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Nanofluidics with LAMMPS

Micro/nanofluidic transport: from molecular mechanisms to applications

Interfacial hydrodynamics
Liquid/solid friction

Energy conversion

Understanding water Electrokinetic effects
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Osmotic flows 4

Surface-driven flows generated by non-hydrodynamic forcing

Electro-osmosis Diffusio-osmosis Thermo-osmosis

charge excess solute excess enthalpy excess

Q Micro/nanofluidics, sustainable energies (e.g. waste heat harvesting)

Originate in a nanometric interfacial layer

$ Nanoscale structure and dynamics
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Nanofluidic systems under thermal gradients

For applications
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Molecular mechanisms?
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@ Effect of wetting and interfacial hydrodynamics?



Thermo-osmosis

VT
» flow induced by a thermal gradient: v, = Myo(———)

T

Mechano-caloric effect

> heat flux induced by a pressure gradient:  j, = Ma1(—Vp)

Standard prediction:
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Interfacial hydrodynamics: stagnant layer (z,), slip (b)... j
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Molecular dynamics

Generic Lennard-Jones interaction potential: V(1) = 4¢[(a/r)'* — (o/r)°

(a) Mechano-caloric configuration (b) Thermo-osmotic configuration
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Effect of wetting?

Varying liquid-solid interaction energy &,
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Molecular dynamics 9

Measurements
, VT
Jn = M21(—=Vp) vy = Myg(——)

/ | T\A

jn = [6h(z)v.(2)dz

from # of from
particles in temperature
~Vp = fv = fiN/V reservoirs profile in
channel

Theoretical prediction

1 [
Mio = My = = (Z @ ﬁ’w dz
Dy

» hydrodynamics: from Poiseuille flow in mechano-caloric configuration

» thermodynamics: from equilibrium simulations

5h‘eq('r; T) — h‘eq('r; T) _hbulk(T)
A(r) = (uir) + 7))
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Molecular dynamics

Measurements vT
Jn = M21(—Vp) Vg = M’lg(—7)
/ NN
h = f5h(z) UX(Z)dZ from #{of from
particles in temperature
~Vp = fv = fiN/V reservoirs profile in
channel

Theoretical prediction

1 [
Mio = My = = (Z @ ﬁ’w dz
Dy

» hydrodynamics: from Poiseuille flow in mechano-caloric configuration
» thermodynamics: from equilibrium simulations

5h‘eq( T) — heq(7 T) hbulk(T) LN LM
Sap = — |muavp+ = Z(rlnFlh + 79, F5,) + = Z("lnFlh + 19, Fy, )+
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Results
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Thermo-osmotic route
> viscous entrance effects
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Wetting systems
> |Maor| ~ 0.10%/7 ~ 107 m? /s
» cf. experiments ~ 1019 to 10° m?/s

» change of sign
cf. Lisebrink, Yang, Ripoll, JPCM 2012

Non-wetting systems

» giant response

upto ~ 350%/7 ~ 4 x 107%m?/s



Interfacial hydrodynamics

Wetting systems )z

Oscillations of the excess enthalpy

» crucial role of z,

Excess enthalpy density (e5°)
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Water-graphene interface

Giant thermo-osmotic response:

Moy = (2.5 £0.3) x 107%m? /s

Waste heat harvesting with graphitic membranes?
» entrance pressure drop
» thermal short-circuit by walls

» desalination applications: ultra-confinement

Fu, Merabia, Joly, PRL 2017



Carbon nanotube membranes

Analytical model coupling thermodynamics and hydrodynamics

~ Réh AT (L Tag Al
2L+ 7Cn " Tave AT 5h

SO h : average enthalpy excess density over the section of the tube

A\ friction coefficient

: numerical constant depending on the geometry and the
hydrodynamic boundary condition => entrance effects

AII : osmotic pressure

MD simulations
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Carbon nanotube membranes

Pumping (AZ7=0) Desalination / overcoming a
o pressure difference
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» Model validated by MD results -> can help searching for other innovative membranes

» Fast and robust flows (even when extrapolated to experimental parameters)

Fu, Merabia, Joly, J. Phys. Chem. Lett. 2018



Conclusion

Osmotic flows generated in the nanometric vicinity of interfaces
» Molecular structure and dynamics

» Interfacial hydrodynamics can control amplitude and sign of the response!
g Molecular dynamics simulations

However:
» Numerical investigations limited to classical molecular dynamics

— reactivity?
see e.g. Joly et al,, J. Phys. Chem. Lett. 2016

NECtAR project: Nanofluidic Energy Conversion using reActive suRfaces
https://sites.google.com/site/anrnectar/
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Bonhomme, Blanc, Joly, Ybert, Biance, Adv. Colloid Interface Sci. 2017
Hartkamp, Biance, Fu, Dufréche, Bonhomme, Joly, submitted to Curr. Opin. Colloid Interface Sci
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Thermo-osmosis: waste heat

Heat management: a crucial challenge
» Waste heat produced by industry and energy conversion

» Large fraction of low grade waste heat

, 2% 3%7 6%
£ ‘,f A § % 2 )
Nuclear Power Plant - m >500 °C
] ~ Primary// e.g. Glass, Al ER  400-500 °C
e, —— Energy «— # 300-400 °C
Thermal Power Plant 34% 66% i
bEne'rgy Used 3 Natural Gas 200-300°C
Ui ® 100-200 °C
Energy Loss/Waste Heat
Energy loss through waste heat Distribution of waste heat in industry

(Penn State University)

Could nanofluidic systems be used for (low grade) waste heat harvesting?



Interfacial hydrodynamics

Hydrodynamic slip 7

8/0 Slip length
Uslip — b — 7TV 7777777207
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A more general model

Continuum hydrodynamics (cst 7), partial slip BC
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Model (1)

Thermal gradient - thermodynamic force density

VT (z) Sheq(r; 1) = heq(r; T) =iy (1)

f thermo ~ 5hec (7 Ta.v ) ) with
DT T A(r) = (uilr) + p=(r)plr),

Fluid friction on the wall:  Fiiction = 27T RL A\ Uoen

» Bare thermo-osmotic velocity in the tube (large slip limit)

(& —R%x — ith oh = ! .Rd~2 “Oheg(r; 1,
‘osm T 2)\[, Yjavg. wi _@/O r 27T eq(T, avg):

» General hydrodynamic boundary condition

Uosm — —F - . i Yh = —— r2mTrd S

=



Model (2)

Backflow due to:

> pressure difference between reservoirs AIl Sampson, 1891

> Vis t d A, in — 7Cn/R)xU
COous entrance pressure drop P ( ?7/ ) \

» Total velocity through the membrane (large slip limit)
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L J

S ATl = 01 X AT/ T

U

> General hydrodynamic boundary condition cf. Dariel & Kedem J. Phys. Chem. 1975
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Molecular dynamics
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Quantitative match between model and MD results
» Crucial role of hydrodynamics

» The MD-validated model can predict velocity in experimental situations

Giant velocities, despite entrance effects and thermal short-circuit mechanism
» Reaching a plateau ~ 0.5 m/s for large radii
» Complex dependency on R for small radii



Enthalpy profiles
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» Weak confinement: model predicts dh varies as 1/R. =» constant velocity

» Strong confinement: overlap of the interaction layers = complex evolution of §h



Overcoming a pressure difference
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» Desalination possible!
» MD simulation with AITl = 2.8 MPa = U =0.384+0.18m/s

(model: U = 0.44 + 0.06 m/s)



