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Existing studies:

❑ rely on empirical data; product-specific

❑ lack a solid theoretical framework

❑ limit of their broader applicability

Context and key phenomena
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and growth under 
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Progress: Past and present

❑ bubble dynamics

❑ drying process 

drying without 

bubbles
drying with 

bubbles

bubble growthnucleation

• bubble nucleation

• bubble growth

• bubble invasion

• liquid transport

• vapor transport

two-way coupling

Previous work

Current work
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Bubble modeling approach: Discrete rules  
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empty throats occupied by bubbles

dissolved gas diffusion bubble invasion in PNM
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bubble coalescence

bubble collapse

Bubble modeling approach: Discrete rules  
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Preliminary microfluidic observation of bubbles

0 s

under high pressure 

liquid

gas

2D microfluidic system

bubble forms a concave 

liquid-gas interface

pressure drops 
from 6 bar to 1 bar
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5 s

after pressure drop

convex interface 

bubbles nucleate 

at the solid surface.

Preliminary microfluidic observation of bubbles

2D microfluidic system
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Drying modeling approach: Discrete rules 

vapor diffusion: Stefan flow

ሶ𝑀𝑣,𝑖𝑗  = −𝑔𝑣,𝑖𝑗 ∙ 𝑃 ∙ ln(
𝑃 − 𝑃𝑣,𝑗

𝑃 − 𝑃𝑣,𝑖
)

𝑔𝑣,𝑖𝑗 =
𝐷𝑣𝑎

෩𝑀𝑣𝐴

෨𝑅𝑇 ∙ 𝛿

liquid transport: Capillarity combined 

with liquid flow resistance 

ሶ𝑀𝑤,𝑖𝑗 = −𝑔𝑙 ∙ 𝑃𝑙,𝑗 − 𝑃𝑙,𝑖

𝑔𝑙 =
𝜋𝜌𝑙𝐴

8𝜇 ∙ 𝛿

capillary flow

vapor diffusion
liquid

pore

solid

throat

i
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Drying process coupled with bubble formation 

liquid capillary flow

vapor diffusion
vapor 

invasion

bubble
dissolved 

gas diffusion

• enhance capillary pumping

• increase the liquid transport resistance

• redistribute liquid

❑ effects of bubble on drying process:

❑ effects of drying on bubble dynamic:

• bubble collapses when vapor invades 

• gas concentration distribution affected by 

drying

• bubble growth or bubble shrinkage
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saturation

Drying simulations without and with bubbles
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Drying kinetics and bubble growth dynamics 

(b)

(a)

extended first 

drying period

reduced drying 

time

bubble growth 

dynamics
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Drying simulations: Irregular and spherical pore networks

without 

bubbles

with 

bubbles

Saturation (-) gas concentration 

(mol/L)
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Summary  

On-going work

▪ The presence of bubbles reduces drying time, supporting the rationale for using foaming 

in spray drying. 

▪ Both cubic and spherical pore network models are employed to simulate the coupled 

dynamics of bubble evolution and drying. 

▪ Until now: Fixed structure, focus on drying kinetics with bubbles 

▪ Next: Model morphology evolution and its impact on drying kinetics.

▪ Discrete rules for bubble formation and drying dynamics have been successfully 

formulated and implemented. 

▪ 2D microfluidic experiments support for our bubble formation model. 
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