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Abstract:

Shale oil plays an increasingly prominent role in compensating for the depletion of
conventional hydrocarbon resources. While nanoscale confinement in shale nanopores
can substantially alter hydrocarbon diffusivity, pore-scale models capable of explicitly
incorporating the combined effects of pore size and pore-wall properties remain limited.
In this study, molecular dynamics simulations of n-octane confined in quartz and kerogen
nanopores were conducted to establish pore-radius-dependent diffusion relationships for
inorganic and organic pores. These relationships were incorporated into a modified Open-
FOAM species-transport solver, enabling the local diffusion coefficient to vary according to
the pore radius and the pore type. Multi-mineral shale porous structures were reconstructed
using the Voronoi method combined with a stochastic algorithm, and pore-scale simulations
were performed to investigate the effects of heterogeneous diffusivity, pore radius and
total organic carbon content on matrix-fracture component transport. The results showed
that nanoscale confinement suppresses n-octane transport from the nanoporous matrix to
the fracture and increases spatial heterogeneity in component distribution. A decreasing
pore radius reduces the overall diffusion capacity, while an increasing organic matter
content increases the proportion of low-diffusivity organic pores and enhances component
retention within the matrix. These findings demonstrate that spatial variations in molecular
diffusivity should be explicitly considered when describing shale oil component transport.
The proposed framework provides a practical bridge between molecular-scale confined
diffusion and pore-scale transport modeling in heterogeneous shale porous media.

1. Introduction

At present, with the gradual depletion of conventional oil

voirs are mainly distributed at the nanoscale, with the presence
of organic kerogen further complicating the occurrence state
of oil and gas within the reservoir (Ji et al., 2019; Xu et

and gas resources, unconventional hydrocarbon resources such
as shale oil and gas have become increasingly important in
ensuring global energy supply (Xu et al, 2022b; Fu and
He, 2024; Wang et al., 2025b). Shale reservoirs are character-
ized by low porosity, ultra-low permeability, multiscale pore
systems, and diverse mineral compositions (Xiang et al., 2024;
Luo et al., 2025; Sang et al., 2026). Pore sizes in shale reser-

al., 2022a). Under such nanoscale confinement, fluid-wall in-
teractions may induce adsorption/desorption, surface diffusion
and slip-related effects, thereby modifying the transport be-
havior of hydrocarbons relative to that in conventional porous
media (Yang et al., 2023). Meanwhile, the phenomenon of
"component flow" has been observed during the production of
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some shale oil reservoirs, where different components of shale
oil are produced in different sequences (Zhao et al., 2026).
This component-dependent production behavior suggests that
shale oil recovery is controlled not only by the bulk motion
of the fluid but also by component-specific transport processes
associated with the nanoscale pore environment.

In shale reservoirs, an important process governing shale
oil recovery is the transfer of hydrocarbon components from
the nanoporous matrix to conductive fractures. Species trans-
port in porous media occurs through two distinct mecha-
nisms: Advection and molecular diffusion. Advection is as-
sociated with bulk fluid motion, whereas molecular diffusion
results from component migration driven by concentration or
chemical-potential gradients. In the shale matrix, pressure-
driven fluid velocities are strongly restricted by the ultra-
low permeability and tortuous nanoporous structure, whereas
substantial concentration gradients may develop between the
matrix and fractures during production. The relative impor-
tance of advective and diffusive transport can be characterized
by the Péclet number (Huysmans and Dassargues, 2005):
Pe = vL (1
where Pe, U, L and D denote the Péclet number, character-
istic fluid velocity, transport length and molecular diffusion
coefficient, respectively. For the low-velocity matrix transport
conditions considered in the present study, the characteristic
Pe is much smaller than unity. This indicates a diffusion-
dominated transport regime within the nanoporous matrix
(Huysmans and Dassargues, 2005; Tran et al., 2021; Liu et
al., 2025). Therefore, molecular diffusion plays a particularly
important role in controlling the transfer of shale oil com-
ponents from the matrix toward the fracture. Accordingly,
molecular diffusivity becomes a key parameter controlling
matrix-fracture component transfer.

Molecular dynamics (MD) simulations have been applied
extensively to investigate the microscopic transport and inter-
facial behavior of shale oil and related fluids in nanoporous
media (Cai et al., 2024a, 2024b; Wang et al., 2025b). At
the nanoscale, diffusivity is strongly influenced by the local
pore environment (Xu et al., 2024; Zhang et al., 2024; Jia
et al., 2026). Numerous molecular dynamics studies have
demonstrated that confined hydrocarbon transport is affected
by pore size (Wang et al., 2016), pore wall composition and
mineral type (Wang et al., 2018; Fei et al., 2023), water-
related interfacial effects (Bao et al., 2025), as well as fluid-
wall interactions and adsorption (Xue et al., 2022). In addition,
temperature and pressure can substantially influence molecular
diffusion under confinement (Zhong et al., 2025). Beyond
these thermodynamic effects, pore size represents another im-
portant factor controlling confined transport. Previous studies
have shown that the diffusion coefficient of shale oil in organic
nanopores decreases continuously with decreasing pore radius,
while the formation of a central water film further reduces
molecular diffusivity (Zhang et al., 2025b). However, pore
size alone cannot fully characterize the confinement effect,
because the physicochemical properties of pore walls also
govern molecular mobility. Molecular dynamics simulations
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of methane, propane and n-octane in graphene and quartz
nanopores have revealed that adsorption layers near slit-pore
walls reduce molecular mobility and self-diffusion coefficients,
with the extent of suppression depending on wall wettability
(Dong et al., 2022; Cui et al., 2022). Differences in pore-wall
composition further lead to distinct transport behaviors among
different minerals. In particular, shale oil exhibits significantly
higher diffusivity in graphene slits than in quartz and mont-
morillonite slits, mainly because the ultrasmooth graphene
surface produces weaker fluid-wall interactions (Zhang et
al., 2019). This difference also raises an important issue
regarding how organic nanopore surfaces are represented in
molecular models. Realistic kerogen models incorporating
surface heterogeneity and heteroatom distributions predict sig-
nificantly lower fluid transport rates than simplified graphene-
based organic pore models. This reduction is mainly attributed
to stronger adsorption layers near kerogen surfaces, which
restrict molecular mobility and retard shale oil diffusion and
flow (Wang et al., 2022). The molecular representation of
organic matter is therefore critical for describing transport in
shale nanopores, and realistic molecular models have been
developed to capture the heterogeneous nanostructure of kero-
gen (Bousige et al., 2016). Consistently, comparisons between
simplified carbon-based nanopores, such as graphene and
carbon nanotubes, and realistic kerogen pores further indicate
that representing organic pore walls using extremely smooth
graphene surfaces may introduce errors of several orders of
magnitude in the predicted fluxes (Zhan et al., 2024).
Collectively, the above molecular-scale studies have
demonstrated that nanoscale confinement substantially mod-
ifies hydrocarbon diffusivity and that pore size and pore-
wall properties are two key controlling factors, providing
a molecular-scale basis for treating diffusivity as a pore-
dependent quantity rather than a spatially uniform constant. In
fact, molecular dynamics simulations have greatly advanced
the understanding of confined diffusion mechanisms, and
molecular-scale transport information has increasingly been
incorporated into pore-scale numerical models. Among these
methods, the lattice Boltzmann method and pore network
modeling have been widely employed to investigate the flow
and diffusion behavior of shale oil components (Zhao et
al., 2018; Yang et al., 2019; Duan et al., 2022; Lv et al., 2026).
Molecular-scale information has been incorporated into lattice
Boltzmann simulations by relating molecular interaction forces
to diffusion coefficients and Péclet numbers, enabling the
simulation of competitive adsorption and miscible diffusion
between CO; and shale oil (Wang et al., 2025a). Nanoscale
organic-pore gas-flow models have also been developed to
account for transport mechanisms and occurrence states, show-
ing that gas occurrence state, pore geometry and pore size
all strongly affect transport behavior, with relatively weak
adsorbed-phase surface diffusion in elongated pores (Song et
al., 2021). In addition, molecular dynamics results have been
coupled with pore network models by establishing relation-
ships between confined and bulk CO, diffusivities and incor-
porating them into convection-diffusion equations to simulate
diffusive mass transfer between CO, and shale oil (Feng et
al., 2024). Despite these advances, the high computational
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cost of molecular dynamics simulations generally restricts
their application to simplified or individual nanopores, whereas
pore-scale models often represent molecular diffusivity using
a spatially uniform value or simplified effective parameter.
Consequently, a scale-bridging gap remains because the spatial
heterogeneity in diffusivity arising simultaneously from local
pore size and pore-wall properties is not explicitly retained in
many pore-scale simulations (Song et al., 2024).

To bridge this molecular-to-pore-scale gap, this study first
generated nanoporous multi-mineral shale structures using the
Voronoi method combined with a stochastic reconstruction
algorithm. Independent molecular dynamics simulations were
used to establish pore-radius-dependent diffusion relationships
for representative inorganic and organic nanopores. A pore-
based diffusion coefficient model was then developed to map
these molecular-scale relationships onto the pore-scale com-
putational domain according to the local pore radius and the
pore type. Pore-resolved simulations were subsequently per-
formed by solving the fluid-flow field together with the species
advection-diffusion equation, in which advection is governed
by the local velocity field and molecular diffusion is driven by
the spatially varying pore-based diffusivity. The Péclet num-
ber was further evaluated to identify the dominant transport
mechanism. Finally, the effects of heterogeneous diffusivity,
pore radius and total organic carbon (TOC) content on matrix-
fracture component transport and retention were systematically
investigated. This framework provides a direct molecular-to-
pore-scale route for representing nanoscale confinement effects
in structurally and mineralogically heterogeneous shale porous
media.

2. Materials and methodology

2.1 Construction of multi-mineral nanoporous
shale media

In this study, nanoporous media with controllable pore
structures were constructed using a porous-medium generation
method based on the Centroidal Voronoi Tessellation. The
Voronoi method is a geometric partitioning approach based
on the nearest-neighbor principle, in which the computational
domain is divided into a set of non-overlapping subregions
according to the shortest-distance relationship between any
spatial location and a group of seed points, with each sub-
region corresponding to the zone of influence of one seed
point (Voronoi, 1908). In recent years, this method has been
widely applied in digital rock and porous-media generation,
microfluidic chip design, and clay particle analysis, and
has achieved substantial research progress. It has also been
demonstrated that the Voronoi method is well suited for
constructing porous-media structures (Wu et al., 2012; Xiao
and Yin, 2016; Zhang et al., 2021). On this basis, thus paper
used the Centroidal Voronoi Tessellation method to generate
the nanoporous medium, with the basic procedure described
as follows.

First, a set of random seed points P = {p;}Y, was gener-
ated within the computational domain Q = R?, and the space
was partitioned into a series of grain units through Voronoi
tessellation, expressed as (Voronoi, 1908; Du et al., 1999):

207

Vi={x€Qld(x,pi) <d(x,p;),¥j# i} )
where d(-) denotes the Euclidean distance function; V; rep-
resents the i Voronoi cell; p; denotes the i seed point; p j
denotes the jM seed point; and x is an arbitrary spatial point
(e.g., a pixel or grid point). To obtain a more uniform grain
structure, Lloyd iteration was employed to update the seed
point of each Voronoi cell to its centroid, thereby forming a
centroidal Voronoi tessellation structure, expressed as:

P = Jy, xdx
where pf»‘“ denotes the position of the i seed point after the
(k-+ 1) Lloyd iteration.

The pore space of the porous medium was constructed from
the boundaries between Voronoi cells, where L(x) denotes
the label field. Then, the boundary set could be defined as
shown in Eq. (4). Furthermore, the minimum distance from
an arbitrary spatial point to the boundary set was calculated
using Eq. (5) to characterize its positional relationship with
respect to the pore boundary (Maurer et al., 2003):

3)

B(x) = {xIL(x) # L(x+0)} @)
D(x) = mip x| 5)

where B(x) denotes the set of boundary points; ¢ is a small
perturbation vector; D(x) represents the shortest Euclidean
distance from the spatial point x to the boundary set B(x),
y denotes an arbitrary boundary point belonging to B(x).

To achieve controllable construction of the pore structure,
a pore-throat control parameter t and a target porosity ¢
were introduced. Eqs. (6), (7) and (8) were then used to
regulate the porosity and the pore radius, thereby constructing
nanoporous media with similar porosities but different pore-
radius distributions:

P(t) = {fllzg)r) <t} (6)
P(t

O 9] )

0(r) — | < (8)

where P(t) denotes the pore-space set corresponding to the
threshold 7; ¢(¢) represents the porosity under the threshold;
and € is a sufficiently small positive number.

On the basis of the above method, three T-shaped
nanoporous media models were constructed to represent the in-
terfacial region between nanoporous media and microfractures
in subsurface shale reservoirs. Each model consisted of a regu-
lar fracture with identical dimensions and an adjacent porous-
medium region. Subsequently, the pore-structure parameters of
the porous-medium region, including porosity, pore equivalent
radius, and pore coordination number, were extracted and char-
acterized using the Interactive Thresholding, Separate Objects,
and Generate Pore Network Model functions in Avizo (Zhang
et al.,, 2025a). In the pore-network extraction, each irregular
pore body was represented by an equivalent sphere having the
same pore volume. Accordingly, the equivalent pore radius of
pore i was calculated as:
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Fig. 1. Porous media model and its pore parameter distribution: (a) Model A, (b) model B, (c) model C and (d) distribution
of pore radii. In the segmented images, each colored region represents an individual pore identified after pore segmentation.

Table 1. Pore parameters of the porous media model.

Average Average
Model  Porosity (%) equivalent pore  coordination
radius (nm) number (-)
A 24.83 18.07 2.84
B 25.62 9.33 3.93
C 24.79 7.35 3.87
3V 1/3
Regi= | 5% 9
eq,i < A ) ( )

where V),; represents the volume of pore i, and Ry, is its
equivalent pore radius. The average equivalent pore radius of
the porous medium was then calculated as:

N

Ri=N""Y Ry (10)
i=1

where R, denotes the average equivalent pore radius and

N is the total number of identified pores. As shown in

Table 1, Models A, B and C were designed to have similar

porosities (24.83%, 25.62% and 24.79%, respectively), while

their average equivalent pore radii were 18.07 nm, 9.33 nm and
7.35 nm, respectively. These models provide porous structures
with comparable porosities but systematically different char-
acteristic pore sizes for evaluating the influence of pore size
on component transport. Fig. 1 presents the pore structures of
the three models together with the distributions of equivalent
pore radii. In contrast, the peak of the equivalent pore radius
distribution shifts noticeably from Model A to Model C,
reflecting the systematic variation in pore size. Combined with
the data summarized in Table 1, these results demonstrate
that the three models possess nearly identical porosities and
similar pore connectivity, while they exhibit distinctly different
average equivalent pore radii.

The mineral constituents in shale nanoporous media have
a significant influence on fluid flow and diffusion. This is
because organic matter and inorganic minerals exhibit distinct
surface physicochemical properties, leading to different fluid-
wall interactions under nanoscale confinement. Therefore, the
constructed porous-medium models should incorporate multi-
ple mineral constituents to better represent the mineralogical
heterogeneity of shale reservoirs and provide a basis for inves-
tigating the effects of mineral types on the fluid transport be-
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Fig. 2. Porous media models with different TOC contents (Fracture areas are hidden).

havior. The pore radii of the constructed models mainly range
from 5 to 30 nm, which corresponds to the pore-size interval
where nanoscale confinement has been reported to strongly
influence hydrocarbon diffusion. Previous studies have shown
that both organic and inorganic pores are widely distributed
within this pore size range (Loucks et al., 2009; Chen et
al., 2025). Accordingly, based on previously constructed T-
shaped models, a prescribed proportion of pores was randomly
assigned as organic pores, while the remaining pores were
designated as inorganic pores. A random assignment strategy
was adopted to approximate the heterogeneous distribution of
pore mineral types within shale reservoirs. The total organic
carbon content was represented by the volume fraction of pores
assigned as organic pores. In this way, a series of nanoporous
media models with different TOC contents were generated, as
shown in Fig. 2. By varying only the proportion of organic
pores while maintaining the pore geometry unchanged, the
influence of mineral type on fluid transport behavior could be
systematically isolated and evaluated.

2.2 Fluid properties

To characterize component transport in shale oil, n-octane
(CgHg) was selected as the representative hydrocarbon com-
ponent. The fluid considered in the pore-scale simulations
was treated as a single-phase multicomponent liquid mixture,
rather than as pure n-octane. To represent the overall hydro-
dynamic properties of an octane-dominated shale oil system,
an equivalent liquid density of 700 kg/m? was adopted for
the flow simulations, while a dynamic viscosity of 0.312
mPa-s, corresponding to n-octane, was used as the viscosity
parameter. The molecular weight of n-octane is 114 g/mol; the
relevant physicochemical data were obtained from the NIST
Chemistry WebBook. In the species-transport calculations, n-
octane was treated as the representative transported compo-

nent, and only its transport behavior was explicitly resolved.
This treatment enabled examining the effects of nanoscale
confinement, pore size and pore-wall properties on component
transport while avoiding additional uncertainties associated
with multicomponent diffusion.

Because molecular diffusivity under nanoscale confinement
depends strongly on pore size and pore wall properties, the
n-octane diffusion coefficients used in the pore-scale simu-
lations were obtained from molecular dynamics simulations
rather than prescribed as a spatially uniform constant. Quartz
and Type I-A kerogen nano-slit models were constructed to
represent inorganic and organic nanopores, respectively. The
quartz, kerogen and n-octane systems were described using
the CLAYFF, CVFF and OPLS-AA force fields, respectively.
To maintain consistency with the pore-scale simulations, all
MD calculations were performed at 383 K and 30 MPa. Five
slit half-widths of 1, 2.5, 5, 10, and 20 nm were considered.
The slit half-width was used as the characteristic confinement
length and mapped to the equivalent pore radius in the
subsequent pore-scale diffusion model.

For each nanoslit system, energy minimization was first
performed to remove unfavorable initial atomic configurations,
followed by a 3-ns equilibration simulation under the pre-
scribed temperature and pressure values. After equilibrium was
reached, an additional 1-ns production trajectory was collected
for diffusion analysis. The mean square displacement of n-
octane molecules was calculated as:

MSD(#) = {|r;(t) — r:(0)[*) (11)
where r;(f) and r;(0) represent the position vectors of
molecule i at time ¢ and the reference time, respectively. The
self-diffusion coefficient (D) was obtained from the slope of
the long-time linear region of the mean square displacement
curve according to the Einstein relation (Einstein, 1905) as:
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® MD results of quartz slits
—— Fitting curve in organic pores
—— Fitting curve in inorganic pores

10 15 20 25 30 35 40

R /nm

Fig. 3. MD models and pore-radius-dependent diffusion correlations of n-octane: (a) Quartz slit model, (b) kerogen slit model,

and (c) diffusion coefficients and fitted curves.

1d

D= ¢ MSD(1) (12)

As shown in Fig. 3, the MD-derived diffusion coefficients
increase rapidly with the pore radius in relatively narrow
nanopores and gradually approach a plateau with increasing
pore size. This asymptotic behavior cannot be adequately
represented by a linear correlation, which would predict
an unrealistically continuous increase in diffusivity at large
pore sizes. Therefore, the MD data were correlated using a
saturation-type exponential function:

D(R) = a[l —exp(—bR)] (13)
where D(R) denotes the self-diffusion coefficient at a pore
radius of R; a represents the asymptotic diffusion coefficient
at relatively large pore sizes; b characterizes the sensitivity of
diffusivity to pore-radius variation; and R is the pore radius.
The fitted relationships for inorganic pores (D;) and organic
pores (D,) were obtained as:

D; = 4.887774 x 10721 — exp(—0.42938R)]
Dy =3.797115 x 10~° [1 — exp(—0.40725R)]

Meanwhile, the coefficients of determination for the two
equations were 0.9751 and 0.9778, respectively.

Under identical thermodynamic and pore-size conditions,
the diffusion coefficients obtained in Type I-A kerogen
nanopores were consistently lower than those in quartz
nanopores, indicating a stronger restriction of CsH;g molecular
mobility in organic pores. The above MD-derived correlations
were subsequently incorporated into the pore-scale transport
model, in which the local diffusion coefficient was dynam-
ically assigned according to the local pore radius and pore
type. Therefore, the pore-based diffusion coefficient used in
this study could be expressed as D = D(R,Poretype) under
the fixed thermodynamic condition of 383 K and 30 MPa.
The present correlations are specific to these thermodynamic

(14)

conditions and were not intended as universal pressure- and
temperature-independent relationships.

2.3 Mathematical model

In this work, shale oil was regarded as an incompressible
fluid, and the mass conservation equations and momentum
equations were expressed as:

V-u=0
du 5
p (E—l—qu) =—-Vp+uv-au
where u denotes velocity; p denotes viscosity; p denotes
pressure; p denotes density; and ¢ is time.
On the basis of the governing equations for fluid flow,
a species mass conservation analysis was further performed
to describe the transport behavior of solute components in
the fluid. Considering the combined effects of advection and
molecular diffusion, species transport is governed by the
following convection-diffusion equation:

oJc:
S 4V (uej) = V- (D;VC))

3 17
where C; denotes the concentration of species j; and D;
represents the diffusion coefficient of species j.

The above governing equations were numerically solved
using the interTransportFoam solver developed on the Open-
FOAM platform (Maes and Menke, 2021). This solver is based
on the finite volume method, in which the continuity equation,
momentum conservation equation, and species transport equa-
tion are discretized and solved over the computational domain.

In the original interTransportFoam implementation
adopted in this study, the diffusion coefficient of each species
in a given phase is prescribed as a constant. Consequently,
the original formulation cannot explicitly represent nanoscale-
confined diffusion in heterogeneous porous media, where
molecular diffusivity varies with local pore size and pore-wall

(15)
(16)
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Fig. 4. Solver workflows: (a) Original interTransportFoam and (b) modified interTransportFoam with the pore-based diffusion

model.

properties. To address this limitation, the diffusion-coefficient
formulation was modified in the present study, so that the
local diffusivity varies according to both pore radius and pore
type.

The spatially varying diffusion coefficient was incorporated
into the species-transport equation in conservative divergence
form:

8c.,-

%1V (wej) = V- (D,()VC)) as)

where Dj(x) represents the local diffusion coefficient deter-
mined by the pore radius and pore type. In the modified Open-
FOAM solver, the diffusion term was discretized using the
implicit finite-volume operator fvm :: laplacian(D,Cj;), with D
defined as a face-based diffusion-coefficient field. The Lapla-
cian term was discretized using the Gauss linear corrected
scheme, and the corrected surface-normal gradient treatment
was employed to account for mesh non-orthogonality.

Because the finite-volume formulation evaluates a single
diffusive flux at each internal face, this flux contributes to
the two adjacent control volumes with equal magnitude and
opposite signs. Therefore, local species-mass conservation is
preserved even when the diffusion coefficient differs between
neighboring pore regions because of variations in pore ra-
dius or pore type. No additional interfacial source term or
concentration-jump condition was imposed between different
pore regions; instead, the effect of spatially heterogeneous
diffusivity was incorporated directly through the face diffusive
flux in the conservative discretization.

Compared with the original implementation, the modified
model additionally requires the spatial fields MineralType and
PoreRadius, together with the diffusion coefficient-pore radius
correlations corresponding to different pore types. These in-
puts were used to construct the spatially varying diffusion-
coefficient field employed in the species-transport calculation.

During each simulation step, the modified diffusion-
coefficient model first reads the user-defined diffusion

coefficient-pore radius relationships for different pore mineral
types from the configuration file. For each computational cell,
the local pore mineral type was obtained from the MineralType
field to determine the corresponding diffusion coefficient-pore
radius relationship. The local pore radius was then extracted
from the PoreRadius field, and the local diffusion coefficient
was calculated according to the selected relationship. The
calculated diffusion coefficient was subsequently assigned to
the corresponding computational cell and employed in the
discretization and solution of the species transport equation.

With these modifications, the solver dynamically updates
the local diffusion coefficient throughout the computational
domain according to the spatial distributions of pore radius
and pore mineral type, thereby incorporating the pore-based
diffusion model into the species transport equation. The overall
solution procedure of the modified solver is illustrated in Fig.
4.

To verify the implementation and numerical accuracy of
the developed solver, a one-dimensional transient diffusion
problem in a straight nanotube was selected as the bench-
mark case. Under the assumptions of an ideal fluid, ini-
tially uniform concentration, constant concentrations at both
ends, no flow, and one-dimensional molecular diffusion, the
governing equations could be reduced to a one-dimensional
transient diffusion equation. Since the fluid remains stationary
throughout the simulation, convective transport vanishes and
molecular diffusion becomes the only transport mechanism.
The corresponding analytical solution can be expressed as the
sum of a steady-state term and a transient term (Li et al., 2015):

C.—C > . (NTX nw\ 2
C(x,t) =Ci + x+ Y Bysin (—) exp {—D (—) t]
L n; " L L
(19)
2(Cr—
w, for even n
nmw
B, = (20)
22(Cini —C1) — (C,—C
[2(Cini )= (G 1)], for odd n

nmw
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Fig. 5. Verification of the one-dimensional diffusion model:
(a) Computational domain and (b) comparison between the
analytical (AS) and numerical (NS) concentration profiles.

Table 2. Simulation parameters for implementation
verification of the pore-based diffusion coefficient model.

Variable Value
Inlet-outlet pressure difference (Pa) 10
Test fluid viscosity (mPa-s) 0.312
Test fluid density (kg/m>) 700

D; = 10[1 — exp(—0.05R)]
D, = 5[1 —exp(—0.05R)]

Test fluid diffusion coefficient (102
m2/s)

Initial concentration in fracture region

(molim?) 557.7

Initial concentration in pore region

(mol/m3) 3577

where C denotes the concentration; L denotes the length of
the model; x denotes the spatial coordinate; B, represents the
amplitude coefficient of the nth mode; n denotes the order
of the Fourier series; C;,; denotes the initial concentration; C;
denotes the concentration at the left boundary; and C, denotes
the concentration at the right boundary.

The model domain length was 100 nm, with an initial
concentration of 160 mol/m>. The concentration at the left
boundary was 1,600 mol/m?, while that at the right boundary
was 160 mol/m>. The diffusion coefficient was set to 1 x 10~1°
m?/s. The model setup and the comparison between the
simulation results and the analytical solution are shown in Fig.
5. The numerical results agree well with the analytical solution
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over the entire simulation period, confirming the correctness
of the solver implementation and its capability to accurately
simulate transient diffusion processes.

To verify the numerical implementation of the pore-based
diffusion coefficient model in the modified solver, a cross-
shaped heterogeneous test domain was constructed, as shown
in Fig. 6(a). The domain contains regions with different pore
types and pore radii, enabling the procedures for reading the
MineralType and PoreRadius fields, evaluating the correspond-
ing local diffusion coefficients, and incorporating the resulting
diffusion-coefficient field into the species-transport equation
to be tested simultaneously. The simulation parameters used
for the verification are listed in Table 2. The diffusion-
coefficient correlations adopted in this verification case were
intentionally prescribed test functions and are independent of
the MD-derived correlations used in the subsequent physical
simulations.

Two calculations were performed using identical geometry,
initial conditions, boundary conditions, and fluid properties.
In the first case, the diffusion coefficients corresponding to
each pore region were directly prescribed according to the
test correlations listed in Table 2. In the second case, only
the MineralType and PoreRadius fields were supplied, and
the modified solver dynamically evaluated the local diffusion
coefficient using the same correlations. Therefore, the directly
prescribed case provides a numerical reference for assessing
whether the newly implemented pore-based diffusion proce-
dure reproduces the intended diffusion-coefficient field and
species-transport solution.

To verify the numerical implementation of the pore-based
diffusion model, the results obtained using dynamically eval-
uated diffusion coefficients were compared with those from
a prescribed-coefficient case under identical computational
conditions. The concentration profiles from the two cases are
presented in Fig. 6(b). The two results are nearly coincident
over the entire sampling line, including regions adjacent to
the interfaces between different pore types and pore radii.
This agreement confirms that the modified solver correctly
reads the pore-property fields, evaluates the local diffusion
coefficient according to the prescribed D(R) relationships, and
incorporates the spatially varying diffusion coefficient into the
species-transport equation without introducing implementation
errors. It should be emphasized that this comparison serves as
an implementation verification rather than a physical validation
of the diffusion-coefficient correlations themselves. The phys-
ical basis of the diffusion-coefficient model was established
separately through the MD simulations described in Section
2.2.

2.4 Simulation settings

Based on the shale multi-mineral nanoporous models
constructed in Section 2.1, the equivalent fluid properties
described in Section 2.2, and the modified numerical solver
presented in Section 2.3, a series of pore-scale simulations
were performed to investigate the transport behavior of shale
oil components under nanoscale confinement. The porous-me-
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Fig. 6. Verification of the pore-based diffusion model: (a) Verification geometry and (b) concentration profiles obtained using

prescribed and dynamically evaluated diffusion coefficients.
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Fig. 7. Schematic illustration of selected simulation setups.

dium models were discretized using the snappyHexMesh utility
in OpenFOAM, and the species-transport equation was solved
using the modified interTransportFoam solver incorporating
the proposed pore-based diffusion-coefficient model. The fluid
system was treated as the single-phase multicomponent liquid
described in Section 2.2, with an equivalent density of 700
kg/m? and a dynamic viscosity of 0.312 mPa-s. N-octane
(CgHg) was used as the representative transported component.
The diffusion-coefficient correlations correspond to the fixed
thermodynamic condition of 383 K and 30 MPa.

As illustrated in Fig. 7, the two ends of the fracture
were defined as the inlet and outlet boundaries. The porous
medium was connected to the external domain only through
the fracture and had no direct connection with either the
inlet or the outlet boundaries. Pressure boundary conditions
were applied at both inlet and outlet, with a pressure gradient
(AP) = 0.1 MPa/m. To simulate the diffusion of shale oil
components from the porous matrix toward the fracture, the
inlet concentration (Cj,.;) and the initial concentration in the
fracture region (Cj; y) were both set to 557.7 mol/m?, while
the initial concentration in the porous medium region (Ci;,p)
was set to 5577 mol/m>. These values represent the molar
concentration of CgHjg as a component of the same single-
phase liquid mixture, rather than the molar density of pure n-
octane in different phase states. To represent a CgH;g-depleted
fracture liquid and to establish the initial matrix-fracture con-

centration difference, the fracture concentration was prescribed
as 10% of the matrix concentration. No gas phase, vapor-liquid
equilibrium, evaporation, or phase transition was considered in
the present model. Therefore, the simulated process represents
CgHg transport within a single liquid phase rather than the
diffusion of liquid n-octane into a gaseous n-octane phase.
Zero-gradient boundary conditions were imposed for velocity
at both inlet and outlet. The simulation results were output
every 1 x 1073 s, and the total simulation time was 5 x 10~%
S.

On the basis of the above simulation setup, the numerical
experiments summarized in Table 3 were conducted to sys-
tematically investigate the effects of the pore-based diffusion
model, pore radius, and TOC on the diffusion behavior of
shale oil components in shale nanoporous media. By varying
one factor and keeping the others unchanged, the individual
influence of each parameter on the diffusion process could be
isolated and quantitatively evaluated.

3. Result and discussion

3.1 Effect of the pore-based diffusion model

To evaluate the influence of nanoscale confinement on
component transport, the results obtained using the pore-based
diffusion model were compared with those of the correspond-
ing uniform-diffusion reference case. In the pore-based model,
the local diffusion coefficient was dynamically determined
according to the pore radius and pore type, whereas a spatially
uniform diffusion coefficient was employed in the reference
case.

To quantify the influence of the pore-based diffusion model
on matrix-fracture mass transfer, the temporal evolution of the
average n-octane concentration in the porous-medium region
was analyzed, as shown in Fig. 8(a). It can be seen that the
average concentration obtained with the pore-based diffusion
(Cp-¢) model remains consistently higher than that of the
uniform-diffusion (C,,;) case, indicating slower depletion of
n-octane from the nanoporous matrix. As shown in Fig. 8(b),
the concentration difference between the two cases increases
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Table 3. Nano-porous media models selected for different research targets.

Research targets Model used

Additional operation

Model B-T0-Uni-PoreRadius
Model B-T20

Effect of pore-based
diffusion model

Effect of Pore Radius

Model B-T0; Model B-T10; Model B-T20

Effect of TOC Model B-T30; Model B-T40

Model B-T20-Uni-PoreRadius

In Section 3.1, Model B-TO is modified by uniformly
assigning the poreRadius field to 61.875 nm,
generating Model B-T0-Uni-PoreRadius

Model A-TO; Model B-T0; Model C-TO /

In Section 3.3, Model B-T20 is modified by
uniformly assigning the poreRadius field to 9.328
nm, generating Model B-T20-Uni-PoreRadius

(a) 6000

3500 D

5000+

4000

C/ mol/m?
(0%)
(e}
(e}
ot

2000+

1000+

T T T T

0 1 2 3 4 5
T/10%s

(b) 50

N
o
1

(8]
(e
I

[\
(=]
1

CopCoi/ mol/m’

—
[«
|

[«
|

0 1 2 3 4 5
T/10%s

Fig. 8. Influence of the pore-based diffusion model on n-octane transport: (a) Temporal evolution of average concentration and

(b) concentration difference.

rapidly during the early stage of transport, reaches a maximum
of approximately 46.2 mol/m? at time T ~ 4.0 x 107> s, and
subsequently decreases as the matrix-fracture concentration
gradient weakens. At 7 = 5.0 x 107 s, the average concen-
trations are approximately 1,209.9 and 1,198.2 mol/m? for the
pore-based and uniform-diffusion cases, respectively. These
results indicate that nanoscale confinement primarily affects
the transient matrix-fracture mass-transfer rate and leads to a
greater retention of n-octane within the nanoporous matrix.

In addition to the average concentration in the porous
media region, the coefficient of variation of concentration
(€) was further employed to characterize the uniformity of
the concentration distribution, and its calculation is given as
(Pélabon et al., 2020):

n—lgi(cl )
b= | ———— 21

n
Y
i=1

where & represents the coefficient of variation of concen-
tration; c; represents the n-octane concentration at the i
grid point in the porous media region; ¢ denotes the average
n-octane concentration in the porous media region; and n

represents the total number of grid points in the porous
media region. Although the & decreased continuously as the
concentration field evolved, it remained higher in the pore-
based diffusion case than in the uniform-diffusion case. The
maximum relative difference in & was approximately 5.83% at
T ~7.0x 1075 s. At the end of the simulation, the & values
were 0.06134 and 0.05920 for the pore-based and uniform-
diffusion cases, respectively, corresponding to a relative dif-
ference of approximately 3.61%. This indicates that the spatial
variation in diffusivity caused by differences in pore radius
and pore type produces a moderately more heterogeneous
concentration distribution, even though the overall concentra-
tion fields gradually approach similar late-stage distributions.
That is, smaller and organic pores exhibit relatively lower
diffusivities and therefore retain n-octane for longer periods
than larger or inorganic pores.

The relative importance of advective and diffusive transport
was further evaluated using the Péclet number according
to Eq. (1). Using a representative diffusion coefficient of
3.5 x 1072 m?/s, the maximum velocity in the fracture region
(approximately 5.6 x 1077 m/s) and its characteristic length
(approximately 1.7 pum) yielded Pe =~ 2.7 x 10~4. More im-
portantly, the maximum velocity within the porous-medium
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Fig. 9. Temporal evolution of rate of change of the average
n-octane concentration in the porous-medium region.

region was only approximately 3.2 x 10~° m/s. Using a char-
acteristic matrix length of 1.0 pum yielded Pe ~ 9.1 x 1077,
Both values are far below unity, particularly within the
nanoporous matrix, demonstrating that component transport
under the present conditions was strongly diffusion dominated.
Therefore, the differences observed between the two diffusion
models are primarily associated with the modification of
molecular diffusivity by nanoscale confinement rather than
with advective transport.

To further evaluate the temporal evolution of the mass-
transfer process, the rate of change in the average n-octane
concentration in the porous-medium region was calculated
by dC/dt, where C represents the volume-averaged n-octane
concentration in the porous-medium region. As shown in
Fig. 9, dC/dr is strongly negative during the initial stage
because of the large matrix-fracture concentration gradient.
Its magnitude decreases rapidly with time and gradually
approaches zero as the concentration gradient weakens. By
T =5x10"* s, the concentration-change rate has decreased
substantially compared with its initial value, indicating that
the system has entered a late-stage quasi-steady depletion
regime. Although complete concentration equilibrium has not
yet been reached, the small concentration change rate indicates
that further concentration variation becomes limited over the
investigated time scale.

Overall, the results demonstrate that nanoscale confinement
primarily suppresses the transient diffusive transfer of n-octane
from the nanoporous matrix to the fracture. The spatially vary-
ing diffusion coefficient not only slows the overall depletion of
the matrix but also produces a moderately more heterogeneous
concentration distribution, as reflected by the higher £. As the
concentration gradient decreases, the difference between the
pore-based and uniform-diffusion cases gradually diminishes
and the concentration-change rate approaches zero.

3.2 Effect of pore radius

The influence of pore radius on component diffusion was
investigated using Models A, B and C, which have similar
porosities but different average pore radii. All pores were
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assigned as inorganic pores to minimize the influence of pore-
type differences.

To examine how pore size affects the local propagation of
the concentration front near the fracture, the spatial evolution
of n-octane concentration was analyzed. Fig. 10 illustrates the
local concentration evolution near the fracture. An isocon-
centration contour of C = 2,000 mol/m® was used to trace
the concentration front. This value was selected because the
concentration in pores near the fracture decreases rapidly from
the initial value of 5,577 mol/m3, and the 2,000 mol/m3
contour provides a clear indicator of front propagation under
the present simulation conditions. It should be emphasized that
this contour was used only as a visualization criterion and does
not represent a physical phase boundary. The concentration
front propagates faster in larger pores and is increasingly
retarded with the pore radius decreasing, consistent with
the pore-radius-dependent diffusion coefficient established in
Section 2.2.

To further quantify the influence of pore radius on matrix-
fracture transport, the average n-octane concentration was
compared among models with different pore sizes. Fig. 11(a)
further shows that the average n-octane concentration de-
creases more slowly as the average pore radius decreases,
indicating stronger component retention within smaller-pore
structures. Taking Model A-—with the largest average pore
radius—as the reference (C4), Fig. 11(b) reveals that the con-
centration difference increases from Model B to Model C
(C). These results demonstrate that decreasing pore radius
reduces the overall diffusion capacity of the porous medium
and suppresses matrix-fracture component transport.

3.3 Effect of TOC

In Section 3.3, the PoreRadius field in the porous-medium
region of Model B-T20 was uniformly assigned a value
of 9.328 nm, corresponding to the average pore radius of
Model B, thereby constructing Model B-T20-Uni-PoreRadius.
By eliminating the influence of pore radius, the observed
differences in diffusion behavior can be attributed solely to
variations in the pore mineral type.

To evaluate the influence of pore type on local diffusion
behavior, the concentration evolution in representative organic
and inorganic pores near the fracture was compared. Fig. 12
presents the local concentration evolution in representative
organic and inorganic pores near the fracture. Similar to
Section 3.2, the C = 2,000 mol/m> isoconcentration contour
was used to trace the propagation of the concentration front.
This contour serves only as a visualization criterion and
does not represent a physical phase boundary. Under the
same pore-radius condition, the concentration front propagates
more slowly in organic pores than in inorganic pores, indi-
cating stronger confinement of n-octane transport in organic
nanopores. This behavior is consistent with the MD-derived
diffusion correlations in Section 2.2, which give lower n-
octane diffusivities in Type I-A kerogen pores than in quartz
pores under identical pore-size and thermodynamic conditions.

The local difference between organic and inorganic pores is
further reflected in the overall transport behavior at different
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Fig. 10. Local concentration evolution near the fracture for models with different pore radii: Distribution of (a) pore radius

and (b) concentration.
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Fig. 11. Effect of pore radius on n-octane transport: (a) Temporal evolution of average concentration in different models and

(b) concentration difference between different models.

TOC values. As shown in Fig. 13(a), the average n-octane
concentration in the porous-medium region increases system-
atically with increasing TOC, indicating progressively slower
depletion of the matrix. Taking BO as the reference (Crg), Fig.
13(b) further shows that the concentration difference generally
increases with TOC (C;). At the end of the simulation, the
average concentrations for BO, B10, B20, B30, and B40 are
approximately 1,200.4, 1,203.2, 1,209.9, 1,210.5, and 1,223.4
mol/m3, respectively. The increasing proportion of organic
pores therefore reduces the effective diffusion capacity of the
porous medium and enhances component retention within the
matrix.

Overall, these results indicate that pore-wall properties and
TOC influence matrix-fracture component transport via mod-
ifying the spatial distribution of local diffusivity. Increasing
TOC elevates the proportion of low-diffusivity organic pores
and consequently suppresses the release of n-octane from the
nanoporous matrix.

4. Conclusions

In this study, a pore-based diffusion model was developed
to incorporate molecular-scale confinement effects into pore-
scale simulations of shale oil component transport. Using MD-
derived relationships for n-octane in quartz and Type I-A
kerogen nanopores at 383 K and 30 MPa, the local diffusion
coefficient was formulated as a function of pore radius and
pore type. The modified OpenFOAM solver was verified
against an analytical diffusion solution, and the numerical
implementation of the pore-based diffusion procedure was
independently verified.

The results showed that nanoscale confinement suppresses
matrix-fracture component transport by reducing local molecu-
lar diffusivity. Compared with the uniform-diffusion reference
case, the pore-based model produced a maximum average-
concentration difference of approximately 46.2 mol/m’® and
approximately 1.83% greater excess residual component re-
tention at 5 x 10™* s. The maximum relative difference in
the concentration coefficient of variation was approximately
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Fig. 12. Local concentration evolution in representative organic and inorganic pores near the fracture: Distribution of (a) pore

type and (b) concentration.

(a) 6000
2450 TOC = 0%
> —— TOC = 10%
50004 M‘% —— TOC = 20%
N —— TOC =30%
© —— TOC = 40%
«_ 4000

T4
T/10%s o

C/ mol/m
W
(e
S
S

C/ mol/m?

.........

2000+

........

1000+

(b)120 —— TOC = 0%

—— TOC = 10%

100 - —— TOC =20%

—— TOC =30%

—+— TOC = 40%
o 80A
£
°
g 60+
=
Q 40+
U’\
20+
()A

0 1 2 3 4 5

T/10%s

Fig. 13. Effect of TOC on n-octane transport: (a) Temporal evolution of average concentration in different TOC models and

(b) concentration difference between different TOC models.

5.83%, indicating moderately enhanced spatial heterogeneity.
Péclet-number analysis further confirmed that transport within
the nanoporous matrix was strongly dominated by diffusion.
Decreasing pore radius reduced the overall diffusion capacity,
while organic pores exhibited lower n-octane diffusivities
than inorganic pores under identical conditions. Consequently,
increasing TOC from 0% to 40% raised the final excess
residual component retention by approximately 3.58%.

The proposed model considers a single-phase multicompo-
nent liquid system with n-octane as the representative trans-
ported component. Therein, compressibility, multicomponent
cross-diffusion, and phase behavior are not explicitly consid-
ered, and the present diffusion correlations are specific to
383 K and 30 MPa. Future work should extend the frame-
work to more complex thermodynamic and multicomponent
conditions. Overall, the proposed model provides a practical
molecular-to-pore-scale framework for representing spatially
heterogeneous diffusivity and evaluating shale oil component

retention under nanoscale confinement.
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