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Material fabrication from suspensions

Rheological properties: Viscosity, Viscoelasticity

CoatingDispersing Drying

• Dispersion/Aggregation

• Interparticle interactions

• Coating properties

• Structural change by shear flow

Food  Cosmetics Paint Electrode

Medicine Ceramics
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Estimation of interaction range from viscosity
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Silica dispersion

Curve fitting to Krieger–Dougherty type equation: 𝜂r = 1 − 𝑘𝜙/𝜙max
−𝛽

→  Effective volume fraction: 𝑘𝜙 →  Repulsive range of interactions
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Maranzano & Wagner, J. Rheol. (2001) Ito et al., Powder Tech. (2023)



Objective & Method
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Interaction

Particle concentration

Viscosity

Estimation of interaction range from viscosity–concentration curves

Numerical simulation

Structure

Estimation?
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Model: Particles’ motion
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𝑚𝑖 ሶ𝒗𝑖 = −𝜁𝑖𝒗𝑖 + 𝑭𝑖
R + 𝑭𝑖

P

• Hydrodynamic force

Drag: −𝜁𝑖𝒗𝑖  , Fluctuations: 𝑭𝑖
R

• Interparticle force: 𝑭P

→ Brownian motion

Fluid Particles
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Electric double layer repulsion

𝜙 = 0.35𝜆/𝑑 = 0.01



Evaluation of viscosity
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Contribution from interparticle interactions:

Zero shear limit

Shear rate

Viscosity

Δ𝜂 =
𝑉

𝑘B𝑇
න
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(Green–Kubo formula)

Shear stress:

Volume of computational domain: 𝑉

𝒓𝑖𝑗 = 𝒓𝑖 − 𝒓𝑗

𝑖

𝑗

𝑭𝑖𝑗



Simulation conditions
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Particles

• Diameter: 𝑑 = 100 nm

• Volume fraction: 𝜙 = 0.25 − 0.47

𝑉 ℎ = 𝜋𝜀𝑑𝜓2𝑒−ℎ/𝜆

Solvent dielectric constant: 𝜀
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Interparticle potential

• Zeta potential: 𝜓 = 30 mV

• Debye length: 𝜆/𝑑 = 0.01 − 0.04

  

  

  

  

  

 

 
  

 
 

               
    

         
    
    
    
    

Fluid: Water



Curve fitting
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Δ𝜂r = 1 −
𝑘𝜙

𝜙max

−𝛽

− 1

𝜙max = 0.58 𝛽 = 0.9

  

  

  

  

 

 
 
 

                     
 

         
    
    
    
    

𝜙

Effective volume fraction: 𝑘𝜙

𝑘1/3𝑑

Krieger–Dougherty type equation
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Curve fitting
9

Δ𝜂r = 1 −
𝑘𝜙

𝜙max

−𝛽

− 1

𝜙max = 0.58 𝛽 = 0.9

Effective volume fraction: 𝑘𝜙

𝑘1/3𝑑

Krieger–Dougherty type equation



Effective repulsion length
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𝜆eff

𝜆eff

𝑑
=

1

2
𝑘1/3 − 1

𝑉 𝜆B = 𝑘B𝑇

Characteristic length: 𝜆B

𝜆B = 𝜆 ln
𝜋𝜀𝑑𝜓2

𝑘B𝑇

   

   

   

   

   

  
  
  
  

                 

   

    

    

    

    

 

  
  
  
  

  
 

  

 

 

 

 

 

 
  

 
 

               
    

         
    
    
    
    𝑉/𝑘B𝑇 = 1

• Estimation of 𝜆 with regarding 𝜆eff as 𝜆B

መ𝜆 =
𝜆eff

𝜆B
𝜆 < 𝜆→

→

• 𝜆eff approaches 𝜆B with decreasing 𝜆 



 

 

 

 

 

 
  
 

    
    

      
    
    
    
    

Particle configuration
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𝑟

𝑔 𝑟 =
1

4𝜋𝑟2𝜌

d𝑛 𝑟

d𝑟

Average number of particles in a spherical 

shell of thickness d𝑟: d𝑛 𝑟

Particle number density: 𝜌

Radial distribution function Peak position: 𝑟max

𝜙

𝜆/𝑑 = 0.04



Interparticle separation
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𝑉 𝜆B = 𝑘B𝑇

Characteristic length: 𝜆B
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𝜆eff

𝜆B

ℎmax → 𝜆eff (𝜙 → 𝑘𝜙max)

Peak position of 𝑔 𝑟 :

ℎmax = 𝑟max − 𝑑
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Effective repulsion length: 𝜆eff



Summary
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• Successful curve fitting to Krieger–Dougherty type equation

  → Effective repulsive length 𝜆eff 

• 𝜆eff coincides with the particle separation at the maximum of 𝑔 𝑟

?

Interaction

Particle concentration

ViscosityStructure
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• 𝜆eff approaches characteristic length 𝜆B with decreasing Debye length 𝜆 

  → Possibility of estimating 𝜆 from 𝜆eff for small 𝜆 
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