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1 PROBLEM STATEMENT AND PROJECT OBJECTIVES

B Granular matter and powders are widely used in the manufacturing of numerous products and in
many industries. In particular, powders are used as intermediate products but are also products con-
sumed as such or, most often, after rehydration in the food industry [1]. They are also omnipresent in
pharmaceutical products, but also in building materials as the PI has experienced with Saint-Gobain.
Despite this intense utilization, their behavior is still poorly understood and empirical [2]. One signif-
icant difficulty in developing a general understanding is the range of possible powder properties (size,
shape, wettability, etc.), the key role of the moisture and electrostatic force, and the flow conditions.
B Drying of powders and formation of agglomerates. Developing final products with powders often
involves a wet agglomeration process, which is still very empirical [3]. Wet agglomeration of powders
consists of coupling the agitation of solid particles to an operation of adding water or a binder to form
granular structures of larger size, which after drying modify the properties of the final powder (flowa-
bility, rehydration properties, density, etc.) [4, 5]. At the industrial level, there is a great diversity of
equipment (configuration, agitation mode) and modes of water supply (pulverization, flow...) allowing
to realize this operation. The drying of wet powders ultimately leads to agglomerate formation because
of solid bonds formed between the particles [3, 6]. The average size of the agglomerates produced can
vary from ten to a few hundred microns. Nevertheless, in all cases, one can expect that two different dry-
ing techniques will lead to different final granules in terms of strength, size, compressibility, flowability,
and ultimately result in products of varying quality and properties.

B A complex (and impossible?) prediction. As mentioned in the project brief, the question on how
the intensity of the shear in a dryer affects the state of agglomeration of the dried product, and its re-
dispersibility is broad and fascinating because of all the different physical and chemical ingredients
involved. An approach to provide some first answers useful to a broad community would be to perform
some real-scale experiments with a few selected powders and build a regime map for some well-chosen
variables. However, this approach would have limited interest since the degree and nature of the ag-
glomeration is influenced by the particle’s surface chemistry and morphology (size and shape) but is
also strongly influenced by the type of dryer used, as well as the presence or absence of solutes in the
water. As a result, any particular characterization obtained may not be appropriate to describe or predict
other configurations.

B Should we give up? Towards a predictive tool. The goal of this project is to develop two innovative
experimental tools that will allow easy implementation and quick testing of a large variety of powders
and liquid while controlling the input energy and/or shear rate during the drying process. We will base
our approach on our expertise in granulation and blending of liquid and grains performed in the past
with an industrial collaborator, Saint-Gobain. Deliverables will be the tools developed within this project
from which we will obtain the final size distribution, but also the time evolution, of the agglomerates
formed. The capabilities of such tools will be demonstrated through experiments with model powders,
from which the PI will gain some fundamental insights into potential optimization properties (evolution
of the final size distribution of the agglomerate with the shear rate).

B Research objectives. A schematic of the research objectives, tasks, and deliverables is shown in figure
1, highlighting the nature of the project and the cross-talk between the different stages. In particular,
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once the tools have been developed, the PI will seek powders of interest among the IFPRI members
to leverage these characterizing tools while simultaneously running experiments with model materials.
The proposed research will lead to the development of two characterizing tools, (i) oscillating box for
high-shear rate and (ii) rotating drum for medium shear rate, that could be used on any powders to
provide the time-varying and final size distribution of the agglomerates formed upon the drying of
wet powders with shear. These tools will provide a first, quick, and cheap estimate of the influence of
the different controlling parameters (shear rate, relative humidity, nature of the powders, etc.) prior to
running more elaborate tests in industrial settings.

Tool 1: high-shear drying
Oscillating box

Typical velocity:0.3 � 2.5 m/s
<latexit sha1_base64="GVQ8tMUf456NxDwd7Vxm4wXO3uM=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEFxqTVrHLghuXFewDmlAm00k7dGYSZiZCCQV/xY0LRdz6He78G6dtFtp64MLhnHu5954wYVRp1/22Ciura+sbxc3S1vbO7p69f9BScSoxaeKYxbITIkUYFaSpqWakk0iCeMhIOxzdTv32I5GKxuJBjxMScDQQNKIYaSP17CPXqcILWHGuoX+e+ZJDfqkmPbvsOu4McJl4OSmDHI2e/eX3Y5xyIjRmSKmu5yY6yJDUFDMyKfmpIgnCIzQgXUMF4kQF2ez8CTw1Sh9GsTQlNJypvycyxJUa89B0cqSHatGbiv953VRHtSCjIkk1EXi+KEoZ1DGcZgH7VBKs2dgQhCU1t0I8RBJhbRIrmRC8xZeXSavieFWncn9VrtfyOIrgGJyAM+CBG1AHd6ABmgCDDDyDV/BmPVkv1rv1MW8tWPnMIfgD6/MHOmuTFA==</latexit>

Typical particle energy:0.1 µJ
<latexit sha1_base64="CS8TBGVhub9sWIdrJtzE4IPRVlA=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g0VwISGpgl0W3IirCvYBTSiT6aQdOjMJ8xBq6Je4caGIWz/FnX/jtM1CWw9cOJxzL/feE2eMKu37387a+sbm1nZpp7y7t39QcQ+P2io1EpMWTlkquzFShFFBWppqRrqZJIjHjHTi8c3M7zwSqWgqHvQkIxFHQ0ETipG2Ut+t+F4QXoTc5KHk8G7ad6u+588BV0lQkCoo0Oy7X+EgxYYToTFDSvUCP9NRjqSmmJFpOTSKZAiP0ZD0LBWIExXl88On8MwqA5ik0pbQcK7+nsgRV2rCY9vJkR6pZW8m/uf1jE7qUU5FZjQReLEoMQzqFM5SgAMqCdZsYgnCktpbIR4hibC2WZVtCMHyy6ukXfOCS692f1Vt1Is4SuAEnIJzEIBr0AC3oAlaAAMDnsEreHOenBfn3flYtK45xcwx+APn8wdJ8pIt</latexit>
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Tool 2: low and medium 
shear drying
Rotating drum

Typical shear rate: �̇ ⇠ 100 s�1
<latexit sha1_base64="MFHqWu+7MLmmpjLlngMD547iyYs=">AAACDHicbVDLSgMxFL1TX7W+qi7dBIvgQstMFeyy4MZlBfuAzlgyaaYNTWaGJCOUYT7Ajb/ixoUibv0Ad/6NaTsLbT0QOJxzbpJ7/JgzpW372yqsrK6tbxQ3S1vbO7t75f2DtooSSWiLRDySXR8ryllIW5ppTruxpFj4nHb88fXU7zxQqVgU3ulJTD2BhyELGMHaSP1yxR1EOnWHWAicIVcxgRzbds9SVwqk7tNzJ8tMyq7aM6Bl4uSkAjma/fKXuZUkgoaacKxUz7Fj7aVYakY4zUpuomiMyRgPac/QEAuqvHS2TIZOjDJAQSTNCTWaqb8nUiyUmgjfJAXWI7XoTcX/vF6ig7qXsjBONA3J/KEg4UhHaNoMGjBJieYTQzCRzPwVkRGWmGjTX8mU4CyuvEzatapzUa3dXlYa9byOIhzBMZyCA1fQgBtoQgsIPMIzvMKb9WS9WO/WxzxasPKZQ/gD6/MHTDSadQ==</latexit>

velocity, is found to be δ ≃ 0.067 m for rotational speed Ω= 1 rpm and
δ ≃ 0.089m forΩ=5 rpm, implying that δ depends only slightly on the
rotating speed. A similar trend has also been observed in the previous
CFD study [25].

3.4. Stress distribution

The distribution/transmission of bulk stress (or contact forces from
the particle-scale perspective) is known to be a long-standing complex
problem in granular research. In his pioneering work, Janssen [44] re-
vealed that the stress/pressure in a silo tends to saturate at a certain
depth owing to the frictional resistance from lateral silo wall, dissimilar
to the common picture of hydrostaticswhere the pressure increases lin-
early in depth. Undoubtedly, the same situation should exist for the bed
stress in rotating drums; but so far there has been no serious study on
this issue and previous drum analysis was still under the assumption
of hydrostatics [10]. Here, by means of FEM simulation, more insights
into this problem can be obtained.

Two common scalar measures of bulk stress are considered in this
paper, namely the equivalent pressure defined by p = −σii/3 and the
Von Mises stress defined by q = (1.5Sij Sij) 1/2, where σij and Sij are the
stress and deviatoric stress tensors respectively. Note that if the as-
sumption of hydrostatics held for the rotating drum, i.e. pressure p vary-
ing in proportion with material depth [10], the contour lines of p in
Fig. 11 should all be parallel with the free surface of the bed. But the re-
sults in Fig. 11 indicate that this is only roughly true in layerswith prox-
imity to the bed surface at low rotational speeds, e.g. Ω = 10 rpm, and
becomes increasingly problematic with the depth. In addition, a sharp
concentration of pressure may emerge at the bottom rim at high rota-
tional speeds Ω = 40 and 65 rpm due to the increase of centrifugal
force which is beyond the hydrostatics. The contour of the Von Mises
stress q shows an analogous pattern to the equivalent pressure p in
spite of the difference in magnitude. Such stress behaviours should be
carefully considered in analysis of rotating drum.

Yang et al. [20] have explored, using DEM approach, the micro-
dynamics of rotating drum including the coordination number, the col-
lisional frequency and the contact forces between particles. It may be of
interest to compare the present bulk pressures with their contact force
network demonstrated in Fig. 12, where the thickness of the connecting
line between two contacting particles indicates the magnitude of con-
tact force. It is seen from their DEM results that the majority of large
contact forces happen around the vertical or slightly to the left of the
drum bottom, and then progressively decrease towards the high end
of bed surface indicating a more complex spatial distribution of contact
force than the hydrostatic picture. This is similar to our continuum re-
sults shown in Fig. 11. Note that although the interparticle contact
force and the bulk pressure both describe the intensity of particle inter-
actions within the granular material, they are in nature different con-
cepts defined at different length scales. To make a quantitative
comparison between them requires an averaging treatment of the dis-
crete forces [45], which is not included here but may be considered in
the future work.

4. Conclusions

In this work, an Eulerian-formulation FEM approach is adopted to
simulate the dynamics of granular material in a partially filled rotating
cylinder. The approach is built on the classic elastoplastic constitutive
theory and can describe the dual solid and fluid behaviours of granular
materials at the continuum level, unlike the usual CFDmethod based on
fluid mechanics or the discrete methods established at a particle level.

Fig. 9. The general flow kinematics of granular material in a rolling-mode drum.

Table 4
Drum parameters used in the experimental measurement by Boateng [13].

Drum diameter
D (m)

Filling level
J/D

Particle size
d (mm)

Rotational speed
Ω (rpm)

Set D 1.0 30% 3 1–5

Fig. 10.Velocity profiles along themid-chord of bed in cases: (a) Set D,Ω=1 rpm; (b) Set
D, Ω = 5 rpm. (■), experimental data [13]; solid line, current FEM prediction; dash line,
rigid-body approximation given by Eq. (6).
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Transversal tasks
- Development of the humidity 
chamber

- Processing tools to measure the 
time evolution of the aggregate 
size during the drying process
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Characterizing the formation of agglomerates during drying with different model powders and shear conditions
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- Experiments performed with model powders (e.g. calcium carbonite, quartz, cornstarch, etc.)

- Time-resolved regime map varying the temperature, relative humidity and energy input 
- Key results: agglomerates size distribution

- Experiments with model material (glass beads) and liquid phase that solidifies upon drying
Input from IFPRI 

members with 
powders of interests

Figure 1: Schematic overview of the proposed research.

2 EXPERTISE OF THE PI AND RELEVANCE TO ITS OWN RESARCH

B Background of the PI. The PI, Alban Sauret, is a faculty in the Department of Mechanical Engineer-
ing at UC Santa Barbara (USA) since 2018. He leads the Multiphase and Multiscale Flow Laboratory
(website), which consists of 10-15 researchers. His group tackles problems in the area of fluid mechanics,
soft matter, and granular materials. In particular, topics of current interest in the group include capillary
flows of suspensions (dispensing of suspensions through nozzles, dip coating of suspensions, etc.), clog-
ging in confined systems, rheology and properties of granular material and powders, blending of liquid
and grains. Before joining UCSB, the PI was a CNRS Researcher between 2014 and 2018 in SVI (website),
a joint academic-industrial laboratory between the CNRS and Saint-Gobain located in the Saint-Gobain
Research center in Aubervilliers (France). In addition, he was a scientific consultant for Saint-Gobain
Research in the field of granular materials, powders, and coating processes.

B Why is PI well-qualified to develop new diagnostic tools for powders? In the past, the PI, in col-
laboration with Saint-Gobain and Dr. Pierre Jop (SVI), has developed model approaches to gain some
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fundamental insights into the wet granulation processes. In these past projects, the goal was to work
at constant water content and thus prevent any evaporation and drying of the liquid phase. However,
similar approaches could easily be used and extended to control the drying of the liquid phase and pro-
vide relatively quick insights into the size distribution of the agglomerates resulting from the drying of
wet powders. In addition, since 2019, the PI has started to investigate constitutive laws to provide a
physical understanding of the concept of flowability of powders by studying the rheology of powders
in various configurations in collaboration with researchers in France (Dr. Olivier Pouliquen and Prof.
Maxime Nicolas, IUSTI, Marseille, France). Interestingly, whereas powders are handled at large scales,
different simple tools have been developed to characterize powders in industrial environments (see for
instance Granutools). The spirit of the present project is similar, i.e., developing experimental tools to
provide insights into the formation of agglomerates during the drying of wet powders under shear.

B Why focusing on an oscillating box and a rotating drum as model configurations? We have per-
formed similar work leveraging the simplicity of an oscillating box in the past with a postdoctoral stu-
dent and an MS student at CNRS and Saint-Gobain (France) to mimic the wet granulation process using
controlled granular systems (spherical glass beads and polystyrene beads, both monodisperse in size).
We thus believe that combining this approach with a control of the relative humidity, temperature, water
content, and nature of the powders could lead to the development of an innovative tool for character-
izing wet powders drying under controlled shear. Similarly, the PI has also considered the rotating
drum configuration during the Ph.D. thesis of G. Saingier (funded by Saint-Gobain). We have used this
approach to model wet granulation processes at low shear rates [7,8]. More specifically, we have consid-
ered the growth of a single wet aggregate rolling in a dry granular flow inside a rotating drum. We have
been able to measure the time evolution of its diameter for different grains and liquids and various shear
rates. Using X-ray tomography, we were also able to characterize the internal structure of the granular
aggregate at different times during the process. Therefore, extending this approach to provide a tool to
build a regime diagram of the drying of wet powders at low shear rates is feasible.

The proposed project relies on the expertise of the PI and controlled flow configurations and drying
kinetics. The goal is the development of innovative tools for characterizing the drying of wet pow-
ders with shear and the resulting formation of agglomerates. The tools that will be developed could
be used with any powders and binding agents at high shear rates (oscillating box) and medium
shear rates (rotating drum).

3 RESEARCH WORK-PLAN

Objective 1: Drying powders at high-shear

The first objective in this project will be to investigate and characterize the drying dynamics and the
resulting agglomerates formed under high-shear drying, typically as encountered in flash and agitated
dryers [9]. A large part of this process is controlled by the impact of the agglomerates with the impellers
during the drying process [10]. Performing such an approach with an actual high-shear drying sys-
tem would only result in the characterization of a specific situation (specific powder, for given relative
humidity and temperature). However, these kinds of tests could be pretty time-expensive while only
providing limited opportunities for optimizing the formation of the agglomerates. We, therefore, aim to
develop a more controlled setup where we will be able to visualize the drying agglomerate both during
the drying process using high-speed visualization and post-mortem (either with microscopy or X-ray
tomography). During the drying process under agitation, the visualization of the agglomerates and the
dynamic evolution of the size distribution may provide previous information on what controls the final
size distribution (collision of agglomerates between themselves, on the solid boundaries, leading to the
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formation of larger agglomerates or break-up in smaller agglomerates).
B From wet granulation to drying with shear. Beyond the difference due to the drying phase, the
wet granulation process [11] and the drying of wet powder under high shear rates share common key
features. In the context of high shear wet granulation, the process often takes place in a tank in which
rotating blades set the material in motion. The shape of the blades only impacts the intensity of the
velocity field within the granulator, and they serve to set the material in motion and to give it enough
energy for shocks to occur. Indeed, during the granulation stage, it is assumed that it is the shocks
between agglomerates that will determine the average value of the final diameter of the latter [12]. It
is, therefore, possible to assume that such an analogy can be made with the shear drying process. The
approach is to use a large-amplitude vibrating pot where the two main control parameters to impose the
shear are the amplitude of oscillation A and the frequency of oscillation f = 2π/ω [see figure 2(a)].
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<latexit sha1_base64="b2q+YrOP6Y8eD+DEzbVH2YcBP58=">AAAB+3icbVDLSgNBEJyNrxhfazx6GQxChBB2o6DHqBePEcwDskuYncwmQ+axzMyKIeRXvHhQxKs/4s2/cZLsQRMLGoqqbrq7ooRRbTzv28mtrW9sbuW3Czu7e/sH7mGxpWWqMGliyaTqREgTRgVpGmoY6SSKIB4x0o5GtzO//UiUplI8mHFCQo4GgsYUI2Olnlu8DioBlrocSE4GKKiYs55b8qreHHCV+BkpgQyNnvsV9CVOOREGM6R11/cSE06QMhQzMi0EqSYJwiM0IF1LBeJEh5P57VN4apU+jKWyJQycq78nJohrPeaR7eTIDPWyNxP/87qpia/CCRVJaojAi0VxyqCRcBYE7FNFsGFjSxBW1N4K8RAphI2Nq2BD8JdfXiWtWtU/r9buL0r1myyOPDgGJ6AMfHAJ6uAONEATYPAEnsEreHOmzovz7nwsWnNONnME/sD5/AGU7pN/</latexit>

(a)

(b)

Figure 2: (a) Schematic and (b) picture of
the oscillating box experiment.

B A simplified approach. Although a vibrated box seems to be
a simple system, in the context of wet granulation, the size dis-
tribution of the final agglomerate size with the water content
have shown that the data obtained with this system are simi-
lar to data from high-shear granulation systems at an impeller
rotation speed that would lead to a similar input energy in the
system (close to 1 m/s with a typical size of the impeller of 10 cm
and a typical particle size 10µm) [13] 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, suggesting that this setup was a promising
model system to understand high-shear granulation, but also
high-shear drying of powders [14].

B The apparatus. We will initially base our approach on a setup
similar to the one we used in the past, shown in figure 2(b).
A small amount of the initial powder, mixed with the liquid,
will be placed in a rectangular plastic box of typical dimensions
10 × 3 × 5 cm. Within this box, shocks between agglomerates
will also take place, similar to what would be observed in other
high-shear drying processes. In addition, the agglomerates will
also impact the solid boundaries during the entire drying pro-
cess. This experiment should allow us to reach comparable
values for the acceleration, velocity, and input with those ob-
tained using a tank (the frequency and amplitude of the oscil-
lations could be extended to reach a different range of shear).
The mechanisms involved are likely similar, and this procedure
seems to be a good alternative to provide a benchmark to test different powders, liquid, initial moisture,
time variation, etc. To make this box oscillate, we will use a vibrating pot. The amplitude and frequency
will be controlled by an amplifier and a low-frequency generator. We will also add an accelerometer on
this plate to measure the acceleration experienced by the box, thus estimating the input energy in our
system.

B Preparation of the initial sample. We will initially use a plastic bag in which we will weigh the desired
quantity of powders, and the volume of liquid will then be added to obtain the desired liquid content
with a pipette, and the bag will be sealed, the powder homogenized, and then place in the plastic box to
run a test.
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B Environmental chamber: control of the temperature and the relative humidity. An important mod-
ification to this setup will be to implement a control in temperature and relative humidity in the box.
Since our system is quite simple, this will be easily done by connecting on the side of the box an inlet a
full range humidity control with an elevated temperature that would allow control from 10 to 98% RH
(at 20oC) and a temperature from ambient to 55oC. We have used such a system in the past, purchased
from Electro-Tech Systems, within an environmental chamber, to study the drying dynamics in fibrous
media [15]. The airflow can then be exchanged between this environmental chamber and the test box.
An alternative will be to place the entire setup within the environmental chamber since its footprint is
moderate. In both cases, we will have a total control over the temperature and the relative humidity.
Furthermore, we would also be able to investigate the influence of the time-temperature history on the
agglomerate.

B Micro-High-Speed Imaging. A specialty of our group is to characterize high-speed phenomena, such
as, for instance, the formation of droplets of suspensions for manufacturing application [16, 17] or the
blending of grains and liquids [18, 19]. These situations require reaching a recording speed of typically
10,000 frames per second and a spatial resolution of order 5µm/pixels. We will use a similar approach
here, where the motion and evolution of the agglomerate inside the oscillating box will be recorded using
a Phantom VEO 710 high-speed camera (already available in our laboratory), equipped with a macro
lens (Nikkor 200 mm), on which, if we need to reach a higher resolution, we could add a microscopic
lens (Mitutoyo) as we have done in the past to study the coating of tubings by suspensions [20]. Even
if high-speed imaging is not intended to record an entire drying under shear process, we will record
a few seconds at different times along the process so that it will give us a picture of the entire drying
dynamics, as well as crucial information on the state of the agglomerate at a given time. This approach
is particularly unique, as it provides a direct visualization in situ of the dynamical process.

B Image analysis. For each experiment, the analysis of the size distribution of the agglomerates over
time will be done using methods commonly used in our group (via custom-made routines). From the
videos obtained with the high-speed camera during the dynamics drying process, we will detect the
agglomerates as distinct ”objects” to obtain each equivalent diameter (defined through the surface areaA
byDeq =

√
(4A/π)). The different steps are illustrated in figure 3 with an example for polystyrene beads

[figure 3(a)]. The images of the agglomerates are first thresholded to differentiate the agglomerates from
the background of the image [figure 3(b)]. Then a segmentation allows us to separate the agglomerates
[figure 3(c)]. This step being done, the next step, the label, allows us to number these different objects
to define each agglomerate as an object from which we can recover some characteristics, the diameter
being the one we are interested in [figure 3(d)]. This method also has the advantage of following the
fragmentation and coalescence processes of agglomerates and thus obtaining unique information on the
dynamics during drying, such as, for instance, the time evolution of the agglomerate size distribution.

(a) (b) (c) (d)

Figure 3: (a) Example of a zoomed picture of agglomerate of glass beads and water formed during the model
granulation process. (b) Example of resulting probability ditribution function of the agglomerate sizes and (c)
Example of the evolution obtained when varying the size of the beads (blue: 60µm, green: 200µm)
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Post-mortem characterization. Once the drying process is over, we expect to have a distribution of
agglomerate that will depend on the particle’s surface chemistry and morphology but also on the tem-
perature, shear stress, and other physical parameters. We will be able to collect the samples and measure
the relevant powder properties such as the bulk density and the flowability. In addition, we will image
the resulting agglomerate using a Nikon Eclipse Microscope that will allow us to characterize more
finely the final agglomerate size distribution as we have done for the granulation process, as illustrated
in figure 4.
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Figure 4: (a) Example of a zoomed picture of aggregate of glass beads and water formed during the model granu-
lation process. (b) Example of resulting probability ditribution function of the aggregate sizes and (c) Example of
the evolution obtained when varying the the water content w for two different size of beads (blue: 60µm, green:
200µm)

Expected outcome of objective 1. The development of the experimental setup and the characteriza-
tion methods. The successful completion of this task will provide a unique tool to provide the final
aggregate size distribution but also the evolution during the process to identify which steps may be
the more important. This tool will then be used to characterize some powders and develop regime
maps to identify the role of the time, temperature, relative humidity, and high shear stress on the
drying of wet powders.

Objective 2. Drying at low and medium shear

Industrially, the processes of drying wet powders in the presence of shear to avoid agglomeration are
diverse. The tool that will be developed in objective 1 aims at reaching high-shear and input energy,
similar, for instance, to an agitated dryer. However, other methods, such as belt or rotation dryers,
involve low or medium shear that will not be captured with the previous approach. The second main
objective of the proposed project will rely on the development of a thin experimental drum, shown in
figure 5(a), in which the shear will be imposed by the rotation rate, and the temperature and ambient
humidity will be controlled in a similar approach while allowing in the same time to observe the drying
dynamics.

B Why is a rotating drum a good approach to model medium shear rates? The rotating drum is one
of the classical experimental configurations for the study of granular flows, which allows obtaining a
stationary and cyclic flow. This system can also be used as a mixer [21] and has been shown to provide
relevant information regarding the flow of powders [22]. In our study, the interest of the rotating drum
lies in the periodicity of the flows that it generates, which makes it possible to observe the evolution
of the agglomerates over long times, i.e., during the entire drying process. The flows encountered in a
rotating drum depend on the rotational speed of the cylinder,Ω. We will work in the continuous regime
characterized by a stationary flow of grains at the surface. The flow of grains in the continuous regime
occurs in two stages: (1) a rotation phase where the grains are at the bottom of the pile and have a solid
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rotational motion following the cylinder wall and then (2) an avalanche flow phase when the grains
reach the surface. These two phases can be seen in figure 5(b). Models of the velocity field in a granular
drum flow are well-known in the literature. The flow field exhibits a linear profile in the active layer
(region II in figure 5(b)), which concentrates most of the shear, and a tail of exponentially zero-trending
profile in the passive zone, having a solid-body rotation with the cylinder. The shear rate in the linear
part is approximately constant and its amplitude is of the order of γ̇ '

√
g/(4d) [23], where d is the

size of the particle or agglomerate. Since the velocity profile is linear in this region, the shear rate can
be written as γ̇ = Vmax/h0 = V̄/ (2h0), where V̄ is the average velocity in the layer and h0 the thickness
of the flowing layer that can be controlled with the rotation rate and the filling rate of the drum [24].
We will work in the situation where the thickness of the flowing layer is larger than the mean radius of
the agglomerate so that it will be advected by the granular flow and subject to a controlled shear. We
plan to perform the first tests in a range of rotational speed between 15 and 60 rpm. In summary, this
configuration allows to quantitatively impose a rather low shear of the order of γ̇ ∼ 100 s−1.

108 Chapitre 5. Croissance et structure d’un agrégat isolé

Fig. 5.3 Schéma décrivant les propriétés d’un écoulement en tambour tournant.

5.1.3 Structure des agrégats
Macrostructure - Les agrégats sont initialement formés en lâchant une goutte de liquide

de volume V dans un échantillon de grains. Ce volume est mesuré précisément à l’aide d’une
micropipette à volume fixe (V = 20, 50, 100 µL). La goutte imprègne les grains et crée un agrégat
humide de forme aplatie. Cet agrégat est ensuite transféré dans l’écoulement dense de grains,
dans le tambour tournant [Fig. 5.1(b)] puis prélevé à un temps t afin d’être pesé ou analysé. La
dynamique de croissance d’un agrégat est ensuite reconstruite à partir des mesures de masses
e�ectuées sur des agrégats prélevés à di�érents instants. Un exemple de dynamique de croissance
d’agrégat est reporté sur la Fig. 5.4 pour des agrégats composés initialement de grains de sable et
d’eau dans un écoulement de sable de même granulométrie. Ces mesures dépendent de l’histoire
individuelle de chaque agrégat, plusieurs prélèvements sont donc e�ectués afin de tenir compte de
la variabilité de la croissance.

Sur la Fig. 5.4, on observe une forte augmentation de la masse de l’agrégat, notée magg, en
fonction du temps puisqu’elle est multipliée par 3 en l’espace de 5 min, avant de ralentir et d’at-
teindre une valeur à peu près constante mŒ

agg ƒ 4 m0 où m0 est la masse initiale de l’agrégat. On
peut comparer cette dynamique de croissance à celle d’un agrégat en statique en suivant l’évolution
d’un agrégat disposé dans un tas de grains (carré blancs sur la Fig. 5.4). L’augmentation de la
masse de l’agrégat statique est marginale, gagnant à peine 25% sur la même durée.

Microstructure - La dynamique de l’écoulement granulaire autour de l’agrégat est donc
responsable de forte croissance de l’agrégat isolé. Une telle augmentation de masse nécessite un
transport du liquide au sein de la matrice granulaire pour permettre la capture de grains de sable.
Des expériences de microtomographie par rayons X ont été réalisées afin de visualiser la répartition
du liquide au sein de l’agrégat. Une série de coupes médianes, e�ectuées sur des agrégats prélevés à
di�érents temps, est présentée sur la Fig. 5.5 et montre l’évolution de leur microstructure au cours
de leur croissance. L’agrégat est initialement saturé [Fig. 5.5(a)] avant de capturer des grains à sa
périphérie, entrainant un transport de liquide du cœur, partiellement saturé, vers l’extérieur [Fig.
5.5(b)-(d)]. On constate que les gros pores se vident au centre, puisque la pression capillaire y est
plus faible, au profit du remplissage de plus petits pores périphériques. Ce transport mène à une
dispersion complète du liquide au sein de l’agrégat qui finit par former des ponts capillaires entre
les grains. Cet état correspond au ralentissement et à la stabilisation de la variation de masse de
l’agrégat [Fig. 5.5(e)].

La croissance d’un agrégat, isolé dans un écoulement granulaire, s’e�ectue donc grâce à la

(a)

(b)

(I)

(II)

Figure 5: (a) Schematic of the rotating drum avail-
able in the PI’s lab. (b) Schematic describing the
properties of the flow in a rotating drum.

B Apparatus. The experimental system that we have in
our laboratory at UC Santa Barbara is illustrated in fig-
ure 5(a). This system consists of a cylinder with a diam-
eter that can be varied (the first tests will be done with
a diameter of about 10 cm, but this could be adjusted
to provide more control over the shear rate). We will
choose small drum thicknesses, typically of the order
of the centimeter, to be able to measure in real-time the
evolution of the roughness of the free surface, which
ideally will give us information on the characteristic
size of the agglomerates flowing at the surface. The
cylinder is rotated by two rollers and driving at a ro-
tation speed of 0 to 60 rotations per minute.

B Principle of the measurements. Similarly to the os-
cillating box described in the previous objective, we
will prepare a sample of wet powders that will be
placed in the rotating drum. The axis of the cylinders
will be made of two holes so that the temperature and
humidity will be controlled by placing the setup in the
same environmental chamber. The experiments will
start at t = 0, and we will visualize the flow within
the rotating drum from the side. The roughness of the
interface should provide us with information on the evolution of the agglomerates and, in particular, the
cohesion between the grains. The rotating drum could easily be stopped during the experiments to pick
up a small sample and measure the properties and size distributions of the agglomerate before resuming
the experiments as we have done for the blending process in the past [8]. Methods similar to the one
developed in the previous objective will be used.

Expected outcome of objective 2. The development of an experimental setup to characterize the
drying of powders under medium shear and visualize the agglomerates during the process. The
image analysis to obtain the time evolution of the particle size distribution will be similar to the
methods developed in parallel to objective I.
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Objective 3. Leveraging the tools: regime map of the resulting agglomerates formed

B Validation of the methods. The PI will use these two setups with model powders. The following
ones have been identified as good candidates of hard inorganic powders: calcium aluminate, calcium
carbonate, and silica glass sphere as they will not (or little) react with the liquid phase, i.e., water within
the framework of the project. Our goal is to choose materials that will not be too soluble to not precipitate
when mixed with water. We will characterize the initial size distribution of each powder before using
them in the experiments. Typically, we aim for powders of the size of order 10µm and initially, the
liquid phase that will be used is water. We will consider the role of the following parameters on the size
distribution of the agglomerates to build a regime map of the outcome of the agglomeration following
drying of wet powders under shear: (i) shear rate γ̇, (ii) initial water content, (iii) dynamics of drying
(controlling the relative humidity and the temperature), (iv) size distribution of the initial powders.
Of particular interest, especially with the oscillating box, is that we will be able to track the dynamic
evolution of the size distribution.

B Interactions with IFPRI. The core of the project is the development of these two innovative tools and
their testing on some model powders. After the first characterization made with the model powders,
the PI will seek candidate materials (samples) from interested companies within the IFPRI consortium.
In particular, it could be interesting to also qualitatively consider the configuration of soft inorganic
materials.

Expected outcome of objective 3. The last objective of this project will be to demonstrate the rele-
vance of the two diagnostic tools with model and more realistic powders. The main result will be
the size distribution of the agglomerates under different drying dynamics and shear.

4 CONCLUSION

Outcome. The proposed project will develop innovative tools to characterize the resulting size distribu-
tion of agglomerates resulting from the drying of wet powders under controlled shear. The oscillating
amplitude and frequency will control the input energy in the case of the oscillating box, whereas it will
be controlled through the size and rotation rate of the container for the rotating drum experiments. In
both experiments, the temperature and the relative humidity will be controlled thanks to an environ-
mental chamber.

Tentative timeline. Year 1 will be devoted to the development of the oscillating box, the diagnostic
methods, and model experiments with silica beads and water. Year 2 will be devoted to running ex-
periments with more complex powders in the oscillating box (from which the PI will seek the input of
the IFPRI members), as well as the development of the rotating drum experiments and its testing with
the same model powders. Finally, year 3 will be used to build the regime map (dynamics and final size
distribution of the agglomerate) for varying powders, shear rate, and temperature/humidity conditions.
The key results will be the resulting average agglomerate size and dispersion of the distribution around
the mean value. Similar to his past works, the PI will also look for theoretical approaches that could
capture, at least qualitatively, these evolutions and could thus be used to provide some guidelines for
industrial processes involving the drying of wet powders.
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