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ABSTRACT: Multiphase transport at a nanoscale level plays
a key role in applications including drying of nanoporous
materials and gas/oil recovery from low permeability rocks. A
frequently encountered scenario in multiphase transport is the
presence of droplets near nanopores. Whether droplets invade
the nanopores or become trapped at their entrance greatly
affects the operation of engineered systems. Here we analyze
the free energy profile of nanometer-sized droplets entering
the nanopore and how the profile is affected by the pressure
difference and the size of the droplet and the nanopore. We
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show that, for nanopores whose surface is fully wetted by water but not the droplet, a droplet larger than the pore diameter must
overcome a higher free energy barrier than that predicted by classical theories due to the large disjoining pressure. For smaller
nanodroplets, the threshold pressure for their invasion into a given nanopore can be lowered by thermal activation. When a
droplet is slightly narrower than a pore, and thus is often assumed to enter the pore freely, a large energy barrier for droplet
entry can actually exist. The droplet cannot easily enter the pore even with hydrodynamic drag by moving fluids. Entering the
pore through Brownian motion is possible, and the mean entry time depends sensitively on the pore size and can reach seconds
or even longer. These findings provide molecular insights on the invasion of droplets into nanopores and lay foundations for

large-scale modeling of multiphase nanofluidic transport.

1. INTRODUCTION

Multiphase transport at the nanoscale is widely encountered in
engineering practice, e.g, in the drying of natural and
engineering nanoporous materials,"” gas and oil recovery,””
and oil—water separation.5’6 In such transport, the solid
boundaries are often preferentially wetted by one fluid phase
and another fluid phase is dispersed as bubbles or droplets. A
frequently encountered scenario is the presence of an
immiscible phase as a droplet/bubble near the entrance of a
nanopore. Understanding how the droplet or bubble enters the
nanopore is crucial because whether it can translocate the
nanopore or become trapped at the entrance can greatly affect
the operation and performance of practical systems. Knowl-
edge of such transport is also necessary input for simulations
such as the pore-scale modeling of multiphase flows in porous
media.

Prior studies of the transport of droplets through narrow
pores showed that the wetting property of the droplet phase on
the pore surface, the size and shape of the droplet and pore,
and the external pressure difference play important roles in
determining the droplet transport behavior.”™** For example,
in the absence of a pressure difference between the up- and
downstream of the pore, the free energy landscape for droplet
transport has been investigated theoretically. If the droplet size
is below a threshold value, which is comparable to the size of
the pore, a nonwetting droplet can enter the pore
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spontaneously. This prediction has been verified in the
adsorption of transition liquid metal droplets into carbon
nanotubes, where various droplet transport regimes were
identified.*” More droplet transport regimes were also
identified when the spreading of droplets on the exposed
solid surface outside the pore was taken into account.' If the
droplet size is considerably larger than the width of a pore, an
external pressure difference is required to drive the droplet into
the pore. The threshold invasion pressure can be estimated
using the Laplace pressure difference between the front and
rear sides of the droplet as it enters the pore."> When strong
flow is involved during the invasion of a droplet into a pore,
the ensuing change of the curvature at the droplet’s leading
edge has also been shown to affect the droplet transport
greatly.'!

While prior works advanced the basic understanding of
droplet transport into pores, new issues arise when the pores
reach nanoscale dimensions. First, the application of the
insights from prior studies involves uncertainties. When a
nonwetting droplet enters a nanopore, a molecularly thin film
can form between the droplet and the surface of the nanopore
and a host of interfacial forces can emerge. To what extent
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these forces affect the free energy landscape of droplet
transport into the nanopore is not clear a priori. For example,
while droplets smaller than the nanopore size were expected to
enter the nanopore freely in most previous studies, it is not
clear if this is universally true for nanopores with various
surface properties. Second, when an external pressure differ-
ence exists between the up- and downstream of the nanopore,
much of the prior work focused on identifying the threshold
pressure difference under which a droplet can deterministically
enter the nanopore. However, when the size of the droplets
and pores reaches nanoscale, where thermal fluctuations are
significant, a droplet can potentially enter and translocate the
nanopore by overcoming the energy barrier through thermal
activation. Therefore, classifying the free energy landscape for
droplet transport through nanopores in the presence of a
pressure difference, which has received limited attention in
prior works, becomes important.

Here, we are interested in how a droplet invades a nanopore
whose surface is fully wetted by water. Our interest in this
system is motivated by its relevance to gas/oil extraction from
shales, where much of the gas/oil exists in pores with
nanoscale dimensions and the surfaces of many pores are
strongly hydrophilic."*~"® Much of the existing work on gas/oil
transport in shales focuses on single phase transport. However,
multiphase transport does occur during gas/oil recovery
because water is found ubiquitously in shale formation and
they can greatly affect the transport of gas/oil."” While
studying multiphase transport in nanopores experimentally is
difficult, this problem is amenable to molecular dynamics
(MD) simulations. In MD simulations, the nanopore and all
fluids are resolved at the molecular level and the transport can
be modeled with much less restrictive assumptions compared
to continuum models. Indeed, MD simulations have emerged
as a powerful tool for understanding nanoscale multiphase
transport in recent years.4’18

In this study, we examine the free energy profile of a droplet
as it enters the nanopore and how this profile is affected by the
applied pressure difference and the size of the droplet and
nanopore. We show that, for nanopores whose surface is
completely wetted by water but not by the droplet, a droplet
larger than the pore size must overcome a higher free energy
cost than that predicted by classical theories due to large
disjoining pressure. When the droplet is smaller than the pore
size, and thus the droplet is usually expected to enter the pore
freely, a large entry barrier for droplet entrance can
nevertheless exist. The insight gained here helps aid the
understanding of the nonlinear multiphase transport phenom-
ena in nanoporous media and inform the development of
better pore-scale models.

2. MODELS AND METHODS

We use continuum and molecular dynamics (MD) models to
determine the free energy profile for the invasion of droplets
into nanopores. In the continuum model, we consider two-
dimensional (2D) droplets invading a slit pore and three-
dimensional (3D) spherical droplets invading a cylinder pore.
The 2D cases are studied to facilitate the assessment of the
accuracy of continuum models by MD models because
studying large droplets in 3D using MD simulations is much
more expensive than in 2D. As we shall see, the results in 2D
and 3D spaces are qualitatively similar.

2.1. Continuum Model. We first examine the invasion of a
droplet into a long pore in 2D space. A droplet with an initial

6906

diameter D, is immersed in water and positioned at the
entrance of a pore with a width W. Figure la shows the sketch

Figure 1. Continuum and molecular models of droplet invasion into a
slit pore. (a) A schematic of the model for the invasion of a droplet
into a pore. The dashed lines denote the boundary of the thin liquid
film between the droplet and water after invasion. (b) A snapshot of a
representative MD model. An un-deformed droplet (diameter: D) is
initially positioned at the entrance of a slit pore (nominal width: 4
nm). The pressure up- and downstream from the pore is set to P; and
P, by the two pistons. The system is periodic in all three directions,
but two large vacuum spaces are placed outside of the two pistons.
Water molecules are shown as blue (oxygen) and white (hydrogen)
spheres. The droplet (piston) atoms are shown as orange (gray)
spheres. The pore walls made of quartz are shown as lines. The
dashed box denotes the simulation box.

of such a droplet entering the pore. A pressure difference AP is
imposed between the upstream reservoir and downstream
pore. We focus on the situation where the pore wall is
completely wetted by water and the droplet diameter is larger
than the pore width. Hence, as the droplet enters the pore, a
thin residual water film remains on the pore wall, which
reduces the pore to an effective width W We note that such
thin water films, akin to the precursor film in front of a droplet
spreading on a hydrophilic surface,'” are observed both in
prior studies of bubbles/droplets entering pores with strongly
hydrophilic walls (e.g., mica)’°~** and in our MD simulations
(see below).

Following the standard approach,” we determine
the free energy profile as the droplet moves into the pore by
considering only the surface energy and pressure work. For an
infinitesimal displacement of the droplet into the pore, the
associated free energy variation dG is thus

dG =y dA - AP dV,

8—10,12,23

(1)

where y is the water—droplet interfacial tension and dA and
dV, are the changes of the area of water—droplet interface and
the volume of the droplet inside the pore with the
displacement of the droplet into the pore, respectively. To
obtain the free energy profile, three widely used approx-
imations are made: the droplet is pinned at the pore mouth
before fully entering the pore; with the exception of the
interface between the droplet and the residual water film, other
water—droplet interfaces are circular; the droplet is incom-
pressible.”~'”'* The details for evaluating the free energy
profile are provided in Figure S1 and the associated text in the
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Figure 2. Continuum model of droplet invasion into a slit pore. (a) The free energy profiles of an invading droplet as a function of AV;, under
three pressure differences along the pore (AV;, = V,, — V,,, where V, and V,, are the volume of the droplet inside the pore at any instant during
invasion and at the instant when the droplet first touches wall edges, respectlvely). The diameter of the un-deformed droplet, Dy, is 3W,g (b) A
zoomed-in view of the free energy profile for AP = 0.2P.. (c) Dependence of the entry barrier height ¢, on the droplet size and applied pressure.

The solid line corresponds to ¢, = 0.

Supporting Information. After studying the droplet invasion in
2D, the calculations are repeated in 3D space.

2.2. MD Models and Methods. Figure 1b shows a
snapshot of a representative MD system. The system consists
of two water reservoirs, a slit channel bounded by two solid
walls, a droplet immiscible with water, and two rigid pistons.
The pressure in the up- and downstream reservoirs is
maintained by applying appropriate forces on the two pistons
bounding them. The system is periodic in all three directions,
but two large vacuum spaces are placed outside of the pistons
to effectively remove the periodicity in the x-direction. The
droplets are cylindrical in shape because they span the periodic
MD box in the y-direction. Droplets with diameters of 1.86,
2.26, 2.60, and 6.00 nm have been studied. The full dimensions
of the pore and the vacuum space are varied for different
droplets and are summarized in Table S1 in the Supporting
Information. With the droplet and simulation box sizes listed
in Table S1, finite-size effects on the free energy profile for
droplet invasion should be minor in our simulations (see
Figure S2 in the Supporting Information and related
discussion). The pressure applied on the right piston is fixed
at 1 bar, while that on the left piston is varied in different
simulations to generate different pressure differences up- and
downstream from the slit pore.

Water is described using the SPC/E model.”* The droplets
are made of Lennard-Jones (LJ) particles with L] parameters
the same as those for methane molecules™ except that the €
value for droplet—droplet interactions is set to 4.0 kJ/mol in
our simulation so that the droplet behaves like liquids. The L]
parameters for the interactions between the droplet atoms and
all other types of atoms in the system are obtained using the
Lorentz—Berthelot combination rule. The channel wall is made
of a-quartz cleaved from the (101) direction, with a silanol
group surface density of 5.92 per nm’ The force field
parameters including the Lennard-Jones potential and partial
charges of quartz are taken from the CLAYFF force fields.”*”’
The cleavage of the quartz surface follows recent work by other
researchers.”” Following their convention, the zero plane of the
quartz surface is defined as the location of the second outmost
layer of the silicate atoms. The nominal channel width W is the
distance between the zero planes of the two walls (see Figure
1b). The quartz surface used here is strongly hydrophilic, as
demonstrated by a separate simulation in which a water
droplet initially placed above it ultimately spreads completely
to form a thin film (see Figure S3 in the Supporting
Information). To reduce computational cost, all of the silicate
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and oxygen atoms of the wall are fixed and their interaction
with each other is excluded. The hydrogen atoms of surface
silanol groups are allowed to vibrate by considering the bonds
and angles of the silanol groups.

MD simulations are performed using the 5.1.4 version of the
Gromacs package.”® The bonds and angles of water are
constrained by the SETTLE algorithm. An NVT ensemble
with the velocity-rescale thermostat and a time constant of 1 ps
at 300 K is adopted.”” A global cutoff of 1.2 nm is used for
computing the LJ potential, and the particle mesh Ewald
(PME) method is used to calculate the electrostatic
interactions.”’

The free energy profile for droplet invasion into the slit pore
is computed using the umbrella sampling technique.”’ The
idea is to sample the free energy in different windows centered
along the reaction coordinate of droplet invasion, which is
taken as the center-of-mass position of the droplet. To
generate initial configurations corresponding to droplets
residing in different windows, we first apply a force to each
atom of the droplet so that it moves at a speed of ~1 nm/ns
from the left reservoir into the pore’s interior. Configurations
recorded during this nonequilibrium run are then used as the
initial configurations of the umbrella sampling runs. A window
size of 0.15 and 0.20 nm is used for the small and large
droplets, respectively. Next, equilibrium umbrella sampling
runs are performed so that the position of the droplet in the x-
direction in each window is sampled for 20—30 ns. In these
simulations, a force is applied on each atom of the droplet to
constraint the droplet’s center-of-mass around the center of
each sampling window. This force is given by F.., = K(%com —
)% where x,,, and { are the droplet’s center-of-mass and the
center of the sampling window in the x-direction, respectively.
K is a spring constant taken as 1000 kJ/mol-nm? From the
histograms of the center-of-mass of the droplet in each
sampling window (see Figure S4 in the Supporting
Information), the potential of mean force (PMF) of the
droplet is computed using the weighted histogram analysis
method and the error bar is estimated using the bootstrap
analysis with 100 bootstraps.*”

For comparing the free energy profile of droplet invasion
obtained from continuum and MD models, the interfacial
tension between the water and droplet phase is needed. This
interfacial tension is calculated from a separate simulation. In
this simulation, a slab of LJ particles with L] parameters
identical to the droplet is sandwiched between two slabs of
water and the periodic MD box has a cross-sectional area of 4
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X 4 nm? and a thickness of 8 nm in the direction normal to the
LJ particle—water interface (the x-direction). An equilibrium
NVT simulation is performed at 300 K for 8 ns. The interfacial
tension is evaluated using

L
y=1/2 /0 “[P,, — 0.5(R,, + P,)] dx,”* where L, is the box

length in the x-direction and P,,, P,, and P_, are the three
diagonal components of the pressure tensor along the x-, y-,
and z- directions. The interfacial tension is determined as

94.84 + 4.94 mN/m.

3. RESULTS AND DISCUSSION

3.1. Continuum Models. Figure 2a shows the evolution of
the free energy AG as a function of the droplet volume AV
invading into the pore for the case of Dy = 3W,4 at several
pressure differences AP. For generality, AG, AV;,, and AP are
normalized using G, = myDy, V = 7Dy*/4, and P, = 2y/W,g
respectively. For large AP (e.g, AP = 0.3P,), the free energy
decreases monotonically as AV, increases, and the droplet can
invade the pore spontaneously. For low AP, the free energy
profile exhibits two local extremums, which lead to an initial
free energy valley (depth: ¢b;) and a subsequent energy barrier
(height: ¢,, see Figure 2b). Therefore, a droplet tends to be
trapped near the pore mouth. Because whether the droplet can
enter the pore is governed by the energy barrier height ¢,, we
extend the above calculations to different droplet sizes and
pressure differences to compute a map of this barrier height.
Figure 2¢ shows that, for a given droplet size and pore width, a
spontaneous invasion pressure AP exists: for AP > AP, a
droplet experiences no barrier as it invades the pore; for AP <
AP, a droplet must overcome a barrier to invade the pore, and
this barrier increases as AP becomes smaller. As the size of the
droplet relative to the pore increases (i.e., as Dy/Wg
increases), AP approaches the capillary pressure P, and the
barrier height for droplet invasion increases for a fixed AP. In
addition to Dy/W,g the barrier height tends to be higher for
larger droplets and larger surface tension (note that ¢, is scaled
by G, = #Dyy in Figure 2c).

The above analysis can be extended to three dimensions
(see the Supporting Information), in which a spherical droplet
invades a cylindrical pore, a situation often encountered in
nanofluidic systems. To appreciate the absolute magnitude of
the free energy landscape, the analysis is done under
conditions typical of oil recovery operations; i.e., the
temperature is 373 K and the interfacial tension y between
droplet and water is 35 mN/m.*>* The key features of the free
energy landscape for the droplet invasion here are similar to
those revealed in Figure 2. For example, Figure 3a shows the
map of the barrier height ¢, when a 6 nm diameter droplet
enters pores with different sizes (note that ¢, is shown in units
of thermal energy kpT, where kg is the Boltzmann constant and
T is the temperature). As in the 2D case, a spontaneous
invasion pressure AP, exists for each effective pore diameter
D and a barrier must be overcome at lower pressure
differences. Although ¢, can reach thousands of k3T, because
of the droplet’s small size, ¢, will not be prohibitively high if
the pressure difference is not too much smaller than AP. For
example, the red line in Figure 3a corresponds to a barrier
height of 40 kzT. Because the activation time is 7, ~ t, exp(Gg/
kgT) (t, ~ h/kgT, h is the Planck’s constant and Gy is the
barrier height), a droplet under the action of thermal
fluctuations can overcome this barrier to enter the pore after
a waiting time of ~8.3 h at the pore entrance. Hence, although
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Figure 3. Invasion of a cylindrical pore by spherical droplets. (a)
Dependence of the entry barrier height ¢, on the droplet size and
pressure difference along the pore. The black and red lines correspond
to ¢, = 0 and ¢, = 40 kT, respectively. (b) A map for the droplet
invasion mode as a function of the droplet and pore size. The pressure
difference along the pore is fixed at AP = 0.5P..

the nanometer-sized droplet cannot enter the pore when AP <
AP in the deterministic view, it can nevertheless invade the
pore in a stochastic view when AP is not too low compared to
APg; i.e., thermal activation lowers the threshold pressure for
nanometer-sized droplets to invade nanopores. Equivalently,
for a given pressure difference, thermal activation allows
nanometer-sized droplets to invade pores smaller than that
anticipated in the deterministic view. To show this, we
computed the entry barrier height for a series of droplets and
nanopores when the pressure difference is 50% of the capillary
pressure. Without losing generality, we then assumed that a
droplet can invade a pore by thermal activation if the entry
barrier height is less than 40kzT but is blocked otherwise.
Figure 3b shows the map of the droplet invasion mode as a
function of droplet and nanopore size. We observe that,
because of thermal activation, the droplets considered here can
invade pores ~0.5 nm (the width of the activated regime)
narrower than that anticipated deterministically.

3.2. Molecular Models. Because the MD modeling of
large spherical droplets is computationally expensive and
droplet invasion in 2D and 3D space has similar features, we
study the invasion of a slit pore by a nanodroplet that is
periodic in the transverse direction (see Figure 1b), which is
similar to the invasion of a 2D droplet into a slit pore studied
in the previous section. Figure 4 shows the free energy profile
of the droplet invasion under four pressure ratios. The free
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Figure 4. Molecular model of nanodroplet invasion into a slit pore.
The free energy profiles of a 6 nm diameter droplet as a function of its
center-of-mass position ({) at four different pressure differences from
the molecular model. The upper bound of the error bar of the free
energy at any point along the pore is 1.44 kyT.
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energy is taken as zero at the position where the droplet just
touches the wall edges. The pressure differences are again
scaled using the capillary pressure of the pore P, = 2y/Wg (the
value of W, is given below). The free energy profiles are
qualitatively similar to these predicted by the continuum
model. For instance, at AP = 0.44P,, a significant entry barrier
corresponding to a blockage of the droplet by the pore is
observed. As the pressure difference rises to 0.61P,, the free
energy decreases monotonically as the droplet invades the
pore, suggesting that the droplet invasion is spontaneous. For
intermediate pressure differences, an initial trap and a
subsequent barrier are observed, just as in Figure 2b.

To compare the MD predictions with those by continuum
models, we first obtain the effective width of the slit pore.
Figure Sa shows a snapshot of the droplet invading partially
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Figure 5. Comparing the MD predictions with continuum models.
(a) A snapshot of the droplet invading partially into the slit pore in
Figure 1b. The color coding is the same as that in Figure 1b. (b) The
number density profiles of water and droplet across the slit pore in the
region bounded by two dashed lines in panel a. The bulk water and
droplet densities are shown as dashed lines. (c, d) The free energy
profiles computed from continuum models and MD simulations at a
pressure difference of 0.51P, (c) and 0.61P, (d). The upper bound of
the error bar of the free energy from MD simulations at any point
along the pore is 1.44 kpT.

into the pore. Because of the strong hydrophilicity of the
quartz wall, a thin water film is observed between the droplet
and each pore wall. This effective width of the pore is evaluated
from the number density profile of the water and droplet phase
across the channel, which is calculated in the region between
the two dashed lines in Figure Sa. As shown in Figure Sb, water
accumulates near the solid wall and the density of the droplet
phase is nearly constant in the middle part of the pore.
Following the concept of Gibbs’ dividing surface, the effective
pore width W is found to be 2.93 nm by dividing the total
mass of the droplet phase across the channel (computed from
the density profile in Figure Sb) by the droplet phase’s bulk
density.

Parts ¢ and d of Figure S show the continuum and MD free
energy profiles of the droplet invading the nanopore at a
pressure difference of 0.51P, and 0.61P,, respectively. The MD
predictions are systematically higher than the continuum
predictions, which suggests that the continuum model tends to
underestimate the threshold pressure for droplet invasion. We
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propose that the deviation of the continuum predictions from
the MD predictions originates from the fact that the thin water
films sandwiched between the droplet and the pore walls
contribute to an additional energy term neglected in the
continuum model. In the continuum model described above,
the effect of water film is considered only through the surface
energy of the water—droplet interfaces (see eq 1). Such an
approach is acceptable if the water film is thick. Here, the water
film is molecularly thin and intersurface interactions contribute
greatly to the system’s energy, which is lumped as the
disjoining pressure effects in the literature.”** Therefore, as a
droplet invades a pore, an extra term related to the disjoining
pressure must be introduced into eq 1 to account for the
energy required (gained) to form the thin water film

dG =y dA — AP dV, + E,(5) dA’ @)

where E4(5) is the energy per unit area of a water film with a
thickness of 0 and an area of A’. Assuming that the disjoining
pressure is dominated by van der Waals forces, E4(6) = Ay/
1276%, where Ay is the Hamaker constant. The thickness of the
water film behind the semicircle-shaped front of the droplet is
taken as 0.23 nm, which is determined using the water density
profile shown in Figure Sb and the concept of the Gibbs
dividing surface. Using a typical value of the Hamaker constant
for water on strong hydrophilic substrates Ay ~ 2.0 X 1072
J,*° the free energy profiles for droplet invasion are computed
(see Figure Sc and d). We observe that, when the disjoining
pressure effects are considered, agreement between continuum
and MD predictions is greatly improved. The remaining
deviation is mostly caused by the fact that the energy variation
during the initial phase of droplet invasion ({ < —2.37 nm,
when the front portion of the droplet inside the pore has not
yet formed a semicircle) is not captured well. Indeed, if eq 2 is
used only in the region { > —2.37 nm and AG at { = —2.37 nm
is set to the MD value, the agreement between continuum and
MD predictions is very good (see Figure Sc and d). The fact
that the energy variation in the initial phase of droplet invasion
is not captured well by the simple model used here is not
surprising; e.g., the structure and energetics of the molecules in
the water film near the sharp edge of pore entrance should
differ from those in extended water films of same thickness, but
such effects are not considered. We note that, apart from the
disjoining pressure of the thin film, other physics including
curvature effects and line tension can also be si%niﬁcant as the
droplet dimension reaches nanometer scale.”” They may
contribute to the discrepancy between eq 1 and MD results
and can potentially explain why the corrected continuum
model using eq 2 still cannot fully capture MD results.

The greatly improved agreement between the continuum
and MD predictions shown above highlights the potential
importance of disjoining pressure in the invasion of droplets
into nanopores. For the disjoining pressure effects to be
prominent, its contribution, which depends on the droplet and
pore size, should be at least comparable to the combined
pressure and surface tension effects considered in eq 1. As
shown in the Supporting Information, one can show that this
amounts to requiring

a =11 — Wg/2R, — AP/RI"'Ey(8,)/y 2 O(1) (3)

where §, is the thickness of the water film behind the front of
the droplet inside the pore. When AP = APy, the prefactor 11
— W,4/2Ry — AP/PJ™" approaches infinity. This is consistent
with the idea that the effect of disjoining pressure on droplet
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invasion tends to be most significant at a AP value where a
droplet can spontaneously invade a pore in the absence of such
effects. For the system modeled here E;/y ~ 0.06, the
prefactors are 10 and 600 for AP/P, = 0.51 and 0.61,
separately. Therefore, @ = 0.6 (36) when AP/P_ = 0.51 (0.61),
which is consistent with the importance of disjoining pressure
effects revealed in Figure Sc and d.

We next examine the invasion of droplets into pores wider
than them. Figure 6 shows the free energy profiles for the

25
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Figure 6. Invasion of nanodroplets into pores wider than them. Free
energy profiles for the invasion of nanodroplets with diameters of
1.84, 2.26, and 2.60 nm into a slit pore with a nominal width of 4.0
nm. The pressure difference between the up- and downstream of the
pore is zero. The shallow shaded areas represent the errors of the free
energy profile at each point.

invasion of droplets with diameters of 1.84, 2.26, and 2.60 nm
into a pore with a nominal width of 4 nm. No pressure
difference is applied along the pore. Apart from a minor valley
near the pore entrance, which is likely caused by the reduced
hydrophilicity of the pore entrance’s sharp edge, the free
energy of the droplet inside the pore is 6—20 k3T above that in
the bulk water. The latter suggests that, although it is often
expected that a droplet can invade a pore wider than its
diameter without any energy cost, for droplets invading pores
only a few nanometers wider than them, an energy cost is
involved. The existence of this cost and its increase with the
droplet size are consistent with the disjoining pressure effects
presented above. Because a circular droplet invading a pore
wider than it barely changes shape and hence the water—
droplet interfacial area, no energy cost is expected. However, if
the pore is only marginally wider than the droplet, the invasion
of the droplet creates thin water films above and beneath it,
which incurs disjoining pressure and related energy cost, as
presented in eq 2. Because the cost of creating these films
increases as the films become thinner, the cost for a droplet
invading the pore increases as the droplet size increases.

An interesting aspect of the invasion of droplets into wider
pores is that the pressure drop between the up- and
downstream of the pore no longer occurs mostly across the
droplet, since the invading droplet no longer completely blocks
the pore. Therefore, the invasion of a droplet into a pore relies
on the hydrodynamic force exerted on it by the fluid flow and
diffusion. Because the fluid velocity in a nanofluidic system is
generally small (~O(1077=10"* m/s)), the hydrodynamic
force is unlikely to be strong enough to overcome the
thermodynamic force and drive the droplet into the pore.
Here, we perform nonequilibrium simulations by imposing a
pressure difference of S MPa between the two reservoirs
connected by the 4 nm wide pore (see Figure 1b). A 1.84 nm
diameter droplet is initially placed in front of the pore
entrance, and both the flux of water through the pore and the
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position of the droplet are monitored. The droplet remains
trapped near the pore entrance during the 20 ns run (see
Figure S6 in the Supporting Information). The mean water
velocity through the pore is determined as 0.196 m/s by linear
regression of the ensemble average of the cumulative number
of water molecules leaving the upstream reservoir (see the
inset of Figure S6 in the Supporting Information). Using this
mean velocity and the continuum prediction of the drag
experienced by a 2D droplet confined in a slit channel,” the
upper bound of the hydrodynamic force exerted on the droplet
is estimated to be ~33 pN (see the Supporting Information).
The fact that this force is smaller than the maximal
thermodynamic force repelling the droplet from the pore
(~SS pN, determined from the free energy profile in Figure 6)
is consistent with the observation that the droplet does not
invade into the pore. In practical nanofluidic systems, the fluid
velocity is generally less than ~107° m/s, and thus, the
hydrodynamic drag will be even weaker than that simulated
here and thus the invasion driven by flow is more unlikely.
Although the droplets studied here are unlikely to invade the
pore by fluid flow, invasion by thermal activation is possible.
Using the free energy profiles shown in Figure 6 and assuming
that the droplet invasion into a pore is a Brownian
translocation process through a domain characterized by a
free energy profile AG, we can estimate the average time for a
droplet near the pore entrance to enter the pore using"'

1 4
== fé exp(AG(E) /kyT) dé

s

¢
/55 exp(—AG(x)/ksT) dx @

where D is the droplet’s diffusion coefficient. & is the left
domain boundary, where AG first reaches zero if the droplet
approaches from the pore interior to the pore outside. &, is the
right domain boundary, where AG first reaches ¢, if the
droplet approaches from the pore interior from outside of the
pore. The diffusion coefficients of the three droplets inside the
slit pore are evaluated using separate simulations as 0.51 X
107%, 0.45 X 107°, and 0.37 X 10™° m?*/s from the smallest to
the largest droplet (see Figure S8 in the Supporting
Information). The average entry times are estimated to be
9.81 X 1077, 1.17 X 107% and 4.91 s for the droplets with a
diameter of 1.84, 2.23, and 2.60 nm, respectively.

The invasion of spherical droplets into cylindrical pores can
be understood using the free energy profiles computed for
cylindrical droplets invading slit pores. Specifically, assuming
that the disjoining pressure in a liquid film depends solely on
its local thickness, the free energy profile for the invasion of a
spherical droplet into a cylindrical pore AG,p({) is related to
that for the invasion of a cylindrical droplet with the same
diameter and a length of L, into a slit pore with width equal to
the circular pore diameter, AG({), by AG;p() = #AG({)Dy/
2L,, where Dy is the droplet diameter (see the Supporting
Information). Using this relation, the free energy profiles in
Figure 6, and eq 4, the average entry time for spherical droplets
with diameters of 1.84, 2.26, and 2.60 nm to enter a 4 nm
diameter cylindrical pore can be estimated as 1.80 X 1077, 3.84
X 107, and 1.15 X 10" s, respectively. These results and those
for the 2D droplet show that, for droplets entering pores
slightly wider than them through Brownian diffusion, the entry
time can increase sharply as the droplet size approaches the
pore size and may reach minutes or even longer.
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4. CONCLUSION

In summary, we study the invasion of droplets into nanopores
using molecular and continuum simulations. Depending on the
applied pressure and the relative size of the pore and the
droplet, three regimes can be found: spontaneous invasion,
invasion by thermal activation, and blocking at the pore
entrance. The most interesting scenario occurs when the
droplets have nanometer sizes and the pore width is
comparable to the droplet diameter. When the droplet size is
larger than the pore size, thermal activation can modestly
expand the parameter space in which a droplet can invade the
pore compared to deterministic expectations. However, the
disjoining pressure associated with the thin water film on the
pore wall generally hinders the droplet invasion by driving up
the energy barrier. In particular, when the droplet diameter is
smaller than the pore size, disjoining pressure can lead to
notable energy barriers for droplet invasion. These barriers are
unlikely to be overcome by the hydrodynamic drag on the
droplet but may be crossed through the Brownian motion of
the droplet. In that case, the droplet entry time can increase
dramatically as the droplet diameter approaches the pore size.

Our study highlights that, as droplets and the liquid films
formed between the invading droplets and pore walls approach
nanoscale dimensions, physics insignificant under other
conditions, e.g., thermal activation and droplet blocking by
wide pores due to the disjoining pressure, can become
important. Understanding these nonlinear phenomena helps
understand the non-Darcy multiphase flow behavior in
nanoporous media and also helps improve the modeling of
multiphase transport in unconventional porous media. For
example, understanding the different invasion regimes and the
spontaneous invasion pressure difference helps improve the
pore-scale models to achieve more accurate prediction of
droplet transport in shale reservoirs.
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