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Abstract: Hydraulic fracturing is an effective method for stimulating reservoirs, making the economic
development of ultra-tight shale gas and coalbed methane reservoirs possible. These formations are
rich in nanopores, in which the fracturing fluid, such as fresh water, the flow, and the behavior of
this flow differ significantly from those described in the classic Navier-Stokes formula. In bulk space,
the interaction force exerted by the solid phase can be ignored, but the solid–fluid interaction plays
a dominant role in nanoconfinement spaces in which the pore size is comparable to the molecular
diameter. Nanoconfined water molecules tend to approach the water-wet pore surface, enhancing
the water viscosity, which is a key parameter affecting the water flow capacity. Conversely, water
molecules tend to stay in the middle of nanopores when subjected to a hydrophobic surface, leading
to a decrease in viscosity. Thus, nanoconfined water viscosity is a function of the strength of the
surface–fluid interaction, rather than a constant parameter, in classic theory. However, the influence
of varying the viscosity on the nanoscale water flow behavior is still not fully understood. In this
research, we incorporate wettability-dependent viscosity into a pore network modeling framework
for stable flow for the first time. Our results show that: (a) the increase in viscosity under hydrophilic
nanoconfinement could reduce the water flow capacity by as much as 11.3%; (b) the boundary slip is
the primary mechanism for boosting the water flow in hydrophobic nanopores, as opposed to the
slight enhancement contributed by a viscosity decline; and (c) water flow characterization in nanoscale
porous media must consider both the pore size and surface wettability. Revealing the varying viscosity
of water flow confined in nanopores can advance our microscopic understanding of water behavior
and lay a solid theoretical foundation for fracturing-water invasion or flowback simulation.

Keywords: viscosity; nanoconfinement; wettability; pore network; simulation

1. Introduction

In recent decades, advances in hydraulic fracturing technology have enabled the
economic development of oil and gas resources from ultra-tight shale and coal [1–3].
The pores in shale can be broadly classified as organic and inorganic types, with pore
sizes ranging between two and several hundred nanometers. Coal can be considered a
composite medium consisting of a coal matrix and cleats [4,5], with cleat widths in the
range of several microns and the pores in the matrix in the nanoscale range. During
hydraulic fracturing, a large amount of fracturing fluid is injected into the shale or coal
at high pressure, which can reach up to 50 MPa or more. As a result, water invasion
unavoidably encounters the nanopores, and the water flow in the nanopores affects the
overall invasion efficiency [6,7]. Nanoconfined fluids behave differently from conventional
fluids in terms of their physical properties, such as the decline of the bubble point for
hydrocarbon phase behavior in pores smaller than 20 nm [8–10]. The gas flow capacity
through nanopores is also surprisingly higher than that evaluated by the classic Navier-
Stokes (N-S) formula [11,12], with the magnitude exceeding several orders. Consequently,
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conventional methods for describing water flow in nanopores can lead to inaccurate
characterization, which requires further research.

The physical properties of nanoconfined water, including the viscosity and no-slip
boundary conditions, are mainly governed by solid–fluid interactions, rather than inter-
molecular interactions in the bulk state. When water molecules are confined to a nanopore
with a size comparable to their molecular diameter, the attraction or repulsive force induced
by the surrounding pore wall cannot be ignored, which is fundamentally different from the
precondition of the classic theoretical framework that is purely based on molecule–molecule
interactions [13–15]. Therefore, focusing on the physical properties under solid–fluid
interactions is crucial for understanding nanoconfined water flow behavior. Advanced
experimental techniques have been used to directly examine water flow conductivity in
nanotubes [16,17], indicating the inapplicability of the classic Navier-Stokes formula for
describing nanoconfined water flow. Feibelman (2013) investigated the viscosity of water
film on a kaolinite surface, a weak hydrophilic solid phase [18], using molecular simulation,
and found that the water film viscosity was several times that of bulk water. Secchi (2016)
experimentally examined the water flow capacity through a single nanotube [19] and found
a significant enhancement in the flow efficiency compared to the conventional knowledge,
which was attributed to a radius-dependent boundary slip as well as the viscosity variation.
Using molecular dynamics, Thomas and McGaughey (2008) [20] simulated pressure-driven
nanoconfined water flow and found that both the water viscosity in a nanopore and the
slip length can be described as a function of the pore size. To understand the microscopic
water molecular structure confined between two kaolinite surfaces, molecular dynamics
simulations were performed, suggesting that the nanoconfined water viscosity could be
one order larger than that of bulk water [21–23]. While the unusual alteration in the water
viscosity confined inside nanopores has been recognized by both advanced experiments
and molecular simulations, its impact on pressure-driven flow is still unclear. In addition
to water viscosity variation, the boundary slip phenomenon, in which water molecules
near the surface have some mobility, instead of always being stationary, in bulk water flow,
must be incorporated to achieve a relatively accurate characterization of water flow at
the nanoscale.

A great deal of effort has been devoted to investigating the behavior of water at the
nanoscale [24–26]. However, little attention has been given to the water flow dynamics
in porous media consisting of nanopores, which is crucial for understanding fracturing-
water invasions inside a shale or coal matrix. A theoretical model for water flow in a
nanopore was proposed, taking into account the surface wettability on the water viscosity
variation and slip length. It suggests that the water flow capacity with a super-hydrophobic
surface could be up to seven orders of magnitude stronger than that evaluated by the
Hagen-Poiseuille equation [27]. Sun (2019) presented that the viscosity of the water close
to the pore wall is extremely sensitive to surface–molecule interaction, while the water
viscosity in the middle of the nanopore space is the same as bulk water [28]. In line
with the continuum flow assumption, the water velocity profile at the nanoscale was
analyzed, demonstrating the considerable effect of viscosity variation on the water flow
capacity [29–31]. Molecular dynamics (MD) and the Lattice Boltzmann method (LBM) are
widely utilized to explore nanoconfined water behavior [32–34]. However, the current fatal
deficiency in MD research is the use of specific solid phase molecules to simulate the shale
or coal nanopore surface [35–37], which fails to capture the surface–molecule interaction
on the flow behavior of water confined in nanopores. Similarly, it is challenging to mimic
the nanopore surface over a wide range of wettability using the LDM. Moreover, its time-
consuming calculation and complex iteration hinder its applicability [38–40]. In regard
to a shale or coal matrix, where the spatial pore structure is multi-factor-dependent and
challenging to characterize, there is still no finite solution for pore network construction,
although advanced approaches [41–43], including SEM image technology, CT scanning, as
well as X-ray diffraction, are applied. Furthermore, the majority of pore network modeling
(PNM) studies have focused on gas flow, while few studies on water flow have considered
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the viscosity variation and boundary slip induced by the surface–molecule interaction.
Therefore, a PNM investigation on water flow at the nanoscale is urgently needed, aiming
to reveal the fracturing water invasion or flow-back behavior in a shale or coal matrix.

To clarify the research, the content is arranged as follows: First, a physical model illus-
trating the difference between nanoconfined water viscosity and bulk water is presented.
Then, a theoretical model is developed based on the physical model to describe the water
flow in a nanopore, taking into account the water viscosity variation and water slip at the
boundary. Subsequently, a pore network model (PNM) is established to couple the spatial
pore structure and the proposed pore-scale water flow model. The PNM is applied to
identify the influence of the water viscosity, slip mechanism, and pore–structure evolution
on the water flow capacity. Finally, several conclusions are drawn.

2. Model Description

The focus of this research is to investigate the effect of water viscosity variation
on the water flow behavior in nanopores and nanoscale porous media. As shown in
Figure 1, water viscosity is affected by surface wettability when water molecules are
confined in a nano-space. In the bulk region, where the interaction force exerted by
the pore surface can be neglected, the water viscosity is a function of the surrounding
pressure and temperature [44,45]. However, for nanoconfined molecules, the surface–water
interaction forces intensify, and water molecules tend to gather close to a hydrophilic
surface, resulting in an increase in the water viscosity. Conversely, the repulsive force
induced by a hydrophobic surface prevents water molecules from moving towards the
surface, leading to a decrease in the water viscosity [46–48]. From a theoretical perspective,
the interaction force by a mid-wet surface on water molecules is zero; therefore, the water
viscosity remains the same as bulk water. Experimental findings in recent decades have
shown that nanoconfined water flows surprisingly faster than bulk water, and this is
attributed to the boundary slip phenomenon. This suggests that nanoconfined water
molecules near the solid surface have fairly strong mobility, in contrast to the predictions
made by the traditional N-S equation. Thus, the difference between nanoconfined water
behavior and bulk water is evident [49,50]. Both the slip phenomenon and viscosity
variation play prominent roles in affecting the water flow in nanopores, yet they have
received little research attention. Additionally, an upscaling investigation on water flow in
nanoscale porous media is rare, which solidifies the fundamental basis for revealing the
fracturing fluid loss mechanisms and water production performance from shale reservoirs.
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Figure 1. Water viscosity behavior inside nanopores with different wettability: (a) Hydrophilic
surface; (b) Mid-wet surface; (c) Hydrophobic surface.

3. Model Establishment

To accurately simulate water flow behavior in porous media containing numerous
nanopores, it is imperative to have a clear understanding of the water flow in a single
nanopore. At the nanoscale, the slip phenomenon and viscosity variation are two prominent
factors that affect water behavior and must be taken into account. The slip phenomenon
describes the movement of water molecules close to the pore surface, while a viscosity
change in nanoconfined water alters the flow resistance. Both the slip phenomenon and
viscosity are known to be sensitive to temperature variation, but in order to focus on the
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impact of unusual viscosity in this research, a constant temperature of 20 ◦C is used in
this paper.

3.1. Nanoconfined Water Flow

In this section, the water flow capacity in a single nanopore is investigated, taking
into account the effects of water viscosity variation and the boundary slip. The apparent
permeability, which represents the water flow flux per displacement pressure difference, is
derived, providing a basis for subsequent pore network modeling.

In regard to nanoconfined water viscosity, due to the limited distance where the
fluid–surface interaction takes place, the viscosity of the water molecules close to the
surface is drastically different compared to bulk water. In contrast, the water molecules
away from the surface behave the same as bulk water. Therefore, the concept of the
interfacial region, where unusual water viscosity occurs under nanoconfinement impact, is
introduced in this work. The thickness of the interfacial region remains in debate, ranging
between 0.5~1.5 nm, which is mainly related to the surface attributes and fluid type. In
terms of the water molecules, the thickness is assigned as 0.7 nm, indicating that water
molecules 0.7 nm away from the surface are beyond the control of the surface-induced
force. Additionally, Wu et al. (2017) proposed a fancy correlation linking the surface contact
angle to the water viscosity inside the interfacial region [27], and its reliability was verified
by experimental data and molecular simulation results. It should be highlighted that the
water viscosity in the whole interfacial region is regarded as a single value, instead of a
varying parameter, in Wu et al. (2017). Actually, due to the close relationship between
the fluid–surface interaction and water viscosity and the rapid rise in the interaction
strength while water molecules approach the surface, the water viscosity will vary over the
decreasing distance towards the surface. Utmost caution should be paid when using the
correlation [27].

µi = µb(−0.018θ + 3.25) (1)

where µi denotes the water viscosity in the interfacial region, cp; µb denotes the bulk water
viscosity, cp; θ denotes the surface contact angle.

The geometry of nanopores has been found to affect the behavior of confined water,
but for simplicity, this study focuses on cylindrical nanopores and does not consider the
effects of geometry changes. Using Equation (1), the viscosity of the water molecules
near the surface can be calculated, while the viscosity of the rest of the water molecules
is assumed to be the same as that of bulk water. To determine the overall water viscosity
within the entire nanopore, a volume-average method is proposed, which sums up the
viscosity contributions from both the interfacial region and the rest of the nanopore based
on their respective volumes.

µ = µi
Ai(d)
At(d)

+ µb

[
1 − Ai(d)

At(d)

]
(2)

where µ denotes the nanoconfined water viscosity, cp; d denotes the nanopore diameter,
nm; Ai denotes the volume of the interfacial region, m3; At denotes the entire volume of the
nanopore, m3.

The behavior of water in nanopores is affected by both the pore size and surface
wettability, as demonstrated by the combination of Equations (1) and (2). In particular,
the water viscosity in the interfacial region is highly sensitive to surface wettability, es-
pecially for nanopores with a size smaller than 10 nm, where the effect of wettability on
the viscosity dominates. For larger nanopores, the impact of wettability on the nanocon-
fined water viscosity decreases significantly due to the smaller volume proportion of the
interfacial region.

To quantify the slip phenomenon, the slip length is introduced, which represents the
ratio of water molecular velocity to the shear rate at the boundary position. The strength of
the slip phenomenon is determined by the slip length, with a longer slip length indicating a
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stronger boundary slip. Molecular simulations and microscopic displacement experiments
have confirmed the correlation between the slip length and nanopore size. In this work,
the correlation describing the water slip length inside carbon nanotubes [20] is used, as the
shale or coal matrix contains organic matter that can transform into graphene, a form of
carbon nanotubes, under high geological thermal maturity.

Ls = L∞ +
C
d3 (3)

where Ls denotes the slip length, nm; L∞ denotes the water slip length on a perfect flat
carbon sheet, nm; C is a fitted parameter, related to the surface properties and pore size. In
this work, for the physical model of water flowing through carbon nanopores, L∞ is 30 nm
and C is equal to 352 nm4.

It has been reported that the continuum hydrodynamics theory remains valid for
water flow in nanopores with a pore size of less than 2 nm [51,52]. Based on this, and taking
into account the characterization of the nanoconfined water viscosity and slip length, the
water flow equation at the nanoscale can be derived. The conventional water flow flux per
pressure gradient in a pore with a pore diameter of d is provided first.

Qc =
π

8µb
(d/2)4 dp

dz
(4)

where Qc denotes the water flow flux using the conventional N-S equation, m3/s.
Considering the viscosity variation and boundary slip length, Equation (4) becomes

the following equation.

Qn =
π

8µ

[
(d/2)4 + 4(d/2)3Ls

]dp
dz

(5)

where Qn denotes the nanoconfined water flow flux, m3. In terms of a large pore size, the
second term in the bracket of Equation (5) becomes negligible compared to the first term,
and the nanoconfined water viscosity approaches bulk water viscosity; thus, Equation (5)
can degenerate to Equation (4) successfully. In terms of nanopores, both the water viscosity
and slip length affected by nanoconfinement are coupled in Equation (5), which could shed
light on its discrepancy compared to the bulk water flow.

3.2. Pore Network Modeling

Water flow at the nanoscale can have important practical applications in various
industries, such as the characterization of fracturing fluid loss or multiphase flow in the
shale/coal matrix. However, upscaling the behavior of water flow from the nanoscale
to the core scale is necessary to make it relevant to industry applications. Pore network
modeling is a commonly used upscaling tool, where the core sample is considered to be
a large number of nodes interconnected to each other, and the connections between any
two nodes represent the nanopores. In this work, the nanopores were assigned specific
pore sizes and surface contact angles. To establish the spatial pore network, the pore
size distribution, which denotes the range of nanopore sizes, as well as the proportion
of nanopores at each pore size, was provided. Furthermore, the co-ordination number,
which denotes the number of nanopores that a single nanopore could connect to at the core
scale, was also given. A higher co-ordination number implies a stronger connectivity of the
constructed pore network. The spatial pore network was established using a self-coded
program, based on the provided pore size distribution and co-ordination number.

This work focused on investigating stable water flow, rather than time-dependent
flow issues. For a stable flow, the fluid pressure at each node in the developed pore
network remains unchanged, as does the water flow flux in the nanopores. According
to the mass conservation principle, the total water inflow flux towards a specified node
should be equal to the water mass variation in the node. However, considering the stable
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flow characteristics, there is no water mass variation in each node. Therefore, the control
equation for the mass conservation of a node connecting n surrounding nodes is as follows:

i=n

∑
i=1

qi = 0 (6)

where qi denotes the water mass flow flux from the i node to the calculation node, kg/s.
In Section 3.1, we investigated the capacity of nanoconfined water flow by considering

the effects of the viscosity and slip length. By coupling the pressure difference between
two connected nodes in the pore network, the mass flow flux can be calculated using the
following expression.

qi =
π

8µ

[
(d/2)4 + 4(d/2)3Ls

] (Pi − P)
L

(7)

where Pi and P denote the node i pressure and calculation node pressure, respectively, MPa.
To obtain the water flow flux through the entire pore network, it is necessary to

calculate the pressure of each node, which satisfies the correlation Equation (6). As the
solutions for all nodes in the pore network are unique, the water flow flux can be obtained
after solving all of the node pressures. The first step is to assign the inflow pressure
and outflow pressure to the nodes located at the inlet and outlet of the pore network,
respectively. Then, the pressure values ranging between the inlet pressure and outlet
pressure are randomly generated, and the number of values is equal to the total number
of nodes, excluding the inlet and outlet nodes. These generated pressure values are then
assigned to the rest of the nodes, and each node has an initial pressure value. Next,
the pressure of each node, except for the inlet and outlet nodes, is updated based on
the mass conservation principle. During each iteration, the overall water flow flux is
calculated after updating the pressure of all the nodes. The iteration continues until the
difference in the water flow flux between successive pressure updates is within the desirable
accuracy. The calculation procedures are illustrated in Figure 2. It should be noted that the
calculation method is aimed at achieving a stable flow, and time-dependent flow issues are
not considered in this work.
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Processes 2023, 11, 1245 7 of 15

4. Results and Discussion

In this section, we aim to investigate the water flow behavior in nanoscale porous
media while considering the effects of nanoconfinement, such as unusual water viscosity
and the slip phenomenon. However, the spatial pore structure evolution characteristics
in a shale or coal matrix add complexity to the accurate simulation of the water flow. To
address this challenge, we use a pore network modeling approach that can reproduce
the key parameters of porous media, such as the pore size distribution and co-ordination
number. We also perform a sensitivity analysis to identify the influence of each influential
factor on the water flow performance in the constructed pore network.

4.1. Nanoconfinement Effect

In this section, the focus is on quantifying the influential extent of the viscosity vari-
ation or boundary slip on the water flow capacity. Understanding this effect is essential
to developing approaches that can enhance or contain water flow efficiency, depending
on the dominant factor. For instance, if viscosity plays a prominent role in controlling the
water flow under a specific condition, manipulating the water temperature to enhance or
decline the water viscosity is a desirable method. On the other hand, surface modification
becomes the effective approach when the boundary slip governs the water flow behavior.
Thus, to gain insight into the nanoconfinement effect, the self-coded program developed
for a stable water flow in the pore network in Section 3.2 is utilized.

The implemented pore network modeling couples the nanoscale water flow mecha-
nisms discussed in Section 3.1, making it a unique approach. The pore size distribution
is assigned to each nanopore in the constructed pore network, and the pore size ranges
between 5~80 nm, which is a typical distribution for a shale or coal matrix. As depicted in
Figure 3, the generated pore size distribution by the self-coded program has a favorable
match with the assigned pore size distribution. This agreement verifies the reliability of
the modeling results to some extent. The pore size distribution and co-ordination number
remain unchanged to identify the impact of the water viscosity change subjected to the
nanopores on the spatial pore characteristics. In this regard, the water flow performance is
analyzed by varying the surface contact angle, which affects the boundary slip phenomenon.
The quantification of the water flow capacity through porous media is conducted by utiliz-
ing the apparent permeability, which is the ratio of the cross-sectional water flow velocity
to the pressure difference.

K =
Q f inalµbLt

A(Pinlet − Poutlet)
(8)

where K denotes the apparent permeability, nD; Qfinal denotes the final stable water flow
flux, illustrated in Figure 2, m3; Lt denotes the total pore network length at the water flow
direction, m; A denotes the flow cross-sectional area, m2; Pinlet and Poutlet denote the inlet
pressure and outlet pressure, respectively.

The investigation in Figure 4 provides an insight into the impact of the surface contact
angle on the water flow behavior. In this case, the surface contact angle of all the nanopores
is the same, ranging between 0 and 180 degrees. The inherent permeability, as shown in
Figure 4a, is constant at 5231 nD due to the assumption of the bulk water viscosity and no-
slip hydrodynamic boundary condition, which overlooks the influence of the unusual water
viscosity in the nanopores. However, the effect of the surface wettability on the apparent
permeability is remarkable, particularly when the contact angle exceeds 100 degrees. The
relationship between the apparent permeability and surface wettability can be divided into
two parts based on the critical surface contact angle, which is 100 degrees.

When the contact angle is less than the critical value, indicating that the interaction
force exerted by the surface on the water molecules is in attraction form, the apparent
permeability gently enhances with the increasing contact angle. The apparent permeability
may be less than the inherent permeability. On the other hand, the apparent permeability
boosts when the contact angle exceeds the critical value, and the flow capacity could reach
up to four orders of magnitude higher than the inherent permeability, indicating the super-
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fast flow phenomenon as a result of the hydrophobic surface property. In this case, the
surface imposes repulsive force on the water molecules to prevent their molecular approach
to the surface, resulting in the decline of the whole water viscosity, and subsequently
promoting water flow.
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Figure 4. Water flow capacity in porous media consisting of nanopores: (a) Apparent permeability
versus surface contact angle; (b) Underlying mechanism governing water flow capacity.

The permeability variation in the contact angle range, between 0 and 100 degrees,
as presented in Figure 4b, shows that the apparent permeability is less than the inherent
permeability when the contact angle is less than 80 degrees, which can be attributed to the
increased viscosity in the hydrophilic nanopores. Moreover, the water slip contributes to the
enhancement of the water flow capacity. The effect of the water slip length at the boundary
is a function of the nanopore size, indicating that the slip length remains unchanged in
this calculation case as the assigned pore size is unchanged. However, the idea that the
impact of the boundary slip remains unchanged is misleading. According to the continuum
flow theory, the viscosity variation affects the influence of the water slip. The constant slip
length indicates the constant flow velocity of the water molecules at the boundary. The
impact of the water slip enlarges with the decreasing water viscosity and declines with the
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enhancing water viscosity on the water flow capacity. Therefore, the dramatic enhancement
of the apparent permeability observed in Figure 4a is a result of both the water viscosity
variation and water slip. It is insightful to recognize the changing role of the water slip
with unusual water viscosity in nanopores.

To investigate the impact of the spatial porous characteristics on the water flow, a pore
size of 20 nm was assigned to all nanopores in the constructed pore network. Three cases of
surface wettability were then considered, as shown in Figure 5, and the associated apparent
permeability for the water flow through the porous media was calculated. Case_1 repre-
sented hydrophilic porous media, with 40% of the total nanopores having contact angles of
less than 30 degrees. In contrast, Case_3 represented hydrophobic porous media, where
the water viscosity was significantly reduced. Case_2 had the same surface wettability
as the base case, which had a wide pore size distribution, shown in Figure 3, but with an
unchanged pore size.
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Figure 5. Surface contact angle variation range of nanopores in porous media.

As shown in Figure 6, the difference in the flow capacity between Case_2 and the
base case is relatively small, indicating that the pore size distribution has a limited effect
on the flow capacity when the majority of the pore sizes are in the nanoscale range. The
apparent permeability in Case_2 is slightly stronger than the base case, which may be
due to the fact that the average pore size in the base case is less than 20 nm. Additionally,
larger pore sizes contribute to a stronger water flow capacity, assuming the same surface
wettability feature. The apparent permeability for the water flow through the pore network
increases in the order of Case_2, Case_1, and Case_3. Similar to the water flow performance
in nanopores, the water flow in nanopores with more hydrophobic surfaces can achieve
a stronger flow efficiency. According to the surface contact angle distribution shown in
Figure 5, 70% of the nanopores in Case_3 have surface contact angles over 120◦, which
is much higher than in Case_1 and Case_2. As a result, the water flow resistance in the
hydrophobic nanopores decreases dramatically, leading to the lowest overall resistance
to water flow in Case_3. Conversely, the porous media of Case_2, consisting of many
hydrophilic nanopores, imposes a lower water flow efficiency due to the higher water
flow resistance.



Processes 2023, 11, 1245 10 of 15

Processes 2023, 11, x FOR PEER REVIEW 10 of 15 
 

 

 

Figure 5. Surface contact angle variation range of nanopores in porous media. 

As shown in Figure 6, the difference in the flow capacity between Case_2 and the 

base case is relatively small, indicating that the pore size distribution has a limited effect 

on the flow capacity when the majority of the pore sizes are in the nanoscale range. The 

apparent permeability in Case_2 is slightly stronger than the base case, which may be due 

to the fact that the average pore size in the base case is less than 20 nm. Additionally, larger 

pore sizes contribute to a stronger water flow capacity, assuming the same surface wetta-

bility feature. The apparent permeability for the water flow through the pore network 

increases in the order of Case_2, Case_1, and Case_3. Similar to the water flow perfor-

mance in nanopores, the water flow in nanopores with more hydrophobic surfaces can 

achieve a stronger flow efficiency. According to the surface contact angle distribution 

shown in Figure 5, 70% of the nanopores in Case_3 have surface contact angles over 120°, 

which is much higher than in Case_1 and Case_2. As a result, the water flow resistance in 

the hydrophobic nanopores decreases dramatically, leading to the lowest overall re-

sistance to water flow in Case_3. Conversely, the porous media of Case_2, consisting of 

many hydrophilic nanopores, imposes a lower water flow efficiency due to the higher 

water flow resistance. 

 

Figure 6. Wettability effect on apparent permeability for water flow at core scale. 

0

0.1

0.2

0.3

0.4

0.5

10°~30° 30°~90° 90°~120° 120°~130°130°~150°

Case_1 Case_2 Case_3

0

1000

2000

3000

4000

Case_1 Case_2 Case_3 Base case

K
, 

N
D

Figure 6. Wettability effect on apparent permeability for water flow at core scale.

4.2. Pore Network Characteristics

Advanced experimental devices have made it possible to study the spatial evolution
of pores in a coal or shale matrix as they vary with the geological depth and thermal
maturity of the organic content. The ability to explore the complex spatial pore network
characteristic and its related impact on fluid flow behavior is of utmost importance. To this
end, numerous studies have been conducted to reproduce and present the spatial evolution
characteristics of coal or shale matrix systems. In this article, we use an established pore
network modeling tool coupled with nanoconfined water flow mechanisms to study the
pore network characteristics, particularly the pore size distribution and co-ordination
number, on water flow at the core scale. One of the primary objectives of this study is to
understand the impact of the pore size distribution and co-ordination number on the fluid
flow in coal or shale matrix systems. In this section, we focus on the impact of the surface
contact angle of the nanopores in the pore network on the fluid flow. To exclude the effect
of wettability, we set the surface contact angle of all the nanopores in the pore network
to be 80◦. This enabled us to study the effect of other pore network characteristics on the
fluid flow without the confounding factor of varying wettability. The use of pore network
modeling tools in conjunction with experimental techniques has enabled researchers to
study the pore-scale mechanisms governing fluid flow in coal or shale matrix systems. The
ability to control the wettability of the nanopores in the pore network provides a unique
opportunity to study the impact of other pore network characteristics on the fluid flow,
which can ultimately help to optimize the extraction of hydrocarbons from these systems.

In the exploration of the impact of pore size distribution on the fluid flow behavior,
Figure 7 depicts three sets of pore size distributions. In these cases, other parameters
describing the pore network, such as the positions of the nodes and the way the nodes
connect to each other, remain unchanged. Specifically, Case_1 presents a pore network
where 70% of the nanopores have a pore size less than 20 nm, while 70% of the nanopores
in the pore network of Case_3 possess relatively large pore sizes, exceeding 30 nm. The sim-
ulation of water flow inside the pore network is then performed to identify the differences
induced by varying the pore size distribution. As shown in Figure 8, it can be observed that
the apparent permeability declines in the order of Case_3, Case_2, and Case_1. In other
words, the water flow capacity for Case_3 is stronger than in Case_2 and Case_1 by as
much as 18.3% and 51.7%, respectively, demonstrating the great positive effect of enlarging
the pore size. Furthermore, the difference between Case_2 and Case_3 is far less than
that between Case_1 and Case_2, indicating that enlarging the pore size could contribute
more to the water flow efficiency when the average pore size is close to 10~20 nm than
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when it approaches 50 nm. This finding suggests that a formation stimulation creating
fractures or tremendously large pores could effectively advance the fluid flow capacity. The
enhancement magnitude is more desirable for pore sizes less than 20 nm. The results of this
study provide insights into the optimization of stimulation strategies for tight reservoirs.
The formation of fractures or the creation of large pores can help to increase the average
pore size and thus improve the water flow efficiency, particularly when the majority of the
pore sizes are in the nanoscale range.
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Figure 7. Different pore size distributions assigned to pore network.
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Figure 8. Impact of pore size distribution on apparent permeability.

In the construction process of the pore network, the co-ordination number plays a
crucial role in determining the potential for water flow. The co-ordination number refers
to the number of nodes that each node can connect to, and this parameter determines
the availability of nanopores for water transport. The higher the co-ordination number,
the more interconnected the pore network becomes, leading to enhanced water transport
through the network. Therefore, increasing the co-ordination number can effectively
improve the connectivity of the pore network, thereby promoting the water flow capacity
in nanoscale porous media. In this study, the researchers kept all parameters of the
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pore network constant, except for the co-ordination number. Figure 9 shows that the
apparent permeability increases with an increase in the co-ordination number, confirming
the importance of connectivity in promoting the water flow capacity. The findings of this
study highlight the need to focus on improving the connectivity of nanoscale porous media
to enhance their fluid flow behavior. By increasing the co-ordination number or finding
other means to improve the connectivity, the potential for water transport through the pore
network can be increased, leading to a more efficient and effective use of these porous
media. Overall, these findings provide insights into the design and optimization of porous
media for various applications, including energy and environmental engineering.

Processes 2023, 11, x FOR PEER REVIEW 13 of 15 
 

 

media. Overall, these findings provide insights into the design and optimization of porous 

media for various applications, including energy and environmental engineering. 

 

Figure 9. Impact of co-ordination number on apparent permeability. 

5. Conclusions 

(1) We establish a model for the viscosity of water confined in nanoscale pores using the 

volume-average concept. This model considers variations in the viscosity occurring 

in the interfacial region and assumes bulk-like behavior in the rest of the region. Ad-

ditionally, we develop a model for pore-scale water flow capacity and a pore network 

model that ensures a stable water flow. Both models are developed based on the con-

tinuum hydrodynamic principles. 

(2) The impact of hydrophilic and super-hydrophobic nanopore surfaces on water vis-

cosity and permeability is significant. A hydrophilic surface leads to an increase in 

the viscosity and a decrease in the apparent permeability, while a super-hydrophobic 

surface results in a significant increase in the permeability due to a decline in the 

viscosity, coupled with the boundary slip phenomenon. 

(3) There are several methods for improving the water flow efficiency in nanoscale po-

rous media, including enlarging the pore size, enhancing the co-ordination number, 

and modifying the surface properties to intensify the wettability. Enlarging the pore 

size contributes more significantly to the flow efficiency when the average pore size 

is close to 10–20 nm than when it approaches 50 nm. 

Author Contributions: Investigation, Y.W.; supervision, N.N.; data curation, W.L.; draft prepara-

tion, Y.Z., formal analysis, B.W.; validation, S.L. All authors have read and agreed to the published 

version of the manuscript. 

Funding: This research was funded by National Natural Science Foundation of China grant number 

52204031 and Natural Science Foundation of Sichuan Province grant number 23NSFSC4527. The 

APC was funded by 52204031. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Data will be available on request. 

Acknowledgments: This work was supported by the National Natural Science Foundation of China 

(Grant No. 52204031) and the Natural Science Foundation of Sichuan Province (Grant No. 

23NSFSC4527). 

Conflicts of Interest: None is declared. 

0

1000

2000

3000

4000

Coor=3 Coor=5 Coor=7

K
, 
N

D

Figure 9. Impact of co-ordination number on apparent permeability.

5. Conclusions

(1) We establish a model for the viscosity of water confined in nanoscale pores using the
volume-average concept. This model considers variations in the viscosity occurring
in the interfacial region and assumes bulk-like behavior in the rest of the region.
Additionally, we develop a model for pore-scale water flow capacity and a pore
network model that ensures a stable water flow. Both models are developed based on
the continuum hydrodynamic principles.

(2) The impact of hydrophilic and super-hydrophobic nanopore surfaces on water vis-
cosity and permeability is significant. A hydrophilic surface leads to an increase in
the viscosity and a decrease in the apparent permeability, while a super-hydrophobic
surface results in a significant increase in the permeability due to a decline in the
viscosity, coupled with the boundary slip phenomenon.

(3) There are several methods for improving the water flow efficiency in nanoscale porous
media, including enlarging the pore size, enhancing the co-ordination number, and
modifying the surface properties to intensify the wettability. Enlarging the pore size
contributes more significantly to the flow efficiency when the average pore size is
close to 10–20 nm than when it approaches 50 nm.
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