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山口由岐夫 「ものづくりの化学工学」，丸善 （2015）.
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https://www.transcend-info.com/embedded/technology/underfill

菰田悦之, 化学工学 86(1), (2024).
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 Investigating the effects of channel gap on the rheological properties of slurry

 Direct numerical simulation analyzing coupled motions of particles and fluid

Pressure-driven Flow
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(Pressure gradient)
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𝑀 ሶ𝑽 = 𝑭H + 𝑭P
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Particles

𝐼 ሶ𝜴 = 𝑵H

𝛁 ⋅ 𝒗 = 0

𝜌 𝜕𝑡𝒗 + 𝒗 ⋅ 𝛁𝒗 = 𝛁 ⋅ 𝝈 + Φ𝒇P

𝝈 = −𝑝𝑰 + 𝜂 𝛁𝒗 + 𝛁𝒗 ⊤

𝒗 𝒓, 𝑡

Φ = 0
𝑽

𝜴
Φ = 1

Indicator function：Φ 𝒓, 𝑡

𝑝 𝒓, 𝑡

Electric double layer repulsion

Van der Waals attraction

Hydrodynamic 

force/torque

Imposition of velocity 
in particle domains

Inter-particle force

Fluid flow: Navier–Stokes equations
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Plane Poiseuille flow 

(without particles) ത𝑢0 =
𝐻2𝑃g

12𝜂0

Mean flow rate: ത𝑢

Pressure gradient: 𝑃g
Viscosity of host fluid: 𝜂0

𝑥

𝑦

𝑧

Relative viscosity 𝜂

𝜂0
=

ത𝑢0
ത𝑢

𝐻

Pressure-driven channel flow



Particles

• Diameter: 𝑑 = 1 μm

• Concentration: 45 vol%

• Zeta potential: −12 mV

• Hamaker constant: 2 × 10−20 J

Fluid: Water

• Ion concentration: 0.31 mM

System size: 10𝑑 × 𝐻 × 5𝑑

DLVO potential
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Varied parameters

• Channel gap: 𝐻 = 5𝑑, 10𝑑, 20𝑑

• Shear rate: ሶ𝛾𝜏 = 10−2 − 101

Flow

ሶ𝛾 =
ത𝑢0
𝐻

=
𝐻𝑃g

12𝜂0

Pressure gradient: 𝑃g
Viscosity of host fluid: 𝜂0



Contact number
0 12
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(a) ሶ𝛾𝜏 = 0.01 (b) ሶ𝛾𝜏 = 0.1 (c) ሶ𝛾𝜏 = 1

Shear rate

𝜏 =
𝑑

𝑈
=
3𝜋𝜂𝑑2

𝐹
← 3𝜋𝜂𝑑𝑈 = 𝐹

Drag = Adhesion force

Characteristic time
𝐻 = 10𝑑

Up to ሶ𝛾𝑡 = 50



10

ሶ𝛾𝜏 =
3𝜋𝜂 ሶ𝛾𝑑2

𝐹

=
(Shear force)

(Adhision force)

Shear rate

Dimensionless shear rate
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ሶ𝛾𝜏 =
3𝜋𝜂 ሶ𝛾𝑑2

𝐹

=
(Shear force)

(Adhision force)

Dimensionless shear rate

(a) (b) (c)

Contact number
0 12
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(a)

(b)

(c)

Maximum shear rate at the walls → Inhomogeneous aggregation

(b) Aggregate grows from the walls (c) Aggregate breaks near the walls
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(a) 𝐻 = 5𝑑

(b) 𝐻 = 10𝑑

(c) 𝐻 = 20𝑑

Contact number
0 12

𝐻

ሶ𝛾𝜏 = 0.1

Up to ሶ𝛾𝑡 = 100
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Contact number
0 12

Decrease in channel gap 𝐻

→ Reduction of shear thickening

Shear rate
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Decrease in channel gap 𝐻 → Inhibition of aggregation
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• Effects of channel gap on the rheological properties:

Inhibition of aggregation → Reduction of shear thickening 

• Maximum shear rate at the walls (Inhomogeneous shear rate) 

→ Inhomogeneous aggregation 

• Shear thickening causes with aggregation


