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Discharge flow of a cohesive granular media from a silo

Adrien Gans,!* Blanche Dalloz-Dubrujeaud,! Maxime Nicolas," and Pascale Aussillous!:

Y Aiz Marseille Univ, CNRS, TUSTI, Marseille, France
(Dated: December 9, 2024)

Cohesion can dramatically affects the flow of granular media. In this paper, thanks to a cohesion-
controlled granular material, we propose to investigate experimentally the effect of the cohesion on
the discharge from a silo. We use two geometries, a cylindrical silo and a thin rectangular silo, with
an adjustable bottom to control the size of the orifice. Similarly to cohesionless granular material,
the mass flow rate is mostly controlled by the diameter of the outlet D, however we observe that the
cohesion tends to decrease the flow rate. We show that this effect is controlled by a cohesive length,
based on the cohesive yield stress and gravity acceleration, which acts as an effective particle size.
This cohesive length is also found to control the onset of flow.

The discharge flow of a powder from a silo is very
important for many industrial applications, for example
when handling fine sand, cement, pharmaceutical pow-
ders and flours [1-3]. Indeed, fine particles tend to ag-
gregate, and this cohesion may lead to ratholing, arch-
ing, irregular discharge or complete blockage[4]. Whereas
many advances have been made in the description of co-
hesionless granular flows in various configurations [5] and
in particular concerning the silo discharge [6-18], the be-
havior of cohesive powders remains elusive. One difficulty
lies in the understanding of the cohesion force between
the particles. For very small particles (typically below
10 pm in diameter), attractive forces like Van der Waals
[19] or electrostatic forces [20] are dominant whereas for
larger particles, humidity brings the necessary amount
of water to build strong liquid bridges between particles
and therefore creates a bulk cohesion [21]. Since the con-
cept of cohesion is widely used with many influencing
parameters (confinement pressure, temperature, humid-
ity rate) or mechanisms (ageing, sintering, chemical re-
action), there is a need of a simple definition and a good
control of the cohesion to perform quantitative experi-
ments. This was achieved recently by Gans et al. [22]
who has developed a cohesion-controlled granular mate-
rial where the cohesion originates from a polymer coat-
ing of glass particles. The adhesive interparticle force can
then be tuned by controlling the thickness of the coating.
This material has already been used to study the erosion
of a cohesive granular bed by a turbulent jet [23] and the
collapse of a cohesive granular column [24].

With this granular material with controlled cohesion,
the objective of this Letter is to elucidate experimentally
the role of cohesion on the discharge flow of a silo. We
first focus on the flow threshold before studying how the
cohesion affects the mass flow rate during the discharge
of a cylindrical silo. Finally we investigate the effect of
cohesion on the velocity profile at the outlet of a rectan-
gular silo which was designed for imaging.

We used two experimental configurations which are
shown in Fig. 1(a,b). Both silos are made of Perspex
(PMMA) with an outlet located in the center of the
bottom plate. We designed a set of removable bottom

FIG. 1: Sketch of (a) the cylindrical and (b) the
rectangular silo with their respective dimensions.
Example of a highly cohesive granular material poured
into a tube (d = 340 pum, ¢, = 10.6 mm) (c) without and
(d) with intense stirring in the funnel used during filling.

plates to change the size of the orifice, D, from 1 mm to
30 mm. The particles are made of glass beads of diameter
d = 340+£50 pm or d = 800+ 60 pm, with a particle den-
sity of p = 2600 kg-m 3. The cohesion between particles
is brought by a coating with a PBS polymer layer whose
average thickness tunes the static cohesive stress, 7. (see
Gans et al. [22] for more details). A qualitative view of
the cohesion is shown in Fig. 1(c). Following previous
work [22, 24], the cohesion strength is characterized by a
cohesion length /. given by the balance of the hydrostatic
pressure and the cohesive stress:
Te

Ec = )
dvpg

(1)

where ¢ is the bulk volume fraction and g the acceler-
ation of gravity. To obtain a discharge in the range of
orifice diameters explored, the cohesive length was varied
from 0 (dry granular) to a moderate value of £, = 2.6 mm.
The friction coefficient between cohesive grains and the
PMMA walls was measured as i, = tan(8.14+0.4°) which
ensured that the cohesive grains do not adhere to the silo
walls. At the beginning of the experiment, the orifice is
closed by a stopper and the cohesive material is poured in
the silo using a funnel with a continuous stirring to obtain
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FIG. 2: Flowing map for the cylindrical silo depending
on the cohesive length /., the size of the grains d and
the outlet diameter D. Empty symbols (and yellow
background) stands for a flow of grains, whereas full
symbols (and pink background) stands for no-flow.

a homogeneous volume fraction, as shown in Fig. 1(d).
The height h,, of the column of grains and the mass m of
particles gives the initial volume fraction of the material,
¢ = m/(pSphy), where Sy is the area of the silo cross-
section. In our experiments, ¢ varies between 0.55 and
0.60 depending slightly on £. [22, 25] (see Supplemental
Material where data and plots are given [26]).

We first focus on the flow threshold for the cylindri-
cal silo. Many past studies on the jamming of silo flows
for dry granular material [27-33] showed that jamming is
observed with the formation of an arch when the particle
size is not very small compared to the outlet size, typi-
cally for D < 4d. In our study with a cohesive material,
the flowing map of the cylindrical silo is drawn from re-
peated flow observations with the two batches of particles
diameter with different cohesive lengths, /., and different
silo outlet diameter, D. The flowing map is presented in
Fig. 2 where both lengths D and /. are normalised by the
particle diameter. Empty symbols correspond to experi-
ments where the flow occurs and full symbols to experi-
ments where jamming is observed after the removal of the
stopper. The dry granular flow threshold D ~ 4d seems
to hold even for weakly cohesive particles with ¢./d < 1
(see the horizontal line in the figure). For more cohesive
particles (¢./d > 1), the critical exit diameter clearly
increases linearly with the cohesive length. To explain
this result, we can consider the balance between gravity
force and cohesion force at the interface for a cylindrical
column of material, of height h, located above the orifice:

oppghS ~ 17.h'P (2)

where S and P are the area and the perimeter of the out-
let. This equation can be rewritten for the cylindrical silo
as D ~ 4¢., and is used to draw the line separating the
flow area (yellow) and the no-flow area (pink) in Fig. 2 in

good agreement with the experimental data. This sug-
gests that the cohesion length plays the same role as the
grain size for cohesionless particles. Given this result,
we introduce an effective size corresponding to the max-
imum length between the cohesion length and the grain
diameter:

d* = max[d, ] (3)

The flow condition for the cylindrical silo is now given,
for all materials, by:

D > 4d*. (4)

We now focus on the role of cohesion on the discharge
flow-rate. The discharge flow-rate of a dry granular me-
dia from a silo has been widely studied since the pioneer
work of Hagen in 1852 [6] (translated in [34]). During
the discharge, it is well known that the flow rate is con-
stant and does not depends of the quantity of material in
the silo. This behaviour was first explained by Hagen [6]
introducing the concept of a free fall arch at the outlet
which scales with the outlet size D. This gives a velocity
at the outlet scaling as v, « /gD and a mass flow rate,

Q = cpS\/gD. (5)

Recently, it has been shown that instead of a free
fall zone, an acceleration zone develops at the outlet
[12]. Moreover, continuum modeling simulations using
the shear-dependent frictional rheology p(I) [35-37] suc-
ceeded to reproduce the experimental observations for
different geometries [9, 11, 14-18]. These studies suggest
that close to the outlet, the inertial force dominates the
flow and the friction force becomes negligible, in line with
the scaling of the free-falling arch concept.

During the discharge, we measured the flow-rate with a
connected accurate weight-scale. The flow rate was found
to be steady, as in the cohesion-less case. Fig. 3(a) shows
the mass flow-rate versus the diameter of the outlet D in
a log-log plot, for the cylindrical silo. The data mainly
follows the classical law given by equation 5 (see the black
dashed lines) which shows that the outlet diameter is the
main parameter controlling the mass flow rate, whether
the material is cohesive or not. This significant finding
demonstrates the universality of the mechanism regulat-
ing the flow of granular media through an opening.

For dry granular materials, particle size is known to
play a second-order role in controlling mass flow, as first
described by Hagen [6] and Beverloo et al. [7]. They pro-
posed to consider a reduced exit diameter (D — kd) where
k is a fitting parameter. This leads to the widely used
empirical expression for the discharge of a flat-bottomed
silo, known as “Beverloo’s law”, which implies that the
data can be rescaled using the dimensionless outlet diam-
eter D/d. In Fig 3(b), we then plot the flow rate made di-
mensionless by using the main power law, Q/¢ppS+v/gD,
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FIG. 3: (a) Mass flow rate and (b,c) dimensionless mass flow rate versus (a) the outlet diameter D, (b) D/d and (c)
D/d*, for the cylindrical silo and several cohesions. (d) Dimensionless mass flow rate versus D/d* for the
rectangular silo (inset: mass flow rate versus D). The dashed line represents equation 5 with (a) ¢ = 0.34 and (inset
of d) ¢ = 0.53. The black line represents equation 6 with 5 =0.08 and (¢) C' =0.79, a = 0.47 and (d) C = 1.14,
a = 0.35. The dotted vertical line represents the flow threshold.

versus D/d. As expected, the data shows a good col-
lapse for the dry cases (¢, = 0). For the cohesive cases,
we observe that weakly cohesive particles, with ¢./d < 1,
behave like dry granular media (data are superimposed
with the dry cases for d = 800um, ¢, = 0.6mm) whereas
for more cohesive particles (£./d > 1), the dimensionless
flow-rate decreases with increasing cohesive length. De-
spite the moderate cohesion range studied, the flow rate
can be reduced by a factor of 2. All this suggests that,
as with the flow threshold, the effective size d* (given by
eq. 3) may simply play the same role as particle size.

To assess this hypothesis, we plot in Fig. 3(c) the di-
mensionless flow-rate, Q/(¢ppS+v/gD), versus D/d* for
the cylindrical silo. All the data collapse, suggesting that
the cohesive length, which is derived from the internal co-
hesive stress, is representative of an inner characteristic
scale for the material and acts as an effective particle
size for £, > d. To elucidate the origin of this behaviour,
it would be valuable to conduct DEM simulations and
investigate the role of cohesion on the statistics of force
chains network and on the possible formation of transient
clustering in these flows, which might behave as virtual
particles of larger size.

We can therefore use the recent formalism developed
to describe the discharge of dry granular media from a
silo. Indeed, using a mono-layer experiment, Janda et al.
[8] challenged the concept of a “useless zone” for par-
ticles near the outlet walls proposed by Beverloo et al.
[7]. They found that the velocity and density profiles
at the outlet are self-similar, which allows to deduce
the flow rate, Q o po.ve, from the values v. and ¢,
of the velocity and the volume fraction at the center
of the outlet. They then observed that for small out-
let sizes, the granular packing tends to dilate, explain-
ing the decrease in flow-rate. On the basis of this work,
Benyamine et al. [10] showed that this dilation depends
on the ratio D/d and proposed an empirical relation-

ship, ¢. x ¢ [1 — ae*BD/d] = ¢,G(D/d) where o and
[ are fitting parameters. Using discrete element simula-
tions, Zhou et al. [13] showed that the particle size has a
similar influence on the velocity at the outlet, following
ve X v/gDG(D/d), which seems consistent with a con-
tinuous description of the granular media with a shear-
dependent volume fraction. The flow-rate is then given
by Q = Cp¢pS+/gDG?(D/d) with a fitting parameter C.
We propose to use this equation with d* instead of d:

Q= CnpS/aD [1 — ac=?P/" ", (6)

The best fit of Eq. 6 using the least squares method
provides a good agreement with the data in Fig. 3(c) for
C =0.79, a = 0.47 and 8 = 0.08 (see the black line).
These values are similar to those obtained by Benyamine
et al. [10]. The dotted vertical line in Fig. 3(c,d) corre-
sponds to the flow threshold (Eq.4).

The same behaviour is recover for the rectangular silo
(Fig. 3d): The flow-rate is mainly controlled by the out-
let diameter (see the dashed line in the inset), and a
good collapse of the data is obtained by plotting the di-
mensionless flow rate, Q/¢ypS+/gD, versus D/d*. The
dotted vertical line corresponds to the flow threshold,
D ~ 2d*, assuming that P = 2W as the grains slide on
the wall. The data are fairly well adjusted by equation
6, with the fitting parameters values C' = 1.14, a = 0.35
and 8 = 0.08 (see the black line in Fig. 3d) similar to
previous works [8, 10, 13]. Note that we keep the same
value for 8 as in the cylindrical case (in [10], 8 does not
seem to depend on the geometry, contrary to o and C
which shows that this empirical law as well as Beverloo’s
law are not yet universal).

Eq. 6 assumes that both the velocity and volume
fraction at the center of the outlet depend slightly on
the effective particle size d*. To study the velocity field
near the orifice, the flow was recorded in the rectangular
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FIG. 4: Velocity field in the vicinity of the outlet for
D =20 mm, d = 800 pum and (a) cohesionless grains,
(b) cohesive grains with ¢, = 1.6 mm. (c¢) Velocity
profile at the outlet v(z) normalised by the velocity at
its center, v, for several orifice sizes D for /. = 2.3 mm.

silo using a high-speed camera. Particle velocities were
measured by particle image velocimetry (PIV) using the
Python toolbox OPENPIV, with a square interrogation
region of 32 pixels, and an averaging over 2000 pairs of
consecutive images during the steady-state discharge pe-
riod. Examples of velocity profiles are shown in Fig. 4
for (a) cohesionless grains and (b) cohesive grains. We
observe that in the cohesive case the flow is more chan-
nelled and the velocity at the center is about 25% lower
than in the dry case. However, the velocity profile is
found to be self-similar following exactly the same pro-
file as the cohesionless media [8, 13] as shown in Fig. 4(c).
The velocity v, at the center of the outlet is plotted in
Fig. 5. In the inset, we observe that, as expected, it is
mainly controlled by the outlet size D (see the dashed
line corresponding to v. o 1/gD). However, as the cohe-
sion increases, the velocity decreases slightly. Since the
cohesion length is an effective size of the system,we plot
in Fig. 5 the velocity as a function of the outlet size both
made dimensionless using d* as the characteristic length.
The collapse of the data is fairly good, considering that
the profile is taken at the wall, and it is well fitted by

ve=€/gD [1 - ae FPIT ] (7)

using o = 0.35, f = 0.08 and with £ = 0.92 the only
fitting parameter (see the black line).

Although very simple, the silo discharge setup reveals
many important features of a granular material. Our
cohesion-controlled granular media is characterised by
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FIG. 5: Normalised velocity at the center of the outlet,
ve/v/gd*, versus the normalised outlet size D/d* for
several cohesion. Inset: velocity at the center versus the
outlet size. The dashed line represents £yv/gD, and the
line Eq. 7 with §, = 0.73, £ = 0.92, o = 0.35, 5 = 0.08.

a cohesive length ¢, derived from the internal cohesive
stress. We have shown that this cohesive length is rep-
resentative of an inner characteristic scale for the ma-
terial. Indeed, thanks to a force balance, we have first
shown that the flow threshold depends on an effective
particle size d* = max[{.,d] that describes both cohe-
sive and cohesionless granular materials. Then, during
the discharge, the flow-rate is mainly governed by the
size of the orifice, whether the material is cohesive or
not, which indicates the generality of the mechanism that
controls the flow through an opening. Remarkably, the
exit velocity profiles show no significant difference be-
tween cohesive and cohesionless materials, which under-
lines this generality. As with cohesionless granular flows,
the velocity at the center of the orifice scales mainly with
the square root of the outlet size [8], with a weak ef-
fect from the cohesive length. Following [13], this ef-
fect can be implemented through a geometrical factor
G(D/d*) = [1 — ae=PP/?"] where the particle diameter
is replaced by the effective diameter d*. The flow-rate is
well fitted by assuming Q x pgpS+/gDG?(D/d*), which
suggests that the volume fraction at the center of the
outlet should also depend similarly on d*. These results
confirm that, despite the apparent complexity of the co-
hesion phenomenon, the cohesion length simply acts as
an effective particle diameter. Conversely, these results
could also mean that the role of particle diameter in the
discharge flow of a silo may be due to the distribution
of internal stresses. Performing DEM simulations would
be useful for gaining insight into these important obser-
vations which could help to develop continuum models
to describe and understand silo discharge flow, whether
the material is cohesive or not. It provides solid evidence
that a cohesive rheology could be defined as has been
done in other geometries [38, 39] and may represent a
significant step towards understanding powder flows.
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