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Functions

• Strength   • Permeability

• Electrical/Thermal conductivity

• Optical property

Structures

• Porosity

• Contact network

CoatingDispersing Drying
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2. Sticking (Reaction): Fixation of contact points

1. Collision (Diffusion)

*

ℎ

← Interparticle potential

← Interparticle slip/rolling friction

ℎ

Diffusion-limited Reaction-limited
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*

Stick Bending TwistNormal Shear

*

Slip

Constraint on the relative motions

Elastic spring Viscous damper

𝐹 = 𝐾𝛿 + Γ  𝛿 𝐾 Γ

Contact force/torque

𝛿: Displacement
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Timescale of particle diffusion:

𝜏D = 𝑑2/𝐷

Particle diameter: 𝑑 Diffusion coefficient: 𝐷

Langevin eq. 



Network formation by 

capillary bridges

E. Koos, 

Curr. Opin. Colloid Interface Sci. 

19 (2014). 
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H. Kan, H. Nakamura, S. Watano, Chem. Eng. Sci. 138 (2015). 

Normal Shear

O. Pitois, P. Moucheront, X. Chateau, J. Colloid Interface Sci. 231 (2000). 

Attraction ?
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 Calculation of the viscoelasticity of shear force 

induced by capillary bridges
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 Examination of sticking by capillary bridges

𝑈0 cos𝜔𝑡

𝐹0 cos 𝜔𝑡 − 𝛿

Output: Force

Input: Velocity



𝜌
𝜕𝒗

𝜕𝑡
+ 𝒗 ⋅ 𝛁𝒗 = 𝛁 ⋅ 𝝈 + Φ𝑲

Imposition of velocity 

in particle domains: Φ𝒗 = Φ𝑽

Fluid flow
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𝝈 = −𝑝𝑰+ 𝛁𝒗+ 𝛁𝒗 ⊤ +𝛾 𝑰 −  𝒏 𝒏 𝛁𝑓

𝜕𝑓

𝜕𝑡
+ 𝒗 ⋅ 𝛁𝑓 = 0

Free surface

𝛼

 𝒏p

 𝒏

 𝒏 ⋅  𝒏p = cos 𝛼
Contact angle condition

 𝒏 = 𝛁𝑓/ 𝛁𝑓

Surface tension

Drag force

𝑽
Φ = 1

𝑓 = 0 (gas)

𝒗 𝒓, 𝑡
𝑝 𝒓, 𝑡
𝑓 = 1 (liquid)

Φ = 0

𝑭 =  Φ𝛁 ⋅ 𝝈d𝒓

𝛁 ⋅ 𝒗 = 0

M. Fujita, O. Koike, Y. Yamaguchi, 

J. Comput. Phys. 281 (2015). 
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𝑈0 cos𝜔𝑡

Particles

• Diameter: 𝑑 = 100 nm

• Contact angle: 0°

Fluid: water

• Volume: 0.012𝑑3

• Surface tension: 𝛾∗ = 0.18 − 7.2

Motion

• Displacement: 𝛿0 = 0.01𝑑

• Velocity amplitude: 𝑈0 = 𝛿0𝜔

• Frequency: 𝜔𝜏vis = 3 − 300

𝛾∗ =
𝜌𝑑

𝜂2
𝛾

Fluid density: 𝜌

Viscosity: 𝜂

𝜏vis =
𝜌𝑑2

𝜂 Timescale of momentum diffusion by viscosity
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𝐹 𝑡 = 𝐹0 cos 𝜔𝑡 − 𝛿

= −𝑈0 𝜁′ cos𝜔𝑡 + 𝜁′′ sin𝜔𝑡

𝜁′′ =
𝐹0
𝑈0

cos𝛿𝜁′ =
𝐹0
𝑈0

sin𝛿

𝜁′′ 𝜔 = −
𝜔

𝜋𝑈0
 
0

2𝜋/𝜔

𝐹 𝑡 sin𝜔𝑡 d𝑡𝜁′ 𝜔 = −
𝜔

𝜋𝑈0
 
0

2𝜋/𝜔

𝐹 𝑡 cos 𝜔𝑡 d𝑡

𝑈 𝑡 = 𝑈0 cos𝜔𝑡

Output: Force

Input: Velocity

Viscous part Elastic part

Calculation of dynamic drag coefficients
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Viscous part

Elastic part

Frequency

𝛾∗ = 7.2

• Viscoelasticity of shear force by capillary bridges 

• Negative elastic part at high frequency
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Viscous part

Elastic part

𝑈0 cos𝜔𝑡
Viscous part

Elastic part

Oscillatory motion of a sphere G. G. Stokes (1851).

Δ𝜁 ≡ 𝜁 𝜔 − 𝜁 0

Negative elastic part ← Unsteady flow effects 
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𝜏r =
𝜂𝑑

𝛾 Relaxation time

𝜔𝜏r =
𝜂𝑑𝜔

𝛾
∝
𝜂𝑈0
𝛾

Capillary number

Larger drag coefficients ← Larger surface tension, Lower frequency 

𝜂𝑑𝛿0
𝜏r

~𝛾𝛿0

Viscous force ~ Elastic force
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 Modeling of sticking in mechanics

 Examination of sticking by capillary bridges

• Constraint on relative motions between contacting particles

• Calculation of dynamic drag coefficients in shear motion 

• Larger elastic/viscous drag coefficients 

• Constraint imposed by viscoelastic force

→ Fixation of contact points

→ Viscoelasticity of capillary bridges 

← Larger surface tension, Lower frequency


