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An approach to understand agglomerate evolution through model  
experimental geometries and stress conditions

Slide 1.1: Objectives and Approach

Characterizing the formation of agglomerates during drying with different model 
powders and shear conditions

Objective & Approach

Industrial drying of materials: Our approach:

Large range of shear conditions
Large range of powder properties

Shear conditions using model geometries
Model cohesive granular materials

Cohesion + shear = agglomerates How does the applied shear control agglomerate distributions? evolution?
How does the kind of cohesion modify agglomeration? (brittle, or reforming)

Natural agglomeration vs. the behavior of controlled agglomerates in shear
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Experimental models for cohesive granular materials

Capillary bridges

Brittle bonds

Polymer bonds

Magnetic and geometric bonds

PARTICLE SCALES

BULK SCALESSharma, R.S. and Sauret, A. 
Soft Matter. 21, 2193-2208 
(2025)

Model geometries

AGGLOMERATE SCALES Applied stresses

Model descriptionModel inter-particle adhesion

Magnetic and geometric bonds

Polymer bonds



Slide 3: Measuring inter-particle adhesion: general

Bo =
Fc

Fw

Measuring inter-particle adhesion forces

F = 2γπR cos θ [1 − 1/ 1 + 2ζ/πRS2]

Fig. 2 (a) Comparison of the order of magnitude of the particle weight,
the air drag force, and different interparticle forces when varying the
size of a spherical particle of roughness 50nm. The expressions used
to make this schematic, alongside the magnitudes and descriptions of
the constants, are summarized in Table 1. (b) Schematic illustration of
micromechanical tests of adhesion between particles in a normal and shear
configuration. Pictures of such experiments, in (c) and (d), respectively,
are reproduced from Soft Matter. 33

at the scale of individual particles and bonds. As mentioned ear-
lier, several attractive forces can be at play, depending on the size
of the particles.28,34 Figure 2(a) reports estimates of the particle
weight compared to different inter-particle adhesive forces, and
in particular, the models for cohesion that will be discussed in
this article. The expressions for the sources of adhesion and the
other relevant forces, along with relevant information are indi-
cated in Table 1. We also report in figure 2(a) an estimate of
the air drag experienced by a particle of diameter d in an air
flow at U = 1m/s: FD = p CD r d

2
U

2/8, where r is the density of
the air and CD the drag coefficient of a spherical particle.35 The
van der Waals force is only significant at very small particle sizes,
i.e., for fine powders and colloids. It is directly proportional to
the particle size: FVdW = AHd/(24h

2), where AH is the Hamaker
constant,36

d is the spherical particle radius, and h is the sep-
aration distance between the two particle surfaces, for instance
the roughness.26 When the particles become much larger than
10 µm, the van der Waals forces can be neglected with respect to
other cohesive forces and gravity effects. Powders are generally
considered as cohesive particles of diameter smaller than 100 µm.
Below this diameter, particles are very volatile, and the air drag

force is larger than the particle weight. Relying on van der Waals
forces to study the role of cohesion is difficult since it requires
fine powders where aerodynamic effects are significant, and par-
ticle visualization is challenging. Therefore, working with larger
cohesive particles, typically larger than a few hundred microns,
and model cohesion allows isolating the effect of cohesion from
drag force effects. We notice in Fig. 2(a) that capillary bridges,
solid bonds, and cohesion-controlled granular materials (CCGM)
all lead to cohesive force larger than the particle weight and air
drag for particles smaller than a few millimeters.

Experimentally, direct measurements are required to measure
the adhesive force when separating two grains until the rupture
of the bond [Fig. 2(b)]. Usually, the maximum tension force mea-
sured during the entire test and before splitting is considered as
the representative adhesive force Fadh. Although the most com-
mon approach is to measure the tension force when the particles
are separated along their axis [Fig. 2(c)], other yielding limits
such as shear [Fig. 2(d)] or torsion can also provide informa-
tion on the cohesive force and the breaking of the bond.33,37 The
inter-particle adhesive forces lead to macroscopic cohesion, which
depends on the amplitude of the force, as well as the number of
particles that are in contact with each other, the packing fraction,
or the friction coefficient. At the macroscopic scale, one can in-
troduce tc = µst , the cohesive yield stress of the material. For a
stress applied larger than tc, the cohesive granular material starts
deforming plastically. Inside the macroscopic structure, when this
happens, the adhesive force between some particles breaks and
allows the material to rearrange. The notion of cohesion at the
macroscopic scale and the relation with the inter-particle cohe-
sion will be discussed in more detail in section 4.

2.1 Capillary bridges
The most extensively studied model of cohesive granular material
is unsaturated wet grains due to its simplicity in preparation and
prevalence in various applications. Adding a small amount of liq-
uid is enough to profoundly change the mechanical properties of
a granular material, as shown in Fig. 1. This cohesive behavior
results from the formation of capillary bridges between grains,
which can be sufficiently strong to form sandcastles.39,40 There
have been various review papers devoted specifically to wet gran-
ular materials, e.g.,12,13, and we here only recall the main results
to use them as model cohesive material in the context of this re-
view.

When using wet grains as a model material, one must consider
different factors. Various interstitial fluids have been used in ex-
periments, but the choice of the fluid can significantly influence
the dynamics of the granular media. The most common fluid used
is water due to the simplicity of preparing the material, handling
it, and then drying it to retrieve a dry granular material. Glycerol,
or mixtures of water and glycerol, is another interstitial fluid fre-
quently utilized in experiments. The mixture allows studying the
influence of fluid viscosity on the dynamics of the wet, cohesive
granular material. One issue when using water, or mixtures with
water, is that one must be careful with evaporation as the fraction
of water in the macroscopic granular material will evolve over
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Polymers modify capillary forces. However, 
most existing models only account for 
simple Newtonian fluids.

Gap

Force

Fpeak

Fpeak ∝ Rvn

polymer solution bridges
Measuring inter-particle adhesion forces

Slide 3.1: Measuring inter-particle adhesion: polymer solution bridges



Measuring inter-particle adhesion forces
solid/ brittle bonds

Slide 3.2: Measuring inter-particle adhesion: bridges drying to solid bonds

- Evaporation of salt solutions, particle laden liquid systems 
results in solid deposits between particles. 

- Solid deposits results in increase in the capillary forces 
between particles

Saturated NaCl



Collaboration: Abhi Shetty (Anton Paar)Slide 4: Measuring bulk cohesion

Measuring bulk cohesive stresses:

Reformable bonds: Shear strength measurements 
using an Anton Paar ring shear cell

Solid bonds: Tensile strength measurements 
from an Inverted Cone setup

Powders: measuring forces not feasible at the scales of particles — a bulk description of cohesion strength is often used

Direction of 
strain

τc = μ σt

Mohr-Coulomb:
τ ≥ μ σ + τc

45-90 μm glass beads with 5% NaCl



Measuring bulk cohesive stresses: aside

1d roughness

g
d = 0.3 mm 

W = 0%
d = 0.3 mm 
W = 0.5%

Sharma, R.S., et al.  
Effects of inter-particle cohesion on 
the collapse of granular columns.  
Physical Review Fluids. 9, 074301 
(2024)

Slide 4.1: Measuring bulk cohesion: applications

For bulk scale processes, details of the 
source of cohesion can be ignored in 
favor of a bulk description.



Slide 4.2: Measuring bulk cohesion: applications

Imerys Calcium Carbonate vs Glass Beads: Comparative Analysis

Comparison of 40-200 Mesh Imerys CaCO3 and 45-90 μm glass 
beads: 

- Similar size distribution results in similar yield stress. 

- Yield stress saturates with wetness for glass beads, but 
appears to increase significantly for CaCO3

40 - 200 Mesh 
Imerys CaCO3

45 - 90 μm 
glass beads



Fadh ∼ d Fadh ∼ d2

The description used to quantify cohesion is based on the scale of process

In the pendular state, most liquid is constrained to such bridges 
( by mass)W ≲ 5 %

Solid bonds prepared from a pendular state followed by a 
drying process, in the presence impurities & precipitates

Slide 5: Measurement of cohesion [summary]

Measuring cohesion in drying particles: recap

σt ∼ Fadh/d2Rumpf’s relation: σt =
d
4

ϕZ ρg
Fadh

Fw
Richefeu-Rumpf:

Particle Scale:

Bulk Scale: Experiments of static failure in shear cells

Experiments of separating individual grains and model expressions

Capillary bridges Brittle bonds
drying

Adhesion can reform after the breakage of any bond Adhesion is present only till the breakage of link

Transient agglomerates that depend on the stress-state Fixed agglomerates by the drying process, that undergo 
subsequent breakage



Slide 6: Stress geometries

An approach to understand agglomerate evolution through model  
experimental geometries and stress conditions

Transient/ system-defined agglomeration in reforming cohesive systems

Imposed agglomerates in brittle cohesive systems

Capillary bridges Brittle bonds
drying

Bo = 0

g

Bo > 0

U
J

Low stresses: rotating in a drum High stresses: impinging turbulent jet



Slide 7.0: Low shear systems: rotating drum recap

10% 25% 50% 75% 90%

0.5x real speed

Bo = 0

g

10% 25% 50% 75% 90%

·γ ≃
1
2

g
dp

∼ 20 s−1 − 500 s−1,

h0 ≃
2Ω

·γ (R2 − R0
2)

Cohesionless grains: quick recap

For our range of particle sizes and fill:



0.5x real speed

5 cm

0∘

Separation

Failure

Re-attachment

When slowly tumbled, model reforming cohesive grains display regular structure on the 
free surface of the system

d = 0.5mm

Cohesionless
d = 0.5mm

Polymer coated grains

Besides a point of re-attachment, there is a distinct point of 
separation between the grains and the boundaries. Strength due to 
cohesion maintains structure, before regular failure events.

These failure events set the 
dominant agglomerate scale 
for observed roughness  
[Quantification ongoing]

Slide 7.1: Low shear systems: rotating drum cohesion



Dominant agglomerate scales for cohesive grains a rotating drum

0∘

Separation FailureRe-attachment

S

F

R

Failure

42 223

S R

Origin defined at the base of flowing layer, about which material tumbles, 
CCW is positive.

Angles corresponding to separation and reattachment from time 
averaged profiles compared with the distance to edge of drum

Angle of failure determined by where std. deviations in radius become 
measurable (above noise) 

Slide 7.2: Low shear systems: separation, reattachment and failure



Dominant agglomerate scales for cohesive grains a rotating drum
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Cliff

Failure  Cliff:  

dominant agglomerate scale

→

Since we can determine the plane of 
failure, , and the size of the 
wedge above 

OF
∧ FOC

Using only imaging techniques, 
estimate  and  at failure, thereby 
build a tool to estimate cohesion

σ τ

Slide 7.3: Low shear systems: dominant agglomerate scales



Slide 7.4: Low shear systems: reforming cohesion summary

Ongoing: Dominant agglomerate scales for cohesive grains a rotating drum

Ongoing: Effects of , drum size and cohesion source on surface roughnessΩ

Can a simple rotating drum geometry be used to measure cohesion strength?

Ω +

Reforming bridges Brittle bonds

Controlled agglomerates



Sample Preparation

Slide 7.5: Low shear systems: brittle agglomerates

Experiment  
The agglomerates are kept in the rotating drum for 24 hours and 
extracted for analysis. 

10 mm

Sample Preparation 
‣ Initial size distribution controlled using a grid template.  
‣ Agglomerates: dried with 25% wt NaCl solution (200 g/L): 5% wt NaCl in the powder.



Sample Preparation

Aggregate size analysis  
The system is first sieved into three bins: 

‣ Bin 1: , m = 185.5 g 

‣ Bin 2: , m = 23.6 g 

‣ Bin 3: , 7.3 g

dgrain < 0.425 mm
0.425 mm < dgrain < 2 mm
dgrain > 2 mm

Slide 7.5: Low shear systems: brittle agglomerates

Experiment  
The agglomerates are kept in the rotating drum for 24 hours and 
extracted for analysis. 

10 mm

Sample Preparation 
‣ Initial size distribution controlled using a grid template.  
‣ Agglomerates: dried with 25% wt NaCl solution (200 g/L): 5% wt NaCl in the powder.

Force undergone by aggregates  
Stress driving the erosion/break up (collision):  

Force of order 

τ ∝ ρ g dagg
F ∼ τ dagg

2 ∼ 10 μN − 1 mN



SIZE DISTRIBUTION: 180 - 210 MICRON 

% Mass

85%

11%
3%

After 24 h in the drum

‣ For Bin 3: dagg > 2 mm

‣ For Bin 2: , we use the microscope:0.425 mm < dagg < 2 mm

⟨dagg⟩ = 1.6 mm

·γ ≃ 40 s−1

Slide 7.6: Low shear systems: brittle agglomerates distributions (200 um)

Agglomerate Size dagg (mm)

Agglomerate Size dagg (mm)



SIZE DISTRIBUTION: 45 - 90 MICRON 

⟨dagg⟩ = 0.76 mm

Solid agglomerates prepared using 45-90 μm glass beads 
before any shear input.

% Mass
54%

13%
32.5%

Before

Bin 1 Bin 2 Bin 3

70%

17% 13%

After

Bin 1 Bin 2 Bin 3

For Bin 3: dagg > 2 mmFor Bin 2: 0.425 mm < dagg < 2 mm

Slide 7.7: Low shear systems: brittle agglomerates distributions (70 um) Agglomerate Size, ⟨dagg⟩ [mm] Agglomerate Size, ⟨dagg⟩ [mm]



Slide 6: Stress geometries

An approach to understand agglomerate evolution through model  
experimental geometries and stress conditions

Transient/ system-defined agglomeration in reforming cohesive systems

Imposed agglomerates in brittle cohesive systems

Capillary bridges Brittle bonds
drying

Bo = 0

g

Bo > 0

U
J

Low stresses: rotating in a drum High stresses: impinging turbulent jet
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Slide 8.0: High-shear systems: model turbulent jets and impingement

U
J

High stresses: impinging turbulent jet

Bo = 8 Bo = 15Bo = 0

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

UJ =
Q
A

Ucenterline ∼ UJ ( H
D )

−1

H

A = π ( Dnozzle

2 )
2



High stresses: impinging turbulent jet

H
1=

 1
.7

5 
cm

DNoz= 0.7 mm

H
2

τmax ∼ [30 Pa, 200 Pa]



Slide 8.1: High-shear systems: model agglomerate impact

Agglomerate Breakup under a Turbulent Jet

Distance, H

Experiment Schematic

Agglomerate of yield-stress τc = 0.89 kPa

Uc(z = H, r = 0) = κ UJ (H/D)−3/2

Measured jet velocity profile as a 
function of distance H



Slide 8.1: High-shear systems: model agglomerate impact

Agglomerate Breakup under a Turbulent Jet

H

UJ ≃ 200 m/s

The local velocity near the agglomerate is:  

Uc = 60 − 100 m/s
 ρU2

c = 4.3 − 17.3 kPa
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Regime map for no fragmentation / 
fragmentation under different shear-stress τ



Slide 8.2: High-shear systems: agglomerate fragmentation

Agglomerate Breakup under Turbulent Jets

Evolution of PSD with time

f(d, α, β) =
βαdα−1e−βd

Γ(α)

: Evolution of α dagg

: Evolution of rate of β dagg

Agglomerate Size
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m
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Slide 8.3: High-shear systems: agglomerate fragmentation

Evolution of PSD with time for different grain diameters:

⟨dgrain⟩ = 150 − 180 μm
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⟨dgrain⟩ = 180 − 210 μm ⟨dgrain⟩ = 210 − 250 μm
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Shear Stress,  [kPa]τ

Agglomerate Breakup under Turbulent Jets



Slide 9: Conclusions

An approach to understand agglomerate evolution through model  
experimental geometries and stress conditions

Capillary bridges Brittle bonds
drying

Bo = 0

g

Bo > 0

U
J

Low stresses: rotating in a drum High stresses: impinging turbulent jet


