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DRYING OF POWDERS: FORMATION OF AGGLOMERATES
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matières premières sous forme de grains, 
faisant des matériaux granulaires le second 
type de matériau le plus utilisé dans l’in-
dustrie après l’eau. Les principaux domaines 
d’activités concernés sont l’extraction 
minière, le génie civil, l’agro-alimentaire, 
les industries chimique et pharmaceutique, 
ainsi que l’industrie verrière, qui utilisent des 
matières premières ou finales granulaires [1]. 

Comment peut-on décrire les interac-
tions entre des grains secs et des grains déjà 
humides pour mieux comprendre les 
mélanges entre des grains et de l’eau ? Afin 
de montrer les récentes avancées dans ce 
domaine, nous allons commencer par rap-
peler des éléments de la physique des 
milieux granulaires humides statiques, 
notamment les forces de cohésion entre 
grains. Nous pourrons alors ensuite discuter 
des deux cas limites : l’érosion d’un agrégat 
humide où des grains secs en écoulement 
peuvent arracher des grains collés à 
l’agrégat par des ponts capillaires. Puis 
nous illustrerons l’autre extrême où des 
grains secs peuvent adhérer à un agrégat 
humide et faire croitre sa taille. Ces deux 
situations illustrent la complexité de la 
physique des granulaires humides. 

Matériaux granulaires 
humides et forces  
capillaires

Quand on parle de grains de sable 
humides, on pense souvent aux châteaux 
de sable que l’on peut réaliser étant enfant 
sur le bord de la plage [2]. Ces exemples de 
structure démontrent les effets spectacu-
laires de la cohésion capillaire induite par 
le liquide, comme illustré sur la figure 1 
(p. 17). L’apport d’une faible quantité de 
liquide est suffisant pour changer profon-
dément les propriétés mécaniques du 
matériau granulaire [3]. Ce comportement 
cohésif résulte de la formation de ponts 
liquides entre les grains (voir encadré 1).

Si les interactions capillaires sont faciles à 
décrire à l’échelle de deux grains, leur prise 
en compte dans un tas de grains est plus 
délicate. En effet, la répartition spatiale 
hétérogène du liquide modifie localement 
les propriétés mécaniques du matériau 
granulaire humide [5]. À l’échelle des grains, 
plusieurs états ont été historiquement 
définis (il y a un siècle, en 1917, par 
Versluys), en référence à la configuration 
géométrique que le liquide adopte en 
fonction de la fraction liquide W, c’est-à-

sec pendulaire funiculaire capillaire suspension

W0% 2% 36% 40%

2. Les différents états d’un matériau granulaire humide statique. (a) Représentation schématique 
de la répartition du liquide au sein d’un matériau granulaire humide en fonction de la fraction 
liquide W. (b-c) Exemples de reconstruction de matériaux granulaires humides (billes de verre 
de 400 mm de diamètre) obtenue par microtomographie par rayons X, à faible fraction liquide au 
début du régime funiculaire (b), puis à plus grande fraction liquide dans le régime capillaire (c). 
Les billes sont en blanc, le liquide en bleu. 

Assimilons dans un premier temps les grains de sable à des billes sphériques 
de rayon rg. Lorsque l’on dépose un peu de liquide entre deux billes, il se crée un 
petit pont liquide (« pont capillaire »), qui persistera tant que sa longueur ℓ ne 
dépasse pas la longueur de rupture (fig. E1). Pour des grains hydrophiles, 
l’interface entre le liquide et l’air présente une courbure dominante tournée vers 
l’extérieur. Cette courbure engendre une pression de Laplace (différence de 
pression entre l’air et le liquide) négative, proportionnelle à la tension de 
surface γ entre le liquide et l’air. La pression de Laplace vient donc réduire celle 
du liquide par rapport à la pression atmosphérique. Cette différence de pression 
engendre une force d’attraction entre les deux grains de sable, qui s’ajoute à la 
force de traction sur la ligne triple (grain/air/liquide), et les garde collés ensemble. 
L’amplitude de la force de cohésion résultante, due à la capillarité, s’écrit au 
premier ordre : Fcap = 2 γ rg cosθ, où γ est de l’ordre de 70 mN/m pour l’eau, et 
θ est l’angle de mouillage du liquide sur le grain [4]. Pour des grains de sable de 
rayon rg = 250 mm, la présence de liquide engendre une force adhésive d’amplitude 
de l’ordre de 100 mN. Le poids du grain, quant à lui, a une valeur de l’ordre du mN. 
Ainsi, la force capillaire est une centaine de fois plus grande que la force de 
pesanteur, et c’est donc bien l’ajout d’une petite quantité d’eau qui permet à un 
château de sable de ne pas s’effondrer !

Encadré 1

rg
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θ
E1. Schéma d’un 
pont capillaire dans 
l’état pendulaire 
entre deux grains. 
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OBJECTIVE AND APPROACH

Objective Characterize how shear can affect the state of agglomeration of 
products undergoing drying

Approach Experimental approach - Develop laboratory-scale tools for 
studying the drying of wet grains and powders with controlled 
shear and estimate the time evolution of the agglomerates during 
the drying process and the final product.
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FIRST APPROACH: SHEAR INDUCED BY COLLISIONS



Agglomerate Size
A0 = π(d /2)2

Analysis using thresholding and area 
estimation of agglomerates using ImageJ

Normalized by the projected area of a single grain

 Estimate of agglomerate size⟹

Smaller grains  more grains per agglomerate⟹
Over time agglomerates becoming smaller

TESTS: NO MOISTURE EXCHANGE



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
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Tool 2: low and medium 
shear drying
Rotating drum

Typical shear rate: �̇ � 100 s�1
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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

2

How you will create shear that matches what is seen in 
industrial dryers? 
Members felt strongly that this question is “essential" 

How will you measure/estimate the actual energy 
absorbed? 

What range of shear inputs will you be able to create? 

BUT - PRIMARY FEEDBACK FROM IFPRI AGM 2023 



INPUT FROM IFPRI MEMBERS: SHEAR BY AIR
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Diffuser 

Sieve #1 (10um)

Feed

Sieve #2 (100um)

Grain collection

Imaging #1

Image 
#2

Inputs: Wet material (of some mass), Flow rate, 
sieve sizes  
(future) Temperature, Humidity 

Study: Agglomerate details (dynamics), Final 
collected grains (cumulative)

Outcome: Regime map of agglomerates behavior 
as depending on some relevant properties: 
wetness %, shear strength, grain properties.  
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Pressure controlled: up to 40 psi - 100 psi

Using dimensional analysis and an average velocity, U: max shear stress around 
0.1-1 Pa.

However, the presence of turbulence and particles means that a simple average 
is likely a large underestimate of stresses.



P = 30 psi
U ~ 5 m/s

m = 3g 
d = 70 um 

w = 0.3 [/ vol.] 



20 p.s.i.
40 p.s.i.

DISTRIBUTIONS AFTER SOME TIME: EFFECTS OF INPUT VELOCITY

Agglomerate sizes after some time: t =30, 31 s

Increase in the input velocity leads to larger stable agglomerates 

5 Different trials shown



DISTRIBUTIONS AFTER SOME TIME: EFFECTS OF MASS

M = 3.4 g
M = 6.8 g

P = 30 psi
U ~ 5 m/s
m = 3g 

d = 70 um 

P = 30 psi
U ~ 5 m/s
m = 7g 



DISTRIBUTIONS AFTER SOME TIME: EFFECTS OF GRAIN SIZE

d = 70um
d = 160um

Larger grains lead to smaller overall 
agglomerates



TOWARDS HIGHER SHEAR FORCES…



IMPINGING TURBULENT JET



IMPINGING TURBULENT JET

h+ = ( H
D

+
λ
D )Dimensionless Height:

Centerline Velocity:

After the jet has reached a self-similar state, its time-averaged 
velocity only depends  on the z and r coordinates.

Axisymmetric turbulent jet:  

A normally impinging axisymmetric turbulent jet:  Phares et al. (2000) 
Badr et al. (2016)

Uc = κ UJ ( H
D

+
λ
D )

−1

κ, κ2
Numerical prefactors that 
depends on the structure 
of the jet

λ Virtual origin

Max. Surface Velocity: max us ≃ Uc = κ UJ ( H
D

+
λ
D )

−1

Max. Surface Shear: max τ = κ2 U2
J Re1/2

J ( H
D

+
λ
D )

−1

Location of max surface velocity        location of max surface shear stress≃



IMPINGING TURBULENT JET

Sharma et al., Erosion of cohesive grains by an impinging turbulent jet, Physical Review Fluids, 7(7), 074303 (2022).



TOWARDS HIGHER SHEAR: IMPINGING TURBULENT JET

H
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1.
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IMPINGING TURBULENT JET: ESTIMATION OF THE VELOCITY AND SHEAR

Flow rate:  ( )5 scfh ≤ Q ≤ 25 scfh 4 × 10−5 m3/s ≤ Q ≤ 2.5 × 10−4 m3/s

Nozzle diameter: d = 0.7 mm

H
1=

1.
75
cm

DNozzle= 0.7 mm

H
2

Velocity at the outlet: 100 m/s ≲ UJ ≲ 300 m/s

Q = 2 scfh
Q = 3 scfh
Q = 4 scfh
Q = 5 scfh
Q = 10 scfh
Q = 20 scfh

τmax ∼ 40ρaU2
J Re−1/2

J ( H
D )

−2

τmax ∼ [30 Pa, 200 Pa]



OBSERVATIONS: H2=15MM

Slow down 100 times
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OBSERVATIONS: H2=24.5 MM

Slow down 300 times
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POSITION OF THE TURBULENT JET

Slow down 100 times Slow down 300 times

δH = 7.5 mmδH = 9.8 mm δH = 1.5 mm δH = − 2 mm



CONCLUSIONS & NEXT STEPS 

Designed a new setup with a much stronger localized shear brought by a turbulent jet

In parallel: improve our fundamental 
knowledge of cohesive grains and 
multiphase processes

First tests performed with 200 microns glass beads and estimates of the flow velocity

Adding wet grains and powders (calcium carbonate): time evolution and final size of aggregates

Control of humidity and temperature in the incoming turbulent jet

 Ram Sharma Sreeram Rajesh



MORE ON COHESIVE GRAINS AND MULTIPHASE PROCESSES

Beverloo’s law and clogging 
for cohesive grains

Fragmentation 
of aggregates

Atomization of 
suspensions

(a) (b)
Model agglomerate: 
- size (D) 
- grain size (d) 
- cohesion 
- initial height (H)


