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Abstract

It is important to investigate interfacial effects on liquid transport characteristics through
nanopores with strong wettability due to potential applications in several fields. The struc-
tural and transport properties of wetted liquid argon through nanochannels were investi-
gated via molecular dynamics (MD) simulations. A mathematical model for liquid flow in
nanoporous media was established based on the constant negative slip length by combining
MD simulations with fractal theory for complex media. The results show that the strong
liquid—solid attraction allows the liquid to be adsorbed onto the solid walls. In addition,
compared with the bulk diffusion coefficient in the center of the nanochannel, the coef-
ficient parallel to the interface near the solid walls is largely reduced, indicating the liquid
molecules are strongly bound to the solid walls. Furthermore, negative slip can exist in
the vicinity of solid walls with strong wettabilities. The variations in negative slip length
with the external driving force can be characterized by two regimes. In steady negative
slip regime, the negative slip length remains constant. As the driving force continues to
increase, the transition negative slip regime exists, where the negative slip length decreases
linearly with the driving force until the slip length becomes zero. The presence of a nega-
tive slip length reduces the liquid flow rate compared with no slip or a positive slip length
due to the reduced effective cross section for fluid transport. Moreover, the increased frac-
tal dimensions about the capillary radius result in an enhanced liquid flow rate, while that
about the tortuosity reduces the liquid flow rate.

Keywords Interfacial effects - Slip length - Nanoscale porous media - Fractal theory

1 Introduction

Understanding the interfacial effects on liquid transport behavior, especially on the slip
flow behavior through nanoscale porous media, has several important applications in vari-
ous fields, such as the design of nanofluidic devices (Ewen et al. 2018), water purifica-
tion (Shannon et al. 2010), nanomedicine applications (Ababaei and Abbaszadeh 2017;
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Esmaeili et al. 2020), and geological resource development (Wang et al. 2019; Zhang et al.
2014). For example, in unconventional reservoir development, such as the recovery of shale
oil and gas, the relatively small pore sizes generally restrict liquid flow to microscale or
even nanoscale spaces (Letham and Bustin 2018; Song et al. 2015; Wang and Sheng 2017;
Wei et al. 2018). In this case, the process of wetting a solid surface with a liquid gives a
much stronger attraction between the liquid and solid wall compared with macroscale lig-
uid flow. As a result, the structural and transport properties of nanoscale liquids differ sig-
nificantly from bulk liquids. In particular, the traditional no-slip boundary condition may
break down in this scenario, and it is inaccurate to apply the classical Hagen—Poiseuille
equation to the predicted liquid flow rates. It has been reported that the liquid slippage near
the solid surfaces could enhance the liquid flow rate compared with that of no-slip bound-
ary condition (Secchi et al. 2016; Thomas and McGaughey 2009). Therefore, the interfa-
cial effects, such as from a strong wettability, should be considered to investigate the liquid
boundary slip and transport characteristics in nanoporous media.

In recent years, many scholars have studied when and why no-slip boundary conditions
become invalid for flow systems at the nanoscale. It was shown that the downsizing led
to an increased surface to volume ratio, where the influence of the interfacial properties
on liquid transport was predominant. For example, Myers proposed a mathematical model
that consists of a depletion layer with reduced viscosity near the solid wall and a bulk flow
region. He found that as the radius of the carbon nanotubes decreased, the flow enhance-
ment increased, and in the limit of large tubes, there was no noticeable flow enhancement
(Myers 2011). Secchi et al. (2016) measured the water slippage in various nanotubes and
showed that the water slippage is large and radius-dependent in carbon nanotubes, but there
is no slippage in boron nitride nanotubes due to their different electronic structures. Fur-
thermore, continuous progress has been made toward investigating the slip length, which
reflects the amount of slip at a given surface, using experiments and computer simulations.
It has been demonstrated that the slip length depends upon several different factors, includ-
ing the surface wettability (Cieplak et al. 2001; Cottin-Bizonne et al. 2008; Huang et al.
2008; Xue et al. 2014), shear rate (flow rate) (Craig et al. 2001; Thompson and Troian
1997; Zhu and Granick 2001), surface roughness (Bonaccurso et al. 2003; Kumar et al.
2016; Pit et al. 2000; Yang 2006), surface energy corrugation (Tocci et al. 2014), nano-
tube radius (Secchi et al. 2016), properties of the confined liquid (density (Cieplak et al.
2001), viscosity, and polarity (Cho et al. 2004)), and depletion layer thickness (Sendner
et al. 2009). Xue et al. (2014) investigated the influence of the solid-liquid adhesive prop-
erties on liquid slippage at solid surfaces. They proposed a theoretical model that directly
relates the liquid slip length to the liquid adhesive force on solid surfaces. Huang et al.
(2008) studied the interfacial slippage of water at various hydrophobic surfaces. They
found a quasi-universal relationship between the water slippage and contact angle. Tocci
et al. (2014) compared the flow behavior of liquid water on graphene with that on hex-
agonal boron nitride. They found that while both water—solid interfaces showed similar
structures, the slippages were quite different due to differences in the surface energy cor-
rugations of the two sheets. Luan and Zhou studied the wettability and friction of water on
a MoS, nanosheet and found that the MoS, nanosheet presented the typical hydrophobicity
with low friction coefficient (or large slip length) (Luan and Zhou 2016).

Apart from the aforementioned works which focused on the variations in the positive
slip length, there are also some works which investigated negative slip in nanochannels
or nanopores (Cieplak et al. 2001, 2006; Gruener et al. 2009, 2016; Sendner et al. 2009;
Wang et al. 2016a, b; Yang 2006; Zhan et al. 2020). As shown in Fig. 1, compared with a
positive slip where liquid slides at solid surfaces, the negative slip length is defined as the
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Fig. 1 Schematic representation
of different flow characteristics
in nanotubes. (a) Positive slip
flow occurs near the solid wall
where v is the slip velocity and
b is the positive slip length; (b)
classical no-slip flow occurs near
the solid wall; and (c) static thin
liquid film exists near the solid
wall where b, is the negative slip
length

Flow direction

S
1,

() (b) (©)

thickness of the immobile liquid layer in the vicinity of a solid surface (Pottier et al. 2015).
The presence of this immobile liquid layer is due to a strong attraction to the solid surface,
which inevitably affects the transport properties of liquids, especially when confined to the
nanoscale. However, most of the previous reports did not integrate the negative slip length
into mathematical models for liquid transport in nanoporous media. Moreover, they also
did not study the variations in the negative slip length with its influencing factors. There-
fore, it is important to further investigate the effects of the negative slip length on the liquid
transport behavior when the solid walls are strongly wetted by a liquid in nanosized flow
systems.

This paper considered three aspects of nanoscale liquid flow. First, the structural and
transport properties of liquid argon through a nanochannel with a strong wettability were
investigated via molecular dynamics (MD) simulations. Second, the fractal theory of com-
plex media was combined with the MD simulation results and a mathematical model for
single-phase fluid flow in nanoporous media was established. Third, analyses of the nega-
tive slip length and fractal dimension were performed to determine their relationships with
the liquid flow rate in nanoscale porous media. These results can be widely applied in
many areas related to nanohydrodynamics in porous media.

2 Methodology
2.1 Molecular Dynamics Simulations

To investigate the structural and transport properties of fluid through nanochannels, we
performed MD simulations using the open-source package LAMMPS (Plimpton 1995). As
shown in Fig. 2, two parallel walls were considered in the x—y plane where each consisted
of six layers of gold molecules arranged in an face-centered cubic (fcc) lattice where its
(100) surface was in contact with liquid argon molecules. The distance & between two walls
was 6.1 nm. Periodic boundary conditions were imposed along the x and y directions. We
employed the Lennard—Jones (LJ) potential to model the liquid-liquid interactions as

(o2 (o2

12 6
V() =4e <7> — <7> . Here, r is the interatomic separation, ¢ is the size of the

repulsive core, and ¢ is the depth of the potential well. The wall molecules were fixed at
their initial locations and did not include wall-wall molecular interactions. The parameters
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Fig.2 Schematic and dimensions 7 6 nm
of the simulation system I |
¥
X

Gold wall with FCC lattice
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Liquid argon at 104 K

Flow dircction

ﬁ

Gold wall with FCC lattice

6 nm

used to model the molecular interactions for argon and gold molecules were
o =0.3405nm, £,, = 1.65399 x 1072'J, 0,, = 0.2934nm, and &,, = 2.7096 X 10722]
(Ghorbanian and Beskok 2016). These potential parameters were shown to reproduce the
thermodynamics properties and flow characteristics of liquid argon at the nanoscale pretty
well.

For wall-liquid interactions, we wused the modified LJ potential as

12 6
V() = 4e,, [("—) - ﬂ(%) ] Here, 6 = (05, + 05,)/2 and the depth of the poten-

tial well £, = a - \/e, - €5, Were determined based on the Lorentz—Berthelot combina-
tion rule (Delhommelle and Millié 2001; Yezdimer et al. 2001). The parameter « is the
potential energy factor that indicates the attractive strength between molecules and f is the
potential energy factor that indicates the repulsive strength. As shown in the work by
Nagayama and Cheng, f = 1 represented the zero contact angle, that is, the solid surface
was completely wetted by the liquid. In addition, the increasing values of a led to the
increasing strength of hydrophilic interactions (Nagayama and Cheng 2004). In this study,
we took the values @ = 3.5 and § = 1 to simulate the wetting of the solid surface due to the
liquid. To reduce the computational costs, the LJ potential was truncated at a distance of
3.20,. The temperature and pressure of the system were maintained at 104 K and 1.5 MPa,
respectively, under which condition, the desired density of liquid argon was 1291.1 kg/m>.
At the beginning of the simulations, the system was allowed to equilibrate using canoni-
cal NVT ensemble, and the simulation time for this equilibration period was 2 ns at a time
step of 1 fs. Then, a constant body force in the stream-wise direction was added to each
liquid molecule for the non-equilibrium MD simulations. The acceleration of each liquid
argon molecule induced by the body force was maintained on the order of 10™-1073 nm/
ps?, which ensures a linear system response (Falk et al. 2012). In order to reach the steady
state, each case for different driving forces was run for 20 ns. After reaching steady state,
the simulations were extended over 25 ns, during which the results were recorded every
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25 x 103 time steps. Therefore, 1000 data sets were obtained to perform time averaging.
The spatial averaging for the density profile was performed in slabs with a thickness of
0.03 nm parallel to the z axis. However, the thickness of a single slab was 0.3 nm for the
velocity profile.

2.2 Fractal Theory of Complex Media

Previous studies have shown that fractal geometry theory can be utilized to accurately char-
acterize the geometrical structures of media with nanoscale pores (Ghanbarian et al. 2016;
Wang et al. 2019; Yang et al. 2015). The key point to establish the fractal characterization
model is to determine the fractal dimensions. For a typical fractal model with slits, assum-
ing that the slit widths are A and distributed continuously from Ap,i,, t0 Apjax On a per unit
area of the cross section, the cumulative number N, of slits with widths greater than A is

A Do
N.(2) = <%> (1)

where D, is the fractal dimension about the slit width. After differentiating Eq. 1 with
respect to A, the number of slits with widths between A and A + dA can be obtained as

—dN, = Dp - At A7) 2

Moreover, the actual flow path is nonlinear for fluid flow through fractal porous media.
Thus, the fluid particles always travel further than the straight-line distance would indicate.
A scaling law between the actual flow path L, and the apparent flow path L was proposed
by Wheatcraft as (Wheatcraft and Tyler 1988)

L,(A)= A""Pr . [Pr 3)

where Dy is the fractal dimension about the tortuosity.

The procedures to incorporate fractal theory into an established mathematical model for
single-phase fluid flow in porous media is summarized as follows. First, nuclear magnetic
resonance (NMR) analyses were performed for typical shale reservoir cores to obtain the
pore size distributions. Second, the pore size distributions were used to determine the frac-
tal dimensions and other parameters to establish the fractal pore characterization model.
Third, the flow rate equation for single pipe fluid flow was used with the fractal pore char-
acterization model to establish a mathematical model for single-phase fluid flow in porous
media.

2.3 Calculation Process

The calculation process is shown in Fig. 3. First, we performed MD simulations to study
the structural and transport properties of liquid argon through nanochannels with a strong
wettability. Second, the MD results were used with fractal theory to establish a mathemati-
cal model and calculate the liquid flow rate in nanoporous media. Third, the effects of the
negative slip length and fractal dimension of the nanoporous media on the liquid flow rate
through it were investigated.
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Fig.3 Workflow to investigate ”
the liquid transport properties in Nanochannel
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3 Results and Discussion

Before the discussion part, the physical model for the molecular dynamics simulation
was verified in terms of bulk density and self-diffusion coefficient of liquid argon, as
shown in Sects. 3.1 and 3.2.

3.1 Density Profiles in Nanochannel

First, the density distribution of liquid argon between two solid walls with a strong
wettability was examined to provide insight into the liquid structure in the vicinity of
the interface. As shown in Fig. 4, the density profile was symmetric across the chan-
nel height, and the liquid argon density showed strong oscillations near the solid walls.
These oscillations indicate the pronounced density layering effects of liquid argon,
which were induced by the adsorption of liquid molecules onto the solid walls.

Further from the solid walls, the density oscillations were gradually suppressed and
the density of the liquid argon stabilized to a value, which is in agreement with the
desired value at 104 K and 1.5 MPa. We compared the density profiles of liquid argon
under different driving forces to further investigate their effects on the density distribu-
tions. The four curves from the different driving forces nearly overlap each other for all
of liquid film heights, which agrees with several previous reports (Wang et al. 2016a, b;
Yang 2006). This indicates that the density structures of nanoconfined liquids are inde-
pendent of the driving force but are significantly affected by the liquid—solid interface
properties.
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Fig.4 Density profiles of liquid 9
argon in the nanochannel with
different driving forces 8-
7.
F=0
6 ——F=2x10"*kcal/(mol-A)
“
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.«:’ - - -Thermodynamic density at 104 K and 1.5 MPa for model verification
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3.2 Self-diffusion Coefficient in Nanochannel

The diffusion coefficient can reflect the ability of liquid molecules to spontaneously migrate
into the same or different species. For homogeneous systems, such as bulk liquids, the Ein-
stein or Green—Kubo relation is generally utilized to calculate the diffusion coefficient. Liu
et al. proposed a mathematical model that modified the Einstein relation to calculate the
diffusion coefficient of heterogeneous systems, which is applicable when investigating dif-
fusion problems near interfaces (Chilukoti et al. 2014; Liu et al. 2004). Here, the spatial
distribution of the parallel diffusion coefficient along the channel height was investigated
using this model. The parallel diffusion coefficient is calculated as (Chilukoti et al. 2014)

Ax(1)?),
D, (i) = lim (ax@r),

=0 278(7) @

where D, (i) is the diffusion coefficient along the x direction of slab i, and (Ax(1)2>i
denotes the ensemble average of the mean square displacement (MSD) along the x direc-
tion of the molecules that are continuously in slab i during the time period 7 as calculated
using (Chilukoti et al. 2014)

1
(A7) = 55 2 (5(0) = 3(0))” s)
where N(0) is the initial number of the molecules at a given time in slab i, and S(7) is the
survival probability defined as S(zr) = N(0, r)/N(0), where N(0O, 7) is the number of mol-
ecules that are continuously present at time 7.

Figure 5a shows the division of slabs for only half the channel height due to symmetry.
To contain the adsorption layer in a single slab, the thickness of the slab nearest the solid
wall was determined based on the distance of two consecutive density oscillation valleys.
Figure 5b shows the variations in the survival probability with time. It is seen that except
for slab 1, the survival probability of nearly all slabs decreased with time due to the diffu-
sive nature of liquid molecules. For slab 1, which is nearest the solid wall, the attraction of
the wall to the liquid was the strongest and the liquid molecules remained in this slab over

@ Springer



704

J.Zhang et al.

Fig.5 For liquid argon near the
gold (100) surface, (a) the divi-
sion of slabs for half the channel
height based on the density
profile; (b) variations in the
survival probability with time for
different slabs; and (c) variations
of the mean square displacement
(MSD) in the x direction with
time for different slabs
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the entire time interval. Figure 5c shows the variations of the MSD along the x direction
with time for different slabs. The slope of the MSD versus time represents the diffusivity of
liquid molecules, which clearly shows that the diffusion coefficients in the bulk region dif-
fered significantly from that in the interface region.

The calculated diffusion coefficients D, for different slabs are shown in Fig. 6. It is
observed that the parallel diffusion coefficient reduced when the liquid was close to the
interface. Away from the interface, the bulk diffusion coefficient recovered with an aver-
age value of 4.5x 107 m%/s at 104 K, in agreement with the simulation results in Lee et al.
(2003), which is (2.48+0.07)x 107 m%s at 94.4 K. It is noted that at slab 1, the diffu-
sion coefficient was nearly zero, which indicates the liquid argon molecules were strongly
bound to the solid wall.

3.3 Velocity Profiles and Negative Slip Length

The velocity profiles for liquid argon flow through the gold nanochannel with a strong
wettability under two different driving forces are shown in Fig. 7. It is observed that both
velocity profiles exhibit parabolic shapes; with an increasing driving force, the maximum
velocity also increased. In addition, Fig. 7a shows that there exists a static thin liquid film
near the solid walls, which indicates the presence of a negative slip length. In our case, the
negative slip length is approximately —0.53 nm, which agrees with the results in Send-
ner et al. (2009). Meanwhile, it is noted that the negative slip length is not a constant and
depends on several factors, such as the surface wettability (Cieplak et al. 2001) and the
driving force (Yang 2006). Figure 8 shows the variation of negative slip length with the
external driving force. As shown in Fig. 8, there are two regimes for the variation of nega-
tive slip length with the external driving force. The first regime is called steady negative
slip regime (SNSR), that is, the negative slip length remains constant in this regime. It is
the maximum negative slip length reflecting the maximum number of immobile adsorbing
fluid layers in the vicinity of solid wall. When continuously increasing the driving force,
the second regime, which is called transition negative slip regime (TNSR), exists and can
characterize the variation of negative slip length. With the increase in driving force, the

Fig.6 Diffusion coefficient D,
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Fig.7 Velocity profiles for liquid argon flow in the nanochannel for two different driving forces. a
Driving force of F = 15 x 10~*kcal/(mol A) where b is the negative slip length, and b driving force of
F = 45 x 10~* kcal/(mol A)
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negative slip length linearly decreases until the slip length becomes zero. In this regime,
the adsorbing fluid layer with less attraction by the solid wall, that is, relatively away from
solid wall, starts to slide along adjacent fluid layers. When increasing the driving force,
more and more adsorbing fluid layers begin moving, indicating the less thickness of immo-
bile layers.

3.4 Flow Rate in Nanoporous Media

A cylindrical nanoporous medium with height # and radius R is considered. It is assumed
that the medium can be characterized using a fractal geometry model with a series of cap-
illaries where the liquid flows along the radial direction. Combining fractal theory with a
constant negative slip length gives a mathematical model to calculate the liquid flow rate
through nanoporous media as
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77:2 “h- Rz_DT -D, - /IDP Amax
= Z_; : ™ 7 max, / (A= bg)* - APr=Pr=2d} (6)
Hr llmin

0

where Z—: is the pressure gradient, D, and D, are the fractal dimensions about the capillary
radius and tortuosity, respectively, Ayax and Ay, are the maximum and minimum capil-
lary radii, respectively, b is the constant negative slip length, and u is the liquid viscosity.
It is seen from Eq. 6 that while the liquid flow rate is proportional to the pressure gradient,
the presence of a negative slip length affects the slope of the linear line. When b, is zero,
Eq. 6 reduces to the classical equation for liquid flow with a no-slip boundary condition
through porous media.

Figure 9 shows the variations in the liquid flow rate with the pressure gradient for dif-
ferent slip length magnitudes. It is observed that the negative slip length reduced the lig-
uid flow rate compared with the cases of no slip and positive slip lengths under the same
pressure gradient. Meanwhile, the increased magnitude of the negative slip length also
increased the reduction in the flow rate. As reported by Pottier (Pottier et al. 2015), the
immobile layer close to the wall behaves as a solid-like layer, and its properties differ
significantly from the bulk liquid. In effect, the existence of this solid-like layer causes
the wall to thicken. As a result, the effective cross section for fluid transport is reduced
due to the narrowed pore space, which leads to a decreased liquid flow rate. In addition,
Fig. 9 shows that compared with the case of no slip, the constant positive slip length led to
an enhanced liquid flow rate, which agrees with the previous reports (Secchi et al. 2016;
Thomas and McGaughey 2009).

3.5 Effects of Fractal Dimensions in Nanoporous Media

The effects of the geometrical structure of a nanoporous media on the liquid flow rate are
further investigated with focus on the fractal dimensions. Figure 10a shows the variations in
the liquid flow rate through nanoporous media with the pressure gradient for different frac-
tal dimensions about the capillary radius. The figure shows that an increased D resulted in

Fig.9 Variations in the liquid |
flow rate through nanoporous
media with the pressure gradient
for different slip length magni-
tudes

——b=-0.7nm

Flow rate ( x10710 m3/s)

1 2 3 4 5 6
Pressure gradient ( x10'° MPa/m)
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Fig. 10 Variations in the liquid
flow rate through nanoporous
media with the pressure gradient
for different fractal dimensions
about the a capillary radius D,
and b tortuosity D
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an enhanced liquid flow rate. As D, increases, the number of capillaries per unit area of the
cross section for the fractal model correspondingly increases, which implies a more developed
fracture network or more connected pores for the typical media. A porous media with more
connected pores favors liquid transport, resulting in an increased overall flow rate. Figure 10b
shows the variations in the liquid flow rate through nanoporous media with the pressure gradi-
ent for different fractal dimensions about the tortuosity. The figure shows that as D increased,
the liquid flow rate decreased under the same pressure gradient. A larger D, indicates more
bending streamlines for the liquid flow. As a result, the energy dissipation in the vicinity of the
solid walls increases, which reduces the liquid flow rate through medium.
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4 Conclusions

Understanding the interfacial effects on liquid transport behavior through nanopores with
strong wettability plays an important role in several areas, including the design of nanoflu-
idic devices and the development of unconventional reservoirs. The structural and transport
properties of wetted liquid argon through a nanochannel were first investigated through
MD simulations. Then, a mathematical model for liquid flow in nanoporous media was
established based on the MD results as combined with fractal theory for complex media.
Finally, an analysis of the negative slip length and the fractal dimension was performed to
determine its relationship with the liquid flow rate for nanoscale porous media.

The results show that liquid can be adsorbed onto the gold solid walls due to a strong
liquid—solid attraction. The diffusion coefficient parallel to the wall-liquid interface was
reduced near the solid walls as compared with the bulk value in the middle of the nano-
channel. In addition, a negative slip length can exist near the solid surface with a strong
wettability, and its magnitude varied with external driving force. The variations in negative
slip length with the driving force can be characterized by two regimes. In steady negative
slip regime, the negative slip length is a constant and independent of the driving force.
With the continuous increase in the driving force, the transition negative slip regime exists,
where the negative slip length decreased linearly with the driving force until the slip length
became zero.

Combined with fractal theory, a mathematical model to calculate the liquid flow rate
in nanoporous media was established based on the constant negative slip length. Due to
reduced effective cross section for fluid transport from the presence of a negative slip
length, the liquid flow rate is reduced compared with the cases of no slip or a positive slip
length. Moreover, the increased fractal dimensions about the capillary radius resulted in an
enhanced liquid flow rate, while an increased fractal dimension about the tortuosity led to a
reduced liquid flow rate as more energy was dissipated. Investigating the negative slip phe-
nomenon is of great value owing to many potential applications, such as unconventional
oil/gas development and fabrication of nanofluidic devices. For future work, the applicabil-
ity of variation in negative slip length with external driving force and other factors should
be further validated on other Newtonian fluids with properties like polarity.
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