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An approach based on a lattice version of the Boltzmann kinetic equation for describing multiphase
flows in nano- and microcorrugated devices is proposed. We specialize it to describe the wettingdewetting transition of fluids in the presence of nanoscopic grooves etched on the boundaries. This
approach permits us to retain the essential supramolecular details of fluid-solid interactions without
surrendering —actually boosting—the computational efficiency of continuum methods. The method is
used to analyze the importance of conspiring effects between hydrophobicity and roughness on the global
mass flow rate of the microchannel. In particular we show that smart surfaces can be tailored to yield very
different mass throughput by changing the bulk pressure. The mesoscopic method is also validated
quantitatively against the molecular dynamics results of [Cottin-Bizonne et al., Nat. Mater. 2, 237 (2003)].
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The dynamics of microflows is crucially affected by the
interaction of the fluid with the confining solid boundaries.
Information on these interactions is usually conveyed into
the formulation of proper boundary conditions for the fluid
flow. Slippage properties have been reported in experiments and in molecular dynamics simulations, depending
on the thermodynamical and wetting properties of the
boundary (contact angle) and on the surface geometry
[1–8]. A fundamental question arises as to whether the
fluid really slips over the surface, or an apparent slip arises
from surface inhomogeneities or complex interface with
additional physics. It has been argued that a gas layer at the
interface would alter the fluid dynamics in the bulk, leading
to a mass flow rate increase even in the presence of pure
no-slip [9–13]. This hypothesis is supported by the observation of nanobubbles trapped on the surface [14] and by a
decreasing apparent slip length as the fluid is degassed
[15].
The aim of this article is to discuss the complex effects,
at the hydrodynamical scales, induced by the surface wetting properties in the presence of complex geometries in
micro- and nanodevices. The results can be summarized in
two main points. First, we provide neat evidence that the
physics of the boundary conditions is quantitatively reproduced by modeling the fluid at mesoscopic level, by
means of a minimal version of the Boltzmann equation,
i.e., the lattice Boltzmann equation (LBE) [16,17]. This
result is obtained by performing a quantitative comparison
of ‘‘finite-volume’’ dewetting transitions against recent
molecular dynamics simulations (MD) [1,18]. These
supramolecular phenomena are indeed an ideal ground
for mesoscopic kinetic methods. By supramolecular, we
imply phenomena that do not depend on the specific details
of the interaction potential, but only on some of its global
properties, such as the ratio of potential to thermal energy
0031-9007=06=97(20)=204503(4)

=kT, or surface tension/contact angle. Whenever these
integral properties can be mapped one-to-one into the
free parameters of the mesoscopic LB equation, the latter
offers several orders of magnitude acceleration over atomistic methods. Far from being a mere technicality, this
result opens the way to numerical investigations at spatial
and time scales much larger than those currently available
in most MD simulations. The time step of LB, thanks to its
built-in conservation properties, can be of the order of the
interaction time, while for MD it must be much shorter.
Hence, even under the restrictive assumption of the same
spatial resolution, LB would be about 2 orders of magnitude faster than MD. Further orders of magnitude are
gained due to the fact that LB evolves a preaveraged
distribution function, which does not need any averaging.
The result is that LB is easily 3– 4 orders of magnitude
faster than MD, hence represents a method of choice for
supramolecular microfluidics.
Second, we extend the MD results by investigating the
critical dependency of the mass flow rate on the degree of
roughness at constant bulk pressure. In particular we show
that it is possible to combine geometry and hydrophobicity
to design smart surfaces, with slippage properties that can
be changed by a control parameter. The simplest LBE for
unitary time lapse reads as follows [19]
1
fi x  ci ; t  1  fi x; t  fi x; t  fieq x; t  Fi ;

(1)
where fi x; t is the probability of finding a particle at site x
at time t, moving along the ith lattice direction defined by
the discrete speeds ci with i  1; . . . ; b. The left-hand side
of (1) stands for molecular free-streaming, whereas the
right-hand side represents the time relaxation (due to collisional interactions) towards local a Maxwellian equilib-
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rium. Finally, the term Fi represents a volumetric body
force to be connected with bulk particle-particle interactions. In particular we will use a mean field term
X
F x; t  G b wi x; t x  ci ; tci ;
(2)
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where x is a phenomenological pseudopotential (generalized density), x; t  x; t, which depends on
the local density, , first introduced by Shan and Chen [20],
wi are normalization weights, and G b tunes the moleculemolecule interaction, i.e., it plays the role of the normalized inverse temperature, =KT, with  the molecular
energy scale and KT the thermal energy. Here we choose
p
the standard form  0 f1  exp=0 g, with the
reference density 0  1, in lattice units. Note that this
choice for large densities is saturating   0  !
const, a requirement meant to mimic the hard-core repulsion of standard particle-particle potentials to prevent unphysical density accumulation. Other mesoscopic
approaches for two-phase fluids can also be defined by
using a free energy description of the surface physics
[21,22].
In spite of its simplicity, the Shan-Chen approach provides two crucial ingredients of nonideal fluid behavior: a
nonideal equation of state and a nonzero liquid-vapor
surface tension, lv . Both features are encoded in the
expression of the nonideal momentum flux tensor whose
bulk contribution Pb  c2s   12 c2s G b 2 , with cs the sound
speed velocity, is clearly dependent on the inverse temperature G b .
If we further assume that the density field x matches a
given value w at the boundary, we can regard w as a freeparameter related to the strength of the fluid-solid interactions and use it to parametrize the contact angle [23].
Notwithstanding their inherently mesoscopic character, the
parameters G b and w for the kinetic distributions used
here carry no less physical content than their atomistic
counterparts (inverse temperature and particle-wall interactions in MD simulations [8]). In order to study the
wetting (dewetting) transition on micropatterned (nanopatterned) surfaces (see Fig. 1) we have integrated the
LBE Eq. (1) in a 2D lattice using the nine-speed 2DQ9
model (b  9), one of the most used 2D-LBE scheme, due
to its superior stability [24,25]. We have used the two
geometries described in Fig. 1. The first geometry is used
to benchmark the method, the second to demonstrate the
possibility to design a smart surface with slippage properties tunable with continuity at changing the bulk pressure.
In all simulations Eqs. (1) and (2) have been numerically
integrated with   0:8 and fixed inverse temperature,
G b  6:0 (the critical value being G c
b  4). Concerning the velocity field, following [23], we set it to be
zero at the boundary by using bounceback boundary conditions (see also [26] for different choices). The bulk
pressure Pb then delivers the corresponding value of the
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FIG. 1 (color online). Left: homogeneous roughness. A groove
with depth h  33x and width H  Lx  a (with a  10x)
is introduced on the bottom wall and periodic boundary conditions are assumed along x. In this configuration, the presence
of vapor pockets inside the groove changes the ‘‘effective’’
boundary conditions felt by the bulk fluid, with a net decrease
of drag when a pressure drop is applied. Right: channel with
heterogeneous roughness. Two grooves of width H1  40x and
H2  70x are present. The two grooves are filled separately at
different values in the pressure and density diagram. The lattice
spacing corresponds to x 0:3 nm.

density ratio = 40, while the surface tension is
lv  0:105 0:002 in lattice units. The corresponding
lattice spacing in physical units is obtained by matching
the physical value of the liquid-vapor surface tension, with
the one measured on the lattice, via the dimensional relation: phys
 KT=x2 lv . For example, for water or
lv
vapor at T  540 (there the density ratio is close to the
values of our simulation) we have phys
 0:022 N=m,
lv
which yields x 0:3 nm, a value which is comparable
with the atomic range of the potentials used in MD.
Molecular dynamics simulations have recently reported
that the concerted effects of wetting phenomena and nanocorrugations can lead to a fairly substantial reduction of
mechanical drag [1,18]. Specifically, the authors in [1,18]
consider a nanometric channel flow with a regular sequence of longitudinal or transverse steps (with respect
to the mean flow) along the solid wall of the channel, and
show that, under suitable thermodynamic and geometric
conditions, the presence of the steps triggers the formation
of a gas film in the grooves within the obstacles. The liquid
can then slide away over the gas film, thereby experiencing
a significantly reduced mechanical drag. Such phenomenon may occur only at a critical pressure drop between the
liquid and vapor phase, of the order of the capillary pressure, Pcap , given by the estimate [18]
Pcap  

2lv cos
:
Lx  a

(3)

In Fig. 2, we validate the LBE by a direct comparison with
the MD results published in [1,18] with the same geometry
and with comparable contact angle. As one can see, the
agreement between LBE and MD is quantitative.
The plateaux for Plv in the range 0:9 < d=Lx < 1:05
correspond to the pressure and density values at which the
fluid is invading the corrugation, forming an interface
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FIG. 2 (color online). The normalized pressure drop,
Plv h=lv between the two bulk phases, is shown as a function
of the normalized distance d=Lx (see Fig. 1). LBE (䊐) results
have been obtained with a contact angle   160 . MD results
with the same contact angle are plotted with ( ). The two insets
represent the density configuration at the onset of the wetting/
dewetting transition (right) and for a wetted configuration (left).
The plateaux in the pressure curve defines the capillary pressure,
Pcap .

which does not yet touch the bottom of the groove. This
corresponds to the capillary pressure, Pcap . Reducing further d, i.e., increasing the average density, a change of
concavity for 0:8 < d=Lx < 0:9, is observed. This range
corresponds to values when the interface starts to touch the
bottom of the groove. The agreement of LBE with the
capillary pressure (3) is checked in detail in Fig. 3, where
we report the pressure changes for three different corrugations, Lx  a. In the inset of Fig. 3, we extract the value of
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lv cos from the slope of (3). The value of cos is then
obtained by estimating the surface tension, lv , through
Laplace’s law for a droplet in equilibrium with its saturated
vapor. The agreement of the contact angle measured in this
6 , with the analytical estimate,  
way,   158
160 , obtained in [23] by imposing the mechanical equilibrium condition of the contact line is very satisfactory.
The comparison shown in Fig. 2 and 3 demonstrates the
first result discussed in this Letter, namely, that the model
introduced in [23] captures the correct interplay between
roughness and wetting effects.
Even more complex behavior is observed for heterogeneous nanocorrugations, with the simplest case shown in
the right panel of Fig. 1. In this case, one has two characteristic groove sizes, H1 and H2 , and hence two corresponding
critical capillary pressures. The pressure-density diagram
for this heterogeneous corrugation is shown in Fig. 4,
where the two plateaux corresponding to the two capillary
pressures coexist. This device may be considered a
‘‘smart’’ two-state surface, whose wetting properties and
mass throughput (under the application of a pressure gradient) may be tuned by changing the bulk pressure. The
dynamical response of the microchannel is investigated by
applying a constant pressure gradient. In Fig. 5, we show
the presence of a transition for a critical roughness where
the mass flow rate starts to increase with respect to the
perfect wetting situations reaching as much as 100% gain.
The dynamical effects can be quantified in more detail by
inspecting the momentum profile along the vertical direction without the vapor layer (fully-wetted configuration)
and with a thin vapor layer starting to accumulate close to
the bottom of the groove. This is shown in the inset of
Fig. 5, where the local slip length is also depicted by
extrapolation of the bulk profile inside the wall. As soon
as a vapor layer is formed, the local slip length ramps-up,
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FIG. 3. Pressure variations at changing d for various roughnesses, Lx  50x (4), Lx  60x (䊐), Lx  80x ( ), with
a  10x. In the inset, we show the relation (3). The slope is
given by 2lv cos  0:196 0:006 (LB units). With our
surface tension lv  0:105 0:002 (LB units), this implies a
6 .
best estimate of   158
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FIG. 4 (color online). Pressure variations for heterogeneous
roughness (see right panel of Fig. 1). The two plateaux correspond to the case in which the liquid is starting to invade the
widest groove (right) and when it is invading also the thinnest
(left).
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remain open. From the theoretical point of view it is not
known what is the correct continuum description of the
lattice Boltzmann equations in presence of strong surface
fluctuations. Also much more work is needed to make the
mesoscopic model able to describe surface width over a
larger range of scales.
Useful discussions with J.-L. Barrat, X. Shan, and
S. Troian are kindly acknowledged. M. S. is grateful to
STW (Nanoned programme) for financial support.
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FIG. 5. Mass flow rate normalized to the fully-wetted case vs
the effective roughness a=Lx  a. The bulk pressure is fixed to
be Plv  0:75lv =h. A critical roughness (vertical line) is
a

given by the estimate of the capillary pressure, 0:75 2h cos
0:119 for a  10x, h  33x,   158 . Inset: Momentum
profile for a wetted ( ), and almost dewetted configuration (䊐).
The geometry is the one of the left panel of Fig. 1 with
parameters h  14x, a  14x, Ly  45x, Lx  90x.
Both momentum profiles are shown for x=Lx  0:1 and normalized with their center channel values. The straight lines correspond to extrapolations of the profiles inside the boundaries.

reaching values of the order of the channel height 45x
15 nm. Even larger values can be measured close to the
dewetting transition, where a well-developed vapor layer is
formed inside the groove (the so-called superhydrophobic
regime).
Summarizing, we have shown that an extension of lattice
Boltzmann equation for nonideal fluids, can quantitatively
account for the concerted effects between wetting phenomena and geometrical irregularities. In particular, the
presence of nano- or microirregularities in the flow geometries leads to sizeable effects with respect to the infinite
volume liquid-gas transitions, as well as to a significant
reduction of mechanical drag on the flowing fluid. The
consequence of our results is twofold: from a theoretical
perspective, it indicates that drag reduction via geometryinduced wetting transitions is a nonspecific phenomenon.
On the practical side, the present LBE approach offers the
opportunity to perform very efficient numerical simulations of complex micro- or nanofluidic phenomena at
scales of direct experimental relevance, which are hardly
accessible to atomistic simulations as, for example, the
P-V diagram shown in Fig. 4. The most intriguing result
is the possibility to design with a quantitative control new
surfaces with ad hoc slippage properties. For example, it
would be interesting to know the average slippage length in
presence of fractal corrugation. Of course, many problems
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