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ABSTRACT: The microscopic pore shape and topology signifi- Shape factor Diameter

cantly affect fluid transport and occurrence in porous permeable
rock. A quantitive characterization of the impact of pore
morphology on permeability is currently lacking, which limits the
efficient development of underground hydrocarbon resources. This
work introduces the Euler number and shape factor to characterize
the pore topology and shape of heterogeneous sandstone based on :

CT imaging. The pore morphology under different pore sizes and Permeability Euler number .
the correlation of the Euler number, shape factor, fractal

dimension, and surface area are analyzed. Furthermore, a modified Kozeny—Carman equation is established to explain the
influence of the Euler number and shape factor on permeability. The results show that with the increase of pore diameter, the Euler
number decreases while the shape factor increases. In a connected pore system, the smaller Euler number corresponds to the
complex pore network, which leads to the increase in the surface area, shape factor, and fractal dimension. At constant porosity, the
shape factor is negatively correlated with permeability, and with increasing Euler number, the heterogeneity of the pore structure
increases, resulting in an increase of flow resistance and a decrease of permeability. The results provide a new pore morphology
characterization method for digital rock and help to understand the flow mechanism of hydrocarbons in complex pore networks.

B INTRODUCTION certain observation scale'>'® and highly restore the real pore
morphology compared with other observation methods such as
focused ion beam scanning electron microscopy, '
magnetic resonance spectroscopy,lg’20 and mercury intrusion

porosimetry.”’ Raw CT images have strong postprocessability,

The pore structure inside underground reservoir rock is the
main space for hydrocarbon storage and migration."”” In
addition, microscopic petrophysical properties such as the
pore morphology, pore size distribution (PSD), and perme-

nuclear

ability can provide an important basis for reservoir evaluation, and the target structure can be accurately extracted through
development, and enhanced hydrocarbon recovery.”* However, image processing techniques.””~* Busse et al.”* used unique
the microscopic pore structure of underground rock is Complex, image processing technology to extract the cleat structure in CT
and the pore shapes and ty7pes are diverse, leading to an unclear images and comprehensively characterized the cleat properties
fluid flow mechanism.>”’ This limits the exploration and through cleat length, spacing, aperture, and connectivity. The
development of underground energy resources. Therefore, it is structure obtained through 3D reconstruction can preserve real
of great significance to characterize the pore shape and topology morphological characteristics. Wang et al*® introduced the
and in turn analyze their influence on permeability. shape factor to quantitatively characterize pore shape in coal and

Numerical modeling is a common method to analyze the pore divided them into five types. They demonstrated that CT has
structure and predict the permeability of porous media, which is advantages in the characterization of the pore shape. The fractal
commonly divided into continuous scale and pore scale. The dimension describes the geometric shape and complexity of
continuous-scale model based on the representative element porous media. Rahner et al.>” obtained the pore volume fractal

volume can reasonably predict the macroscopic physical
properties of porous media; however, the model size is much
larger than the typical pore size of porous media, and the
microscopic heterogeneity is ignored.” Pore-scale modeling can - ]
fully consider the microscopic heterogeneity and reasonably Recfnved: April 28, 2022
explore the microscopic pore shape and topology.”~"" Digital Revised: ~ June 7, 2022
rock reconstruction and modeling based on micro-CT images Published: July 5, 2022
have become an important means to obtain the pore-scale

microscopic properties.'”~'* One can obtain the three-dimen-

sional (3D) pore system nondestructively and directly under a

dimension using a box-counting algorithm and PSD curves,
characterized the pore morphology of sandstone and shale, and
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Figure 1. Model construction process: (a) heterogeneity of scanned samples and (b) reconstruction of CT images.

established the relationships between the fractal dimension,
specific surface area, and porosity. Therefore, the pore structure
properties, such as the surface area, porosity, pore size, and
fractal dimension, can be obtained simply, nondestructively, and
accurately based on CT imaging. However, the existing
parameters cannot fully describe the complex pore topology
due to pores that have different sizes and shapes being
interconnected to form complex pore networks. The Euler
number is commonly used to describe the object topology and
has been gradually applied in digital rock analysis.”” Li et al.,*’
Guo et al,*® and Yang et al.’' used the Euler number to
characterize the morphology of remaining oil in sandstone and
combined the shape factor to divide the remaining oil into five
types. Davudov et al.*” illustrated that the Euler number can
characterize the connectivity of the pore space and solid matrix;
the smaller the Euler number, the better the connectivity. Guo
and Cui™’ calculated the global Euler number of a rock matrix to
reflect the pore connectivity; the smaller the Euler number, the
better the connectivity. Besides, pores with complex networks
may not provide sufficient flow channels. Most of these studies
have used the Euler number as a global parameter to describe the
connectivity of the pore space, but less attention has been paid to
analyzing the pore topology quantitively, such as the
corresponding PSD and the relationship between the Euler
number and pore structure properties.

For the permeability characterization of CT-based digital
rock, the connected pore system can be directly used as a
geometric model to perform permeability simulation. Mosta-
ghimi et al.”* conducted a Stokes flow simulation on the
binarized 3D image to obtain the permeability. They proved that
the permeability difference of carbonate rock in different flow
directions can be as high as 50%. In addition, Alhammadi et al®
improved the CT equipment and carried out the CT scanning
experiment of water displacement under the steady state to
obtain the relative permeability of carbonate rock and clarify the
oil displacement mechanism in microscopic pores. As for the
relationships between the permeability and pore structure
properties, Wang et al.*® analyzed coal heterogeneity based on
PSD, investigated the influencing factors of permeability, and
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concluded that the fractal dimension is negatively correlated
with the permeability. The simplified pore network model
(PNM) can also be used to obtain the permeability. Yang et al.”’
established a PNM considering organic pores, obtained the
permeability based on the modified single tube flow equation,
and analyzed the influence of the slip length, viscosity ratio, and
organic carbon content on permeability. In the above studies,
the CT-based permeability was obtained through numerical and
experimental methods, and the influencing factors of perme-
ability were analyzed in detail. Nevertheless, the effect of pore
morphology on permeability, such as the Euler number and
shape factor of pore space, is ignored. In addition, a variety of
factors affect the permeability of digital rock, and fewer studies
have analyzed the relationship between the pore structure and
permeability by controlling the variables. The Kozeny—Carman
(KC) equation is widely applied in the prediction of
permeability because it defines the quantitative relationship
between the porosity and permeability, and the calculation is
relatively simple.”**” Liu et al.** modified the KC equation by
establishing a fractal model of the shape factor. Safari et al.*'
introduced eccentricity into the KC equation to correct the
shape factor and combined discrete element analysis and LBM
to simulate the permeability of different ellipsoid particles to
verify the model. These studies have promoted the theoretical
prediction of permeability, but the model parameters are mainly
obtained through experiments or estimated using empirical
equations. Micro-CT can directly obtain the 3D pore structure
at a certain observation scale, and calculation of the parameters
is accurate and straightforward. Therefore, the pore structure
parameters obtained by the CT imaging technique can be
combined with the theoretical model of permeability to analyze
the influence of pore morphology on permeability under
controlled variables.

In this work, the Euler number and shape factor are
introduced to quantitatively characterize the pore shape and
topology, and the corresponding PSD is analyzed, which
expanded the application of CT imaging in pore morphology
characterization. In addition, the relationships between the
Euler number, shape factor, fractal dimension, and the surface
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area of connected pores are explored. By combing with digital
rock reconstruction and simulation data, the KC equation is
further modified to analyze the influence of the Euler number
and shape factor on permeability under constant porosity. Thus,
the fluid flow mechanism in pores with complex morphology is
clarified.

2. MATERIALS AND METHODS

2.1. CT Scanning Experiments and Image Processing. Three
sandstone samples from Dagang Oilfield were selected for this research,
and the samples were polished into a cylinder with a diameter of 5 mm
in the laboratory for the CT scanning experiment. A VerXRM-500
microscopic CT scanner manufactured by Zeiss with the scanning
resolution of 4.7 ym was used, and the field of view is 4.7 mm in
diameter and 4.7 mm in height.

One thousand one images were acquired from each sample after CT
scanning. The large image size and wide range of gray value (0—6.55 X
10*) increase the amount of calculation during the analysis and
simulation process. Thus, the original images were converted from 16
bits to 8 bits, and the corresponding gray value ranges from 0 to 255.
Besides, it is found that the distribution of the microscopic pore
structures in sandstone samples has strong heterogeneity as the pore
structures from different regions (200 pixels X 200 pixels) at the same
slice are significantly different (Figure 1a). Therefore, multiple pore-
scale models with different pore structures can be constructed from the
different regions of the CT images. The 3D reconstruction process of
the target structure includes selection of the region of interest, image
segmentation, and structure rendering (Figure 1b). First, four sets of
CT images with different pore structures were cropped from the
different regions of each sandstone sample, and 12 different models
(S1—S12) were constructed with a model size of 200 X 200 X 200
voxels, corresponding to the actual size of 940 X 940 X 940 um®. The
median filtering was then used to denoise the images, which can
effectively remove a large number of randomly distributed noise.**
Black Top-Hat segmentation can detect the dark area in grayscale
images, corresponding to valleys, and a threshold can select the depth of
valleys.*’ Therefore, it was used for image segmentation, and the
microscopic pore properties were extracted. Finally, volume rendering
was performed on segmented images to obtain the 3D target structure.

2.2. Permeability Simulation. Permeability simulation was
performed using the connected pore system which was extracted
through 26 neighborhoods method; elements connected to the points,
lines, and faces of the cube voxel are considered to be interconnected.
Figure 2a is the connected pore system after removing isolated pores.

Figure 2. Schematic diagram of the permeability simulation: (a)
connected pore system, (b) boundary conditions.

Each model was simulated in the X, Y, and Z directions based on the
Navier—Stokes equation for the Newtonian incompressible fluids.****
The fluid mode was laminar, and the fluid medium was defined as water
with a dynamic viscosity of 0.001 Pa-s. The inlet and outlet pressures
were 130 and 100 kPa, respectively. A voxel thickness wall defined as a
nonslip wall (flow velocity at fluid boundary is 0) was set at the fluid
boundary. In addition, solution iterations were set to 500—1 000 000
with the iteration error of 0.0001 to solve the Navier—Stokes equation
and obtain the flow parameters. As a result, the permeability in three
directions was calculated by Darcy’s law, and the final value is the
average. The reconstruction and simulation process was completed
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with AVIZO software. The permeability simulation method and
boundary conditions are shown in Figure 2b.

2.3. Shape Factor. The pore surface area and diameter can be
accurately obtained at a certain observation scale through the
reconstructed 3D pore system. Under the specific pore volume, the
larger the surface area, the more complex the shape is. With a certain
surface area, the larger the volume, the simpler the shape is. Therefore,
eq 1 can be used to characterize the pore shape.”® When the shape
factor is 1, the pore is spherical, and the larger the shape factor, the more
complex the pore shape

23
S=—"5
6 1)
where S is the shape factor, A is the pore surface area, and V, is the pore
volume.

2.4. Euler Number. Figure 3 displays the different pores in S1
under CT observation. It is found that a large number of holes exist in
the pore structure, which damage the integrity of the pore space. With
the variation of the pore volume, the number and size of holes are
different, forming a complex pore network, resulting in a complicated
mechanism of fluid occurrence and migration.

The Euler number is an important parameter to measure the
topological structure.”>*>*”** Equation 2 shows how to calculate the
Euler number

2(x) = Y (=1)p(x) )

where r is the spatial dimension, y(x) is the Euler number of spatial
target x, and p(x) is the maximum number of r dimensional closed
chains, also called the r-dimensional Betty number.

For 3D space, when r > 2, the value of the Betty number is 0, which
has no practical significance. Therefore, one only needs to calculate the
Betty number when r < 2. Equation 3 shows how to calculate the 3D
Euler number®*

E=f-Hh+P (3)

where E is the 3D Euler number, f, is the number of isolated
components, f; is the number of channels, and f, is the number of
closed cavities.

Digital rock contains a pore phase and a solid phase. Figure 4 is the
schematic illustration of the calculation method of the Euler number for
solid phase. It uses the number of isolated components (1 for a single
target) minus the number of channels plus the number of enclosed
cavities (i.e., isolated pores). Therefore, the smaller the Euler number,
the greater the number of fluid channels, the lower the number of
isolated pores are, and the better the connectivity is. In addition, the
pore connectivity can also be characterized by calculating the global
Euler number of the total pore system. A smaller Euler number value
corresponds to a smaller number of isolated pores and stronger
connectivity.

The Euler number was introduced to describe the 3D pore topology.
In this situation, the number of isolated components is 1, the channels
are the holes in the pore structure (Figure 3), and the number of closed
cavities is 0. Therefore, the smaller the Euler number, the more holes
there are in pore structure, and the more complex the topology. The
maximum Euler number is 1, which means there is no hole in the pore
structure.

2.5. Fractal Dimension. The fractal dimension characterizes the
complexity of the pore structure quantitively, and it is generally
distributed around 2—3 for the 3D pore system.*’ The larger the value,
the more complex the structure is.’*>' The fractal dimension was
obtained through the box-counting algorithm

In N(¢e)

1
In =
B

D = lim
e—0 ( 4)
where D is the pore volume fractal dimension, € is the side length of the
cube box, and N(¢) is the number of boxes with side length &.
2.6. Characterization of the Permeability. The permeability of
digital rock is generally obtained by numerical simulation, where it is
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difficult to control the variables when analyzing the relationship
between the pore structure properties and permeability, and there is a
lack of theoretical prediction of the permeability. The KC equation is
widely used in permeability prediction; it describes the quantitative
relationship between the permeability, porosity, and specific surface
area (eq 5).>> However, the KC constant is related to the pore structure

properties,”>* and it is not a definite value
K= Kc(p3
oM ©)

where K, is the KC constant, ¢ is the porosity, and M is the specific
surface area, which is the ratio of the pore surface area to the model
volume.

The KC equation was introduced to estimate the permeability of CT-
based digital rock. First, the simulated permeability was combined with
eq S to obtain the KC constant (the porosity and specific surface area
can be accurately obtained through 3D pore structure analysis). Then,
the quantitative relationship between the KC constant and pore
structure parameters was established through multiple regression to
modify the KC equation. Finally, the influence of the pore morphology
on permeability was analyzed.

3. RESULTS AND DISCUSSION

3.1. Measurement of the Euler Number and Shape
Factor. The shape factor is generally calculated from the ratio of
the pore surface area to volume (eq 1). Euler number can be
obtained by counting the number of isolated components, holes,
and closed cavities in combination with eq 3. Their calculations
were all completed using AVIZO software. Moreover, the shape
factor can be accurately calculated due to the advantages of CT
imaging in pore volume and surface area measurements. In
addition to the Euler number calculation method in eq 3,
another interesting method is mentioned in Davudov’s work.”
It uses the number of isolated components minus the number of
redundant pore system connections plus the number of enclosed
cavities. The PNM constructed by the connected pore system
based on the watershed algorithm was used to develop this
method and calculate the corresponding Euler number. Pore
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throats in the PNM are interconnected; thus, the number of
isolated components is 1, and the number of closed cavities is 0.
The number of redundant pore system connections can be
obtained by subtracting the throat number minus the pore
number plus 1. Therefore, the smaller the Euler number, the
greater the number of redundant throats and the stronger the
pore connectivity. It is found that the Euler number calculated
by the connected pore system is consistent with the Euler
number calculated by the PNM (Figure 5), which verifies the
accuracy of the calculation. Besides, the Euler number calculated
by the PNM is about 0.6 times that of the connected pore
structure. This is because the pore-throat number in the PNM
depends on the model construction method. It is worth noting
that calculation of the shape factor and Euler number is

0
A
-60 y=0.5986x
=
g
~-120
S -
< Corresponding
g PNM A
= -180
=
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=
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-240
Connected |
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Figure S. Comparison of the Euler number obtained through the two
methods.
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performed on digital cores, which is also applicable to
conventional and unconventional digital rocks such as
carbonate, shale, and coal.

3.2. Pore Shape and Topology with Different Pore
Sizes. The Euler number and shape factor calculated in different
pore sizes of the 12 models were used to explore the pore
morphology distribution (Figure 6). The pore diameter was
calculated based on a spherical shape due to the large difference
in pore shape. In addition, the Separate Objects module was
used to calculate the watershed line in binary images to separate
the pore space and obtain more pores. Figure 6a shows the
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changing characteristics of the Euler number, which gradually
decreases with increasing pore diameter. The larger the pore
diameter, the faster the Euler number decreases and the greater
the difference in Euler number. This means that with increasing
pore volume, there are more holes in pore structure, forming a
complex pore network. The larger the pore volume is, the more
significant the difference in topology among the different pores.
As displayed in Figure 6b, the shape factor increases as the pore
diameter increases, and in most models, the larger the pore
diameter, the faster the shape factor increases. This demon-
strates that the pore shape tends to be complex with increasing
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pore volume, and the larger the pore volume is, the more
significant the difference in pore shape. In addition, the shape
factor and Euler number show opposite trends with the variation
of pore diameter, indicating that with increasing pore volume the
number of holes in the pore structure increases, forming a
complex pore shape and network.

Box plots were developed to analyze the distribution of the
Euler number and shape factor and further explore the pore
morphology characteristics; it can intuitively display the pore
number, shape factor, and Euler number values in a specific pore
diameter range. Besides, the top and bottom of the box represent
the maximum and minimum values of the data (except outliers),
respectively, and the mean value is also given inside the box.
Figure 7a displays the distribution of the shape factor in S1. In
the pore diameter range of 0—50 ym, the pore number is 346,
the average shape factor is 1.14, most of pores are nearly
spherical, and the maximum shape factor is 4.47. In the range of
50—100 pm, the pore number is 23, the average shape factor
value is 4.46, and the maximum and minimum values are 8.12
and 1.78, respectively. In the range of 100—150 pm, the average
shape factor is 16.85 and the maximum and minimum values are
8.2 and 23.3, respectively. When the pore diameter is greater
than 250 pm, there are only 3 pores and the average shape factor
is 101.6. Therefore, with increasing pore diameter, the pore
number decreases and the pore shape becomes more irregular.
The larger the pore diameter, the greater the difference in pore
shape between different pores. Figure 7b shows the pore
structures and the corresponding Euler number in S3. With a
pore diameter of 0—100 ym, there are 465 pores, most of which
have a Euler number of 1 and an average value of 0.96. This
demonstrates that the pore structure is complete. Only one pore
has a smaller Euler number, which is —3. With a pore diameter of
100—150 pm, the pore number is 7 and the Euler number of
most pores is less than 0 with an average Euler number of —0.86.
With pore diameters of 150—200 pm, the pore number is 4 with
an average Euler number of —6 and the maximum and minimum
Euler number are —2 and —10, respectively. When the pore
diameter is greater than 250 ym, there are only 2 pores, the pore
diameters are 253.66 and 497.29 um, and the corresponding
Euler numbers are —49 and —67, respectively. Therefore, with
increasing pore diameter, the number of holes in pore structure
increases and the topology tends to be complex. The larger the
pore diameter is, the greater the difference in Euler number. This
demonstrates that the larger the pore diameter is, the more
obvious the difference of morphology, which leads to a larger
difference in Euler number and shape factor between different
models (Figure 6). For example, S10 has no pore distribution in
the range of 200—250 um and strong heterogeneity, leading to
the significant difference from other models.

3.3. Correlation of the Pore Structure Properties. There
are many isolated pores in the total pore system, and the pore
volume fraction that was extracted directly from the 3D image
after image segmentation was used to analyze the connected and
isolated pore distribution (Figure 8). The volume fraction of
connected pore is the largest, and the volume fraction of isolated
pores is smaller. As the pore diameter increases, the pore
distribution becomes discrete. The volume fraction of the
connected pore in S1 is 0.093 with a diameter of 530.78 ym. The
diameters of isolated pores are all less than 150 pm, and the
volume fraction is only 0.01. Therefore, the proportion of
isolated pores is smaller, only the connected pore contributes to
permeability, and the correlation analysis was carried out using
the connected pore structures.
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Figure 8. Distribution of connected and isolated pores in S1.

The connected pore system of 12 models was extracted
(Figure 9a), and the Euler number, shape factor, surface area,
fractal dimension, and pore diameter were calculated to describe
pore morphology quantitatively. In order to intuitively display
the porosity distribution of these models and preliminarily study
the relationship between the porosity and pore morphology,
Figure 9b displays the pore structure parameters with increasing
porosity; the corresponding models are S11, S5, S10, S8, S6, S9,
S7, S4, S1, S2, S12, and S3 in sequence. The porosity of
sandstone is low, 7 models have a porosity of less than 6%, and 5
models have a porosity of greater than 6%. The porosity is
positively correlated with the pore diameter, surface area, fractal
dimension, and shape factor, and negatively correlated with the
Euler number. The variation of the pore diameter has a certain
difference with the surface area since the surface area is obtained
based on the actual pore geometry. S3 has the largest pore
diameter, and S12 has the largest surface area, indicating that the
pore morphology of S12 is heterogeneous. The fractal
dimension between these models is quite different; S11 has
the lowest fractal dimension (2.04), and S12 has the highest
fractal dimension (2.27). The variation of the Euler number and
shape factor is opposite, indicating that a smaller Euler number
corresponds to a complex pore network, which leads to an
increase in shape factor. Among them, S12 has the largest shape
factor (865.30) and the smallest Euler number (—493), and S10
has the smallest shape factor (137.08) and the largest Euler
number (—49).

The Pearson matrix was established to quantitatively analyze
the correlation as mentioned in Figure 9b, and all input
parameters are significantly correlated (Figure 9c). The shape
factor, surface area, pore diameter, porosity, and fractal
dimension are positively correlated and negatively correlated
with the Euler number. The positive correlation between the
pore diameter and porosity is the strongest since the pore
diameter is calculated based on pore volume. The Euler number
has the strongest negative correlation with the shape factor and
surface area followed by fractal dimension with correlation
coeflicients of 0.95, 0.95, and 0.91, respectively, meaning that a
change of the Euler number has a significant influence on the
shape and heterogeneity of pore space. The shape factor has a
significant positive correlation with the surface area and fractal
dimension, and the correlation coefficients are 0.89 and 0.83,
respectively. Besides, the porosity is negatively correlated with
the Euler number and positively correlated with shape factor.
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Figure 9. Correlation of the pore structure properties: (a) connected pore structures, (b) pore structure parameters, and (c) correlation matrix.

This indicates that with increasing pore volume, the number of
holes in pore network increases (Euler number decreases),
resulting in a complex pore shape and network (shape factor and
fractal dimension increase) and increased pore surface area.
The porosity significantly affects the correlation between the
pore morphological parameters since it is related to the Euler
number, shape factor, fractal dimension, and surface area. In this
context, partial correlation analysis (eq 6) was introduced to
eliminate the influence of porosity, and Table 1 shows the
corresponding analysis results. The correlation does not change

Table 1. Partial Correlation Analysis Results with Constant
Porosity

fractal Euler shape surface
parameter coefficient ~ dimension  number factor area
fractal correlation 1.000 —0.670 0.649 0.653
dimension
significance 0.000 0.024 0.031 0.029
Euler correlation —0.670 1.000 —0.925 —0.900
number
significance 0.024 0.000 0.000 0.000
shape factor  correlation 0.649 -0.925 1.000 0.996
significance 0.031 0.000 0.000 0.000
surface area  correlation 0.653 —0.900 0.996 1.000
significance 0.029 0.000 0.000 0.000
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greatly; the coefficients changed only after removing the
influence of porosity. This is because the pore morphology
has a strong correlation with porosity, and the coefficients will
change significantly when the influence of porosity is excluded.
The correlation coeflicient between the shape factor and surface
area is close to 1, which corresponds to the calculation of shape
factor (eq 1), and the accuracy of partial correlation analysis is
verified. The Euler number is still strongly negatively correlated
with the shape factor and surface area with correlation
coeflicients of 0.925 and 0.900, respectively. However, their
correlation with the fractal dimension is weakened significantly;
coeflicients are lower than 0.7. This explains why the decrease of
Euler number increases the number of holes, forming a dense
and complex pore network, resulting in the increase of the pore
surface area, shape factor and fractal dimension

_ 2 — N33
Na@i3) = >
VI =13yl —

where r1,(;) is the correlation coefficient between x; and x, after
removing the influence of &3, 71, is the correlation coeflicient
between «, and «,, r,; is the correlation coefficient between x,
and «x3, and r,3 is the correlation coeflicient between «, and x;.

3.4. Quantitative Characterization of the Permeabil-
ity. Figure 10 displays the permeability results simulated using
connected pore structures in the X, Y, and Z directions with the

2
3

(6)
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corresponding mean permeability and anisotropy. Anisotropy
(A,) was obtained by emitting a set of rays at different angles to
the corresponding binary image of the connected pore system.
The length of the intersection of each ray with the object
encountered was measured, and the distribution of the mean
intercept length was analyzed via an eigenvalue decomposition.
The ratio of the minimum and maximum eigenvalues (4, Amax)
can be used to characterize the anisotropy (eq 7)

)

The connected porosity of these models is in the range of 1.9—
13.2%, and the corresponding mean permeability is 0.237—
0.895 um* (Figure 10). Due to the limitations of image
resolution and simulation scale, the tiny pores have not been
effectively observed, resulting in the higher permeability
obtained by simulations.” All of the connected pore structures
are anisotropic, ranging from 0.488 to 0.591, with different
permeability in three directions. The anisotropies of S2, S3, 4,
and S6 are strong, and the corresponding values are higher than
0.5. The permeability increases with increasing porosity. S12 has
the highest mean permeability with a higher porosity and fractal
dimension of 11.5% and 2.274, respectively. In addition, the
permeability of S12 in three directions is similar, and the
anisotropy is relatively weak. S3 has the highest permeability in
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the Y direction but the strongest anisotropy, resulting in low
permeability in the X and Z directions and low mean
permeability. S10 has the lowest permeability with a lower
porosity and the lowest fractal dimension of 3.8% and 2.022,
respectively. Therefore, the porosity, fractal dimension, and
anisotropy are closely related to permeability.

The simulated mean permeability, porosity, and specific
surface area were combined with eq S to obtain the KC constant,
which fluctuates widely and distributes from 0.023 to 0.160
(Figure 11a). Compared with the connected pore structures
(Figure 9), the KC constant of S11 is the largest, followed by S5,
and their corresponding porosity is smaller, being 1.9% and
2.4%, respectively. The KC constant of S3 is the smallest, and the
corresponding porosity is the largest, which is 13.2%. The KC
constants of S3 (0.023), S9 (0.032), and S10 (0.04) are close,
but the porosities of S9 and S10 are lower, being 5.5% and 3.8%,
respectively. Although the maximum and minimum values of the
KC constant correspond to the minimum and maximum values
of the porosity, respectively, they are generally weakly
correlated. In order to further analyze the relationships between
the KC constant and pore structure (porosity, fractal dimension,
anisotropy, Euler number, shape factor, pore area, pore
diameter), the corresponding Pearson correlation matrix is
established. The results indicate that the KC constant is
negatively correlated with the pore diameter, with a correlation
coeflicient of 0.58. In general, the bivariate correlation between
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the KC constant and the pore structure are poor, and the KC
constant may be controlled by multiple parameters.

Multiple regression was introduced to establish the
quantitative relationship between the pore structure and KC
constant. The dependent variable was set as the KC constant,
and the independent variables were determined to be the
porosity, fractal dimension, anisotropy, Euler number, shape
factor, surface area, and pore diameter. The regression method
was set to step to automatically select the closely related
variables, remove the remaining variables, and output the
quantitative relationship (Table 2). Three models were output

Table 2. Multiple Regression Fitting Results

standard
model R? skewness error  parameter  coefficient  significance
1 0.338 0.0321 constant 0.185368 0.004
pore —0.000241 0.047
diameter
2 0.781 0.0194 constant 0.310771 0.000
pore —0.000671 0.000
diameter
Euler —0.000312 0.002
number
3 0.891 0.0146 constant 0.546885 0.000
pore —0.001475 0.000
diameter
Euler —0.000307 0.001
number
porosity 2.018791 0.022

after iteration with fitting degrees 0of 0.338,0.781, and 0.891. The
model with the highest fitting degree was selected to characterize
the KC constant, which can be quantitatively described by the
linear relationship of the pore diameter, Euler number, and
porosity. The variance inflation factor values of all variables are
less than 10, satisfying colinear diagnosis, and the significance of
each coefficient is less than 0.0S, so the output regression model
is statistically significant. Since the pore diameter is calculated
from the pore volume and can be obtained from the porosity, the
KC constant can be described by the porosity and Euler number

(eq 8)

6pV
K. = 0.546885 — 0.0014753 S 0.000307E
b4

where V is the model volume.

Combining the shape factor (eq 1) and KC constant (eq 8)
with eq S, a relationship between the porosity, Euler number,
and shape factor and permeability can be obtained (eq 9)

K v+ m3/oV + nE + hgo)i/E
3(367-S)* )

where [, m, n, and h are fitting parameters, which may relate to
the image resolution since the permeability of digital rock with
different resolutions is quite different.

The predicted (multiple regression fitting results) and actual
values of the KC constant are compared in Figure 11a, indicating
that the error is reasonable, with the mean absolute and relative
errors being only 0.01 and 0.1S5, respectively, and the absolute
error of most models is less than 0.01. The prediction is the
worst when the porosity is 0.79 (model S4), with an absolute
error of 0.02. In addition, the permeability calculation results
based on eq 9 are compared in Figure 11b. S4 has the worst
predicted permeability with an actual value of 0.52 ym?
compared to the predicted value of 0.36 um? but the overall
prediction is reasonable with an average absolute error of 0.06
um?. The relationship between the porosity and permeability
shows a positive correlation in both actual and predicted values
with corresponding correlation coefficients of 0.88 and 0.86,
respectively, and the linear relationships between the two
basically coincide. Therefore, the modified KC equation can
reasonably characterize permeability based on the obtained data
and can be used to further analyze the effect of pore morphology
on permeability.

3.5. Influence of Pore Morphology on Permeability.
The influence of the pore structure on permeability directly
obtained without controlling variables is poor under micro-CT
observation since many factors affect permeability. The
modified KC equation can reasonably characterize the
permeability of porous digital rock, which is obtained based
on 12 heterogeneous sandstone models. Therefore, the
influence of the pore morphology (shape factor and Euler
number) on permeability can be obtained by controlling
variables based on eq 7. Figure 12 displays the influence of the
Euler number and shape factor on permeability when the
porosity is 0.05 and the shape factor is in the range of 0—1000.
With increasing shape factor, the shape of the connected pore is
complicated and the permeability decreases. The larger the

+ 2.018791¢ (8) shape factor, the slower the rate of permeability decreases. The
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Figure 12. Influence of the pore morphology on permeability under constant porosity.

https://doi.org/10.1021/acs.energyfuels.2c01359
Energy Fuels 2022, 36, 7519—7530


https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01359?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01359?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01359?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01359?fig=fig12&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c01359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

influence of the shape factor on permeability is more obvious
when the Euler number is larger. The Euler number has a
negative correlation with permeability. The larger the shape
factor, the smaller the influence of the Euler number on
permeability. In addition, the effect of the Euler number on
permeability was analyzed when the porosity and shape factor
remain unchanged (Figure 12). There are a large number of
holes in the connected pore structure when the Euler number is
small. As the Euler number increases, the number of holes
decreases, small holes merge into large holes, and the shape of
the holes becomes complicated as the volume and surface area
remain unchanged, resulting in increased heterogeneity of the
pore structure, which in turn leads to the complicated fluid flow
and reduced permeability.

The microscopic pore morphology has a significant impact on
permeability, and the permeability can be preliminarily
estimated by the Euler number and shape factor, which provides
a new reference for accurate prediction of permeability.
Although the applicability of this conclusion to ultralow
permeability rocks is uncertain, the pore morphology character-
ization technique using the Euler number and shape factor is
applicable to all types of digital cores. In addition, this
characterization technique can be extended to other unconven-
tional rocks and even explore its impact on multiphase flow to
further enhanced hydrocarbon recovery.

4. CONCLUSIONS

This work analyzed the pore morphology and permeability of
heterogeneous sandstone using micro-CT. The Euler number
and shape factor were introduced to quantitively characterize the
pore topology and shape, respectively. The relationships
between the Euler number, shape factor, fractal dimension,
and surface area were further analyzed, and the influence of the
pore morphology on the permeability was clarified based on the
modified KC equation. The following conclusions are drawn.

(1) The Euler number and shape factor are found to be closely
related to the pore diameter through pore size distribution
analysis. The pore shape in the pore diameter range of 0—
S0 um is approximately spherical. The average Euler
number is 0.96 with a 0—100 ym pore diameter, and the
corresponding pore structure is relatively complete. The
pore shape and topology of large diameter pores are
complex, and the morphological differences between
different pores are significant.

(2) In the connected pore system, the larger the porosity, the
more complex the pore shape and topology are, resulting
in a larger pore surface area and fractal dimension. The
shape factor, surface area, and fractal dimension are
positively correlated, and they are negatively correlated
with the Euler number.

(3) The modified KC equation can characterize the
permeability using the Euler number and shape factor.
The permeability has a negative correlation with the shape
factor and Euler number under constant porosity. The
increase of the Euler number will increase the pore
heterogeneity and decrease the permeability. Further-
more, the shape factor has a more obvious impact on

permeability and decreases with increasing Euler number.
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