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Cohesion and agglomeration of wet powders
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Wet high-shear granulation consists in vigorously mixing grains and a liquid binder to
create agglomerates of various sizes. The process results from a balance between cohesion
of the wet granular agglomerates and fragmentation due to the high mixing. By performing
a simple test with glass beads and various liquids, we first focus on the static cohesion of
wet granular media. Contrary to previous works, we extend the study to larger values of
the liquid fraction w. After the well-documented plateau, the cohesive strength increases
again with w, a behavior we capture by a simple model. We then focus on the dynamical
cohesion of the media and we design an agglomeration process that consists in vibrating
a bead/liquid mixture at a large amplitude. The vibrations induce not only the fluidization
of the wet granular material but also the formation of aggregates. As expected, their size is
affected by the liquid content, the frequency, and the amplitude of the vibrations, similarly
to high-shear granulation data. However, the number of beads in an agglomerate does not
depend on the bead size, showing a self-similar mechanism of agglomeration. The role of
the static cohesion strength in this dynamical process remains therefore ambiguous.

DOI: 10.1103/PhysRevFluids.3.014301

I. INTRODUCTION

Granulation refers to a process that consists in assembling fine dispersed particles to create larger
ones, called agglomerates or granulates. Achieved everyday in all the industry sectors involving
powders (pharmaceutical, building, cosmetics, food, detergency, etc.), this transformation aims
essentially at storing, mixing, or handling the powder. Depending on the desired applications,
different strategies have been defined for the granulation process, including pressing in a dry
environment or adding a chemical or physical binder to induce cohesion. When only liquid is added
to create capillary-based cohesion between the powder grains, the process is called wet granulation
[1]. A very common way to granulate in a wet environment is the so-called high-shear granulation
process [2], which consists in rotating impellers with complex geometry at high velocity and in
large tanks. The success of this process is empirical and depends on the type of powder used, the
impeller geometry, the rotation rate, the tank size, and the nature or amount of the added binder.
More fundamentally, granulation belongs to the class of agglomeration mechanisms encountered
in many situations such as ash gas during volcanic eruptions [3], star formation [4], or biological
tissue fabrication [5]. The agglomerate formation results from a balance between fragmentation and
aggregation processes, which needs to be identified to describe thoroughly the mechanical factors
affecting the size of the resulting agglomerates.

We draw here a physical picture of high-shear granulation in two steps with two model
experimental systems. First, we propose a static test of cohesion in well-controlled wet granular
media on a large range of binder fraction w, defined as the ratio of the liquid volume over the solid
volume. The range of w is chosen to match the experimental conditions of high-shear granulation

*anne-laure.biance@univ-lyon1.fr

2469-990X/2018/3(1)/014301(9) 014301-1 ©2018 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.3.014301&domain=pdf&date_stamp=2018-01-29
https://doi.org/10.1103/PhysRevFluids.3.014301


PASCAL S. RAUX AND ANNE-LAURE BIANCE

[2]. By analyzing the liquid repartition within the grains, we capture our results with a simple
modeling. Second, we propose an experimental procedure to test the dynamical cohesion of the
media and to control the agglomeration process. We then show that this simple procedure bears the
same characteristics of a high-shear granulator.

II. STATIC: COHESIVE STRENGTH

The static cohesion of an assembly of wet grains has been widely studied both theoretically
and experimentally [6–9]. The first works attempted to determine the capillary force between two
grains [6–8], taking into account the liquid volume, the surface roughness [6], or the solid elasticity
[9,10]. Subsequent challenges have been to show the impact of this local nonlinear force to a random
assembly of grains linked by liquid bridges[11–14]. Different experimental techniques have been
developed to measure the internal stress of wet granular media, such as the draining crater experiment
[7], the critical angle of response determination [15], or the maximal centrifugation sustained before
rupture [12]. However, most of the work is devoted to a low liquid fraction (w < 5%–10% with
our notations), in the vicinity of the so-called pendular regime, where isolated liquid bridges ensure
the stability of the wetted granular media [16]. At a higher liquid content, the structure of the
liquid repartition switches from the pendular regime to the funicular one where liquid bridges are
connected. For 2% � w � 25%, a saturation (plateau) of the rupture stress with the liquid content is
observed [12,17,18]. From a theoretical point of view, the cohesion force induced by complex liquid
repartitions has been recently studied, such as the merging of three meniscii leading to trimers [19].
They show that the saturation should stand. However, the observation of a subsequent increase at a
larger liquid fraction in engineering tests [16,20,21] remains mostly undocumented.

A. Experimental methods

We conducted experiments using a model granular material consisting of spherical borosilicate
beads (Sigmund-Lindner) of density ρs = 2500 kg/m3. The beads are thoroughly cleaned with soap
(decon) and de-ionized water and placed in an ultrasonic bath before the experiments. The beads are
sieved and five samples with different mean diameters d are used: 52 ± 8, 71 ± 10, 105 ± 7, 146 ±
19, and 207 ± 22 μm. The typical roughness of the beads measured by atomic force microscopy
(AFM) is 10 nm (peak to peak). Given the range of liquid content studied (w > 1%), it should not
influence the cohesive stress [6]. The beads are then gently stirred by hand with the binding liquid
for approximately 1 min, until a homogeneous paste is obtained. The details of the mixing protocol
and the mixing time do not affect the results as long as evaporation is prevented. We then compact
the wet beads between two parallel plates in three directions repeatedly with a typical pressure of
a few bars. A razor blade is used to remove the excess beads and form a parallelepipedic beam of
width W and thickness H . We measure the solid fraction φ by weighing the beam before and after
drying it, and present the results in Fig. 1(a). The value of φ is lower than the one of the dry grains:
Cohesive granular materials are known to have a lower density than dry ones. Leaving apart the dry
case, we observe a slight increase in the solid fraction with the liquid content. Such densification
with the liquid content w is commonly observed for soil and industrial powders [22]. In our range
of w, we approximate this weak trend by a linear law φ(w) [Fig. 1(a)].

We use the beam weight to apply a stress inside the material: The beam is pushed at a typical
speed of 1 mm/s towards an edge until it breaks at a critical length L [Fig. 1(b), inset]. Several beam
sizes are tested for each granular material composition. Figure 1(b) presents results obtained for a
given grain size, at a given liquid content. L does not vary with W (tuned by a factor 5) but increases
with the thickness, scaling as

√
H .

B. Experimental results

A wet granular medium is a cohesive material, and we model its mechanical behavior only with
a mean cohesive stress σ beyond which the material breaks. As the free-standing length increases,
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FIG. 1. (a) Solid volumic fraction vs liquid content, for different grain diameters. (The binding liquid is
water.) The line shows the linear fit φ ≈ 0.47 + 0.13w. (b) Square of the rupture length as a function of the
beam thickness, for various widths. Here, d = 71 μm and w = 25%. The line gives the best fit, of slope 72 mm.
Inset (experiment principle): The granular beam breaks under its own weight at an overhanging length L.

the internal stresses inside the beam build up: Gravity applies a torque on the free-standing part of
the beam, scaling as ρgHWL2. Rupture of the beam occurs when this torque exceeds the cohesive
strength σ , whose torque scales as σWH 2. Thus, the balance of torques reduces to

L2 = σ

ρg
H. (1)

As σ/ρg does not depend on the geometry of the beam but only on the material properties, this
expression captures well the experimental data presented in Fig. 1. We can specify the relationship
between L2 and H by developing the expression of ρ = φ(ρs + ρlw), where ρl is the liquid density.
All the quantities are constant, except φ and the liquid content w, measured in each experiment.
The cohesive strength σ is then determined through the slope of the linear relationship between
L2 and H ,

σ = φg(ρs + ρlw)
L2

H
. (2)

Figure 2 presents the normalized cohesive strength σ measured from beam rupture experiments
using Eq. (2) for various grain diameters and liquid content w. Two regimes are observed: a plateau
and then an increase of the strength as a function of w.

The expression of the force F of a single capillary bridge has two contributions [8,23]. One is
due to the difference of pressure �P in the curved meniscus Fp = −�Pπd2 sin2(ψ)/4, and the
other due to the surface tension at the solid/liquid contact line Fs = πdγ sin(ψ) sin(ψ + θ ), with
ψ corresponding to the filling angle [23], related to w, and θ the liquid/bead contact angle, close to
zero here.

At low w, the two contributions compensate and the force reduces to F � πdγ cos θ , independent
on the volume of the liquid bridge: The cohesion is constant (horizontal line) as a function of w,
as expected in the pendular and early funicular regime [12]. Assuming that Z independent capillary
bridges are contributing to cohesion on average for each grain, we derive from the previous expression
the mean macroscopic stress,

σ = 4Zεs

γ cos θ

d
, (3)

where εs is the surface solid fraction in a section of the granular material and θ ≈ 0 for wetting
liquids. According to Eq. (3), the cohesive strength scales as γ /d, which is well captured in our
experiments, as the data from all bead samples collapse on a single master curve. We also varied
the liquid binder, using water (γ = 73 mN/m and viscosity η = 1 mPa s), glycerol (γ = 63 mN/m,
η = 990 mPa s), and silicon oil (γ = 22 mN/m and η = 20 mPa s). As shown in the inset of Fig. 2,
no effect of the viscosity is found and the effect of surface tension is also rationalized by expression
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FIG. 2. Normalized cohesive stress as a function of the liquid content (here, water) for various grain sizes.
Each value of σ is derived from at least eight measurements of critical length L against thickness H and using
Eq. (2). The two regimes discussed in the text are shown with colored lines: σd/γ ≈ 0.7 in red and Eq. (7) in
purple, with K = 6.4. Inset: Same measurements, obtained for different liquids. (a)–(d) Examples of images
taken with confocal microscopy. For these images, we used glycerol with fluorescein and d = 71 μm. The
width of each image corresponds to 920 μm.

(3). A slight shift is observed, which can be attributed to several factors, such as nonzero contact
angles, dust, or other contaminations of the liquids.

This regime of constant cohesion extends in the funicular regime (w > 5%), well beyond the
limit at which the capillary bridges start to merge. Scheel et al. measured the cohesive strength of
wet glass beads by centrifugation [12] and reported a constant stress σ = 220 Pa in the domain
1% < w < 26%, so well beyond the pendular regime. Approaching their surface tension with the
one of water, it corresponds to σd/γ ≈ 0.9, similar to the approximately constant cohesive stress
obtained here at low w around 0.7γ /d in the same range. Koos et al. [24] also measured in a rheometer
the yield stress of a suspension to which a secondary fluid is added (hematite of 5 μm in diisononyl
phthalate (DINP) with a small amount of water), reporting a maximum versus water volume fraction
of 2000 Pa. Assuming that their liquid/liquid surface tension is around 10 mN/m, the obtained value
remains in good agreement with our measurement, showing the robustness of the value of the plateau
with different systems.

However, here, at a larger liquid content, a different phenomenon, an increase of cohesion,
is observed for w > 20% (Fig. 2). To apprehend this result, we inspect the liquid repartition in
the granular material using fluorescence confocal microscopy (Leica TCS SP5DMI6000, objective
×10, numerical aperture NA = 0.3). To prevent evaporation during the recording, fluorescein-loaded
glycerol is used as the binding liquid. Due to the difference in the refractive index between glass and
air, no visualization was possible deep inside the granular material: Only the first two layers of grains
are then observed, preventing quantitative measurements. Figure 2 shows the pictures reporting an
evolution of the liquid repartition: At low w, isolated capillary bridges in the pendular regime are
observed [Fig. 2(a)]. They start to connect to each other at higher w [Fig. 2(b)], forming small liquid
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clusters (funicular regime). The clusters grow and progressively invade all the voids between the
grains [Figs. 2(c) and 2(d)] as w increases. Note that the bridges connect at a relatively low water
content w: Our experiments are thus mainly in the cluster (funicular) regime. Moreover, in the domain
showing an increase of the cohesive strength, a unique cluster is expected to regroup all of the liquid
[12].

C. Discussion

To understand these two behaviors (the plateau and the subsequent increase), one must first note
that in these ranges of w, the two contributions of the force of the capillary bridges no longer
compensate. The pressure contribution Fp indeed overcomes the surface tension one, Fs . The mean
cohesive strength σ can then be estimated from the average pressure exerted by the liquid on the grain
assembly. Following the two-dimensional (2D) numerical analysis of Ref. [13], σ is thus related to
the liquid capillary pressure pl , the packing fraction φ, and the ratio of the wetted grain surface Swet

over the total grain surface Ssol,

σ = plφ
Swet

Ssol
. (4)

To quantify σ , one needs to evaluate both the pressure inside the liquid phase and the grain wetted
surface. For an isolated liquid bridge, the pressure pl is defined by a geometrical relationship and
is shown to decrease (in absolute value) as the bridge volume increases. When the funicular regime
is reached (i.e., when the capillary bridges merge to form clusters), Scheel et al. [12] showed by
x-ray tomographic measurements that the pressure saturates to a value of −Kγ/d with a constant
K ≈ 9. Similar results were obtained for trimers by a numerical analysis [19]. As most of the clusters
connect, we assume here that we can extend this result to the full range of liquid content studied
(4% < w < 50%).

We now consider the variations of the grain wetted surface with w. In small liquid clusters (just
after the merging), it remains almost constant, as the added liquid fills the gap between the grains
without affecting the wetted surface. For example, in an ideal compact packing, filling tetrahedral
and octahedral spherical cavities with liquid is not associated with any increase of the wetted surface,
while it requires an increase of w by 9%. A similar phenomenon is expected in the densest regions of
the granular material. Thus, in the early funicular regime, Swet does not depend on the liquid content
and Eq. (4) leads to a constant cohesive strength, as observed. On the contrary, inside larger clusters,
most of the pores are already saturated by the liquid [see Fig. 2(d)]. In this limit of large w, the wetted
area can be approximated by the total surface of the grains in the cluster, i.e., πd2 for each grain,
while the liquid volume is close to the available pore space, related to the total volume of grains Vs

and φ [25]. The ratio of the wetted area of the grains to the liquid volume Vl for a cluster filled with
liquid thus reads

Swet

Vl

≈ 6φ

d(1 − φ)
, (5)

while the geometrical relationship for spherical grains leads to Ssol = 6Vs/d. Assuming that Eq. (5)
is representative of the surface/volume relationship in our clusters, one can thus rewrite Eq. (4), using
w = Vl/Vs ,

σ = pl

φ2w

1 − φ
. (6)

Following the results of Refs. [12,19], we deduce the cohesive strength in the limit of large clusters,

σ = Kγ

d

φ2w

1 − φ
. (7)
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FIG. 3. (a) When wet granular material is vibrated in a box, and agglomerates are formed, with a mean size
D. (b) Picture of agglomerates obtained from d = 146 μm grains with w = 37% and Aω = 0.9 m/s. Scale
bar: 1 mm. (c) Normalized size distribution for various grain sizes d and water content w, showing a common
distribution even though the mean agglomerate size D varies. Gaussian distribution is displayed to show the
slight asymmetry in this distribution.

For a constant φ, we thus expect a linear relationship between the normalized cohesive stress
and w, with a coefficient that is Kφ2/(1 − φ). Using Eq. (7) and the linear fit from Fig. 1(a),
the curve in Fig. 2 shows that this equation describes correctly our measurements of σ . As we
defined the cohesive stress in the two regimes [Eqs. (3) and (7)], the liquid fraction at the transition
w � 4ZεS(1 − φ)/(Kφ2) is around 20%, in agreement with our experiments. Using Eq. (4), we also
estimate that, in the plateau regime, 15%–20% of the surface of the grains is wetted by the liquid. On
average, one grain is then surrounded only by two or three connected large capillary bridges. This
shows that the liquid is inhomogeneously repartitioned, in good agreement with the images of Fig. 2.

We then designed a simple experimental test to determine the cohesion stress of wet granular
media in a static condition in a large range of liquid fraction. On the one hand, at a low liquid
content (for w < 20%), the grain wetted area and the liquid pressure do not vary, which explains
the well-documented plateau. On the other hand, at a larger liquid content, an increase of the stress
attributed to the increase of the wetted area is observed. These results, captured by a simple scaling,
agree qualitatively well with some low documented engineering data [16,20]. One can notice that
this model depends strongly on the liquid repartition and its inhomogeneity. Different protocols
of sample preparation could lead to different capillary pressure dependencies, as shown in recent
numerical simulations [13]. Moreover, the effects of polydispersity and angularity of the grains can
also explain the equivocal comparison with more realistic granular materials [26].

III. DYNAMICS: GRANULATION

A. Experiments

Now that the cohesive strength of wet granular media is well described, we investigate it under
dynamical conditions and, in particular, in the context of high-shear granulation. By a closer look,
most of the process stands in the impact of the agglomerates with the impellers [27]. We therefore
switch to a more controlled setup by using a large amplitude vibrating pot to agglomerate our
beads (Fig. 3). The vibration of dry grains has been largely studied [28–31] as it is used as a way
of compacting the material. From a more physical point of view, vibration has been shown to be
analogous to thermal activation, and phase transitions between solid, liquid, and gas granular phases
have been reported. The nature of this transition, taking into account dissipation, remains a subject
of active debate [32].
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FIG. 4. (a) Agglomerate size normalized by the grain diameter, as a function of the vibration characteristic
velocity Aω. Here, d = 71 μm and w = 30%. (b) Normalized agglomerate size as a function of the water
content, for various grain diameters. Here, Aω = 0.9 m/s, except for the open symbols that are high-shear
granulation agglomerate sizes extracted from Ref. [2] with d ≈ 10 μm and φ ≈ 0.6.

Working at a high water content and large acceleration (Aω2/g � 1), we observe that the system
is not only fluidized but also forms spontaneously some nuclei or agglomerates. After mixing, the
wet granular material is placed in one pile inside a hermetic box. It is then vibrated vertically with
an amplitude A varying between 7 and 15 mm and a pulsation ω between 125 and 260 rad/s for
typically 15 min. It breaks the pile into smaller pieces which form a granular gas of agglomerates: At
the end of the experiment, we obtain bead clusters with an equilibrium size which does not depend
on the size of the box or the quantity of grains. The same value is also obtained if the experiment is
started with agglomerates smaller than their final size, showing that it is indeed the result of combined
aggregation and fragmentation. The size of the agglomerates is then measured by taking a picture
with a macroscope, as illustrated in Fig. 3(b): Fitting each agglomerate by an ellipse, we extract its
geometrical diameter D◦. Figure 3(c) presents the distribution of D◦ for various grain sizes and water
content (about 1500 agglomerates in total), normalized by the mean value of each sample noted D. It
is a relevant parameter to characterize these distributions since they are all similar despite variations
in the experimental parameters. A Gaussian fit is plotted in Fig. 3(c) in order to highlight the slight
asymmetry in these size distributions, which could be explained by a balance population model with
adequate fitting parameters [33], but it exceeds the scope of our work. We now focus on the mean
value of the agglomerate size D.

B. Results

We first investigate the effect of agitation, by studying the variations of D with both A and ω.
Figure 4(a) shows that D decreases slightly with the characteristic vibration velocity: When Aω

increases, more energy is available for fragmentation. But the main factor that prescribes the size of
the aggregates is the liquid content. Figure 4(b) shows that the mean aggregate diameter D increases
with the water content w. A comparison of these results with Fig. 2 shows a clear correlation of
the agglomerate size with the cohesive strength: The more cohesive the agglomerate, the larger it
is. Finally, for various bead sizes (tuned by a factor 4), D/d collapses on a single curve [Fig. 4(b)],
stating that the number of grains in an agglomerate does not depend on the bead size, while the
cohesive strength does (Fig. 2). For comparison, we also display data from high-shear granulation
systems at a similar impeller rotation speed (close to 1 m/s with a typical size of the impeller of 10
cm and a typical particle size 10 μm) [2]. The agglomerates obtained with our simplified protocol
are similar in size, although the details of the process are different. Moreover, it is worth mentioning
that the effects of the typical velocity on the final size are also similar in industrial processes [1],
suggesting that our setup is a promising model system to understand high-shear granulation.
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C. Discussion

This result, showing that D ∝ d, is quite unexpected. Indeed, a naive balance of the cohesive
strength on the agglomerate surface (scaling as σD2) with inertia (scaling as ρD3Aω2) would
result in D ∝ σ , and since σ ∼ γ /d, we deduce finally that D ∝ 1/d, which is the inverse of the
experimental result. If we consider dissipation due to the rupture energy of D2/d2 capillary bridges
[17] and we balance it with the kinetic energy of the agglomerates, one recovers that D ∼ d0, also
not satisfying our experimental results. The observed scaling law then gives us a strong constraint
to model the granulation mechanism: For now, none of the physical models we tested accurately
describes the nondependency of the aggregate number of grains with the bead size, in contrast to its
key role in 2D viscous granulation processes, for example [34]. Some attempts taking into account
the bistability of the agglomerate transiting under vibration from pendular to capillary states [35]
could explain some of the observed results, but not convincingly. Moreover, the dynamics of impact
and deformation of the wet granular material should be crucial in the aggregation process [2,27].

IV. CONCLUSION

To conclude, we show that the static cohesion of wet granular media saturates in a range of liquid
fraction but then increases again at a high liquid content due to a saturation of the pressure in the liquid
medium. Moreover, we show in a controlled dynamical experiment that high-shear granulation is a
complex process where the number of granules per bead remains constant under given conditions.
This experiment, showing self-similar agglomeration, opens the way to more controlled wet high-
shear granulation processes as well as a deeper understanding of the interaction mechanisms in
vibrated granular media.
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