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Abstract—Digital rock analysis using X-ray computer tomography (CT scan) is an ongoing topic for studying the
porous media in geothermal, natural gas, and petroleum industries. This study provides a novel approach to calculat-
ing fluid saturation in low permeability cores utilizing X-ray computed tomography. In the present study, synthetic low
permeability cores were used to analyze two-phase saturation at atmospheric pressure and temperature. In the experi-
ments, no dopant was used for visualizing different phases. As a novelty of the paper, PHREEQC geochemical soft-
ware was employed to verify the saturation of X-ray CT scanning through modeling the geochemical reaction between
aqueous and gaseous phases. This study presents a novel and reliable approach to verify the saturation of X-ray CT
scan through geochemical modeling. The results of this study also prove that using the saturation of mass balance as
the initial condition of the geochemical modeling leads to an excellent agreement between the saturation of CT scan
and geochemical modeling. According to the results obtained, there is a 24% difference between gas saturation in CT
scan and mass balance method, while such discrepancy is only 13% between gas saturation in CT scan and geochemi-

cal modeling.
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INTRODUCTION

Porosity and fluids saturations are among the most important
parameters for studying fluid flow through porous media. These
parameters are crucial in understanding multiphase fluid flow
through subsurface porous media in order to manage specific pro-
cesses, including enhanced oil recovery (EOR), carbon dioxide stor-
age and sequestration, and transport of aqueous contaminants [1].
Different methods have been developed, analyzed, and employed
to measure the porosity and saturations, including resistivity method
[2,3], radioactive tagging of a fluid [4], radio frequency [5], light
absorption [6], and X-ray CT scan [7-10].

X-ray CT scanning and its potential for quantitative analysis of
porosity, saturations, and relative permeability in porous material
have been presented and reviewed in the literature [11-15]. X-ray
CT scan is a nondestructive technique for taking images from inter-
nal sections of porous material. This approach can be used to de-
scribe the microscopic pore structure of different materials and
observe the single and multiphase fluid flow in porous media. In
geothermal, natural gas, and petroleum industries, X-ray CT method
can be utilized for the purpose of discovering vugs and fractures
in the core scale, measuring the porosity and bulk density, and ob-
serving the fluids saturation during multiphase core flooding experi-
ments [16,17].

Hicks et al. [18] demonstrated the limitations and feasibility of
X-ray CT for measuring fluids saturations in three dimensions in
carbonate cores during the flooding operation [18]. They reported
porosity and residual oil saturation distribution of the cores. Using
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the same technique, Brancolini et al. [19] determined the porosity
variation in a poorly consolidated sandstone and reported a linear
relationship between CT number and porosity [19]. Durand [20]
combined X-ray CT technique and local resistivity method to mea-
sure the fluid distribution in a core during steady state and unsteady
state conditions [20]. Olivier et al. [21] performed X-ray CT tests to
analyze the flow behavior in vuggy carbonate rocks [21]. Alshehri
et al. [22] monitored fluid saturation in fractured porous media
using X-ray CT approach during the imbibition [22]. Kusanagi et al.
[23] developed a new numerical method based on extracted data
from X-ray CT to analyze the fluid flow through different vuggy
porous media [23]. Using CT scans, Moghadasi et al. [24] investi-
gated the multiphase relative permeability in a sand-pack and a Berea
sandstone [24]. Local saturatio in different cross sections of the sam-
ple can be measured through applying X-Ray CT technique. Wang
et al. [17] determined petrophysical properties of a natural frac-
tured porous media by X-ray computed tomography [17]. Alho-
sani et al. [25] employed X-ray micro-tomography to study in situ
three-phase gas injection in a natural porous media at elevated tem-
perature and pressure [25].

The difference in attenuation coefficients of different materials
is the key for recognizing the various fluids by X-ray CT scan. Some
of the fluids in porous media have very close attenuation coeffi-
cients. Hence, dopants are used to make difference in attenuation
coefficients and increase the efficiency of the CT scan method
through calculating the fluids saturations [26-28]. Considering such
limitation in CT scan approach, there is a tendency to use other
approaches to verify the saturation obtained by CT scan. Gener-
ally, material balance is used to verify the saturation of a CT scan
approach. However, the material balance is related to the initial
condition of the porous media, and due to the equilibrium of dif-
ferent phases, the saturation is changing slightly, which affects the
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ultimate saturation of fluids. As the novelty in this work, PHRE-
EQC geochemical modeling has been presented as a reliable approach
for modeling the equilibrium in porous media and verifying the
fluid saturation obtained using CT scan method. Besides, a faster
and a more simplified method has been utilized to calculate the
porosity and saturation with X-ray CT scan, which is based on only
two scanning steps. Static two-phase experiments were performed
to confirm the ability of the proposed approach in analyzing fluid
saturations in synthetic porous media. The contents of the paper
are as follows: Section 2 describes the experimental methodology,
and section 3 presents the modeling approach. Results and discus-
sion are presented in section 4, and the fifth section concludes the

paper.
EXPERIMENTAL METHODOLOGY

1. Material

In the present study, static experiments were performed in arti-
ficial cores with air as the gaseous phase and distilled water as the
aqueous phase. In the following section, the preparation steps of the
artificial cores and fluids of the porous medium are described in
detail.

1-1. Preparation of Artificial Cores

In order to make the low permeability porous media (as low as
possible), the finest available glass beads (1-50 micrometer diame-
ter) were selected to prepare the artificial cores. An actual core is
formed by particles joined together with cement. The general struc-
ture of the artificial core is very similar to that of the real core in
that concern. The bonding of particles in an artificial core formed
by glass bead particles is formed by partial fusion of particles. Arti-
ficial cores are widely used for investigation when the well-defined
condition of core properties is required. Small containers (150 ml)
were chosen to sinter the glass beads inside them. The temperature
of the oven was set at 695 °C. Note that during the sintering proce-
dure, after containers were filled with glass beads, the sample was
put into the oven at the ambient condition, then the above-men-
tioned temperature was set. It took about an hour to reach the
desired temperature.

The sample was cooled gradually inside the oven after 2 hours
staying on 695 °C. The sample was not completely impermeable but
did not crack. A coring machine was utilized to cut the sample into
the desired dimensions. Porosity and permeability of the sample
were then measured with nitrogen gas and water. The porosity and
liquid permeability were reported as 0.124 and 142 mbD, respec-
tively. Also, the length of the core sample was 50 mm and its diame-
ter was 29 mm. The upper side of the core samples was directly
exposed to the hot air, while the lower side received indirect heat.
This makes a porosity-permeability difference along the core which
will be captured using CT scan analysis and explained in section
5.1.

1-2. Fluids

As mentioned, in this study air and deionized water were used
as gaseous and aqueous phases, respectively. It is required to have
the composition of the gas phase as it can interact with the distilled
water in the studied porous media. Table 1 shows the composition
of air used in this study. Since the exact density of the aqueous phase

Table 1. Composition of the air in the laboratory
Gas species N, 0O, H,0 CO,
Mole fraction% 77 19 3.96 0.04

is required to calculate the water saturation (in mass balance), the
density of the water phase was measured by densitometer, which
shows the value of 1 g/cc--exactly the same density from the literature.
2. Experiments

2-1. Using CT Scan for Measurement of Saturations

According to the literature, a standard method is used to mea-
sure the porosity and saturations using CT scan images. The stan-
dard method for porosity and two phase saturation measurement
is as follows:

1. Scanning dry core in a certain energy (first reference scan).

2. Fully saturating the core with water.

3. Scanning fully saturated core with the same energy: porosity
along the core is calculated in this step (second reference scan).

4. Displacing water in the pores by air: Draining specific amount
of water by air to reach two phases saturation in the core.

5. Scanning core with the same energy: two-phase saturation
along the core is calculated following this step.

The standard method cannot be used for low permeability sys-
tems, as it is not possible to fully saturate the core with water phase
in the second step. Thus, since the porosity and permeability of
the tight cores are too low, reaching fully saturated core with a lig-
uid phase is almost impossible. Hence, it is required to use a mod-
ified method for low permeable cores.

In the present section, the modified method procedure for cal-
culating porosity and saturation is presented. In this method, there
is no need to fully saturate the core with the second phase for the
second reference scan. The modified method for two phase (air-
water) saturation measurements is as follows:

1. Scanning dry core in one energy. Porosity along the core is

calculated in this step.

2. Displacing specific amount of air by water and imbibing spe-
cific amount of water to reach two phases saturation inside
the core.

3. Scanning the core in same energy: two-phase (distilled water/
air) saturation is calculated after this scan.

Considering the procedure of the modified method, two steps
are eliminated in comparison to the standard method. These changes
omit one challenging step and facilitate the experimental procedure.
Looking at the calculation process in the standard method, it can
be noted that in the standard procedure, the data from two refer-
ence scans are used to calculate the porosity, and consequently, the
two-phase saturations. In contrast, in the modified procedure, the
porosity of each slice is calculated directly from the first scan (dry
core). By decreasing the experimental steps and doing the calcula-
tions directly from one scan, inevitable systematic errors can be
reduced. These errors may occur in any experimental steps includ-
ing core saturation and changing the condition of scanner elements
such as its source and receiver. In the standard procedure, each of
the two reference scans leads to separate systematical errors, and
using them together in calculation leads to merging such errors
and an increase in sporadic errors.
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2-2. Procedure of the Experiments

CT scan images were provided using the GE Phoenix industrial
CT scanner (v|tome|x L 240/180) with two X-Ray tubes: 1) Micro-
focused for lower resolution scans which allows to work with large
samples (up to 800 mm diameter, 1,300 mm length, 50 kg), work-
ing with 240 kV accelerating voltage and up to 320 W power. 2)
Nano-focused tube with transmission design capable of working
with submicrometer focal spot size, which provides scans with res-
olution below one pm with accelerating voltage up to 180kV, and
power up to 20 W. The detector is the DXR250 photodiode array
with scintillator, 20242024 pixels with pixel size 0.2x0.2 mm. The
scans were performed with a nano-focused tube as a high resolu-
tion is required. Before the scanning, detector and X-ray tube were
calibrated for darkfield and 2-3 light fields.

CT scanning was performed for two energy values of 80kV and
120 kV with two currents of 300 LA and 200 pA, respectively. The
ratio of the distance from source to detector (800 mm) and to sam-
ple (66 mm) provided resolution of 16.5 pum/voxel. The exposure
time was 500 ms and the final projection image was an average of
three consequent pictures. It must be highlighted that no filters were
used and the full scan of 2400 projection was processed with Phoe-
nix Datos 2 reconstruction software for reconstructing the 3D
image. CT images were taken at atmospheric pressure and ambi-
ent temperature (25 °C).

After preparing the cores, they were evacuated for at least 2 hrs
and kept in 15 MPa pressure of distilled water for another 2 hrs.
Using saturator apparatus, the saturation of water and air inside the
core reached 90.1 and 9.9 percent (using mass balance), respectively.
Regarding higher relative permeability of air and low permeability
of the porous media, the aqueous phase was not able to completely
push the gas outside of the core. Therefore, a certain amount of air
remained in the core and was introduced as the second phase (gas
phase). The injection process was finished after 100 min in a con-
stant pressure. Then, the core was put into the distilled water and
rested to gain equilibrium between gaseous and aqueous phases.
After two days, CT scan images were taken and used for the poros-
ity and saturation analysis. Mass balance and pore volume of the
core samples were also used for estimating the amount of each phase.

MODELING PROCEDURE

PHREEQC software was used to simulate air-water interactions
in the studied porous media. PHREEQC is a famous geochemical
software for modeling the geochemical reactions between gaseous,
aqueous, and solid phases. PHREEQC applies the Peng-Robinson
equation of state for estimating the solubility of gases at high pres-
sures [29]. In this software, the equilibrium condition is calculated
by solving the mass action equations [29,30], which leads to the
minimum Gibbs free energy [31].

The main reason for using geochemical modeling origiinates
from the idea that the volume (saturation) of the gaseous phase can
change due to the gas-water interaction. Regarding the material of
the porous media (glass beads), geochemical reactions between
aqueous and solid phases were neglected in the modeling. How-
ever, the reactions between gaseous and aqueous phases are import-
ant as the air components can dissolve into the distilled water during
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Fig. 1. Different phases in the studied case.

the equilibrium process (two days imbibition).

A static batch interaction model was selected to simulate the
gas-brine interaction system. It is assumed that pressure and tem-
perature of the system are constant, but the volume of the gas phase
is variable. The amount of the injected water (from mass balance)
was selected as the initial condition for the static gas-water interac-
tion system.

The volume and saturation of the gaseous phase can change due
to the solubility of the air components in the aqueous phase after
the air-water equilibrium. In PHREEQC geochemical package, the
solubility of the i gas specie (m,) is estimated using the following
equation [29]:

;P
a

m,;=K (1)

In Eq. (1), K is the equilibrium constant, ¢, is the fugacity fac-
tor, P, is the partial pressure, and y; is the activity coefficient in the
aqueous phase. PHREEQC measures the fugacity coefficient (activ-
ity coefficient in the gaseous phase) using the Peng-Robinson equa-
tion of state [29,32]. However, in the low-pressure systems (<10 atm),
the fugacity coefficient is close to 1, but it can be ignored in calcu-
lations of the solubility. Fig. 1 illustrates different phases in the stud-
ied case during the equilibrium.

CT IMAGE ANALYSIS

Various image processing codes and applications can be used to
analyze the CT scan images and recognize the porosity and satura-
tion of different phases. In the present study, Image] software was
employed in order to analyze CT images. Using Image], the soft-
ware can automatically segment different materials in the image
based on their grayscale values.

Regarding the images of this study, grayscale values of the cross-
sectional 2D CT images were used to analyze different phases in
the porous media. Each image was saved in a 16-bit grayscale type.
Generally, higher attenuation coefficient leads to less signal detec-
tion and lighter color (higher value of the voxel). Grayscale value of
each pixel depends on the attenuation coefficient of the material.
Also, at a specific temperature, pressure, and scanning energy, each
material has a particular attenuation coefficient.

The grayscales values depend on the attenuation coefficients but
differ in each scan. For example, in the same condition, the gray-
scale value of air in one scan might be 2000, whereas in another
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scan, it might be 4200. Therefore, it is required to normalize these
grayscales to have a particular quantity for each material in a con-
stant condition. Normalizing the grayscales requires two reference
fluids. Since the air usually has the lowest grayscale value, it was
selected as the first reference, and its values were shifted to zero.
Water was chosen as the second reference to normalize the linear
changes in pixel value and attenuation coefficient. The normalized
number is named CT number and should be almost constant for
a particular material in different scans under the same condition.
Thus, the following equation can be presented to calculate the CT
number of material x (CT,):
- GS, -GS,

CT,=-1,000 &GS, ©)
where, GS, is the calculated grayscale value of the material x, GS,
is the grayscale value of air, and GS,, is the grayscale value of water.
During normalization, CT numbers of air and water are always con-
stant and equal to —1,000 and 0, respectively. Different cross-sec-
tion areas can be selected for calculating porosity and saturations.
The method used for selecting cross-section area will be explained
in section 5.1. However, the porosity of each slice can be calculated
as follows:

CTdry:CTm(l_ ¢)+ ¢CTa (3)

In Eq. (3), CT,, is the CT number of the dry medium, CT,, is the
matrix CT number, CT, is the air CT number, and @ is the porosity.
Matrix CT number is calculated using the mode grayscale value of
each slice. Mode value shows the most common grayscale value in
each slice. Since about 90 percent of the core space is occupied by
matrix, the mode value represents the grayscale value of matrix. The
CT number of the dry cores is calculated from the mean grayscale
value in each slice. Saturation of the water and gas phases can be
obtained using the following equations:

CTy_phase=(1—9)CT,,,+ ¢S, CT,,+ S,CT, 4)
Se+S,=1 )

where, CT,_ is the two-phase CT number, CT, is the water CT
number, S, is the gas saturation, and S, is the water saturation.

Normalized grayscale

RESULTS AND DISCUSSION

In the present section, first, the porosity of the studied porous
medium is analyzed with respect to the hardening effect. Regard-
ing the results of section 5.1, a suitable cross-section area was selected
for saturation analysis. In section 5.2, the saturation of different
phases is analyzed and compared with the saturation of the mass
balance. Saturations of CT scan are verified by the geochemical
modeling in section 5.3.

1. Porosity Analysis and Hardening Effect

Using nitrogen in gas pycnometry; the porosity of the studied
cores is calculated as 0.124. In addition, the porosity of the stud-
ied porous media can be calculated from CT scan images. Results
of the image processing reveal that the porosity obtained from CT
scan images strongly depends on area of the analyzed cross-sec-
tion, which is caused by beam hardening effect.

Beer’s law, which is the basis of the reconstruction algorithm in
CT instruments, must be utilized only for monochromatic X-rays,
while polychromatic X-rays result in the beam hardening effect.
This problem causes the X-ray energy spectrum variation through
the object. In the cylindrical geometry; all the projections are simi-
lar. However, according to the beam hardening effect, the low energy
part of the X-ray beam attenuates on closest to X-ray tube part of the
core. Therefore, the outer border of the sample seems to be denser
than the inner part. Beam hardening is more intensive in dense and
low perm objects (such as formation rocks) than in light materials
(such as human tissue). Some software packages corrections and fil-
tering X-ray sources could be used to alleviate the beam hardening
effect [33]. However, both of them are not always usable and accu-
rate enough. More details can be found in Van Geet et al. [33].

Fig. 2 represents the normalized grayscale values of a single line
in a cross-section of the studied case with respect to the energy of
scanning (80kV and 120kV). The data are normalized to the maxi-
mum grayscale value of the image for each energy. As shown in
Fig. 2, gradual change of grayscale from the outer boundary of core
to the center is more significant in the lower energy (80kV). The
pixels under the plotted single line can represent either the matrix
or the pores; therefore, the data show high fluctuation in some areas
in Fig. 2. Thus, the average grayscale value reduces more while it
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Fig. 2. Normalized grayscale values of a single line in a cross-section of the studied case.
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Fig. 3. Porosity of the studied case achieved from CT scan with respect to the radius of the cross-section.

goes toward the center in the lower energy scanning. Hence, scan-
ning in the lower energy causes a more intensive beam hardening
effect and influences the data, which can lead to a higher error in
calculations.

In the present study, a sensitivity analysis was performed to find
the area of the sample affected by beam hardening. The radius of
the selected area must be chosen a little smaller than the radius of
the core. Fig. 3 demonstrates the porosity of the studied case with
respect to the radius of the cross-section.The maximum radius of
the analyzed area is normalized to the maximum radius of the core.
Regarding Fig. 3, there is a proper agreement between experimen-
tal porosity (achieved from gas pycnometry) and CT scan poros-
ity when the radius of the analysis is between 0.1r and 0.8r (~4%
difference). However, gas pycnometry shows a higher porosity as

0181

“#¥#-80kV

0.08-

0.06}-

Fig. 4. Cross-sections for calculation of saturation and porosity: yel-
low ovals, (a) maximum cross section: 0.97R, (b) selected cross
section: 0.6R. R=14.5 mm.
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Fig. 5. Porosity along the studied core for 80 kV and 120kV energies, (a) distance=5 mm, (b) distance=20 mm, (c) distance=30 mm, (d) distance=

45 mm.
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Fig. 6. Saturation along the core sample for 80 kV and 120 kV X-ray scanning energies.

nitrogen molecules can easily transport to some nano-scale pores
that cannot be observed in CT scan images. Fig. 3 also shows that
using 80KV energy leads to a higher disagreement between gas pyc-
nometry porosity and CT scan porosity. In summary; using the lower
energy magnifies the beam hardening effect and causes higher error.
By applying higher energy, better accuracy can be achieved. Con-
sidering the impact of beam hardening, radius=0.6R was selected
for saturation analysis in the studied case. Fig. 4 gives more infor-
mation about the maximum and selected cross-section area used
for cross-section analysis.

Fig. 5 presents the porosity of porous medium along the studied
core with the scan energy of 80kV and 120kV. In both analyzed
energy values, the porosity of the second half-length of core sam-
ple (right side) is higher than the porosity of the first half-length
(left side). Fig. 5 also contains the CT scan images from different
cross-sections of the core. As these CT images show; the second
half-length of core has larger pores, and the first half-length of core
sample contains narrower pores.

2. Analyzing the Saturations of Different Phases

In the present section, saturations of the water and gas phases
in the studied core sample are analyzed in detail. Fig. 6 represents
the measured saturation profiles along the sample core with 80 kV
and 120kV energies. As it is shown in Fig. 6, X-ray energy of 120
KV results in more logical saturation, because most of the calculated
saturations in different cross-sections are in the acceptable physi-
cal range (between 0 to 1). In contrast, X-ray energy of 80 kV does
not provide sensible saturation as the calculated saturations are nega-
tive in some of the cross-sections.

Table 2 represents the average saturation of water and gas phases
obtained from mass balance and CT images. Considering Table 2,
the average saturation of water and gas achieved from the mass
blalace is 0.9 and 0.1, respectively. The average values of water and
gas saturation estimated from scan energy of 80kV are 1.1263 and
—0.127, while in the scan energy of 120 kV, values of water and gas
saturation are 0.924 and 0.076, respectively. According to the liter-
ature, for X-ray energy above 100kV, the impact of the effective
atomic number on the CT images disappears, and the grayscale of
CT image is proportional to the bulk density [16]. As it can be seen
from the results of figures and tables, saturation measurements show

Table 2. Average saturation of water and gas phases achieved from
mass balance and CT images

Saturation S, Se
Mass balance 0.9 0.1
Saturations 0.924 0.076
120kV
Relative error 2.6% 24%
Saturations 1.0378 —0.038
80kV
Relative error 15.3% 138%

better accuracy when higher energy method is applied. It can be
concluded that when the applied energy is higher, more penetra-
tion occurs, leading to less contrast and less sensitivity to fluids in
porous media. As a result, it seems that there is a higher accuracy
when a high scanning energy is employed.

Fig. 6 also shows that by applying higher energy values, water
and gas saturations highly fluctuate in the first half-length of the
core. On the other side, saturations are almost constant (uniform)
in the second half-length of the core. Higher fluctuation (saturation
heterogeneity) in the first half-length of the core has been created
due to the lower porosity and permeability in this section of the
core (see Fig. 5). Lower porosity and permeability (smaller pore size
and geometry) trap the gas bubbles in narrow throats (due to cap-
illary force) and do not allow them to move. In the section with
higher porosity and permeability, gas bubbles easily move, which
culminates in a uniform saturation.

3. Calculating Saturation by Geochemical Modeling

As distilled water is injected into the studied porous medium, it
can interact with the gas phase through dissolution of the gas com-
ponents. Dissolution of the gas components can reduce the volume
(saturation) of the gas phase. Therefore, mass balance saturation is
different from the CT scan saturation. In this section, PHREEQC
batch geochemical modeling has been applied as a reliable tool for
estimating the reactions inside the studied porous medium. For this
purpose, the saturation obtained from material balance was selected
as the initial condition of the geochemical model, expressing 0.111
liter gas per 1 kg water. The results of the modeling prove that all

Korean J. Chem. Eng.(Vol. 40, No. 11)
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Table 3. Amount of gas dissolution per 1kg water

Gas species N, O, H,0 CO,
Dissolution ;10 03 —9.08e.04 —579%05 —846e.05
(mole/lit)

Table 4. Saturation of water and gas phases achieved from model-

ing and 120kV CT scan
Saturation S, Se
Modeling 0.933 0.067
120kV 0.924 0.076
Relative error 1% 13%
Absolute error 0.9% 0.9%

of the gas components (N,, O,, H,O, and CO,) are dissolved in the
aqueous phase. After equilibrium, the amount of remaining gas is
0.0718liter per 1kg water. Table 3 represents the amount of gas
dissolution per 1 kg water in the studied case.

In the previous section (5.2), it was shown that 80 kV scan energy
does not provide sensible results for the studied case. Hence, only
120 kV scan energy has been compared with the saturations of the
geochemical modeling. Table 4 presents the saturation of water and
gas phases achieved from the geochemical modeling and CT images.
Regarding Table 4, average saturation of water and gas obtained
from the modeling was 0.933 and 0.067, respectively. These values
are close to the average saturation of CT images (0.924 and 0.76),
as the difference (error) is less than 13%.

Fig. 7 presents a comparison between three methods that were
used to estimate the average saturations (mass balance, geochemi-
cal modeling, and CT scan). Regarding Fig. 7, there is a higher simi-
larity between the saturations of CT scan and geochemical modeling
for both water and gas phases. The relative error of gas saturation
is 24% for the comparison between CT scan and mass balance. In
contrast, by comparing CT scan and geochemical modeling, the
relative error is 13% resulted (see Tables 2 and 4).

SUMMARY AND CONCLUSIONS

By coupling X-ray computed tomography and PHREEQC geo-

(a) Sy
Mass balance
0.94
0.93

0.92

091

Modeling

CT scan  Modeling

chemical modeling, a novel approach is presented for the measure-
ment of fluid saturations in the low permeable cores. No dopant
was used to clarify different phases in the experiments. Synthetic
cores were used to analyze two-phase saturations at atmospheric
pressure and temperature. In the proposed approach, the satura-
tions of mass balance were used as the initial condition for the geo-
chemical modeling, and fluid saturations were calculated through
modeling the reactions between aqueous and gaseous phases. An
appropriate agreement was obtained between the saturations of geo-
chemical modeling and CT scan. The main conclusions of this study
are elaborated below:

o Using the modified CT scan method, although the number
of scanning steps was reduced, sensible results were obtained
for both porosity and saturations.

o Due to the hardening effect, it is required to select a smaller
radius for analyzing the porosity and saturations (<0.8R).

o Both 80kV and 120kV scanning energies can estimate the
porosity of the medium properly. However, the saturations cor-
responding to 120 kV scanning energy were more accurate.
Saturations of water and gas phases follow the porosity and
permeability of the porous medium as there is higher satura-
tion heterogeneity in low permeable sections of the core.
Saturations of the mass balance method do not match the satu-
rations of CT scan as it cannot predict the gas-water equilib-
rium inside the core.

Saturations of the mass balance should be selected as the ini-
tial condition of the geochemical modeling.

There is a higher agreement between geochemical modeling
and CT scan approach because the geochemical modeling
shows that gas dissolution occurs during the equilibrium in
the studied porous medium.

LIST OF SYMBOLS

: CT number of the i" material

: grayscale value of the i material

: equilibrium constant

: solubility of the gas [mole/lit]

: partial pressure of the gas [atm]

: normalized radius of the core [r/r.,,.]
: saturation of the gas phase
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Fig. 7. Water and gas saturations achieved from mass balance, geochemical modeling, and CT scan.
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S,  :saturation of the water phase

¥y :activity coefficient in the aqueous phase

@  :porosity of the medium
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