Confidential manuscript submitted to SPE Journal

Pore-scale Oil Connectivity and Displacement by Controlled-lonic-
Composition Waterflooding Using Synchrotron X-ray Microtomography

Tianzhu Qin and Paul Fenter, Chemical Sciences and Engineering Division, Argonne
National Laboratory; and Mohammed AlOtaibi, Subhash Ayirala, and Ali AlYousef,
EXPEC Advanced Research Center, Saudi Aramco

Keywords: Pore-scale wettability alteration; Oil Connection; Controlled-ionic-
composition waterflooding; Synchrotron X-ray microtomography;

Saudi Aramco: Public



Confidential manuscript submitted to SPE Journal

Abstract

Controlled-ionic-composition waterflooding is an economic and effective method to improve oil
recovery in carbonate oil reservoirs. Recent studies show controlling the salinity and ionic
composition of injection water can alter the wettability of carbonate mineral surfaces. The pore-
scale oil connectivity and displacement by controlled-ionic-composition waterflooding in
heterogeneous carbonate reservoirs, especially at the early stage, is still unclear. The goal of this
study is to examine the role of ion concentrations and types in the oil displacement efficiency and
investigate the impact of the waterflooding on the pore-scale oil displacement using the national
synchrotron facility. A carbonate rock sample was flooded with synthetic high salinity water and
other water solutions with different sulfate concentrations. The waterflooding processes were
visualized with synchrotron X-ray microtomography to follow the evolution of pore-scale oil/brine
interactions at typical field flow rates. Experimental results show that the water with lower sulfate
concentration and high salinity water did not change the wettability of the pore surfaces. Higher
sulfate ion concentrations in the water, in contrast, altered the wettability of carbonate pore
surfaces from oil-wet to neutral-wet within the first few minutes of waterflooding. Novel insight
was gained on the ability of water with high sulfate concentration to displace oil in the small pores
and through abundant oil channels, which consequently leads to higher oil recovery from the
carbonate rock.

Introduction

Carbonate oil reservoirs contribute to around half of the world's proven petroleum reserves in the
world, but the oil recovery from carbonate reservoirs is often lower as a significant amount of oil
is left behind due to the heterogeneous pore topology, complex surface texture, and initially oil-
wet mineral surfaces (Hognesen et al. 2005; Javanbakht et al. 2017; Qin et al. 2020b, 2020c; Strand
et al. 2008). After contacting with oil through millions of years, the surface minerals in carbonate
reservoirs, such as calcite or dolomite, are characterized by adsorbed interfacial layers, increased
surface roughness, and preferentially oil-wet with negative threshold capillary pressures, which
lead to higher entry pressures of water-displacing-oil events. (Arshadi et al. 2020; Fenter et al.
2020; Standnes and Austad 2000) To overcome these adverse oil displacement conditions using
controlled-ionic-composition waterflooding is often considered as an economic and effective
method to improve oil displacement efficiency in the oil-wet porous medium (Xie et al. 2020a).

Controlled-ionic-composition waterflooding is a technique that enhances oil recovery by
controlling and modifying the ions types and concentrations of injection water (Garcia-Olvera and
Alvarado 2017). Injecting water with a well defined ionic composition into carbonate reservoirs
can improve the oil displacement efficiency in two ways.: 1) double-layer expansion (DLE)
(Ligthelm et al. 2009) 2) adsorption of SO4% onto the carbonate surface (Austad et al. 2012;
RezaeiDoust et al. 2009; Strand et al. 2008; Zhang et al. 2007). Injection of low-salinity brine in
carbonate reservoirs can decrease the ionic strength in the thin brine film between the rock and oil,
and thereby expanding the water layer and altering the wetting preference of rock surfaces from
oil-wet towards water-wet. Increasing the amount of SO4% in the water solution on the other hand
can enhance the co-adsorption of Ca?" and Mg?* onto the carbonate mineral surfaces. These
cationic ions can interact with carboxylic groups and break their bonds to the carbonate surfaces.
The release of the carboxylic groups from the surfaces leads to improved oil recovery (Zhang et
al. 2007; Zhang and Austad 2006).
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The impact of the brine composition on oil recovery has been evaluated at different flow
conditions. Coreflooding tests have been conducted at reservoir temperature and pressure to
understand underlying mechanisms of the waterflooding in enhancing oil recovery from carbonate
rocks. An incremental oil recovery of 10% original oil in place was observed after increasing the
sulfate concentration. The less oil-wet crude oil/brine rock system leads to a higher oil recovery
(Awolayo et al. 2016; RezaeiDoust et al. 2009). Spontaneous imbibition tests were performed at
various temperatures. The removal of NaCl from the high salinity water contributed to a higher
final oil recovery and imbibition rate, which indicated that both the active ions, such as Ca?*, Mg?*,
and SO4%, and non-active salt had an impact on the wettability alteration process (Fathi et al. 2012;
RezaeiDoust et al. 2009). Further details about brine composition in waterflooding technigques have
been comprehensively discussed in review papers. (Hao et al. 2019; Sohal et al. 2016)

Several pore-scale experimental studies have been performed to understand the interactions of
brine/oil/rock systems after the conditions reached equilibrium using micro-CT scanners.
Compared to high salinity flooding, altering the salinity and ionic concentration in injection water
could recover additional 10% oil from carbonate rocks. The accessibility of the oil-wet pore was
enhanced due to the reduced in-situ contact angles (Khishvand et al. 2017; Xie et al. 2020b). Direct
numerical simulation (DNS) was also performed to examine the microscale effect of controlled-
ionic-composition waterflooding in multiphase flow. The existence of water wetting film
surrounding an oil droplet is more stable due to the repulsive electric double layer force, therefore
less energy is required to mobilize the oil inside the porous medium compared to high-salinity
waterflooding (Abu-Al-Saud et al. 2019).

To understand the potentially fast oil/brine interactions at typical filed flow rates, the pore-scale
dynamics of the multiphase flow in porous media have been investigated using synchrotron
facilities (Andrew et al. 2015; Wildenschild et al. 2005). These high-intensity X-ray sources can
observe fast multiphase displacement phenomena, like Haines jumps, capillary desaturation, and
oil connection dynamics, at high temporal resolutions (Armstrong et al. 2014; Berg et al. 2013;
Menke et al. 2014; Riicker et al. 2019, 2015). The fast synchrotron X-ray tomography technique
has recently been used to investigate the dynamics of wettability alteration. The results show that
the oil droplets stay at the corner of the pores after one hour of oil/brine interactions. After twelve
hours, with additional injection of controlled-ionic-composition water, the oil droplets could be
further mobilized to the center of the capillary elements and displaced out (Qin et al., 2020a).

Recent studies suggested that controlling the salinity and ionic composition of injection water
could improve the oil recovery by waterflooding in carbonate reservoirs. The impact of ion types
and concentrations on the oil connectivity and displacement is still unclear, especially the fluid
flow at pore-scale. Traditional laboratory micro-CT scanners are not fast enough to keep up with
the oil/brine interactions at the typical 1ft/day field flow rate. Consequently, the present results
were obtained at a national synchrotron facility to visualize the changes in pore-scale oil
connectivity and displacement by controlled-ionic-composition waterflooding within the first few
minutes. After establishing initial water saturation with synthetic formation brine, the oil-wet
carbonate rock was flooded with a synthetic high salinity water and other brine solutions with
different sulfate concentrations. The flooding and wettability alteration processes were visualized
with synchrotron X-ray microtomography. Novel insight was gained on the unique ability of the
brine containing high sulfate concentration to improve oil connectivity and displace oil in medium-
sized pores within the first few minutes.
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Materials and Methods
Materials.

Rock.

A rock chip from a carbonate oil reservoir was selected for this study. The rock chip with a
square cross-section 4 mm in width was placed in a miniature cylindrical sample holder and then
filled with the epoxy resin (Loctite) as shown in Figure 1. After fully hardened, a thin section 1
mm in thickness was cut from the middle of the cylindrical core sample and then used for the
miniature coreflooding tests.

Rock chip '

“4Amm

Sample holder

. A rock chip in epox
— p in epoxy
s

Rt 2

Fig. 1. Experimental procedures for waterflooding cycles.

Fluids.

A crude oil sample with 5.5% asphaltene content was used in this study (Alotaibi and Yousef
2017; Yousef et al. 2011). The oil was centrifuged at 6000 rpm for 1 hour, filtered with 0.5 pm
filter, and then doped with 14 wt% di-iododecane to improve oil/brine contrast in
microtomographic images. NaCl, CaClz, MgClz, NaHCOs, and Na2SO4, were used to create the
aqueous brine solutions having compositions (without further pH adjustment) representing the
formation brine, high salinity water, TailoredWater 1, and TailoredWater 2 according to the ion
compositions shown in Table 1. The two TailoredWater compositions were chosen in such a way
that TailoredWater 1 was enriched with three key ions (calcium, magnesium, and sulfates), while
TailoredWater 2 was solely composed of sulfate ions.

Table 1 lon compositions of brine solutions
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Formation water High salinity water TailoredWater 1 TailoredWater 2

(ppm) (ppm) (ppm) (ppm)

Sodium 59491 18300 721 1865
Calcium 19040 650 228 0
Magnesium 2439 2110 741 0

Sulfate 350 4290 1506 3896
Chloride 132060 32200 2565 0
Bicarbonate 354 120 0 0

TDS 213734 57670 5761 5761

lonic strength 4.318 1.146 0.16 0.123

(mole/L)
Methods.

Miniature coreflooding.

The thin section was placed and bonded in a 3D-printed miniature coreflooding cell using epoxy
as shown in Figure 2. A precision syringe pump (NewEra instruments) was used to inject oil and
brine into the cell at a constant flow rate. The injection sequence used for different waterflooding
cycles is summarized in Figure 3. After saturating rock samples with a synthetic reservoir, crude
oil was injected into rock samples at 0.02 cc/min to establish initial water saturation. The carbonate
rock was then flooded with 12 pore volumes (PVs) of synthetic high salinity water, TailoredWater
1, and TailoredWater 2 solutions, respectively, at 0.02 cc/min for 2 mins at ambient conditions.
Each flooding process was visualized using synchrotron x-ray beams at the13-BM beamline of the
advanced photon source at Argonne National Laboratory. The middle of the rock sample was
selected for X-ray imaging with a resolution of 1.23 um and a field of view 1 mm in diameter and
height. The exposure time was set as 5 mins to capture microtomographic images at the early stage
of smart waterflooding.

Fig. 2. Experimental setup in 13-BM
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Fig. 3. Experimental procedures for waterflooding cycles.

Data analysis

After smoothing all the microtomographic images using a non-local mean filter in software
Avizo®, the pore and rock phases in the reference image set of the rock sample with formation
brine was segmented using the histogram thresholding method to establish the pore map. The
images of the rock samples containing both doped oil and brine were then manually registered to
the pore map. The registration was examined pixel by pixel to reduce the registration error. The
registered image sets were then multiplied by the pore map to eliminate the rock phase. Finally,
the 3D fluid occupancy maps were generated by segmenting the oil and brine phases using the
same thresholding method and then employed to visualize the oil ganglia and fluid configuration
in the pores. To examine the impact of smart waterflooding quantitatively, the water saturation
profiles along the distance from the inlet were calculated after each flooding cycle. This
information was correlated with measurements of the average contact angle that was determined
with twenty independent contact angle measurements at different pore surfaces after the
completion of each waterflooding cycle.(Figure 4) The oil droplets selected for contact angle
measurements were examined across ten consecutive slices to ensure the accurate selection of
oil/brine/mineral contact line. The accuracy of the average contact angle measurement at a given
solution composition was estimated using the standard error of the mean method. The detailed
procedure was described in a previous study. (Qin et al., 2020b)

To characterize the oil connectivity, the average oil channel thicknesses at the corners of the
pores was manually measured at ten different locations after each flooding cycle. The oil channels
selected were examined across ten to twenty consecutive slices to ensure they were not isolated at
the micro scale. The thicknesses were measured from the lowest point of the concave meniscus of
the oil phase to the lowest point of the corners of the pores.(see Figure 4) The Euler characteristics
of the pore and oil phase after each flooding were calculated using Avizo® according to the method
described in other works. (Herring et al. 2013; Rucker et al. 2015) The small isolated regions with
volume less than 34 voxels, equivalent to a sphere with a radius of 2.46 um, were removed to
reduce the noise. This method has disregarded less than 0.1% of the pore or the oil phase in the
tomographic image sets.
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Fig. 4. A schematic diagram of contact angle and oil channel thickness measurement.

Results
Rock characterizations

The carbonate rock sample mainly consists of calcite with some fraction of dolomite (15.2%).
These surface-active minerals tend to have rough surfaces and oil-wet preference, thereby having
a direct impact on the pore-scale oil displacement in the interparticle and intraparticle pores
(Figure 5). The average porosity of the thin rock sample is calculated to be 14.0% using the
histogram thresholding method. The pores in the rock sample have a wide size distribution with
an average pore radius of 53 um. (see Figure 6a) The pores with radiuses varying from 0 to 30
um, 30 to 70 um, and 70 to 120 um are defined as small, medium, and large pores, respectively.
Figure 6b shows that the location 0.3 mm from the inlet has higher porosity due to the existence
of large pores.
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Fig. 6. a) Pore size distribution. b) Porosity variation along the rock sample.

Drainage

After saturating the carbonate sample with the synthetic formation brine, crude oil was injected
into the rock at 0.02 cc/min for 10 mins to establish the initial water saturation. The average water
saturation in each tomography slice (Figure 7) shows that the water saturation fluctuated across
the core due to the variation in pore topology, connectivity, surface roughness, and mineralogy in
the heterogeneous carbonate rock sample. The average water saturation of the core sample is
calculated to be 30%. The wettability of the reservoir rock sample (Figure 8) shows that the rock
is oil-wet with a contact angle of 131°. This could be explained by the natural aging process of the
mineral surfaces in the oil reservoir prior to this flooding experiment. The wettability of the pore
surfaces was confirmed by direct pore-scale observation that the oil phase occupied the small pores
and the corners of the large pores and water phase occupied the center of large pores (Figure 9).
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Fig. 7. Water saturation profiles after each waterflooding cycle.
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Fig. 8. Average contact angles after each flooding cycle. The uncertainty of the average values, as estimated by the standard error
of the mean of the individual observations, is shown as error bars.
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Fig. 9. a) 2D cross-sectional visualization of oil phases in medium-sized pores. b) average water saturation in the small, medium,
and large pores.

High salinity waterflooding

High salinity water was injected into the rock to increase the water pressure and consequently
displace the oil out of the porous medium. The water saturation profile shows that water saturation
increased to 48% (Figure 7). The pore-by-pore displacement sequences of the water-displacing-
oil events depended on the relative effect of viscous forces and interfacial tension forces, which
could be evaluated by capillary numbers. Since the capillary number of the multiphase fluid flow
process was lower than 10, the flow was dominated by capillary pressures and controlled by the
wettability of the pore surfaces. Figure 8 shows that the wettability of mineral surfaces remained
oil-wet with an average contact angle of 129°, which is similar to the average value before high
salinity waterflooding. These oil-wet pore surfaces indicated that the high salinity water prefers to

10
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invade into the large pores with a lower entry pressure first and then displaces the oil in the small
pores. Figure 9 shows that the medium-sized pores with smaller absolute threshold capillary
pressures were invaded by high salinity water first. The small pores and corners of the pores with
higher absolute threshold capillary pressure could not be invaded by the high salinity water,
thereby leaving oil ganglia in these capillary elements.

Controlled-ionic-composition waterflooding

In order to examine the potential of lowering ion salinity of injection water on improving the
oil displacement efficiency, TailoredWater 1 was injected into the rock sample at the same flow
rate after high salinity water flooding. Compared to high salinity water flooding, the TailoredWater
1 flooding could not recover a significant amount of additional oil, which indicated that the
TailoredWater 1 did not have the ability to alter the wettability of the carbonate surfaces at this
test condition. This was confirmed by the remaining oil-wet pore surfaces with an average contact
angle of 129° (Figure 8). The direct pore-scale observation revealed that the oil/brine occupancy
in the pore space remained the same during TailoredWater 1 flooding. (Figure 9) This could be
explained by the low sulfate concentration and the limited ability of Mg?* in the TailoredWater 1
to alter the wettability of pore surfaces at ambient temperature (Srisuriyachai and Meekangwal,
2017; Tweheyo et al., 2006)

The impact of ion type and concentrations on the oil displacement efficiency was investigated
by injecting TailoredWater 2 into the rock sample at 0.02 cc/min. After 2 mins of TailoredWater
2 injection, the tomographic images were captured within 5 mins to examine the wettability
alterations at the early stage of TailoredWater 2 flooding. Figure 7 shows that water saturation
was increased from 49% to 55%. This is due to the alteration by TailoredWater 2 of the wettability
of carbonate surfaces from oil-wet to weakly oil-wet with an average contact angle decreased to
101° (Figure 8). This wettability alteration could reduce the threshold capillary pressures of small
and medium-sized pores and increase the oil recovery from these pores. This was confirmed by
the water saturation in the small (31%), medium (53%), and large pores (70%) after TailoredWater
2 flooding, which was increased by 41%, 16%, and 8% compared to water saturation during the
TailoredWater 1 injection. (Figure 9b)

A close examination shows the oil channels at the corners of the pores became more abundant
after the TailoredWater 2 flooding. The oil channels can enhance the oil connectivity in the porous
medium to make the oil mobilization more efficiently (Figure 10). These oil channels have been
further investigated quantitatively by measuring the Euler characteristic of the oil phase and oil
thickness from the rock surface to the oil/brine interfaces. The results shows that the average
thickness of the oil channels was about 12 um after high salinity water injection. The additional
TailoredWater 1 injection did not alter the thickness of the oil channels at the corners of the pores.
TailoredWater 2 injection, in contrast, doubled the thickness of these oil channel (25 um), which
contributed to a better oil connectivity (Figure 11a). This is also consistent with the change of
Euler characteristic of the oil phase (Figure 11b). The Euler characteristic ¥ =Bo-p1 is determined
by Bo for isolated oil ganglia and B1 for the loops through the porous medium. After high salinity
water and TailoredWater 1 flooding processes, the Euler characteristic of the oil phases were -
71584 and -80565, respectively. They were more negative than the Euler characteristic of the pore
network (-17624) due to the formation of oil channels or loops in the porous medium. Compared
to TailoredWater 1, injecting TailoredWater 2 further decreased the Euler characteristic by 39% (-
113387), which confirmed significantly increased amount of oil channels and improved oil
connectivity in the porous medium. These results obtained with TailoredWater 2 also agree very
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well with the other reported findings that sulfate ions favorably increase the elasticity of oil/water
interfaces and alter (-potentials in carbonate reservoir cores toward more negative.(Alotaibi and
Yousef 2017; Ayirala et al. 2018b, 2018a) Such a changes would have a favorable effect because
of the resulting same polarity of {-potentials at carbonate/brine and crude oil/brine interfaces.

-
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High salinity water TailoredWater 1 TailoredWater 2
Fig. 10. 3D visualization of an oil channel at the corner of the medium size the pores.

a) Oil channel thickness b) Euler characteristic
High salinity water TailoredWater 1 TailoredWater 2

©w
@

0

w
o

-20000

N
o

.

-40000

-

[~
o

-60000

[

-80000

o

Oil channel thickness (um)
X (Euler characteristic)

-100000

3]

-120000

=}

High salinity water TailoredWater 1 TailoredWater 2 -140000

Fig. 11. a) The oil channel thickness and b) connectivity of the oil phase after each flooding cycle.

Conclusions

High salinity water and controlled-ionic-composition waterflooding processes were performed to
investigate the impact of ion types and concentrations on the oil displacement efficiency in a
carbonate reservoir rock. The results from flooding tests showed that the smart brine with lower
sulfate concentration and high salinity water did not change the wettability of the pore surfaces.
Higher sulfate ion concentrations in injection water, in contrast, altered the wettability of carbonate
pore surfaces from oil-wet to neutral-wet within the first few minutes of waterflooding. The fast
and significant decrease in contact angles in the porous medium contributed to the reduction in
threshold capillary pressures, thereby favoring the oil displacement into smaller pores. The oil
channels in the pores became more abundant after flooding with smart the injection water
containing high sulfate concentrations. These oil channels could enhance the oil connectivity in
the porous medium to make oil mobilization more efficiently. The combined effect of oil
displacement in the small pores and through abundant oil channels leads to higher oil recovery
from the carbonate rock.
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