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It is well known that, at a macroscopic level, the boundary condition for a viscous fluid at a solid
wall is one of “no slip.” The liquid velocity field vanishes at a fixed solid boundary. We consider the
special case of a liquid that partially wets the solid (i.e., a drop of liquid, in equilibrium with its vapor
on the solid substrate, has a finite contact angle). Using extensive molecular dynamics simulations
we show that when the contact angle is large enough, the boundary condition can drastically differ (at
a microscopic level) from a no-slip condition. Slipping lengths exceeding 30 molecular diameters are
obtained for a contact angle of 140±, characteristic of mercury on glass. This finding may have impor-
tant implications for the transport properties in nanoporous media under such “nonwetting” conditions.
[S0031-9007(99)09329-1]

PACS numbers: 68.15.+e, 61.20.Ja, 68.45.Gd
b-
All

rs
he
in
ed

by
e
id-

a

b
a

-
.
n-
s
n
el
s

].
e

,
on
Properties of confined liquids have been the object
constant interest during the last two decades, thanks
the considerable development of surface force appara
techniques. While static properties are now rather we
understood (see, e.g., [1]), the dynamics of confined sy
tems have been investigated more recently [2]. The
studies have motivated much numerical and theoretic
work [3–8] and some progress has been made in givi
a simple coherent description of the collective dynamic
of confined liquids. Both from experimental and theoret
cal studies has emerged a rather simple description of
dynamics of not too thin liquid films—i.e., films thicker
than typically 10 to 20 atomic sizes. The hydrodynamic
of the film can be described by the macroscopic hydr
dynamic equations with bulk transport coefficients, su
plemented by a “no-slip” boundary condition applied in
the vicinity (i.e., within one molecular layer) of the solid
wall. Hence, in spite of the fact that the wall induces
layering of the fluid that can extend 5 to 6 molecular d
ameters from the wall, the hydrodynamic properties of th
interface are quite simple.

It turns out, however, that all experimental and nu
merical studies of confined fluids have been carried o
with fluidysubstrate combinations that correspond to a t
tal wetting situation. By this we mean thatgLS 1 gLV ,

gSV , whereg is an excess surface free energy and the i
dexesL, V , and S refer, respectively, to the liquid, its
vapor, and the substrate [9]. In this Letter, we invest
gate the structure and the hydrodynamic properties o
fluid film that is forced to penetrate a narrow pore in
situation of partial wetting, i.e., whengLS 1 gLV . gSV .
This condition corresponds to the case where a drop of t
liquid resting on the same substrate, at equilibrium with i
vapor, has a finite contact angleu which can be deduced
from Young’s lawgLV cosu ­ sgSV 2 gLSd [10].
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We first describe our model for the fluid and the su
strate, and some details of the simulation procedure.
interactions are of the Lennard-Jones type,
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with identical interaction energies and molecular diamete
s. The surface energies will be adjusted by tuning t
coefficientscij . In all the simulations that are presented
this Letter, the solid substrate is described by atoms fix
on a fcc lattice, with a reduced densityrSs3 ­ 0.9. As the
wall atoms are fixed, the coefficientcSS is in fact irrelevant.
The interactions between fluid atoms are characterized
cFF ­ 1.2, meaning that the fluid under study is mor
cohesive than the usual Lennard-Jones fluid. The flu
substrate interaction coefficientcFS will be varied between
0.5 and 1. All the simulations will be carried out at
constant reduced temperature,kBTye ­ 1.

The configuration under study will be a fluid sla
confined between two parallel solid walls. Typically,
configuration contains10 000 atoms, with a distance be-
tween solid wallsh ­ 18s and lateral cell dimensions
Lx ­ Ly ­ 20s. Periodic boundary conditions are ap
plied in thex andy directions, i.e.y parallel to the walls
For each wall, three layers of fcc solid (in the 100 orie
tation) will be modeled using point atoms, a continuou
attraction between the fluid and the wall in the directio
perpendicular to the walls being added in order to mod
the influence of the deeper solid layers. All simulation
were carried out at constant temperature (kBTye ­ 1) by
coupling the fluid atoms to a Hoover’s thermostat [11
In flow experiments, only the velocity component in th
direction orthogonal to the flow was thermostated.

Before we discuss in detail the structure of a film
we can roughly estimate the influence of the interacti
© 1999 The American Physical Society 4671
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parameters on the wetting properties of the fluid. Fo
lowing the standard Laplace estimate of surface en
gies [10], we havegij . 2rirj

R`

r0
ruijsrd dr. Using

Young’s law, we obtain for the contact angle cosu ­
21 1 2rScFSyrFcFF .

From this expression, a variation ofcFS between 0.5
and 0.9 would be expected to induce a variation ofu

between 100± and 50±. A more accurate determination
of the surface tensions was carried out using the meth
of Nijmeijer et al. [12]. The surface tensions are define
in terms of an integral over components of the pressu
tensors which can be computed in a simulation. We re
to Ref. [12] for more details. By tuning the solid-fluid
interaction strengthcFS from cFS ­ 1.0 to cFS ­ 0.5,
we found the contact angle deduced from Young’s la
varies fromu . 90± to u . 140±. In Fig. 1, a typical
configuration of a liquid droplet (in coexistence with it
vapor) on the solid substrate is shown forcFS ­ 0.5,
which corresponds tou . 140±. The droplet was formed
by starting from a liquid film of thickness20s, and
suddenly increasing the distance between the bound
walls, so that a (metastable) liquid-vapor coexisten
situation is reached. The droplet forms when som
particles at the box boundary are removed, in a way th
breaks the planar symetry. This picture clearly illustrat
how the notion of a contact angle retains its validit
down to nanometric scales [13]. In the following we sha
describe such large contact angles (i.e., larger than 90±) as
corresponding to a “nonwetting” situation.

In order to force the fluid into a narrow liquid pore
under such partial wetting conditions, an external press
has to be applied. A simple thermodynamic argume

FIG. 1. A typical configuration of a liquid droplet
(1000 atoms) on a solid substrate in a nonwetting ca
(cFS ­ 0.5), in equilibrium with its vapor. This configuration
was prepared by starting from a homogeneous fluid slab
thickness18s, confined between two walls. The droplet is
formed by simultaneously moving the upper wall by20s in
the z direction and removing the fluid atoms that lie near th
box boundaries. The bounding box has a size of20s.
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shows that for a parallel slit of widthh, the minimal
pressure isP0 ­ 2sgLS 2 gSV dyh. For the fluid with
cFS ­ 0.5, we find, for h ­ 18s, P0 ­ 0.079eys3,
while P0 ­ 0.018eys3 whencFS ­ 0.9. If we uses ­
5 Å , e ­ 0.05 eV, thenP0 , 1 MPa for h ­ 9 nm in
the nonwetting case,u ­ 140±.

Figure 2 shows the density profiles of the nonwetti
fluid inside the pore for pressures corresponding to2.8P0
and 16.4P0. The pressure is changed at constant po
width by changing the number of particles. It is see
in this figure that the highest pressure structure stron
resembles what would be obtained for the usual case
a wetting fluid, with a strong layering at the wall. Th
structure at the lower pressure is markedly different, w
a strong density depletion near the wall.

We now turn to the study of the dynamical properti
of the confined fluid layer. Two types of numerica
experiments, corresponding to Couette and Poiseu
planar flows, were carried out. In the Couette flo
experiments, the upper wall is moved with a velocityU
(typically U ­ 0.25 0.5 in reduced Lennard-Jones units
In the Poiseuille flow experiment, an external force
the x direction is applied to the fluid particles. In bot
cases we took great care to ensure that the respo
of the system was linear, as it is known [14] that th
boundary condition becomes nonlinear for high she
rates. In Fig. 3 and 4 we compare the resulting veloc
profiles to those that would be expected for a no-s
boundary condition applied at one molecular layer fro
the solid wall. Obviously the velocity profiles for the
nonwetting fluid imply a large amount of slip at the soli
boundary. As usual, this slippage effect can be quantifi
by introducing a “partial slip” boundary condition for th

FIG. 2. Density profiles of the nonwetting fluid (cFS ­ 0.5)
confined between two solid walls separated by20s. The
positions of the first layer of solid atoms have been indicat
by vertical dashed lines. Full line:PyP0 ­ 16.4; dashed line:
PyP0 ­ 2.8. The latter curve has been shifted upwards f
clarity.
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FIG. 3. Velocity profile (in reduced units) of the nonwettin
fluid (cFS ­ 0.5) in a Couette geometry. The reduced pressu
is PyP0 . 7.3. The solid line is the simulation result and
the dotted line is the velocity profile predicted by the no-sl
boundary condition. The dashed line is the velocity profi
predicted by the Navier-Stokes equations supplemented by
partial slip boundary condition, Eq. (2). The velocity of th
upper wall isU ­ 0.5.

tangential velocityyt (relative to the solid) at the solid
liquid boundary. For a liquid that fills the upper half spac
z . zw, we have

≠yt

≠z
jz­zw ­

1
d

ytjz­zw . (2)

This boundary condition depends on two parameters,
walllocationzw and the slipping lengthd. The usual no-
slip boundary condition corresponds to the limiting ca
d ­ 0, and zw close to the first layer of solid. When

FIG. 4. Same as in Fig. 3, but in a Poiseuille geometry. T
external force applied on each fluid particle isfext ­ 0.02eys.
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slip is present at the boundaries, the two parametersd

and zw are obtained by fitting the profiles obtained i
the simulation for the Couette and Poiseuille flow wit
those deduced from Eq. (2), supplemented by the us
Stokes equation in the bulk fluid. The results of such
adjustment are shown in Fig. 3 and 4. In these figures
can be seen that this procedure gives an extremely g
fit to the flow profile in the slab, allowing an accurat
determination ofd andz.

It turns out that, as was the case in earlier stud
[6], the hydrodynamic positionzw of the walls is located
inside the fluid, typically one atomic distance from th
outer layer of solid atoms. As a consequence,d can be
obtained simply as the distance within the solid at whi
the extrapolated velocity of the fluid relative to the sol
would vanish, taking as an origin thez ­ zw . 69s

plane. In earlier work, this distance was always foun
to be very small (typically less than one atomic size f
such simple fluids; see, however, [14]). In Fig. 5, th
variation of d as a function of the pressure is shown fo
several values of the interaction parameters. The press
is normalized by the capillary pressureP0 defined above
as the minimal pressure that must be applied to the fluid
order to enter the pore. For an interaction parametercFS ­
0.9, corresponding to a contact angleu ­ 100±, the usual
behavior (i.e., a smalld) is obtained. For an interaction
parametercFS ­ 0.5 which corresponds to a contact ang
u ­ 150± [15], slipping lengths larger than15 molecular
diameters can be obtained at the lowest pressures; e
at relatively high pressures (10P0), the slipping length
remains appreciably larger than the molecular sizes.

Obviously the existence of such a large slippage
fect should manifest itself in the dynamical properties of

FIG. 5. Variation of the slipping lengthd (in units of s) as
a function of the reduced pressurePyP0, for several values of
the interaction parameterscFS . From top to bottom, the data
correspond tocFS ­ 0.5, cFS ­ 0.6, cFS ­ 0.7, cFS ­ 0.8,
cFS ­ 0.9. Dotted lines are a guide for the eye.
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liquid confined in a nanoporous medium. The essent
parameter that characterizes a porous medium is its p
meability, which relates the flow rate to the pressure dro
[16] across the medium. This permeability is proportion
to the permeability of a single capillary, with a proportion
ality factor that depends on the geometrical characterist
of the medium. If one considers a single cylindrical cap
illary, a straightforward calculation in the Poiseuille ge
ometry shows that the existence of slip on the boundar
increases the flow rate in the tube as compared to t
“usual” no-slip case by a factor1 1 8dyh (with h the
pore diameter andd the slip length). Thus, in a porous
medium, the effective permeabilityKeff is expected to in-
crease by the same factor, i.e.,Keff ­ K0s1 1 8 d

h d, where
K0 is the “standard” permeability, obtained within the no
slip assumption. In a wetting situation,d is found to be
very small andKeff . K0. However, in a nonwetting situ-
ation (u , 140±), the slipping lengthd may largely exceed
the nanometric pore sizesh, so that the effective perme-
ability Keff is expected to be much larger thanK0 (say,
more than 1 order of magnitude in view of the prefactors
In fact, it is quite likely that the decrease in the “appa
ent viscosity” observed by Churaev and co-workers [17]
their studies of flow of mercury in micrometric capillaries
could be ascribed to this effect. It can also be expected t
the microscopic dynamics of the molecules could be rath
different in a nonwetting medium, compared to what it i
in the bulk or in a medium with strong solidyliquid affin-
ity. In fact, recent studies point towards the importanc
of the surface treatment for the reorientation dynamics
small molecules in nanopores [18]. Correlating the we
ting properties with such microscopic studies seems to
a promising area for future research.

This work was supported by the Pole Scientifiqu
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at the University of Lyon, the DGA and the French
Ministry of Education under Contract No. 98y1776. We
thank E. Charlaix and P.-F. Gobin for introducing us t
this subject, and Dr. S. J. Plimpton for making publicl
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