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ARTICLE INFO ABSTRACT

Keywords: This study aimed to investigate a new mechanism of complex flow in tight oil reservoirs impacted by hetero-
Tight oil geneous minerals. In this study, a new classification scheme for seepage channels based on mineral types was
Fluid transport firstly developed after considering the differences in their mechanical properties. There are nine types of seepage
Minerals - . . . o .

Mechanical properties channels, consisting of four types of main minerals or mineral combinations. Results showed that the maximum
Flow prop flow velocity increases in a non-linear way as the average diameter of each type of seepage channel increases.

Thus, the larger the diameter of the space, the greater the potential flow capability. As the injection pressure
increases, the flow velocity could be higher in the larger seepage channels than the smaller seepage channels.
When the oilfield enters the middle and later periods, in general, the oil in most of the large spaces has been
removed. The average flow velocity (the comprehensive potential flow capability) has almost no relationship
with the type of space; thus, a small space does not have a greater potential of exploitation than a large space.

This conclusion points to a new direction for enhancing unconventional oil recovery.

1. Introduction

The exploration and development of oil, natural gas and new energy
involves geology, mechanics, physics, chemistry and many other disci-
plines, which is directly related to the survival and development of
human society (Zhao, 2018; Eremin et al., 2020; Geng, 2020; ; Cai et al.,
2022; Hematpur et al., 2023).

The continental sandstone reservoir in China is distinctive because of
its special sedimentary and structural characteristics (Ge et al., 2015,
2017; Jiang et al., 2016; Cao et al., 2016a; 2016b; Wang et al., 2016a).
Generally, the minerals in a sandstone reservoir consist of quartz, feld-
spar, rock debris, and various clay minerals, such as kaolinite (Alex-
andre, 2009). According to the principle of sedimentology, the
formation of seepage channels are essentially the result of the accumu-
lation, compaction, and subsequent diagenesis of minerals, and it is
formed by the primary and secondary boundaries of minerals; moreover,
the boundaries of the seepage channels are the mineral boundaries after
denudation, transportation, and reconstruction (Salem, 2005; Mac-
quaker et al., 2014; Alarji et al., 2022). The characteristics of seepage
channels largely reflect the sorting and grinding properties of the par-
ticles, which is a true reflection of the results of deposition, compaction,

and modification (Sakran et al., 2015; Du et al., 2019a, 2020, 2019b).
Thus, the formation of the seepage channels and minerals during the
deposition process is symbiotic: without minerals, there are no seepage
channels (Sakran et al., 2016). There is still much uncertainty about the
relationship between the flowing path, at the microscopic level, and the
combination of different seepage channels formed by different minerals
(Hu et al., 2016 and 2017; Ju et al., 2017; Du et al., 2018a and 2018b).

Due to concerns about the flow mechanism in a sandstone reservoir,
many published studies have investigated the physical simulation of the
flow path in a reservoir and some of them obtained qualitative results
(Hou et al., 2015; Sakran et al., 2015 and 2016). However, the findings
could not be analyzed using quantitative methods (Zhang et al., 2013;
Hu et al., 2013; Zhu et al., 2022). Although some studies used nuclear
magnetic resonance (NMR) technology to quantitatively determine the
flow velocity distribution at different times and locate the liquid, the
location could simply be inverted by the relaxation time and it was not
possible to identify the liquid’s real location by sight (Xu et al., 2011).
Some researchers think that the relaxation time could not precisely
reflect the type of the space (Pia et al., 2016; Peng et al., 2011; Wang
et al., 2016b). Few previous studies have investigated the flow path and
the flow velocity distribution, and their relationship with the minerals
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Fig. 1. Flow process in the new combined material. The new material is used to
illustrate the basis of and necessity for seepage channels reclassification in a
tight oil reservoir. The rectangular combined material is filled with small ma-
terials such as plastic, wood, iron, sponge, clay and foam and these small ma-
terials are packed randomly. The blue arrow on the left and right indicates the
fluid injection gate and the outflow gate. As the properties in mechanics and
other aspects of all the small materials are varied, the flow process would also
varied in different seepage channels related to different small materials such as
the wood-plastic, foam-clay, iron-plastic and so on. The small materials are
used to compare with the different types of materials in a tight oil reservoir and
the combined material indicates the actual tight oil reservoir. This analogy
would help to make sense.

(Markevich and Ceil, 1991; Nishank et al., 2017).

As we can see, case studies of the microscopic seepage channels have
presented a detailed analysis of the flow path in the oil and gas reservoir
(Zhang et al., 2013; Sakran et al., 2015 and 2016). Recently, simpler and
more rapid tests and description methods have been developed to
investigate the microscopic seepage channels, including, “Laser Scan-
ning Confocal Microscope” (LSCM), “Focus Ion Beam-Scanning Electron
Microscope” (FIB-SEM), “Micro-Computed Tomography” (Micro-CT),
and “Nano-Computed Tomography” (Nano-CT) (Hu et al., 2013; Hou
et al., 2015). However, most of the classification methods used to study
seepage channels focus on its size and external shape so little attention
has been paid to the minerals in these seepage channels. Therefore, a
method to classify the seepage channels should be developed, and the
impact should be quantified (Macquaker et al., 2014; Sakran et al.,
2015).

Besides, some scholars have used fractal theory to study the complex
distribution characteristics of seepage channels (Zhao et al., 2019;
Vinoth et al., 2020; Tan et al., 2020). Obviously, the flow path of the
fluids in the seepage channels would be more likely to be described by
this theory, but previous studies have not addressed this issue (Nittman,
1985; Krohnce, 1988; Huang et al., 2017). Most researchers have only
focused on describing the shape of the flow path, such as a finger-like or
a cone-shaped path (Macquaker et al., 2014; Sakran et al., 2015).

In addition, some scholars have also discussed the influence of
mineral wettability on flow characteristics. Most of them analyzed the
lattice characteristics, chemical composition, reaction between injected
fluid and minerals from the perspective of mineral chemistry, so as to
explore the influence of those factors on the flow characteristics,
including the phenomena of water sensitivity, salt sensitivity, acid
sensitivity and so on. Such as Ju et al. (2017) believed that the fraction of
mineral surfaces containing roughness pits filled with brine may be the
most important reservoir characteristic that controls wettability in
sandstone. Kang et al. (2019) discovered the reaction mechanisms be-
tween coal samples and hydrogen peroxide and the mechanisms to
improve the flow capacity of coal reservoirs were analyzed. In fact, in
this process, the minerals in the coal seam dissolved and the wettability
of the pore surface changed. Yuan (2020) found that the structural
characteristics and relative content differences of micropores in the
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samples are the internal mechanism of the difference of water sensitivity
effect types. Some scholars have also studied the use of wettability
reversal in the flow process to improve oil recovery. Like the
multi-component ion exchange, MIE, at the clay surface (Lager et al.,
2007), expansion of the ionic double-layer at the rock surface (Ligthelm
et al., 2009) and so on. Based on this, Strand et al. (2016) presented the
crucial wetting parameters for the different phases, oil, brine and rock
and discussed the symbiotic interaction between the different wetting
parameters on the initial wetting properties. All of these are beneficial to
the mechanism exploration of minerals on flow, but more reservoir
spaces are mostly formed by mineral combinations, so further research is
needed.

As to the former researches, though many scholars have studied the
flow path in various reservoirs; however, to date, little attention has
been paid to the respective flow characteristics in different types of
spaces and the similarities and differences between these flow charac-
teristics. So the quantitative differences in the flow process for the
channels formed by different minerals in tight reservoirs have not been
solved.

To conclude, the main innovation of this study is that discovering
and characterizing the uncertainty about the relationship between the
flowing paths formed by the combination of different seepage channels
formed by different minerals at the microscopic level quantitatively. The
final innovation point would be that we get the mechanism of the dif-
ferences in the flow process for seepage channels formed by different
minerals in a tight reservoir via the combination of three main factors in
reservoir which consists of minerals, pore-throat and fluid.

It is important to investigate the new mechanism of the complex flow
in tight oil reservoirs impacted by heterogeneous minerals. The new
mechanism could be a practical tool to understand flow pattern in tight-
oil reservoirs. It will answer the key question which is for the rocks after
water flooding, the remaining oil specifically exists in the pores or
fractures formed by the boundaries of which types of minerals. Then
engineers could select reasonable displacement materials and formulate
reasonable development means to achieve efficient recovery of
remaining oil in tight oil rocks.

2. Methodology
2.1. Basis and necessity for seepage channels reclassification

Obviously, the core issue of this study is the differences in the
seepage channels formed by different minerals and the necessity of
redefining the types of seepage channels based on mineral types.

In the process of tight oil exploitation, the fluids will generate
different levels of shear stress and normal stress on the boundaries of the
different seepage channels formed by different minerals. Thus, the
mineral surface in contact with the fluids will exhibit different degrees of
elastic deformation due to differences in the mechanical properties
(including Young’s modulus, Poisson’s ratio) of the minerals, which will
lead to determining the differences in the flow characteristics of all the
seepage channels (Nittman, 1985; Krohnce, 1988; Huang et al., 2017).

In fact, different rock materials, similar to some non-geological
materials, have the characteristics of elasticity or plasticity when sub-
jected to external forces. Therefore, from the perspective of elastic
deformation in materials, the properties of the combination of elastic
and non-geological materials are similar to those of rock materials,
which can be analogized. In this way, we can find new ways to solve the
problem. (Zeng et al., 2020; Jiang et al., 2016). In order to illustrate the
necessity for seepage channels reclassification, we could construct a type
of combined material including the iron, foam, sponge, wood, clay and
plastic with different sizes and shapes (Fig. 1). Thus, the combined
material would contain the seepage channels formed by different ma-
terials, such as iron-wood, clay- plastic, foam-sponge, and so on. When
we inject fluid with unsteady velocity into it, the fluid velocity will
change in different degrees along with the flow in different channels.
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Fig. 2. Technical process of the visual flow simulation. The FE-SEM observa-
tion could offer the clear images of the tight oil reservoir with high resolution.
The minerals are identified with the help of the Energy Dispersive Spectroscopy
(EDS). EDS technology could get the quantitative data of the element distri-
bution, the final mineral type could be determined based on the element
analysis of professional software. The basis mechanical assignment and the
visual flow would be shown in the text.

Table 1

Characteristics in geophysics and mechanics of minerals. The properties of four
main minerals are listed. The clay minerals mainly consists of kaolinite, illite and
montmorillonite. This table would be the basis of the mechanical assignment in
the flow simulation.

Type of Vp/ Vs/ Density/g/ Young’s Poisson

minerals m/s m/s cm® modulus/GPa Ratio

Quartz 6000 4035 2.65 93.81 0.09

Feldspar 6060 3350 2.63 75.56 0.28

Clay 3000 1800 2.20 17.37 0.22
minerals

Black mica 5810 3360 2.82 79.51 0.25

The main reason is that the mechanical properties of the boundary in
each type of seepage channel are different, so the boundaries would
have different degrees of micro-deformation, resulting in different en-
ergy losses (Benito et al., 2005; Babiak et al., 2018; Cabalar et al., 2018;
Mathew et al., 2018; Tozzi et al., 2018).

Similarly, we can find the same phenomenon from nature. When we
see the stream flowing in the mountains, it passes through a lot of rocks,
but different rocks have different lithology and forming conditions,
resulting in different mechanical properties (Gran and Paola, 2001;

Marine and Petroleum Geology 150 (2023) 106095

Stokes et al., 2009; Gula et al., 2015), so the velocity will be affected to
varying degrees. Actually, we can compare the rocks with different
properties in the mountains to different types of mineral particles in the
reservoir, and compare the streams to the fluids in the reservoir.
Therefore, when the fluid passes through the reservoir space formed by
different mineral combinations in the reservoir, the flow velocity may
also be different. This type of difference is the very object of quantitative
research. So the seepage channels need to be reclassified based on the
type of pore minerals.

2.2. Technical process of flow simulation

The technical process of the visual flow simulation is shown in Fig. 2.
Since each single mineral has its own geophysical and mechanical
characteristics, the impacts on the microscopic flow path caused by each
mineral or the combination of minerals would also vary, which could be
a distinctive aspect of the seepage channels.

When investigating the grids associated with the minerals and
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Fig. 4. Lithologic classification map of tight oil reservoir in Yanchang forma-
tion, Ordos Basin. The three angles in the equilateral triangle represent three
typical main mineral types in sandstone, “Q” represents “quartz”, “F” represents
feldspar and “D” represents debris. The numerical range of the three sides
represents the content of quartz, feldspar and debris from 0 to 100%, respec-
tively. Arabic numerals “I*, “II*, “III*, “IV*, “V*, “VI*, “VI” and “VII” represent
seven kinds of sandstone lithology, including quartz sandstone, feldspathic
quartz sandstone, lithic quartz sandstone, feldspathic sandstone, lithic arkose,
feldspathic lithic sandstone and lithic sandstone. The red data points marked in
the figure represent different samples. Except that a small part of the data are
quoted from Guo et al. (2013), the rest are the supplementary experimental
samples in this study. According to the content of three minerals in each
sample, its position is determined. Thus, the lithologic distribution of Yanchang
Formation reservoir can be clearly obtained.

Fig. 3. Tight oil reservoir cores of Yanchang Formation in Ordos Basin (Samples a and b are taken from different depths of the same well).
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Fig. 5. Mineral analysis results of X-ray diffraction of Yanchang Formation
reservoir. By comparing the X-ray diffraction patterns of samples with the
typical standard patterns of minerals, different types of minerals are identified.
The different colors in the figure represent different kinds of minerals, and the
numbers represent the average content of each mineral in the reservoir.

Table 2
Test results of physical properties of tight oil reservoir in Yanchang formation.
Sample Porosity/  Permeability/ Throat radius Efficiency of
\Properties % 10 3um? corresponding to mercury
peak withdrawal/%
permeability/pm
A 2.0 0.005 0.16 52.3
B 9.4 0.068 0.4 290.1
C 8.6 0.089 0.63 38.3
D 10.4 0.038 0.16 22.1
E 14.8 0.289 0.63 43.0
F 7.9 0.032 0.4 26.5
G 13.1 0.046 4 24.4
H 15.2 0.356 1 26.8
I 14.9 0.608 1 38.1
K 6.2 0.041 0.63 34.3

seepage channels, porosity and permeability must be addressed.

As the minerals in seepage channels are solid, their porosity value
would be set to “0” and the porosity of value of the seepage channels
would be set to “100%*. Similarly, the permeability value of the min-
erals would be set to “0”; the permeability values of the seepage chan-
nels were assigned based on the Poiseuille equation.

As to the mechanical properties assignment of minerals, the
geophysical and mechanical characteristics of these minerals, such as
the P-wave velocity (Vp), the S-wave velocity (V), the density, Young’s
modulus, and the Poisson’s ratio were also listed in Table 1.

Among them, P-wave velocity and S-wave velocity could be obtained
through the relevant literature (Ahrens, 1995; Wan et al., 2020).
Young’s modulus could be calculated by the formula consists of three
parameters: P-wave velocity, S-wave velocity and density. Poisson’s
ratio could be calculated by the formula consists of two parameters:
P-wave velocity, S-wave velocity (Du et al., 2015, 2016). The equations
are as follows:

- ,3vi — 4} D
=pVi————
S =t
0.5 —v?
= @
V2 — 2

In equations (1) and (2), “E” and “u” represent the Young’s modulus and
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Poisson’s ratio of minerals respectively, “p” represents the mineral
density, and //v,/7 and /rvs/1 represent the P-wave velocity and S-wave
velocity of minerals respectively.

Taking quartz as an example, the order of magnitude of mineral
boundary deformation rate caused by fluid is roughly estimated.
Assuming that both boundaries of a single seepage channel are
composed of quartz particles, the particle size of quartz is set as 200 p m.
The fluid pressure is 10 MPa. According to the definition of Young’s
modulus, the fluid may cause the deformation rate of a single boundary
to be about one ten thousandth (about 20 nm). This value is obviously
not negligible for tight oil reservoirs with micro-nano pores.

It should be pointed out that the absolute values of wave velocity of
some minerals are still not uniform. In order to solve this problem, some
minerals parameters were averaged of approximated in this paper to
ensure that the relative values of mechanical parameters of each mineral
are not confused logically. It means that the value sequence should be fit
to the mature conclusion nowadays so that the simulation results would
not produce self-contradictory results. The absolute values would be
updated in the future study step by step.

It is widely known that reservoir rock is a porous medium and a
visco-plasto—elastomer. The viscidity is contributed by the liquid in the
space while the elastic—plastic is contributed by the skeleton and the
inter—fillings (Antoine et al., 2018; Arash et al., 2019; Nurudeen et al.,
2018). In the process of displacement, when the liquid flows inside the
space, pressure is applied to the internal boundaries of the seepage
channels. The seepage channels would inevitably open and close in this
process. Thus, to a certain extent, the microscopic flow process in the
reservoir could be treated as a small-scale steady fracturing process
without adding sand.

In this study, the visual simulation was done using Wingohfer, a large
simulation system of the Core Laboratories. In the simulation, we
adopted the principle of pipe flow and flow consistency, which could
make the results more believable. In fluid mechanics, the objective is to
ensure that the fluid flows in the tubes. In flow mechanics, the objective
is to ensure that the fluid flows in the porous media. These two flow laws
are described as Poiseuille’s law (Li and Zhang, 2007) and Darcy’s law
(Li, 2015) respectively. The associated equations (3)—(5) are:
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Then, based on the extension form of Poiseuille equation, we can
obtain the permeability K from equation (5) as followings:
_nart

=%, 5)

In equations (3)-(5), g, n, A, r, p, 4, K, L indicate fluid volume per unit
time, area density of capillary, cross section area of capillary, capillary
radius, pressure difference at both ends, fluid viscosity, permeability,
straight length of capillary, respectively.

When we put the Poiseuille equation into the Darcy’s law equation,
we obtain the Poiseuille’s law equation. The porous media consist of
bundles of tubes, so the flow in porous media also flows through pipes;
thus, the flow in the tubes should be the same as the flow in porous
media. In this study, we divided the space of the pore-fracture media
into a large number of grids, and we treated the flow in each grid as if it
was flowing in a small pipe. Thus, the combination of the pipe flow and
flow became one of the most important theoretical bases of this study.

3. Results

3.1. Petrological, mineralogical, and physical characteristics

As the lithology of Yanchang Formation reservoir is tight sandstone,
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Fig. 6. Minerals identification for the Seepage channels in the tight oil reservoir. The yellow arrows indicate the location of the different minerals. The white in-
dicates the seepage channels formed by these minerals. These images are all real images of tight oil reservoirs of Yanchang formation captured under the FE-SEM.

Table 3

Reclassification Results for the Seepage channels. The first column indicates the
label of the seepage channels; The second column indicates the name of the
seepage channels; The third column indicates all the minerals which are related
to the seepage channel; The fourth column indicates the formation mechanism of
these seepage channels; The fifth column indicates the short name of these
seepage channels used in this study conveniently; The fifth column indicates the
short name of these seepage channels used in this study conveniently; The
typical images of these seepage channels has been shown in Fig. 6.

Label  Seepage channels Relative Formation Abbreviation
minerals mechanism
1 Corrosional pore Feldspar Corrosion FCP
inside the feldspar
2 Corrosional fracture Feldspar Corrosion FCF
inside the feldspar
3 Accumulational pore  Feldspar Accumulation FAP
by the feldspar
broken
4 Accumulational pore Quartz Accumulation QAP
by the quartz broken
5 Fracture inside the Mica Cleavage MCF
mica cleavage
6 Accumulational pore  The Accumulation IAP
of the interstitial interstitial
fillings fillings
7 Accumulational pore ~ The Accumulation IMAP
of the interstitial interstitial
fillings-mica fillings and
mica
8 Accumulational pore  The Accumulation IFAP
of the interstitial interstitial
fillings-feldspar fillings and
feldspar
9 Accumulational pore ~ Mica and Accumulation MFAP
of mica-feldspar feldspar

the triangle recognition chart composed of quartz, feldspar and debris is
used to identify and classify the lithology (Xu, 2017).

Fig. 3 shows the typical core photos of Yanchang Formation reser-
voir. Fig. 4 shows that the reservoirs are mainly feldspathic lithic
sandstone and lithic feldspathic sandstone, and a few of them are feld-
spathic sandstone. Clastic compositions are mainly feldspar, quartz, rock
debris and black mica, with a small amount of heavy minerals. In gen-
eral, it is characterized by low component maturity and high structural
maturity.

As the research object of this paper is the mineral types and the
composition of the reservoir space, it will be helpful for us to have an
overall grasp of the development of various types of pores by making
clear the specific mineral types contained in the reservoir and quanti-
fying them. At the same time, it can also provide the theoretical basis for
the study of this paper.

Through a series of X-ray diffraction experiments, it can be
concluded that the clastic particles in Yanchang formation are mainly
quartz, feldspar, rock debris and black mica (Fig. 5). Quartz accounts for
about 30.1% of the total, and feldspar includes calcium feldspar, po-
tassium feldspar, albite, microcline and other types, accounting for
about 38.4% of the total. Clay mineral compositions include chlorite,
montmorillonite, illite and kaolinite, accounting for about 11.7%. Due
to the different content and mechanical properties of minerals, the
contents of the reservoir space related to these minerals would also be
different, and the flow characteristics of the injected fluid with a certain
pressure passing through these pores would also varied. It is necessary to
carry out further research.

The porosity, permeability and other physical properties of tight oil
reservoir samples of Yanchang Formation were tested. It can be seen
from Table 2 that the porosity value ranges from 2.0% to 15.2%, with an
average of 10.2%. Permeability value ranges from 0.005 x 10 3pm? to
0.608 x 10~3um?, with an average of 0.157 x 10~3um?2. The pore-throat
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IFAP

Fig. 7. Identification of the nine seepage channels in the real images of tight oil reservoir of Yanchang formation captured by FE-SEM. All these seepage channels are
easily found in the reservoir which would prove the necessity of the differences of flow in them.

radius corresponding to the peak permeability ranges from 0.16 pm to 4
pm, with an average of 0.9 pm. This shows that the pore-throats with the
radius value between 0.16 pm and 4 pm are the dominant factor
affecting the seepage capacity of Yanchang Formation in this study. The
relationships between pore throats and minerals need to be studied

urgently. In addition, the efficiency of mercury withdrawal ranges from
22.1% to 52.3%, with an average of 33.5%. As the efficiency of mercury
withdrawal can roughly represent the level of oil recovery, above result
indicates that the recovery efficiency of the reservoir needs to be further
improved, but the location of the remaining oil still needs to be further
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Fig. 9. Content calculation of all types of seepage channels. The images of each type of seepage channels are shown in the column respectively.

studied in combination with minerals.

3.2. Reclassification results for the seepage channels

Scanning electron microscopy (SEM) was used to observe the prop-
erties of the minerals in the reservoir at a large-scale level.

From the description presented in the previous section, and after
considering the combination of minerals, the mechanism of formation,
and the expected differences in the flow process between the fracture
and the pore, a new seepage channels classification scheme was devel-
oped based on mineral types after considering the differences in their
mechanical properties (Fig. 6 and Table 3). As shown in Fig. 6, we could
easily find the 4 types of main minerals include feldspar, quartz, black
mica, and interstitial fillings.

Interstitial fillings mainly consists of kaolinite, illite and montmo-
rillonite. These minerals would form different seepage channels due to
the process of accumulation, dissolution.

This new classification scheme was used to investigate on how the
mechanical properties of the minerals affect tight oil exploitation

(Fig. 6). Meanwhile, a large amount of image data is the key to improve
the reliability of identification results (Wang, 2021; Xu et al., 2021).
Since machine learning has been used to process massive data of various
disciplines, it should also be used in efficient identification of minerals
and pores in the future (Liang and Jia, 2022; Liu et al., 2022; Zhu et al.,
2022).

It should be pointed out that porosity and permeability all depend on
the sedimentary process obviously. And the formation of seepage
channels would be also influenced by the process of sedimentation,
compaction, diagenesis and other factors. With the process of particle
transport, the degree of mineral roundness will gradually become better,
which is conducive to form the seepage channels with smooth mineral
boundaries and reduces the energy loss in the flow process. In addition,
with the frequent changes of hydrodynamic conditions, the sorting de-
gree of particles will also fluctuate, which will undoubtedly increase the
complexity and uncertainty of the seepage channels. Due to the
randomness of mineral accumulation and diagenesis, the nine types of
seepage channels mentioned above all have their own development
probability.
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Fig. 10. Average diameter calculation of all types of seepage channels. The images of each type of seepage channels are shown in the column respectively.
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Fig. 11. Visual flow simulation of tight oil exploitation (0-100min). The color of the fluid represents the size of the flow rate, from green, yellow, orange, and red to
purple, and the flow rate increases in turn. As to the flow process at a certain time, the authors decompose the velocity into X-velocity (horizontal velocity) and
Y-velocity (vertical velocity), expressing the flow characteristics at a certain time with two images in order to make better sense.

After the SEM observation of rock slices, the fractal dimension, the
content and the average diameters of each type of seepage channel were
computed (Fig. 7 ~10). It should also be noted that due to the sample
quality, imaging resolution and element testing accuracy in this study,
there is no completely reliable evidence to show that the minerals
marked as "black mica" in Figs. 6 and 7 are indeed real black mica. In
order to ensure that the simulation can be carried out smoothly, it is
marked as "black mica" here to explore the impact of mineral diversity
on seepage. Meanwhile, the focus of this study is to provide a new
perspective on the study of flow in tight rocks, the identification accu-
racy of some minerals is not taken as a key concern here. However, when

doing similar simulation in the future, more precise experimental in-
struments can be used to explore the mineral types in more detail.

Previous studies have shown fractal dimension is a quantitative
parameter to describe the fractal phenomenon, the fractal characteris-
tics of the pore structure in reservoir rock is obvious, and the fractal
dimension could be used to describe the complexity of pore structure
quantitatively. Box counting method could be used to calculate the
fractal dimension in this study (Mandelbrot, 1967, 1974). The calcula-
tion principle is as follows:

F—tim ™%

r—co ln(r) 6)
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Fig. 12. Visual flow simulation of tight oil exploitation (200-1000min). The final flow state is shown in the X-velocity (horizontal velocity) and Y-velocity (vertical

velocity) in 1000 min.

o
(=]
)

(9]
L

Maximu/Minimum flow velocity/pm/s

B Maximum B Average B Mlmmum

:_ﬁ
:‘ T

- 0.5
- 0.45

F3

035
&) 03
L 0.25
0.2
0.15
0.1
0.05

: : 0

s/ /£110019A Moy dSeroAy

FAP OAP MCF

l'MAP IFAP MFAP

Seepage channels

Fig. 13. Flow velocity distribution of each type of space in the seepage channels.

In equation (6), F indicates the fractal dimension, R indicates the box
radius, and N, indicates the number of boxes contained in the image
under the relative box radius.

As seen in Fig. 8 ~10, the fractal dimension, the contents and the
average diameters of seepage channels are all varied in seepage channels
formed by various minerals.

In Fig. 8, the rank of the fractal dimension is accumulational pore of
the interstitial fillings-black mica (IMAP), corrosional pore inside the
feldspar (FCP), accumulational pore of the interstitial fillings-feldspar
(IFAP), accumulational pore by the quartz broken (QAP),

accumulational pore of the black mica-feldspar (MFAP), corrosional
fracture inside the feldspar (FCF), accumulational pore of the interstitial
fillings (IAP), fracture inside the black mica cleavage (MCF), and accu-
mulational pore caused by the feldspar broken (FAP).

As the fractal dimension indicates the complexity of the seepage
channels, the higher the value, the more complex the seepage channel is.
The accumulational pore of the interstitial fillings-black mica (IMAP)
and the accumulational pore by the feldspar broken (FAP) occupied the
maximum and minimum of the fractal dimension respectively.

As seen in Fig. 9, the rank of the seepage channels content is IAP,
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FCP, IFAP, FAP, MFAP, MCF, QAP, FCF, and IMAP. As the content
represents the probability of the porosity being affected throughout the
entire flow process, the differences in the content of the seepage chan-
nels will have a different impact on the flow. The acumulational pore of
the interstitial fillings (IAP) has the highest content while the corro-
sional fracture inside the feldspar (FCF) and the accumulational pore by
the quartz broken (QAP) have the lowest content.

Similarly, as seen in Fig. 10, the rank of the average diameter is FAP,
MFAP, IAP, MCF, IFAP, FCP, QAP, IMAP, FCF. As the average radius
represents the space size of the fluid throughout the entire flow process,
the differences in the radii of the seepage channels also represents the
differences in the flow line form, which will have a different impact on
the flow. The accumulational pore by the feldspar broken (FAP) has the
highest value while the corrosional fracture inside the feldspar (FCF) has
the lowest value.

3.3. Flow simulation results

As seen from Figs. 11 and 12, when we injected the injective liquid
into a stationary location, the microscopic flow path had some regu-
larities, which needed to be addressed. Throughout the entire flow
process, the flow of the fluid in the nine seepage channels generally
presents the characteristics of the earlier stage (0-200 min) and the later
uniform propulsion (200 min-1000 min). As the flow process continues
to advance, the diversity of the seepage channels begins to manifest
gradually. The characteristics of the flow begin to appear to be uniform,
but the flow characteristics in the different seepage channels are also
very different, so it is worth studying this further.

In addition, the flow process in the horizontal direction (X direction)
and the vertical direction (Y direction) is very different. Overall, the X
direction is the dominant direction of the flow, and its flow rate is higher
than the Y direction. This finding can be supported by evidence related
to seepage channel extension (Figs. 11 and 12).

The vector modulation of the flow velocity in the X and Y directions
was determined. When the simulation results of the two samples are
combined, the statistics for the maximum, average, and minimum flow
velocity for each type of seepage channels were also obtained (Fig. 12).

As to the maximum flow velocity, the rank is IAP, FCP, MFAP, FAP,
MCF, IFAP, IMAP, FCF, and QAP. The acumulational pore of the inter-
stitial fillings (IAP) has the highest value while the accumulational pore
by the quartz broken (QAP) have the lowest (Fig. 13).

As to the minimum flow velocity, the rank is IAP, FCF, FCP, IFAP,
QAP, IMAP, MCF, MFAP, and FAP. The acumulational pore of the
interstitial fillings (IAP) has the highest value while the accumulational
pore by the feldspar broken (FAP) have the lowest (Fig. 13).

As to the average flow velocity, the rank is IAP, FCP, IFAP, FCF,
MFAP, MCF, IMAP, QAP, and FAP. The acumulational pore of the
interstitial fillings (IAP) has the highest value while the corrosional
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fracture inside the feldspar (FCF) and the accumulational pore by the
feldspar broken (FAP) have the lowest (Fig. 13).

The maximum flow velocity is shown on the left vertical axis while
the average and minimum flow velocities are shown on the right vertical
axis. The images of each type of seepage channels are shown in the
column respectively.

4. Discussion
4.1. Mechanism of the differences in flow velocity and sweep efficiency

As seen in Fig. 14, the maximum of flow velocity increased for the
non-linear flow as the average diameter of each type of space increased.
Thus, the larger the diameter of the space, the greater the potential flow
capability. This proves that as the injection pressure increases, the flow
velocity could be higher in the larger seepage channels than in the
smaller seepage channels.

The minimum flow velocity for each type of space is similar; most of
the values remain at about 0.05 pm/s, which shows that the lowest
potential flow capability has almost nothing to do with the type of space.
This means that as long as the flow process occurs in the space, the
lowest velocity is nearly the same (Fig. 14).

Similarly, the average flow velocity (the comprehensive potential
flow capability) has almost no relationship with the type of space. This
means that a small space does not have a higher potential of exploitation
than a large space. It also demonstrates that our exploitation objective
should not be primarily restricted to nanoscale spaces, such as gas
contained in shale. The large space in a conventional reservoir could also
have higher exploitation potential, so technology is needed to enhance
the efficiency of microscopic oil displacement (Fig. 14).

In order to explore whether the geometric characteristics of 9 types
of reservoir spaces will affect the flow velocity, four types of geometry
attributes include “circularity”, “aspect ratio”, “roundness” and “solid-
ity” were constructed and calculated respectively (Zeng et al., 2020).
The correlation between these four types of geometry attributes and
flow characteristics were also analyzed.

Their definition formulas are as follows,

A
Circularity =4x iz (2]
perimeter

Mai .
Aspect Ratio = M (€]

Minor axis

A

Roundness =4 # 9

7 * Major axis®

A

Solidity =——-2 10)

Convex area
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It can be seen from Fig. 15 that the average values of circularity,
roundness, aspect ratio do not have obvious relationships with flow
velocity. This proves that there is no strict quantitative relationship
between the geometric parameters of single reservoir space and the flow
velocity. In addition, the factors affecting the flow process are relatively
complex, which may be caused by the change of the pore geometry in
the reservoir space during the flow process.

Average aspect ratio
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Fig. 15. Cross-plot of average circularity, roundness,
solidity, aspect ratio and the maximum (al, bl, cl,
and d1), minimum (a2, b2, c2, and d2) and average
(a3, b3, ¢3, and d3) of flow velocity. Each point in-
dicates the properties of a type of seepage channel.
Among them, “circularity” and “roundness” represent
the degree of the reservoir space approaching the
circle. The larger their values are, the closer they are
to the circle. On the contrary, the greater the ovality
is. “Aspect ratio” refers to the ratio of the length of the
major axis to the minor axis after ellipse fitting of the
boundary shape of the reservoir space. Solidity rep-
resents the concave and convex degree of the
boundary of reservoir space. The smaller its value is,
the more obvious the boundary is concave inward.

To evaluate the sweep efficiency, the simulation results presented in
Figs. 11 and 12 were combined, and the microscopic sweep efficiency
index E, was constructed as Equation (11).

E,=
N

11
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where N; indicates that the number of grids whose velocity value is
non-zero in each type of space at one time and N indicates the total
number of grids that symbolize each type of space.

The microscopic sweep efficiency index of nine types of space in the
seepage channels was also calculated (Fig. 16). The sequence is IMAP,
FCP, FCF, FAP, IFAP, MCFH, MFAP, IAP, and QAP, which means that the
potential of the residual oil in the accumulational pore by the quartz
broken (QAP) and the accumulational pore of the interstitial fillings—
black mica (IMAP) would be the highest and lowest. This finding would
also benefit the tight oil exploitation.

Obviously, the physical meaning in Formula (11) represents the
extent to which different types of seepage channels are affected in the
whole oil displacement process. This is one of the leading factors for the
oil recovery efficiency in each type of seepage channels.

In addition, the combination of Figs. 13 and 16 is of great signifi-
cance for the development of remaining oil. It clearly points out that the
remaining oil may remain in the seepage channel with which mineral as
the boundary, which has direct guidance for us to select the chemical
materials for oil displacement or determine displacement pressure.
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4.2. Relationship between the fractal dimension and the flowing
characteristics

As we know, fractal dimension can reflect the structural complexity
of different seepage channels (Du et al., 2018a, 2018b). However,
whether the fractal dimension can reflect the flow velocity character-
istics of different seepage channels is a topic worthy of discussion. So the
cross—plot between the fractal dimension and the maximum (a), mini-
mum (b) and average (c) of flow velocity were drawn (Fig. 17).

Fig. 17 shows that the relationship between the fractal dimension
and the maximum, minimum and average flow velocity of different
seepage channels is not particularly obvious, that is to say, the fractal
dimension could not reflect the differences of flow velocity well. The
possible mechanism is that although fractal dimension can reflect the
complexity of porous media structure, there are many factors influ-
encing the flow process in tight reservoir, and the weight of each factor
is different, but it can be concluded that fractal dimension is not the most
important one. Of course, the specific mechanism still needs further
study.

4.3. Significance in tight oil exploitation

As to the mechanism of the differences in the flow process for



S. Du et al.

seepage channels formed by different minerals in a tight reservoir, we
could illustrate it in the aspect of energy conversion. When the external
fluid passes through the seepage channel, it is bound to be facing the
boundary. From the point of view of energy conversion, there is a dy-
namic conversion of kinetic and elastic energy when fluid passes
through the seepage channels formed by different minerals. Because
different minerals have different elastic properties (Young’s modulus,
Poisson’s ratio, Lame coefficient, etc.), the size and speed of these two
types of energy conversions will vary greatly in the flow process. When
the fluid flows through the seepage channels, if the mineral stiffness on
the boundary is small (i.e., the Young’s modulus is small), the kinetic
energy of the fluid is easily converted to elastic energy. When the fluid
leaves the seepage channel, the mineral is quickly recovered due to
elastic energy, but the fluid cannot be converted to kinetic energy, thus
resulting in energy loss. Conversely, if the mineral stiffness of the
boundary is larger (i.e., the Young’s modulus is large), the kinetic energy
of the fluid is not easily converted to elastic energy, so the fluid energy
loss is small and there is little variation in the flow velocity.

It should be pointed out that, the types of minerals that form different
seepage channels are complex, and minerals have various wettabilities.
So the tight oil reservoirs in this study behave as mixed-wet, which leads
to the particularity of this type of tight oil reservoirs compared with
reservoirs in other regions in terms of displacement efficiency and re-
sidual oil distribution characteristics. This also reflects the necessity and
significance of conducting the study from the perspective of combining
mineral types with seepage channels. It could be concluded that, in the
middle and later periods of the oil exploitation, some oil may still remain
in the large space. Therefore, it is not factual that the remaining oil is
primarily found in the small seepage channels after water-flooding
exploitation. It is reasonable to speculate that the oil was exploited
from both the large and small space. However, sometimes, it could
primarily be exploited from the large space.

5. Conclusions

The new seepage channels classification scheme was developed
based on mineral types after considering the differences in their me-
chanical properties. The new classification scheme could be used to
explore the influence of reservoir space types constructed by different
mineral combinations on the flow process and potential of tight oil
reservoirs. The different seepage channels formed by many types of
minerals are varied in fractal dimension, contents, and average pore
diameters.

Throughout the entire flow process, the diversity of the seepage
channels begin to manifest gradually. The characteristics of the flow
begin to appear to be uniform, but the flow characteristics in the
different seepage channels are also very different, so it is worth studying
this further. The larger the diameter of the space, the greater the po-
tential flow capability. This could prove that as the injection pressure
increases, the flow velocity could be higher in the larger seepage
channels than in the smaller seepage channels.

The lowest potential flow capability has almost nothing to do with
the type of seepage channel. This means that as long as the flow process
occurs in the seepage channel, the lowest velocity is nearly the same.

As to the geometric properties of reservoir spaces, the average values
of circularity, roundness, aspect ratio do not have obvious relationships
with flow velocity. This proves that there is no strict quantitative rela-
tionship between the geometric parameters of single reservoir space and
the flow velocity. In addition, the factors affecting the flow process are
relatively complex, which may be caused by the change of the pore
geometry in the reservoir space during the flow process.

Our exploitation objective should not be primarily restricted to
nanoscale spaces, such as gas contained in shale. The large space in a
conventional reservoir could also have higher exploitation potential, so
technology is needed to enhance the efficiency of microscopic oil
displacement.
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It is reasonable to speculate that the oil was exploited from both the
large and small seepage channel However, sometimes, it could primarily
be exploited from the seepage channel.
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