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Abstract: Permeability is an important transport property of porous materials, and its accurate
evaluation is relevant in studying applied tasks such as CO: injection into reservoirs and
investigating groundwater quality issues. This study examines the dependence of permeability on
total and connected porosity, hydraulic tortuosity, specific surface area, and mean pore radius based
on the data of 408 cubic sub-volumes extracted from heterogeneous and naturally fractured
cylindrical carbonate samples before and after injection of HCIl solutions into them. These
parameters were computed using pore-scale modeling of fluid flow. It has been shown that
permeability correlates well with porosity and mean pore radius with correlation coefficients of
R? ~ 0.65 — 0.79 for heterogeneous samples. It was found that the presence of natural fractures
significantly influenced the relationship between permeability and other parameters. The
relationship between permeability k, tortuosity 7, and specific surface area S is described by
power laws k~77% and k~S~#, with coefficients @ and S substantially exceeding those in the
Kozeny-Carman equation. It was also found that there is a parabolic relationship between connected
and total porosities both before and after rock dissolution with R? = 0.96 — 0.99. This allowed for
estimation of percolation threshold porosity that are in good agreement with the literature data.

Keywords: absolute permeability; pore-scale modeling; percolation threshold porosity; dissolution;
power law; X-ray microcomputed tomography

1. Introduction

Absolute permeability k plays an important role when studying fluid flow in the porous
medium during the development of oil and gas reservoirs, the injection of COzinto reservoirs for its
further storage, the migration of contaminants in underground aquifers, and the flow of gases in
catalytic systems. It presents macroscopic characteristic of porous medium, which depends on its
microscopic and macroscopic properties. Absolute permeability usually measured under laboratory
conditions on a limited number of rock samples. In practical applications, there is a need for specific
relationships between k and other properties of the porous medium. And widely used relationship
is the Kozeny-Carman (K-C) equation, which relates k to porosity ¢, specific surface area, and
tortuosity of porous medium [1-4]. However, the K-C equation predicts incorrect k values for many
porous materials [2,5,6], and consequently, its various modifications have been developed [3,4,6-10].

The most widely used equations describe the relationship between k and ¢ (k~¢™) [11-15],
connected porosity ¢con (k~¢fn ) and percolation threshold of porosity ¢, (k~(¢ —@)™)
[4,6,8,16-21]. In the abovementioned equations, n is the power exponent. In addition, an equation is

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202311.1569.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 November 2023

2

used to describe the relationship between k and ¢l?, where [ is the characteristic length of the
porous medium [22-26].

The equation k~¢™ is often used to describe the evolution of the relationship between
permeability and porosity during rock dissolution [11-15,27,28] to predict the increase in k as ¢
changes during the rock dissolution. Several experimental studies on carbonate dissolution indicated
that the fitting of experimental data using the equation k~¢™" led to significantly higher values of n
compared to n = 3 that is in K-C equation [12,13,15,27]. High values of n are explained with the
formation of wormholes in rock samples as acid solutions interacted with carbonate rocks. Moreover,
many authors noted that the values of n change as the rock dissolves [13-15,28,29]. Nogues et al.
presented the dependence of the exponent n on the porosity during the rock dissolution [29].

Bernabe et al. first mentioned the idea of using the percolation threshold porosity ¢, to describe
the dependence of permeability on porosity while studying the hot pressing of calcite [7]. Later, this
idea was implemented to describe the relationship between permeability and porosity using the
equation k~(¢ — ¢.)" to study of fluid flow in spherical packing [4] and hot pressing of calcite
aggregates [6]. This equation describes better the dependence of permeability on porosity at ¢ — ¢..

The percolation threshold of porosity ¢. — is the value of porosity below which the pore
network becomes disconnected, and therefore its permeability vanishes. It can be determined from
the dependencies ¢.on~(¢ — )" and k~(¢p — ¢.)". Zhang et al. found values of ¢, and n,
correspondingly, equal to 4% and n =~ 2.2 for calcite aggregates [6], while N. S. Martys et al.
amounted these values to be 3-9% and n = 4, respectively, for spherical packing [4]. Different
authors have obtained values of ¢, for limestone samples ¢. = 5.9% [17], young sea ice ¢, = 2.4%
[18], natural microgranite ¢. = 0.85% [19], Fontainebleau sandstone ¢, = 1.9% [20], Fontainebleau
sandstone, fused glass packing, hot-pressed calcite ¢, = 2.5,3.5, and 4.5%, respectively [8] and
porous media with randomly placed identical squares ¢, = 33% [16].

There are in the literature a study of the relationship between k and the characteristic length of
a porous medium [ [18,24-26,30]. As [ the critical pore radius 1, is often used, which is determined
during the injection of a nonwetting liquid into rock samples under laboratory conditions [24-26].
Katz & Thompson considered [ as the size corresponding to the percolation threshold of the
electrical conductivity of porous media [30]. Nishiyama & Yokoyama studied 17 sandstone samples
and 1 limestone sample, subjected to air displacement of water from these samples so that to
determine 7, [25]. As a result of which, relationships were built between k, ¢, transport porosity
¢erq and factor ¢pr. Their results indicated that the permeability of studied samples correlated better
with ¢r2, than with porosity ¢, and this relationship was expressed as k = 0.012¢,47%, where
¢ means transport porosity, defined as total porosity without dead-end pores [25]. They
examined the applicability of this relationship to describe the permeability of other porous media,
and found that this relationship works well for these porous medium as well. They also found that
by fitting the hydraulic tortuosity from the K-C equation, a better correlation can be achieved, which
is described with the equation k = 8.5(¢r2)'3.

Review of the previous studies on the subject of this article proved the following: 1) the
relationship between k and [ has to be studied comprehensively; 2) most studies available have
been conducted using either sandstones, volcanic rocks and artificial porous materials or ideal porous
media; 3) each study was conducted on a small number of samples; 4) the effect of rock dissolution
on the relationships between permeability, porosity, tortuosity and specific surface area has also been
studied little.

This paper studies the relationship between permeability, total and connected porosity,
hydraulic tortuosity, specific surface area and mean pore radius based on data of 408 cubic sub-
volumes selected from heterogeneous and naturally fractured cylindrical carbonate samples before
and after injection of hydrochloric acid (HCI) solutions. In addition, the percolation threshold
porosity for all samples were determined from the relationship between the connected and total
porosity. The microscopic and macroscopic characteristics of the sub-volumes have been obtained
through pore-scale modelling.

doi:10.20944/preprints202311.1569.v1
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2. Materials and Methods

2.1. Sample characterization

Four cylindrical samples (#1-#4) were extracted from the core of one of the carbonate oil field of
the Republic of Tatarstan. The diameter and length of the samples are about 3 and 5 cm, respectively.
The study of the mineral composition using a Bruker D2 Phaser X-Ray diffractometer [31] showed
that all samples are almost completely composed of calcite, and the quartz content does not exceed
1% (see Table 1). This allows to exclude the influence of mineral heterogeneity of samples on rock
dissolution.

The samples were cleaned from oil and bitumen contained in them on Soxhlet apparatus using
an alcohol-benzene mixture, after which they were kept in distilled water to remove water-soluble
salts. Next, the samples were dried at a temperature of 104 °C until the change in their mass did not
exceed 0.01 g.

Table 1 shows the porosity and permeability of the samples. The porosity was determined by
the liquid saturation method, and the permeability was calculated according to Darcy's law.

Table 1. The main characteristics of the studied samples.

Sample . oy Composition, %
name Porosity %  Permeability, pm’ Calcite  Dolomite  Quartz
#1 19.0 0.29 99 - 1
#2 20.6 0.43 100 - -
#3 20.9 0.71 99 - 1
#4 20.0 0.45 100 - -

2.2. Experimental methods

Flow-through experiments on the injection of 2% sodium chloride (NaCl) solution and
hydrochloric acid (HCl) solutions were carried out using Wille Geotechnik Y1000 electronic rock
testing unit. The unit allows measuring the permeability of samples before and after injection of HCI
solutions in reservoir conditions. The experimental setup is schematically shown in Figure 1. The
experimental procedure is as follows. After cleaning from oil, bitumen and water-soluble salts, the
sample is saturated with 2% NaCl solution and kept for 12 hours at a temperature of 20°C and a
pressure of 3 MPa (reservoir conditions) [31]. It should be noted that immediately before and after
injection of the HCI solution, each sample was scanned using a General Electric VItome|X 5240 X-
ray microcomputed tomography at a resolution of about 18 pm. After that, a 2% NaCl solution is
injected through the sample and at least at three constant injection rates, the pressure drop at the ends
of the sample is measured after their stabilization. Next, valves V3 and V4 are closed, and valves V1
and V2 are opened, then the HCI solution is injected into the sample until breakthrough. After
completion of the injection of the HCl solutions, a 2% NaCl solution is injected again into the sample,
and at least at three constant injection rates, the pressure drop at the ends of the sample is measured
after their stabilization. All experimental data are recorded on a computer. After each experiment,
the pressure is released, the sample is unloaded from the core holder unit, the lines for the injection
of liquids are flushed.

The water permeability of the samples was calculated according to the Darcy’s law. During all
experiments, a constant temperature and confining pressure of 20°C and 3 MPa, respectively, were
maintained. The injection rate and mass concentration of HCI in the solution, as well as the
permeability of the samples before and after injection of HCI solutions are shown in Table 3.
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Figure 1. Schematic of the experimental setup.

2.3. Pore-network modeling

With the aim to increase the number of samples, we extracted sub-volumes (red cubes) from
each sample before (Figure 2a) and after (Figure 2b) their dissolution as it illustrated in Figure 2.
Extraction of sub-volumes was carried out using the Avizo Software. The physical volume of each
sub-volumes equals ~83 mm3, and this exceeds the representative elementary volume (REV) for each
sample (Figure 3). Most importantly, the identity of each sub-volumes and location of extraction from
3D digital sample models was ensured, corresponding to its state before and after injection of HCI
solutions, so that it was possible to compare the characteristics of sub-volumes before and after rock
dissolution. Those sub-volumes were ejected that were either impermeable or coincident/intersect
with wormholes. Thus, 408 sub-volumes were extracted totally from all considered samples (see
Table 2).

Table 2. Number of sub-volumes extracted from cylindrical samples.

Name of cylindrical sample #1 #2 #3 #4
Before injection 59 56 52 37
After injection 5 56 52 37

Number of sub-volumes extracted

a) b)

Figure 2. Schematic illustration of the extraction process of sub-volumes from a cylindrical sample: a)
before injection; b) after injection; c) enlarged sub-volume.
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Figure 3. Selection of volumes (left) and porosity of the volumes (right) for samples #1-#4 before
injection of HCl solutions.

As the sub-volumes from all cylindrical samples has been extracted, pore-network modelling
(PNM) was carried out on them using the Avizo [32]. Avizo is a powerful software that allows to
process images obtained using X-ray micro computed tomography and build 3D digital models of
samples, as well as performs PNM of the fluid flow in order to determine the microscopic and
macroscopic properties of samples [33,34]. As the consequence of PNM, the total and connected
porosity, specific surface area, radius of all and only connected pores, hydraulic tortuosity and
absolute permeability were computed. Avizo automatically computes the absolute permeability
according to Darcy's law, the applicability of which is confirmed by calculations on several randomly
chosen sub-volumes (Figure 4). All computations have been conducted on the following boundary
conditions: the pressures at the inlet and outlet were 1.3 and 1.0 atm., respectively, and at the other
boundaries of the sub-volume, no-flow condition was set. As a working fluid, water has been used,
the viscosity of which is 1 mPa*s at room temperature.

1300 4800
+-Sub-volume 26, Sample #2 Sub-volume 26, Sample #2 >
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Figure 4. Flow rate vs. pressure drop for randomly selected sub-volumes from each sample before
(left) and after (right) the injection of HCI solutions.

3. Results and discussion

3.1. Change in pore space due to rock dissolution

Before building a 3D model of the samples, images of their slices were analyzed for the presence
of any features (Figure 5 and Figure 6). Figure 5 shows the original and segmented images of the
inlet, middle and outlet slices of Sample #2 before (Figure 5 a) and after (Figure 5 b) injection of HCI
solutions. As shown in Figure 5, sample #2 has three natural vertical fractures, which are indicated
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by red lines. As can be seen from Figure 5a), there is only one fracture on different slices of the sample,
which indicates their small length along the sample length.

a) b)
Original Segmented

Segmented

Middle Near inlet

Near outlet

Figure 5. Original and segmented images of inlet (upper), middle (middle), and outlet (lower) slices
of sample #2 before (a) and after (b) injection of HCI solution. Red and orange lines indicate natural
fractures and vugs, respectively.

a) Sample #1 b) Sample #3 ¢) Sample #4
Original

Segmented Original Segmented Original Segmented

After

Figure 6. Original and segmented images of inlet slices of sample #1 (a), #3 (b), and #4 (c) before
(upper) and after (lower) injection of HCl solution.

It has been noted that to remove noises from the original images obtained using X-ray
microcomputed tomography, a median filter was used [35]. It can be seen from Figure 5 and Figure
6 that there is a good visual match of the processed images with the original images of sample slices.

Figure 5 also indicates that, unlike the other samples (Figure 6), sample #2 also has vugs of
different sizes (Figure 5a), which are marked with orange lines. Note that the pore space on the
original and segmented images is marked in black and blue, respectively. The presence of fractures
and vugs in the inlet slice of sample #2 caused the formation of secondary wormholes (yellow lines,
Figure 5b) along with the main wormhole (green line, Figure 5b) that broke through in the outlet slice
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of the sample (Figure 7). Due to the presence of natural fractures in the sample #2, further we will
consider it separately from the other samples. Thus, samples #1, #3 and #4 will be considered as
heterogeneous samples, as well as sample #2 considered as naturally fractured.

The built 3D models of the samples before and after the injection of HCI solutions are shown in
Figure 7. The injection of solutions was carried out from the bottom up. As shown in Figure 7, as a
result of the dissolution of the carbonate rock, conical wormholes were formed, which led to an
increase in the permeability of the samples over its initial value by several times (see Table 3). Sample
#1 and #4 show face dissolution near the inlet slice at low injection rates. 2.4 to 4.4 pore volumes of
HCl solutions required for breakthrough (see Table 3). The largest increases in permeability (3.79 and
4.1 times) were observed in samples #2 and #4 at injection rate of solutions of 8 and 4 ml/min,
respectively.

Before After Before After Before After Before After
” g o ’“ e " s

Sample #1 Sample #2 Sample #3 Sample #4

Figure 7. 3D digital models of sample #1-#4 before and after injection of HCl solutions.

Table 3. Flow conditions of HCI through the samples and permeability of samples after the
injection.

Flow Permeability P
rate, after HC1

Breakthrough

ermeability
pore volumes,

Mass concentration of HCI,
Sample name

% ml/min injection, um? ratio PV
#1 18 2 0.98 3.38 2.9
#2 18 8 3.79 8.81 24
#3 12 8 3.85 542 4.2
#4 12 4 4.10 9.11 4.4

As shown above, a total of 408 sub-volumes were extracted from all the considered cylindrical
samples. For visual evaluation the effect of rock dissolution on the pore structure in more detail,
Figure 8 illustrates the pore space of three randomly selected sub-volumes extracted from each
cylindrical sample before and after injection of HCI solutions. Note that Figure 8 shows only
interconnected pores, which play an important role in the fluid flow through them and the formation
of their permeability. As shown in Figure 8, noticeable changes in the pore space due to the rock
dissolution occurred in samples #2-#4, which led to relatively large increases in their permeability
(see Table 3). From Figure 8, we also note that in the sub-volumes extracted from samples #2 and #3,
a significant increase in the number of interconnected pores is observed as a result of injection of HCl
solutions. In addition, if before the injection of solutions, the connected pore space occupied only a
certain part of the sub-volumes, then after the rock dissolution, it already occupies almost the entire
part. This contributes to a significant increase in the conductance of sub-volumes and a decrease in
the tortuosity of the flow path.
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Sample #2

v
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Before

After

c) Sub-volume #27 Sub-volume #30 Sub-volume #37 d) Sub-volume #16 Sub-volume #19 Sub-volume #25

Before

After

Sample #3

Figure 8. Connected pore space of randomly selected sub-volumes extracted from samples #1-#4
before and after injection of HCl solutions.

3.2. Connected vs. total porosity

Porosity ¢ is one of the important properties of a porous medium, and is defined as the ratio of
pore volume to the total sample volume. Connected porosity ¢, also often used, which is defined
by the ratio of the volume of interconnected pores to the total sample volume, and as arule ¢ = ¢,,p,.
Some studies have shown that there is a relationship between ¢.,,, and ¢ [16,18,36]. The study of
the pore structure of a young sea ice [18] and basaltic clasts [36] using microcomputed tomography
showed that the dependence of the connected porosity on the total porosity obeys a power law
according to the percolation theory ¢.,,~(¢p — ¢.)P, where p — power exponent. Koponen et al.
approximated the relationship between the connected and total porosities by a cubic polynomial
GPeon = ax® — 2a + ¢ )x* + (a+ 1+ ¢p.)x, where x = (¢ — ¢.)/(1 — ¢.) [16]. Figure 9 shows the
dependence of connected porosity on total porosity for sub-volumes from heterogeneous and
naturally fractured samples. Blue circles and orange squares correspond to sub-volumes before and
after their dissolution. The colored solid lines indicate the best fitting curves of the relationship
between the connected and total porosity with a correlation coefficient R* = 0.96 — 0.99. The fitting
equation has the following form ¢.,, = a$? + b + ¢, where a,b and ¢ - fitting coefficients, the
values of which are given in Figure 9.

Relationships between connected and total porosity allows to find ¢, [36]. The percolation
threshold porosity ¢, is the porosity at which the fluid begins to flow [21]. The porous medium
becomes impermeable below ¢,. Percolation threshold porosity is usually determined based on the
relationship k~(¢ — ¢.)9, where, q — power exponent [4,6,8,19-21]. This relationship is often used
as the fact that data on total porosity and absolute permeability are sufficiently collected during the
numerous laboratory studies on cores. The percolation threshold porosity can also be determined if
the relationship between connected and total porosity are available [16,18,36]. This approach requires
additional studies to determine the connected porosity. In this study ¢, is defined as the positive
root of equation a¢? + b¢p + ¢ — o, = 0, the value of which is given in Table 4.
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Figure 9. Connected and total porosities of sub-volumes extracted from heterogeneous (a) and

naturally fractured (b) samples before and after rock dissolution.

Table 4. Percolation threshold porosity of different porous materials.

Relationship type for ¢,

Reference be, % Porous material determination
Sphere packing, sintered
4] 39 porous media k(@ = ¢o)'
[6] 4 Hot-pressed calcite k~(p — ¢)?
25 35 Fontainebleau sandstone,
[8] 4'5 ’ fused glass beads, hot- k~(p — p)?
pressed calcite

[16] 33 Randomly placed squares  ¢.o = a1%° — ax? 4 azx
[36] 9-14 Basalt clasts Geon~(P — PP
[17] 5.9 Carbonate rocks k~(¢p — ¢p.)?
[19] 0.85 Microgranite k~(¢p — ¢p.)?
[20] 1.9 Fontainebleau sandstone k~(¢p — ¢o)?
[21] 0.855 Granite k~(¢p — ¢p.)?
[18] 24 Young sea ice Geon~(P — PP

This study (before)

Heterogeneous 7.3 Carbonate rocks GPeon = adp? + b + ¢
Naturally fractured 5.4
This study (after)
Heterogeneous 4.8 Carbonate rocks Peon = aP? + b + ¢
Naturally fractured 6.2

As it can be seen from Table 4, ¢. for heterogeneous and fractured carbonate samples before
and after their dissolution are close to the value of 5.9% which is determined during an experimental
study of the dissolution of carbonate samples [17]. There is a decrease of ¢, after dissolution, with
the exception of a slight increase for the fractured sample, indicating that pore connectivity is

increased due to the formation of new channels during the rock dissolution. The largest change
~60%, was observed for an heterogeneous sample. It turned out, ¢. for Fontainebleau sandstone is
2-3 times lower than that of carbonate samples.

3.3. Permeability vs. porosities

Figure 10 demonstrates the distribution of absolute permeability of sub-volumes on total and
connected porosities. In this figure, round and square symbols indicate the permeability of sub-
volumes before and after their dissolution, respectively, for heterogeneous (Figure 10 a-c) and
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naturally fractured (Figure 10 d-f) samples. In order to establish relationships between permeability
and porosities, our data were fitted using the equation k = a¢™, k = a(¢ — ¢.)" and k = apl,,
(Figure 10, solid lines). The values of ¢, for heterogeneous and naturally fractured samples have
been taken from Table 4.

1E+2 ¢ ) Heterogeneous 1E+2 ¢ d) Naturally Fractured
ta E
e [ ~ [ o
£ £
= E 2 £
o 1E+0 . o 1E+0 E ) =3
*-] =8 | ve s
> > P eos -
£ Before £ = Before =
_r% 1E-2 L After v % 1E-2 After N
g 3 —Fit. (before) L g —Fit. (before)
= Fit. (after) == Fit. (after)
[ v o
o k=10 0 0,72 o 0*¢*83, R2 = 0,15
1E-4 1E-4
0 0,12 0,24 0,36 0 0,12 0,24 0,36
Total porosity [-] Total porosity [-]
1642 ¢ b) Heterogeneous 1E+2 o) Naturally Fractured
~ [ ~
£ £
3 - 3 3 [ —
D140 L D 1E40 / "
S E S -
£ L X
9] 9] g
2 bl 2 b
> ~ > // C
= ) Before = / Before
9 1E2 L y After < 12 After £+0 2
[ E Joff —Fit. (before) ] —Fit. (before) 4
E Fit. (after) E Fit. (after) g
[ L1z [
a b k = 5,14 * 103(¢ — 0,073)359, K o 102(¢p — 0,054)%10, R 0,14
1E-4 e e | 1E-4 A : £-2
0 0,12 0,24 0,36 0 0,12 0,24 0,36
Total porosity [-] Total porosity [-]
1E+2 5 Heterogeneous 1E+2 f Naturally Fractured
& ~
€ £
= ST =
T 1640 T 1640 -4 ~
[ 4 — ~
e £ /
9] 3] X
. 2 .
> > /
£ Before = / Before =
2 162 After Q8 g2 |/ After =
g Fit. (before) g —Fit. (before) L
= —Fit. (after) E = Fit. (after) c
9] / 9] - a
& / k=191=103p}! 0,78 o 102¢231 R ),16 :
d ‘
1E-4 J 1E-4 : : : : :
0 0,12 0,24 0,36 0 0,12 0,24 0,36
Connected porosity [-] Connected porosity [-]

Figure 10. Permeability vs. total (a, d), percolation threshold (b, e) and connected (c, f) porosities.

Figure 10 indicates that, due to rock dissolution, not only porosity and permeability increase,
but also the coefficients a and n changed. For example, for a heterogeneous sample, before its
dissolution, if the relationship between permeability and total porosity (Figure 10a) is described by
the equation k = 1,02 = 107 ¢®8°, then after dissolution, this equation takes the form of k = 1,10 *
105¢%?7. A similar trend is observed for fractured sample and equations k = a(¢ — ¢.)" and k =
a¢ly, (Figure 10 b-f). Therefore, this means that due to the rock dissolution the properties of samples
changed and samples become different than before dissolution. In other words, the change due to
rock dissolution must be considered when modelling fluid flow at larger scales. We also note that the
values of power exponent n obtained in this study are significantly larger than the exponent in the
K-C equation, in which n = 3. High values of n for a considered carbonate samples may be due to
that the natural rock samples have a more complex pore structure compared to the ideal porous
materials, for which the K-C equation works well. Other studies have also shown higher values of n
[11,13,15]. For example, Noiriel obtained n = 13 for the dissolution of a cylindrical limestone sample
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during the injection of CO2[13]. Voltolini & Ajo-Franklin fitted permeability and porosity data during
the dissolution of a limestone sample by CO: with the equation k~¢" for which n = 4.9 [15].

Figure 10 clearly demonstrates that there is a large scattering in the permeability distribution of
sub-volumes extracted from the naturally fractured sample (Figure 10 d-f) compared to the
distributions for heterogeneous samples (Figure 10 a-c), indicating that the relationship between
permeability and porosity is weak in the case of naturally fractured samples. Consequently, for such
samples, the permeability should be evaluated considering other properties of the rock. However,
the scatter of data in the permeability distribution for naturally fractured sample decreased after rock
dissolution, which can be seen from the improvement of the correlation coefficient R? (Figure 10 d-
f). This means that as the rock dissolves, the relationship between permeability and porosity becomes
stronger. The correlation coefficients of all types of equations used for heterogeneous samples ranges
from 0.64 to 0.78 (Figure 10 a-c), while for a fractured sample this coefficient has significantly low
values 0.14-0.36 (Figure 10 d-f).

Sub-volumes extracted from naturally fractured sample have higher permeabilities (Figure 10
d-f) compared to heterogeneous samples (Figure 10 a-c) at relatively low porosities. Figure 10 also
demonstrates that, for heterogeneous samples, the equations k = a(¢ — )" and k = apl,,
describe better the sharp decrease in absolute permeability at low porosities (Figure 10 a, ¢, e, solid
lines) compared to the equation k = a¢™.

3.4. Permeability vs. tortuosity and specific surface area

According to K-C equation, permeability is a function not only of porosity, but also of hydraulic
tortuosity 7 and specific surface area S [1,3,5,37]. Permeability is inversely proportional to the
square of 7 and S. The K-C equation obtained for an ideal porous media, and many studies have
shown that the permeability calculated using it do not agree with the measured permeability of
various rocks. Therefore, there are some its modifications in the literature [3,5,9,38,39].

Figure 11 demonstrates the dependence of permeability of sub-volumes on t (Figure 11 a, b)
and S (Figure 11 ¢, d) for heterogeneous and naturally fractured samples before and after their
dissolution. As shown in Figure 11, there is a clear relationship between permeability and 7 and S.
These relationships can be best described by the following power laws of k~7~% and k~S~#, where
a and f power exponents for 7 and S, respectively.

The values of @ and f are much higher than those in K-C equation, and a varies from 8.5 to
40.1 (Figure 11 a, b), and f from 5.1 to 17.1 (Figure 11 ¢, d). LI et al. also have shown that there is a
good power-law relationship between k and 7, with the power exponent varying between 3.46 and
8.24 for sub-samples of anisotropic and heterogeneous tight sandstone [40]. Nishiyama & Yokoyama
have also obtained a power-law relationship between permeability and tortuosity k = (0.15/7)%%°
[25] for various granular porous materials. Values of @ and g, much greater than 2 indicate that K-
C equation is not an effective tool for predicting the absolute permeability of natural rock samples.
Figure 11 also indicates the larger scattering in the distribution of k for naturally fractured sample.
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Figure 11. Permeability vs. T (a, b)and S (c, d).
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3.5. Permeability vs. mean pore radius

We also computed the mean pore radius 7, for each sub-volume extracted from heterogeneous
and fractured samples in order to study its relationship with absolute permeability. The pore radius
along with the other properties also plays an important role in the evaluation of permeability of
porous media. For example, if we assume that a porous medium consists of many capillary tubes
(pores) with a radius r, then the permeability of this porous medium can be calculated by following
relationship k = ¢r?/8. Obviously, the permeability is sensitive to the pore radius. There is in the
literature the equation k = c¢?1® is used to describe the relationship between k and 7, for various
porous media, where [ is the characteristic length of a porous medium [22-26]. Nishiyama &
Yokoyama obtained an equation k = 8.5(¢r2)'* to describe the relationship between permeability,
porosity and critical pore radius of various artificial and natural porous materials [25]. It should be
stated that below we use the mean radius of interconnected 7,. and all pores 7, (interconnected +
unconnected).

Figure 12 illustrates the permeability of sub-volumes from all samples before and after their
dissolution versus ¢rn? (Figure 12 a, b) and ¢ontyy. (Figure 12 ¢, d). Figure 12 a)-b) show that the
relationship between permeability and ¢r,? will be well described using the power law k = c(tl)rpz)g,
especially for heterogeneous samples, where € and c are the power exponent and coefficient of
proportionality, respectively. As it can be seen from the Figure 12, ¢ varies from 1.87 to 4.77 before
and from 2.94 to 4.29 after rock dissolution, respectively. As it turned out, the relationship k~¢con7;-
is stronger compared to the relationship k~¢n? (Figure 12 a) for heterogeneous samples, which can
be seen from the higher coefficients of correlation R* of the equation k~¢.,,1% (Figure 12 c). Figure
6 demonstrates that the mean pore radius is also one of the important factors that significantly affects
the permeability of the porous medium.
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Figure 12. Permeability vs. ¢r2.

4. Conclusions

The present paper analyzed the main characteristics of the 408 cubic sub-volumes extracted from
heterogeneous and naturally fractured carbonate samples before and after injecting HCl solutions.
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Analysis of X-ray images of the sample slices showed the presence of natural fractures and vugs
in sample #2, which contributed to the formation of secondary wormholes. The results also showed
that the largest increases in permeability occurred in sub-volumes with poor pore connections before
the injection of HCl solutions.

It has been shown that the absolute permeability k of sub-volumes from heterogeneous samples
correlates well with porosities both before and after the injection of HCI solutions. However, the best
correlation was observed between k and the factors ¢r; and ¢ontis., with correlation coefficients
R? =~ 0.65 — 0.79. This indicates that the mean pore radius, in combination with porosity, significantly
influences the permeability of the porous medium. This is advantageous as the mean pore radius and
porosity can be relatively easily determined.

As the results indicate, the presence of natural fractures noticeably affected the relationship
between k and other parameters of the porous medium, resulting in a low R? value of
approximately 0.15. However, an improvement in the correlation can be observed after rock
dissolution, with an R? value of approximately 0.35. The results also highlight that for considered
samples, the relationship between k and the other parameters changes shape after rock dissolution,
i.e., the coefficient a and the power exponent n have different values before and after rock
dissolution.

The relationship between k, 7, and specific surface area S is described by power laws k~17¢
and k~S~F, where a ranges from 8.5 to 40.1 and f ranges from 5.1 to 17.1, significantly exceeding
the values in the Kozeny-Carman equation (@ = § = 2).

The results demonstrate that the relationship between connected and total porosity is well
described by a parabolic equation ¢.,, = ap? + b + ¢ both before and after rock dissolution giving
high correlation coefficients R? =~ 0.96 — 0.99. The percolation threshold porosity values found in
this article align well with those reported in [31] and are approximately three times higher than the
values for sandstones. It has been shown that, as a result of rock dissolution, the connectivity between
pores increases for heterogeneous samples, as evident from the decrease in the percolation threshold
porosity after rock dissolution.
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