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Abstract: DPR refers to the fact that the reduction in the permeability of the water phase is
much greater than the reduction in the permeability of the oil phase when a water-based gel
seals porous media. In order to clarify the mechanisms of the gel-plugging pore pathway
and the principle of the oil phase and water-phase permeability change, gel-plugging core
replacement experiments and NMR T2 scanning experiments were conducted in this work.
Based on the nuclear NMR T2 spectroscopy, the core blocked with Cr (IlI)-acetate-HPAM
gel is divided into five stages (a plug injection and seal gel-formation stage, an oil-phase
repulsion stage, a stopping-gel reabsorption stage, an oil-phase reinjection stage, and a
subsequent water-drive stage) for displacement and scanning, and the signal changes of
various phases in the displacement process are studied. The principle of an oil-phase
permeability increase after Cr (IlI)-acetate-HPAM gel plugging, and the principle of a
disproportionate decrease in water-phase permeability in the subsequent water-flooding
stage were finally revealed. According to the results, the difference in the permeability
leads to some diversity in NMR T2 curves, but the final conclusions for the mechanisms
are consistent. They show a significant decrease in core permeability of 3.5 x 1073 um?
and 0.8 x 1073 pum? after gel plugging. With the injection of the oil phase, the permeability
of the oil phase keeps increasing from 0.13 x 1073 um? to 0.76 x 103 um? in the core
permeability of 3.5 x 1073 um?. Similarly, the permeability of the oil phase increases
from 0.03 x 1073 um? to 0.19 x 1073 um? in the core permeability of 0.8 x 1073 um?.
During the oil-phase replacement phase, gel replacement in the large pores is the main
cause of the increase in oil-phase permeability, and as the replacement process progresses,
the mechanism for the increase in oil-phase permeability changes, and gel dehydration
becomes the main mechanism for the increase in oil-phase permeability.

Keywords: polymer gel; plugging; phase permeability; NMR T2 scanning experiments

1. Introduction

After a long period of exploitation in the oilfield, there are a large number of dominant
pathways in the deep part of the reservoir, severe non-homogeneity in primary and post-
primary pathways, a large difference in fluid mobility, a rapid rise in the water cut of the oil
well, and the crude oil can be driven out smoothly in the higher permeability formations, but
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it is hard to recover in the lower permeability formations [1,2]. Continued water injection
will only pass through the rock formations of high permeability and then be recovered,
resulting in severe inefficient circulation and affecting recovery rates. Deep profile control
techniques are one of the most effective ways to improve the swept volume of the injected
fluid and control ineffective circulation [3-7]. Polymer gel, with the characteristics of easy
injection, high stability, and strength, is the most widely used profile control plugging
agent, with gel treatments accounting for 60% of the EOR program in the US [8-11]. After
gel is injected into the fracture, disproportionate filtration from the fracture wall occurs,
and a portion of the polymer and chromium ions will filtrate loss from the fracture wall into
the matrix, affecting the gel-forming strength and the plugging effect [12,13]. Li et al. [14]
prepared a new type of gel by coating polyethyleneimine into multiple W/O/W emulsions.
Core experiments showed that the new gel system exhibited good plugging performance
in fractured low-permeability reservoirs. Li et al. [15] used a weak gel profile control agent
through core experiments and found that it achieves good injection performance, transport
properties, and characteristics of plugging. Xie et al. [16] investigated the main mechanism
of the plugging phenomenon and analyzed the theoretical grouping design experiments of
the oil-water pathway diversion, gel dehydration, and adsorption hysteresis. The results
showed that the adsorption hysteresis of the gel on the rock wall is the main mechanism
causing the plugging phenomenon and decreasing the water-phase permeability more
than the oil-phase permeability. The commercial application of nuclear magnetic resonance
(NMR) scanning technology also provides a new method for research [7,17-20]. In NMR T2
testing, if a sample is placed in a static magnetic field, tiny bar magnets will all face in the
same direction. The resultant magnetic moment of each hydrogen nucleus is represented
as a macroscopic magnetization vector. The magnitude of the magnetization vector is
proportional to the number of hydrogen nuclei, which is proportional to the volume of
the fluid. In NMR T2 spectroscopy, the signal amplitude represents the macroscopic
magnetization vector. Therefore, the larger the signal amplitude, the larger the free fluid
volume. Since both oil and water contain hydrogen nuclei, it is difficult to separate them
using magnetic signals [21]. However, if the cores are immersed in MnCl; solution for a
long enough time, the paramagnetic ions Mn?* will diffuse into the water, so the relaxation
time of water will decrease at the instrument detection limit. In addition, Mn2* is insoluble
in oil, so the relaxation time of oil will remain unchanged, and the NMR T2 test can be used
as an indicator of changes in oil saturation [22]. Wu [23] designed core experiments and
NMR T2 scanning experiments under different polymer concentrations. The results showed
that a high-concentration polymer solution achieves a better plugging effect than a low-
concentration polymer solution, and the high-concentration polymer solution effectively
reduces the pore space and has a good sealing effect on the large pore pathway.

In addition, for selective water plugging agents, including Cr (Ill)-acetate-HPAM
gel, some researchers [24-26] also found that the gel reduces the permeability of the water
phase more than the oil phase in the porous media, which is called a disproportionate
permeability reduction (DPR). In order to explain the DPR phenomenon, some work has
been carried out. Dawe and Zhang [27] found that oil and water pass through the gel
via different mechanisms. When oil passes through the gel, it carries some of the water
in the gel to widen the pathway; however, when water passes through, it causes the gel
to absorb water and swell. Grattoni et al. [28] suggested that the permeability of the gel
to water increases with an increasing flow rate and that this dependent behavior is due
to its elasticity; as for the polymer concentration, the effect varies and decreases with
its increase. Ganguly et al. [29] found that there was a functional relationship between
oil-water permeability and the imposed pressure gradient, the DPR value decreased with
the increase in the pressure gradient, and the influence of the pressure gradient on oil-phase
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permeability is due to the deformation of the pore structure caused by the pressure gradient.
Nguyen et al. [30] found that, with the increase in the pressure gradient after dehydration,
the DPR value of strong gel decreased, but the DPR value of weak gel increased. Al-Shajalee
et al. [31] found that the adsorption of polymers on the pore wall can reduce the roughness
of the pore surface, thereby promoting the flow of the non-wetting phase. The entanglement
of polymers reduces the channels available for water flow and is considered one of the
reasons for the reduction in water permeability. Seright et al. [32] found that dewatering
caused an increase in oil-phase permeability using X-rays. Liang et al. [33] used NMR
T2 technology to analyze different core samples treated with polymer gels. They found
that gel hydration blocking the flow channels was the main mechanism for the increase
in oil-phase permeability. However, the mechanism of DPR is not yet clear, and further
research is necessary in view of its importance.

In this paper, the experiments were divided into two main parts, one for the Cr (III)-
acetate-HPAM gel-blocking core replacement experiments and the other for the NMR T2
scanning experiments. In the core replacement experiments, cores with different perme-
abilities were selected to simulate different levels of formation conditions and to compare
the permeability changes of the oil phase and the water phase. The NMR T2 scanning
experiments were used to study the changes in the signal amplitude under the different oil
and water injection volumes and to analyze the mechanism of the oil-phase permeability
rise and the principle of a disproportionate reduction in water-phase permeability in the
subsequent water-flooding stage. The objective of this study is to clarify the mechanism of
gel-blocking pore channels and the principle of oil-phase and water-phase permeability
changes, to analyze the changes in the oil and water phases during the gel displacement pro-
cess, including the plug injection and seal gel-formation stage, the oil-phase repulsion stage,
the stopping-gel reabsorption stage, the oil-phase reinjection stage, and the subsequent
water-drive stage, and to reveal the control mechanism of DPR at different stages.

2. Experiments
2.1. Experimental Materials

Polyacrylamides are peculiar in reducing the permeability of water more than oil [34].
As chromium IIl is added to form a crosslinked polymer, the permeability further decreases
compared to the un-crosslinked polymer [35]. In the experiments, the gel formula is
as follows: 0.3% hydrolyzed polyacrylamide (HPAM), 0.4 % chromium III (Cr3*), and
0.3% NaCl. Among these, HPAM has a molecular weight of 12 million, with 25% hydrolysis
and 98% purity. The core permeability used in the experiments is 3.5 x 1073 um? and
0.8 x 1073 um? to simulate different levels of permeability. The core diameter is 2.51 cm,
and the length is 7.1 cm. Before the start of the experiments, the core is evacuated via a
vacuum pump to make it 100% saturated with water. All NMR T2 data in this section are
inverted via noise reduction using the T2 spectral inversion program written by David
Medellin, postdoctoral fellow at the University of Texas at Austin [36].

Figure 1 shows that the experiments are divided into two parts. The first part is the
core displacement experiments, and the second part is the NMR T2 scanning experiments.
In the core replacement experiments, the ISCO pump provides a constant pressure gradient
or injection rate, controlled via a six-way valve; the oil or water phase is injected into the
core. The confining pressure pump provides the confining pressure for the core holder.
As the NMR T2 scanner currently does not support online repetition scanning, after each
injection of a fixed multiple of pore volumes of oil or water, displacement is stopped,
the core is removed and scanned with the NMR T2 scanner then reinserted into the core
holder, and confining pressure is added for displacement. The NMR T2 experiments mainly
include three parts: the magnet probe, the control box, and the data display.
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Figure 1. Experimental flow diagram.

2.2. Experimental Procedure

The experiments were divided into five stages. In the first stage, the Cr (IlI)-acetate—
HPAM crosslinked polymer with 6 times the pore volume was injected into the core and
then sealed and put into an incubator at 50 °C to form gel for 24 h. In the second stage, the
oil phase was injected into the core at a constant rate, and the displacement was stopped
for every 10 pore volumes (PVs) of the oil phase injected; the core was removed for NMR
T2 scanning and the displacement resumed. In the third stage, the injection of the oil
phase was stopped when it reached a certain amount, and then NMR T2 scanning was
conducted at different times. In the fourth stage, the oil-phase injection was resumed, the
change in injection pressure was observed, and NMR T2 scanning was performed at the
same time. In the fifth stage, the water phase was injected into the core at a constant rate,
and NMR T2 scanning was taken after every 20 PV water phase had been injected; then,
oil-phase injection was resumed. In order to reduce the influence of external factors on the
T2 spectra results, three sets of experiments were conducted for each type of experiment
in this paper. The average and variance of the results were calculated and plotted. To
better distinguish the hydrogen nuclei in the o0il and water phases, we incorporated the
paramagnetic substance Cr (III) into the gel solution to reduce the relaxation time of the
water phase based on the study used by Clerke et al. [22]. As a result, the NMR T2 data can
reveal the pattern of changes in oil-phase saturation.

3. Results and Discussion
3.1. The Principle of DPR

Figure 2 shows the change in permeability during the sequential displacement of
the oil (blue line) and the water (red line) after the gel plugging. It indicates that the
permeability of the core decreased substantially [37,38], falling from 3.5 x 1073 um? to
0.13 x 1073 um?2. With the oil-phase injection, the permeability of the oil phase kept
increasing from 0.13 X 1073 um? t0 0.76 x 1073 pm?.



Processes 2025, 13, 497

50f15

e
=

S
9 »
L

o
N
—

o
n
—

—*— oil phase

—*— water phase

o
W
T

(=)
) t
—T—

permeability, 10~um?
(=]
~
T

<
—
T

0.0 . 1 . 1 . ] . 1 . 1 .
0 20 40 60 80 100 120

Injection multiplier, PV

Figure 2. Change in permeability of oil and water phases (3.5 x 1072 um?).

Firstly, the rate of increase in oil-phase permeability showed a gradual decrease, and
the two gradient dashed lines can be seen to reveal an obvious decrease when the injection
volume was 7 PV, indicating that the oil-phase percolation pathway was affected. There
are two main reasons for the oil-phase percolation pathway; one is a gel displacement
mechanism, and the other is a gel dehydration mechanism. If the increase in the oil-phase
permeability is caused by a mechanism, the oil-phase permeability gradient should remain
unchanged, which is inconsistent with the law in Figure 2. In the process of displacement,
it was found that only in the initial stage of the oil-phase displacement was a part of the
gel discharged, and almost no gel was produced later. Therefore, it can be inferred that
the mechanism of the oil-phase permeability increase had changed. In the initial stage, gel
production was the main mechanism. With the displacement process, the gel dehydration
mechanism played a dominant role.

When the oil injection volume reached 50 PV, we stopped the injection and stewed
for 12 h before the next displacement. When the injection volume reached 65 PV, the
permeability of the oil phase was shown with blue dots, but the actual permeability was
less than this value. The dehydrated gel absorbs water and swells when in contact with
free water. This causes the gel to absorb water and swell, which results in a narrowing of
the percolation pathways and an increase in the flow resistance [39].

Since the conditions for the gel to absorb water, again, involve the dehydration of
the gel and the presence of free water, the injection of the oil phase was stopped when
it reached 100 PV, and the NMR T2 scanning was then performed several times over a
period of 40 h. When the oil-phase injection was resumed (101 PV), a relatively significant
reduction in permeability was observed, demonstrating that some free water remained
in the pores at this time and also indicating the existence of gel reabsorption. With the
continuous injection of the oil phase, the permeability of the oil phase rapidly increased
again, indicating that the reabsorption of water from the gel could only restore the plugging
capacity to a limited extent, and the plugging capacity of the gel after water absorption was
lower than that of the gel before dehydration.

Figure 3 shows the permeability change of oil-water sequential displacement after
a 0.8 x 1073 um? case was plugged by the gel. Similar to the 3.5 x 10~% um? case, it can
be seen that the permeability of the oil phase gradually increased from 0.03 x 1073 um?
t0 0.19 x 1073 um?. The permeability gradient of the oil phase changed significantly at
around 10 PV, indicating that the main mechanism had changed from gel displacement to
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gel dehydration. When the injection amount reached 50 PV, the injection was stopped for
14 h, and the oil-phase permeability was also significantly reduced, indicating that the gel
also swelled. After the injection of the 100 PV oil phase, water flooding was initiated, and
the core permeability was rapidly reduced to very low values and remained at very low
levels [37].
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Figure 3. Change in permeability of oil and water phases (0.8 x 1073 um?).

3.2. Variation in the Ratio of Oil-Phase to Water-Phase Permeability

Figure 4 shows the ratio of oil-phase to water-phase permeability (Row) during the
experiment. It can be seen that the overall trend of Row is constantly increasing, which
fully reflects the DPR behavior of the gel profile control. For the core with a permeability of
35x 1073 umZ, Row increases slowly, with a maximum increase of 23.1. For the core with
a permeability of 0.8 x 103 um?, Row increases rapidly in the early stage of displacement,
with a maximum increase of 64.0, and then slowly decreases, indicating that the main
mechanism has changed from gel displacement to gel dehydration. Under the same
injection PV-number conditions, the Royw of the core with a permeability of 0.8 x 103 pm?
is 2.1 times greater than that of the core with a permeability of 3.5 x 10~2 um?. This result
shows that gel profile control is a promising technology for improving recovery in the
development of low-permeability reservoirs.
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Figure 4. Changes in the ratio of oil-water permeability during gel flooding.
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4. Discussion
4.1. Mechanism of Increased Oil-Phase Permeability

Through the change in permeability during the displacement of the above two per-
meability cores, it can be seen that the Cr (IlI)-acetate-HPAM gel has obvious selective
water-plugging properties. Using NMR T2 techniques, we further investigated the reasons
for the disproportionate permeability changes in the oil and water phases.

Figure 5 shows that there is a clear double peak in the image of saturated water.
Since the magnitude of the relaxation time can approximately characterize the size of the
pores, and after saturating a fluid, the signal amplitude represents the share of the pores
corresponding to the different relaxation times, a high proportion of small pores are present
in this core. After the saturated gel, the signal amplitude of the large pores decreases
significantly, the signal of the small and medium pores (40 to 200 ms) increases significantly,
and the signal in the small pores decreases weakly.
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Figure 5. T2 spectra of different injected fluids at the initial stage.

Since the components change, the signal amplitude cannot be understood simply as
a change in the pore share. The reduction in signal amplitude is essentially due to the
addition of the paramagnetic substance Cr (III) to the solution, which is able to cut the
relaxation time of the signal. For signals in large pores, the relaxation time is reduced
because of the paramagnetic substance, thus reducing the signal amplitude in large pores,
and the reduced amount of signal is added to the medium pores in the range of 40 to 200 ms,
so that the signal amplitude in large pores is reduced externally, and the signal amplitude
in medium pores is increased. The larger the pore space, the more pronounced the effect
of the paramagnetic substance. The T2 spectrum after gelation is represented by the pink
curve, which shows a further decrease in the signal amplitude in both the large and small
pores compared to the state of the gel solution when it is first injected. After gelation,
the polymer chains form a stable mesh-like 3D envelope structure in the presence of a
crosslinked agent, in which the water molecules are bound, leading to a further reduction
in signal amplitude. It can be concluded that the signal amplitude of the same volume of
free water is significantly higher than that of the gel from the set of curves.

Figure 6 shows the core T2 spectrum data for different oil-phase injection amounts
of 3.5 x 1073 um? case. The details can be seen in Table 1. When the oil reaches 7 PV, the
signal amplitude in the large pores is significantly reduced, which means that the amount
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of fluid is reduced; this indicates that the core gel is replaced with fluorine oil without a
signal in the process. At the same time, this inference can be confirmed by the continuous
production of gel at the export end. At this stage, gel removal is the main mechanism of
increased oil-phase permeability.

100
—4— 7PV oil
—<*— [IPV oil
80 - ! SIPV oil
= After gelation
)
:ﬁg 60
§.4
N
T 40+
N
.20
A
20
0 ‘ 1 R BT B .-t ¥ -
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Figure 6. T2 spectra of different oil phase injections (3.5 x 1073 pum?).

Table 1. T2 spectra data of different oil phase injections (3.5 x 1073 um?).

Peak 1 Peak 2
Group - -
Start Time Peak Value End Time Start Time Peak Value End Time
7 PV oil 0.36 54.92 1906.9 / / /
11 PV oil 0.41 73.31 504.17 / /
51 PV oil 0.26 85.59 504.17 / / /
After gelation 0.16 72.00 40.64 40.64 61.64 1506.27

It can be seen that the signal amplitude in the large pores slows down significantly
after 7 PV, and there is almost no gel production at the outlet, so the gel is no longer the main
reason for the continued formation of the oil-phase flow pathway. As the signal amplitude
is proportional to the fluid volume, the increase in the signal amplitude should be due to
an increase in gel or free water. As all the pores are saturated prior to the replacement, no
more gel would have been squeezed into these pores, and the amount of gel in the pores
would not have increased. Therefore, the increase in signal in the small pores is due to
the increase in the free water. The water in the gel will be released from the gel due to the
oil-phase pressure difference.

Part of the free water is bound in the small pores, and as the signal amplitude of the
free water is significantly higher than that of the gel, this results in a rise in the signal
amplitude in the small pore space. During this process, the signal amplitude in the larger
pores also shows a slow decrease. It can be inferred that the gel in the large pore space is
also dehydrated, but the free water from the gel is hardly retained in the large pore space,
and even if some of it is retained, the amount of retention is not sufficient to compensate
for the reduction in signal, so the signal amplitude in the large pore space shows a slow
decrease [17].
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Figure 7 shows the core T2 spectrum data for different oil-phase injection amounts
of 0.8 x 1073 um? case, which is significantly different from the 3.5 x 1072 um? case. The
details can be seen in Table 2. The signal amplitude of the small pore space on the left side
of this core is negligible compared to the signal of the large pore space, which indicates that
the proportion of small pore space in this core is extremely small compared to the large pore
space, and its variation is difficult to have a pattern, so it is not very meaningful to study
it; accordingly, we mainly discuss the signal variation in the large pore space on the right
side. During the first 10 PV of oil-phase injection, the signal amplitude in the large pore
space decreases rapidly, especially in the first 2 PV. At this stage, the permeability of the oil
phase gradually increases, accompanied by the output of gel at the outlet end, indicating
that the production of gel is the main reason for the increase in oil-phase permeability in
this stage. As the oil-phase replacement continues, the signal amplitude in the large pores
continues to decrease, and the change in the small pores is negligible. The gradient in
oil-phase permeability shows a more pronounced decrease in the gradient of increase in
oil-phase permeability at approximately 10 PV. As for the signal amplitude, the peak signal
drops from 170 to 110 for the first 10 PV at a rate of 6/PV.

200
—4— 2 PVoil
180 - ——7 PV oil
160 - 10 PV oil
50 PV oil
140

—%— After gelation

[a—

[\®)

(e}
T

Signal amplitude
» o
S S
L L |

B D
o o
LI

20 -

1,000 10,000

1

100

Time, ms

Figure 7. T2 spectrum of different oil phases’ injections (0.8 x 1073 um?).

Table 2. T2 spectra data of different oil phase injections (0.8 x 1073 um?).

Peak
Group
Start Time Peak Value End Time
2 PV oil 1.07 137.28 426.02
7 PV oil 1.28 127.99 404.17
10 PV oil 1.36 119.16 385.41
50 PV oil 1.49 88.70 365.08
After gelation 0.89 172.48 438.25

However, the signal amplitude from 10 PV to 50 PV decreases from 55 to 42, with a
decrease rate of 0.33/PV. The change in the NMR T2 signal also shows that the mechanism of
oil-phase permeability increase has changed with the displacement, from gel displacement
to gel dehydration. It is difficult to observe the continuous production of gel at the core
outlet around 10 PV. With the continuous oil displacement, the dehydration of gel still
mainly occurs in the middle pores, and the peak value of the T2 spectrum can be observed
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to exhibit a left shift. Due to the continuous erosion of fluorine oil without a signal, most
of the free water of the gel out is produced, so overall, the signal amplitude in the large
pores shows a downward trend, although part of the free water will stay in the pore space,
but still not enough to make up for the amount of signal reduction, so the overall signal
amplitude still decreases.

Based on the above analysis, it can be concluded that the main mechanism of the
initial increase in the matrix after gel plugging is that the gel is driven away, leading
to the formation of the oil-phase flow pathway. With the further progress of oil-phase
displacement, the main mechanism changes, and the dehydration and contraction of the
gel under the action of oil-phase pressure difference become the main reasons for the
rising oil-phase permeability. Although the T2 spectrum data of two cores with different
permeability exhibit diversity, the overall pattern is consistent. Similar results can be seen
in Liang et al.” s work; they obtained that different correlation between a core’s pore size
and the relaxation time [33]. There exist two peaks in the 2.3-Darcy case, and the left peak
disappears in the 0.8-Darcy case. As the relaxation time crudely represents the size of a
pore, it can be considered that the 2.3-Darcy case’s maximum pore is larger than the other.

The following will analyze the change pattern of the fluid signal in the pore space
with the subsequent oil-phase displacement. Figure 8 shows the variation curve of the
T2 spectrum of a core with a permeability of 3.5 x 103 um? as the oil phase is continuously
injected. It can be seen that the signal amplitude in the large pore space remains almost
constant from 51 PV to 100 PV as the oil-phase replacement process proceeds. Combined
with Figure 6, the signal amplitude in the large pore space before 51 PV remains slowly
decreasing, which shows that, as the dehydration process continues, the gel concentration
in the large pores gradually increased, dehydration becomes more and more difficult and
almost stagnated at the later stage. On the contrary, the signal amplitude in the small pores
continues to rise, as the gel dewatering process continues, the oil-phase flow pathways
become wider, the oil phase has a higher degree of contact with the gel, and the gel in
the small pores continues to dewater, resulting in the free water volume in the small
pores continuing to increase, so the signal amplitude remains rising, and the oil-phase
permeability is rising.
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Figure 8. T2 spectrum of different oil phases’ injections (3.5 x 103 um?).
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4.2. Mechanism of Decreased Water-Phase Permeability

Figure 9 shows the core T2 spectrum data for the oil and water phases’ permeability
changes of 3.5 x 1072 um? case. Compared with the T2 spectral curve with an oil-phase
injection volume of 110 PV, a significant rise in signal amplitude is observed in all pores.
The signal amplitude in the large pores returns to a state close to that just after gelation. The
increase in signal amplitude in the large pores is mainly due to the reabsorption of water
into the gel after dehydration and the occupation of some of the pore pathways previously
occupied by signal-free fluorine oil by free water. According to the previous analysis,
during the initial injection stage of the oil phase, part of the gel in the large pores will be
driven away, and part will be dehydrated so that the dehydrated gel will absorb water and
push some of the fluorine oil out of the pore space, which will lead to an increase in signal
amplitude. In addition, some of the free water will replace some of the non-signal fluorine
oil, which will also lead to an increase in signal amplitude. The gel, after absorbing water,
will swell and block the existing flow pathway, so some water needs to pass through the
gel. Because of the extremely low water permeability in the gel, the gel’s water absorption
in the large pores is a reason for the DPR.
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Figure 9. T2 spectrum of different oil and water phases’ injections (3.5 x 1073 um?).

From the previous analysis, it is known that part of the gel in the large pores is replaced
with the oil phase, and this part of the space is currently occupied by free water and residual
oil. Figure 9 shows that the signal of water will be much larger than that of gel for the same
amount of gel and water. The details can be seen in Table 3. Based on the fact that the
amplitude of the core signal after water flooding is similar to that after gelling, it can be
inferred that there is a large amount of residual oil without signal in the hole. Therefore,
it can be inferred that the residual oil is a cause of the DPR. With the subsequent water
flooding, the signal in the large pores remains constant, the signal in the small pores also
stabilizes, and the permeability of the water phase remains almost constant.

Figure 10 shows the core T2 spectrum data for the oil and water phases’ permeability
changes of 0.8 x 1073 um? case. The details can be seen in Table 4. Compared with the
T2 spectral curve at 100 PV, the amplitude of the signal in the large pores gradually increases
during the water flooding in the first 60 PV. The increase in signal amplitude only occurs
in the large pores because of the existence of the gel. At the same time, it can be seen that,
unlike the core with permeability of 3.5 x 103 um?, the signal amplitude in the large pores
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with a permeability core of 0.8 x 1073 um? does not return to the signal state after just
gelling but is far less than the signal peak after just gelling. Since the large pores of this core
are much narrower than the 3.5 x 1073 um? core, the reabsorption of the gel will further
squeeze the flow pathway, and a lot of residual oil still remains in the pores, and the flow
pathway is much less able to bind free water. Thus, the water absorption of the gel, as
well as the retention of partial free water, causes only a limited rise in the signal amplitude.
Because its signal amplitude is significantly lower than that after gelation, and the signal of
the water phase is significantly higher than that of the gel, it can be inferred that a large
amount of residual oil is trapped in the pores.

Table 3. T2 spectra data of different oil and water phase injections (3.5 x 1073 um?).

Peak 1 Peak 2
Group
Start Time Peak Value End Time Start Time Peak Value End Time
60 PV oil 0.42 55.16 58.41 58.41 31.36 1762.09
110 PV oil 0.55 37.46 304.13 / / /
20 PV water 0.42 50.34 56.99 56.99 29.49 1762.53
After gelation 0.18 35.96 41.04 41.04 61.64 1806.83
200
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Figure 10. T2 spectrum of different oil and water phases’ injections (0.8 x 1073 pum?).

Table 4. T2 spectra data of different oil and water phase injections (0.8x 1073 pum?).

Peak
Group
Start Time Peak Value End Time

100 PV oil 0.88 72.34 365.33
10 PV water 0.88 94.79 367.17
30 PV water 0.88 110.84 370.41
60 PV water 0.88 102.63 371.08
After gelation 0.89 168.06 374.25

Therefore, the water absorption expansion of the gel and the high residual oil satura-
tion are the important reasons for blocking the flow pathway. This result can be verified
from Deng et al.” s research; it also shows that the plugging mechanism of gel for small
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and large pores in core is obviously different [17]. A considerable amount of water needs
to flow through the gel or through the gel membrane, but the permeability of the water
phase decreases rapidly due to the extremely low permeability of the water phase in the gel.
Figure 9 shows that the permeability of the core decreases rapidly from 0.19 x 1073 pm? to
about 0.01 x 1073 um?, and the permeability is maintained at a constant level as the water
flooding continues. The swelling of the gel, the hindering effect of the residual oil, and the
flow of the water phase in the gel are the causes of the DPR. This is consistent with the
studies of other scholars [33,40], which showed that the main mechanism leading to DPR is
the hydration and swelling of the gel polymer.

5. Conclusions

In this paper, NMR T2 was used to investigate the main mechanisms through which
the permeability of Cr (IlI)-acetate-HPAM gel-treated cores was elevated during oil-phase
replacement and unevenly reduced during water-phase replacement. During the oil-phase
replacement phase, gel replacement in the large pores is the main cause of the increase
in oil-phase permeability, and as the replacement process progresses, the mechanism for
the increase in oil-phase permeability changes, and gel dehydration becomes the main
mechanism for the increase in oil-phase permeability. For high-permeability matrices,
gel dehydration occurs mainly in small and medium pores, while for lower-permeability
matrices, gel dehydration occurs mainly in large and medium pores. In the subsequent
water flooding, the gel immediately absorbs water and swells, and the permeability of the
water phase immediately decreases to very low values. The reasons for the DPR are as
follows: (1) The gel absorbs water and swells, and it squeezes the oil-phase flow pathways.
(2) A large amount of residual oil is trapped in the flow pathways, severely impeding the
flow of the water phase. (3) Water has a low flow capacity in the gel. Due to the swelling of
the gel and the obstruction of the residual oil, most of the water can only flow through the
gel itself. For highly permeable matrices, gel absorption occurs in all the pores, whereas for
lower-permeability matrices, it occurs mainly in the large and medium pores. The overall
trend of Royw is increasing, which fully reflects the DPR behavior of gel-profile control.
Under the same injection PV-number conditions, the Ry, of the core with the permeability
of 0.8 x 1073 um? is 2.1 times that of the core with the permeability of 3.5 x 103 um?,
and this result shows that gel-profile control is a technology with the potential to improve
recovery in the development of low-permeability reservoirs.

Forthcoming research endeavors will be devoted to studying the mobile fluids in
low-permeability tight/shale oil reservoirs by utilizing NMR T2, providing a theoretical
basis for the further exploration and development of oil reservoirs.
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