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Particle milling
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The demand for fine or ultra-fine particles is increasing in many industrial fields (ceramics, composite 
material, surface treatment…)

Milling process and operating parameters (angular velocity, grinding media properties…)  have a great influence 
on the size and the shape of the milled particles. 

Problem encountered : don’t clearly understand operating parameter 
influence, thus controlling particle size distribution could be difficult

Experimental conclusions :
• The product size in wet grinding

is about ¼ the size in dry 
grinding

• The distribution is narrower for 
wet grinding

• Using small beads produces the 
minimal particle size distriubtion
for the wet grinding but the 
maximal size distribution for dry 
grinding (compared with bigger
beads)

• After 16h of dry milling there is
no more breakage while for wet
grinding particles still break 
after 128h 

Experimental condition :
N.Kotake et al 2011

Quartz monodisperse particle
milled in a laboratory scale mill
Grind media : alumine balls (2 
different diameters)
Water is used for wet grinding
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Scientific topic 
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Model Literature review of wet grinding
• Phenomenological model of grinding  (SI-SN model). 
• Computational Fluid Dynamics (CFD) and population balance equation (PBE) simplified coupled approach (using mean values of the flow)
E. Bilgili et G. Guner, 2020;  Kwade, 1999.

Does not take into account local properties of the system (of the flow, of the distribution of the powder inside the tank…)

Aim : Modelling and simulated wet milling in order to determine the influence of operating parameters

Method considered : CFD and PBE coupled approach

CFD PBE

Evolution of 
particle size 
distribution 

System

Multi phase model
implemented in Neptune_CFD

Stirred tank

Model to be implemented 
in Neptune_CFD

o Turbulent kinetic 
energy

o Bead agitation
o Collision 

frequency
o Bead kinematic 

energy
…

Hydrodynamic
information
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Stator
Powder to mill (~𝜇𝑚)

Liquid 
nitrogen

Griding
media 
(~mm)

CFD Method
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Rotor

System

Laboratory-scale: stirred tank with a 
boat impeller
• Volume: 2.10−4𝑚3

• Mesh: 88 000 cells 
• Angular velocity 𝜔 = 600𝑟𝑝𝑚

• Rotor-Stator method 

Model

 Mixture phase 
Continuous phase
Equivalent fluid model for the carrying fluid (𝑓) (liquid nitrogen) and 
particles to mill (𝑝) (Batchelor & Green viscosity model)

𝜇𝑀 = 𝜇𝑓 1 +
5

2
𝛼𝑝 + 6,95𝛼𝑝

2

 Grinding media phase
Dispersed phase
Spherical zircon beads

Turbulence model : 𝑞𝑝
2 − 𝑞𝑓𝑝

2

Mixture Bead

Viscosity
𝜇 (Pa. s)

2.10−4

Density
𝜌 (𝑘𝑔/𝑚3)

802 6520

Diameter 
𝑑𝑏(𝑚𝑚)

5

Volumic 
fraction 𝛼

0.65 0.35

Turbulence model : 𝑘 − 𝜖

Two-phase model (Euler-Euler method)

Stator
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Results
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Volume fraction of grinding media
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Results
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Grinding media agitation
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Results
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Grinding media collision frequency
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Population balance equation
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Population balance equation in terms of number density 
function 𝑛(𝑣; 𝑥, 𝑡)

𝜕𝑛 𝑣; 𝒙, 𝑡

𝜕𝑡
+ 𝑢𝛻𝑛 𝑣; 𝒙, 𝑡 = 𝑆(𝑣; 𝒙, 𝑡)

Source term
𝑆 𝑣; 𝑥, 𝑡 = 𝐵 𝑣; 𝒙, 𝑡 − 𝐷 𝑣; 𝒙, 𝑡

Gain of a 𝑣 volume 
particle

Loss of a 𝑣 volume 
particle

Assumption: particles are only experiencing breakage

Birth term

𝐵 𝑣; 𝒙, 𝑡 = න
𝑣

∞

𝑘 𝜉; 𝒙, 𝑡 𝛽 𝜉, 𝑣 𝑛 𝜉; 𝒙, 𝑡 𝑑𝜉

𝜉

𝑣

Death term

𝐷 𝑣; 𝒙, 𝑡 = 𝑘 𝑣; 𝒙, 𝑡 𝑛(𝑣; 𝒙, 𝑡)

𝑣

𝑘 breakage kernel – how often a particle breaks ? 
𝛽 fragmentation distribution function – how a particle breaks ?

S. Castellano, 2019.

Source term 𝐒 𝒗; 𝒙, 𝒕
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Particle fragmentation (𝜷 function) 
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Different types of rupture 
• Attrition when the particle is sheared
• The cleavage during a compression
• Fracture on impact

Fragmentation distribution fonction 𝛽 models the type of 
rupture

Experimental method chosen :How a particle breaks ? 

Powder wet milling

𝐵𝑖𝑗 values (class discretisation applied

to 𝐵 the cumulative distribution of 𝛽) 

𝐵𝑖𝑗 = 𝜙
𝑥𝑖−1
𝑥𝑗

𝛾

+ 1− 𝜙
𝑥𝑖−1
𝑥𝑗

𝛼

𝜙, 𝛾, 𝛼 adjust parameters (depend only
on particle not of the system 
considered)

Particle size distribution

Laser diffraction mesure

PBE Kapur approximation

𝛽 function 

Statement to be validated
adjust parameters will be
determined for different
opertating parameters

PC Kapur.1970

LG Austien et al 2007
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Breakage kernel 𝒌
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How often a particle breaks? 

Hypothesis : particles break because of bead/bead collisions only
KWADE, Arno Powder Technology, 1999

𝑘 𝜉; 𝒙, 𝑡 = 𝑏𝑒𝑎𝑑 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∗ 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ∗ 𝑏𝑟𝑒𝑎𝑘𝑎𝑔𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦

When two beads collide some particles go out the 
capture zone

Frontal collision experimental study
GERS R 2009 (Thèse de doctorat)

Capture probability increases with particle
inertia (bead approach velocity 𝑉𝑎, particle
size 𝐷𝑝)

𝑃𝑏 = 1 − exp −𝑓𝑀𝐴𝑇𝐷𝑝 𝐸 − 𝐸𝑚𝑖𝑛

A collision should be enough powerfull to lead to 
breakage

𝐸 energy available for the breakage
𝐷𝑝particle size

𝐸𝑚𝑖𝑛minimal energy needed to break
fMAT particle property

CFD output 

Particle properties
Experimental studies ? 

CFD output VOGEL, L. et PEUKERT. Powder Technology, 2003.
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Results
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Mixture Bead

Viscosity 𝜇 (Pa. s) 2.10−4

Density 𝜌 (𝑘𝑔/𝑚3) 802 6520

Diameter 𝑑𝑏(𝑚𝑚) 5

Volume fraction 𝛼 0.65 0.35

Phase properties

Species parameters
Number classes 𝑁 10

Particle volume fraction 𝑌𝑝 0.10

Initial volume (monodisperse
distribution) 𝑉0 (𝑚

3)
1,27𝑒−9

System input
Angular velocity 𝜔 600

Breakage hypothesis
Breakage kernel 𝑘 Bead collision 

frequency

Fragmentation 
disitribution function
𝛽

Binary symetric
fragmentation 
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 Breakage model development 
- Breakage kernel 𝑘 𝑣; 𝑥, 𝑡 = 𝑓𝑐𝑜𝑙𝑙 ∗ 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ∗ 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑎𝑐𝑖𝑡𝑦
- Fragmentation distribution function 𝛽 : experimental studies 

 Experimental studies planned to validate the model

CONCLUSION & PERSPECTIVES

 CFD and PBE have been coupled in Neptune_CFD software
 A first study has been carried out and gives a first approximation (assumptions: breakage kernel equal to 

bead frequency collision, binary symmetric collision)

Conclusion

Persectives
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Thank you for your attention
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