iriciedl applied
e sciences

Article

Effect of Rock Dissolution on Two-Phase Relative Permeabilities:
Pore-Scale Simulations Based on Experimental Data

Darezhat A. Bolysbek 1-2(%, Alibek B. Kuljabekov 3, Kenbai Sh Uzbekaliyev ! and Bakytzhan K. Assilbekov *

check for
updates

Citation: Bolysbek, D.A.; Kuljabekov,
A.B.; Uzbekaliyev, K.S.; Assilbekov,
B.K. Effect of Rock Dissolution on
Two-Phase Relative Permeabilities:
Pore-Scale Simulations Based on
Experimental Data. Appl. Sci. 2023,
13,11385. https://doi.org/10.3390/
app132011385

Academic Editor: Nikolaos

Koukouzas

Received: 14 September 2023
Revised: 12 October 2023
Accepted: 12 October 2023
Published: 17 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Laboratory of Computational Modeling and Information Technologies, Satbayev University,

Almaty 050013, Kazakhstan; bolysbek.darezhat@gmail.com (D.A.B.); alibek.kuljabekov@gmail.com (A.B.K.);
kzkenbai@gmail.com (K.S.U.)

2 Department of Mechanics, Al-Farabi Kazakh National University, Almaty 050040, Kazakhstan

School of Engineering and Digital Sciences, Department of Mechanical and Aerospace Engineering,
Nazarbayev University, Astana 010000, Kazakhstan

Correspondence: b.assilbekov@satbayev.university

Abstract: Relative phase permeability is an important characteristic of multiphase flow in porous
media. Its assessment is an urgent issue when the pore structure changes due to rock dissolution. This
article examines the effect of carbonate rock dissolution on two-phase flow based on images obtained
by X-ray microcomputed tomography with a spatial resolution of ~18 um. The characteristics of
the two-phase flow were calculated through pore network modeling. The studies were conducted
on 20 sub-volumes, which were extracted from cylindrical samples A and B with permeabilities
of 0.72 and 0.29 D. HCl solutions (12% and 18%) were injected into samples A and B at a rate of
8 and 2 mL/min, respectively. Due to rock dissolution, the porosity and absolute permeability of
the sub-volumes increased by 1.1-33% and 44-368%, respectively. Due to dissolution, the residual
oil and water saturations decreased by 20-46% and 25-60%, respectively. These results showed
that an increase in absolute permeability led to a significant reduction in residual oil and water
saturations. These results also demonstrated that rock dissolution resulted in a change in the spatial
heterogeneity of the relative phase permeabilities. The spatial heterogeneity increased in sample A
after rock dissolution, while in sample B, it decreased.

Keywords: relative phase permeabilities; residual oil saturation; rock dissolution; carbonate rock;
pore-size distribution; absolute permeability

1. Introduction

The study of the influence of the microstructure of porous materials on multiphase
flow is a key topic of modern oil and gas and geological science. In the context of the
constant development of oil and gas production and the need for efficient methods of
capturing and sequestrating CO;, the study of the pore structure of carbonate rocks during
the injection of acid solutions becomes especially relevant. Carbonate rocks are not only
a key factor in the oil industry but can also contribute to environmental sustainability by
capturing and sequestrating CO5.

To achieve more accurate modeling results and gain a better understanding of flow
mechanisms in porous media, researchers are utilizing modern research methods. One
such method is X-ray micro-computed tomography (uCT), which allows for the generation
of high-resolution 3D models of the pore structure. These models, in turn, serve as the
foundation for analyzing the behavior of fluids in porous media using various modeling
techniques [1-3].

One of the key factors in the study of carbonate rocks is the analysis of changes in
their pore structure under the influence of various acidic solutions, as this can significantly
impact their transport properties [4,5]. Measurements of absolute and relative phase
permeabilities play a crucial role in determining the efficiency of displacing one fluid (oil
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or gas) with another fluid (water or other agents) and in utilizing the pore structure of
carbonate rocks for CO, sequestration [4,6-8].

For a deeper understanding of these processes, researchers use modern modeling
techniques for the computation of micro and macro parameters of porous medium. One
such technique is fluid flow simulation based on pore network modeling, which allows for
the analysis of fluid flow behavior in porous media at the pore scale [9-12]. Confirmation
of the importance of these studies can be found in research that utilizes 3D pore models of
samples and numerical modeling to investigate the influence of pore geometry on fluid
flow in porous media. These results demonstrate that even minor changes in the sizes
and shapes of pores can have a significant impact on flow efficiency [13-17]. Furthermore,
studies on the effects of acid injection on the structure and properties of porous materials,
as well as on the relationship between permeability and pore size, highlight the importance
of considering the pore structure when analyzing fluid flow in a porous media [18,19]. This
is also supported by research demonstrating the influence of pore geometric parameters on
fluid flow processes [20,21].

Niu and Krevor investigated the influence of rock mineral dissolution on multiphase
flow characteristics in two distinct carbonate rocks with varying pore structures [4]. They
conducted experimental tests involving the dissolution of 0.5% of the mineral volume
within rock cores using a temperature-controlled acidic solution. This dissolution process
significantly affected the pore structure, leading to changes in relative permeability and
residual trapping. The impact of rock matrix dissolution is heavily reliant on changes
in the underlying pore structure. If variations in the pore structure can be observed or
estimated through modeling, it should be possible to predict the effects on multiphase flow
properties.

One of the key points during the injection of solutions into rock samples is the wet-
tability change of the rocks, which can lead to more efficient oil displacement. Aziz et al.
indicated that wettability alterations occurred during low-salinity water flooding [22].
According to that study, wettability alteration from a more oil-wetting to a more water-
wetting condition has been obtained as one of the most notable effects of low-salinity water
flooding.

An important mechanism for wettability alteration in carbonate rocks is mineral dis-
solution. Sagbana et al., in their critical review, indicated that the equilibrium between
carbonate rock, formation water and crude oil is disturbed when low salinity water, contain-
ing more SOZ* ions than formation water, was injected [23]. This leads to the dissolution
of calcite and a change in the wettability of the rock surface from oil-wet to water-wet.

Drexler et al. showed that carbonated water injection led to a change in rock wettability
from neutral to water-wet [24]. This change in wettability also led to a shift in the relative
permeability curves and showed an increase in oil mobility after carbonated water injection.

One of the important factors influencing the characteristics of two-phase flow in porous
media are pore filling and snap-off, which depend on the topology and pore sizes [25].
They can lead to trapping of the non-wetting phase, which decreases its mobility.

Mahmud and Nguyen showed a significant effect of snap-off on relative phase per-
meabilities and residual saturations [26]. Under highly wetting conditions, snap-off sig-
nificantly reduces the relative permeability and increases the residual saturation of the
non-wetting phase. In addition, snap-off shifted the intersection point of the relative
permeabilities to lower saturations of the wetting phase.

Yousef et al., using nuclear magnetic resonance, demonstrated that the process of
calcite dissolution is capable of increasing pore sizes and improving the connection between
micro- and macropores [27]. The authors hypothesized that changes in wettability due to
calcite dissolution could help increase oil production.

However, a literature review has shown that there is a gap in the study of the influence
of changes in the pore structure of carbonate rocks during rock dissolution on relative phase
permeabilities. This study aimed to examine the effect of changes in the pore structure
of two cylindrical carbonate samples during HCl injection on relative phase permeability
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curves and residual saturations using uCT images and pore-scale simulations. For this
purpose, 20 sub-volumes were extracted from both samples, which were scanned before
and after the injection of HCl solutions using X-ray uCT with a spatial resolution of 18 um.

2. Materials and Methods
2.1. Sample Description

For this study, two cylindrical samples (A and B) were selected from the core of one of
the carbonate reservoirs of the Republic of Tatarstan. The axis of the cylindrical samples
was aligned parallel to the rock layering. Subsequently, these cylindrical samples were
cleaned to remove any contained oil and bitumen using an alcohol-benzene mixture in a
Soxhlet apparatus until a transparent color of the reagent was obtained, which indicates the
absence of hydrocarbons. Afterward, the samples were subjected to a Soxhlet apparatus
with distilled water to remove any water-soluble salts and then dried at 104 °C for 24 h
until the change in mass did not exceed 0.01 g.

The total porosity of the samples was determined using the liquid saturation method.
The mineral composition was analyzed using a Bruker D2 Phaser X-ray diffractometer
(Figure 1a), which indicated that both samples were highly homogeneous in composition,
which allowed for the exclusion of any influence of the mineral composition on the rock’s
dissolution by acid solutions. The characteristics of these samples are provided in Table 1.

Figure 1. (a) X-ray diffractometer and (b) X-ray computed tomography.

Table 1. Characteristics of the samples.

Sample A B
Length, cm 5.01 5.02
Diameter, cm 2.98 2.98
Porosity, % 209 19.0
Calcite Dolomite Quartz Calcite Dolomite Quartz

Composition, %

99 - 1 99 - 1

2.2. Experimental Procedure

Flow-through experiments with the injection of 2% sodium chloride (NaCl) solution
and hydrochloric acid (HCI) solutions were carried out using a Wille Geotechnik Y1000
electronic rock testing unit in reservoir conditions. A 2% NaCl solution was selected
to replicate the characteristics of the formation water for the measurement of absolute
permeability, with the intention of approximating reservoir conditions as closely as possible.
HCl was employed to prepare an acidic solution for the purpose of dissolving the carbonate
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rock. This choice was made due to the fact that HCl is the most suitable acid for interacting
with carbonate rocks, as substantiated by previous studies [16,17,28].

The experimental procedure is as follows (Figure 2). After cleaning and drying, the
sample was scanned using a General Electric V | tome | X 5240 X-ray pCT at a resolution of
about 18 um (Figure 1b). Then, it was saturated with 2% NaCl solution and kept for 12 h at
a temperature of 20 °C and a pressure of 3 MPa (reservoir conditions).

Thermotank

g —

Injection
pump
Injection

Vi

|

|

HCl solution

|

Q ”
1 s 5t a0
g-r" ’ Hassler cell £ o.l
Pressure (O 'ag *
Pressure transducer o3
@ transducer I3
o0
>
Thermocouple
‘Temperature and confining pressure |
maintained at T = 20°Cand P = 3 MPa |
g% .v1—v10 Valves |
Fluid,
acquisition

V10 l
1 Injection pump for
—D‘Q—:lﬁ canflmng%rest)u re
maintenance

Figure 2. Schematic of the experimental procedure.

After that, a 2% NaCl solution was injected through the sample, and the pressure
drop was measured after its stabilization for at least three injection rates. Next, valves
V3 and V4 were closed, and valves V1 and V2 were opened. Then, the HCl solution was
injected into the sample until breakthrough. Until breakthrough, 4.2 and 2.9 pore volumes
of HCl solution were required, respectively, for samples A and B. After completion of the
injection of the HCl solutions, a 2% NaCl solution was injected again into the sample to
measure the pressure drop throughout the sample until it stabilized. Then, each sample
was dry scanned.

All experimental data were recorded on a computer. The water permeability of the
samples was calculated according to Darcy’s law. All experiments were conducted at a
constant temperature and confining pressure of 20 °C and 3 MPa. The injection rate and
mass concentration of HCI in the solution, as well as the measured permeability of the
samples before and after injection of the HCI solutions, are shown in Table 2.

Table 2. Flow conditions of HCl solutions and measured absolute permeability.

L. . Permeability, D
Sample HCI Concentration, %  Injection Rate, mL/min
Before After
A 12 8 0.72 3.90
B 18 2 0.29 0.99

2.3. Simulation of Two-Phase Fluid Flow

The basic principle of operation of the X-ray pCT method is to obtain a sequence of
2D X-ray images of an object. After this, this set of images is processed with Avizo software
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2019.1 [29] in order to create a 3D volumetric image of the object. In this technique, the
key unit that determines the resolution of a 3D model of an object is the voxel. Voxels
are similar to pixels, but they operate in 3D space, allowing you to accurately determine
the structure of an object. The result of 3D image reconstruction is a 3D array of voxels
organized according to XYZ coordinate axes. This array is a 3D representation of the
internal structure of the object, and it is used for further visualization and analysis.

Before the construction of 3D pore space, the uCT images went through several stages
of image processing, which are illustrated in Figure 3. Image processing includes cropping,
noise removal, and segmentation. The cropping was performed to remove unwanted edge
noise. Filtering of the image was carried out to remove noise and artifacts directly within
the sample. In this study, the median filter was used for noise removal. After filtering,
segmentation of the pore space was performed. All operations were carried out using
Avizo software.

Micro-CT sample Cropping Filtering

. — N

Sub-volume Volume Rendering Segmentation

_—
Axis Connectivity Input RAW file
into pnflow

Figure 3. Stages of processing of the uCT images.

After the image processing procedure, 3D models of both cylindrical samples were
built using volume rendering (Figure 4a,b).

Sample A b) Sample B C)  Sub-volume extraction

before

- V. ¥
after before after

Figure 4. Pore space of (a) sample A and (b) sample B. (c) Schematic illustration of the sub-volume
extraction.
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The dark blue color represents the pore space. It should be noted that the transparency
of the images corresponding to the dissolved state of the samples was increased to visualize
the wormholes formed due to dissolution. Also, it is important to note that the injection of
acid solutions into the samples was carried out from bottom to top. As can be seen from
Figure 4, as a result of rock dissolution, a dominant wormhole was formed in sample A
when injecting a 12% HCl solution at a rate of 8 mL/min, whereas in sample B, a conical
wormhole formed due to the comparatively low injection rate (2 mL/min), even though a
more concentrated solution was used. For both samples, the injection of acid solutions led
to a significant increase in their absolute permeability (see Table 2).

The initial data for the studies were cubic sub-volumes about 8 mm in size, extracted
from the 3D model of each sample before and after rock dissolution (Figure 4c). The
representative elementary volume (REV) selection is presented in Figure 5. As can be seen
from the figure, the porosity becomes constant for a sub-volume with a volume higher than
150 mm?3. The volume of extracted sub-volumes is ~8° mm?3, which is larger than the REV
(~6% mm?3).

30
2% —{Sample A
Sub-volumes
s REV = 6 mm? =8 mm’ ASampie

X
= y
‘» 20 =
o
o
a

15 :

10 T T T T T T T T T 1

0 100 200 300 400 500 600 700 80 900 1000
Sub-volume, mm?3

Figure 5. Representative elementary volume selection.

In total, 10 sub-volumes were extracted from each sample, 5 before dissolution, 5 after
dissolution. It should be noted that the extracted sub-volumes from the models of the
same sample, corresponding to its undissolved and dissolved states, were extracted from
the same location to achieve their identity. In total, 20 sub-volumes were extracted from
both samples. The extraction of these sub-volumes from the samples was carried out using
Avizo software. The pore space of the sub-volumes extracted from samples A and B before
and after their dissolution is shown in Figure 6, where the gray color corresponds to the
pore space, and white corresponds to the solid phase. As shown in Figure 6, there were
noticeable changes in the pore structure of the sub-volumes as a result of rock dissolution.

Next, pore network models were extracted from the 3D pore space of the sub-volumes
(Figure 3) to conduct pore network modeling of the two-phase fluid flow using the ‘pn-
flow’ software tool [30]. This software is based on an enhanced version of the maximal
ball algorithm proposed by Dong and Blunt [31]. This method served as the basis for
developing a more versatile approach to extracting porous structures, as described in [32].
Water and oil were used as wetting and non-wetting phases, respectively. During pore
network modeling, connected porosity, absolute permeability, equivalent pore radius, and
pore throat radius, as well as the relative phase permeabilities, were calculated. All cal-
culations were performed using the following parameters: dynamic viscosity of oil and
water—2.31 and 1 mPa-s, respectively; density of oil and water—783 and 1000 kg/m?,
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respectively; interfacial tension—30 mN/m; pressure drop—30 kPa; and initial contact
angle—90 °C.

Sample A

Cpre==

before

Figure 6. Pore space (gray) of the sub-volumes extracted from cylindrical samples A and B.

3. Results and Discussion
3.1. Pore Size Distribution, Porosity, and Absolute Permeability

Pore size distributions for sub-volumes from samples A and B before (blue columns)
and after (orange columns) their dissolution are shown in Figures 7 and 8. The equivalent
pore radius was used as a characteristic size.
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Figure 7. Pore size distribution of sub-volumes from sample A.

As shown in Figure 7, the number of small pores (<50 pm) in all sub-volumes extracted
from sample A decreased after rock dissolution. This indicates an increase in their radii
due to the interaction of HCl solutions with the carbonate rock. Additionally, there was a
noticeable increase in the number of large pores (those with radii greater than the average
pore radii) after the rock dissolution, especially for sub-volumes Al, A2, and A4. These
larger pores may have formed due to the widening of individual large pores or the merging
of several small pores as a result of rock dissolution.

Despite the different conditions of acid solution injection (see Table 2), a similar
situation was observed in the sub-volumes of sample B (Figure 8). However, it can be noted
that there are relatively small decreases in the number of small pores (Figure 8) compared
to the sub-volumes of sample A (Figure 7).

Table 3 provides a brief summary of pore statistics for the sub-volumes of both samples
before and after their dissolution. As seen in this table, the lower boundary of the pore size
distribution remained nearly unchanged for all sub-volumes except for sub-volume A5.
In the case of A5, all interconnected small pores with radii below 23 um disappeared as a
result of rock dissolution. Furthermore, the shift of the lower boundary of the pore radius
range to the right indicates that the rock dissolution did not lead to the formation of new
interconnected pores with radii smaller than the original small pores. It is also worth noting
that the upper boundary of the pore radius range increased for all considered sub-volumes,
except A2, where it decreased by less than 5% from the initial value.
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Table 3. Brief statistics of the pore radius of sub-volumes from samples A and B.

3 N P> o A
NSNS\ NG

o o
S A

N
N SN

Min, um Max, um Mean, um
Sub-Volume Before After Before After Before After
Al 17.13 17.17 173.7 236.3 61.6 71.9
A2 17.13 17.17 194.9 185.9 62.7 69.0
A3 17.12 17.18 238.2 439.1 68.0 73.5
A4 17.12 17.18 220.7 340.8 65.4 72.0
A5 17.13 23.23 279.6 480.9 67.8 72.1
Bl 17.10 17.18 178.8 392.4 63.9 68.6
B2 17.10 17.18 167.2 190.2 62.3 66.4
B3 17.09 17.18 211.3 216.3 62.6 67.53
B4 17.09 17.17 211.3 219.8 63.6 69.45
B5 17.10 17.18 180.9 193.0 60.3 65.17
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Overall, there was a significant increase in the maximum pore radius, indicating the
formation of wide channels connecting large pores as a result of rock dissolution. The
average pore radius of the sub-volumes increased from 6.5 to 16.8%. The smallest and
largest increases were obtained, respectively, for sub-volumes A5 and A1 (Table 3).

The effect of rock dissolution on the porosity and absolute permeability of the ex-
amined sub-volumes is demonstrated in Figure 9. The values of porosity and absolute
permeability of the sub-volumes before and after their dissolution are given in Table 4.
As Figure 9a shows, the porosity and absolute permeability of the sub-volumes changed
differently as a result of rock dissolution. The changes in porosity and absolute permeabil-
ity were relatively larger and more uniform for the sub-volumes from sample B than for
the sub-volumes from sample A. Relatively large changes in porosity were observed for
sub-volumes with relatively low initial porosities (see Figure 9a and Table 4). Figure 9b
demonstrates the sensitivity of absolute permeability to changes in porosity, and as we can
see, an increase in porosity leads to an almost linear increase in absolute permeability. This
means that porosity is an important characteristic of a porous medium for assessing its
absolute permeability.
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30 | y g
W Permeability change «
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X 25 oy
s
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Figure 9. (a) Porosity and absolute permeability changes of the sub-volumes and (b) the sensitivity
of the absolute permeability change to porosity changes.
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Table 4. Porosity and absolute permeability of the sub-volumes from samples A and B.
Porosity, % Absolute Permeability, D
Sub-Volume Before After Before After
Al 16.7 22.2 2.58 11.13
A2 19.4 21.3 3.86 9.01
A3 29.1 29.4 24.53 40.94
A4 21.8 23.1 8.95 12.86
A5 19.8 22.6 7.49 11.88
Bl 19.0 22.4 6.22 15.07
B2 16.7 20.3 3.04 6.50
B3 14.5 18.8 0.90 423
B4 18.4 22.9 5.77 15.52
B5 14.7 18.8 2.04 6.37

3.2. Relative Phase Permeabilities

The calculated relative permeability of wetting (water) and non-wetting (oil) phases
before (gray lines) and after (black lines) rock dissolution are illustrated in Figures 10 and 11.
As can be seen from these figures, the relative phase permeability curves changed differently
during rock dissolution. In general, for all considered sub-volumes of both samples, an
increase in the relative permeability of water and oil was observed as a result of the
dissolution of carbonate rock (Figures 10 and 11). Almost all sub-volumes, before their
dissolution, could be characterized as water-wet, characterized by low relative water
permeability and an almost linearly decreasing relative oil permeability with increasing
water saturation.

As Figure 10 displays, as a result of rock dissolution, a noticeable change in the relative
phase permeability curves occurred in sub-volumes A2 and A3, while for the remaining
sub-volumes, they practically did not change, with the exception of a slight decrease in the
relative oil permeability. The significant increase in the relative water permeability of sub-
volume A3 after rock dissolution may indicate a change in its wettability from water-wet
to mixed-wet. Despite a noticeable increase in the relative water permeability after rock
dissolution of sub-volume A3, its relative oil permeability increased significantly due to
dissolution, which helped increase its mobility. Figure 10 also shows that the relative oil
permeability curve of sub-volume A3 sharply decreases around the residual oil saturation.

It is noteworthy that sub-volume A3 has a relatively high initial absolute permeability,
and its increase is moderate (67%) among the permeability increases of the other sub-
volumes from sample A (Figure 9a). Furthermore, this sub-volume (A5) has the smallest
increase (1.1%) in porosity (Figure 9a), despite having the highest initial porosity (see
Table 4).

For sub-volume A2, the relative oil permeability after rock dissolution was placed
higher than the pre-dissolution one for water saturations above 0.3, although the relative
water permeability is still relatively low (Figure 10). Interestingly, this sub-volume (A2)
had its upper boundary of the pore radius range decrease by almost 5%, whereas all other
sub-volumes from both samples showed an increase (see Table 3).

Figure 11 demonstrates a significant increase in relative oil permeability after rock
dissolution for sub-volumes B1 and B3-B5, which experienced substantial increases in
porosity and absolute permeability (Figure 9a), while their relative water permeability
shows a comparatively low increase as a result of rock dissolution.
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Figure 10. Relative phase permeabilities of sub-volumes from sample A.

As Figures 10 and 11 illustrate, for all sub-volumes there is a significant change in
critical points of the relative phase permeability curves, such as the residual oil and water
saturations and the lower and upper boundaries of the range of water saturation variation,
which are given in Table 5. As Table 5 describes, the residual oil saturation increased only
in sub-volumes Al, A4, and A5, for which the relative phase permeabilities decreased
insignificantly (Figure 10), while for the other sub-volumes, it decreased significantly.
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Figure 11. Relative phase permeabilities of sub-volumes from sample B.

As Table 5 also shows, the decrease in residual oil saturation is greater for sub-volumes
of sample B than for sub-volumes of sample A. The decrease in residual oil saturation
indicates that the pores have widened as a result of rock dissolution, which has led to
increased oil mobility. Moreover, the widening of the range of water saturation changes
in most sub-volumes as a result of rock dissolution indicates that the displacement of oil
by water occurred in a relatively wide range of pore radii, and the oil in these pores was
immobile before rock dissolution.
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Table 5. Critical points of relative phase permeability curves.

Residual Oil Residual Water Water Saturation
Sub-Volume Saturation, % Saturation, % Range, %

Before After Before After Before After

Al 44 49 4 3 4-58 2-76
A2 47 30 4 3 4-55 2-72
A3 29 22 1 1 1-73 1-92
A4 30 35 3 3 3-77 2-70
A5 42 45 3 3 3-68 2-59
Bl 30 24 4 2 3-74 2-79
B2 41 30 4 2 4-68 2-75
B3 56 30 5 2 5-66 2-75
B4 42 27 3 2 3-61 1-76
B5 48 33 7 3 7-55 3-67

The increase in residual oil saturation for sub-volumes Al, A4, and A5 may be at-
tributed to the formation of bypass channels as a result of rock dissolution, leading to
inefficient displacement of oil from the pores. Overall, there is an observable influence of
the increase in absolute permeability of sub-volumes on the residual phase saturations. The
greater the increase in absolute permeability due to rock dissolution, the lower the residual
phase saturations become (see Figure 12). This is particularly noticeable in the sub-volumes
from sample B.

a) 10 - b)

100 200 300 400

100

200 300 400

A

A Sample A A Sample A

A Sample B Sample B

Residual water saturation change, %

Permeability change, % Permeability change, %

Figure 12. Effect of changes in absolute permeability on the residual (a) oil and (b) water saturation.

Table 5 also indicates that the reduction in residual water saturation is more significant
for sub-volumes from sample B compared to those from sample A.

3.3. Spatial Variability of Relative Permeabilities

Figure 11 shows graphs of the relative phase permeability curves of all sub-volumes
from samples A (Figure 13a,b) and B (Figure 13c,d), respectively, before and after rock
dissolution. These graphs are provided to analyze the spatial variability of the relative
phase permeabilities. As can be seen from Figure 13a, before rock dissolution, sample A
can be considered homogeneous in terms of relative phase permeabilities since the relative
phase permeability curves of all sub-volumes from this sample are close to each other, and
therefore, they can be described by single curves. This is convenient in modeling two-phase
fluid flow in larger domains by considering the scaling of the endpoints of the relative
phase permeability curves.
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Figure 13. Comparative graphs of the relative phase permeabilities of all sub-volumes from samples
A (a,b) and B (c,d) before and after their dissolution.

Rock dissolution affected the sub-volumes of sample A differently, resulting in a redis-
tribution of the relative oil permeability curves in space, and the relative water permeability
curves are still close to each other although they have different endpoints (Figure 13b). This
indicates an increase in spatial heterogeneity of fluid flow in sample A as a result of rock
dissolution.

In the case of sub-volumes from sample B, there is an opposite trend (see Figure 13c,d).
If, before the rock dissolution, the relative permeability curves of sub-volumes exhibited
differences, after dissolution, they noticeably converged, indicating a reduction in the
spatial heterogeneity of sample B. In addition, the relative oil permeability curves for
sub-volumes from sample B became more linear, which could suggest a more uniform
displacement of oil by water (see Figure 13d). When comparing Figure 13b with Figure 13d,
we can conclude that the relative water permeability slightly changed for sample B, whereas
it increased more significantly for sample A, indicating a potential change in wettability
from strongly water-wet to less water-wet or even mixed-wet as a result of rock dissolution.

4. Conclusions

In this study, the influence of carbonate rock dissolution on the characteristics of two-
phase fluid flow was examined based on images obtained through X-ray micro-computed
tomography. Overall, the results demonstrated significant changes in the relative phase
permeability of oil and water as a result of rock dissolution. Nevertheless, the following
conclusions can be drawn:

Rock dissolution led to an intense decrease in the number of small pores and an
increase in the number of large pores in all sub-volumes of both samples. The range of
the pore radius distribution widened toward enlargement of the pores, which means the
formation of new large pores, although practically no new small pores formed. The increase
in the average pore radius ranged from 6.5 to 16.8% and from 6.6 to 9.1% for sub-volumes
of samples A and B, respectively.
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The increase in porosity and absolute permeability was higher when a more concen-
trated HCI solution was injected at a low flow rate compared to when a less concentrated
HCI solution was injected at a high flow rate, although the initial porosity and absolute
permeability were substantially smaller for the former case.

The relative phase permeability changed differently as a result of rock dissolution. The
concentration of HCl and the injection rate have significant influences on the relative phase
permeability. The relative phase permeability of sub-volumes A2 and A3 significantly
increased due to rock dissolution, although they showed small increases in porosity and
absolute permeability. In some sub-volumes, wettability changes from water-wet to mixed-
wet were observed due to rock dissolution. The relative oil permeability increased for
sample B, into which a more concentrated HCl solution was injected at a low rate.

Rock dissolution induced a significant decrease (20—-46%) in oil residual saturation.
There is a clear influence of the increase in absolute permeability on the residual oil and
water saturation.

Rock dissolution led to a change in the spatial heterogeneity of the relative phase
permeabilities. Sample A, which was practically homogeneous in terms of relative phase
permeabilities, became heterogeneous due to rock dissolution. Conversely, for sample B,
its heterogeneity decreased after rock dissolution.
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