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Abstract: Porosity, permeability, and wettability are crucial factors that affect the oil-water displace-
ment process in reservoirs. Under subsurface conditions, the integral effects of these factors are
extremely difficult to document. In this paper, waterflooding experiments were carried out using
a core flooding system monitored with X-ray dual-energy CT. The mesoscale, three-dimensional
characteristics of water displacing oil were obtained in real time. The integral effects of porosity,
permeability, and wettability on the waterflooding in the low-permeability sandstone reservoirs were
investigated. It was found that if the reservoir rock is water-wet, then the residual oil saturation
decreases gradually with increasing porosity and permeability, showing an increasing waterflooding
efficiency. On the contrary, if the reservoir rock is oil-wet, the residual oil saturation gradually
increases with improving porosity and permeability, showing a decreasing waterflooding efficiency.
The porosity, permeability, and wettability characteristics of reservoirs should be comprehensively
evaluated before adopting technical countermeasures of waterflooding or wettability modification
during oilfield development. If the porosity and permeability of the reservoir are high, water-wet
reservoirs can be directly developed with waterflooding. However, it is better to make wettability
modifications first before the waterflooding for oil-wet reservoirs. If the porosity and permeability
of the reservoir are poor, direct waterflooding development has a better effect on oil-wet reservoirs
compared with the water-wet reservoirs.

Keywords: X-ray CT; porosity; permeability; wettability; waterflooding; low-permeability reservoir

1. Introduction

Porosity, permeability, and wettability are the basic properties of reservoir rocks.
Porosity reflects the ability of the reservoir to store fluid, and permeability reflects the
ability of fluid to pass through the reservoir [1]. For sandstone reservoirs without fractures,
porosity and permeability generally have a good correlation. Wettability refers to the
tendency of a one-phase fluid to spread or adhere to a solid surface when two immiscible
fluids co-exist on the solid surface [2].

Porosity, permeability, and wettability can strongly affect the distribution characteris-
tics, displacement process, and relative permeability of oil and water in a reservoir [34].
Ghous et al. found that there was a strong correlation between the saturation of the wet-
phase fluid and the pore size of the reservoir based on displacement experiments and
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three-dimensional micro-CT scanning technology [5]. Through microscopic numerical
simulation experiments, Liu et al. realized that the pore structure of the core would change
the front shape of the waterflooding gas, and the residual gas saturation decreased with
the increasing waterflooding-gas efficiency as the porosity and permeability increased [6].
Gu et al. found that the connected pore throats and spontaneous imbibition recovery rate
increased with an increasing rock matrix permeability based on physical simulation experi-
ments in weakly water-wet, tight sandstone [4]. In terms of the wettability, for uniformly
wetting pore media, the wet-phase fluid usually migrates along the particle surface, and
then small pores in a film-like form, while the non-wet-phase fluid preferentially moves
in a continuous phase in the relatively large pores [7]. As the wettability of the reservoir
gradually changes to the direction of the displacement-phase fluid within the limited range,
the displacement pattern becomes more complete and the displacement efficiency becomes
higher [8]. Compared with uniformly wetting pore media, oil-water displacement in mixed
wetting media is characterized by poor continuity and by occurring in more small pores of
oil and water, as well as having a lower relative fluid permeability [9,10]. Many studies
have been performed with regard to the effects of porosity, permeability, and wettability
on the displacement process of oil and water in reservoirs. However, insights about the
combined effects of these properties on the displacement process of fluids in the subsurface
reservoir are lacking.

The lithology, texture, structure, porosity, and permeability of reservoirs are highly
heterogeneous at different scales and are controlled by factors such as sedimentation, diage-
nesis, and structural evolution [11-15]. The relatively homogeneous reservoirs at one scale
usually appear to be heterogeneous at another (higher) scale [16-18]. Compared with the
numerous studies performed on oil-water displacement at both the macroscopic oilfield
scale and the microscopic pore scale [19,20], real-time, three-dimensional experiments on
oil-water displacement processes at the mesoscale are relatively rare, which can connect
the micro- and macro-level knowledge. The medical X-ray CT scanner is characterized by
a large scanning sample range and a fast scanning speed [21,22], and it is able to capture
the real-time, three-dimensional imaging of waterflooding processes with an online core
flooding system. This paper carried out mesoscale waterflooding experiments using an
X-ray CT online core flooding system. Based on the experimental results, the integral effects
of porosity, permeability, and wettability on oil-water displacement in low-permeability
sandstone reservoirs were determined. The experimental results also provided direction for
the development of low-permeability oil reservoirs, especially for deep, heterogeneous ones.

2. Geological Setting

The Ordos Basin is located in the central part of China, which is a stable intracratonic
sedimentary basin (Figure 1a,b). The Upper Triassic Yanchang Formation slightly inclines
to the west with a dip angle of less than 1°, and this formation is the most important
hydrocarbon-bearing strata in the basin. This formation is divided into 10 members, Chang
10 to Chang 1, from bottom to top, consisting of mudstone, oil shale, fine sandstone, and
siltstone [23]. The Chang 7 interval is the most important source rock, the next is Chang
9 interval, and Chang 4 + 5 is the third one. There are good reservoirs in the intervals
of Chang 2-Chang 3 and Chang 6-Chang 8 (Figure 1c,d). The Chang 8 sandstones are
the representative reservoirs deposited in the delta and lacustrine environment, with a
distribution direction from southwest to northeast (Figure 1c,d). The petrology is arkose and
lithic arkose. The authigenic cements mostly include chlorite, calcite, dolomite, and quartz.
The whole reservoir is a representative of the low permeability to tight characteristics,
with a porosity range of 6-16% and a permeability range of 0.1-10 x 1073 um? [24]. The
commonly present chlorites in the reservoir are mostly found to be oil-wet due to the
modification of polar compounds, which results in some of the reservoir to be oil-wet.
Therefore, the wettability of reservoirs is various, ranging from oil-wet to water-wet states.
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Figure 1. Location of the Ordos Basin and stratigraphy of Yanchang Formation. (a,b) indicate
the location of Ordos Basin and study area, respectively; (c) displays the distribution of Chang
8 sandstones, (d) indicates the atrata and lithology of Yanchang Formation.

3. Materials and Methods

The studied area is located in the southwest of the Ordos Basin. A total of 6 samples
were selected from the 4 wells in the sandstone reservoir of the Chang 8 group in the Ordos
Basin, three of which were oil-bearing, while the other three were absent of oil (Figure 1c).
Core plug samples with a diameter of about 2.5 cm and lengths of 3-5 cm were drilled.
The block samples were also prepared on the oil-bearing rock. The oil-bearing core plug
samples associated with the sample chips (about 4 mm x 4 mm X 4 mm) were cleaned
to remove oil using a mixture of ethanol and benzene (3:1 in volume). The pore-scale
wettability of the rock was determined according to the shapes of the condensed water
on the surface of pores in the block sample under an environmental scanning electron
microscope according to the precious method [25,26]. The observation under the ESEM
was carried on the 3 oil-bearing freshly broken chip samples. Porosity and permeability of
all 6 core plug samples were measured via the gas method [27], with data shown in Table 1.
All of these 6 samples were then used for the waterflooding experiments.

Table 1. Parameter table showing basic characteristics of the core plug samples.

Well Depth Length Diameter Porosit Permeabilit ore
No. Name (nl:) (cng1) (cm) (%) v (x10-3 ungl Wettability
1# Xil19 2085.50 4.03 2.51 14.28 1.71 Oil-wet
24 7202 2285.50 4.09 2.50 8.71 0.21 Oil-wet
3# 7202 2288.30 493 2.53 8.17 0.19 Oil-wet
44 7339 1857.89 3.69 2.50 11.70 0.52 Water-wet
5# 7339 2162.78 4.30 2.54 10.03 0.30 Water-wet
o 540 1645.40 4.05 2.50 8.39 0.10 Water-wet

Morphological observation of the condensed water was conducted using a Quantrr
S environmental scanning electron microscopy (ESEM) at Peking University. The core
flooding experiment system used at the China University of Petroleum (Huadong) mainly
includes pipelines, a back pressure valve, a 260D ISCO pump, and a SOMATOM Definition
AS X-ray dual energy CT scanner and an X-ray transparent core holder (Figure 2). The fluid
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used in the oil-water displacement experiments include No. 2 white oil (with a kinematic
viscosity of 2 mPa-s at 40 °C), deionized water (used as the confining pressure fluid in the
core holder), and 23% wt Nal aqueous solution. In order to mimic the pore fluid pressure in
the subsurface conditions, the back pressure was set to 15 MPa at the downstream pipeline.
The confining pressure was set to be 2 MPa higher than the pore fluid pressure during the
core flooding experiments. The experiments were carried out at room temperature (about
24 °C), and the white oil used had a similar viscosity with crude oil subsurface.

Figure 2. Coreflooding system, including CT scanner, core holder, and Isco pump.

The core flooding experimental procedure is as follows:

1. The core plug samples were firstly dried for 24 h at 80 °C.

2. The core plug samples were placed in a rubber core sleeve, then loaded into a compos-
ite carbon fiber core holder.

3. The core holder was connected to the core flooding system; the downstream valve
was closed while the upstream valve was open, and then vacuuming maintained
(—0.1 MPa) from the upstream for 10 h with the confining pressure of 2 MPa.

4. The sample was saturated with white oil through injection from the upstream line at a
pressure of 15 MPa with the downstream back pressure valve closed and a confining
pressure of 2 MPa higher than injection pressure, holding for 10 h.

5. Then, the downstream back pressure was set to 15 MPa, and the 23% wt Nal aqueous
solution was injected into the sample at a constant flow rate of 0.01 mL/min.

6.  The CT scans begin when the Nal aqueous solution reached at the top end of the core
plug with a frequency of scanning once every 5 min.

7. The experiment was terminated at about 10 h after the Nal aqueous solution flowed
out from the downstream outlet.

During the waterflooding experiments, the injection pressure and confining pressure
were recorded every 10 s, and the process of waterflooding was intermittently scanned
using the X-ray dual-energy CT equipment, with the saturation of oil and water in the
rock calculated using the CT numbers. Firstly, the CT numbers of the sample were cal-
culated using the Avizo software. Then, according to the established method by Akin
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and Kovscek [28], the oil saturation of the core in the waterflooding experiments can be
quantitatively calculated, and the formula is as follows:
So — CTwr — CTowr
o= —m8————
CTyr — CTy

where CTy, indicates the CT number of the core saturated with water, CT,,, is the CT
number of the core containing both oil and water, and CT,, is the CT number of the
core saturated with oil. It is impossible to measure directly CT, in the waterflooding
experiments. However, they can be calculated using the following formula:
CTy — CT,

cto—cr, (CTar—CTuy) @
where CTj,, is the CT number of the dry sample, CT, is the CT number of the oil phase,
CTy is the CT number of the water phase, and CTj is the CT number of the air.

)

CTowr = CTdry +

4. Results
4.1. Porosity, Permeability, and Wettability of Samples

The selected six samples are representative of porosity and permeability characteristics
ranging within the entirety of all the Chang 8 reservoirs in the studied area. The porosity
ranges from 8.17% to 14.28%, with a median value of 9.37%. The permeability ranges
from 0.10 x 1073 um? to 1.71 x 1073 pm?, with a median value of 0.26 x 1073 um?. On
the correlation plot of porosity and permeability, all data points are essentially on a line
(Figure 3).
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Figure 3. Plot of porosity and permeability of core samples used in the waterflooding experiment.

The three block samples with oil removed were observed using the ESEM. The con-
densed water on the pore wall surface was mainly spherical, indicating the oil-wet states of
samples 1#, 2#, and 3#. In detail, Figure 4a shows that the authigenic clay minerals covered
most of the rock surface as the pore-lining model, and the condensed water on the surface
of the clay minerals was spherical. Figure 4b also shows that the spherical water condensed
on the pore surface enclosed by several particles. The oil-free samples in the Yanchang
Formation reservoir are considered to be water-wet according to Wang et al. [29].
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Figure 4. ESEM images showing representative condensation scenarios on pore walls. (a) 1#. (b) 2#.
The arrows point at the water droplets.

Based on the porosity, permeability, and wettability of the core samples, six samples
were used for waterflooding experiments, among which samples 1#, 2#, and 3# were oil-wet,
while samples 4#, 5#, and 6# were water-wet.

4.2. Waterflooding Experiments
4.2.1. Injection Pressure in Waterflooding Experiments

The downstream back pressure regulator in the experiments was set to about 15 MPa,
and the upstream fluid injection pressure of each sample was above this value. In general,
when injecting the same volume of fluid, the fluid injection pressures were quite different
for these six samples (Figure 5). The curve, such as that seen in samples #3, #5, and #6,
mostly shows a rapid increase, and then gradually becomes stable with increasing injected
fluid volume. For samples #1, #2, and #4, the injection pressure increases at a relatively
small scale, and then appears to be stable or decreased.

7
1#
‘e 22 -
E, — D
i
ﬁ Iy
518 - a#
.g
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o — 5
216
14

0 1 2 3 4 5 6 7
Pore volume of water injected

Figure 5. Plots of injection pressure with volume of injected water.
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4.2.2. Water Saturation

Figure 6 shows the results of the waterflooding experiment. The plots of water
saturation varying with the volume of water injected show a rapid increase in the early
stage and a slow increase or even a near-flat trend during the later stage. For the oil-wet
samples 1#, 2#, and 3#, the change point of the water saturation curve which is lining the
early and later stages appears at an injected water volume of about 0.4 pore volume (pv),
0.4 pv and 0.9 pv, respectively. The final water saturation levels for these three samples are
about 20.0% (4.3 pv), 46.5% (6.9 pv), and 55.3% (11.6 pv), respectively. For the water-wet
samples 4#, 5#, and 6#, after the overall injected water volume reaches 0.8 pv-1.2 pv, the
trend of the water saturation varying with water volume becomes gentle. At the end of
the waterflooding experiments, the final water saturation levels of these three samples are
about 70.0% (5.6 pv), 39.1% (5.8 pv), and 29.2% (4.3 pv), respectively.

80
PV=5.6
- 0,
70 T SVX Z(LO—A)-.
~ -==""
o PV=11.6
Q\/ 60 - Sw=55.3%
s: ”
.S 50 - -’
N - - -
& =6.9 Sw=46.5%
S5401 S AN ¢ & 0 ------_ *
b= PV=5.8 Sw=39.1%
n e S, - - o
5 307 PV=5.2 Sw=2029%%
b PV=4.3 Sw=20.0%
g VIR /SVAIEy srewwes . o o el
—— 1# ——2#
10 4 ——3# —a—4#
—0—5# i 6#

O T T T T T T
0.0 0.4 0.8 1.2 1.6 2.0 24 2.8 3.2 3.6

Pore volume of water injected

Figure 6. Plot of water saturation and volume of injected water. The red and blue curves represent
oil-wet and water-wet samples, respectively.

4.2.3. Displacement Patterns

In our study, the CT images of two representative oil-wet and water-wet samples were
selected to determine the waterflooding modes. Figure 7a-1 show the CT slices of the oil-
water distribution in samples 4# and 1# during the waterflooding experiments, respectively.
Sample 4# was initially saturated with oil (Figure 7a), and after water was injected, there
was a distinct interface of water displacing oil. With the volume of injected water being
0.2 pv, 0.4 pv, 0.6 pv, the oil-water interface moved forward stably parallel to the end face
of the core, showing a representative piston-like displacement mode (Figure 7b—d). For
Sample 1#, after the volume of water injected reached 0.1 pv, water had broken through
at the downstream end of the core without the appearance of a distinct displacement
interface between water and oil (Figure 7h). As waterflooding continued with injected
water volumes of 0.4 pv, 0.6 pv, 0.8 pv, and 1.0 pv, water-enriched areas behaved, in a small
increase, in the style of fingering paths, as well as in a small decrease in oil-enriched areas.
It is thus speculated to be a fingering-like displacement mode (Figure 7i-1).
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Figure 7. Slices of core samples during the process of water displacing oil. (a—f) represent sample
4#, (g-1) represent sample 1# with the injected water volumes of 0 pv, 0.2 pv, 0.4 pv, 0.6 pv, 0.8 pv,
and 1.0 pv. The red represents the oil-enriched area, blue represents the water-enriched area, blue
arrows indicate the direction of water injection from the bottom to the top of image, and the dash
lines indicate the displacement front; the image width is about 2.5 cm.

5. Discussion
5.1. Effects of Porosity, Permeability, and Wettability on Oil/Water Saturation

Based on all the waterflooding experiment results, the effects of the injected water
volume, porosity, permeability, and wettability on residual oil saturation were analyzed.
Firstly, as for the effects of the injected water volume, it can be seen that when the injected
water volume is small without waterflow breaking through the core plugs, the water
saturation of each sample increases rapidly, and their trends are mostly similar (Figure 6).
When the water breaks through the core plugs, the variation trends of water saturation
for different core plug samples are different due to their varying physical properties. The
variations of water saturation are relatively small with increasing water volume injected
after one core is broken through by water (Figure 8). As the volume of water injected
increases from 1.0 pv to 1.8 pv of oil-wet samples 1#, 2#, and 3#, the water saturation
variations are 2.2%, —2.6%, and 6.6%, respectively, and the variations for the water-wet
samples 4#, 5#, and 6# are —9.0%, 2.1%, and 3.8%, respectively. It should be noted that the
minus value should result from the CT scanning error due to the excessively weak change
of oil volume in samples.

Secondly, it can be seen that the residual oil saturation of the core sample is mainly
controlled by the porosity, permeability, and wettability (Figure 8). The samples with com-
parable porosity and permeability should have similar pore structure characteristics [26].
With the increasing porosity and permeability, the residual oil saturation of the water-wet
samples decreases gradually, which is consistent with the opinions of Gao et al. [30]. In
the study of Gao et al., the characteristics of water displacing oil for the samples from the
Yanchang group were obtained using the Nuclear Magnetic Resonance technique, and they
observed the positive relationship between waterflooding efficiency and permeability. This
phenomenon can be explained by the fact that permeability can reflect pore connectivity,
and a larger permeability indicates more connected pores and resulted in a higher wa-
terflooding efficiency. Based on these consequential opinions, there are three modes for
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immiscible two-phase fluid displacement: viscous fingering, capillary fingering, and stable
displacement [31]. Zhang et al. and Zhou et al. divided the secondary migration of oil
and gas into piston, fingering, and string modes based on the petrophysical simulation
experiments, and found the varying migration efficiencies of these three modes [32,33].
During our experiments, the three-dimensional CT images make the analyses of oil-water
displacement patterns possible. The piston-like displacement mode of sample 4# with high
porosity and permeability proved the waterflooding through more connected pores.
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Figure 8. Plot of water saturation vs. the porosity (a) and permeability (b) of samples for waterflood-
ing experiments.

The residual oil saturation of oil-wet samples gradually increases with porosity and
permeability. It may be due to the higher number of large pores with relatively weak
interfacial forces found in the samples with high porosity and high permeability, coupled
with the oil-wet states of the samples, causing the water to tend to only occupy the center
of several connected pores [34]. The finger-like displacement mode of sample 1# proved
the waterflooding through a small part of connected pores. However, the samples with
low porosity and low permeability mostly contain a higher number of small pores with
relatively strong interfacial forces, resulting in more oil-water displacement phenomena;
therefore, the residual oil saturation is low [10].

The water-wet and oil-wet curves have the equal point of water saturation appearing
at a porosity of about 9.5% or a permeability of about 0.3 x 1073 um?. It is thus when
the porosity and permeability of the samples are lower than this point that the water-wet
samples would have a lower water saturation than the oil-wet ones, and the difference
becomes smaller as the porosity and permeability are closer to this point. On the contrary,
when the porosity and permeability of the samples are higher than this point, the water-wet
core samples would have a higher water saturation than the oil-wet ones with differences
in enlargement as both porosity and permeability improve (Figure 8).

5.2. Implications for Oil Development in the Low-Permeability Reservoirs

The impacts of porosity, permeability, and wettability on the process of water-displacing
oil, fluid saturation, and injection pressure may provide significant implications for es-
tablishing effective strategies for oil development in low-permeability reservoirs. The
waterflooding is an important development method, but it is not suitable for all the reser-
voirs [35]. For the water-wet reservoirs, as they have a porosity of <9.5% and a permeability
of <0.3 x 1073 um2, the waterflooding method usually results in very low water saturation
(<40%) and high residual oil saturation (>60%) with a relatively low displacement efficiency.
While when the reservoirs have a porosity of >9.5% and a permeability of >0.3 x 1073 um?,
the waterflooded reservoirs would have high water saturation, low residual oil satura-
tion, and a high displacement efficiency. For example, sample #4 (with 11.7% porosity,
0.52 x 1073 um? permeability) obtains a final water saturation of about 70.0%. There-
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fore, when the water-wet oil reservoirs behave in >9.5% porosity and >0.3 x 1073 pum?
permeability, the waterflooding development method can achieve good results, and
vice versa.

However, the oil-wet reservoirs would show an opposite phenomenon compared
with water-wet reservoirs, that is, as the reservoir samples are < 9.5% of porosity and
<0.3 x 1073 um? of permeability, the waterflooding can result in a low residual oil sat-
uration (<40%) and high waterflooding efficiency. As they are >9.5% of porosity and
>0.3 x 1073 um? of permeability, there are relatively high residual oil saturation (> 40%)
and low waterflooding efficiency. Therefore, for the oil-wet reservoirs, if they are <9.5% of
porosity and <0.3 x 1073 um? of permeability, the field development via waterflooding
would achieve a comparatively good development result. Otherwise, if the porosity and
permeability are high (>9.5% and >0.3 x 1073 um?), the effect of direct waterflooding
development may be poor. It should be opted to change the wettability of the reservoir
before waterflooding development, or adopt other development methods. There is an
example that the strong oil-wet Chang 8 reservoirs in one well behave as expected in high
oil saturation (49.3% in average), high porosity (16.3% in average), and high permeability
(38.9 x 1073 um? in average), but after fracturing work, only water is produced. This
phenomenon is found in many studies and may result from the low waterflooding effi-
ciency under the integral effect of the oil-wet state, high porosity, and high permeability of
the reservoirs.

In addition, wettability modification associated with waterflooding is another impor-
tant technological method for the development of oil-wet reservoir worldwide, that is,
modifying and altering the wettability of oil-wet reservoirs into water-wet ones before the
waterflooding [36-38]. However, this study shows that it is necessary to determine the
characteristics of the porosity and permeability of the targeted reservoir and their compre-
hensive influences coupled with wettability on the waterflooding process before making
a decision. If the physical properties of the reservoir are good, any wettability alteration
would be beneficial to the development of waterflooding. However, if the physical proper-
ties of the reservoir are poor, any wettability alteration would make the oil development
via waterflooding less effective.

6. Conclusions

The porosity, permeability, and wettability of the reservoir show integral effects on
the fluid saturation and displacement efficiency during the waterflooding experiments.
If the reservoir rock is water-wet, the residual oil saturation decreases gradually with
increasing porosity and permeability, showing the increasing waterflooding efficiency. On
the contrary, if the reservoir rock is oil-wet, the residual oil saturation gradually increases
with improving porosity and permeability, showing the decreasing waterflooding efficiency.
The porosity, permeability, and wettability characteristics of reservoirs should be com-
prehensively evaluated before adopting technical countermeasures of waterflooding or
wettability modification during oilfield development. If the porosity and permeability of
the reservoir are high, water-wet reservoirs can be directly developed via the waterflooding
method. However, for the oil-wet reservoirs, it is better to firstly make the wettability
modification before applying the waterflooding technique. If the porosity and permeability
of the reservoir are poor, direct waterflooding development has a better result for the
oil-wet reservoir in comparison with the water-wet reservoir.
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