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Announcements	
  
§ Video	
  assignment	
  posted	
  
§  Form	
  a	
  team	
  and	
  choose	
  a	
  topic	
  
§  Q&A	
  at	
  beginning	
  of	
  lecture	
  on	
  Monday	
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Recap:	
  surface	
  energy	
  and	
  melBng	
  

Nanda	
  et	
  al.,	
  Phys.	
  Rev.	
  B	
  66:013208,	
  2002.	
  
Goldstein	
  et	
  al.,	
  Science	
  256:1425,	
  1992.	
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Today’s	
  agenda	
  
§ Engineering	
  surface	
  texture	
  to	
  control	
  we\ng	
  behavior	
  
§ Micro/nanoscale	
  effects	
  on	
  fluid	
  flows	
  –analogy	
  to	
  
classical	
  (rarefacaon)	
  and	
  quantum	
  (surface)	
  size	
  effects	
  

§ Modeling	
  slip	
  flows	
  in	
  small	
  pipes	
  
§ Measurements	
  of	
  slip	
  flows	
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Today’s	
  readings	
  
From	
  last	
  Bme:	
  
§ Tuteja	
  et	
  al.,	
  “Design	
  parameters	
  for	
  superhydrophobicity	
  
and	
  superoleophobicity”	
  

Nominal:	
  (ctools)	
  
§ Karniadakis,	
  excerpt	
  on	
  breakdown	
  of	
  the	
  conanuum	
  fluid	
  
hypothesis,	
  from	
  Micro	
  Flows	
  

§ Arkilic	
  et	
  al.,	
  “Gaseous	
  slip	
  flow	
  in	
  long	
  microchannels”	
  
§ Eijkel,	
  “Liquid	
  slip	
  in	
  micro-­‐	
  and	
  nanofluidics:	
  recent	
  
research	
  and	
  its	
  possible	
  implicaaons”	
  

Extras:	
  (ctools)	
  
§ Majumdar	
  et	
  al.,	
  “Enhanced	
  flow	
  in	
  carbon	
  nanotubes”	
  
§ Holt	
  et	
  al.,	
  “Fast	
  mass	
  transport	
  through	
  sub-­‐2-­‐nanometer	
  
carbon	
  nanotubes”	
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We6ng	
  
§ We\ng	
  is	
  the	
  ability	
  of	
  a	
  liquid	
  to	
  maintain	
  contact	
  with	
  a	
  
solid	
  surface,	
  resulang	
  from	
  intermolecular	
  interacaons	
  
when	
  the	
  liquid	
  and	
  solid	
  are	
  brought	
  together.	
  

§ Thus,	
  we\ng	
  is	
  determined	
  a	
  balance	
  between	
  adhesive	
  and	
  
cohesive	
  forces,	
  which	
  determine	
  the	
  overall	
  free	
  energy.	
  

	
  
§  Liquids	
  more	
  frequently	
  wet	
  solids	
  having	
  high	
  surface	
  
energy	
  (i.e.,	
  strongly	
  bonded	
  solids)	
  than	
  solids	
  with	
  low	
  
surface	
  energy	
  (i.e.,	
  VDW	
  solids).	
  	
  It’s	
  pracacally	
  difficult	
  to	
  
prevent	
  low	
  surface	
  energy	
  liquids	
  from	
  we\ng	
  solids.	
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Hydrophilic	
  or	
  hydrophobic?	
  (see	
  videos)	
  

Courtesy	
  of	
  Hyungwoo	
  Lee,	
  MIT	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  8	
  

Superhydrophobicity:	
  petal	
  and	
  lotus	
  effects	
  
§ Rose	
  petals	
  and	
  lotus	
  leaves	
  are	
  both	
  superhydrophobic;	
  
however,	
  droplets	
  roll	
  off	
  lotus	
  leaves	
  but	
  do	
  not	
  roll	
  off	
  
rose	
  petals	
  

Feng	
  et	
  al.,	
  Langmuir	
  24(8):4114-­‐4119,	
  2008.	
  

§ We	
  can	
  engineer	
  we\ng	
  by	
  systemaac	
  
control	
  of	
  surface	
  energy	
  and	
  topography	
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Textured	
  surfaces:	
  Cassie	
  and	
  Wenzel	
  states	
  

	
  	
  Droplet	
  condensaBon	
  and	
  growth	
  in	
  ESEM	
  

Advancing	
  and	
  receding	
  
contact	
  angles	
  –mulBple	
  
stable	
  contact	
  angles	
  

Nosonovsky	
  and	
  Bhusan,	
  Nano	
  LeDers	
  	
  7(9):2633-­‐2637,	
  2007.	
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  Feng	
  et	
  al.,	
  Langmuir	
  24(8):4114-­‐4119,	
  2008.	
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  Lau	
  et	
  al.,	
  Nano	
  LeDers	
  	
  3(12):1701-­‐1705,	
  2003.	
  

Texture	
  +	
  chemistry:	
  PTFE-­‐coated	
  CNT	
  forest	
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Apparent	
  contact	
  angle	
  of	
  microstructures	
  

Tuteja	
  et	
  al.,	
  MRS	
  Bullean	
  33:752-­‐758,	
  2008.	
  
Tuteja	
  et	
  al.,	
  PNAS	
  105(47):18200-­‐18205,	
  2008.	
  

§  Stable	
  composite	
  interface	
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What’s	
  different	
  about	
  small-­‐scale	
  flows	
  
§ As	
  the	
  length	
  scale	
  (e.g.,	
  pipe	
  diameter)	
  decreases,	
  
molecular	
  interacaons	
  with	
  the	
  walls	
  become	
  more	
  
frequent.	
  	
  Fricaon	
  also	
  increases	
  as	
  surface-­‐volume	
  raao	
  
increases.	
  

§ High	
  pressure	
  drops	
  over	
  short	
  lengths	
  mean	
  
compressibility	
  of	
  gases	
  is	
  important.	
  

§ Molecular	
  interacaons	
  determine	
  relaave	
  velocity	
  (slip)	
  at	
  
the	
  wall,	
  which	
  reduces	
  fricaon.	
  

§ Molecules	
  can	
  order	
  (and	
  crystallize)	
  when	
  confined.	
  

§  Flow	
  regimes	
  are	
  classified	
  based	
  on	
  the	
  Knudsen	
  number.	
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ClassificaBon	
  of	
  flow	
  regimes	
  

Karniadakis	
  and	
  Beskok.	
  

oL/Kn λ=
Gases,	
  l	
  =	
  mean	
  
free	
  path	
  

Liquids,	
  b	
  =	
  slip	
  
length	
  

oLb /Kn =

Knudsen	
  number	
  
(Kn)	
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Ideal	
  gas	
  

Chen.	
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  Karniadakis	
  and	
  Beskok.	
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The	
  wall	
  boundary	
  condiBon	
  

Eikjel,	
  Lab	
  on	
  a	
  Chip	
  7:299,	
  2007;	
  Arkilic	
  et	
  al.,	
  J	
  MEMS	
  6(2):167,	
  1997.	
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Slip	
  vs.	
  no	
  slip:	
  CH4,	
  900	
  °C,	
  D	
  =	
  5	
  µm	
  

Hart.	
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Slip	
  vs.	
  no	
  slip:	
  CH4,	
  900	
  °C,	
  D	
  =	
  50	
  µm	
  

Hart.	
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Slip	
  vs.	
  no	
  slip:	
  pressure	
  gradient	
  

Hart.	
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Effect	
  of	
  compressibility	
  

Hart.	
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What’s	
  the	
  molecular	
  origin	
  of	
  slip?	
  

Squires	
  and	
  Quate,	
  Rev	
  Mod	
  Phys	
  77:977,	
  2005.	
  
Lichter	
  et	
  al.,	
  Phys	
  Rev	
  LeD	
  98:226001,	
  2007.	
  

§  Fluid-­‐fluid	
  interacaons	
  are	
  stronger	
  than	
  fluid-­‐wall	
  
interacaons	
  (e.g.,	
  hydrophobicity).	
  

§  Surface	
  roughness	
  traps	
  gas	
  molecules	
  dissolved	
  in	
  the	
  
liquid,	
  creaang	
  a	
  lubricaaon	
  layer	
  at	
  the	
  wall.	
  	
  Here,	
  what	
  
happens	
  at	
  high	
  Re?	
  

§ Molecules	
  “hop”	
  between	
  minimum-­‐energy	
  sites	
  in	
  the	
  
wall	
  la\ce;	
  therefore	
  slip	
  is	
  a	
  rate	
  process	
  and	
  slip	
  length	
  
depends	
  on	
  temperature.	
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Ordered	
  fluid	
  layers	
  at	
  the	
  wall	
  

Karniadakis	
  and	
  Beskok.	
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Measuring	
  gas	
  flows	
  in	
  microchannels	
  

Arkilic	
  et	
  al.,	
  J	
  MEMS	
  6(2):167,	
  1997.	
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  Arkilic	
  et	
  al.,	
  J	
  MEMS	
  6(2):167,	
  1997.	
  

They	
  measured	
  
10-­‐12	
  kg/s	
  
10-­‐4	
  cm3/s	
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  Arkilic	
  et	
  al.,	
  J	
  MEMS	
  6(2):167,	
  1997.	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  40	
  

Flow	
  through	
  CNTs	
  

Holt	
  et	
  al.,	
  Science	
  312:1034-­‐1037,	
  2006.	
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Flow	
  through	
  CNTs	
  

Holt	
  et	
  al.,	
  Science	
  312:1034-­‐1037,	
  2006.	
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Extreme	
  slip	
  flow	
  through	
  CNTs	
  

Majumder	
  et	
  al.,	
  Nature	
  438:44,	
  2005.	
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Importance	
  of	
  gas	
  damping	
  in	
  MEMS:	
  DMD	
  
micromirrors	
  	
  



©2010	
  |	
  A.J.	
  Hart	
  |	
  44	
  Karniadakis	
  and	
  Beskok.	
  

Mirror	
  dynamics	
  at	
  various	
  ambient	
  
pressures	
  


