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rmathermatical biology, we have provided 2 uni-
fied picture of what happened on the Millen-
ninm Bridge five vears ago, both for the bricdge
vibrations and the crowd dynamics. The
approach sugpested here may also prove useful
tor estimating the damping needed to safe-
guard other bridges, present and future, against
synchronous lateral excitation by pedestrians,
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NANOSCALE HYDRODYNAMICS

Enhanced flow in carbon nanotubes

Mangscale structures that could mimic the
selective transport and extraordinarily fast
flow possible in biological cellular channels
waould have a wide range of potential applica-
tigmns, Here we show that I1qu|:lﬂuw through i
membrane composed of an array of aligned
carbon manogibes is four 1o five orders of mag-
nitude faster than wouald be predicted from
conventional fluid-flow theory, This high fud
wvelocity results from an almost frictionless
interface at the carbon -nanotube wall,

Biological channels act as chemically selec-
tive gatekeepers and have Frutl:m walls that
allonw extremnely rapid transit’, Nanometre-scale
pores with chemical selectivity have been pre-
pared™ but Ausd flow throwgh them is sow: this
limitation is predicted by the Hagen-Poiseuille
equation and is because conventional laminar
floww has zero thiid vebocity at the pore walls

In theory, the flow of malecules inside carbon
nanatubes coild be nach faster. Water showld
be able to flow fast through hydrophobic single-
walled carbon nanotubes because the process
creates ordered |14}dmgr:n bonds between the
water molecules’, Ordered hydrogen bands
between warer molecules and the weak attrac-
tion between the water and smooth carbon-

Table 1| Pressure-driven flow through aligned MWCNT

nanotube graphite sheets shoald then resultin
almost frictionless and very rapid flow”, ¥ a

theoretical volume rate comparable to that of

the protein channel aquaporin-1 (ref. 4} is
divided by the carbon-nangtube cross-sectional
area, the expected water flow velocity is about
90 cm 5", Fast flow velocities are also pre-
dicred just from the trictionless nature of the
carbon- nanotube walls” dl'ld. from the rapsd
diffusion of rydroc L

Ta rrallarﬂmhlghl]uwx:luu'hu. wee used

a freshly fabricated membrane consisting of

aligned multiwalled carbon nanotubes, with
graphitic inner cores (diameter about 7 nm)
and a high area density {5 10" per cm’),
crossing a solid polystyrene film". We mea
sured the flow of water and a variety of sol-
vents through this membrane at about 1 atm
applied pressure (Table 1), Tna control experi-
ment, we verified that no macroscopic defects
were present in the membrane and deter-
mined the available pore area (see supplemen-
tary information),

We found that the flow rates are four to five
orders of magnitude faster than conventional

fluid flow would predict through pores of

7 nm diameter. Contrary to predictions based
on hydrodynamics, the flow

rate does not decrease with

Liquid Initial  Obswrvedflow  Espactedflow  Slis kingth increased viscosity (compare

pemeiblily’  eeletyl relacity! A} hexane and water in Table 1),

Wifater 058 25 Q00057 54 The results also indicate that

1m 438 anoos? &8 flow velocity, when adjusted

(V¥ 7] =13 a00oSE ) for differences in viscosity,
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associated liquids (water and alcohols) with
time can be attribured to flow-induced sobent
ordering or the tormation of bubbles {our
unpublished results).

W conclude that these high fluid velocities
are possible becanse of a frictionless surface at
the carbon-nanotube wall. This result could be
explained in conventional terms of slip lengths,
which are remarkably long. The sip length
is an extrapolation of the extra pore rading
required to give zero velocity at a hypothetical
pore wall {the boundary condition for conven
tiweal materials). The observed slip lengths
{370 pm)} are much longer than the pore
radins (3.5 nm) that is consistent with a nearly
frictionless interface. The slip length decreases
as solvents become more hydrophaobic (Table
1}, which indicates stronger interaction with the
carbon-manatube wall, The observed flow
velocities for water { 10— cmis ™) are dose to
the extrapolated rate predicted for water How
through single-walled carbon nanotubes {about
90 cm s~} Butane flows through carbon
nanotubes ataboat 26 cm s~ (ref. 6), which is
consistent with our measarement for hexane.

These results show that the speed of Nuid
flow through the aligned carbon-nanotube
miembrane approaches that through biological
channels. The membrane fabrication isscalable
to large areas, which could be useful industri-
ally for chemical separationss chemical func-
tionality is near the core entrance” and each
side of the membrane can be indfpendﬁ\tlgr
modified with different functional groups",
These advantages also make the aligned
carbon-nanptube membrane a promising
mimic of protean channels for transdermal
drug delivery and selective chemical sensing,
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