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Abstract

Molecular dynamics simulations are conducted
to investigate the initial stages of spontaneous
imbibition of water in slit silica nanochannels
surrounded by air. An analysis is performed
of the effects of nanoscopic confinement, initial
conditions of liquid uptake and air pressuriza-
tion on the dynamics of capillary filling. The
results indicate that the nanoscale imbibition
process is divided in three main flow regimes.
An initial regime where the capillary force is
balanced only by the inertial drag and charac-
terized by a constant velocity and a plug flow
profile. In this regime, the meniscus formation
process plays a central role in the imbibition
rate. Thereafter, a transitional regime takes
place, in which, the force balance has signifi-
cant contributions from both inertia and vis-
cous friction. Subsequently, a regime, wherein
viscous forces dominate the capillary force bal-
ance, is attained. Flow velocity profiles identify
the passage from an inviscid flow to a develop-
ing Poiseuille flow. Gas density profiles ahead
of the capillary front indicate a transient ac-
cumulation of air on the advancing meniscus.
Furthermore, slower capillary filling rates com-
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puted for higher air pressures, reveal a signifi-
cant retarding effect of the gas displaced by the
advancing meniscus.
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Introduction

Nature has over million of years optimized
nano-scale bio-machinery to work efficiently in
an aqueous environment.1,2 Therefore, a molec-
ular level understanding of fluid transport is
critical to pursue novel opportunities in bio-
chemistry, drug delivery technology and medi-
cal diagnostic devices. Indeed, fabrication tech-
niques have evolved dramatically over the past
two decades,3–6 allowing us to conceive inte-
grated systems in length scales comparable to
the size of intra-cellular structures,5,7–9 open-
ing the door to mimic the highly efficient nat-
ural fluidic processes in different technologi-
cal areas.10–13 Nevertheless, the study of flows
confined inside nano-structures presents chal-
lenges to the application of macroscopic theo-
ries of fluids due to the fact that inherent to
the nanoscale confinement, the extremely large
surface to volume ratio, and the short time
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and length scales dominate the fluid transport.
Therefore, an important bottleneck for de-
sign and fabrication of integrated nano-devices
arises from predicting the flows throughout
nanoscopic conduits.

In nanofluidics, an important transport mech-
anism is capillary action.14,15 The fundamentals
of the current understanding of capillarity are
based on the early 19th century contributions
made by Young16 and Laplace.17 The Young-
Laplace theory of capillarity relates the pressure
difference across a curved interface (Laplace
pressure) to the surface tension acting on the
interface as a result of its curvature. On the
dawn of the 20th century, the works carried
out by Bell and Cameron18 and later by Wash-
burn19 and Lucas,20 found capillary filling to
be square root dependent of time. The Lucas-
Washburn (LW) equation relates the Laplace
pressure across the capillary meniscus to the
Hagen-Poiseuille equation for a fully developed
viscous flow. Hence, the LW equation19 de-
scribes the capillary filling assuming the no-slip
boundary condition and considering the liquid
penetration as being determined by a balance
among the capillary force and the viscous drag
force. For the water invasion of a slit channel
with width much larger than the height, the LW
equation results in:

l(t) =

√
γH cos θ

3µ

√
t (1)

where l is the imbibition length, t is time,
H is the channel height, µ is the dynamic
viscosity (for the SPC/E water used herein:
µ = 0.729 mPa s), γ is the surface tension (for
SPC/E water: γ = 0.072 N/m), and θ is the
static contact angle of the liquid on the chan-
nel wall. In this purely viscous flow model, the
position of the meniscus relates with time as l
∝
√
t. Despite the fact that considerable effort

has been devoted to develop more sophisticated
models of capillarity,21–29 it has been certainly
possible, in many technological applications, to
assume a scenario where LW equation predicts
the capillary filling with sufficient accuracy.
Nevertheless, in experiments of capillarity per-
formed in sufficiently long nanoscale conduits,

the imbibition kinetics qualitatively follows the
LW model.30–36 However, the same experiments
reported a slower filling rate than that predicted
by the LW equation. In fact, during the last
decade different explanations have been pro-
posed for the observed reduction in the capil-
lary filling speed. Therefore, Tas et al.31 at-
tributed the slower capillary rates to the elec-
troviscous effect. Persson et al.30 extended the
results reported by Tas et al.31 and concluded
that other effects, different to the electrovis-
cosity, also contribute to the observed devia-
tions in the imbibition rates. In the same con-
text, Mortensen and Kristensen37 found that
the contribution of the electroviscous effect to
the apparent viscosity is less than 1 % there-
fore concluded that the electroviscous effect is
not sufficiently strong to account for observed
deviations. Subsequently, Thamdrup et al.32

shown that the slower rates could be related to
the formation of gas nanobubbles. Neverthe-
less, as pointed out by van Honschoten et al.14

the Washburn model is derived for water imbi-
bition without gas bubbles. Moreover, Chauvet
et al.38 found that slower capillary filling rates
cannot be explained by enhanced viscous resis-
tance due to nanobubbles. Specifically, Chau-
vet et al.38 inferred that in sub 100 nm channels,
the enhanced hydrodynamic resistance induced
by the presence of nanobubbles is compensated
by the effect of the reduced volume to fill in-
duced by the same gas nanobubbles. An alter-
native explanation to the filling deviations was
presented by Haneveld et al.33 They proposed
that water ordering near the channel walls due
to strong liquid-surface interaction could be the
origin of an interfacial region with enhanced vis-
cosity which could explain the observed reduced
capillary rates in nanochannels. The explana-
tion proposed by Haneveld et al.33 seems to
correspond to the negative velocity slip length
in silica pores reported by Gruener et al.39

in experiments of water filling in networks of
nanopores. Nevertheless, other detailed studies
have not found such an interfacial layer with en-
hanced viscosity.40–43 Furthermore, open ques-
tions remain about the role of line tension,44,45

molecular roughness,46,47 precursor films,24,48

dynamic contact angle26,28,49 and air displaced
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by the advancing meniscus.38,50 Therefore, a
comprehensive explanation to the slower than
expected capillary rates observed in the filling
of nanochannels as compared to the LW equa-
tion predictions, remains an open question.14,51

The LW equation is an asymptotic model
for long times of filling, when considering fill-
ing in short time and length scales, the LW
model predicts an infinite imbibition velocity
at t = 0. This singularity in the LW model
has been attributed to the absence of the in-
ertial drag related to the accelerating mass of
fluid.15,21,50,52–56 In 1923 Bosanquet52 incorpo-
rated in a momentum balance equation the con-
tributions of inertial drag and viscous resis-
tance counteracting the capillary pressure. The
Bosanquet equation, modified to describe the
present capillary filling in a rectangular cross-
section channel of width much greater than the
height is:

l(t)2 =
2A2

I

B

[
t− 1

B
(1− exp (−Bt))

]
(2)

with,

AI =

√
2
γ cos θ

ρH
(3)

B =
12µ

ρH2
(4)

where ρ is the liquid density (here ρ =
997 kg/m3). The terms AI and B represent
the contributions to the capillary force balance
from the inertial drag and from the viscous
friction losses, respectively. In order to de-
rive solutions to the momentum balance equa-
tion, Bosanquet assumed a particular scenario
where the initial momentum of the liquid is
zero. The derived solution depicts two cases. A
visco-inertial regime for imbibition times suffi-
ciently long, where the capillary filling can be
described under the assumption of a developing
viscous flow with a vanishing inertial drag effect
(AI → 0). In this case, the Bosanquet model
gradually converges into the LW model. In the
opposite limiting situation, where the viscous
force is much weaker than the inertial drag and
the capillary force, the Bosanquet solution of

the momentum balance equation gives:

l(t) = AIt (5)

where the AI factor represents a constant ini-
tial velocity corresponding to the inertial term
in the Bosanquet equation (Eq. (2)). Mathe-
matically, the velocity AI is a singular point of
the Bosanquet equation, obtained by applying
boundary conditions as limits on the imbibi-
tion velocity and the position of the capillary
front. Certainly, by taking into account the in-
ertial drag, the methodology used by Bosanquet
effectively overcome the infinite velocity prob-
lem in the LW equation at t = 0. Neverthe-
less, it leaves open questions about the physi-
cal sense of the initial conditions at the begin-
ning of the liquid uptake. Moreover, as pointed
out by Kornev and Neimark57 and Andrukh
et al.,58 Bosanquet did not consider important
phenomena affecting the imbibition dynamics
at early times. Indeed, the Bosanquet equation
neglects the relation between the initial veloc-
ity (AI) and the momentum associated to the
liquid moving towards the capillary entrance.
When a liquid approaches a hydrophilic solid,
once it enters the range of action of intermolec-
ular forces, the adhesion effect gives rise to a
start up impulse which affects the initial veloc-
ity of the liquid invasion. Therefore, quantita-
tively, the Bosanquet model cannot describe the
initial kinetics of the capillary filling.56–58 More-
over, in nano-confinement, the capillary filling
speeds are typically high,54,55,59 therefore incor-
rect values of the velocity in the initial inviscid
regime may result in significant deviations for
predicting flow rates in short nano-slits.

Recently, the role of displaced gas on the cap-
illary imbibition in closed-end60–62 and open-
end nanochannels,38,50 has been addressed. In
particular, Hultmark et al.50 considered the role
of viscous resistance from the displaced air on
the kinetics of capillary filling, while Chauvet et
al.38 studied the effect on the imbibition rates
of the transient pressurization of the air ahead
of the capillary front.

In this study, we report molecular simula-
tions performed to analyze the wetting kinet-
ics in nano-confined fluids.43,54,63–69 Providing
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an atomistic description of the capillary filling
process in its earliest time stage and during the
subsequent transition towards a fully developed
flow regime, our study allows a complete char-
acterization of the kinetics of liquid imbibition
in nanodevices. Moreover, since the time scale
associated to the diffusion of air throughout
nanochannels is much larger than the time scale
associated to the advancing capillary front, we
examine the effect of air ahead of the moving
meniscus as it is displaced by the liquid filling
a slit channel at different air pressures.

Simulation Details

To study the spontaneous capillary imbibition
of water in an amorphous silica slit, a series
of all-atoms MD simulations are conducted us-
ing the simulation package FASTTUBE.66,70–72

We use the potentials previously developed for
modeling silica, water and air.73 In this force
field, the potentials have been calibrated using
dedicated criteria such as the contact angle of
a water droplet on a silica surface (θ = 15◦),
and the solubility of air in water at different
pressures. The model is based on the simple
point charge SPC/E model,74 and molecular ni-
trogen and oxygen. The silica is described
by the TTAMm model developed by Guissani
and Guillot.75 For details of the potential we
refer the reader to Zambrano et al.73 To cre-
ate an amorphous silica channel, cristobalite
cells are replicated to build two parallel crys-
talline slabs. An annealing procedure is imple-
mented,73,76 wherein, the two silica slabs are
coupled to a Berendsen heat bath with a time
constant of 0.1 ps. The cristobalite is heated to
3000 K keeping the temperature constant dur-
ing 10 ps, subsequently, quenching the system
from 3000 K to 300 K by imposing a cooling
rate of 70 K/ps until the equilibrium state is
reached.

The MD simulations are conducted to study
the water imbibition in channels of different
height (H = 4, 6, 8, and 10 nm) surrounded by
an air atmosphere at 0, 5, 10, 20 and 250 bar.
The system consists of two slabs of amorphous
silica with size of 31.6 nm × 2.5 nm × 3.4 nm

representing the channel walls. The slabs are
aligned parallel to the x-y plane, while the
height (H) of the channel is defined along the
z-axis cf. Figure 1. The simulations are con-
ducted in a periodic orthorhombic box, the di-
mensions of the box are adjusted according to
the size of each system and the corresponding
air pressure to be reproduced. More details of
the systems are listed in Table 1. In the sim-
ulations, using a time step of 2 fs, a water slab
of 32000 molecules is coupled to a Berendsen
thermostat77 at 300 K during 0.5 ns; then, the
thermostat is disconnected and the simulations
are conducted in the microcanonical ensemble
(NVE) until the system is equilibrated. Subse-
quently, the water slab is released from rest to
move spontaneously towards the silica channels.
In the systems with air, after the silica-water
interactions are equilibrated, the air molecules
are released in the NVT ensemble at 300 K dur-
ing 0.6 ns, then the thermostat is disconnected
and the simulations are conducted in the NVE
ensemble for 25 ns to ensure proper equilibra-
tion of the water and the air molecules. Af-
terward, the water molecules are constrained
to move toward the channel at low velocity
(≈ 0.5 nm/ns) until the water enters the region
of action of intermolecular forces. The low ve-
locity is chosen to ensure that the imbibition
kinetics is not affected by the imposed velocity.
Moreover, in order to explore the effects of air
on the later stage of imbibition, three systems
consisting of a water slab with 55000 molecules
filling slits with length of 50.6 nm are studied
as listed in Table 1.

Results and discussion

In the present study, we conduct molecular
dynamics (MD) simulations to investigate the
spontaneous capillary imbibition of water in sil-
ica slit nanochannels as illustrated in Figure 1.
The slit channels studied here have heights and
lengths in the sub-100 nm range as listed in Ta-
ble 1. The penetration lengths of water spon-
taneously filling slit channels are computed by
tracking the instantaneous positions of the ad-
vancing capillary front. The axial velocity pro-
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Table 1: List of the MD Simulations of Water Imbibition. H and L are the height and the length
of the silica slit channels as illustrated in Figure 1. P is the corresponding gas pressure. The
dimensions of the computational box are along the x, y and z directions, respectively.

Case H (nm) L (nm) P (bar) box dimensions (nm)
1 4 31.6 0 74× 2.5× 18.4
2 6 31.6 0 74× 2.5× 18.4
3 6 31.6 5 74× 2.5× 18.4
4 6 31.6 10 74× 2.5× 18.4
5 8 31.6 0 68× 2.5× 22.4
6 8 31.6 5 68× 2.5× 22.4
7 8 31.6 10 68× 2.5× 22.4
8 10 31.6 0 64× 2.5× 26.4
9 10 31.6 5 64× 2.5× 26.4
10 10 31.6 10 64× 2.5× 26.4
11 6 50.6 0 110× 2.5× 18.4
12 6 50.6 20 110× 2.5× 18.4
13 6 50.6 250 110× 2.5× 18.4

H
z

x

l(t)

Figure 1: Capillary filling of water in a nano-slit silica channel. H denotes the height of the channel
and l(t) the time dependent penetration length.

files are computed implementing a static bin-
ning procedure using a bin size of 0.2 nm along
the z-axis. In order to estimate the effect on
imbibition induced by gas molecules displaced
by the advancing meniscus, density profiles of
air ahead of the capillary front are computed
using a dynamic binning with a reference frame
attached to the center of the capillary menis-
cus. An example of the meniscus is shown in
Figure 1. In Figure 2a, we plot the temporal
evolution of the imbibition length as a function
of time for a channel with of height of 10 nm.
The dashed line represent a constant velocity
regime of imbibition. The results indicate that
at the beginning of the imbibition, the capillary

front moves at constant velocity. Subsequently,
at t = 0.13 ns the filling kinetics departs from
being linear in time and follows a visco-inertial
regime (Eq. (2)) depicted by the black solid line
in Figure 2a. Furthermore, Figure 2b shows the
capillary filling length as a function of time dur-
ing the first 0.2 ns of the imbibition process for
slit channels of 6, 8, and 10 nm. The time histo-
ries confirm that during the early time of capil-
larity, the progression of the meniscus position
displays a linear dependence of time, which in-
dicates a capillary flow with constant velocity
for all the channels. The slopes of the linear fits
represent velocities of ca. 52, 31, and 20 nm/ns
for slits of 6, 8, and 10 nm, respectively. The de-
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Figure 2: Position of capillary front as a function of time. (A) The red points (+) depict the
imbibition length as a function of t for a slit channels of 10 nm. The black dashed line are visual
guides to indicate the l(t) = AIt regime and the black solid line depicts the visco-inertial filling
regime. (B) The red (+), green (×) and blue (∗) points depict the imbibition length as a function
of t for channels of 6, 8, and 10 nm, respectively. The dashed lines are visual guides indicating the
linear least-squares fit to the constant velocity regime.

crease in velocity for increasing channel height
is consistent with Eq. (3) and previous stud-
ies.15,55,56,58 Moreover, the results indicate that
the duration of the inviscid regime is height de-
pendent. Therefore, the transition times (tI),
between the filling regimes, are 0.05, 0.07 and
0.13 ns for the channels of 6, 8, and 10 nm cf.
Figure 2b.

Figure 3 shows the axial velocity profiles com-
puted at different stages of the capillary filling
in a slit channel of 6 nm. In order to compute
the axial velocities, atomic trajectory data have
been collected every 10 fs. The dashed black
line depicts the flow velocity profile computed
between t = 0.010 ns and t = 0.045 ns. The
profile exhibits a plug shape which indicates
that during the corresponding period the flow
is inviscid. Hence during this period the cap-
illary force is counteracted exclusively by iner-
tial effects. Moreover, to confirm the regime
during the early time of capillarity is primarily
inviscid, we estimate the deviation from a fully
developed Poiseuille flow by following a simi-
lar procedure to that reported by Choi et al.78

We solve the Navier-Stokes equations for a slit
channel with height of 6 nm, where the capillary
flow is driven exclusively by the Laplace pres-

 0
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 20
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 40

 50

 60

 70

 4  6  8  10  12  14

ve
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ci
ty

 (
nm

/n
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z−distance (nm)

Figure 3: Axial velocity profiles for a slit chan-
nel with height of 6 nm. The reference position
(z = 0) is located at the boundary of the com-
putational domain. The profiles are computing
extracting trajectories every 10 fs. The vertical
dashed black lines represent the position of the
channel walls. The solid blue (2), black (•),
and red (M) lines are velocity profiles sampled
at t ∈ [0.010, 0.045] ns, t ∈ [2.200, 3.200] ns, and
t ∈ [4.100, 5.000] ns, respectively. The dotted
green lines depict the fit to a parabolic flow pro-
file.
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sure. Assuming that the resulting volumetric
flow rate includes contributions from a viscous
Poiseuille flow with parabolic profile and from
an inviscid flow with plug like profile, we obtain

Q =
wH3

12µ

∆P

l(t)
+Hwvwall (6)

with

∆P =
2γ cos θ

ρH
(7)

where, w is the width of the channel, ∆P is the
Laplace pressure, θ is the instantaneous contact
angle, and vwall is the slip velocity at the wall.
Rearranging Eq. (6) with Q, θ and l(t) com-
puted from the MD results of the 6 nm channel,
we obtain a flow velocity at the channel wall
of vwall = 44 nm/ns. This high flow velocity
at the wall is consistent with the velocity ob-
served in Figure 3 at early times of 52 nm/ns.
As found in previous investigations,15,57,58 the
magnitude of the initial constant velocities of
capillarity computed here, do not correspond
quantitatively to the velocities predicted by the
Bosanquet inertial solution. Indeed, for a slit
channel with height of 6 nm, the initial constant
velocity predicted by the Bosanquet solution
is AI = 150 nm/ns, which is ca. 188% higher
than the initial velocity computed in this study
(Figure 3). In order to analyze the influence of
the factors such as the pre-history of the wet-
ting and the formation of the meniscus on the
initial velocity of capillary imbibition we per-
form MD simulations of a slab moving towards
the entrance of the slit channels with heights of
6 nm and 10 nm. In these simulations we im-
pose different initial velocities. Specifically, the
water slabs are released 1 nm away from the
channel entrance at velocities between 0 and
40 nm/ns. Figure 4 shows the instantaneous po-
sition of the water free-surface during the pre-
wetting period and, subsequently, the position
of the capillary front during the beginning of
the water uptake process for different imposed
initial velocities: 0, 10, 20, 30, and 40 nm/ns,
respectively. The results indicate that the ve-
locity of imbibition during the inviscid regime
of capillarity is not affected by the particular
initial momentum. Moreover, we find that the

−2

−1

 0

 1

 2

 3

 4

 5

 6

0.00 0.05 0.10 0.15 0.20

l (
nm

)

t (ns)

Figure 4: Pre-history of the capillary imbibition
process for the channel of 6 nm. The red (+),
green (×), blue (∗), yellow (•) and brown (M)
points depict the temporal evolution of the posi-
tion of the liquid-vacuum interface for imposed
initial velocities of 0, 10, 20, 30, and 40 nm/ns
respectively. The dashed black line indicates
the position of the channel entrance. For all the
imposed initial velocities, it could be observed a
filling regime with constant velocity l(t) = AIt
regime immediately after the water uptake.
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capillary meniscus completes its formation at
different distances depending of the particular
channel height. For channels of 6 nm, we com-
pute a dynamic contact angle of ca. 80◦ dur-
ing the entire inviscid regime of imbibition (not
shown). In fact, as we introduce the computed
value of the initial dynamic contact angle in
the Bosanquet inertial solution (Eq. (2)), the
constant velocity, AI , becomes equivalent to
the corresponding velocity directly computed
from the MD trajectories. It confirms that the
process of formation of the capillary meniscus
is part of the explanation to the quantitative
deviations in the initial velocity of imbibition
previously reported.15,57,58 Nevertheless, we re-
gard that more studies are required to deter-
mine the complex relation between the initial
velocity of capillarity and coupled phenomena
such as the hydrodynamic losses at the chan-
nel entrance,69 the specific dynamic features of
the imbibing flow, and the interfacial viscoelas-
ticity79 associated to the transfer of momen-
tum at the beginning of the capillary uptake.
During the later stages of the capillary filling,
viscosity can no longer be neglected. Figure 2a
shows that the inviscid constant velocity regime
is followed by a subsequent period wherein the
capillary filling kinetics departs from being lin-
ear in time. The velocity profile depicted by
the solid black line in Figure 3 is computed in
a channel with height of 6 nm. The axial ve-
locities are averaged between t = 2.2 ns and
t = 3.2 ns. The flow profile displays a sig-
nificant velocity gradient in direction normal
to the wall which confirms that viscous losses
have to be taken into account. We infer that
after the transition time, e.g., for a channel
of 6 nm, tI = 0.05 ns, the Laplace force driv-
ing the filling is balanced by a competition be-
tween inertial and viscous drags. We regard this
stage of capillarity as the visco-inertial regime.
Theoretical studies53 of capillary filling have
found that this visco-inertial stage following di-
rectly the purely inviscid-inertial regime, cor-
responds to the visco-inertial regime described
by the Bosanquet equation52 as the term B 6= 0
(Eq. (5)). In this work we compute the tempo-
ral position of the meniscus during the capillary
filling of slit nanochannels and find good agree-

ment to the Bosanquet model (Eq. (2)). Indeed,
Figure 2a and 5a show that the capillary filling
kinetics follows the Bosanquet model for chan-
nels of 6 nm and 4 nm, respectively with a de-
viation of ca. 25 %. We attribute this deviation
to the molecular roughness of the silica walls of
the nanochannels. It should be noted that as
the liquid imbibition evolves inside the channel,
progressively the viscous flow losses will dom-
inate the inertial drag. At the moment, when
the viscous friction losses dominate the force
due to the Laplace pressure, the Bosanquet fill-
ing regime converges into a regime dominated
by the viscous friction drag where inertial ef-
fects can be neglected. Indeed, Figure 5 shows
that the filling kinetics displays a l(t) ∝

√
t af-

ter ca. 3.5 ns for a channel of 6 nm and after ca.
0.6 ns for a channel of 4 nm, respectively, which
indicates that the capillary filling has reached
the purely viscous regime. It should be noted
that the filling kinetics for the channels of 4
and 6 nm deviates ca. 22 % from quantitative
prediction using the LW equation (Eq. (1)).

We study systematically the influence of air
on the imbibition kinetics of water in nanochan-
nels by performing simulations of capillary fill-
ing at different air pressures. The density pro-
files shown in Figure 6 for the 6 nm channel
subject to air pressures of 10 and 20 bar clearly
demonstrate an accumulation of gas in front of
the meniscus of ca. 4.0 kg/m3 corresponding to
an over-pressure of 3.5 bar. Similarly, the 10 nm
channel subject to a gas pressure of 10 bar ex-
perience a gas accumulation of ca. 1.7 kg/m3

and an over-pressure of 1.5 bar (Figure 6). The
computed over-pressure values suggest that the
accumulation of gas is size-dependent, higher
over-pressures are computed for channels with
smaller height. In order to extend the study
of the effect of displaced air on the capillary
filling rates, a simulation of a channel of 6 nm
subject to an air pressure of 250 bar is con-
ducted. In Figure 6, the density profile of air
for the channel of 6 nm at 250 bar reveals an ac-
cumulation of gas in front of the meniscus of ca.
39.5 kg/m3 corresponding to an over-pressure of
34 bar. Figure 5a show that the capillary fill-
ing kinetics qualitatively follows the Bosanquet
model for a channels of 6 nm in the presence
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Figure 5: Imbibition length as a function of time. (A) The green (•), red (+) and blue (∗) points
depict the position of the meniscus as a function of time for a channel of 6 nm in vacuum, at 20 and
at 250 bar, respectively. The dashed lines correspond to a linear regression in the constant velocity
regime. The solid and dashed-dotted black lines are a visual help to indicate the visco-inertial and
LW (l(t) ∝

√
t) imbibition regimes. (B) The red (+) points show the position of the meniscus as

a function of time for a channel of 4 nm in vacuum. The solid black line show the filling regime
following l(t) ∝

√
t.

of air at 20 and 250 bar. Moreover, Figure 5a
shows that the filling rate for the case of 250 bar
deviates ca. 30 % from the filling rate computed
at vacuum. It demostrates that air occupying
nano-meter long slit channels does offer a signif-
icant mechanical resistance to the capillary pen-
etration of the water. Furthermore, the results
of the present study suggest that the accumu-
lative effect of the gas viscous friction and the
pressurization on the meniscus could be part
of the explanation for the slower than expected
capillary filling rates observed in experiments of
long (> 100 nm) channels.31–35

Conclusion

In this study, we present an investigation of the
early stage of capillarity in slit nanochannels
in the nanoscale range. Performing all-atoms
large scale MD simulations, we confirm that the
spontaneous capillary filling of slit silica chan-
nels follows a purely inviscid flow regime with
constant velocity during the very first stage of
the imbibition. Subsequently, the capillary fill-
ing kinetics evolves in a developing flow where
the capillary force is balanced by contributions

from inertia and viscous drag losses. As the fill-
ing length becomes sufficiently large, the iner-
tial resisting effect on the imbibition dynamics,
becomes negligible with regard to the viscous
drag and a fully developed Poiseuille flow is at-
tained.

Furthermore, the effect of the influence of
air on the imbibition is systematically investi-
gated. We predict a gas over-pressure in front
of the advancing meniscus as the capillary ac-
tion takes place. Moreover, our results indicate
that in slit channels the air displaced by the
imbibing water is found to have a significant
effect on the capillary filling kinetics. In this
study we provide an approach to extend the
applicability of the Bosanquet model of capil-
larity to describe nanoscale imbibition of water.
The approach consists of a modified Bosanquet
equation with the initial constant velocity com-
puted directly from atomistic simulations. The
proposed model is suitable to describe the en-
tire capillary filling process in nanoscopic slit
channels in the presence of air.
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