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(I) Particle layer growth

(II) Drying of particle layer

Transport-controlledEvaporation-controlled

Constant rate Falling rate

Drying rate ↔ Structure
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Heat balance

Liquid density: 𝜌
Latent heat: Δ𝐻v
Heat transfer coefficient: ℎ
Drying temperature: 𝑇ex
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𝜌𝑈Δ𝐻v = ℎ 𝑇 − 𝑇ex

𝑇

→

To avoid skinning:

・Control of drying temperature according to drying rate 

・Prevention of drying rate falling

Drying rate falling → Temperature rising

→ Skinning (Thermal degradation at surface)



◆ Construction of a model to calculate the drying curve of 

colloidal suspensions
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◆ Control of drying curves by dispersion/aggregation

Dispersion Aggregation

Drying curves ↔ Structure

Ion concentration



5

Particles

Free surface

Permeation resistance

→ Falling drying rate
Capillary force

• Particles: Equation of motion (Langevin eq.)

• Free surface: Recession with a varying rate



• Contact force: 𝑭cnt

• Random force:  𝐹𝛼
R 𝑡 ~𝑁 0, 2𝜉𝑘B𝑇Δ𝑡 (Gaussian dist.)

𝑀 ሶ𝑽 = −𝜉𝑽 + 𝑭R + 𝑭cpl + 𝑭cnt + 𝑭DLVO

• Vertical capillary force: 𝑭cpl

• Drag force: −𝜉𝑽 (Stokes’ law:  𝜉 = 3𝜋𝜂𝑑 )
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→ Brownian Diffusion (Diffusion coefficient: 𝐷 =
𝑘B𝑇

3𝜋𝜂𝑑
)

Langevin equation

Contact angle  𝛼 = 0

Liquid InterparticleFree surface

• DLVO force: 𝑭DLVO
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DLVO potential

ℎ

Electric double layer 

repulsion

Van der Waals 

attraction

ℎ

→ Dispersion / Aggregation
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𝑈 =
Δ𝑃

𝜂 𝑅0 + 𝑅p

Darcy’s law

Drying rate:

𝑈0 =
Δ𝑃

𝜂𝑅0

Resistance of evaporation: 𝑅0
Resistance of particle layer: 𝑅p
Viscosity of liquid: 𝜂

Initial drying rate: 
𝑈

𝑈0
=

𝑅0
𝑅0 + 𝑅p

(Constant drying period)

→

0 Δ𝑃

Boundary film

Pressure

𝑧

Particle layer
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Drying rate:

Wetted perimeter: 𝐿f

Cross-sectional area of the flow: 𝑆f

𝑅p = න
𝑃

𝑟 𝑧 d𝑧

Hydraulic diameter: 𝐷H =
4𝑆f
𝐿f

𝑟 𝑧 =
80

𝐷H 𝑧 2

𝑆tot
𝑆f 𝑧

𝑈

𝑈0
=

𝑅0
𝑅0 + 𝑅p

Cross-section

Particle layer = Aggregation moving with free surface



9

𝑥𝑦
𝑧

Periodic boundaries 𝑥, 𝑦
𝑈0

𝐷/𝑑
Pe0 =

Drying rate

Diffusion rate
=

𝑈0
𝐷/𝑑

= 100

Initial particle drying Péclet number

50𝑑

18𝑑

Particles

• Diameter  𝑑 = 100 nm

• Initial volume fraction  10 vol.%

• Zeta potential  30 mV

Liquid

• Water

• Initial drying rate 𝑈0 = 5 × 10−3 m/s

• Ion concentration  

5 × 10−4 − 1 × 10−2 M
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Potential barrier
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0

AggregationDispersion
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1 × 10−3 M 3 × 10−3 M 1 × 10−2 M
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Drying rate

Film height

Drying time



Volume fraction
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Time unit: 𝑈0𝑡/𝑑



4𝑑

Volume fraction of 

particle layerDrying rate

AggregationDispersion
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◆ Dispersion/aggregation control to reduce drying time

• Aggregation: stronger attraction

→ higher porosity  → higher drying rate 

• Dispersion : stronger repulsion

→ slower particle layer growth 

→ higher drying rate 

◆ Construction of a model to calculate the drying curves 

of colloidal suspensions


