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Multiphase flow in low permeability porous media is involved in numerous energy and environmental
applications. However, a complete description of this process is challenging due to the limited modeling
scale and the effects of complex pore structures and wettability. To address this issue, based on the
digital rock of low permeability sandstone, a direct numerical simulation is performed considering the
interphase drag and boundary slip to clarify the microscopic water-oil displacement process. In addition,
a dual-porosity pore network model (PNM) is constructed to obtain the water-oil relative permeability of
the sample. The displacement efficiency as a recovery process is assessed under different wetting and
pore structure properties. Results show that microscopic displacement mechanisms explain the corre-
sponding macroscopic relative permeability. The injected water breaks through the outlet earlier with a
large mass flow, while thick oil films exist in rough hydrophobic surfaces and poorly connected pores.
The variation of water-oil relative permeability is significant, and residual oil saturation is high in the oil-
wet system. The flooding is extensive, and the residual oil is trapped in complex pore networks for
hydrophilic pore surfaces; thus, water relative permeability is lower in the water-wet system. While the
displacement efficiency is the worst in mixed-wetting systems for poor water connectivity. Micropo-
rosity negatively correlates with invading oil volume fraction due to strong capillary resistance, and a
large microporosity corresponds to low residual oil saturation. This work provides insights into the
water-oil flow from different modeling perspectives and helps to optimize the development plan for
enhanced recovery.
� 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Multiphase flow is a common scenario in underground
permeable rocks (Zhao et al., 2016; Mascini et al., 2021), which
plays an essential role in efficient development of the hydrocarbon
resources (Hao et al., 2022), geological storage of carbon dioxide
and hydrogen (Hashemi et al., 2021; Zheng et al., 2022), and water
infiltration into the soil (Xu et al., 2021a). With depletion of the
conventional oil resources in the world, it is necessary to investi-
gate thewater-oil flow in low and ultra-low permeability reservoirs
to enhance recovery. Reasonable predictive modeling of this pro-
cess requires a full understanding of displacement mechanisms,
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).
such as macroscopic water-oil relative permeability of samples and
microscopic residual oil distribution (Cui et al., 2021; Wang and
Sun, 2021; Liu et al., 2022a). However, low permeability reser-
voirs have complex pore-throat systems and rough surfaces, which
increase the difficulty of predicting water-oil occurrence and
migrationmechanisms (Qiao et al., 2022). In addition, the affinity of
the solid to fluids (i.e. wettability) and water-oil interactions
further affect the flow characteristics (Cai et al., 2021; Bashir et al.,
2022). Although great progress has beenmade in single-phase flow,
complex pore structures and wettability continue to challenge the
complete description of the water-oil transport process.

Digital rock modeling based on micro-computed tomography
(micro-CT) images provides a powerful approach to understanding
fluid transport processes (Lin et al., 2021a, 2021b). Compared with
experiments using rock samples and microfluidics, this method is
time-saving and low-cost (McClure et al., 2021). More importantly,
it quantitatively and visually describes actual pore geometry and
reasonably resolves complex flow mechanisms (Chen et al., 2021;
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Qin et al., 2022). Lattice Boltzmann (LB) and computational fluid
dynamics (CFD) methods are commonly used in fluid flow
modeling (Carrillo et al., 2022; Liu et al., 2022b; Yan et al., 2022). LB
methods are based on the particle algorithm, which solves the
discontinuous fluid flow at a more microscopic scale (Zhang et al.,
2022a; Wang et al., 2023). Nevertheless, it is difficult to deal with
fluids with high viscosity and density ratios. In contrast, CFD
methods coupled with interface detection techniques solve fluid
flows on meshed models based on the Stokes equation. It assumes
that the fluids are continuous and can handle fluids with large
density and viscosity ratios (Ambekar et al., 2021; Wang et al.,
2021). Commonly used interface detection methods include vol-
ume of fluid (VOF), level set, and phase field. A detailed explanation
of above-mentioned methods was given in the research of Basirat
et al. (2017).

Therefore, the reconstructed three-dimensional (3D) pore sys-
tem can be used as a geometric model for direct numerical simu-
lation (DNS) of fluid flow. Wang et al. (2022) introduced the Stokes
equation and Arbitrary Lagrange-Euler algorithm to simulate the
dynamic flow process of water in complex pore spaces and
explained the effect of microscopic pore geometry on transport. For
multiphase flow, Hu et al. (2018) conducted immiscible displace-
ment with OpenFOAM and investigated the competing effects of
wettability and flow rate on invasion processes. Zhao et al. (2019)
compared the classical phase field, VOF, and LB multiphase flow
simulation results with microfluidic experiments. They concluded
that the 3D simulation methods could capture the thin trailing and
corner films, but their computation is challenging. Yang et al. (2021)
used the VOFmethod considering wettability and capillary number
to simulate the water-oil displacement process and analyze the
residual oil distribution. These DNS methods revealed microscopic
displacement mechanisms under different contact angles and
interfacial tensions. While flow mechanisms in low permeability
rocks with narrow pore throat structures are complex, the
boundary slip and fluid-fluid interactions should be further
considered at such a microscopic scale. Moreover, DNS methods to
explain microscopic flow mechanisms are limited by computation
and cannot characterize the macroscopic properties of samples, i.e.
capillary pressure and relative permeability.

In recent years, upscaled permeability modeling has attracted
much attention due to its representative simulation results. The
pore network model (PNM) simplifies the actual pore system and
preserves the real pore topology (Yang et al., 2019; Zhang et al.,
2020; Zhao et al., 2020). Thus, multiphase flow simulations using
PNM significantly reduce the computation (Qin et al., 2021; Zhang
et al., 2022b). Furthermore, the predicted relative permeability is
meaningful when the model size is larger than the representative
elementary volume (REV) (Liu and Wang, 2022). Gharbi and Blunt
(2012) constructed a PNM based on CT images of carbonatite to
carry out quasi-static displacement. They further explored the ef-
fects of wettability and pore connectivity on the water-oil relative
permeability. However, the sub-resolution pores are widely
distributed in low permeability rocks and are difficult to identify
due to the limited resolution of CT (Shan et al., 2022). This signif-
icantly affects the drainage and water flooding process. Xu et al.
(2021b) constructed a multi-scale PNM considering micropores to
analyze the effect of micro-links on flow properties. Based on this,
the drainage behavior of tight sandstone was evaluated. Besides,
deep learning can also be used to predict upscaled permeability,
Siavashi et al. (2022) combined a convolutional neural network and
continuous-scale simulator to carry out upscaled relative perme-
ability simulation based on the PNM simulation data and obtained
satisfactory results. Despite that rapid progress has been made in
upscaled permeability modeling, current PNM-based multiphase
flows are mostly quasi-static displacement and simplify the
complex microscopic flowmechanisms. The microscopic scenarios,
e.g. fingering and residual fluid distribution, cannot be reasonably
explained.

Different modeling perspectives can perhaps complement each
other to comprehensively describe the water-oil flow in low
permeability rocks. This work introduces microscopic and macro-
scopic models for water-oil flow according to REV analysis. Next, a
free surface model considering the interphase drag and boundary
slip is developed to visualize the microscopic dynamic water
flooding process, and a dual porosity PNM is constructed consid-
ering the resolution pores and micropores to obtain the macro-
scopic relative permeability of the sample. Finally, the effects of
wettability and pore structure properties (i.e. micropores and pore-
throats) on water-oil flow are analyzed for enhanced oil recovery.

2. Digital rock construction

2.1. CT experiment and image processing

The sandstone sample with a permeability of 1.48 mD from the
Dagang Oilfield in Tianjin, China was used for the micro-CT
experiment through a Zeiss 500 high-resolution scanner. The
sample was first polished and fixed on the stage. Then X-rays were
emitted from the radiation source to capture the internal infor-
mation of the sample, and the information was converted on the
detector during scanning (see Fig. 1a). As a result, a total of 1001
two-dimensional (2D) slices with a resolution of 4.7 mm were ob-
tained. It is found that the gray value of the images decreases
gradually outward along the sample radius, which leads to the dark
image edges (see Fig. 1b). To solve this problem, beam hardening
correction was performed before reconstruction. The rotation axis
was defined to determine the radial gray distribution of the image,
and Gaussian filtering was introduced to smooth the image and
normalize it. All the intensities will be divided by this smoothed
profile to give a more or less radial averaging. The axial gray value
distribution of the processed image was uniform. Moreover, to
optimize the image memory and preserve grayscale details, the
original 16-bit images were converted to 8-bit, and the grayscale
values are distributed between 0 and 255.

Seven hundred images were selected from the intermediate
region of the sample and cropped to the size of 7003 voxels for
subsequent analysis. The median filter algorithm was applied to
eliminating the influence of randomly distributed noise in images
on the reconstruction (see Fig. 1c). Unfortunately, a majority of
micropores cannot be observed bymicro-CT due to the limitation of
resolution. These micropores are generally distributed around the
pore spaces and exist in low-density minerals, e.g. clay. Their gray
values are slightly higher than that of the pore bodies. In particular,
micropores enhance connectivity and have an important impact on
water-oil displacement behavior. A developed top-hat segmenta-
tion method was used to combine interactive thresholding to
segment grayscale images into three phases: resolution pores, mi-
cropores, and skeleton (see Fig. 1d). The top-hat segmentation
method extracts target structures according to the image bright-
ness, which can reasonably identify tiny pore-fracture structures.
However, it is not suitable for large pore-fractures. In contrast, the
interactive threshold method is based on the gray value, which
accurately identifies large pores and makes up for this defect. Thus,
the resolution pores were first conservatively extracted using
interactive thresholding, and then superimposed using top-hat
segmentation to add tiny pore-fractures. In addition, the skeleton
was extracted using interactive thresholding, and the undefined
parts of the images were defined as micropores. To ensure the ac-
curacy of reconstruction, the porosity of the reconstructed model
was compared with the mercury injection porosity (Idowu et al.,



Fig. 1. Image processing and reconstruction process: (a) Principle of micro-CT experiment; (b) Beam hardening; (c) System noise of the images; (d) Image segmentation; (e)
Reconstruction accuracy verified by mercury injection porosity; and (f) Three-phase reconstruction of resolution pores, micropores, and skeleton.

X. Qin et al. / Journal of Rock Mechanics and Geotechnical Engineering 16 (2024) 1127e1139 1129
2015). The mercury injection porosity of the sample is 13.71%, and
the porosity within the certain pore diameter range is 9.32%, which
basically corresponds to the reconstruction results (see Fig. 1e). In
this way, the digital rock was established for subsequent modeling
(see Fig. 1f).
2.2. Model reconstruction based on REV analysis

It is known that the pore system of cropped models is similar
and can be used to represent the physical properties of the scanned
sample when the model size is larger than the REV. However, the
pore system of cropped models differs significantly and reflects
pore heterogeneity when the model size is smaller than the REV.
Therefore, REV analysis was performed on the scanned sample
using resolution porosity (see Fig. 2a). It shows that the porosity
between the models is significantly different when the size is less
than 2603 voxels. In contrast, the difference between the models is
smaller when the model size is larger than 2603 voxels. Thus, the
porosity-based REV of the sample is 2603 voxels. Models larger than
the REV (i.e. 2603 voxels) are defined as macroscopic models, which
represents the properties of the scanned sample. However, the
heterogeneous pore system will be simplified in numerical
modeling due to the large model size, and this ignores some
microscopic displacement behaviors (Chen et al., 2022). In this case,
Fig. 2. Construction of microscopic and macroscopic models: (a) Porosi
models smaller than the REV are defined as microscopic models.
The complex pore system and microscopic flow mechanisms are
fully considered in subsequent modeling due to the smaller model
size. This complements the transport behaviors that cannot be
revealed bymacroscopic models. Fig. 2b illustrates the construction
of microscopic and macroscopic models of the scanned sample.
3. Modeling of water-oil flow

The microscopic modeling visualizes the dynamic water-oil
displacement process and displays the water-oil distribution in
pore-throat networks. For the macroscopic, relative permeability
describes the averaged water-oil flow behavior of scanned samples
and is universally used in large-scale flow predictions. More
importantly, the observed microscopic wetting and displacement
mechanisms may seriously affect the macroscopic relative perme-
ability performance.
3.1. Free surface model for microscopic dynamic water-oil flow

A free surface model within the Eulerian-Eulerian two-phase
flow model for immiscible continuous fluid is introduced to
simulate the microscopic dynamic water flooding process.
Compared with other Eulerian-Eulerian methods (VOF andmixture
ty-based REV analysis, and (b) Construction process of the models.
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models), it simulates multiphase flowwith a complex interface and
solves the velocity field and volume fraction of each fluid. There-
fore, this method reasonablymodels the boundary slip of fluids and
the entrainment of non-wetting fluids within wetting fluids. While
the amount of computation is severely limited due to the complex
mechanisms considered in the simulation.

As displayed in Fig. 3a, the model size was determined as
100 � 100 � 120 voxels since the large-scale model is computa-
tionally expensive. The pore geometry was meshed to generate
high quality grids with the maximum cell size of 9.4 mm. The model
contains 120,548 points, 861,411 triangles, and 375,312 tetras (see
Fig. 3b). The initial pore system was saturated with oil. The
wettability was defined using contact angles, and the contact an-
gles under water-wet and oil-wet conditions were defined as 40�

and 110�, respectively (see Fig. 3c). The boundary slip was consid-
ered in the simulation; i.e. thewall in contact with thewetting fluid
was defined as no slip wall due to the affinity of pore surfaces, and
the wall in contact with the non-wetting fluid was free slip wall.
The viscosity of water and oil was set to 0.001 Pa s and 0.019 Pa s (Ju
et al., 2020). A fixed pressure gradient of 60 kPa was set between
the inlet and outlet. The simulation was completed on the ANSYS
platform. The following are the principles involved in multiphase
flow modeling.
3.1.1. Hydrodynamic equations
The inhomogeneous multiphase flow contains momentum,

continuity, and volume conservation equations. The momentum
equation for the water-oil flow in pore spaces is

v

vt
ð4araUaÞþV½4aðUa5UaÞ� ¼ �4aVpþV

h
4ama

�
VUaþVUT

a

�i

þ
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�
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abUb�Gþ

abUa

�
þSaþMa
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where 4a is the volume fraction of phase a; ra and ma are the density
and viscosity of phase a, respectively; t is the computation time; Sa
is the momentum source; Ma is the interfacial forces acting on
phase a; T is the thermodynamic temperature; Ua and Ub are the
vector velocity of phase a and phase b, respectively; p is the fluid
pressure; N is the total number of phases; Gab

þ is the positive mass
flow rate per unit volume from phase a to phase b; and V is the
vector operator.

The fluid flow in pore spaces also satisfies the continuity equa-
tion as
Fig. 3. Microscopic modeling of water flooding: (a) Reconstructed pore geometry; (b) Me
equilibrium.
v
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where Ssa is the specifiedmass source, and Gab is the mass flow rate
per unit volume from phase a to phase b.

The sum of the volume fractions is 1 (see Eq. (3)), and combine
with Eq. (2), divided by phasic density, and sum over all phases to
obtain the transported volume conservation equation (see Eq. (4)).
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3.1.2. Fluid-fluid interactions
The surface tension force was modeled as a volume force on the

water-oil interface through a continuum surface force model pro-
posed by Brackbill et al. (1992). Fig. 3c is the water-oil interface.
Water is defined as primary fluid a, and oil is defined as secondary
fluid b, then the surface tension force Fab given by the continuum
surface force model is

Fab ¼ f abdab (5)

f ab ¼ g
�
Vs � kabnab

�
(6)

where g is the interfacial tension, fab is the net surface force on the
element, dab is the interface delta function, nab is the interface
normal vector, Vs is the gradient operator on the interface, and kab
is the surface curvature defined by

kab ¼ Vnab (7)

Wall adhesion was considered using a contact angle for the
interface between water-oil intersecting a wall. The interface
normal vector used for calculating both curvature and the surface
tension force must satisfy the wall contact angle. The interfacial
transfer was modeled using a mixture model, which is an algebraic
prescription for the interfacial area density. The mixture model
treats both phases a and b symmetrically. The surface area Aab per
unit volume is
shed model; and (c) Water-oil distribution in the water-wet and oil-wet capillary at
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Aab ¼ 4a4b

dab
(8)

where dab is the interfacial length scale.
A non-dimensional drag coefficient CD was defined to describe

the interphase movement transfer:

Dab ¼ CDrabAab

��Ub �Ua

���Ub �Ua
�

(9)

where Dab is the total drag exerted by phase a on phase b per unit
volume, and rab is the mixture density.
3.2. Dual-porosity PNM for macroscopic water-oil relative
permeability

The PNM was constructed to obtain macroscopic properties of
the sample (i.e. relative permeability and capillary pressure), and
the dynamic displacement process was ignored. To obtain repre-
sentative simulation results, the model size was determined to be
6003 voxels, corresponding to the actual size of 2.82 mm3. There-
fore, a quasi-static method was chosen to simulate water-oil rela-
tive permeability, which assumes that capillary forces dominate the
fluid flow, and the capillary number is less than 10�4. Resolution
and sub-resolution pores (i.e. micropores) compose the model
porosity. The influence of micropores on water-oil flow was
considered by setting the microporosity of the micropore phase.
Thewettability of the pore-throat systemwas defined using the oil-
wet pores fraction, including water-wet (i.e. 0), oil-wet (i.e. 1), and
mixed-wet (i.e. greater than 0 and less than 1).
3.2.1. PNM extraction
A grain-based approach was used to extract pore skeleton lines.

Grains are expanded along the center of pore spaces based on a 3D
dilation algorithm, and different grains would contact in the pore
space to form skeleton lines. Nodes on the skeleton lines represent
pore centers, connections between nodes represent throats, and
the number of connections is the coordination number. Fig. 4a il-
lustrates the equivalent pore-throat structures. The maximum in-
ternal contact radius of the pore space is defined as the pore radius,
and the minimum internal contact radius between two pores is
defined as the throat radius. Considering the complex pore-throat
shapes, the wetting phase may be trapped in corners during
Fig. 4. Description of water-oil flow in PNM: (a) Simplified pore-throat str
displacement, resulting in altered wettability. Thus, the pore-throat
shape is described using a cross-section shape factor G given by

G ¼ A/P2 (10)

where A is the pore-throat cross-sectional area, and P is the
perimeter of the cross-section. The maximum shape factor value is
0.5, corresponding to a circle. The shape factor of an equilateral
triangle is 0.481, and the smaller the shape factor, the more com-
plex the shape.

3.2.2. Fluid flow in quasi-static PNM
Fig. 4b displays the generated PNM. The water-oil flow in the

PNM is divided into two stages: drainage and water flooding. As
shown in Fig. 4c, the initial pore-throat system is water-saturated
and water-wet. Oil invades the pore network under the threshold
capillary pressure (see Eq. (11)). During which, the water film on
pore-throat surfaces prevents the oil from contacting the wall. The
pore-throat system remains water-wet for the active molecules in
the oil cannot contact pore-throat surfaces when the invading
capillary pressure is less than the threshold capillary pressure for
water film rupture. When the invading capillary pressure is greater
than the threshold capillary pressure, the water film breaks, the oil
contacts the wall, and the pore-throat system changes fromwater-
wet to oil-wet. The pore corners may remain water-wet due to the
thick water film. Therefore, the pore-throat system may present
three wetting states after drainage, i.e. water-wet, mixed-wet, and
oil-wet. Thewater flooding mechanisms are complicated due to the
altered wettability, and water first invades water-wet pore-throat
structures during flooding. The mechanisms of water flooding are
divided into three types: piston type, pore body filling, and snap-
off. The following briefly introduces the principle of PNM for
water-oil flow. Detailed information can be found in the publica-
tions of Øren et al. (1998) and Hu et al. (2020).

The threshold capillary pressure Pc for primary drainage is
determined by pore shape and contact angle (Øren et al., 1998) as

Pc ¼
g
�
1þ 2

ffiffiffiffiffiffiffi
pG

p �
cos q

r
Fðq;GÞ (11)

where r is the maximum inscribed circle radius of the pore or
throat, q is the contact angle, and function F is related to the contact
angle and shape factor.
ucture; (b) Constructed PNM; and (c) Water-oil displacement process.
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The capillary pressure for pore body filling is controlled by the
maximum curvature radius, which is determined by the number of
oil-filled throats. If there is only one oil-filled throat (i.e. I1 event),
the pore filling process is similar to piston type invasion. For the
remaining pore-filling events (i.e. I2eIn), the threshold capillary
pressures are more complex. The model used is similar to a para-
metric model presented by Blunt (1997):

Rn ¼ 1
cos q

 
rp þ

Xn
i¼1

birixi

!
(12)

where Rn is the mean radius of curvature for filling by an In event, rp
is the pore body radius, bi is the input parameters, ri is the radius of
the oil filled throat i, and xi is random numbers between zero and
one.

The flow mode in the pore-throat system is laminar, and the
flow rate q of each fluid phase between pores a and b is

q ¼ g
L
ðpa �pbÞ (13)

where L and g are the distance and effective conductance between
pores a and b, and pa and pb are the phase potential.

The fluids are incompressible at each pore body; thus, the fluid
flow rate of every pore i follows the mass conservation:X
j

qij ¼ 0 (14)

where j includes all the throats connected to the pore i, and qij is the
flow rate of the pore i contributed by throat j.

In this model, the densities of water and oil are 1000 kg/m3 and
800 kg/m3, respectively. Thewater-oil interfacial tension is 0.048 N/
m. The contact angles of the water-wet and oil-wet pore-throat
surfaces range from 40� to 60� and 110�e130�. The fluid parameters
of each phase including saturation, flow rate, and capillary pres-
sure, were recorded at different stages of displacement, and the
absolute and relative permeability values were obtained by Darcy’s
law.
4. Results and discussion

4.1. Pore structure properties

The resolution pores, micropores, and skeleton structures of the
microscopic and macroscopic models of the scanned sample were
obtained by image processing technique. The corresponding PNMs
were constructed to obtain pore-throat size distribution, including
twomicroscopic models with the sizes of 1003 and 2003 voxels, and
a macroscopic model with a size of 6003 voxels. The parameters are
shown in Table 1, indicating that the pore system of the 1003 voxel
model is significantly different from that of the 2003 and 6003 voxel
models due to its large porosity, pore-throat size, as well as the
strong pore connectivity. In contrast, the porosity and pore-throat
size of the 2003 and 6003 voxel models are similar because their
Table 1
Parameters of different models with microporosity of 0.5.

Model
size
(voxels)

Total
porosity

Micro
porosity

Percolating
porosity

Mean pore
radius
(mm)

Mean
throat
radius (mm)

Mean
coordination
number

1003 0.1127 0.0059 0.0925 10.0269 7.2741 2.1507
2003 0.0981 0.0062 0.0686 8.3228 6.5987 1.623
6003 0.0897 0.0059 0.0705 8.4525 6.6638 1.7006
dimensions are close to or greater than REV. Figs. 5 and 6 display
the structures and pore-throat size distribution of the 2003 and
6003 voxel models. Micropores are mainly distributed around the
pore space and even connect to the adjacent pores, which enhances
pore connectivity. It can be found that the established PNMs
correspond to the spatial distribution of resolution pores and mi-
cropores. The generated spheres fill pore spaces, and the size cor-
responds to the pore volume.

Fig. 6a indicates that the pore volume contribution increases
first and then decreases slowly with increasing pore radius; pores
with a radius of 10e20 mm contribute more to total pore volume.
Besides, the coordination number increases, and the shape factor
decreases with increasing pore radius, which indicates that large
pores correspond to complex shapes and strong connectivity. From
Fig. 6b, the throat number and volume are mainly contributed by
the throats with a radius of 0e10 mm; then, the throat number and
volume contribution gradually decrease with increasing throat
radius. In addition, the throat radius is roughly inversely related to
the shape factor. Obviously, the pore-throat distribution of the
macroscopic model has strong regularity. In contrast, the shape,
size, and connectivity of large pore-throats are randomly distrib-
uted in the microscopic model, which is the main reason for the
microscopic heterogeneity of rocks. Therefore, the dynamic water
flooding simulation carried out on the microscopic model clarifies
displacement mechanisms in heterogeneous pore systems; the
relative permeability simulation performed using the macroscopic
model represents the averaged water-oil flow of the scanned
sample.

4.2. Microscopic modeling for dynamic water-oil displacement
process

The dynamic flooding process was simulated under water-wet
and oil-wet conditions using the method in Section 3.1. After
calculation, the solution achieved convergence for the residual of
momentum and mass is bellow 10�5. In this way, the influence
mechanisms of wettability and pore-throat structures on water
flooding were obtained.

The injected water is driven by pressure into the pore-throat
system and forms three flow channels. It is found that water dis-
places oil along pore surfaces under the water-wet condition, while
there are thick oil films on pore-throat surfaces under the oil-wet
condition, which causes water entrained in the oil (see Figs. 7a
and 8a). Accordingly, the flooding process can be divided into
three stages based on the water-oil distribution. The variation of
water saturation with displacement time is displayed in Figs. 7b
and 8b. At the initial flooding stage, the water saturation in the
water-wet system is larger due to the positive effect of capillary
pressure. After the calculation of first time interval, water volume
fractions in the water-wet and oil-wet systems are 10.43% and
10.09%, respectively. Before 1 ms, the water volume fraction is
larger in the water-wet system. At the second stage, water
continuously invades the pore-throat system, gradually forms
dominant displacement channels, and breaks through the outlet.
Under the water-wet condition, the first displacement channel is
formed at about 5 ms, with a water saturation of 19.86%. Then a
second displacement channel is formed at 25 ms, and the third
narrow flow channel has been formed at 45 ms, corresponding to
the water saturation of 54.21%. In contrast, the water displacement
channel is formed earlier under the oil-wet condition. At 5 ms, the
injected water has broken through the outlet along the first chan-
nel. Especially at 25 ms, three displacement channels have been
formed with a water saturation of 49.62%, and the water saturation
reaches 58.45% at 45 ms, which is significantly higher than that
under the water-wet condition. At the final stage, the increasing



Fig. 5. Structures of macroscopic and microscopic models: (a) Macroscopic model with a size of 6003 voxels; and (b) Microscopic model with a size of 2003 voxels.

Fig. 6. Pore-throat distribution of microscopic and macroscopic models: (a) Pore size distribution; and (b) Throat size distribution.
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rate of water volume fraction decreases as the water has reached
the outlet, and the displacement gradually tends to equilibrium.

The corresponding water-oil mass flow during flooding is
extracted (see Figs. 7c and 8c). At the beginning of flooding, the oil
mass flow is larger in the water-wet system, indicating that water
easily enters the water-wet pore-throats and displaces the oil for
the hydrophilic surfaces. Subsequently, water mass flow increases
slowly, while oil mass flow fluctuates and gradually decreases un-
der the water-wet condition. This indicates that the hydrophilic
pore surfaces restrict the water flow; the water-oil interface is
complicated and even traps oil in complex pore networks under the
influence of positive capillary pressure; at the same time, the oil
attached to rough pore surfaces and tiny pores is easily replaced. In
contrast, the water mass flow increases rapidly, and the oil mass
flow decreases under the oil-wet condition, meaning that hydro-
phobic pore surfaces facilitate thewater flow; besides, thewater-oil
mass flow curves are smooth, indicating a simple water-oil inter-
face. After the water breaks through the outlet, the variation of
water-oil mass flow curves decreases, and oil is slowly displaced by
interphase drag under the oil-wet condition. While the water-oil
mass flow curves still vary significantly under the water-wet con-
dition, it indicates that a certain amount of oil is displaced by
imbibition, and water flooding takes a long time to reach
equilibrium.



Fig. 7. Dynamic water flooding process under water-wet condition: (a) Water-oil volume fraction distribution; (b) Water saturation as a function of displacement time and its first
derivative; and (c) Dynamic water-oil mass flow.

Fig. 8. Dynamic water flooding process under oil-wet condition: (a) Water-oil volume fraction distribution; (b) Water saturation as a function of displacement time and its first
derivative; and (c) Dynamic water-oil mass flow.
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The effect of pore-throat structures on water flooding is further
analyzed according to the microscopic simulation results. Fig. 9a
displays the water distribution in the pore-throat system, indi-
cating that three displacement channels are formed during the
water flooding, defined as channels 1, 2, and 3 (see Fig. 9b). The
displacement sequence is the same under different wetting con-
ditions; i.e. channel 1 is displaced first, then channel 2, and finally
channel 3. Specifically, there are two narrow throats in the
displacement channels (#1 and #2, as displayed in Fig. 9b);
channels 1 and 2 share a flow channel near the inlet, and there is a
narrow throat in channel 2 after bifurcation. Accordingly, the
injected water first breaks through the outlet along channel 1 and
then through channel 2. While the water in channel 3 breaks
through the outlet at the latest due to its small size and the exis-
tence of a narrow throat. Fig. 9c illustrates thewater-oil distribution
after flooding in two narrow throats under water-wet and oil-wet
conditions. Obviously, the flow channels widen rapidly as the
fluid passes through the narrow throats. The water flooding has a



Fig. 9. Influence mechanism of pore-throat structure on water flooding under water-wet and oil-wet conditions: (a) Water phase distribution in the pore-throat system; (b)
Dominant displacement channels; and (c) Effect of the narrow throat on water flooding.
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better performance in this case under the water-wet condition
since water gradually displaces oil along hydrophilic pore-throat
surfaces with a wide displacement range; whereas in the oil-wet
system, water prefers to flow sandwiched in oil due to hydropho-
bic pore-throat surfaces, forming a thick oil film. Thus, the
displacement performance is dissatisfactory.

After the water breaks through the outlet along the dominant
channels, it takes a long time to reach the equilibrium state. Thus,
the final time of the iterative calculation is set to 80 ms. The re-
sidual oil saturation inwater-wet and oil-wet systems is 0.3502 and
0.3515, respectively. According to the analysis results of Figs. 7 and
8, water flooding in the water-wet system takes a longer time to
reach equilibrium due to the effect of imbibition. Therefore, the
residual oil saturation in the water-wet system should be lower.
Fig. 10 displays the oil distribution after iterative calculation, indi-
cating that there is a large amount of residual oil in poorly con-
nected pores. Besides, the flooding range is extensive, and the
residual oil is mainly distributed in dead-end pores due to the
trapping scenario in the water-wet system; while the residual oil is
mainly distributed as oil films on rough pore-throat surfaces in the
oil-wet system, and thick oil films are found in poorly connected
pores.
4.3. Macroscopic relative permeability modeling for the effects of
wettability and microporosity

The water-oil relative permeability simulations under different
wetting conditions (oil-wet pores fractions were 0, 0.25, 0.5, 0.75
and 1, respectively.) and microporosity (0, 0.25, 0.5, 0.75, 1) were
Fig. 10. Residual oil distribution in water-wet and oil-wet co
performed using the quasi-static PNM. Microporosity significantly
affects the drainage and water flooding process, while wettability
only affects water flooding since the pore-throat system is water-
wet in the drainage process.

The water relative permeability gradually decreases, and the oil
relative permeability increases during the drainage (see Fig. 11a).
The variation of water-oil relative permeability is significant when
the microporosity is 1, and it gradually weakens with the decrease
of microporosity. This is because the initial pore-throat system is
hydrophilic, and the capillary pressure of the micropores is the
resistance to drainage. Furthermore, there is a positive linear cor-
relation between microporosity and residual water saturation (see
Fig. 11b), indicating the larger the microporosity, the lower the
invading oil volume fraction.

The pore-throat system may be water-wet, oil-wet, and mixed-
wet after the drainage. Both microporosity and wettability signifi-
cantly affect water flooding. The simulation results show that
wettability similarly affects water-oil relative permeability under
different micro-porosities. The relative permeability curves with a
microporosity of 0 and oil-wet pores fractions of 0e1 are displayed
in Fig. 12a. The water relative permeability increases, while the oil
relative permeability decreases gradually during water flooding.
However, due to the narrow pore-throat structures (see Fig. 6) and
the altered wettability of the PNM, the water relative permeability
is low. The oil relative permeability decreases the fastest when the
oil-wet pores fraction is 1, and the water relative permeability is
0.094 at the end of the displacement, which is the highest under all
wetting conditions. In contrast, the oil relative permeability de-
creases slowly under the water-wet condition, and the water
nditions: (a) Water-wet system and (b) Oil-wet system.



Fig. 11. Effect of microporosity on drainage: (a) Variation of water-oil relative permeability; and (b) Residual water saturation.

Fig. 12. Water flooding process when the microporosity is 0: (a) Water-oil relative permeability; and (b) Capillary pressure.
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relative permeability is 0.015 at the end of the displacement. While
thewater relative permeability is extremely low, and the oil relative
permeability varies significantly under mixed wetting conditions;
besides, the final water relative permeability decreases with
increasing oil-wet pores fraction. Fig. 12b illustrates that the
capillary pressure decreases during water flooding. The capillary
pressure is positive and acts as a driving force in the water-wet
system. The larger the oil-wet pores fraction, the lower the capil-
lary pressure due to the capillary resistance within the oil-wet
pores.

The effect of microporosity and wettability on residual oil
saturation is further evaluated (see Fig. 13a). It is found that large
microporosity corresponds to low residual oil saturation, and there
is a negative linear correlation between microporosity and residual
oil saturation under different wettability conditions. For the effect
of wettability, the residual oil saturation is lower under the water-
wet condition, followed by the oil-wet condition. Besides, it in-
creases with the increasing oil-wet pores fraction under mixed-
wetting conditions. The residual oil saturation is the lowest when
the oil-wet pores fraction is 0 and the microporosity is 1. The vol-
ume fraction of displaced oil is obtained from the difference be-
tweenwater saturation after flooding and drainage (see Fig. 13b); it
first decreases and then increases with the increasing oil-wet pores
fraction. The volume fraction of displaced oil is the largest when the
pore-throat system is water-wet, followed by the oil-wet condition.
Themicroporosity is negatively correlatedwith the volume fraction
of displaced oil. The volume fraction of displaced oil is the largest
when the microporosity and oil-wet pores fraction are both 0.

The effect mechanisms of microporosity and wettability on
water-oil flow are displayed in Fig. 14. Micropores are mainly
distributed around pore spaces (see Fig. 14a). Water in the micro-
pores cannot be drained during the drainage due to hydrophilic
pore surfaces, so the microporosity is positively correlated with the
residual water saturation (see Fig. 7). Besides, injected water pref-
erentially contacts the residual water in the micropores during
flooding, and it flows along the developed micropores and gradu-
ally displaces the oil in pore spaces. Thus, the larger the micropo-
rosity, the lower the residual oil saturation (see Fig. 13a). However,
the microporosity is inversely proportional to the volume fraction
of displaced oil (see Fig. 13b), because the PNM with high micro-
porosity limits the invasion of oil during drainage (see Fig. 11).

Regarding the effect of wettability on water flooding, the vari-
ation of relative permeability can be well explained through
microscopic water-oil displacement mechanisms. Specifically, wa-
ter easily flows along pore surfaces and displaces oil with a lower
mass flow due to hydrophilic surfaces under the water-wet



Fig. 13. Effects of microporosity and wettability on displacement: (a) Effect on residual oil saturation; and (b) Effect on the volume fraction of displaced oil.

Fig. 14. Influence mechanism of micropores and wettability on water-oil flow: (a) Spatial distribution of micropores; (b) Water-oil flow in the water-wet system; and (c) Water-oil
flow in the oil-wet system.
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condition (see Fig. 7); while water is sandwiched in oil and breaks
through the outlet earlier with a large mass flow due to the hy-
drophobic pore-throat surface (see Fig. 8). Therefore, the variation
of water-oil relative permeability is significant, and the water
relative permeability is high under the oil-wet condition (see
Fig. 12). For displacement efficiency, the water flooding performs
better under water-wet condition due to the wide displacement
range and low residual oil saturation (see Figs. 9 and 10). This is
consistent with the macroscopic modeling results (see Fig. 13).
Under the water-wet condition, the injected water displaces oil
along hydrophilic surfaces, which may lead to oil trapped in poorly
connected and dead-end pores (see Fig. 14b). In addition, the
trapped oil is also related to connectivity and pore-throat size. The
stronger the connectivity, the larger the throat size, and the easier
the oil escapes according to the Jamin effect. In contrast, oil trap-
ping does not occur in the oil-wet system. Nevertheless, there is an
oil film on pore-throat surfaces, which severely limits the
displacement range (see Fig. 14c).

The water-oil mass flow and volume fraction distribution ob-
tained by microscopic modeling results correspond to the analysis
results of quasi-static PNM under water-wet and oil-wet condi-
tions, verifying the rationality of the comprehensive modeling
method. Moreover, the displacement efficiency under mixed wet-
ting conditions is further evaluated by PNM, which is lower due to
poor water connectivity. The injected water flows along the mi-
cropores and the discontinuous water films on pore surfaces,
resulting in lower water relative permeability and flooding effi-
ciency. The effect of oil-wet pores fraction on residual oil saturation
in Fig. 13 roughly corresponds to the findings of Gharbi and Blunt
(2012). Due to the difference in pore structure properties and
connectivity of low permeability porous media, the turning point is
larger. However, this work further elucidates the effect of micro-
porosity on water-oil flow.

5. Conclusions

This work studied water-oil flow in low permeability porous
media by constructing a free surface model for microscopic dy-
namic water flooding and a dual porosity quasi-static PNM for
water-oil relative permeability. The effects of pore structure prop-
erties and wettability on displacement efficiency are studied. The
following conclusions are drawn:

(1) The pore structures of the microscopic and macroscopic
models are significantly different since the pore-throat dis-
tribution in macroscopic models is regular, while the large-
diameter pores are randomly distributed in microscopic
models. This means that macroscopic models represent the
properties of scanned samples, while the microscopic
models reflect system heterogeneity.

(2) The microscopic displacement mechanisms explain the cor-
responding relative permeability. In the oil-wet system, the
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water entrained in oil breaks through the outlet earlier with
a largemass flow, resulting in significant changes inwater-oil
relative permeability. In the water-wet system, water slowly
displaces oil along hydrophilic pore surfaces and continues
to displace oil by imbibition. Therefore, the oil relative
permeability decreases slowly, and the water relative
permeability is lower. Under mixed wetting conditions, the
water relative permeability is extremely low due to the poor
connectivity of water.

(3) The residual oil saturation is low in the water-wet system;
water displaces oil extensively for the positive effect of
capillary pressure, and residual oil is mainly trapped in
poorly connected pores. While thick oil films exist in rough
pore surfaces and poorly connected pores for capillary
resistance in the oil-wet system. In addition, the residual oil
saturation is high for poor flooding efficiency in mixed
wetting systems.

(4) For the effect of pore structure properties, the narrow throats
affect the flooding sequence and limits flooding range in the
oil-wet system. Besides, the invading oil volume fraction
negatively correlates with microporosity during drainage. A
large microporosity corresponds to low residual oil satura-
tion. Nevertheless, the volume fraction of displaced oil is
smaller.
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