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Fluid interfaces

Fluid-solid interfaces and particle-laden flows

Fluid-fluid interfaces

Fluid interfaces in biological systems
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Microfluidics

I Fluid dynamics at the micro- or
nanometre scale.

I Small volumes, small flow velocities.

I High surface to volume ratio.

I No turbulence, diffusion dominated.

I Fundamental questions on
I boundary conditions,
I validity of classical fluid dynamics

description,
I advection versus diffusion (mixing).

I Design of efficient lab-on-chip
devices.
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Why computer simulations?

I Macroscopic experiments often do not allow detailed insight
on the underlying microscopic details.

I Parameters can often not be changed individually.
I Sometimes, almost identical experiments give similar results.

Simulations might help to find out why.
I Experiments might be time consuming or impossible, high

cost...
I Analytical solutions are generally only available for highly

simplified systems.
I Simulations allow detailed view on underlying details.
I But: Validation based on theory and experiment must not be

left out!
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How to simulate fluids and interfaces?

Microscale simulations
I Ab initio: limited to just a few atoms/molecules.
I Molecular Dynamics (MD): right level of microscale details.⇒ Simulations cannot achieve the time- and length-scales of

experiments.

Macroscale simulations
I Classical CFD: large time and length scales.⇒ Microscale details lacking, understanding limited.

Mesoscale and hybrid methods
I Combine the best of both worlds:

I Solve classical equations for “simple” fluid dynamics.
I Use more resolved methods to describe microscopic dynamics.

I Our methods of choice: Lattice Boltzmann + Molecular
Dynamics or Immersed Boundary Methods.
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High Performance Computing

I Unfortunately, 3D hydrodynamics is always computationally
very expensive...

I Codes need to be able to harness the computational power of
the largest supercomputers available today.
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Fluid-solid interfaces

I Fluid-solid interfaces appear
I when a fluid flows along a solid boundary or
I when a solid object is suspended in a fluid.

I Examples:
I transport in pipes,
I water droplets moving on a windscreen,
I flow in porous media,
I general suspensions,
I printing, deposition or coating processes.

I Microfluidics: surface to volume ratio high! =⇒ fluid-solid
interactions are important!
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Fluid-solid interfaces: droplets on substrates

I Surfaces can be wettable or non-wettable for specific fluids.

I The contact angle:

I θC < 90o : “wettable”,
“hydrophilic”

I θC > 90o : “non-wettable”,
“hydrophobic”

I Non-wettable surfaces in experiment and simulation:
θ = 101

o

θ = 160
o
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Chemically patterned substrates

I Deposition of fluids on specific areas is of importance for
coating or printing applications.

I Open microfluidics is a possible route for microscale fluid
transport without high pressure drops.

I Investigate interplay between fluid- and surface properties.

I Develop efficient patterns for transport and mixing of fluids.
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Droplet Coalescence

I Do we understand when and why droplets coalesce?
I What is the dynamics of droplet coalescence?
I Important process for example for inkjet printing.

R 0

hb

θ

I The bridge shape: experiment vs. simulation.

R0hb

rd
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Superhydrophobic surfaces

I Superhydrophobic surfaces consist of rough microstructures
with trapped gas pockets:

I From nature’s raincoats to commercial applications:
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Superhydrophobic surfaces and bubble matresses

I Computer simulations can help to tune surface structure and
drag reduction:

I An artificial superhydrophobic surface: the bubble mattress.

Karatay, E., Haase, A.S., Visser, C.W., Sun, C., Lohse, D., Tsai, P.A. & R.G.H Lammertink.
Proceedings of the National Academy of Sciences 110 (21): 8422-8426 (2013).
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Fluid-solid interactions: Suspensions

I In most cases, fluids are not just “simple”
Newtonian.

I Often particles are suspended in a solvent:
Suspensions

I Simulate fluid using any Navier-Stokes
solver.

I Simulate particles by Molecular
Dynamics/Discrete Element Method.

I Include hydrodynamic interactions,
particle-particle interactions.

Al2O3 suspensions:
phase behaviour
and rheology.
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Fluid solid interfaces: deposition

I Drying suspension droplets leave inhomogeneous deposition
pattern ⇒ the coffee stain effect.

I Effect is due to the velocity field close to the contact line.
I A serious problem if you try to homogeneously coat a surface!

A.G. Marin, H. Gelderblom, D. Lohse and J.H. Snoeijer, Phys. Rev. Lett. (2011)
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Fluid solid interfaces: deposition

I To suppress this effect a detailed understanding of the
interactions between particles, fluid(s) and substrate is
necessary!

I Highly resolved simulations of evaporating suspension droplets
(Q. Xie):

I Reproduce experimental results and propose strategies of
“smart” deposition.
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Fluid-fluid interfaces

I Examples:
I Water-air interfaces (simple fluids)
I Polymer blends
I Food and cosmetic products (emulsions)
I Oil/water/gas in porous media
I Chemical reactants in microfluidics

I Applications:
I Mixing in microfluidics
I Fundamental understanding of emulsions
I Self-assembly and manipulation of new materials
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Fluid-Fluid Interfaces: Emulsions

I Emulsions are ubiquitous:
I Food, cosmetics, chemical/oil

industry.

I Immiscible fluids, stabilized by
surfactants or particles.

I Particles can accumulate at
interfaces, similarly to surfactant
molecules, but they do not need to
be amphiphilic!

I Interesting features:
I Blocking of Ostwald ripening

allowing long-term stabilization.
I Complex rheology due to

irreversible particle adsorption at
interfaces.

hydrophobic

hydrophilic
head

tail
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Emulsions: Particles vs. Surfactants

I Emulsions can be stabilized by surfactants or particles.
I Investigate phase behaviour and (non-Newtonian) rheology.

Microemulsions:
surfactant stabilized.

Pickering emulsion:
individual droplets
covered by particles.

“Bijel”: bicontinuous
interfacially jammed
emulsion gel.
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Complex particle shapes and self-assembly

I Non-spherical particles can deform the fluid interface: capillary
interactions.

I A possible route to self-assembly of new soft materials.

I Soft particles will deform at the interface: elasticity vs. surface
tension.
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Fluid interfaces in biological systems

Examples:
I Fluid-fluid interfaces between biological fluids, air, etc.
I Vessel walls
I Cell membranes

Applications:
I Fundamental properties of cells, vesicles, vessels, membranes,...
I Fundamental understanding of blood transport
I Drug delivery applications
I Diagnosis using lab on chip systems
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What is blood?

Blood composition
≈ 55 vol.% plasma
≈ 44 vol.% red blood cells

Length scales
I cells ∼ 8µm
I vessel diameters

capillaries: ∼ 5µm
arteries: ∼ 1 cm

Traditional modeling approaches
I just few cells faithfully resolved
I large scales: continuous fluid

Problem: cells affect transport at large scales
I How to model complex rheological properties

of blood efficiently?
artwork: www.prelabs.com
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Pick a resolution: how can we model blood flow?

I 2D highly resolved:Deep insight in
single/few cell behaviour.

I 3D highly resolved: Compromise on
resolution on the cell level and simulate
thousands of cells.

I 3D coarse-grained: Millions of cells
possible. Study flow in complex
geometries.

I Continuum flow solver: Do not resolve
cells at all, but just model
non-Newtonian rheology.
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Conclusions

I Mesoscale and hybrid algorithms are able to reach
experimentally relevant scales with microscale resolution and
to harness the power of state of the art supercomputers.

I In combination with experiments and theory, simulations
contribute to our understanding of

I boundary conditions in microfluidics,
I rheological properties complex fluids such as suspensions and

emulsions,
I multiphase flow in complex geometries,
I biological systems such as blood flow.

I Simulations are a tool to support experiments, to develop new
techniques and to “look” where experiments and theory cannot
go.

I However, there is a lot of work to do: methods are not perfect.
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Thanks!

I The family:
Christine, my parents and the kids.

I My “bosses” who never really were bosses:
E. Hilf, P. Borrmann, P. Coveney, H. Herrmann, A. Darhuber,
D. Lohse.

I The group:
all BSc, MSc, PhD, PD so far.

I The many colleagues and friends
in Oldenburg, London, Stuttgart, Eindhoven, Twente and
collaborators around the world.
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Ik heb gezegd.
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