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Introduction 



Overview 

• Nanoscale fluid mechanics 

 

  

• Flows over  

nanostructured  

surfaces 

 

 

• Performance of  

nanostructured  

catalysts 



Why is microfluidics hard? 
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… while nanofluidics is easy? 

• Holt et al (LLNL) 
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Metal particles in CNTs 

Hsu et al, Thin Solid Films 

471, 140 (2005) 

Tsang et al, Nature 372, 159 (1994) 

Question: How are metal 

catalyst particles being drawn 

into carbon nanotubes? 

 

Capillary forces? 



Capillary rise 

• Balancing gravitational and capillary forces 

 

 

 

       Only get a capillary rise if 
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Schebarchov, SH, Erterkin and Grossman PRL 107, 185503 (2011) 



If the droplets are 

sufficiently small:  

 

 

 

they are be driven in by the 

Laplace pressure associated 

with their surface tension. 
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Absorption of droplets  

Schebarchov and SH, Nano Letters 8 2253 – 2257 (2008) 

Simulation shows Pd droplet 

with c=120o 



• We can also evacuate a tube by immersing it in a droplet 

larger than the critical size threshold 

 

 

 

Nanopipettery 

• We can continue to fill tube by adding small droplets: 

Edgar, SH, Schebarchov and Tilley, Small 7, 737–774 (2011) 



Slip or stick? 

• Slip is occurring at the walls during capillary uptake  

Schebarchov and Hendy, PRE 78 046309 (2008) 
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Simulated slip lengths 

• Our simulations have slip lengths of up to 10 nm 

Here the tube radius is ~ 3 nm. 

Schebarchov and Hendy, PRE 78 046309 (2008) 



Experimental results 



Experimental results 

Cottin-Bizonne et al, Eur. Phys. J. E 9, 47-53 (2003) 

Cottin-Bizonne et al, PRL 94, 056102 (2005) 



Nanostructured surfaces 

How can we describe flows 

over nanostructured  

surfaces? 



The effective slip problem 

u 

w 

z=0 

z=W 

W 

0
0 z

u
bu






WW
uu 

 
W

bz
uzu W


)(



The effective slip problem 
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The effective slip problem 
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Direct solution approach 

• Use an asymptotic expansion of boundary condition and 

solution of the Stokes equation 

 

e.g. 
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Hendy and Lund, PRE 76, 066313 (2007) 

a 

bbeff 

Lb 1
Lb 2

La /












y

L

b
Ou

z
ˆ0              1

0ˆ

1ˆ              2

0ˆ












y

L

b
Ou

z




• Use homogenization approach based on weak 

formulation of Stokes equations: 

 

e.g. 

 

 

 

Homogenization approach 
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Zhang, Lund, Mahelona and SCH, PRE 86, 046303 (2012) 



Summary of main results 

• Small b and small roughness 
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• Large b and small roughness 
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Zhang, Lund, Mahelona and SCH, PRE 86, 046303 (2012) 



Numerical results 
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Zhang, Lund, Mahelona and SCH, PRE 86, 046303 (2012) 



Does it work at the nanoscale? 

Zhang, Lund, Mahelona and SCH, PRE 86, 046303 (2012) 
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Nanobubbles 

~ 50 t 

~ 1 m 

< L 

t 

= 0.15 bg 

= 150 nm 

Hendy and Lund , J. Phys: Cond. Matt  21, 144202 (2009) 
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Experimental results 

Cottin-Bizonne et al, Eur. Phys. J. E 9, 47-53 (2003) 

Cottin-Bizonne et al, PRL 94, 056102 (2005) 

Hendy and Lund , J. Phys: Cond. Matt  21, 144202 (2009) 



Precious metal catalysts 

• Precious metal catalysts are used for many applications 

e.g. platinum and palladium in catalytic converters  

CO+1/2 O2 → CO2 

NOx → x/2 O2+1/2 N2  



• The performance of a catalyst depends on its size & shape 

 

 

 

 

 

 

 

 

• How might we determine effective performance so that we 

can optimise shape and size? 

Nanostructured catalysts 

Corners and edges tend to 

be more reactive 



Effective catalysis problem 

• E.g. oxidation of CO:   CO+1/2 O2 → CO2 

CO 

CO2 

O2 



• Consider an array of nanoparticles on  a substrate 

 

 

 

 

 

 

 

• How does the effective activity of the particles depend on 

the arrangement of the particles on the support?  

Arrays of nanoparticles 



Effective catalysis problem 

• E.g. oxidation of CO:   CO+1/2 O2 → CO2 

CO 

CO2 

O2 



• Gas A to B: 

Boundary conditions 
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Boundary conditions 

• Finally obtain a boundary condition: 

 

 

 

where according to gas kinetic theory 

 

• So for                        (i.e. absorption limited)  
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Boundary conditions 

• Thus in terms of the length  

 

 

 

• But again, gas kinetic theory has 

so  

 

where       is the mean free path of the gas molecule 

                 is a probability of absorption  
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• So the boundary condition under diffusion limited 

conditions depends on the length  

 

 

 

 

 

 

• Mean free path of gas molecule in air at 1 atmosphere 

is ~ 100 nm, so b will be of O(100nm) 

 

 

 

 

 

 

 

Boundary conditions 
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• Now we have a diffusion problem with a heterogeneous 

mixed boundary condition 

 

 

 

 

 

 

 

• This problem is a simpler version of the earlier 

homogenization problem 

 

 

 

 

 

 

Mathematical problem 
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Recall our results 

• Small b and small roughness 
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• Large b and small roughness 
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Effective rate constants 

• Assume two types of rate constant                       with 

spacing      on a flat surface 

 

• Case 1: active sites widely space w.r.t.  

 

 

 

 

• Case 2: active sites closely space w.r.t.  
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• At atmospheric pressure, a nanostructured catalyst will 

likely have 

 

 

so 

 

 

where a is the surface roughness 

 

• The activity is dominated by the active sites and 

enhanced by the roughness 

 

Effective rate constants 
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• If however                           as might occur for an  

 

array of particles, then we have 

 

 

 

• Hence, effective activity will depend on the location of the 

particles 

 

Effective rate constants 
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• e.g.                                 on a flat support, keeping 

coverage of support by catalyst at 50% 

 

 

 

Effective rate constants 
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