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When a sandstone reservoir enters the ultra-high water cut stage, the oil phase
changes fromcontinuous to discontinuous,which results in difficulties in the further
development andutilizationof the reservoir. It is important to clarify the flow lawand
distribution state of discontinuous oil phases to guide the remaining oil production.
This study selected samples from sandstone reservoirs, accurately obtained oil and
water phase information from digital core, and constructed matrix based on three-
dimensional CT scanning to study the law of discontinuous oil phase distribution.
We used digital cores to construct pore network models and calculate the pore
radius, throat radius, pore-throat ratio, coordination number, and tortuosity to study
the influence of pore structure on discontinuous oil phase flow law. A micro-
displacement experiment consisting of two phases of simulated reservoir and
development was designed. To improve the accuracy of the experiment, the
related pressure was controlled to form bound water in the simulated reservoir
formation stage. In the simulated reservoir development phase, in situ scanning of
cores at different displacement stages was performed to obtain oil and water
distributions at different stages in the same location. The number of oil droplets,
3D shape factor, Euler number, and saturation coefficient of the oil phase were
calculated, and the micro-remaining oil clumps were quantitatively analyzed.
According to the morphology and distribution characteristics, the remaining oil
of the discontinuous phase was divided into the types of the throat, film, droplet,
island, and corner. The results showed that the sample with a small pore-throat
ratio, large coordination number, and small tortuosity was more likely to form
dominant channels; moreover, the remaining oil was more concentrated in this
state. In the remaining oil of the discontinuous phase, the number of droplets was
the largest and had an obvious displacement effect. The island number was small
because the selected samples had good connectivity and it is difficult to form large
oil droplets in a single pore. In the ultra-high water cut stage, the throat number
increased slowly, which was related to the formation of dominant channels. The
corner and the filmwere difficult to displace; thus, their numbers increased steadily.
The quantitative characterization of the discontinuous oil phase is helpful for further
study of remaining oil at the pore scale.
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Introduction

Sandstone reservoirs have long been the main oil and gas
production reservoirs; thus, the interlayer and inner-layer
interferences are important challenges in the extraction process
(Gao et al., 2016; Thomson et al., 2019). When entering the
ultra-high water cut stage, these interferences become more
obvious, which brings difficulties to the development of oil and
gas reservoirs (Liang et al., 2021; Jiang, 2022). Thus, the study of the
distribution of micro-remaining oil in the ultra-high water cut stage
is required (Li et al., 2018). In this stage, many continuous oil phases
fracture to form discontinuous oil phases distributed as tiny droplets
in the pores and throat (Grattoni and Dawe, 2003; Meybodi et al.,
2011; Li et al., 2017; Ding et al., 2018; Sun et al., 2021). The study of
the flow law and distribution of these tiny oil droplets has important
guiding significance for improving the overall reservoir recovery.

Microphysical experiments and numerical simulations are
commonly used to study micro-remaining oil distribution (Guo
et al., 2015; Huang et al., 2018; Yang et al., 2022). The physical
experiments on remaining oil mainly include micro- and macro-
experiments (Jing et al., 2021; Jiang et al., 2022). Many methods
have been applied to study the micro-remaining oil through micro-
experiments, including scanning electron microscopy, micro-CT
scanning, and nuclear magnetic resonance imaging (Rosestolato
et al., 2019; Zhang et al., 2021; Lu et al., 2022). The advantages of
micro-CT scanning, such as its high precision and high resolution have
made this technology an important tool for research on remaining oil
(Liu et al., 2017; Yang et al., 2021). Combined with pore-scale modeling
(Golparvar et al., 2018; Yang and Zhou, 2021), digital cores and pore
network models based on real cores can be obtained (Liu et al., 2014;
Wang et al., 2019). Using pore network models, the number and radius
of pore throats can be calculated and the pore-throat structure can be
evaluated based on the pore coordination number, tortuosity, and other
parameters (An et al., 2016; Oluwadebi et al., 2019; Thomson et al.,
2020; Wang X. et al., 2021).

Research has also focused on the distribution of remaining oil in
different development stages (Yue et al., 2018; Zhang S. et al., 2019;Wang
Y. et al., 2021). To explore the distribution of microscopic remaining oil
in physical experiments, digital cores are widely used (Yang et al., 2016;
Guo et al., 2018; Lei et al., 2021). Image processing ofmicro-CT scan data
can be used to construct 3Ddigital cores that accurately divide the oil and
water phases, as well as particles (Kornilov et al., 2020). The remaining oil
distribution can be visualized by processing oil phase information. Based
on the digital core, the volume, surface area, shape factor, and other
parameters of the micro-remaining oil can be calculated for the
quantitative analysis of the remaining oil characteristics (Liu et al.,
2013; Hu et al., 2017; Cheng et al., 2021). Combining shape factor,
Euler number, and other parameters, researchers have quantitatively
characterized micro-remaining oil (Feng et al., 2014; Sun et al., 2017).
These parameters are especially helpful for the study of discontinuous
microscopic remaining oil (Ding et al., 2018;Hou et al., 2019). Combined
with pore structure analysis and quantitative analysis of microscopic
remaining oil, a true and accurate analysis of the remaining oil research of
the reservoir can be made (Zhong et al., 2021; Tong et al., 2022).

The present investigation selected sandstone reservoir samples
to study the distribution of the microscopic remaining oil in the
ultra-high water cut stage and quantitatively analyzed the
characteristics of the discontinuous oil phase. Experimentally, we

designed two stages of simulated reservoir formation and
development to make the experimental results as accurate as
possible. Using micro-CT scanning, we analyzed the pore-throat
structure of the samples based on the pore network and
quantitatively described the micro-remaining oil based on the
digital core. Finally, we summarized the effect of pore-throat
structure on the distribution of micro-remaining oil and
quantitatively characterized the discontinuous oil phase. The
results of this study provide an important reference for the
further study of the microscopic remaining oil in sandstone
reservoirs, especially the discontinuous oil phase.

Experimental materials and methods

Materials and equipment

X-rays are penetrative. When they pass through different media,
different amounts of energy are absorbed. The reverse calculation of
the attenuated X-rays allows the differentiation of different media.
CT scanning passes X-rays through a sample and applies energy
attenuation to compute the density distribution and determine the
internal structure of the sample (Wang et al., 2013). A MicroxCT-
400 (Zeiss) was used to perform the CT experiments. X-ray
attenuation conforms to the Beer–Lambert law (Swinehart, 1962):

I � Ioe
−∑

i

μixi
, (1)

where Io is the initial ray energy strength, I is the receiving ray
energy strength, μi is the attenuation coefficient of the medium, and
xi is the length of the medium.

In this experiment, three cores from real sandstone reservoirs
were selected. We processed the samples into standard samples with
a diameter of 2.5 cm and tested the effective porosity and absolute
permeability of each sample. The effective porosity values of the
three samples were 24.73%, 26.17%, and 28.18%, respectively. Also,
the absolute permeability values of three samples were 1.089 μm2,
1.573 μm2, and 2.103 μm2, respectively.

According to the original formation fluid environment of the
samples, a simulated formation oil with a density of 0.8 g/cm3 and
viscosity of 9.6 mPa · s was prepared using white oil and kerosene.
The simulated formation water was also prepared, with a density of
1.08 g/cm3, viscosity of 0.65 mPa · s, salinity of 6,778 mg/L, and an
oil–water interfacial tension of 36 mN/m using distilled water and
potassium iodide. The sample was placed in a gripper made of
Polyether Ether Ketone Resin (PEEK). This material had good X-ray
transmittance, which can produce better scanning results. Microflow
pumps, intermediate vessels, pressure pumps, and other equipment
were also used.

Experimental steps

To ensure the accuracy of the results of the micro-
displacement experiments, the experiment consisted of two
parts: simulated reservoir formation and simulated reservoir
development. Most previous experiments ignored the impact of
irreducible water (Yang et al., 2020). Unavoidably, irreducible
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water affects the experiment analysis. In contrast, the experiments
in the present study considered the effect of irreducible water.
Before the experiment started, the samples were processed to a
length of about 1.5 cm and a diameter of 0.5 cm, to calculate the
Pore Volume (PV) according to the corresponding effective
porosity.

During the simulated reservoir formation phase, the samples
were dried to ensure that no liquid phase was present inside the
sample. The samples were then placed in a gripper, injected with
simulated formation water, and maintained at a pressure of 4 MPa
for 1 hour to ensure that the simulated formation water fully entered
the micro-pores. The simulated formation oil was then injected to
simulate reservoir formation, at a pressure of 3 MPa for 1 hour. By
controlling the pressure between the two stages, irreducible water
was constructed to some extent. In this stage, three scanning nodes
were set, corresponding to dry sample, saturated water, and
saturated oil. The three scans were compared to observe the
structure of the irreducible water. Three scanning nodes,
waterflooding 1 PV, waterflooding 5 PV, and waterflooding
30 PV, were also set in the simulated reservoir formation stage.
Among them, waterflooding 1 PV corresponded to the middle
water-cut stage, waterflooding 5 PV to the high water-cut stage,
and waterflooding 30 PV to the ultra-high water-cut stage.

The entire experimental process was performed at 20°C, with
atmospheric pressure at the outlet during displacement.

Pore network model

After CT scans were performed of the dry core sample, the grayscale
images inside the samples were displayed. The rock skeleton and pores in
the images were identified using an algorithm to allow binary processing
of the grayscale images. The digital core was obtained after two-
dimensional data reconstruction (Gao et al., 2014). The combination
of digital cores and binarized images can be used to extract the internal
space of the sample. The pores and throats can then be identified using an
algorithm. The pore network model is obtained by optimizing the data.
Pore network models obtained based on real cores can truly show the
internal structure of the sample. Through the pore network model, we
calculated the pore radius, throat radius, pore-throat ratio, coordination
number, and tortuosity. The coordination number was used to display
the number of throats connected to the pores and to describe the
connectivity of the pore-throat. The tortuosity is the ratio of the
distance between the real flow of fluid to the straight-line distance
and is used to describe the twists and turns inside the sample.

Pore-scale classification of remaining oil

The CT scanning of the waterflooding stages provided
information on the forms and distribution of the oil and water
phases. Three-dimensional data of the oleic and aqueous phases can
be obtained by reconstruction of the two-dimensional scanning
data. We can then calculate the surface area, cross-sectional area,
and volume of the oleic and aqueous phases. According to the
number of pores occupied by the remaining, the three-dimensional
shape factor, Euler number 3D, and saturation coefficient can be
used for the quantitative analysis of the remaining oil clusters.

The three-dimensional shape factor was used to describe the
circularity of the remaining oil in the three-dimensional space
(Prodanović et al., 2007), which is given by

G � 6
��
π

√
V

S1.5
, (2)

where G is the three-dimensional shape factor, V is the volume of a
single oil cluster (in μm3), and S is the surface area of a single oil
cluster (in μm2).

The 3D Euler number was used to describe the complexity and
connectivity of the remaining oil form (Hirzebruch and Höfer,
1990), which is given by

EN � β0 − β1 + β2 , (3)
where β0 is the number of pores occupied by a single oil cluster, β1 is
the connectivity, and β2 is the number of enclosed cavities.

In this step, the concept of oil droplet saturation coefficient is
introduced, which is the ratio of oil droplet volume to pore volume
in the pore. The saturation coefficient is used to describe the index of
a single oil cluster occupying the pore volume, which is given by

P � V

VP
, (4)

where P is the saturation coefficient, V is the volume of a single oil
cluster, and VP is the pore volume occupied by the single oil cluster.

Results

Analysis of pore-throat structures

After processing the scanning results of the three dry samples,
three digital cores were obtained, which contained information on
pore and particle phases. The pore phase information was extracted,
and the pore network model was established using the
Lee–Kashyap–Chu method (Lee et al., 1994). In this method, the
central axis system of the pore structure is first established. The
central axis is then modified several times to ensure that it accurately
represents the pore structure of the core. The center position of each
pore is located on the optimized central axis, and the pore space is
divided into the pore and throat to obtain the final pore network
model (Zhang L. et al., 2019). Using the pore network model, the
pore and throat radii can be calculated. The probability distributions
of the pore and throat radii were obtained by counting the numbers
of pore and throat radii (Figure 1). The frequency trends of the pore
radii of the three samples were similar (Figure 1A). The pore radius
of the sample with low permeability was relatively small. The
frequency distribution trends of the throat radii of the three
samples were also similar; however, the size distribution was
more concentrated (Figure 1B).

According to the pore and throat radii, the average pore-throat
radius ratio of the sample was calculated. The average pore-throat
radius ratio, pore coordination number, and tortuosity of the three
samples were also calculated. The pore-throat radius ratio is an
important parameter affecting permeability; the pore-throat radius
ratios of the three samples were 2.10, 2.11, and 2.19, respectively.
The average coordination numbers, which describe the average
number of throats per pore connection, were 2.02, 2.20, and
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2.52 for the three samples, respectively. Tortuosity is the ratio of the
true length of the flow path from the sample to the linear distance,
which describes the complexity of the pore-throat structure. The
tortuosity values of the three samples were 1.73, 1.71, and 1.63,
respectively.

Analysis of the displacement experiment
results

Digital cores containing information on the water, oil, and
particle phases were obtained after processing the CT images of
each scanning node in the micro-displacement experiment. In the
simulated reservoir formation stage, the irreducible water was
successfully constructed by controlling the pressure. The
irreducible water saturation pairs of the three samples were
34.5%, 33.6%, and 32.5%, respectively. The reservoir-bound
irreducible saturation of the three samples ranged from 30% to
35%. As the bound water-saturated of the experimental structure is
also in this range, this experiment was more meaningful for
reference. In the simulated reservoir formation stage, the
visualization of oil and water phases in the digital core can be
used to obtain the microscopic remaining oil distributions at
different displacement times (Figure 2). According to the effect
of water injection, Sample 3 was more likely to form a dominant
channel (Figure 2C). When the dominant channel forms in the
sample, the remaining oil in other non-dominant channel locations
is relatively more concentrated. Because the pore-throat radius ratio
was the largest and the coordination number was small in Sample 1,
the remaining oil was difficult to displace and the proportion of
remaining oil was larger (Figure 2A). Most of the isolated micro-
remaining oil existed in the discontinuous oil phase. Sample
2 showed a medium condition (Figure 2B).

According to the scale characteristics of the micro-remaining
oil, the remaining oil can be divided into the network, multiples,

and singles (Figure 3). The network is characterized by occupying
a large area of pore space with a large volume, multiples are
characterized by occupying two or more pores, and singles are
characterized by occupying one pore or sharing a pore with other
remaining oil. In the ultra-high water cut stage, the proportion of
single remaining oil increases and exists in each pore as
discontinuous oil phase dispersion. These tiny oil droplets are
small, numerous, and complex. The remaining oil can be
classified as throat, film, droplet, island, and corner based on
shape, Euler number, and oil droplet saturation coefficient.
Throats existed in the channel between two pores. Films were
attached to the wall of the pore or throat. Droplets existed in the
pores and occupied less pore space. Islands also existed in the
pores but occupied more pore space. Corners existed in the blind
end or corner of the pores.

Quantitative characterization of the
remaining oil

The quantitative characterization of the microscopic
remaining oil was performed based on the analysis of the
results of the displacement experiments (Figure 4). The number
and type of single remaining oils were large, and the volume
proportions were small. Therefore, the remaining oil in the
network, as well as the multiple and single forms, were
analyzed first. The volume proportions of remaining oil in the
three samples in different periods showed the same trends. The
volume proportion of the single remaining oil in Sample 1 changed
more than the proportions in samples 2 and 3 due to the pore-
throat structure of the sample. A larger pore-throat ratio and
smaller pore coordination number are conducive to the formation
of single remaining oil. After waterflooding at 30 PV, Sample
3 showed the largest proportion of the network’s remaining oil
volume. This may be related to the fact that Sample 3 was more

FIGURE 1
Distribution frequencies of the pore-throat radii of three samples. (A) Frequencies of pore radius distributions. (B) Frequencies of throat radius
distributions.
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likely to form the dominant channel, leading to the relative
accumulation of remaining oil in the non-dominant channel.
All data from Sample 2 were medium.

The distribution of micro-remaining oil becomes more
complicated after the continuous phase is broken into the
discontinuous phase. The throat exists in the narrow channel
between two pores. Due to capillary forces, the remaining oil
contracts toward the middle of the throat and is difficult to
displace. The number of throats increased during waterflooding
from 1 PV to 5 PV compared to waterflooding from 5 pv to 30 pv.
The films were attached to the pore and throat wall in large numbers.
The droplets existed in pores and were the most abundant of the five
types of single remaining oil. The increment of this number
decreased at 30 pv of waterflooding, possibly because the
numbers of droplets formed by the network and the multiple
remaining oil fracture were lower and easier to displace at this
stage. The islands occupied larger spaces in the pores and were

difficult to displace. The corners existed in the blind ends and pore
corners and were the most difficult to displace.

Discussion

This study selected three sandstone samples with different
permeability. CT scanning and digital core technology were used
to study the pore-throat structure of these samples and the micro-
remaining oil distributions at different waterflooding stages.
According to the distribution and morphological characteristics,
the micro-remaining oil was quantitatively characterized and the
discontinuous remaining oil was studied in detail. The results were
as follows.

(1) The samples with high permeability, small pore-throat ratio,
and pore coordination number were more likely to form

FIGURE 2
(A)Grayscale images of Sample 1, including the comparison of the CT grayscale images of the dry core, saturated formation water, saturated oil, and
different stages of fluid displacement. (B) Visualization of the oil–water distribution in Sample 1, including the oil (red) and water (blue) phases in
waterflooding at 1 PV, 5 PV, and 30 PV. (C–D) Visualizations of the oil–water distributions in samples 2 and 3, respectively.
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dominant channels during waterflooding. In the case of
waterflooding at 30 pv, the volume proportion of the
network’s remaining oil was the largest in Sample 3. This

occurred because the remaining oil in the non-dominant
channel area was relatively more concentrated after the
formation of the dominant channel. There was also a close

FIGURE 3
Quantitative characterization of micro-remaining oil.

FIGURE 4
Changes in micro-remaining oil during waterflooding. (A–C) Changes in the volume proportion of the network, the multiple, and the single. (D–F)
Changes in throat, film, droplet, island, and corner numbers.
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relationship between the micro-remaining oil distribution and
the pore-throat structure.

(2) Throughout the displacement experiments, the variation trends
for each type of remaining oil in the three samples were similar.
The volume proportion of the network was constantly
decreasing, while the volume proportions of the multiple and
the single were constantly increasing because the network’s
remaining oil broke off to form the multiple and single
remaining oils. The single remaining oil was the
discontinuous oil phase, which showed the largest increment
in Sample 1. This was related to the larger pore-throat ratio of
Sample 1. Moreover, in a complex pore-throat structure, the
continuous oil phase was more likely to fracture to form a
discontinuous oil phase.

(3) The remaining oil droplets were quantitatively analyzed
according to their morphology and attachment. The throat
remaining oil existed in an elongated form in the channel
between the two pores, with a slow increase in number after
the formation of the dominant channel. The film was attached to
the pore and throat wall in a flat form and more easily formed in
samples with large pore-throat radii. The morphologies of the
droplet and the island’s remaining oil were similar, with the
main difference being that they occupied different pore space
sizes. For waterflooding at 30 pv, the increment of the droplet
remaining oil decreased by 20%. The corner remaining oil was
mainly absorbed in the blind end of the pores, where it was
difficult to displace; thus, the number of corners with remaining
oil increased steadily.
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