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Abstract: Difficulty in water injection during the water injection development (water injection pro-
duction refers to the injection of water into the reservoir from injection wells during the development
process of an oil field; due to its good economic efficiency and high feasibility, it has become the
main method of oil field development) process of the G block reservoir is an important problem to
solve. Three cores of the G block are used as the object of this study, and the laser particle size test
is conducted on the target core to obtain the particle size distribution of the core. X-ray diffraction
mineral content analysis is used to obtain the proportion of different mineral contents. On this basis,
online nuclear magnetic technology is used to carry out the research on the change of reservoir
physical properties during the high-magnification water injection process. The experiment shows
that three cores (cores 8-2, 16-1, and 9) are identified as medium sandy fine sandstone with silt (the
three-level naming method was adopted and the name has been changed to medium sandy fine
sandstone containing silt, because the proportion of fine sand is greater than 50%, the content of
medium sand is between 25%~50%, and the content of silt is between 10%~25%), medium sandy fin
sandstone containing silt, and silt fine sandstone, by laser particle size testing. Their clay mineral
contents are 2.47%, 2.51%, and 4.76%, respectively; the permeability (water) of the three cores con-
tinues to decrease with the increase in water injection, but the nuclear magnetic porosity and the
signal intensity of different fluids in the nuclear magnetic T2 and nuclear magnetic two-dimensional
spectrum show different variation patterns with the increase in water injection. The clay minerals
of core 8-2 and core 16-1 are relatively small. The nuclear magnetic porosity increases rapidly to
the maximum value and then decreases slowly with the increase in water injection. The right peak
signal intensity in the T2 spectrum rises first and then drops, while the clay mineral content of core
9 is relatively high. The change trend of nuclear magnetic porosity is firstly decreasing and then
increasing, and the signal intensity of the right peak in the T2 spectrum decreases first and then
increases. The research concludes that in the early stage of water injection, clay minerals undergo
hydration and a small amount of particle migration; in the later stage of water injection, due to the
scouring effect of water, the fine silt and clay minerals in the cement easily fall off and migrate to the
pore throat to the block. Some damage to the pore throat leads to a decrease in permeability, thus
affecting the development effect.

Keywords: fluid distribution; high-magnification water injection; online NMR; clay mineral

1. Introduction

Block G of the ] D Qilfield is a typical layered structural lithologic reservoir with a
burial depth of 2800 m-3000 m. The reservoir has strong heterogeneity, medium porosity,
and low permeability, with an average porosity of 18.1% and an average permeability of
58.8 x 1073 D. The lithology of the reservoir is mainly composed of medium and fine-
grained mixed sandstones, followed by unequal mixed sandstones. Clay minerals are
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mainly kaolinite and montmorillonite. Due to the nonuniformity of sediments on multiple
scales, similar sediments are well used to understand and predict the nonuniformity of
sedimentary structures [1,2]. The reservoir has entered an ultra-high water cut stage, so
problems such as increased injection pressure of water wells and difficulties in water injec-
tion have occurred during the water injection production process. In order to analyze the
characteristics and causes of changes in reservoir physical properties during the water in-
jection process, a high-magnification water injection experiment based on two-dimensional
NMR technology was carried out.

At present, scholars mainly research fine particle migration damage using sand-packed
models and core displacement experiments. During water injection, clay minerals fall off
after expanding due to water absorption, and the migration, precipitation, and blockage
of particles are important reasons for reservoir damage [3-5]. Jing and Li et al. [6,7] used
velocity sensitivity experiments and forward and reverse displacement experiments to
determine the migration status of core particles, which indicates that particle migration in
reservoirs is one of the main factors causing reservoir damage. Li et al. [8] demonstrated that
the presence of obvious particle migration in reservoirs is one of the main factors leading
to difficulties in water injection in water injection wells, through multiple sets of core
volume flow experiments. You and Cui and Li et al. [9-11] proved through displacement
experiments that reservoir particles can block the reservoir, resulting in a decrease in
reservoir permeability. Luo et al. [12] expounded the migration mechanism of formation
particles and the migration state of particles after the expansion of clay minerals, which
indicated that the joint action of particles and clay minerals has a great impact on core
permeability. Li and Dong et al. [13] found that when clay minerals come into contact
with water, they will swell after absorbing water, shed due to destabilization, disperse,
and migrate, leading to a decrease in the volume of the seepage channel. An and Xie
etal. [14,15] found that the type and content of clay minerals directly affect the T2 spectrum
itself, which in turn has an undeniable impact on NMR porosity, bound water saturation,
and permeability.

NMR technology has been widely applied to studying fluid distribution in water
flooding processes. Wu et al [16] conducted a high-magnification water drive experiment.
They used the NMR instrument to perform T, spectrum testing and slice imaging detection
at each stage of the core experiment. These proved that under high-magnification water
drive, the oil displacement efficiency increases with the increase in injection multiples.
Di et al. [17] carried out NMR visualization research on core microflow, optimized the
domestically produced low-magnetic resonance imaging core displacement device, elimi-
nated interference factors, and obtained high-resolution oil-water distribution images. Qu
et al. [18] extracted one-dimensional relaxation spectra of water from diffusion relaxation
two-dimensional spectra of different oil saturations, and obtained the distribution of oil
and water in different pores, which solved the problem of difficulty in distinguishing oil
and water using one-dimensional relaxation spectra alone. Ding et al. [19] established
the relationship between core NMR T, spectrum and pore distribution, combining them
with core displacement experiments of different fluids and using the transformed nuclear
magnetic pore throat distribution to obtain the relationship between core pore structure
and the distribution of movable fluids and remaining oil. Liu [20] analyzed the changes
in T, spectra of oil flooding and water flooding oil in low-porosity and low-permeability
rock cores under experimental conditions, and implemented the method of calculating the
oil-bearing factor of water-flooded layers using T, spectra. The actual oil-bearing factor cal-
culated from nuclear magnetic logging data is consistent with the water-flooded level to a
relatively high degree. Hou et al. [21] evaluated the oil recovery effect of low-salinity water
flooding in the G oilfield based on NMR technology, demonstrating that low-salinity water
has a good displacement effect on oil in smaller pores and contributes to the expansion and
migration of clay in the core. Cheng [22] solved the technical problems that occurred in
integrating domestic NMR imaging equipment and core flow experimental instruments,
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preliminarily formed a core flow nuclear magnetic resonance imaging testing method, and
carried out research on visualizing the fluid distribution in the core during displacement.

Accurate characterization of pore throat characteristics is the foundation for study-
ing reservoirs, but traditional research methods cannot achieve accurate characterization
of micro- and nanoscale pore throats. A large number of scholars have conducted rele-
vant research on the understanding of micro- and nanoscale pore throats in reservoirs.
Zou et al. [23] used CT technology to discover for the first time that nanoscale pores had a
significant impact on the research and understanding of micropore structures. Li et al. [24]
conducted research on the characteristics of nanopore structure using the nuclear magnetic
resonance freeze-thaw method (NMRC), accurately detecting the pore structure within the
nano range of rock cores. Xu and Zhang and Wu et al. [25-27] conducted research on the
pore structure of shale reservoirs based on NMR and X-CT, calculated the effective porosity
of shale based on the T2 cutoff value of NMR, and analyzed the percentage of movable
fluids in shale reservoirs.

Based on the above domestic and international research, it can be seen that most
scholars conduct research on reservoir physical properties changes based on displacement
experiments. Some scholars also use the T, cutoff method in nuclear magnetic technology
to calculate porosity and fluid saturation. However, the determination of T2 cutoff value
is influenced by various parameters, which has certain drawbacks. Moreover, previous
studies on particle size and mineral composition, as well as fluid distribution under high
water injection rates, have been relatively limited because NMR technology has the char-
acteristics of high precision (the accuracy of uCT is micrometers, and the conversion of
T, distribution to pore radius in nuclear magnetic resonance can be accurate to 3-5 nm)
and nondestructive samples [28,29], and the pore throat structure of rocks can be reflected
in the obtained T2 spectrum [30-32]. The objectives of this study are (i) to conduct laser
particle size testing and X-ray diffraction mineral content analysis on the target rock core,
(ii) to conduct high-power water injection experiments (high-magnification water injec-
tion experiment refers to a water injection experiment where the volume ratio of water
injection is much greater than the pore volume ratio) based on nuclear magnetic resonance
technology, and to obtain fluid permeability, nuclear magnetic porosity, T2 spectrum, and
two-dimensional spectrum under different water injection rates in order to analyze the
changes in reservoir physical properties and their reasons.

2. Core Attribute Parameters

This study analyzed three cores from well G78-12 in the target block. The gas porosity
measured using Boyle’s law was 22.565%, 21.137%, and 19.495%, respectively. The Klinken-
berg permeability refers to the permeability of a rock sample obtained after correction for
slip effect. The correction method measures the permeability of the rock sample under
different pressures, and then uses the permeability values at each pressure value and the
reciprocal of the pressure values to create a relationship curve. The intersection point
between the curve and the permeability axis is the Klinkenberg permeability value of
the rock sample, which is equivalent to the theoretical absolute permeability value of the
rock sample. The Klinkenberg permeability was 34.395 mD, 102.6 mD, and 84.892 mD,
respectively. The specific basic data of the cores are shown in Table 1.

Table 1. Basic core data.

Sample Number  Well Number Depth/m L/cm R/ecm Porosity/% Permeability/mD
8-2 G78-12 2978.87 4.517 2.531 22.565 34.395
16-1 G78-12 2978.44 5.007 2.539 21.137 102.6
9 G78-12 2969.95 4.591 2.536 19.495 84.892

Three target cores were tested for mineral content by X-ray diffraction. The highest
mineral content of core 8-2 is plagioclase (43.26%), the smallest is pyrite (0.20%), and then
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clay minerals (2.41%). In core 16-1, plagioclase accounts for 44.88% of the mineral content,
dolomite accounts for 1.34% of the mineral content, and clay minerals account for 2.57%,
and core 9 has a maximum of 42.34% plagioclase, a minimum of 0.99% hematite, and a
relatively high of 8.76% clay minerals. The specific mineral contents of the cores are shown
in Table 2.

Table 2. Mineral content of core X-ray diffraction (%).

Sample Number  Quartz/% Potassium Feldspar/% Plagioclase/% Calcite/% Dolomite/% Pyrite/% Hematite/% Clay Mineral/%
82 34.58 10.96 4326 6.7 1.89 0.20 0 241
16-1 30.91 17.21 44.88 3.00 1.34 0 0 257
9 29.62 18.20 4234 2.33 176 0 0.99 476
The particle size distribution and sorting of cores are a measurement of transport
capacity and a good indicator of the natural geography environment and hydrodynamics
at deposition time. Moreover, the oil storage properties of cores are closely related to their
particle sizes. The laser particle size test was conducted on three target rock cores. Core
8-2 is a sandy fine sandstone containing silt, with 41.608% fine sand, 8.4% fine silt, and
0.804% clay. Core 16-1 is a silt-bearing medium sandy fine sandstone, with 39.022% fine
sand, 9.904% fine silt, and 0.948% clay. Core 9 is a silt fine sandstone with 24.876% fine
sand, 23.122% fine silt, and 2.062% clay. The results of the specific particle size analysis of
the cores are shown in Table 3.
Table 3. Core laser grain size analysis results (%).
Sample Number  Coarse Sand/% Medium Sand/% Fine Sand/% Very Fine Sand/% Coarse Silt Sand/%  Fine Silt Sand/% Clay/%
82 2.468 31.074 41.608 10272 5.376 84 0.804
161 3.512 28.644 39.022 11.674 6.298 9.904 0.948
9 1.036 8.598 24.876 23514 16.784 23122 2.062

3. Experiment
3.1. Experimental Equipment

The experimental instruments mainly include an NMR instrument and a displacement
pump. The NMR appliance is a Newman nuclear magnetic resonance analyzer, model
Ver4.0. The magnetic field intensity of the NMR instrument is 0.5 T, the radio frequency
pulse frequency is 1-30 MHz, and the radio frequency control accuracy is 0.01 MHz. We
set the device parameter to Te: 0.5 ms; RF delay: 0.05 ms; Tw (waiting time): 2000; Nech
(number of echoes): 2048; Ns (accumulative frequency): 32 times; the pulse width was
divided into 90° pulse width (P1 = 6.80) and 180° pulse width (P2 = 10.08); sampling
frequency: 200 kHz.

The displacement pump is a constant speed and pressure pump, model ESV, with a
pressure range of 0-60 MPa, a pump volume of 100 mL, and a continuous flow velocity
range of 0.001-60 mL/min. It has precise measurements and can achieve continuous
injection. In experiments, it is mainly used to inject simulated formation water into rock
cores. The intermediate container used for displacement has a pressure range of 0-50 MPa,
a volume of 200 mL, and a temperature resistance of 200 °C. Baihua Co., Ltd. manufactures
the core gripper in Dongying District, Dongying City. It has a pressure range of 0-60
MPa, a temperature resistance of 100 °C, a length of 35 cm, and can be inserted into the
core with a length range of 1.5-6.5 cm. The hand pump controls the experimental ring
pressure, manufactured by Huaxing Petroleum Instrument Co., Ltd., with a pressure range
of 0-50.0 MPa.

3.2. Classification of Fluid Types by Two-Dimensional Nuclear Magnetic Spectroscopy

The basis of NMR testing is the interaction between hydrogen atoms and magnetic
fields, and the amount of signal reflects the fluid content in the core [33]. During the process
of saturated water and water injection displacement in the core, due to the nuclear magnetic
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moment of the hydrogen nucleus in the water, which undergoes energy level splitting
under the action of an external static magnetic field, at this time, a certain frequency of radio
frequency field is applied to the rock core, and the nuclear magnetic moment undergoes
an absorption transition, resulting in nuclear magnetic resonance. Subsequently, a signal
with amplitude decaying over time can be received by removing the RF field. Due to
the difficulty in distinguishing adsorbed water, irreducible water, and free water in pores
using NMR T, spectroscopy, this study is based on a combination of two-dimensional
nuclear magnetic resonance technology and high-power water injection experiments, using
nuclear magnetic resonance two-dimensional spectroscopy to distinguish the distribution
of different fluids in pores.

In the two-dimensional nuclear magnetic spectrum, fluid types are classified based
on the magnitude of T; and T, values. When 1 < T; /T, <100,0.1 ms <T; <10 ms, T, <
0.3 ms, it is water of crystallization and adsorption water; when 1 < T1/T2 < 10, T1 > 1 ms,
0.3 ms < T2 < 3 ms, it is irreducible water; when 1 < T1/T5 < 10, T > 10 ms, T> > 3 ms, it is
free water.

3.3. Design of High-Expansion Water Injection Scheme

(1) Take target cores 8-2, 16-1, and core 9 for oil washing and drying.

(2) Measure the target rock core’s length, diameter, porosity, and permeability.

(3) Place the core in formation water with a mineralization of 5000 mg/L, with the
formation water surface covering the top of the core, and vacuumize for 48 h a
vacuum pump to fully saturate the experimental core with formation water (saturation
water stage).

(4) Place the core in a displacement device, inject water at a fixed flow rate of 1.0 mL/min,
and record the water output and pressure.

(5) Collect two-dimensional nuclear magnetic resonance when the cumulative water injec-
tion reaches 100 PV, 500 PV, and 1000 PV. The experiment ends when the accumulated
water injection reaches 1000 PV.

(6) Calculate the permeability of water according to the recorded water output and pressure.

4. Result and Discussion
Characteristics of Nuclear Magnetic Porosity and Permeability Changes during High-Fold
Water Injection

Due to the proportional relationship between the amplitude of the nuclear magnetic
signal and the number of hydrogen nuclei (i.e., fluid content) contained in the sample
(pore), the T2 spectrum of nuclear magnetic resonance can be used to calculate the nuclear
magnetic porosity. The method for measuring porosity this time is the peak method. Firstly,
we measured the nuclear magnetic resonance T2 spectrum of the standard sample (with
porosity of 1%, 2%, 5%, 10%, 15%, 20%, and 25%, respectively), established a scale system
between the nuclear magnetic resonance signal amplitude and porosity, and then measured
the rock sample. We substituted its signal amplitude into the scale relationship equation to
calculate the nuclear magnetic resonance porosity. Figure 1 shows the relationship between
the cumulative water injection volume of the core and the nuclear magnetic porosity. The
figure shows that the nuclear magnetic porosity changes of the three target cores exhibit
different patterns of change. In the first stage (saturated water state—cumulative water
injection of 100 PV), the NRM porosity of core 8-2 and core 16-1 shows an upward trend
with the increase in water injection, increasing from 15.13% and 14.41% to 15.82% and
15.33%, respectively, while the NRM porosity of core 9 decreases from 14.5% to 13.79%.
In the second stage (cumulative water injection of 100-1000 PV), with the increase in
cumulative water injection, the NRM porosity of core 8-2 and core 16-1 decreases from
15.82% and 15.33% to 15.28% and 15.13%, respectively, while the porosity of core 9 increases
from 13.79% to 14.78%.
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Figure 1. Curve of water injection volume and nuclear magnetic porosity.

Figure 2 shows the relationship between the cumulative injection rate of the core
and the permeability (water). The variation pattern of permeability shows that with
the continuous increase in cumulative water injection, the overall permeability shows a
downward trend. In the first stage (saturated water state—cumulative water injection
of 100 PV), the permeability of the three core water blocks decreased significantly, from
33.07 mD, 26.17 mD, and 36.75 mD to 12.70 mD, 6.96 mD, and 13.45 mD. In the second
stage (cumulative water injection of 100-1000 PV), the permeability decreased slightly
with the cumulative water injection account increase, and the decrease was 10.33 mD,
6.01 mD, and 5.18 mD, respectively. The reason for this phenomenon is that flowing water
transports detached clay minerals and particles, leading to a decrease in core permeability.
Low permeability reduces the ability of water to transport clay minerals and particles (low
permeability weakens the fluidity of water, and water can transport fewer particles with
smaller radii). Therefore, the change pattern of core permeability with water injection rate
is that it decreases rapidly in the early stage of water injection, and gradually stabilizes
after a slow decrease in the later stage of water injection.

|
36.75
35
) 33.07
30
—8—Core §-2
=]
E 25 p6i17 —o—Core9
Es
E 20
E |
z 15 \ 13.45
" \ 11.21
10 8.27
5 2.37
B 0.95
0 ; .
0 200 400 600 800 1000 1200

Water injection volume

Figure 2. Curve of water injection volume and permeability.
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5. Characteristics of Nuclear Magnetic Reaction under Different Displacement Ratios
5.1. NMR T2 Spectrum Reaction Characteristics

Figures 3 and 4 show the NRM T, spectra of cores 8-2 and 16-1 at different water
injection multiples, respectively. It can be seen that the T, spectra of the cores are in
double-peak state after saturation with water. The left peak is distributed in the small pores
(T2 <10 ms), and the signal intensity does not change with the increasing water injection.
The right peak is mainly distributed in medium and large pores (10 ms < T2 < 100 m:s,
T2 > 100 ms), and the signal intensity increases significantly from the saturated water state
to the cumulative water injection volume of 100 PV. During the subsequent continuous
water injection process, the signal intensity decreases as the cumulative water injection
increases. The right endpoint value in the T, spectrum and the curves corresponding to
the medium and large pores shift to the left. The change law of the nuclear magnetic T2
spectrum under different water injection multiples indicates that during the water injection
process, the signal intensity in the small pores changes little because water enters the
medium and large pores preferentially, and only a small part of water enters the small
pores. The signal intensity in the medium and large pores changes more due to the increased
water volume in the core caused by the hydration of clay minerals. Later on, under the
effect of continuous water injection scouring, the medium and large pores are blocked due
to the shedding and migration of fine silt and clay minerals after expansion, resulting in a
decrease in the radius and water content of medium and large pores, so the signal intensity
decreases. By comparison, the change law of the T, spectrum of the two cores is the same
as that of the nuclear magnetic porosity, which increases first and then decreases with the
increase in cumulative water injection. The main reasons for the decrease in permeability
are the hydration of clay minerals, and the shedding, migration, and blocking pores of fine
silt and clay minerals after expansion under scouring.
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:'é — 100PV
=300 F
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‘5200
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Figure 3. Core 8-2T, spectrum.

Figure 5 shows the NMR T, spectrum of core 9 under different water injection mul-
tiples. It can be seen that in the state of cores saturated with water, its T, spectrum is
double-peak. The signal intensity is the highest under conditions in small pores, and the
signal intensity decreases from the saturated water state to the cumulative water injection
volume of 100 PV. The signal intensity remains unchanged basically during the subsequent
continuous water injection process. The signal intensity in medium and large pores de-
creases first and then increases with the increase in water injection volume. The signal
intensity decreases from the saturated water state to the cumulative water injection volume
of 100 PV and gradually increases during the subsequent water injection process. The
change law of the NMR T, spectrum under different water injection multiples shows that
in the first stage (saturated water state—cumulative water injection volume of 100 PV), due
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to the high content of clay minerals in the core (up to 4.76%), the volume of clay minerals
becomes larger after water swelling during water injection, leading to the reduction of
pore volume, water content in pores, and signal intensity; In the second stage (cumulative
water injection volume of 100-1000 PV), with the continuous increase in cumulative water
injection, the clay minerals and particles that fall off after water swelling migrate (migrate
to the outlet section), resulting in an increase in water volume in this range, an increase in
the signal intensity, and a right shift in the corresponding curve. The change law of the T,
spectrum is consistent with the trend of nuclear magnetic porosity.
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Figure 4. Core 16-1T, spectrum.
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Figure 5. Core 9T, spectrum.

5.2. Characteristics of Two-Dimensional Nuclear Magnetic Reaction in Rock Cores

Figures 6 and 7 show the two-dimensional NMR spectra of cores 8-2 and 16-1 under
different injection multiples. As this experiment is a high-injection-rate experiment, the
fluid signal is not clearly reflected in the two-dimensional nuclear magnetic resonance
spectra. Therefore, this article quantifies the different fluid signal intensities, as shown
in Table 4. It can be seen that during the water injection process, the signal intensity of
adsorbed water and bound water continuously increases, while the signal intensity of free
water first increases and then decreases. The reason for this phenomenon is that the injected
water enters the pores in the early stage and undergoes weak hydration with clay minerals,
and the particles in the medium and large pores migrate (to the outlet section or small
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pores) under the action of water flow, leading to an increase in the volume of free water in
the medium and large pores, resulting in an increase in signal strength. Additionally, the
presence of foreign particles in the small pores increases the signal strength of adsorbed
water and bound water content. With the continuous increase in accumulated water
injection in the later stage, a large amount of clay minerals in the pores fall off after water
absorption and expansion, as well as the migration of fine silt, which has a certain blocking
effect on the pore throat. This leads to a decrease in the content of free water in the medium
and large pores, and a gradual decrease in signal strength. Due to the blockage of the
pore throat, the fluidity of the rock core water decreases and the nonflowing water content
increases, resulting in an increase in the water content adsorbed on the clay minerals.
Therefore, the adsorbed water and the binding water signal intensity continues to increase.
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Figure 6. Core 8-2 NMR 2D spectra. (a) Saturated water state; (b) water injection of 100 PV; (c) water
injection of 500 PV; (d) water injection of 1000 PV.
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Table 4. Signal intensities of different fluids in rock cores.

Sample Number Water Injection Volume Adsorption Water/% Bound Water/% Free Water/%
Saturated water state 4.1383 11.030 24.412
100 PV 4.838 11.764 28.789
82 500 PV 5125 12.380 28.688
1000 PV 5.236 12.383 27.071
Saturated water state 3.919 12.326 26.107
100 PV 4.129 13.730 33.984
l6-1 500 PV 4602 14.671 33.836
1000 PV 4.684 14.783 29.014
Saturated water state 4.309 11.106 25.347
100 PV 3.906 10.459 22.052
9 500 PV 4072 10.925 26.547
1000 PV 4.081 10.935 26.574

Figure 8 shows the two-dimensional NMR spectrum of core 9 under different injection
multiples. When the saturated water state reaches a cumulative injection of 100 PV, the free
water signal in the graph becomes significantly brighter. There is basically no significant
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change in the two-dimensional NMR spectrum from the cumulative injection of 100 PV to
1000 PV. The corresponding quantified signal intensity is shown in Table 4. In the first stage
(saturated water state—cumulative water injection volume of 100 PV), due to the fact that
the clay minerals and fine sand in this core account for more than the other two cores, and
the proportion of fine sand is as high as 23.122%, this process mainly involves the increase
in volume of clay minerals after water absorption and expansion, as well as the migration
of fine sand under the action of water. The migration occurs at this point in the pore
channel, where clay minerals and particles occupy a certain volume in the pores. This leads
to a decrease in the proportion of fluid volume in the pores, resulting in a decrease in the
signal strength of adsorbed water, bound water, and free water. In the second stage (with
a cumulative water injection volume of 100-1000 PV), this process continues to increase
with the continuous increase in water injection. The expanded clay minerals continue to
absorb water and then fall off. The detached clay minerals and particles (fine sand) migrate
(to the outlet end) under the continuous action of water flow, resulting in a decrease in the
proportion of clay mineral particles in the pores and an increase in the fluid content in the
pores, resulting in adsorbed water and bound water, and the signal strength of free water
gradually increases.
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Figure 8. Core 9 NMR 2D spectra. (a) Saturated water state; (b) water injection of 100 PV; (c) water
injection of 500 PV; (d) water injection of 1000 PV.
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6. Conclusions

(1) The target block belongs to a medium-low-permeability reservoir. Through the
analysis of the X-ray diffraction mineral and laser particle size of the cores, it is
known that the target cores 8-2, 16-1, and 9 have clay minerals accounting for 2.41%,
2.57%, and 4.76%, respectively. The three cores are, respectively, classified as medium
sandy fine sandstone containing silt, medium sandy fine sandstone containing silt,
and silt fine sandstone. They are subject to long-term water flooding in the later
stage of production, and fine silt particles and clay minerals in cement easily fall off
and migrate.

(2) During the high-magnification water injection experiment, the nuclear magnetic
porosity and NRM T2 spectrum of the three cores changed consistently with the
increase in water injection volume, and the permeability decreased rapidly in the
early stage and less so in the later stage in the process of the continuous water
injection. This is the main reason for the increased water injection pressure and
difficulty in water injection in the target block (a block is a larger development unit
in oilfield development, usually a relatively independent area of an oil reservoir or
oilfield, separated by geological boundaries, or a part of a large oil reservoir that has a
relatively concentrated production time due to step-by-step development; it can also
be an independent oil reservoir) during the water injection process.

(3) Through the analysis of nuclear magnetic porosity, Tp spectrum, and two-dimensional
NMR maps at different water injection multiples during the water injection process, it
is believed that the hydration of clay minerals occurred in the early water injection
process. With the continuous scouring of the injected water, the particles of fine silt
and clay minerals fall off due to water swelling and then migrate to the throat to
produce precipitation and blockage, resulting in the reduction of permeability.
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