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Bench X-ray microtomography of saline solution/oil injected into
samples of the Botucatu/Brazil formation

Microcomografia de raios X de bancada aplicada a solucdo salina/éleo
em amostras da formagcao Botucatu/Brasil

Leonardo Carmezini Marques'; Carlos Roberto Appoloni?

Abstract

This paper provides a report on the utilization of the X-ray microtomography to obtain images of the internal
microstructure of natural sandstone samples from the Botucatu/Brazil Formation. Its primary objective was
to identify the different phases of fluids when injected into the samples to evaluate the various phases through
grayscale histograms obtained from 2-D images, quantification of fluid phases, and generation of 3-D images
of them. The fluids used in the experiments comprised one type of commercial oil, one type of industrial
oil, and an water-salt solution. Quantitative results from 2-D and 3-D analyzes are presented and compared
to the volume of injected solution and the measured volume. The phase size distributions indicated which
pore radii had a more relevant participation in the percolation of fluids through the samples. Projections in
conjunction with 2-D images and profiles of average percentages of air-filled pores indicated the occurrence
of preferential percolation flow paths. The 2-D images allowed the measurement of the contact angle between
the phases present in the sample containing industrial oil. Different measurements taken from the sample
containing commercial oil showed capillary effects indicated by the average percentage profiles of air-filled
pores in the 2-D images.
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Resumo

Este trabalho contém os detalhes da utilizacdo da microtomografia de raios X para obten¢@o de imagens da
microestrutura interna de amostras de arenito da Formagao Botucatu/Brasil. O principal objetivo foi identificar
diferentes fases de fluidos quando injetadas na amostra para avaliar as diferentes fases através de histogramas
de tons de cinza obtidos das imagens 2D, quantificar fases de fluidos e gerar imagens 3D da regido escaneada.
Os fluidos utilizados nos experimentos foram: um 6leo comercial, um 6leo industrial e solugdo dgua-sal.
Resultados quantitativos das andlises 2D e 3D sdo apresentados e comparados com o volume de solugdo
injetado. As distribui¢des de tamanho de fase indicaram quais raios de poro foram mais relevantes para a
percolacao de fluidos através da amostra. A andlise das projecdes e das imagens 2D, juntamente os perfis
de porcentagem média de ar nos poros indicaram a ocorréncia de caminhos preferenciais de percolacdo. As
imagens 2D permitiram a medida do angulo de contato entre as fases presentes na amostra contendo 6leo
industrial. Perfis de porcentagem média de ar nos poros, obtidos com as imagens 2D de diferentes medidas
da amostra contendo 6leo comercial, mostraram efeitos de capilaridade ocorrendo temporalmente.

Palavras-chave: microtomografia de raios x; fluidos; microestrutura; arenito.
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Introduction

Petroleum continues to be an extremely important
source of energy, and the search for new wells to meet
the growing energy demand is continuous. However, oil
extraction becomes increasingly difficult since newly
discovered oil reserves lie in regions and conditions of
restricted access. An example of this are the oil basins
found in the pre-salt areas. The current circumstances
demand a relentless pursuit of improved methodologies
for the evaluation of the storage capacity and extraction
of oil from the new wells, coupled with stringent efforts
made to recover remaining oil still trapped in old wells
(PETROBRAS, 2019). The petroleum industry makes an
extensive use of flooding experiments to model the perfor-
mance of the reservoir during the processes involved in
the extraction of oil (VINEGAR; WELLINGTON, 1987).

The petroleum industry is not the only area interested
in the development of knowledge on fluid percolation
processes in reservoir samples. The Botucatu formation
composes Brazilian main groundwater reservoir, the
Guarani aquifer. Main composition of that sandstone
rock formation is quartz and clay (CARDOSO; BAL-
ABAN, 2015; COSTA et al., 2020; FAGUNDES;
ZUQUETTE, 2011). Complementarily, according to
a recent study of Costa et al. (2020), the Botucatu
sandstone is mainly composed of quartz (77%) and
clay minerals (15%). Preservation of the groundwater
is directly linked to the significant spillage of liquids
on the soil surface due to various human activities
(FAGUNDES; ZUQUETTE, 2011; ZUQUETTE;
PALMA; PEJON, 2006). These incidents generate the
trapping of portions of the contaminants in the ground,
which are gradually dumped into the groundwater. The
process of trapping and releasing contaminant globules
depends on how the different types of fluids divide the
pore space and which are the effects of capillary forces on
the porous medium (BROWN et al., 2014; GOLDSTEIN;
PRASHER; GHOSHAL, 2007; WILDENSCHILD;
CULLIGAN; CHRISTENSEN, 2004; WILDENSCHILD;
HOPMANS, 2005).

The fluid distribution and wettability determine prop-
erties, such as capillary pressure, relative permeability,
residual saturation, and resistivity index (KUMAR et
al., 2009). All these facts underscore the importance
of advanced knowledge of the behavior of fluids when
in a given porous matrix. X-ray microtomography is
a non-destructive methodology that can be used for

the direct imaging of fluid distribution at a pore scale
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(FERNANDES; APPOLONI; FERNANDES, 2019; KU-
MAR et al., 2009; PAK et al., 2015). This technique was
originated in 1972 with medical radiography (VINEGAR;
WELLINGTON, 1987). It is based on the absorption of
an inhomogeneous X-ray beam transmitted in a particular
direction of the sample, generating a linear attenuation
coefficient map computationally converted into a digital
image, called projection (KAK; SLANEY, 2001; MOR-
EIRA et al., 2012). A reconstruction algorithm utilizes
several projections, each of which is taken in a given direc-
tion of the sample, to generate 2-D cross-sectional images
of the scanned volume. The 2-D model is used for 3-D re-
constructions of part or the entire scanned volume (KAK;
SLANEY, 2001).

Microtomography-based techniques enable the mea-
surements of fluid/reservoir properties, among which are
relative permeability, dispersion, trapped oil saturation,
mobility control, and wetting (VINEGAR; WELLING-
TON, 1987; PAK et al., 2015). Furthermore, it permits the
acquisition of rock microstructural features, such as poros-
ity, size distribution phases, and the investigation of irreg-
ularities present in the three-dimensional volume scanned
(FERNANDES; APPOLONI; FERNANDES, 2019; RAT-
TANASAK; KENDALL, 2005).

This study aimed to perform saline solution/oil intru-
sion in sandstone samples from the Botucatu Formation
and determine the optimal treatment, indicating used scan-
ning conditions, to distinguish among the different solid,
liquid and gaseous phases using X-ray microtomography,
identifying some characteristics of the porous environment

before and after fluid injection.

Materials and methods

Fluids

One type of fluid was introduced into the sample in
each experiment: a solution of water-salt-potassium io-
dide, water-salt-barium chloride hydrate, oil with SAE
20w50 sold by Petrobras Distribuidora SA, or indus-
trial oil with a density of 0.97 g/cm?, supplied by
CENPES/PETROBRAS.

Water-salt solution was used because the petroleum in-
dustry uses water injection to keep the pressure inside the
reservoir and allow the recovery of additional amounts of
crude oil (OLIVEIRA; SANTELLI; CASSELLA, 2008).
However, a solution composed just of salt and water
does not provide enough visual contrast to tomography
images to discriminate brine from other analyzed phases.
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Therefore, potassium iodide or hydrated barium chloride
were used as dopants. Iodine and barium have the ability to
increase the absorption of X-rays by the solution. Table 1
shows the compositions of each solution tested for the
experiments and the percentages (%) of the compounds
water (H,0), sodium chloride (NaCl), potassium iodide
(KI) and hydrataded barium chloride (BaCl,.2H;0) used
to obtain each solution.

Table 1 — Solutions used in the experiments.

Nomenclature H;O NaCl KI BaCL.2H,O
(%) (%) (%) (%)
Solution 1 70.0 170  13.0 -
Solution 2 72.0 180 100 -
Solution 3 73.3 13.3 - 13.3

Source: The authors.

From the compositions of each solution tested for the

experiments, Figure 1 was obtained.

Figure 1 — Theoretical linear X-ray attenuation coeffi-
cients (W) versus energy of saline solutions, the main com-
ponent of the sample (SiO,) and the dopants used versus
energy.
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Note the graph in Figure 1 reveals that solution 1
presents linear attenuation coefficients values higher than
the other compounds, including the sample itself, for
energies between 60-100 keV. This means that the X-
rays are more absorbed by solution 1 than the others
and the sample itself, increasing the probability of
solution 1 be distinguishable in the tomography image
by means of a grayscale interval compared to the other
phases. Despite having a linear attenuation coefficient
very close to the main component of the sample for
energies between 95 and 100 keV, the solution 3 was
also analyzed to test its performance as dopant, since
its chemical composition is quite different from other

solutions.

Linear attenuation coefficients values presents in
Figure 1 were performed with XCOM software

(BERGER; HUBBELL, 1987; GERWARD et al., 2001).

Rocks

A sample of nylon thread was used to test the X-ray
microtomographic techique, where a complete description
of this experiment and results can be seen in Marques,
Appoloni and Fernandes (2011). Six sandstone samples
from the Botucatu/Brazil formation, denotad for ARNi,
i=1,...,6, provided by the Department of Geosciences
(DGEO) from State University of Londrina were analysed,

as shown in Table 2.

Table 2 — Samples nomenclature and fluids used in the

tests.

Sample Fluid injected
ARNI1 Solution 1
ARN2 Solution 1
ARN3 Solution 2
ARN4 Solution 3
ARNS5  Commercial oil
ARNG6 Industrial oil

Source: The authors.

As can be seen in Table 2, four samples were used
in the experiments with saline solutions, ARNi, i=1,...,4,
and two with the oils, ARNS5 and ARNG6.

Equipment and Softwares

Two laboratories provided their devices for the
experiments: the Petrobras Research Center (CEN-
PES/PETROBRAS), Rio de Janeiro, RJ, and the Lab-
oratory for Analysis of Minerals and Rocks (LAMIR),
Federal University of Parana (UFPR), Curitiba, PR.

The two microtomography scanners were the Skyscan
model 1172, of Bruker corporation. This device works
with micro-focus X-ray tube (W anode and 5 ptm spot size)
operating at applied tension from 20 to 100 kV, with max-
imum power of 10 W. Its detector is a CCD camera. This
set can differentiate between details smaller than 1 um.

Some specific software tools were used, where the
“NRecon” reconstructs 2-D images based on acquired pro-
jections employing the most widely used reconstruction
technique called filtered back projection (KETCHAM;
CARLSON, 2001). For image analysis, two software tools
were used: the “Imago” software helped with the selection
of the appropriate gray level for image segmentation;

and the gray level was applied to the “CTAn” software
201
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for results obtained from the 2-D images and/or volume
(3-D). The software “CTAn” was also used to generate
3-D images displayed on the “CTvol” software. The Data
Acquisition software for the Skyscan equipment was also
utilized. Among the mentioned software tools, only the
“Imago” one is not part of the Skyscan pack. This soft-
ware was developed at the Laboratory of Porous Me-
dia and Thermophysical Properties (LMPT), Department
of Mechanical Engineering, Federal University of Santa
Catarina in association with Engineering Simulation and
Scientific Software (ESSS) and Petrobras.

Procedures

First, measurements with sandstone dry samples were
accomplished and then measured again after infiltration
with one type of fluid. Figure 2 presents Botucatu/Brazil
sandstone, aluminum sample holder photos and bonding
scheme positioning of the sample within the teflon sleeve,
where teflon sleeve with 8§ mm outer diameter and 1 mm
wall thickness and 6 mm diameter Botucatu sandstone
sample, left in Figure 2(a). Figure 2(b) shown the bonding
scheme positioning of the sample within the teflon sleeve
with space for deposition of fluid and indication of vacuum
application, middle. Finally, in Figure 2(c), there is the
aluminum sample holder with 8 mm internal diameter and

1 mm wall thickness.

Figure 2 — (a) Teflon sleeve (left) and Botucatu/Brazil
sandstone sample (right); (b) bonding scheme positioning
of the sample within the teflon sleeve with space for depo-
sition of fluid and indication of vacuum application; and
(c) aluminum sample holder.

(a) (b) ()

fluid
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vacuum

teflon
sleeve

Source: The authors.

Figure 2(a) shows a picture of one of the
sandstone samples utilized in the experiment taken

from one of the original rocks next to a Teflon sleeve.
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The sample was placed within the sleeve using resin so
that only the top and back sides were available for fluid
inlet and outlet, besides an opening at one of the extrem-
ities allowing fluid to be deposited in the top part, as
indicated in Figure 2(b). The back side of the set was
vacuum-applied to facilitate fluid penetration. The appli-
cation of vacuum was interrupted whenever the sample
surface on which the solution was applied showed wet-
ting signals. After this stage, with the sample already
positioned within the Teflon sleeve was introduced into
an aluminum sample holder and the set was imaged. An
exception was used for the ARN6 sample. The sample
was allowed to rest for approximately 15 hours before
being imaged. Figure 2(c) shows the aluminum sample
holder designed to maintain the samples with fluid dur-
ing the scanning. Sleeve and sample holder walls acted
as a filter to absorb X-ray photons of lower energy,
which could cause beam hardening effects on the images
(VINEGAR; WELLINGTON, 1987).

All samples were measured with a spatial resolu-
tion of approximately 4.8 um/pixel and voltages rang-
ing from 60 to 90 kV applied to the X-ray tube. The
measurements of ARN1 and ARN2 samples were taken
using an exposure time of 5015 ms and 180° rota-
tion. For the measurements of the remaining samples,
the exposure time of 2125 ms and 360° rotation were
used. The analyses of microstructural characterization
start with the segmentation of the 2-D grayscale images,
by the selection of a threshold point in the grayscale
histogram of each image. The purpose of binariza-
tion is to separate the phase of interest to be anayzed
(MOREIRA et al., 2012; SAETRE; TJUGUM, 2014; SEZ-
GIN; SANKUR, 2004).

Results and discussions

Solutions analyses

In general, the results obtained are nearly the same
for all samples containing the various solution types.
No solution stood out within the porous volume, where
the pores are black, as can be seen in Figure 3.
Dry sandstone samples, Figure 3(a)-(d), and infiltrated
sandstone samples, Figure 3(e)-(h), with the solutions,
ARN;i, i=1,- - - 4, from left to right, respectively. However,
the solution can be identified in the section corresponding
to the infiltrated ARN4 sample, where the solution light
gray. It appears on the edge of the image, between
the teflon sleeve and the sandstone where sandstone

is gray.
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Figure 3 — 2-D images for the ARNi samples, i=1,- - - ,4, from left to right, respectively. Sections of the: (a)-(d) dry
samples and (e)-(h) infiltrated samples. The pores are black, the sandstone is gray and the solution is light gray.

Source: The authors.

Figure 4 shows examples of projections obtained for
the ARN4 sample, in which solution 3 was injected.
This sandstone sample has its results better detailed in
this article because its porosity and phase size distribu-
tion resulted in more didactic images for discussions and
because it was possible to gravimetrically quantify the
injected liquid volume for comparison with the results
obtained by microtomography.

Figure 4 — Projections obtained for the ARN4 sample:
(a) dry sample and (b) sample with solution 3.

(a) (b)

Source: The authors.

In Figure 4(a), the sample is dry while in Figure 4(b)
the sample contains the solution 3. General acquisition
parameters were: spatial resolution of 4.9 um, angular
step of 0.40°, 360° rotation, 4 frames and 1336 x 2000
pixels on the CCD camera; the specific parameters were:
80 kV applied voltage, 2000 ms exposure time for the
dried sample and 90 kV and 2600 ms for the sample con-
taining the solution. The highlighted areas in Figure 4(b)
evidence that in this case, the solution could not access
those areas because the capillary barriers have not been
overcome, thus the fluid took preferential paths to perco-
late the sample. Similar results were found by Bultreys,
Boever and Cnudde (2016).

(d)

Figure 5 shows reconstructed 2-D images from the
ARN4 sample. Figures 5(a) and 5(c) are examples of
grayscale images samples both in dry condition and
containing the solution, respectively. Figures 5(b)
and 5(d) show the same binarized images for analysis.
The BaCl,.2H,0O solution did not present a visible
characteristic grayscale interval in the microtomography
images. However, the filling of the porous phase was
clearly detectable.

Figure 5 — 2-D images for the ARN4 sample: (a) image
of section 285 for the dry sample; (b) binarized image
of section 285 for the dry sample; (c) image of sec-
tion 300 for sample which was infiltrated; and (d) bi-
narized image of section 300 for the sample which was
infiltrated.

(b)

Source: The authors.
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Based on 2-D images, see Figure 5, one can assume
the probable occurrence of some reaction between the
compounds found in the solution and components of the
sample itself, for example, barium chloride hydrate may
have undergone an adsorption process with clay that possi-
bly exists in the sample. Similarly, the water-salt solution
containing potassium iodide was not characterized by a
clear grayscale interval, and the 2-D images showed a
behavior similar to that of the sample images containing
the solution doped with barium chloride hydrate. There-
fore, the dopant compound may have reacted with the com-
pounds present in the sample. Other authors have also ob-
served this phenomenon (RAO; SIVACHIDAMBARAM,
2013; RIEBE; DULTZ; BUNNENBERG, 2005) and have
even used this interaction to achieve their research objec-
tives (FOGDEN et al., 2014).

Figure 6 shows the profiles of the average percentages
of pores filled with air obtained for the sample ARN4
with Imago software. Profiles of the mean percentages of
airspaces for each 2-D image of the of the ARN4 samples
dry and containing the solution (wet) are illustrated in red
and green color, respectively.

Figure 6 — Profiles of the average percentages of air spaces
for each 2-D image of the ARN4 sample: dray, red color,
and containing the solution (wet), green color.
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Source: The authors.

Note that the profile obtained for the sample containing
the solution, illustrated in Figure 6, green color, showed
that pores with higher percentages of air tended to be
found among the 2-D images for slices from 428 to 1020.
Table 3 shows the sample volume and the volume of liquid
that was injected. On the other hand, Table 4 shows sum-
marize the results with the total volume values obtained
through 2-D and 3-D analysis for the sample ARN4, but
also for the other samples. Regarding the analyzed volume
of this sample - 113 mm?, the average percentage values of
the volume filled with air were 25.0 (3.0)% and 9.8 (4.5)%

before and after the injection of the solution, respectively.
204

These results show a decrease of 61% or 17 (2) mm? in
fluid intrusion in the scanned volume. The deviations pre-
sented between parentheses were calculated considering
the Gaussian distribution with a 95% confidence interval.

Table 3 — ARN4 sample volume and injected liquid
volume.

Sample volume
(mm?)
765 (11)

Injected volume
(mm*)
163 (13)

Source: The authors.

Table 4 — Porosity before and after liquid injection, ob-
tained volume of liquid.

Dry Solution Achieved volume

(%) (%) (mm*)
ARNL 3D 0D 1308 oo
ARN2 TD 6307 So0m e
ARNS SD 100 $50n 1o
arRNe 3D 9GO JSe U

Source: The authors.

The volume of liquid found through the 3-D analysis
was 17 (1) mm?>. The volume imaged by 3-D method cor-
responds to the same volume analyzed by 2-D method -
113 mm?. The volume of the injected solution was 163
(13) mm? in a total of 765 (11) mm? of the sample. Taking
into account the deviations, the liquid volumes obtained
by the 2-D and 3-D analyzes are, respectively, 2% and
3% smaller than the volume of liquid injected into the
sample. This difference between the values may have
resulted from the difficulty in accurately obtaining the
total volume of each sample due to its irregular shape.
Furthermore, the possible reactions between the com-
pounds existing in both the solutions and the sample
would result in a lower quantification of liquid using X-
ray microtomography. The analyzed volume the samples
ARN1, ARN2 and ARN3 were 186, 173 and 138 mm?,
respectively.

Figure 7 shows the phase size distribution in ARN4
sample dry and containing the solution (wet). The size di-
versity of volume with air combined with their frequency
of occurrence makes this sample the one with the highest
average total open space. Through the phase size distribu-
tion, it is possible to see that the wet sample revealed a
decrease in the relative frequency of volume with air with

radii between 9.8 um and 34.3 um, which means that in
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this case these pores were the primary responsible for the

fluid percolation throughout the sample.

Figure 7 — Phase size distribution of air for the ARN4
sample before and after the injection of the solution in the
porous space.
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The other samples exhibited similar results, except
the ARN1 sample, which presented an open space value
much lower than the others, as it corresponds to only 10%
of the open space of the ARN4 sample, the most porous.
Possibly, the majority of the pores with radii smaller than
4.8um (which is the spatial resolution used) are closed
pores and thus do not participate in the fluid percolation
(ST et al., 2019). The ARN1 sample presented a decrease
in the relative frequency of air spaces with radii equal to
or greater than 19.3um, as shown in Figure 8.

Figure 8 — Phase size distribution of air for the ARN1
sample before and after the presence of the solution (wet)
in the porous space.
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Figure 9 shows the reconstructed 3-D images of the
ARN4 sample, dry in Figure 9(a) and impregnated with
solution 3 in Figure 9(b). Both images have a diameter of
2000 um and were prepared based on 2-D image intervals
from section 300 to 700.

The porous space filled with air is red color while
the solid phase appears in translucid. Figure 9(b)
has spaces with large volumes, which confirms
the observations recorded through the phase size

distributions.

Figure 9 — 3-D image for the ARN4 sample highlighting
the porous environment filled with air, red color: (a) shows
the dry sample and (b) the sample percolated with the
solution.

() (b)

Source: The authors.

Experiment with industrial oil

The ARNG6 sample was imaged before and after
industrial oil injection. The 2-D images shown in
Figure 10 correspond to approximately the same posi-
tion in the sample and show a change in the contrast
corresponding to the porous region of the sample con-
taining oil, Figure 10(b), compared to the dry sample,
Figure 10(a). Although a grayscale interval characteristic
of this phase is not visually detectable, it is pos-
sible to observe the presence of oil in the porous

environment.

Figure 10 — 2-D images for the ARNG6 sample. (a) Dry
sample image of section 259; (b) Industrial oil image of
section 279.

()

Source: The authors.

Figure 11 can be used to corroborate the statement, as
it presents details of 2-D images in Figure 10, as well as
their grayscale histograms.

205
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Figure 11 - (a) Dry sample detail of the grayscale thresh-
old selection window for binarization and grayscale his-
togram with the respective binarization thresholds chosen,
at the Imago software, for the section 259 of the image and
(b) industrial oil sample for the image 279. Both images
are binarized / merged. Examples of contact angles be-
tween the solid phase and air are indicated for the interface
among air-solid-oil phases.

Source: The authors.

One can observe the formation of air bubbles as high-
lighted by arrows in Figure 11(b). The angular separation
between the solid and air phases (angles 0, and 6,) was
qualitative estimated with CTAn software tool. The val-
ues found for the angles 6; and 6, are 28.5 (2.3)° and
33.8 (4.3)°, respectively. In this sandstone-oil-air inter-
face zone, we can observe that oil is the wetting phase,
and air is the non-wetting phase relative to the sandstone
since the contact angle between the air and sandstone
systems is smaller than 90° (BEAR, 1988; BROWN et
al., 2014; ZENG; LI; FEN-CHONG, 2012). The devia-
tions shown were calculated considering the Student’s
t distribution with 95% confidence interval for a set of
10 measurements taken at each angle. The histogram
in Figure 11(b) provides a better definition of the peak
corresponding to the levels of gray representative of the
solid phase. The grayscale threshold for the sample con-
taining industrial oil was chosen to identify the outline of
the air bubbles. There are levels of gray shared by both
the oil phase and the noise inherent in the measurement
Sensor.

Figure 12 shows the profiles of spaces filled with air
in ARNG6 sample. The percentage values of the air phase
decrease, even if there is not a perfect definition of the oil

phase.
206

Figure 12 — Profiles of the average percentages of volumes
with air of each 2-D image for the ARN6 sample: dried,
red color, and after percolation with of industrial oil, green
color.
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Figure 13 shows four reconstructions of the ARN6
sample. They were generated using the same interval of

400 slices of the sample.

Figure 13 - 3-D images for the ARNG6 sample:
(a) porous region of the dry sample, (b) the solid
phase to the infiltrated sample with oil, (c) air spaces
with the sample infiltrated with oil and (d) spaces
with air and oil with the sample containing oil.
The images are 2000 pm in diameter and 1965 pum
height.

(a) (b)

Source: The authors.

Figure 13(a) was constructed using the 3-D image
of the solid phase with grayscale intervals from 72-255
overlapped with the 3-D image of the porous spaces with
grayscale intervals from 0-71, both acquired from the 2-D

images with the measurements taken from the dry sample.
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The images, Figures 13(b)-(d), were prepared based on
the 2-D images measured with the sample containing
oil. Figure 13(b) shows a reconstruction of the solid
phase and corresponds to the grayscale interval from
75 to 255. Figure 13(c) displays the overlap of the
previous 3-D image with the reconstruction of the air
phase, whose grayscale values range from 0-41. Finally,
Figure 13(d) corresponds to the overlapping of the
two 3-D images used in the image Figure 13(c) with
the reconstruction of the oil phase, whose grayscale
values range from 42 to 74. Figures 13(c) and 13(d)
complement each other. Only the 3-D image of the
air phase would mark the relevance of the oil phase

occurrence.

Experiment with commercial oil

As evidenced in the case of the experience with glass
balls as matrix for percolation (MARQUES; APPOLONI,
2015), the industrial oil revealed to be more attenuating
than the commercial oil. However, it is worth presenting a
result related to the latter type of oil. Figure 14 shows the
profiles of the average percentages of pores filled with air
in each 2-D image of the ARNS5 sample scanned volume.
Red, green and blue colors correspond to the dry sample,
to the sample containing commercial oil measured at 80
kV, and to the sample with the same oil, but measured at
60 kV, respectively. The latter two measurements were
performed consecutively. The objective was to improve
the contrast between the different phases present in the

sample.

Figure 14 - Profiles of the average percentages of vol-
umes with air of each 2-D image for the ARNS sample
dried, red color, with percolation of commercial oil and
measured at 80 kV, green color, and measured at 60 kV,
blue color.
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Source: The authors.

The right side of Figure 14 shows the results obtained
from the top of the sample, which is the side through
which the fluid was injected. The images closer to the
sample bottom show a coincidence between the average
percentage values of pores filled with air in relation to the
measurements taken with the dry sample and oil (80 kV).
This fact occurs from the cross-section image number 304
(first) to approximately the cross section image number
485, meaning that the oil had not yet performed percola-
tion throughout the vertical extent of the sample. Notwith-
standing, there is also a coincidence between the average
percentage values of pores with air and the images near
the top of the sample in relation to the two measurements
with the sample containing oil. In this case, the coin-
cidence is seen from approximately the cross-sectional
image 901 to 1064 (last image). This coincidence means
that the oil continued performing percolation during the
second measurement accomplished with the sample in
Figure 14 (with oil and at 80 kV), reaching the bottom
of the sample before the last measurement period (with
oil and at 60 kV). As the total time of each measurement
was 3 hours and 13 minutes, we can infer that the fluid
took less than 6 hours and 26 minutes to percolate, by
capillary action, throughout the vertical direction of the
sample.

The commercial oil, despite being less attenuating,
provided enough attenuation of the X-ray beam to dif-
ferentiate the profiles of the average percentages of vol-
umes with air, as seen in the case of industrial oil,

see Figure 12.

Conclusions

The results obtained support qualitatively that the em-
ployment of the X-ray microtomography methodology, us-
ing a bench-top equipment, in such type of work requires
the selection or processing of samples, and/or doping of
liquids utilized to acquire adequate 2-D and 3-D images.

Actually, results obtained are nearly the same for all
samples containing the various solution types. More strik-
ing results were provided by sample with a greater volume
of porous space. This is the case of ARN4 sample in which
it was possible to measure the solution 3 volume injected.

The phase size distribution shows a satisfactory result
for sandstone samples before and after the injection of
the solution in the sample. These graphs indicate the most
relevant pore radii interval for fluid percolation in the

sample.
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In general, smaller pore radii participated in the per-
colation. This tendency was inverted only in the ARN1
sample, which exhibits open porosity values much lower
than the others (only 10% of the open porosity values of
the ARN4 sample, which is the more porous sample). The
results for ARN 1 indicate that the phase distribution must
be taken into account when studies are carried out to check
pores relevant for fluid percolation.

The percentage profiles of pores filled with air ob-
tained from the ARNS and ARN6 samples indicated the
presence of the oil phase in the porous region, even with-

out adding a dopant to this fluid.
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