3)Nd = (do/d)γ applies to do/d ≥ 1

(4)Nd = (do/d)2(do/dt) = (do/d)3(d/dt)

Figure 3.  Dry granular �ow: Clogging probability as a function of ori�ce-to-particle size ratio do/d for the 
spheres, 2D crosses, 3D crosses and cubes (experimental results). �e clogging probability is the ratio of the 
number of tests that clogged (within a maximum discharge of 4000 particles for spheres, 2D and 3D crosses, 
and 2000 particles for cubes) to the total number of tests (20 trials). Datapoints: 360 independent experimental 
realizations. Lines: logistic function (Eq. 2).
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one particle (Note: Ve = Vp/Φi where Vp is the volume of a particle). �en, the number of discharged elementary 
volumes is the total discharged volume Vd divided by Ve. Figure 5 illustrates the number of discharged elementary 
volumes as a function of the size ratio do/d for the di�erent shapes. We �t the data in Fig. 5 with a power-law 
model to obtain quantitative parameters that enable us to compare the clogging tendencies of di�erent shapes 
(see related analytical  solution11):

where the shape-dependent λ-exponent decreases as particles favor clogging (Fig. 5). �e high λ-exponents 
(λ = 4.55–9.5—Fig. 5) highlight the fast increase in expected discharge volume with ori�ce-to-particle size ratio 
do/d. �is response is a consequence of two concurrent trends as the number of particles required to form the 
bridge increases: (1) the probability that all needed particles will arrive simultaneously decreases and (2) the 
stability of larger bridges becomes increasingly more sensitive to the relative position of neighboring particles. 
�erefore, while clogging is theoretically possible for any do/d size ratio, its likelihood becomes diminishingly 
small for large ori�ce sizes. �e lower asymptote of the adopted power-law model re�ects the fact that clogging 
is guaranteed when particles are larger than the ori�ce do/d < 1; then, at most one elementary volume could drain 
before clogging (Note: the expected value is, Vd/Ve → 0.5 for do/d < 1).

We run complementary tests to de�ne the “clog” versus “non-clog” domains in the Φi-versus-do/d space for a 
given total discharge suspension volume Vs. Figure 6 summarizes the e�ect of particle shape on domain bounda-
ries for a discharge suspension volume Vs < 800 ml. �ese results clearly show that the 3D crosses and cubes clog 
more readily for all solidities Φi, followed by the spheres and 2D crosses; this trend is consistent with the �tted 
shape λ-exponent in Fig. 5. Domain boundaries superimposed on Fig. 6 correspond to φ = a[(do/d) − 1]

2 where 
a is a �tting parameter. Clogging is guaranteed when do/d < 1 even for the minimum possible initial solidity of 
one particle in the available �uid volume, Φi,min. As the initial �uid volume can be extended to any value, we 
adopt the asymptote Φi,min = 0 for do/d → 1.

Di�erences between domain boundaries for the cubes and 3D crosses are within the margin of error so we 
cannot conclude about their relative propensity to clog.

(5)
Vd

Ve
= (do/d)� applies to do/d ≥ 1

Figure 4.  Dry granular �ow: number of particles discharged before clogging as a function of the size ratio 
do/d. Granular shapes: (a) spheres, (b) 2D cross, (c) 3D cross and (d) cubes. Datapoints: 134 independent 
experimental realizations. Lines: power function (Eq. 3). �e γ-exponents selected to capture the lower (γ = 2) 
and upper (γ = 3) bounds. *�e upper bound for the 2D cross data takes into consideration particle �atness 
(Eq. 4).
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Bridge formation. �e geometrical analysis of bridges made of spherical particles relates the size ratio do/d, 
the angle between two adjacent particles ζ, and the number of particles n in the  bridge33:

For spherical particles to form a dome, a number n of particles must simultaneously arrive at the ori�ce with 
the correct inter-particle angle ζ. Spheres that arrive with an incorrect con�guration will allow slippage and 
prevent dome formation. �e limited inter-particle contact area and lack of interlocking hinders bridge forma-
tion by spherical particles.

Cube-cube interaction can sustain a torque and cubes do not roll  freely1,34, so cubic particles may not slip past 
each other even when they arrive in slightly incorrect con�gurations. Face-to-face or face-to-edge interactions 
cause several cubic particles to move in clusters and behave like a single larger  particle22,27,34.

Hindered particle rotation and interlocking prevail among 3D crosses. Two or more particles o�en “aggre-
gate” during �ow and reach the ori�ce as a larger  cluster26,27. �ere is rapid clogging by simultaneous arrival 
at do/d < 3 and intermittent clogging at do/d > 3 and Φi = 0.25, indicative of bridge destabilization and particle 
accumulation. For comparison, intermittent clogging of spherical particles during particle-laden �uid �ow has 
been observed for 3 < do/d < 435,36.

�e �at 2D crosses orient their longest axes in the direction of �owlines across the ori�ce (similar observa-
tions for mica  platelets32). As a result, a large number of the 2D crosses needs to arrive simultaneously at the 
ori�ce to form an  arch3. Clearly, deviation from sphericity is needed in all three dimensions in order to favor 
bridge formation.

X-ray tomographic images reveal the unique particle assemblages that form the dome-like structures for dif-
ferent particle shapes (Fig. 7), and underlying interparticle interactions: through a single point contact between 
spherical particles (Fig. 7a), face-to-face and face-to-edge contacts among cubic particles (Fig. 7b) and multiple 
contact points and particle interlocking among 3D crosses (Fig. 7c). �e resulting cavity geometry re�ects these 

(6)
do

d
=

sin

(

nπ−nζ

2

)

cos

(

ζ

2

)

Figure 5.  Particle-laden �uid �ow: discharged elementary volumes before clogging as a function of ori�ce-to-
particle size ratio do/d. Granular shapes: (a) 3D crosses, (b) cubes, (c) spheres and (d) 2D crosses. Datapoints: 
280 independent experimental realizations, colored by initial suspension solidity Φi. Lines: power function 
(Eq. 5). �e λ-exponent is a shape-related �tting parameter. Light gray lines added for relative reference among 
plot.
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interactions, ranging from regular domes made of spherical particles, a column-beam structure formed by cubes, 
and non-convex openings formed by interlocking crosses (CT images in Fig. S2).

Analyses and discussion
Dry granular flow versus particle-laden fluid flow. �e initial packing density or solidity Φi of dry 
particles before hopper discharge di�ers with particle shape; in particular, the initial solidity of cubes (Φi = 0.83) 
is signi�cantly higher than for other shapes Φi = 0.45 to 0.68 (Fig. 1). In addition, cubic particles align with the 
hopper walls, form ordered columnar structures during granular �ow and e�ectively decrease the hopper cross-
sectional area. Reduced e�ective hopper size and high packing density explain the high clogging probability of 
cubes during dry granular �ow (Fig. 3).

Angle of repose measurements capture particle relative mobility and hint to the propensity of di�erent shapes 
to clog (Fig. 1). Cubes do not follow the general trend, as clogging by cubic particles bene�ts from their inherent 
tendency to form ordered columnar structures that can resist bending (i.e., interparticle torque). Sphericity ψ 
and initial solidity Φi do not capture the complex particle interactions during �ow, including particle ordering, 
interlocking and alignment, and cannot fully predict the relative clogging tendencies of di�erent shapes.

Dense particles experience inertial retardation when the �uid streamlines bend around constrictions or gravi-
tational retardation due to self-weight13,15. Our particle-laden �uid �ow experiments were designed with neutrally 
buoyant particles ρp ≈ ρf to minimize inertial e�ects. Yet, we observed “kinetic retardation”, i.e., the gradual local 
accumulation of particles during intermittent clogging prior to stable bridge formation. In all cases, granular 
retardation results in a gradual increase in the local particle volume fraction or solidity above the constriction, 
which increases the probability of clogging.

Finally, we expect the force distribution within the granular pack that forms above the ori�ce to be strongly 
in�uenced by �uid drag and to change as particles accumulate against the bridge. Bridges with limited stability 
fail to take the load, thus, particle-laden �uid �ow o�en experiences intermittent clogging.

Discharge distribution. Previous research results gathered with spherical particles show that the probabil-
ity of clogging is constant and time independent during dry granular �ow and particle-laden �uid �ow, and that 

Figure 6.  Particle-laden �uid �ow: Clogging domains before a discharge suspension volume Vs < 800 ml 
(experimental results). Space de�ned by the initial suspension solidity Φi and the ori�ce-to-particle size ratio 
do/d. Green: clogging probability p = 1. Red: p = 0. Yellow: 0 < p < 1. Lines: domain boundaries follow a second-
order power equation φ = a[(do/d) − 1]

2 . �e light gray lines added for mutual reference. Figure represents 
280 independent experimental realizations.
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the discharge mass before clogging for a speci�c size ratio do/d follows an exponential  distribution32,35. However, 
these observations do not hold for non-spherical  particles37,38.

We test these observations for particle-laden �uid �ow by analyzing the distribution of discharge volume 
before clogging. Figure 8 illustrates the cumulative distributions obtained from the measured discharge volume 
before clogging for spheres and 3D crosses. Each cumulative distribution includes data from more than 14 tests. 
We �t the discharge volume before clogging with the two-parameter Weibull distribution  function39:

where α and β de�ne the distribution. �e shape parameter is β > 1 when the event rate increases with discharge 
volume Vd. �e Weibull distribution reduces to the exponential distribution when β = 1.

�e Weibull distribution �ts the experimental data with exponents close to β = 1 for low size ratios do/d 
(spherical particles: do/d = 2, Φi = 0.15, β = 1.5; 3D crosses: do/d = 2, Φi = 0.05, β = 1.5). However, the Weibull shape 
parameter increases at large do/d ratios (3D crosses: do/d = 2, Φi = 0.15, β = 1.8 and do/d = 3, Φi = 0.15, β = 2.7). 
�ese results suggest that the clogging of small ori�ces do/d < 3 is a Poisson process, however, the clogging prob-
ability becomes history-dependent for large do/d ratios and large solidities Φi where particle–particle interactions 
and interlocking gain signi�cance. Kinetic retardation and local particle accumulation near the ori�ce enhance 
particle interactions and increases β.

Conclusions
We investigated the discharge and clogging behavior of spherical, elongated, faceted, and non-convex particles 
during both dry-granular and particle-laden �uid �ow. Results highlight the role of particle shape on the aver-
age discharge volume before clogging, which also depends on the ori�ce to particle size ratio do/d and initial 
solidity Φi.

Particle shape de�nes particle-to-particle interaction and relative mobility. Cubes and 3D crosses are the most 
prone to clogging. �e superior clogging performance of the 3D crosses results from their ability to interlock. 
Face-to-face contacts among cubes can resist torque and enhance the clogging probability. Consequently, particle-
to-particle interactions de�ne the geometry of clogging domes: column-beam geometry for cubes, non-convex 
cavities for interlocking crosses, and regular domes formed by spherical particles.

(7)F(Vd) =

∫ Vd

0

f (Vd)dVd = 1 − e

(

−

Vd
α

)β

Figure 7.  Bridge topology (experimental results). CT scans of bridges formed by (a) spheres, (b) cubes and (c) 
3D crosses above the ori�ce during dry granular �ow. Typical particle–particle interaction modes are shown 
below each scan.
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We tested neutrally buoyant particles. Still, intermittent bridge formation and destabilization events contribute 
to the gradual increase in local solidity near the ori�ce. �erefore, kinetic retardation and inertial retardation 
promote clogging.

�e cumulative distribution of discharge volume before clogging follows a Poisson distribution for spherical 
particles, which indicates that clogging is a random process. However, non-spherical particles exhibit a Weibull 
cumulative distribution for volume discharge prior to clogging at large do/d ratios and solidity Φi. Clogging by 
non-spherical particles is history-dependent due to particle–particle interactions and retardation.

We adopted functions with physically justi�able asymptotic trends and with a minimum number of param-
eters (Ockham’s criterion) to compare the clogging tendencies. While the model parameters relate to particle 
shape, index properties such as angle of repose, sphericity and initial solidity do not capture the complex particle 
interactions during granular �ow and cannot fully predict the relative clogging tendencies of di�erent shapes.

Received: 18 October 2020; Accepted: 13 January 2021

References
 1. Fraige, F. Y., Langston, P. A. & Chen, G. Z. Distinct element modelling of cubic particle packing and �ow. Powder Technol. 186, 

224–240. https ://doi.org/10.1016/j.powte c.2007.12.009 (2008).
 2. Govender, N. et al. Hopper �ow of irregularly shaped particles (non-convex polyhedra): GPU-based DEM simulation and experi-

mental validation. Chem. Eng. Sci. 188, 34–51. https ://doi.org/10.1016/j.ces.2018.05.011 (2018).
 3. Ashour, A., Wegner, S., Trittel, T., Börzsönyi, T. & Stannarius, R. Out�ow and clogging of shape-anisotropic grains in hoppers with 

small apertures. So� Matter 13, 402–414. https ://doi.org/10.1039/C6SM0 2374F  (2017).
 4. Herzig, J. P., Leclerc, D. M. & Go�, P. L. Flow of suspensions through porous media—application to deep �ltration. Ind. Eng. Chem. 

62, 8–35. https ://doi.org/10.1021/ie507 25a00 3 (1970).
 5. Lavrov, A. in Lost Circulation (ed Alexandre Lavrov) 207–237 (Gulf Professional Publishing, 2016).
 6. Valdes, J. R. & Santamarina, J. C. Particle transport in a nonuniform �ow �eld: Retardation and clogging. Appl. Phys. Lett. 90, 

244101. https ://doi.org/10.1063/1.27488 50 (2007).
 7. Sharma, M. M. & Yortsos, Y. C. Transport of particulate suspensions in porous media: Model formulation. AIChE J. 33, 1636–1643. 

https ://doi.org/10.1002/aic.69033 1007 (1987).

Figure 8.  Discharge volume: statistical analysis (experimental results). Cumulative distribution of the discharge 
volume before clogging Vd for (a) spheres and (b–d) 3D crosses at di�erent initial suspension solidity Φi and 
size ratios do/d. Datapoints: experimental cumulative distribution based on 14 or more experiments. Red dashed 
line: exponential distribution function (β = 1). Black dashed line: Weibull distribution function (Eq. 7). β: 
Weibull shape parameter.

https://doi.org/10.1016/j.powtec.2007.12.009
https://doi.org/10.1016/j.ces.2018.05.011
https://doi.org/10.1039/C6SM02374F
https://doi.org/10.1021/ie50725a003
https://doi.org/10.1063/1.2748850
https://doi.org/10.1002/aic.690331007


10

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3309  | https://doi.org/10.1038/s41598-021-82744-w

www.nature.com/scientificreports/

 8. Fogler, H. S. & Khilar, K. Migrations of Fines in Porous Media. (Springer, London, 1998).
 9. Goldberg, E., Manuel Carlevaro, C. & Pugnaloni, L. A. Clogging in two-dimensions: e�ect of particle shape. J. Stat. Mech: �eory 

Exp. 2018, 113201. https ://doi.org/10.1088/1742-5468/aae84 b (2018).
 10. Zuriguel, I. et al. Clogging transition of many-particle systems �owing through bottlenecks. Scienti�c Reports 4, 7324, https ://doi.

org/10.1038/srep0 7324 https ://www.natur e.com/artic les/srep0 7324#suppl ement ary-infor matio n (2014).
 11. Goldsztein, G. H. & Santamarina, J. C. Suspension extraction through an opening before clogging. Appl. Phys. Lett. 85, 4535–4537. 

https ://doi.org/10.1063/1.18183 42 (2004).
 12. Liu, Q., Zhao, B. & Santamarina, J. C. Particle migration and clogging in porous media: a convergent-�ow micro�uidics study. J. 

Geophys. Res. Solid Earth 124, 9495–9504. https ://doi.org/10.1029/2019j b0178 13 (2019).
 13. Kampel, G., Goldsztein, G. H. & Santamarina, J. C. Particle transport in porous media: the role of inertial e�ects and path tortuosity 

in the velocity of the particles. Appl. Phys. Lett. 95, 194103. https ://doi.org/10.1063/1.32637 18 (2009).
 14. Sy, H. J. A study of �lter medium clogging MSc thesis, �e University of Western Ontario (1969).
 15. Valdes, J. R. & Santamarina, J. C. Particle clogging in radial �ow: microscale mechanisms. SPE-88819-PA 11, 193–198. https ://doi.

org/10.2118/88819 -PA (2006).
 16. Azéma, E., Radjai, F. & Saussine, G. Quasistatic rheology, force transmission and fabric properties of a packing of irregular poly-

hedral particles. Mech. Mater. 41, 729–741. https ://doi.org/10.1016/j.mechm at.2009.01.021 (2009).
 17. Wadell, H. Volume, shape, and roundness of rock particles. J. Geol. 40, 443–451. https ://doi.org/10.1086/62396 4 (1932).
 18. White, R. J. Drilling and Production Practice 8 (American Petroleum Institute, New York, 1956).
 19. Alsaba, M., Nygaard, R., Saasen, A. & Nes, O.-M. Experimental investigation of fracture width limitations of granular lost circula-

tion treatments. J. Pet. Explor. Prod. Technol. 6, 593–603. https ://doi.org/10.1007/s1320 2-015-0225-3 (2016).
 20. Tausch, G. H. & Corley, B. Jr. Drilling and Production Practice 17 (American Petroleum Institute, New York, 1958).
 21. Wu, C.-H., Sharma, M. M., Fuller, M. J. & Mathis, S. SPE International Conference and Exhibition on Formation Damage Control 

16 (Society of Petroleum Engineers, Lafayette, 2018).
 22. Höhner, D., Wirtz, S. & Scherer, V. A numerical study on the in�uence of particle shape on hopper discharge within the polyhedral 

and multi-sphere discrete element method. Powder Technol. 226, 16–28. https ://doi.org/10.1016/j.powte c.2012.03.041 (2012).
 23. Jaeger, H. M. Celebrating So� Matter’s 10th Anniversary: Toward jamming by design. So� Matter 11, 12–27. https ://doi.org/10.1039/

C4SM0 1923G  (2015).
 24. Cho, G.-C., Dodds, J. & Santamarina, J. C. Particle shape e�ects on packing density, sti�ness, and strength: natural and crushed 

sands. J. Geotech. Geoenviron. Eng. 132, 591–602. https ://doi.org/10.1061/(ASCE)1090-0241(2006)132:5(591) (2006).
 25. Youd, T. L. Factors Controlling Maximum and Minimum Densities of Sands: Evaluation of Relative Density and its Role in Geotechni-

cal Projects Involving Cohesionless Soils. (ASTM International, 1973).
 26. Saint-Cyr, B., Voivret, C., Delenne, J. Y., Radjai, F. & Sornay, P. E�ect of shape nonconvexity on the shear strength of granular 

media. AIP Conf. Proc. 1145, 389–392. https ://doi.org/10.1063/1.31799 41 (2009).
 27. Saint-Cyr, B., Delenne, J. Y., Voivret, C., Radjai, F. & Sornay, P. Rheology of granular materials composed of nonconvex particles. 

Phys. Rev. E 84, 041302. https ://doi.org/10.1103/PhysR evE.84.04130 2 (2011).
 28. Liu, S. D., Zhou, Z. Y., Zou, R. P., Pinson, D. & Yu, A. B. Flow characteristics and discharge rate of ellipsoidal particles in a �at 

bottom hopper. Powder Technol. 253, 70–79. https ://doi.org/10.1016/j.powte c.2013.11.001 (2014).
 29. Galindo-Torres, S. A., Alonso-Marroquín, F., Wang, Y. C., Pedroso, D. & Muñoz Castaño, J. D. Molecular dynamics simulation 

of complex particles in three dimensions and the study of friction due to nonconvexity. Phys. Rev. E 79, 060301. https ://doi.
org/10.1103/PhysR evE.79.06030 1 (2009).

 30. Cruz-Matías, I. et al. Sphericity and roundness computation for particles using the extreme vertices model. J. Comput. Sci. 30, 
28–40. https ://doi.org/10.1016/j.jocs.2018.11.005 (2019).

 31. Cornforth, D. H. in Evaluation of Relative Density and its Role in Geotechnical Projects Involving Cohesionless Soils (ed E. and Ladd 
Selig, R.) 303–1973 (ASTM International, 1973).

 32. �omas, C. C. & Durian, D. J. Fraction of clogging con�gurations sampled by granular hopper �ow. Phys. Rev. Lett. 114, 178001. 
https ://doi.org/10.1103/PhysR evLet t.114.17800 1 (2015).

 33. Valdes, J. R. & Santamarina, J. C. Clogging: bridge formation and vibration-based destabilization. Can. Geotech. J. 45, 177–184. 
https ://doi.org/10.1139/T07-088 (2008).

 34. Estrada, N., Azéma, E., Radjai, F. & Taboada, A. Identi�cation of rolling resistance as a shape parameter in sheared granular media. 
Phys. Rev. E 84, 011306. https ://doi.org/10.1103/PhysR evE.84.01130 6 (2011).

 35. Marin, A., Lhuissier, H., Rossi, M. & Kähler, C. J. Clogging in constricted suspension �ows. Phys. Rev. E 97, 021102. https ://doi.
org/10.1103/PhysR evE.97.02110 2 (2018).

 36. Souzy, M., Zuriguel, I. & Marin, A. Transition from clogging to continuous �ow in constricted particle suspensions. Phys. Rev. E 
101, 060901. https ://doi.org/10.1103/PhysR evE.101.06090 1 (2020).

 37. Zuriguel, I. Invited review: clogging of granular materials in bottlenecks. Papers in physics 6, 1–13 (2014).
 38. Zuriguel, I., Garcimartín, A., Maza, D., Pugnaloni, L. A. & Pastor, J. M. Jamming during the discharge of granular matter from a 

silo. Phys. Rev. E 71, 051303. https ://doi.org/10.1103/PhysR evE.71.05130 3 (2005).
 39. McCool, J. Using the Weibull Distribution: Reliability, Modeling, and Inference (John, London, 2012).

Acknowledgements
Support for this research was provided by the KAUST endowment and Saudi ARAMCO. G. Abelskamp edited 
the manuscript.

Author contributions
All authors have contributed substantially to the manuscript and approved the �nal submission.

Competing interests 
�e authors declare no competing interests.

Additional information
Supplementary information �e online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-82744 -w.

Correspondence and requests for materials should be addressed to J.C.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

https://doi.org/10.1088/1742-5468/aae84b
https://doi.org/10.1038/srep07324
https://doi.org/10.1038/srep07324
https://www.nature.com/articles/srep07324#supplementary-information
https://doi.org/10.1063/1.1818342
https://doi.org/10.1029/2019jb017813
https://doi.org/10.1063/1.3263718
https://doi.org/10.2118/88819-PA
https://doi.org/10.2118/88819-PA
https://doi.org/10.1016/j.mechmat.2009.01.021
https://doi.org/10.1086/623964
https://doi.org/10.1007/s13202-015-0225-3
https://doi.org/10.1016/j.powtec.2012.03.041
https://doi.org/10.1039/C4SM01923G
https://doi.org/10.1039/C4SM01923G
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:5(591)
https://doi.org/10.1063/1.3179941
https://doi.org/10.1103/PhysRevE.84.041302
https://doi.org/10.1016/j.powtec.2013.11.001
https://doi.org/10.1103/PhysRevE.79.060301
https://doi.org/10.1103/PhysRevE.79.060301
https://doi.org/10.1016/j.jocs.2018.11.005
https://doi.org/10.1103/PhysRevLett.114.178001
https://doi.org/10.1139/T07-088
https://doi.org/10.1103/PhysRevE.84.011306
https://doi.org/10.1103/PhysRevE.97.021102
https://doi.org/10.1103/PhysRevE.97.021102
https://doi.org/10.1103/PhysRevE.101.060901
https://doi.org/10.1103/PhysRevE.71.051303
https://doi.org/10.1038/s41598-021-82744-w
https://doi.org/10.1038/s41598-021-82744-w
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3309  | https://doi.org/10.1038/s41598-021-82744-w

www.nature.com/scientificreports/

Open Access  �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© �e Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	The effect of particle shape on discharge and clogging
	Experimental studies: materials and methods
	Experimental results
	Dry granular flow. 
	Particle-laden fluid flow. 
	Bridge formation. 

	Analyses and discussion
	Dry granular flow versus particle-laden fluid flow. 
	Discharge distribution. 

	Conclusions
	References
	Acknowledgements


