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a b s t r a c t

Understanding the integrated transport behavior of oil in shale nanopores is critical to efficient shale oil
development. In this paper, based on the time-dependent Poiseuille flow momentum equation, we
present a novel transient model to describe oil transport in unsteady and steady states. The model in-
corporates the effect of the critical shift density, apparent viscosity, slip length, and alkane property, as
well as pore tortuosity and surface roughness. We evaluated our model through a comparison with other
models, experiments, and molecular dynamics simulations. The results show that the development rates
of the volume flows of C6eC12 alkane confined in inorganic nanopores and C12 alkane confined in organic
nanopores were faster than that of the corresponding bulk alkane. In addition, the critical drift density
positively promoted the volume flow development rate in the unsteady state and negatively inhibited
the mass flow rate in the steady state. This effect was clearest in pores with a smaller radius and lower-
energy wall and in alkane with shorter chain lengths. Furthermore, both the nanoconfinement effect and
pore structure determined whether the volume flow enhancement rate was greater than or less than 1.
The rate increased or decreased with time and was controlled mainly by the nanoconfinement effect.
Moreover, as the wall energy increased, the flow inhibition effect increased; as the carbon number of
alkane increased, the flow promotion effect increased. The results indicate that the proposed model can
accurately describe oil transport in shale nanopores.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With the depletion and exhaustion of traditional oil and natural
gas resources, shale oil has gradually become an important sup-
plement and successor to traditional oil and gas. Shale, however, is
a fine-grained sedimentary rock with mostly nanoscale pores
(Javadpour and Ettehadtavakkol, 2015). To successfully develop oil
in nanoscale shale, we must clearly understand the transport
behavior of oil in nanoscale pores. Oil transport in nanoscale pores
is affected by many factors, including the properties of confined oil
deflecting from bulk oil and slip effects, which are common phys-
ical phenomena in nanopores (Tao et al., 2020). Thus, oil transport
in nanopores is completely different from that in sandstone. In
y Elsevier B.V. on behalf of KeAi Co
addition, the main components of oil are alkanes, and each
component has a different transport capacity in nanopores.
Furthermore, the pores in the shale matrix are generally curved,
and the inner surfaces of the pores are rough and uneven, which
can affect the oil transport efficiency in shale nanopores. Finally,
shale oil development is often accompanied by the commissioning
of new wells, the rehabilitation of damaged wells, and the inter-
mittent production of low-producing wells, leading to the transient
behavior of oil transport in nanopores. Therefore, a comprehensive
understanding of the effects of different factors on the transient
transport characteristics of oil in shale nanopores is necessary to
achieve high-quality shale oil development.

Liquids in large pores are considered to be similar to bulk liq-
uids. The properties of liquids in nanoscale pores, however, vastly
differ from those of bulk liquids and are thus regarded as confined
liquids (Thomas and McGaughey, 2008). In large pores, the effect of
the interaction between the pore wall and the liquid on the
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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properties of the liquid occurs within a thin layer near the wall, and
the effect of the fluid properties within this layer on the properties
of the liquid in the entire nanopore can be negligible. In nanopores,
because the pore radius is so small, this layer accounts for a large
proportion of the entire pore area, making its influence on the fluid
properties in the nanopore significant (Sendner et al., 2009; Zhang
et al., 2020) and worthy of attention. Many researchers have
studied fluid properties in nanopores through experiments
(Majumder et al., 2005; Holt et al., 2006; Secchi et al., 2016) and
molecular dynamics simulations (Cao et al., 2006; Argyris et al.,
2011; Podolska and Zhmakin, 2013; Li et al., 2015; Qiu et al.,
2015; Kobayashi et al., 2016; Tao et al., 2020). The results indicate
that the internal structure of the liquid molecules, as well as the
arrangement between the molecules in the region close to the pore
wall, significantly differs from that of the bulk liquid (liquid in the
central region of the nanopore or in the macropore). As the liquid
moves away from the pore wall, the effect of the wall on the liquid
molecules gradually decreases, and the internal structure of the
liquid molecules and the arrangement between molecules gradu-
ally become more similar to those of the bulk liquid. This causes
radial inhomogeneity of liquid properties in nanopores and also
leads to slip (Wang et al., 2016; Yang et al., 2017; Zhang et al.,
2019a). Many scholars have studied the transport characteristics
of liquids under mesoscopic conditions by applying viscosity and
slip corrections to the HagenePoiseuille (HP) equation. Some
scholars have also studied the liquid flow in single nanopores. For
example, Thomas and McGaughey (2009), Myers (2011), and Wu
et al. (2017) proposed flow enhancement factors to describe the
difference in flow between confined liquid and bulk liquid. The flow
enhancement factors they proposed are similar in form and are
defined by the slip length, pore radius, and ratio of the bulk liquid
viscosity to the effective viscosity. The differences lie in the ex-
pressions for the slip length and effective viscosity. Ma et al. (2011)
proposed a slip-length model considering the dynamic friction
coefficient to study the fluid transport in nanopores. Further, Mattia
and Calabr�o (2012) introduced viscous effects and surface diffusion
into the flow enhancement factor. Shaat and Zheng (2019) and Wu
et al. (2021) further considered the effect of the radial inhomoge-
neous distribution of viscosity on the velocity profile and proposed
a flow enhancement factor closer to the actual situation. Cui (2019)
investigated the effect of mixed wetness, asphaltene, and viscosity
enhancement on the flow enhancement factor in shale oil reser-
voirs. Wang et al. (2019a) further studied the flow enhancement
factor in elliptical-shaped nanopores. Other scholars have studied
the transport behavior of liquid in porousmedia shale. For example,
Wang et al. (2019b) considered the elliptical nanopore and the
difference in liquid transport in organic and inorganic nanopores to
establish an apparent liquid permeability model. Feng et al. (2019)
studied the difference in liquid transport in nanopores and nano-
scale fractures and established an apparent liquid permeability
model considering the inhomogeneous distribution of pore size.

Undoubtedly, the aforementioned studies have improved our
understanding of liquid transport in nanopores. However, their
main research focus was on the effect of liquid viscosity and slip
length on liquid transport caused by nanoconfinement effects, not
on nanoconfinement effects, which can cause the liquid density to
deviate from that of bulk liquid. For example, the interaction be-
tween the wall and the liquid leads to a drift in the critical tem-
perature of the confined liquid (Feng et al., 2020, 2021), which
changes the density of the confined liquid. Therefore, if the flow
enhancement factor derived based on the steady-state HP equation
is used to describe the transport behavior of the liquid in the
nanopore, the effect of critical density drift will be neglected. In Eq.
(1), for example, no density item exists in the steady-state HP
equation:
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Q ¼ pR4Dp
8mL

; (1)

where Q is the volumetric flux, m3/s; R is the pore radius, m; Dp is
the pressure difference, Pa; m is the liquid viscosity, Pa s; L is the
length of the pore, m. In addition, when the density and viscosity of
the confined liquid in the nanopore deviate from the bulk liquid,
the inertial force and internal friction of the liquid will change
significantly, and the slip effect will also change the liquid move-
ment rate near the pore wall. These factors will affect the fluid
development rate in the nanoporedthat is, the transport behavior
of the liquid in the unsteady state. However, the steady-state HP
equation cannot be used to describe the transport behavior of the
liquid in the unsteady state.

Furthermore, the pore structure (i.e., tortuosity and roughness)
greatly influences oil transport in nanopores (Liu et al., 2021; Tian
et al., 2022). However, characterizing the roughness and tortuos-
ity requires a large number of parameters that are not easily ob-
tained (Jin et al., 2017; Zeng et al., 2018; Lee and Babadagli, 2021),
making it difficult to study the flow behavior of liquids in tortuous
and rough pores. Fortunately, fractal theory is a good approach for
such a study, with few parameters involved and a clear physical
meaning. Research combining fractal theory and fluid transport has
also made progress. For example, Wang and Cheng (2019) studied
the transport behavior of water in the shale matrix by fractal the-
ory, considering the effect of wall wettability on fluid properties
and the fractal characteristics of pore size and tortuosity. They then
established an apparent fluid permeability model for shale. Fan
et al. (2020) used fractal theory to establish the essential perme-
ability of shale, considering surface roughness and tortuosity. They
combined it with the flow enhancement factor to propose an
apparent permeability model. Li et al. (2020) and Miao et al. (2015)
studied the relative permeability model of gas and water phases in
fractures by fractal theory. The transient transport of oil in nano-
pores, however, has been less studied according to fractal theory.

In conclusion, the transport behavior of oil in shale pores is
affected by a combination of many factors, but no study has been
done on the combined effect of the nanoconfinement effect and
pore structure on the transient transport behavior of oil of different
compositions in nanopores. Therefore, the development of a tran-
sient model to study the integrated transport behavior of oil in
nanopores is urgently needed.

The objective of this studywas to develop a transient model that
can synthetically describe oil transport in nanopores to elucidate
the effects of nanoconfinement effects and pore structure on oil
transport behavior of in the unsteady and steady states. First, we
converted the time-dependent momentum equation of Poiseuille
flow into a second-order ordinary differential equation with vari-
able coefficients by Laplace transformation, and thenwe solved this
equation with Bessel functions to obtain the time-dependent ve-
locity solution in Laplace space. The drift density model, the
apparent viscosity model, the slip model, and the fractal model
characterizing the tortuosity and relative roughness were also
established. The established transient velocity equation was
modified by these models to obtain a transient model considering
the effects of nanoconfinement effects and pore structure. The
plausibility of the proposed models was verified by a comparison
with other models, as well as experimental and molecular dy-
namics (MD) simulations. The transport characteristics of different
alkanes in organic and inorganic pores were modeled, and the
unsteady and steady transport behavior were assessed. This model
offers an important complement to the steady transport of confined
liquid in nanopores. In addition, the oilegas two-phase transport in
shale nanopores involves the mass exchange of oil and gas, which
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must be studied according to transient models. Our proposed
model establishes a foundation for an analytical model of oilegas
two-phase flow in shale pores.
2. Methods

2.1. Establishment of a transient transport model

For constant pressure boundary conditions, the fluid velocity
varies continuously with time in the unsteady state and stops
changing after reaching the steady state. Because of the influence of
the boundary layer, the fluid velocity distribution gradually tran-
sitions from the segment plug type to the parabolic type (Fig. 1).

Unsteady flow can be described by the NaviereStokes (NeS)
equation. The condition for the applicability of the equation is the
continuous medium assumption, which is valid when it is applied
to macroscopic fluid flow. This assumption requires that the vol-
ume of the molecular cluster (fluid mass) be infinitely small at the
macroscopic level, and it can be viewed as a collection of points
with no spatial dimensions. Despite being infinitely large at the
microscopic level, the molecular cluster must include a large
number of liquid molecules, and a few molecules entering and
leaving the cluster do not affect the stable average value. However,
for nanoscale fluid domains, the continuous medium assumption
may not be valid. For gas confined in nanopores, the Knudsen
number (Kn) is a key parameter that can be used to determine
whether the continuous medium assumption condition holds. For
example, when Kn < 0.001, it is a continuous flow; thus, the
continuous medium assumption condition holds, and the NeS
equation applies. When 0.001 < Kn < 0.1, it is a slip flow, and the
NeS equation combined with the slip boundary condition is
applicable. When Kn > 0.1, it is transitional flow; when Kn > 10, it is
free molecular flow. The NeS equation is inapplicable when the gas
flow mechanism is a transition flow and free molecular flow (Li
et al., 2018; Wang and Aryana, 2021; Rustamov et al., 2023). For
liquids, since the mean free path of liquid molecules is much
smaller than that of gas molecules, Kn is used to determine the flow
mechanism of liquid, and correcting the liquid flow equation can
cause some deviation (Zhang et al., 2019b). However, the definition
of the continuous medium assumption condition can be used. For
example, if decane (C12H26) flows in a pore with a radius of 5 nm,
the length of the fluid microcluster should be at least 1 nm, and
only 3.12 molecules are included in a fluid microcluster of 1 nm3.
Thus, the continuous medium assumption cannot be satisfied. Even
so, the NeS equation with a slip boundary and viscosity correction
can still obtain good results for liquid in nanopores. Several studies
(Feng et al., 2019; Wang et al., 2019c; Cui, 2019; Zhang et al., 2019b)
have shown that the HP equation (the simplified solution of the
Fig. 1. Schematic diagram
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NeS equation) corrected by slip and viscosity is suitable for
modeling the nanoscale flow of liquids, indicating that the cor-
rected NeS equation can be used for describing liquid flow in
nanopores. To introduce the time item, we use the time-dependent
NeS equation to describe the flow of liquids in nanopores,
assuming that the pores of a constant cross section placed hori-
zontally neglect gravity and that the pressure gradient is constant.
Considering these factors, we simplify the NeS equation in the
cylindrical coordinate system into the following form:

v2u
vr2

þ 1
r
vu
vr

� r

m

vu
vt

¼ �Dp
mL

; (2)

where u is the liquid flow velocity, m/s; r is the radial distance from
the center of the pore, m; r is the density of the liquid, kg/m3. The
third term on the left side of Eq. (2) is the transient item. The initial
and boundary conditions are given by the following equation:

u
�
r;0

�
¼ 0; u

�
R; t

�
¼ ls

vu
vr

; u
�
0; t

�
¼ finite; (3)

where ls is the liquid slip length, m; Transforming Eq. (3) into the
Laplace space and combining initial conditions, we can obtain

v2U
vr2

þ1
r
vU
vr

� r

m
sU ¼ �Dp

mLs
; (4)

where U denotes the liquid flow velocity in Laplace space; and s is
the Laplace space variable. Eq. (4) is a nonhomogeneous differential
equation with a variable coefficient, and its special solution is as
follows:

U ¼ 1
rs2

Dp
L

: (5)

The corresponding homogeneous equation of Eq. (4) is given as
follows:

v2U
vr2

þ1
r
vU
vr

� r

m
sU ¼ 0: (6)

Eq. (6) is a Bessel equation of an imaginary argument, and its
general solution is given as follows:

U ¼C1I0

� ffiffiffiffiffi
rs
m

r
r
�
þ C2K0

� ffiffiffiffiffi
rs
m

r
r
�
; (7)

where C1 and C2 are the undetermined coefficients, dimensionless;
I0 and K0 are the zero-order Bessel function of the imaginary
of transient flow.
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argument of the first and second kinds, respectively.
Combining Eq. (5) and Eq. (7), we can obtain the general solu-

tion of Eq. (4):

U ¼C1I0

� ffiffiffiffiffi
rs
m

r
r
�
þC2K0

� ffiffiffiffiffi
rs
m

r
r
�
þ 1
rs2

Dp
L

: (8)

Substituting the initial and boundary conditions, we can obtain
C1 and C2, respectively, as

C1 ¼ �
1
rs2

Dp
L

ls
ffiffiffiffi
rs
m

q
I1

� ffiffiffiffi
rs
m

q
R
�
þ I0

� ffiffiffiffi
rs
m

q
R
�， C2 ¼0; (9)

where I1 is the one-order Bessel function of the imaginary argu-
ment of the first kind. Substituting Eq. (9) into Eq. (8), we obtain the
transient flow model considering slip:

Uðr; tÞ¼ 1
rs2

Dp
L0

2
66641�

I0

� ffiffiffiffi
rs
m

q
r
�

I0

� ffiffiffiffi
rs
m

q
R
�
þ ls

ffiffiffiffi
rs
m

q
I1

� ffiffiffiffi
rs
m

q
R
�
3
7775: (10)
2.2. Modeling of nanoconfinement effects

2.2.1. Establishment of the critical drift density model
The critical properties of the liquid confined in the nanopore are

completely different from those of the corresponding bulk liquid,
including critical temperature. The shift from the critical temper-
ature of the bulk liquid is caused by the interaction between the
pore wall and the liquid and pore dimensions. Tan et al. (2020)
proposed the critical drift temperature model as follows:

DTc ¼1� Tc
Tcb

¼ l
1
m

þ o
�
l
1
m

�3

; (11)

where DTc and Tc are the critical drift temperature and the critical
temperature of confined liquid, K, respectively; Tcb is the critical
temperature of the bulk liquid, K; l is the proportional relationship
between the walleliquid interaction and the liquideliquid inter-
action, dimensionless. When l is 1, DTc and Tc are equal. M is the
pore dimension, dimensionless, and it is equal to the ratio of the
pore radius R to the LJ size parameter (s). In general, when the pore
radius is greater than 1 nm, the small amount of the third order of
the second term on the right side of the equation can be neglected.
The pore radius in the rangewe studied was greater than 1 nm, so it
was neglected. The relationship between l and the contact angle
characterizing the macroscopic wettability can be given as follows
(Zhao et al., 2017):

l ¼ �0:6lnðq=180Þ
h

; (12)

where q is the contact angle, degree; h is the correction factor,
dimensionless, which is generally taken as 0.56 in a circular hole.
The critical temperature of the confined liquid can be obtained by
combining Eq. (11) and Eq. (12):

Tc ¼ Tcb

�
1� 0:6,hln

�
180
q

�
1
m

�
; (13)

where the contact angle can be determined by Young's equation
(see Section 2.2.3). The critical temperature of the confined liquid
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drifted relative to the bulk liquid, resulting in a change in the
number of molecules per unit volume. Therefore, the density of the
confining liquid also drifted relative to the bulk liquid (Feng et al.,
2021). We use the critical drift density to represent the density of
liquid confined in the nanopore and obtain it by using the following
correlations (Chouaieb et al., 2004):

ln
�
rr

�
¼ a

n
1þ ð1� T=TcÞb � exp

h
� ð1� T=TcÞb

i o
; (14)

with

rr¼ rshift

.
rc; (15)

where rr is the reduced density, dimensionless; rshift is the critical
drift density of confined liquid, kg/m3; rc is the critical density of
the bulk liquid, kg/m3; and a and b are the fitting coefficients,
dimensionless. By combining Eqs. (12)e(15), we can obtain the
critical drift density model as follows:

rshift ¼ rcexpCa

(
1þ

�
1� T

Tc

�b

� exp

"
�
�
1� T

Tc

�b
#)

D:

(16)

From Eq. (16), it can be seen that the critical drift density is a
function of Tc, where Tc is a function of the critical temperature (Tcb),
the contact angle (q), and the pore dimension (m), which together
control the critical drift density. Fig. 2(a) shows the variation of
rshift/rb withm as well as the contact angle. The deviation of rshift/rb
from 1 increases with a decreasing m and contact angle, indicating
a larger density shift for smaller pore dimensions and stronger
wettability. Fig. 2(b) shows that the sensitivity of C12 (dodecane) to
pore dimension and contact angle decreases because of the in-
crease in the critical temperature of alkanes with the increasing
carbon number, leading to a weaker nanoconfinement effect.
2.2.2. Establishment of the apparent viscosity model
The walleliquid interaction in the relaxation time of the liquid

in the wall region deviates from that of the bulk liquid. In the center
of the pore, the liquid relaxation time is equal to that of the bulk
liquid. In addition, the relaxation time is related to the wall energy
(see Section 2.2.3 for details of “wall energy”) and the type of liquid.
Wu et al. (2019) obtained the reduced relaxation time of different
alkanes by molecular simulation. Fig. 3 shows that the reduced
relaxation time of alkanes increases with the increasing wall en-
ergy (ssd) and alkane carbon number. Farrer and Fourkas (2003)
proposed a relationship between the relaxation time and viscos-
ity of the liquid:

mi
mb

¼ ti
tb

; (17)

where mi and ti denote the viscosity and relaxation time of the
liquid in the wall region, respectively, Pa s and s. The thickness of
the wall region is approximately the thickness of one molecular
layer d,m; mb and tb denote the viscosity and relaxation time of the
bulk liquid, Pa s and s, respectively. The apparent viscosity can be
obtained by weighing the area:

mapp ¼mb

�
ti
tb

Ai
At

þ
�
1� Ai

At

��
; (18)

where mapp is the apparent viscosity of the confined liquid, Pa s; Ai
and At are the cross-sectional areas of the wall region and the total
cross-sectional area of the pore, m2, respectively, as shown in Fig. 4.



Fig. 2. Variation of rshift/rno-shift with m (T ¼ 293.15 K). (a) C6 (hexane); (b) C12 (dodecane).

Fig. 3. Variation of ti/tb with ss
d.

Fig. 4. Schematic diagram of wall region and bulk region.
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2.2.3. Establishment of the slip length model
The slip occurs mainly in the depletion layer (Myers, 2011; Shaat

and Zheng, 2019). The liquid molecules in the depletion layer are
mainly affected by the electrostatic repulsive forces, which may be
the reason for the slip occurrence. In addition, the liquidewall
interaction affects the slippage of the liquid molecules. When the
interaction is strong, the friction between the wall and liquid is
large, and the slip effects are weakened or even negligible, and vice
versa. The walleliquid interaction is controlled by both the contact
angle and the reduced relaxation time of liquid (Wu et al., 2019).
For a high-energy wall, the liquid vapor will adsorb on the wall,
resulting in a larger contact angle and reduced relaxation time.
Combining these two factors, we can see that as the wall energy
decreases, the liquidewall interaction weakens; and vice versa, as
Fig. 5 shows.
3465
The slip length can be expressed as the ratio of the velocity of
movement of the first molecular layer closest to the pore wall to
that of the remaining molecular layer (Blake, 1990):

ls ¼ d

�
hi
hb

� 1
�
; (19)

where d is the thickness of a single molecular layer, m; and hi and hb
are the movement velocities of the first molecular layer and the



Fig. 5. Schematic diagram of slip. The thicker red line represents the variation of the
slip length with the wall energy. The first layer of liquid molecules adjacent to the
high-energy wall move a short distance, indicating that the slip length is almost
negligible; as the wall energy increases, the first layer of liquid molecules moves an
increased distance, indicating that the slip length increases.
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remaining molecular layer, respectively, m/s. The ratio of the two
can be expressed by the following equation (Wu et al., 2019):

hi
hb

¼ tb
ti

exp

(
p½0:1265Þðn� 1Þ þ 0:46�2

6kT
slð1� cosqÞ

)
; (20)

where n is the carbon number of the alkane, dimensionless; sl is the
liquid surface free energy, N/m; k is the Boltzmann constant,
1.38 � 10 �23 J/K; T is the temperature, K. cosq can be calculated by
the modified Young's equation (Fowkes, 1964):

cosq ¼ �1þ 2z

ffiffiffiffiffiffi
sds
sd1

s
� pe

s1
; (21)

where z is the characteristic constant, dimensionless, which is
generally less than 1 for inhomogeneous molecular structures.
Hydrocarbon liquids belong to inhomogeneous molecular struc-
tures, so they are taken as 0.85; ss

d, sld are the contributions of
dispersion forces to the porewall free energy and liquid surface free
energy, respectively, N/m. We studied hydrocarbon alkanes, which
have strong structural inhomogeneity, so we neglected the
contribution of polar forces to the liquid surface free energy, that is,
sl ¼ sl

d (Marmur, 2006). pe represents the equilibrium diffusion
pressure, N/m; when the high-energy wall and low-energy liquid
interact, the vapor of the liquid forms a thin film on the wall,
reducing the walleliquid interaction. This can be calculated by the
following equation (Fowkes et al., 1980):

pe

sl
¼2

ffiffiffiffiffiffi
sds
sl

s
� 2: (22)
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Substituting Eq. (22) into Eq. (21), we can obtain the contact
angle corrected by the equilibrium diffusion pressure as follows:

q¼ arccos

2
41þ2ðz�1Þ

ffiffiffiffiffiffi
sds
sl

s 3
5,180

p
: (23)

Eq. (23) can be used for the calculation of the contact angle
given in Section 2.2.1. Substituting Eqs. (19)e(23) into Eq. (18), we
obtain the slip length model:

ls¼dC
tb
ti
exp

8<
:p½0:1265Þðn�1Þþ0:46�2

6kT
sl

2
42ð1�zÞ

ffiffiffiffiffiffi
sds
sl

s 3
5
9=
;�1D:

(24)

Note that the contribution of dispersion forces to the pore wall
free energy（ss

d）is the key parameter determining the slip length.
Moreover, the reduced relaxation time, which is used to determine
the apparent viscosity, is also closely related to ss

d. For convenience,
we refer to “wall energy” instead of “contributions of dispersion
forces to the pore wall free energy” in this paper.

2.3. Establishment of the pore structure model

The real length Lt of pores in shale porous media is much longer
than its apparent linear length (Ls), as Fig. 6 shows, causing flow
direction separation. In addition, the inner surfaces of true pores
are uneven, causing the fluid to generate eddy currents. Eddy cur-
rents also cause flow direction separation. Therefore, the flow
resistance of the fluid in the tortuous and surface roughness of the
pore also increases significantly. Both the real length of pores and
surface roughness follow fractal characteristics (Yang et al., 2014,
2015a), so we used fractal theory to establish the pore structure
model.

2.3.1. Establishment of real pore length model
The real length of the pores obeys the fractal law and is a

function of pore radius (Yang et al., 2014):

LtðRÞ¼ ð2RÞ1�DtLsDt ; (25)

where Lt is the real length of the pore, m; Ls is the equivalent linear
length of the pore, m; and Dt is the fractal dimension of tortuosity,
dimensionless, which ranges from 1 to 3. When Dt is 1, the pore is
straight, andwhen it is greater than 1, the pore is curved. The fractal
dimension (Dt) can be obtained by the following equation (Yang
et al., 2014):

Dt ¼ 1þ lntave
ln½Ls=ð2RaveÞ� ; (26)

where tave is the average tortuosity of porous media; and Rave is the
average pore radius of porous media, m.

2.3.2. Establishment of relative roughness model
The rough surface of a pore can be characterized by multiple

cones (rough elements) of different sizes, as Fig. 6 shows. The
relative roughness of a cylindrical pore can be represented by the
following fractal function (Chen et al., 2015):

ε¼have
R

¼
4ðhmaxÞRpmin

3Rpmin

2� Dc

3� Dc

1� b3�Dc

1� 4
; (27)



Fig. 6. Schematic diagram of the real length and the roughness of the pore wall, where Sc is the base area of each cone, and Sp is the area of the inner surface of the pore.
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where ԑ is the relative roughness, dimensionless; have is the average
height of the cone, m; and 4 is the ratio of the sum of the base area
of the cone to the total pore surface area, dimensionless. As Fig. 5
shows, the sum of the base areas of the cone is Sc1 þ Sc2 þ Sc2.
The larger the value of 4, the larger the proportion of the unsmooth
surface to the total pore surface, indicating the larger relative
roughness. Moreover, ðhmaxÞRpmin

is themaximum cone height at the

minimum pore radius, m; Rpmin is the minimum pore radius, m;
UappðR; tÞ¼ 1
rshifts2

2
6666641�

I0
� ffiffiffiffiffiffiffiffiffi

rshifts
mapp

q
r
�

I0
� ffiffiffiffiffiffiffiffiffi

rshifts
mapp

q
Rð1� εÞ

�
þ ls

ffiffiffiffiffiffiffiffiffi
rshifts
mapp

q
I1
� ffiffiffiffiffiffiffiffiffi

rshifts
mapp

q
Rð1� εÞ

�
3
777775

Dp
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: (29)
and b is the ratio of the minimum base diameter to the maximum
base diameter, dimensionless. The volume of the cone is pd3b/3,
where d is the base diameter of a cone, indicating that the larger the
value of b, the larger the volume of the cone, meaning that the
QðR; tÞ¼ p
rshifts2

2
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; (30)
relative roughness is also larger. Dc can be calculated by the
following equation:

Dc ¼ 2� ln4
lnb

; (28)

where Dc is the fractal dimension of the cone base size distribution,
dimensionless. The range of Dc is 0e2. When Dc is 0, the surface of
the pore is all smooth, and when Dc reaches 2, the surface of the
pore is not smooth.
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2.4. Establishment of the mathematical model of liquid transport in
nanopores

Substituting Eqs. (16), (18), (24) and (25) into Eq. (10) and
further combining Eq. (27), we obtain the liquid transient velocity
profile model considering the pore structure characteristics and
nanoconfinement effect:
Integrating Eq. (29) from 0 to R(1�ε) yields the corresponding
volumetric flux model:
whereQ(R,t) is the volumetric flux in the Laplace space, and Eq. (30)
can be calculated by numerical inversion. If the effect of nano-
confinement effects and pore structure is neglected, then rshift and
mapp will be reduced to rb and mb, respectively; ls and ε will
degenerate to 0; and Dt will change to 1. Eq. (30) is transformed into
a transient equation describing the transport of a bulk liquid in a
straight and smooth pore:

Qno�slipðR; tÞ¼
p

rbs2

2
6664R2 �
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q
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To clearly understand the effect of pore structure and nano-
confinement effects on liquid transport, we define the transient
volume flow enhancement rate of liquid as follows:

jvðtÞ¼
QðR; tÞ

Qno�slipðR; tÞ
: (32)
2.5. Model limitations

Our critical shift density and apparent viscosity model are ho-
mogeneous in the radial direction of the pore. Because the real
density and viscosity distribution in the nanopore are inhomoge-
neous, they are functions of the distance from the center of the
pore. The momentum equationwill be difficult to solve analytically
if the inhomogeneous density and viscosity are introduced into the
time-dependent Poiseuille flow momentum equation. In addition,
the tortuosity and surface roughness of the pores can cause the
separation of flows, resulting in nonlinear pressure gradients and
creating difficulties in solving the momentum equation. Therefore,
in future work, we will use the numerical method to solve these
problems.
3. Model validation and comparison

3.1. Validation of velocity profile with a general transient model and
the HP model

Eq. (10) is a key model that determines the correctness of the
subsequent model in Eq. (30), so we first verified its correctness.
We compared the proposed velocity profile model (Eq. (10)) with
the Papanastasiou model (Papanastasiou et al., 1999) and the
steady-state HP flow model. The data used in Eq. (10) were as fol-
lows: liquid density of 1000 kg/m3, viscosity of 0.001 Pa s, pore
radius of 200 nm, and pressure gradient of 1 � 1011 Pa/m. The re-
sults are shown in Fig. 7(a). The results of our proposed model, in
Eq. (10), align with those of the Papanastasiou model at each time
point, and the results at 10 ns (when the flow reached a steady
state) are also consistent with those of the steady-state HP model.
These results indicate that our model can be used to accurately
describe the unsteady transport behavior of liquid.
Fig. 7. Model validation. (a) Validation with the Papanastasiou model and the steady-st
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3.2. Validation of volume flow enhancement rate with MDS and
experiment

We used the results of Eq. (32) at a time of 100 ps (for nanoscale
pores, the flow of liquid can reach steady at 100 ps) to verify the
credibility of the steady transport by comparing them with the
experimental andmolecular simulation results in the literature. We
collected a total of 13 experimental data points and 64 molecular
simulation data points, as Table S1 in Supplementary data shows.
The comparison results are shown in Fig. 7(b). Most of the results
obtained from our proposed model align well with the experi-
mental and molecular simulation results in the literature, indi-
cating that the proposed model accurately reflects the influence of
microphysical phenomena on macroscopic liquid transport
behavior. The effects of roughness and tortuosity on the experi-
mental and molecular simulation results have not been reported in
most prior research. Because perfectly smooth and straight pores
are almost nonexistent, we set the relative roughness from 0 to
0.005 and tortuosity from 1 to 2, which may have caused some
deviations. The deviations arising from the uncertainties of relative
roughness and tortuosity are represented by error lines in Fig. 7(b).

3.3. Validation with numerical method

Owing to the lack of suitable results for transient flow combined
with nanoconfinement effects, we used the numerical method to
solve the NeS equation and combined it with nanoconfinement
effects to validate our model. The continuity equation, momentum
equation, and slip velocity boundary conditions are as follows:

V ,u ¼ 0; (33)

du
dt

¼ f � 1
rshift

Vpþ 1
rshift

V,
h
mappA

i
; (34)

us ¼ ls

�
vu
vr

�
wall

; (35)

where A is the first-order RivlineEricksen tensor, which represents
the strain rate; u is the fluid velocity vector; f is the volume force
acting on the fluid; and us is the slip velocity.

We solved Eqs. (33)e(35) by the Galliukin finite element
ate HP model; (b) Validation with experimental and molecular simulation results.



Fig. 8. Validation of our model proposed in Eq. (29) with the numerical simulation
results.

Fig. 9. Comparison of volume flux with other models. The pore radius (R) is 2 nm, and
the pressure gradient (DP/L) is 1 � 1011 Pa/m, the liquid is hexane (C6H14), mb is
3.13 � 10�4 Pa s, and rb is 660.34 kg/m3.
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method. The length and radius of the nanopore were set to 50 nm
and 5 nm, respectively, and the computational domain was divided
into 312 elements using a four-sided element. The pressure and
velocity element interpolation functions were a four-node quadri-
lateral element and a nine-node quadrilateral element, respec-
tively. The number of velocity nodes and pressure nodes was 1343
and 360, respectively. The density and viscosity of bulk C6H14 were
660 kg/m3 and 3.13 � 10 �4 Pa s, respectively, and ss

d was 0.02 N/m.
The critical drift density, apparent viscosity, and slip length of C6H14
were 644 kg/m3, 3.38� 10 �4 Pa s, and 0.35 nm, respectively. As can
be seen from Fig. 8, the numerical results align with those of Eq.
(29) at time points 10, 15, and 50 ps, indicating the validity of our
model.
3.4. Comparison of volume flux with other models

For the general HP model, it is known to model the macroscopic
flow better. However, when the liquid is confined in the nanopores,
the result of the general HPmodel will be biased. This will occur, for
example, when the volume flux calculated by the HP model is
2.0 � 10�21 m3/s, which is lower than that of Wu K., Zhang, andWu
S. model (Wu K. et al., 2019; Zhang et al., 2019b; Wu S. et al., 2021).
The effect is caused by not considering the nanoconfinement effect.
For the Papanstasiou transient model, compared with the HP
equation, its application is wider, and it can describe both the un-
steady and steady flows. For example, in Fig. 9, when the time is less
than 9 ps, it is unsteady flow; when the time is greater than 9 ps,
the flow becomes steady, and the results are the same as those of
the HP model. However, this model is limited to model transient
flowundermacroscopic conditions.Wu K.model is based on the HP
model by introducing the nanoconfinement effect (homogenized
effective viscosity and slip length) into the HP model. Zhang model
deals with the nanoconfinement effect by dividing the liquid into
two phases according to the difference in viscosity: the liquid in the
pore wall region and in the pore center. Wu S. model considers the
nonhomogeneous distribution of viscosity in the nanoporewithout
homogenization and phase separation. Since it considers the
oscillatory nonhomogeneous distribution of viscosity, its results are
slightly lower than those of Wu K. and Zhang models. All three
models are only applicable to modeling the steady flow of confined
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liquids; they do not incorporate the effect of pore structure char-
acteristics. In contrast, our model has a broader scope of applica-
tion, including transient flow, nanoconfinement effects, and pore
structure characteristics. If the transient flow and pore structure
factors are removed from our model, the model will degenerate to
Wu K. model. For example, when the time is greater than 11 ps, our
model generates the same results as Wu K. model. In addition,
when the above three factors are considered simultaneously, the
results of our model are significantly lower owing to the effect of
the pore structure characteristics (roughness and tortuosity).

By comparing the above models, we can identify the main ad-
vantages of the proposedmodel as follows. First, we established the
analytical model of transient flow through the time-dependent HP
equation combined with the slip boundary conditions, which in-
troduces the time item, density, and slip length into the HP equa-
tion. In addition, our model can reveal the effect of alkane
properties on the unsteady flow characteristics under confinement
conditions. Second, we established a quantitative characterization
of the critical drift density, which is jointly influenced by wetta-
bility and pore size dimension, and we introduced the effect of the
confined liquid density on the unsteady flow at the nanoscale.
Existing studies of the phase behavior of nanoconfinement effects
stopped at the drift of the critical temperature and did not extend
their effects to the density and flow of liquid. Third, we integrated
the transient flow with the nanoconfinement effect and pore
structure characteristics to establish a more comprehensive
analytical model. These three factors are important to influence the
nanoscale flow behavior, especially in the flow of shale oil. In this
scenario, the above three factors coexist, so neglecting any of them
will yield incomplete nanoscale flow behavior. Most existing
models are limited to one-sided work, such as the effect of the
nanoconfinement effect on steady flow behavior, and the effect of
pore structure characteristics on the liquid flow (Wu K. et al., 2019;
Zhang et al., 2019b;Wu S. et al., 2021), making it hard to capture the
real flow characteristics of oil in nanopores.
4. Results

The composition of shale is complex, including kerogen, quartz,
and clay minerals. Kerogen is organic matter, whereas quartz and



Table 1
Pore structure data.

Parameter Organic matter Inorganic matter

Maximum pore radius Rmax, nm (Josh et al., 2012) 44.4 8150.0
Minimum pore radius Rmin, nm (Josh et al., 2012) 1.92 11.5
Porosity fp (dimensionless) (Josh et al., 2012) 0.03 0.06
Average pore radius Rave, nm 6.43 30.88
Pore length Ls, m 5 � 10�5 5 � 10�5

Average tortuosity tave (Yu and Li, 2004) 17.04 8.71
Tortuous fractal dimension Dt 0.72 0.81
4 (dimensionless) (Fan et al., 2020) 0.001 0.002
b (dimensionless) (Fan et al., 2020) 0.02 0.02
ðhmaxÞRpmin

=Rpmin (Yang et al., 2015(b)) 0.05 0.50
Wall energy ss

d, N/m 0.0405 0.023

Notes: The average pore radius (Rave) in Table 1 was calculated by themaximum pore radius (Rmax) andminimum pore radius (Rmin) and porosity
(fp) of porous media shale using the method in the literature (Yu, 2005). The average tortuosity (tave) was calculated using the method in the
literature (Yu and Li, 2004).

Table 2
Alkane properties.

Parameter C6 C8 C10 C12

Temperature T, K 293.15 293.15 293.15 293.15
Pressure difference Dp, MPa 5.00 5.00 5.00 5.00
LJ size parameter s, nm (Feng et al., 2020) 0.63 0.69 0.73 0.79
Critical density rc, kg/m3 233.06 232.00 233.00 227.00
Fitting partner a (Chouaieb et al., 2004) 0.80 0.82 0.82 0.83
Fitting partner b (Chouaieb et al., 2004) 0.31 0.29 0.28 0.27
Bulk alkane critical temperature Tcb, K 507.82 568.67 617.70 658.00
Bulk alkane density rb, kg/m3 659.77 706.18 735.15 743.97
Bulk alkane viscosity mb, mPa s 0.31 0.54 0.91 1.49
Alkane surface free energy sl, N/m 0.0184 0.0216 0.0238 0.0253
Reduced relaxation time in inorganic pores ti/tb 1.60 1.63 1.65 1.68
Reduced relaxation time in organic pores ti/tb 3.11 4.06 5.63 7.94

Notes: The main chemical composition of organic pores is carbon, which has a ss
d of 0.00405 N/m (Zebda et al., 2008). In the system of pores with the ss

d of 0.00405 N/m and
C6H14, the reduced relaxation time is 3.11 (Fig. 3). In inorganic pores, quartz is more predominant, and its main composition is silicon, which has a ss

d of 0.023 N/m (Wu et al.,
2019). The reduced relaxation time in the system consisting of pores with ss

d of 0.023 N/m and C6H14 is 1.6 (Fig. 3). Therefore, the reduced relaxation time of alkanes in organic
and inorganic pores in Table 2 corresponds to the ss

d of 0.0405 and 0.023 N/m, respectively.

C. Cao, B. Chang, Z. Yang et al. Petroleum Science 20 (2023) 3461e3477
clay minerals are inorganic matter (Cao et al., 2016, 2017; Li et al.,
2021). Organic and inorganic matter differ in pore size (R), pore
structure (t and ԑ), and wall energy (ssd). Therefore, wemodeled the
transport behavior of liquids (including hexane (C6), octane (C8),
decane (C10), and dodecane (C12)) in organic and inorganic pores.
The data used for the calculations are presented in Tables 1 and 2.

The reduced relaxation time is a key parameter in practical
applications, and the following explanation is given for the acqui-
sition of this parameter: The reduced relaxation time of alkanes in
nanopores depends strongly on the wall energy (ssd) and alkane
surface tension (alkane surface free energy). As ss

d increases, the
relaxation time also increases. This is because the increase in ss

d

leads to the densification of the liquid molecules in the wall region,
resulting in a decrease in the disorder and mobility of the mole-
cules. In addition, the shape, chain length, and intermolecular in-
teractions of the alkane molecules have a significant effect on the
relaxation time. For example, the longer the alkane carbon chain,
the longer the relaxation time. Moreover, the mineral fraction of
nanopores and the alkane type are known, and a reduced relaxa-
tion time can be obtained bymolecular simulations or experiments,
including Rayleigh-wing scattering and Raman spectroscopy. Wu
et al. (2019) obtained the relationship between ss

d and the
reduced relaxation time by molecular simulation methods (Fig. 3).
Furthermore, the interaction between organic matter and alkanes
is stronger compared to inorganicmatter (Zhang et al., 2017), which
also results in larger alkane relaxation times in organic matter
pores than inorganic pores. Note that the composition of organic
and inorganic pores has other components in addition to carbon
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and quartz, and the mineral components in different areas are
different. This causes the difference between ss

d and the reduced
relaxation time. Therefore, in practical use, ssd should be deter-
mined by experimentation, and then the reduced relaxation time of
the corresponding alkane should be obtained as in Fig. 3. In addi-
tion, if the flow of multi-component alkanes is to be simulated, a
multi-component setting is performed in the molecular simulation
to obtain the reduced relaxation time.

The results are shown in Fig. 10. The volumetric flow rate
enhancement (jv) is less than 0.1 for organic matter and more than
0.1 for inorganic matter because of the greater tortuosity and
stronger walleliquid interaction in organic pores than in inorganic
pores. In addition, the higher the carbon number, the higher the
flow development rate. As the carbon number increases, the
liquideliquid interaction increases more than the walleliquid
interaction, leading to a more significant slip.

Furthermore, the transport of different alkanes in organic and
inorganic pores shows different characteristics. For organic pores,
in Fig. 10(a), the jv of C12 increases with time, whereas that of
C6eC10 decreases. For C12 confined in nanopores, the nano-
confinement effect, such as slip, critical drift density, and apparent
viscosity, makes the flow development rate greater than that of
bulk C12. Thus, jv increases with time. For C6eC10 confined in
nanopores, the combined effect makes the flow development rate
smaller than that of bulk C6eC10, so jv decreases with time. For
inorganic pores, as Fig. 10(b) shows, the jv of C6eC12 alkanes in-
creases with time, indicating that the nanoconfinement effect
makes a positive contribution to the flow development rates. In



Fig. 10. Transport of different alkanes in nanopore of shale in organic pores (a) and inorganic pores (b).

Fig. 11. The effect of nanoconfinement effect on the flow behavior of C6. (a) R is 2 nm, and ss
d is 0.02 N/m; (b) R is 2 nm, and ss

d is 0.16 N/m; (c) R is 10 nm, and ss
d is 0.02/m; (d) R is

10 nm, and ss
d is 0.16 N/m.
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Fig. 12. The effect of nanoconfinement effect on the flow characteristics of C12: (a) R is 2 nm and ss
d is 0.02 N/m; (b) R is 2 nm and ss

d is 0.16 N/m; (c) R is 10 nm and ss
d is 0.02 N/m;

(d) R is 10 nm, and ss
d is 0.16 N/m.
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inorganic pores, the wall energy of the pore is smaller, so the
positive effect of critical drift density and slip is larger, and the
negative inhibition of the apparent viscosity is smaller.
5. Discussion

5.1. Unsteady flow behavior

5.1.1. Effect of nanoconfinement effects on the unsteady flow
We analyzed the unsteady transport characteristics of hexane

and dodecane under different R and ss
d, respectively. As Figs. 11 and

12 show, the critical drift density causes a slight increase in the flow
development rate, which occurs mainly in the initial stage. How-
ever, this effect gradually disappears with time. The density affects
only the volume flow development rate in the unsteady state. In
addition, the effect of critical drift density on the flow development
rate is most pronounced at smaller pore radii, lower wall energies,
and shorter chain lengths. The equilibrium diffusion pressure
makes the interaction of the low-energy wall alkane stronger than
that of the high-energy wall alkane.

In addition, when we further considered the apparent viscosity,
the ratios of the apparent viscosity of confined alkanes to the bulk
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alkane viscosity for C6 with the low-energy wall at 2 nm, the high-
energy wall at 2 nm, the low-energy wall at 10 nm, and the high-
energy wall at 10 nm are 1.18, 2.88, 1.04, and 1.41, respectively.
These results indicate that the apparent viscosity inhibits the flow
development rate and can offset the positive contribution of the
critical drift density, resulting in a decrease in the volumetric flow
enhancement rate with time (Fig. 11). In addition, the apparent
viscosity of C6 in the high-energy wall pores is larger than that in
the low-energy wall pores. Therefore, the former stabilizes earlier.
Furthermore, the apparent viscosity of C6 in pores with a radius of
10 nm is less than that of pores with a radius of 2 nm. Thus, the
former takes longer to stabilize. When further considering slip, the
slip of C6 in the pores of the low-energy wall with a radius of 2 nm,
the high-energy wall with a radius of 2 nm, the low-energy wall
with a radius of 10 nm, and the high-energy wall with a radius
10 nm are 0.356, 0, 0.356, and 0 nm, respectively. The results
indicate that the pores of the higher-energy wall do not have a slip
effect (Fig. 11(b)e(d)). Moreover, in the pores of the low-energy
walls, the volume flow enhancement rate increases with time un-
der the combined effect of critical drift density, apparent viscosity,
and slip, so the promotion effect of the critical drift density and slip
on the flow development rate is larger than the inhibitory effect of
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viscosity (Fig. 11(a)e(c)).
For C12, the ratios of the apparent viscosity of confined alkanes

to the viscosity of bulk alkanes in pores with low-energy walls of
2 nm, high-energy walls of 2 nm, low-energy walls of 10 nm, and
high-energy walls of 10 nm are 0.92, 6.27, 0.98, and 2.17, respec-
tively. Whenwe consider the dual effect of critical drift density and
apparent viscosity, the volumetric flow enhancement rate de-
creases with time only in the high-energy pores with a radius of
10 nm. The variation of the volumetric flow enhancement rate with
time is small, however, in the other three cases. For the low-energy
pores with radii of 2 and 10 nm, the apparent viscosity of confined
alkanes is slightly lower than that of bulk alkane. Thus, the differ-
ence in their flow development rates is small, which is why the
change in the volumetric flow enhancement ratewith time is small.
In high-energy pores with a radius of 2 nm, the apparent viscosity
of the confined alkanes is much larger than that of the bulk alkanes.
Hence, the flow stabilizes early. When considering slip further, the
slip in the pores with low-energy walls of 2 nm, high-energy walls
of 2 nm, low-energywalls of 10 nm, and high-energywalls of 10 nm
is 11, 3.8, 11, and 3.8 nm, respectively. As Fig. 12(a)e(c) shows, the
volumetric flow enhancement rate increases with time in the low-
Fig. 13. Effect of pore structure on the flow characteristics of C6. (a) R is 2 nm, and ss
d is 0.05 N

and ss
d is 0.16 N/m.
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energy pores. This is because the slip, apparent viscosity, and crit-
ical drift density all contribute to the flow development rate. By
contrast, in the high-energy pores, the positive promotion effect of
the slip and critical drift density on the flow development rate is
offset by the negative inhibition effect of the apparent viscosity, as
in Fig. 12(b) and (d). Thus, the volumetric flow enhancement rate
does not increase with time.
5.1.2. Effect of pore structure on unsteady flow
We further analyzed the effect of pore structure on the volu-

metric flow enhancement rate based on the effect of the nano-
confinement effect, as Figs. 13 and 14 show. For C6 alkanes, when ss

d

is low, the volumetric flow enhancement rate is slightly reduced if
the roughness is considered, but it remains at around 1. This result
indicates that the positive contribution of the nanoconfinement
effect is offset by the negative effect of roughness. Additionally, the
flow capacity of the confined alkanes for this case is comparable to
that of the bulk alkanes, as shown in Fig. 13(a)e(c). When ss

d is
higher, both the nanoconfinement effect and the roughness have a
negative inhibitory role. The volume flow enhancement rate is less
than 1, indicating that the flow capacity of the confined C6 is less
/m; (b) R is 2 nm, and ss
d is 0.16 N/m; (c) R is 10 nm, and ss

d is 0.05 N/m; (d) R is 10 nm,



Fig. 14. Effect of pore structure on the flow behavior of C6. (a) R is 2 nm, and ss
d is 0.05 N/m; (b) R is 2 nm, and ss

d is 0.16 N/m; (c) R is 10 nm, and ss
d is 0.05 N/m; (d) R is 10 nm, and ss

d

is 0.16 N/m.
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than that of the bulk C6. When tortuosity is further considered, the
volume flow enhancement rate is less than 1, regardless of the high
or low ss

d.
For C12 alkanes, in the low-energy wall pores with a radius of

2 nm, the volumetric flow enhancement rate is still greater than 1
despite the consideration of roughness and tortuosity, indicating
that the positive promotion effect caused by the nanoconfinement
effect is greater than the negative inhibition effect caused by
roughness and tortuosity (Fig. 14(a)). In high-energy wall pores
with a radius of 2 nm (Fig. 14(b)), however, the nanoconfinement
effect is inhibitory to the flow capacity. In addition, the volume flow
enhancement rate is further reduced after considering the effects of
roughness and tortuosity. As the pore radius increases, the effect of
the nanoconfinement effect weakens. For pores of low-energy wall
with a radius of 10 nm (Fig. 14(c)), the volumetric flow enhance-
ment rate is greater than 1 if roughness and tortuosity are not
considered. However, for the two cases with a tortuosity of 2 and 5,
the volumetric flow enhancement rate is less than 1 at the initial
stage and gradually becomes greater than 1 with time. For high-
energy wall pores with a radius of 10 nm (Fig. 14(d)), the nano-
confinement effect, roughness, and tortuosity all play a negative
role, and the volumetric flow enhancement rates are less than 1.
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5.2. Steady flow behavior

We analyzed the steady transport behavior using the results of
Eq. (32) as time tended to infinity. To illustrate the effect of the
critical drift density on the steady flow behavior, we defined the
mass flow enhancement rate (jm) (volumetric flow enhancement
rate multiplied by the critical drift density) to describe the steady
transport behavior. As Fig. 15(a) shows, jm can span six orders of
magnitude in the range of a pore radius of 1.5 nm and ss

d of
0.02e0.2 N/m. In addition, jm gradually decreases with an
increasing ss

d and decreasing carbon number. Furthermore, the
critical drift density has a relatively large negative effect on jm
when ss

d is small and the alkane carbon number of alkanes is low,
and its effect gradually decreases as ss

d increases and the alkane
carbon number increases (Fig. 15(c)). Moreover, Fig. 15(b) shows
that jm tends to 1 as the pore diameter increases, regardless of
whether it is higher or lower than the carbon number. As Fig. 15(d)
shows, for a pore of a small radius, the critical drift density has the
greatest effect.

As Fig. 16 shows, jm decreases as the tortuosity increases. For
C10 and C12, jm is still greater than 1 or slightly less than 1 at an ss

d of
0.02 N/m and an R of 1.5 nm. This indicates that the positive effect of



Fig. 15. Effect of the nanoconfinement effect on steady flow with R of 1.5 nm, T of 293.15, ε of 0, and t of 1. (a) Effect of ssd on the mass flow enhancement rate; (b) Effect of pore
radius on the mass flow enhancement rate; (c) Deviation due to neglecting rshift (variation with ss

d); (d) Deviation due to neglecting rshift (variation with pore radius).

Fig. 16. Effect of tortuosity on mass flow enhancement rate with ss
d of 0.02 N/m, R of

1.5 nm, ε of 0, and T of 293.15 K.
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nanoconfinement can offset the negative effect of tortuosity. For C6
and C10, the positive effect of nanoconfinement is weaker, so jm

gradually becomes lower than 1 with an increase in tortuosity.
As Fig. 17(a) shows, jm gradually decreases as b increases. This is

because the larger the value of b, the larger the volume of the
roughness element and the greater the flow resistance, leading to a
decrease in jm. As Fig. 17(b) shows, jm gradually decreases as g

increases. The larger the value of g, the larger the maximum height
of the roughness element and the more the flow resistance is
enhanced, causing jm to decrease. As Fig. 17(c) shows, jm gradually
decreases with an increase in 4. The larger 4 indicates more
roughness elements per unit area, leading to an increase in flow
resistance. Therefore, jm decreases. Notably, as Fig. 17(c) shows, the
larger the value of Dc, the larger the value of jm. This is because
under the condition that 4 is fixed, the larger the value of Dc, the
smaller the value of b. Thus, the volume of the roughness element is
smaller, leading to a weakening of the flow resistance.
3475
6. Conclusions

In this study, we combined the critical drift density, apparent
viscosity, and slip length (characterizing the nanoconfinement ef-
fect), as well as the tortuosity and roughness (characterizing the
pore structure features), with transient Poiseuille flow to obtain a
transient flow model of oil in shale nanopores. The model can
reveal the effect of the nanoconfinement effect and the pore
structure characteristics on oil transport in unsteady and steady
states in shale nanopores. The following conclusions can be drawn.

(1) Different alkanes have different transport characteristics in
organic and inorganic pores. In organic matter pores, the
volume flow enhancement rates of C6eC12 alkanes were all
less than 0.1. It increased with time only for C12 alkanes,
whereas it decreased with time for C6eC10 alkanes. In the
inorganic pores, the volume flux enhancement rates for
C6eC12 alkanes were all greater than 0.1 and increased with
time.

(2) The critical drift density makes a positive contribution to the
volume flow development rate in the unsteady state and a
negative inhibitory effect on the mass flow rate in the steady
state. Its effect is clearest when the pore radiuswas small, the
wall energy was low, and the alkane chain length was short.
In the unsteady state stage, when the pore radius was 2 nm,
the dispersion force component of wall energywas 0.02 N/m,
and the fluid was C6H12, the effect of the critical drift density
on the volumetric flow rate enhancement was 4.5%. Under
the same conditions as above, the effect on the mass flow
rate enhancement could rise to �10% in the steady state
stage.

(3) The variation characteristics of the volumetric flow
enhancement rate in the unsteady state are complex, either
greater than 1 or less than 1, depending on the combined
effect of nanoconfinement and pore structure characteristics.
The volumetric flow enhancement rate may have increased
or decreased with time, depending mainly on the nano-
confinement. If the nanoconfinement made the volume flow
development rate of the confined alkane greater than that of
the bulk alkane, the volumetric flow enhancement rate
increased with time, and vice versa.

(4) Nanoconfinement has a great influence on the mass flow
enhancement rate. It could span six orders of magnitude in



Fig. 17. Effect of roughness fractal parameters on the mass flow enhancement rate: ssd

is 0.02 N/m, R is 1.5 nm, T is 293.15 K, and tortuosity is 1. (a) Variation of jm with Dc

under different b, g ¼ ðhmaxÞRpmin
=Rpmin ¼ 0:1; (b) Variation of jm with Dc under

different g, b ¼ 0.02; (c) Variation of jm with 4 under different Dc, g ¼ 0.1.

C. Cao, B. Chang, Z. Yang et al. Petroleum Science 20 (2023) 3461e3477

3476
the range of a pore radius of 1.5 nm and wall energy of
0.02e0.2 N/m. It reached amaximum of 31.8 and a minimum
of 5.23 � 10�4. The tortuosity and surface roughness also
have a significant effect on the mass flow enhancement rate.
When the tortuosity was 10, the mass flow enhancement
rate could be reduced by 90% relative to a straight pore.
When the surface roughness was 0.03, the mass flow
enhancement rate could be reduced by 12% relative to
smooth pores.
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