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Blending liquid into a flowing dry granular material
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Abstract. We study experimentally the growth dynamics of a horizontal wet granular aggregate produced by
accretion when a dry granular jet impacts a wet substrate. The tomographic imaging demonstrates that the wet
aggregate is fully saturated and its cohesion is related to the capillary suction due to the pressure drop at the
liquid/air interface. We highlight that the accretion process is characterized by two different growth dynamics
depending on the hydrostatic depression in the material. At low depression, the growth dynamics exibits a
"diffusive" regime whereas the dynamics becomes linear for higher depressions. A competition between the
viscous displacement of the fluid into the granular material and the sticking dynamics is proposed to understand

the transition in the growth velocity.

1 Introduction

Granular materials are commonly used as raw materials in
the building industry [1]. In particular, the preparation of
many building materials such as concrete, mortar or plaster
requires mixing granular matter with liquid and additives
in order to obtain new chemical or physical properties.
For a large added volume of water, a mixing stage eas-
ily produces a homogeneous granular suspension in which
the grains freely move in the interstitial fluid. By con-
trast, the addition of smaller amounts of liquid provides a
strong cohesion in the material through the formation of
liquid bridges between grains [2—4]. For intermediate liq-
uid amounts, spatial heterogeneities can appear during the
blending process and generate bubbles or saturated aggre-
gates, which will locally impact the mechanical properties
of the final material. Most studies on wet granular mat-
ter are focused on the fluid flow dynamics and the repar-
tition of the liquid into a static granular packing [5, 6].
In this case, the material can be assimilated to a porous
medium. Therefore, the liquid transport is essentially led
by capillarity in the porosity of the material and exhibits
well-known imbibition dynamics described in 1D by the
Lucas-Washburn law [7].

Recently, dynamical situations were studied through
experiments of granular towers built by dripping a gran-
ular suspension on a dry substrate [§] or by pouring dry
sand on a wet substrate [9]. A cohesive granular struc-
ture is erected in each situation but the physcial origin and
the growth dynamics is different. On one side, the tower
growth is related to a competition between liquid drainage
and dripping frequency. On the other, the dynamics is lim-
ited by the accretion of dry grains on the wet structure.
However, this accretion process is still not understood and
the origin of the growth dynamics and the capture mech-
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anism were not explained. Here, we investigate the ac-
cretion process between liquid and grains, using a model
experiment of liquid incorporation into a flowing granular
material. We focus on an experiment of accretion at a con-
stant height to remove the effect of gravity and keep the
hydrostatic pressure constant in the material. We present
an experimental set-up that allows modifying the hydro-
static pressure in the wet granular material and highlight-
ing the growth regimes.

2 Experimental set-up

We performed experiments of granular accretion using
spherical glass beads of diameters d, = 300-350 um
poured at constant flow rate and constant velocity over a
wet substrate composed of the same beads (see Fig. 1).
The wet granular layer of height i, = 10 mm is prepared
in a polypropylene tube of 10 mm diameter connected to
a water tank to soak the grains. The wet substrate is sepa-
rated from the liquid by a porous membrane and the water
level can be tuned to modify the hydrostatic pressure into
the granular substrate. We note A/ the distance between
the water level and the top of the wet substrate. Dry beads
are poured using an inox funnel at a constant flow rate (Q,
= 1.1 g/s). The funnel is connected to a inox tube of length
L =200 mm with a flexible polyethylene end to inject the
grains with an angle of about 45°. The granular aggregate
grows horizontally on a thin plexiglas plate of width w =
3 mm to hold it while avoiding the accumulation of dry
grains in the front of the aggregate during the experiments.
The extremity of the tube is held at 10 mm above the plex-
iglas plate such that the grains kept a constant velocity (v,
=~ 1.6 m/s) to impact the tip of the aggregate. The grain
container is placed on a translating support allowing us to
shift it while the aggregate is growing along the support
such that the distance between the growing aggregate and
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Figure 1. Schematic of the experimental set-up.

the extremity of the tube remains constant. The growth
of aggregate is filmed at low acquisition frequency (fucq =
0.5 Hz) with a CCD camera and analyzed by image pro-
cessing with ImageJ and Python scripts [10, 11]. By us-
ing this experimental set-up, homogeneous aggregates are
built horizontally.

3 Experimental results

In a typical experiment, the granular jet is oriented toward
the wet substrate and an aggregate grows horizontally on
the support. The width of structure is about the width of
the support and the section remains nearly constant in each
experiment. By increasing the height Ak, the growth dy-
namics can be changed drastically. To understand this phe-
nomenon, we proposed to study the internal structure of
the wet aggregate and its growth dynamics.

3.1 Microstructure of the aggregate

To investigate the microstructure of the aggregate, X-ray
tomography experiments were carried out with a labora-
tory tomograph available at Saint-Gobain Research. The
X-ray radiations were generated by an electron gun bomb-
ing a tungsten plate which produces photons at a peak en-
ergy of 40 kev. The spatial resolution was 7.5 um and the
detector fields of view was 13 mm x 10 mm. To increase
the contrast between the different phases (grains, liquid
and air), an aqueous zinc iodide solution, of 0.5 g/mL, was
used as liquid to build the aggregate [6]. A tomographic
acquisition consisted of 1395 projections acquired in about
40 min and equally separated to cover a total angle of 180°.

y (mm)

Figure 2. Cross-section through a 3D tomogram of a wet ag-
gregate. The liquid is doped by adding zinc iodide to improve
the contrast between the different phases. The liquid is colored
in white whereas the glass beads appear in gray and the air in
black.

The 3D reconstruction was performed from the set of 2D
projection using the filtered backprojection algorithm.
The analysis of the tomographic reconstructions shows
that the wet aggregate is fully saturated without almost no
bubble in the granular assembly (see Fig. 2). The aggre-
gate is in the capillary state and the cohesive interactions
between the particles result from the capillary depression
at the interface with the air. From this observation, we
conclude that the hydrostatic pressure is the same at each
point of the horinzontal aggregate growing at constant Ah.
At the liquid/air interface, the capillary drop associated to
the local curvature of the menisci balances the hydrostatic

pressure:

2y cosé
m—wM=m—y ) (1)

c

where v = 72 mN/m is the surface tension of the water,
6 is the contact angle of water on a glass bead and r. is
the radius of curvature of the meniscus at the interface.
Consequently, the local curvature of a meniscus increases
with Ah in our experiment.

3.2 Growth dynamics

We observed that the aggregate grows slower when A/ in-
creases, so that the accretion process is less efficient in
this case. An example of snapshots from the experiments
is presented in Fig 3. By performing several tests at dif-
ferent altitude and by measuring the length ¢ of the wet
granular structure in function of the time 7, we can deter-
mine the growth dynamics of the aggregate. These curves
are plotted in Fig. 4 for different Ak at Q, and v, constant.
A change of growth dynamics is clearly observed when
Ah increases with a transition from a "diffusive" regime
where £ is proportional to ¢!/? to a linear regime where £ is
proportional to ¢.

To understand the existence and the difference between
the two regimes, we consider the local mechanism of the
aggregate growth. The aggregate is built by trapping dry
grains at the liquid interface of the wet material. The liquid
needs to penetrate into the granular packing until being
accessible to the granular jet. When A# is small, the radius
of curvature of the menisci is large and we can assume that
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Figure 3. Snapshots of the growing process at different times
and for two altitudes Ah. (left) Ah = 0.5 cm - (right) Ah = 4.9
cm. Snapshots are seperated by 40 s. Scale bar is 1 cm.

the liquid is available to catch a large fraction of grains.
The growth rate of the aggregate is limited by the viscous
displacement of the fluid into the granular packing until it
reaches its equilibrium position. We can model this liquid-
limited regime with the Darcy’s law without gravity. The
Lucas-Washburn law is obtained:

buise(t) = ,/%’”, @

where k is the permeability of the packing (in m~2), 7 is
the dynamic viscosity (in Pa.s) and Ap = p. — pgAh is
the capillary pressure reduced by the hydrostatic depres-
sion. The pressurep, is defined as 2y cos 6/(p;r,) where
7, is the pore radius. This "diffusive law" is qualitatively
in agreement with the first regime identified in our results
(see Fig. 4). For large Ah, the radius of curvature of the
menisci is reduced and the liquid is less accessible to the
grains impacting the aggregate. In this case, the efficiency
of the capture process limits the growth of the aggregate.
Considering the growth rate as the ratio of grains stuck
over the total amount of grains impacting the aggregate,
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Figure 4. Time evolution of the length of the aggregate for sev-
eral Ah in log-log representation. The power laws lines curves
are indicative.
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Figure 5. Evolution of the initial velocity of growth as a func-
tion of the distance Ah between the water level and the top of
the aggregate. The solid line is obtained by fitting the experi-
mental data with an exponential expression. Inset: Length of the
aggregate ¢ as a function of the time # for different Ah.

we can write:
d¢ Qy

dr - m capts
where ¢ is the compacity of the packing, S is the section
of the aggregate and P, is the ratio of stuck grains over
the total injected grains. Assuming that P, is constant at
fixed Ah, the length of the aggregate grows in the capture-
limited regime as:

3)

Qy
JN

In summery, the "diffusive" behavior corresponding the
liquid-limited regime and the linear behavior correspond-
ing to the capture-limited regime are qualitatively plotted
on the Fig. 4.

To estimate the efficiency of the accretion process at
different altitude Ah, we derived the initial growth velocity
vg of the aggregate. Indeed, the beginning of the aggregate
growth is limited by the capture process on the wet sub-
strate since the liquid is already available. The evolution
of vy is plotted in Fig. 5 as a function of Ah. We observe
that vy decreases with the altitude and is well-fitted by an
exponential expression:

fcapr(t) = Pcaptt' (€]

vo(h) = v* exp (—%) ; ®)
where v* is the capture-limited growth velocity at Ak = 0
and h™* is the length scale of variation of the sticking proba-
bility. Similar variations were observed for the growth ve-
locity of a vertical granular towers built upon the accretion
from a dry diluted granular jet [9]. The value of 1*, com-
puted from pressure-controlled experiments of horizontal
aggregate, is compatible with measurements performed on
vertical granular towers. This result indicates that the log-
arithmic law observed in the growth of vertical aggregate
is linked to the variation of the hydrostatic pressure in the
wet material.
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4 Discussion

The transition between the two growth regimes is expected
when the growth rates associated to each limiting mecha-
nism are comparable. For a constant A#, at the beginning
of the growth, the capture of dry grains is slow enough,
compared to the liquid transfer, and limits the growth rate.
As the length of the aggregate increases, the viscous trans-
fer of liquid slows down and becomes limiting for the
growth rate. Equating the capture and viscous growth rates
leads to a critical length L. determining the linear-diffusive
transition and defined as:

k  ps§S
¢ =5 —Ap
277 Qchapt

This transition drastically depends on the efficiency of the
accretion process, which appears to decrease with the hy-
drostatic depression, controlled by Ah. Consequently, the
transition length L, increases when Ah increases because
of the decrease of the sticking probability. For transitional
values (Ah = 1.8 cm, Ak = 2.5 cm), an intermediate expo-
nent between 1/2 and 1 is identified, corresponding to the
smooth linear-diffusive transition. Furthermore, for low
values of Al (Ah < 1 cm), the critical length is close to the
height &, of the substrate and the transition is not observed.
In this case, nearly all the growth dynamics is dominated
by the viscous displacement of liquid. Further investiga-
tions are now required to identify the impact of the fluid
properties (surface tension, viscosity) and the grains ve-
locity on the sticking probability.

(6

5 Conclusion

The blending of liquid into a dry granular flow is consid-
ered in a model situation to create a wet aggregate growing
by granular accretion at the interface between dry and wet
grains. The tomographic imaging confirmed that the ag-
gregate is in the capillary regime and its cohesion is related
to the capillary suction associated to the pressure drop at

the liquid/air interfaces. Our experimental set-up allowed
us to control the hydrostatic pressure in the wet substrate to
isolate the accretion process. We highlighted two regimes
of accretion are identified associated to the fluid flow into
the porous matrix and the efficiency of the grains capture
process. In particular, the sticking probability is found to
be constant at a fixed height. It confirms the importance of
the hydrostatic depression in the dynamics and the locality
of the capture mechanism. Our work may be useful for in-
dustrial applications to improve or control agglomeration
processes such as the wet granulation.
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