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1 PROBLEM STATEMENT AND PROJECT OBJECTIVES

> 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.

>> 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.

> A complex (and impossible?) prediction. As mentioned in the project brief, the question of 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 in-
volved. An approach to providing 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.

> 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 develop a modeling framework to gain some fundamental insights into potential
optimization properties (evolution of the final size distribution of the agglomerate with the shear rate)
that could later be transferred to industrial configurations.



> Research objectives. A schematic of the research objectives, tasks, and deliverables is shown in figure
highlighting the nature of the project and the cross-talk between the different stages. In particular,
once the tools will 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) an oscillating box for
high-shear rate and (ii) a rotating drum for medium shear rate, which 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 low-cost estimate of the influence of the
different controlling parameters (shear rate, relative humidity, nature of the powders, drying dynamics,
etc.) prior to running more elaborate tests in industrial settings.
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Figure 1: Schematic overview of the proposed research.

2 EXPERTISE OF THE PI AND RELEVANCE TO ITS OWN RESARCH

> 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, dip coating of suspensions, additive manufacturing,
etc.), clogging in confined systems, rheology and properties of granular material and powders, and
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.


https://sauretlab.me.ucsb.edu/
https://svi.cnrs.fr/en/surface-du-verre-et-interfaces-umr125/

> 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
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, sim-
ilar approaches could easily be used and extended to control the drying of the liquid phase and provide
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 vari-
ous 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 controlled shear.
In particular, the goal is not to capture the complexity of full industrial configurations but instead to be
able to provide first guidelines through experiments and scaling laws without the need for expensive
tests.

> 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 characteriz-
ing 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) [7]. We have used this
approach to model wet granulation processes at low shear rates [7,8]. More specifically, we have con-
sidered the growth of a single wet agglomerate 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 agglomerate at different times during the process and proposed a model that captured
the growth dynamics. Therefore, extending this approach to provide low-cost tools 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 of 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 that brings energy to the agglomerates [10]. Performing such an approach
with an actual high-shear drying system would only result in the characterization of a specific situation
(specific powder, for given relative humidity and temperature). While very useful these kinds of large-
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scale tests could be quite time and money-expensive while only providing limited opportunities for op-
timizing the formation of the agglomerates. Therefore, we aim to develop a controlled setup where we
will be able to visualize the drying agglomerates during the drying process using high-speed visualiza-
tion and post-mortem. During the drying process under agitation, the visualization of the agglomerates
and the dynamical evolution of the size distribution may provide precious information on what con-
trols the final size distribution (collision of agglomerates between themselves, on the solid boundaries,
leading to the formation of larger agglomerates or break-up in smaller agglomerates).

> 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
energy input and shear are the amplitude A and the frequency of oscillation f = 2 7t/w [see figure 2{a)].

> A simplified approach. Although a vibrated box seems to be ,
a simple system, in the context of wet granulation, the size dis- @1 )
tribution of the final agglomerate size with the water content E &‘ % @

has shown that the data obtained with this system are similar
to data from high-shear granulation systems at an impeller ro-
tation speed that would lead to a similar input energy in the sys-
tem (close to 1m/s with a typical size of the impeller of 10 cm & ’”

and a typical particle size 10 um) although the details of the pro- \ %'ﬁ- )
cess are different [13]. Moreover, it is worth mentioning that the Y
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 to
extend it to high-shear drying of powders [14].
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> The apparatus. We will initially base our approach on a setup
similar to the one we used in the past, shown in figure P(b).
A small amount of the initial powder, mixed with the liquid,
will be placed in a rectangular plastic box of typical dimensions
10 x 3 x 5cm. 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 be able to add an ac-
celerometer on this plate to measure the acceleration experienced by the box, thus estimating the input

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



energy in our system.

> 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 be added to obtain the desired liquid content, and
the bag will be sealed, the powder homogenized, and then placed in the plastic box to run a test.

> 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 should easily be done by connecting on the side of the box an inlet
leading to a full range humidity control with an elevated temperature that would allow control from
10 to 98% RH (at 20°C) and a temperature from ambient to 55°C. We have used such a system in the
past, purchased from Electro-Tech Systems, within an environmental chamber, to study the drying dy-
namics in fibrous media [15] (this overall project was later continued with Saint-Gobain Research Paris
within the framework of the glass wool business [16]). 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 en-
vironmental 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.

> Micro-High-Speed Imaging. One of the specialties of our group is to characterize high-speed phe-
nomena, such as, for instance, the formation of droplets of suspensions for manufacturing applica-
tion [17,18] or the blending of grains and liquids [19}[20]. These situations require reaching a recording
speed of typically 10,000 frames per second and a spatial resolution of order 5 um/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 (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 suspen-
sions [21]. 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 information on the state of the agglomerates at a given time. This
approach is particularly unique, as it provides a direct visualization in situ of the dynamical process.

> 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 area A
by Deq = /4 A/m). The different steps are illustrated in figurewith an example for polystyrene beads
[figure[B[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

(b)

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: 60 um, green: 200 pm)
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[figure B[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 Ekd)]. 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.

Post-mortem characterization. Once the drying process is over, we expect to have a distribution of
agglomerates that will depend on the particles” surface chemistry and morphology but also on the tem-
perature, shear stress, and other physical parameters (and their time-evolution during the process). We
will be able to collect the samples and measure the relevant powder properties such as the bulk den-
sity and the flowability. In addition, we will image the resulting agglomerates using a microscope that
will allow us to characterize more finely the final agglomerate size distribution as we have done for the
granulation process, as shown in figure Eka)—(c).
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Figure 4: (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 agglomerates size. The solid
red line shows a Gaussian distribution. (c) Example of the evolution obtained when varying the the water content
w for two different size of beads (blue: 60 um, green: 200 um)

> Modeling framework to interpret the experimental results. The two main quantities of interest
are the size distribution and the mean size of the resulting agglomerates. We should emphasize that
considering the size distributions of agglomerates rather than just the average size will be required.
Indeed, two different operating conditions could have a similar mean size but very different distributions
that would result in different properties in the final products. We have considered a similar approach
in the past for a project in partnership with Saint-Gobain, where we were interested in understanding
how the presence of particles dispersed in an interstitial fluid modifies the atomization and final size
distribution of the spray (some of these results with the model system have been published [17]). Based
on atomization modeling, we showed that the size distribution of all sprays obtained is well captured
by a Gamma distribution when rescaled by the mean droplet radius (r) and that the mean droplet size
can be estimated by accounting for the viscosity of the suspension and other physical properties.

Size distribution. Here, we believe that the size distribution, once rescaled by the mean size, will be
captured by a log-normal distribution as observed for the wet granulation in high shear mixer (see

e.g., [13]): ,
1 1 /Inx—A
P(r;A,B) = B Tﬂexp [2 (B )

where the mean radius of the agglomerate and the variance are given by (r) = exp(A + B2/2) and
02 = exp(B%+2A) [exp(B?) — 1], respectively. If our experiments were to show different behaviors,
we would also be able to consider other distributions common for coalescence-fragmentation processes
(such as the Gamma distribution, e.g., [22]).
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Evolution of the mean size with the input parameters. The more challenging task will be to develop
a model accounting for the evolution of the average size of the agglomerates. Numerous approaches
have been developed in the wet granulation community (e.g., [23,24], among many others), and our goal
within this project is not to develop full numerical models of the process (for instance trough discrete el-
ements simulations) as it will be impossible to account for the complexity of each configuration. Instead,
we want to develop scaling laws that, combined with our experiments, could predict the evolution of the
state of agglomeration in the final product when varying the intensity of shear, the particle size, and the
binding agent. Without trying to capture the entire complexity of such systems, we will rely on a scal-
ing approach to predict how the change in one parameter, for instance, the input energy, can influence
the final average diameter of the agglomerate D. In this process, the size of the agglomerates results
from a balance between the cohesive energy E., which tends to increase the size of the agglomerates,
and the breaking energy Ey,, which tends to decrease their sizes. Our past experiments with a simplified
approach to the wet granulation process have shown that scaling laws can capture the influence of the
different effects at play, and in particular, the influence of the particles’ size, the binding agent, and the
input energy. For the cohesive energy, the force between two grains connected by a capillary bridge
was proportional to y d where 7y is the surface tension between the liquid and the grain. To break the
capillary bridge, the two grains must be moved away from each other by a distance of the order of d, so
that the cohesion energy is E. ~ vy d> D?/d?. Note that here, we will use cohesive energy associated with
solid bonds since the drying process may lead to different cohesive effects. The breaking energy in our
experimental approach will be the energy brought by the vibrations of the box, i.e., E; ~ pD3(Aw)?2. We
will consider the balance between the energy of cohesion (that may evolve over time) and the breaking
energy of the agglomerates. We will not seek to determine the energy of cohesion, although this could
empirically could be investigated through the impact of agglomerates [10,{12]. Instead, we will report
the evolution of the average diameter of the agglomerates as a function of the diameter d of the particles
(other parameters kept constant), and as a function of A w (other parameters kept constant) for varying
drying kinetics. We will seek scaling laws to describe the evolution of D that could be extrapolated to
additional intensity of shear. The experiments will be used to obtain the numerical prefactors in our
scaling laws.

Can we break agglomerates down to the particle size? We should emphasize that since the breaking
energy of the agglomerate scales as D3, whereas the cohesive energy scales as D?, there will be a limit in
the diameter of the agglomerates, Dmin, below which it will likely be impossible to break the agglomer-
ates. We should be able to obtain the expected intensity of shear required for a given system to reach this
limit through the combination of experiments and scaling laws approach. However, this particular limit
may not be reached experimentally with our model system for some configurations of small particles.
We should be able to estimate this threshold value by comparing the energy of cohesion to the input
energy.

Expected outcome of objective 1. The development of the experimental setup and the character-
ization methods. The successful completion of this task will provide a unique tool to provide the
final agglomerates 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. A modeling framework that will consider the energy input versus
the energy of cohesion will be considered to capture the mean size of the agglomerates. Such an
approach should allow a first extrapolation of these results to actual processes.



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 involving configurations with large differences in input energy and shear. 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 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.

> 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 s,
mixer [25] and has been shown to provide relevant in- g
formation regarding the flow of powders [26]. In our
study, the interest of the rotating drum lies in the pe- —
riodicity of the flows that it generates, which makes it nsaineat i )
possible to observe the evolution of the agglomerates

over long times, i.e., during the entire drying process. (1)

The flows encountered in a rotating drum depend on N

the rotational speed of the cylinder, . We will work

in the continuous regime characterized by a stationary R Vmax

flow of grains at the surface. The flow of grains in the v ho

continuous regime occurs in two stages: (1) a rotation T he¥ -1 v /]
----- ~

phase where the grains are at the bottom of the pile and
have a solid 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 Figure 5: (a) Schematic of the rotating drum avail-
in figureB[b). Models of the velocity field in a granular able in the PI's lab. (b) Schematic describing the
drum flow are well-known in the literature. The flow Properties of the flow in a rotating drum.

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 y ~ /g/(4 d) [27], 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 ¥ = Vimax/ho = V/ (2hy), where V is the average
velocity in the layer and hy the thickness of the flowing layer that can be controlled with the rotation rate
and the filling rate of the drum [28]. 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 y ~ 100s~1.

@

> Apparatus. The experimental system that we have in our laboratory is illustrated in figure a). This
system consists of a cylinder with a diameter 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
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the characteristic size of the agglomerates flowing at the surface. The cylinder is rotated by two rollers
and driving at a rotation speed of 0 to 60 rotations per minute.

> Principle of the measurements. Similarly to the oscillating 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 main challenge with this setup is that the direct measurement of the agglomerate size during the
process is much harder. However, 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 to obtain the size distribution and the average
agglomerate size.

> Modeling. For this system, we will use a similar approach to the one presented in the previous
objective. The cohesive energy between the particles is expected to remain similar, but the force exerted
on the grains will be different. Past experiments with wet granular materials have shown that the force
exerted on an agglomerate of diameter D scales as F ~ D3 p g or F ~ mD? p g h u depending on the size
of the aggregate [29]. We will compare this force to the cohesive force to provide a scaling law of the
mean agglomerate size (note here also that the prefactors will rely on experimental measurements).

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.

Objective 3. Leveraging the tools: regime map of the resulting agglomerates formed

> Validation of the methods. The PI will use these two setups with model powders. The following
ones have been identified as good candidates for 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 10 um 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 v, (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. We also aim to rationalize the evolution of the mean agglomerate size
by considering the balance between the input energy to the system and the cohesion between particles.

o> 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 and the mean size of the agglomerates under different drying dynamics and
shear and simple models to account for their evolution with the input parameters.

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. Using these systems, we will be able to collect experimental data and rationalize the
evolution with the different parameters through scaling laws.

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. Interactions with the IFPRI members will be
sought to consider relevant powders and refine our approach during the project.
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