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Abstract: Tight reservoirs are the focus of unconventional oil and gas resource development, but most
tight reservoirs exhibit complex pore structures, strong non-homogeneity, and limited water drive
development. Fracturing fluid imbibition is a critically important way to improve the recovery of tight
reservoirs. In this paper, an NMR experimental device was used to conduct imbibition experiments
in tight reservoirs, and the relationship between temperature, pressure, matrix permeability, and
imbibition recovery was investigated. Based on the fracturing fluid imbibition recovery curve, the
imbibition process is divided into the fast imbibition stage, slow imbibition stage, and imbibition
equilibrium. In addition, based on the pore structure division, the recovery changes of each pore
under different experimental conditions were quantitatively analyzed. The results indicate that the
highest imbibition recovery is achieved at an experimental pressure of 5 MPa within the range of
0 MPa to 15 MPa. Increasing the experimental pressure can increase the imbibition rate but will not
increase imbibition recovery. Within the investigated range in this paper, fracturing fluid imbibition
increases with rising temperature and matrix permeability. Moreover, the recovery of each pore
gradually increases with the experimental pressure ranging from 0 MPa to 5 MPa. The recovery of
each pore is positively correlated with matrix permeability and temperature. During the experiment,
micropores contributed the most to the recovery, while macropores contributed the least. The study
in this paper guides the efficient development of tight reservoirs.
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1. Introduction

Tight oil is an unconventional oil and gas resource characterized by an accumulation
origin and occurrence state that differs from conventional oil and gas. Following the com-
mercial exploitation of marine tight oil in North America, tight oil has gained prominence
as a focal point in unconventional global exploration and development [1-5]. However,
due to the complex genesis and low porosity of reservoirs, the conventional production
technology of tight reservoirs faces the challenges of low production of a single well, poor
development efficiency, and large-scale application difficulty [6-9].

The large-scale fracturing technology is the key to realizing the efficient development
of tight reservoirs. Tight reservoirs are usually produced after a single large-scale volume
fracturing, and the depletion development model is adopted in the later stage [10]. The
effect of volume fracturing is not only reflected in the hydraulic fracture reconstruction of
reservoir rocks within the fracturing construction cycle but also reflected in the hydration
imbibition of reservoir rocks in a more extended period so that it can improve the matrix
porosity and permeability of the imbibition sweep range of fracturing fluid [11-15]. The
minimal radius of the throat in tight reservoirs enhances the capillary imbibition during
the whole life cycle of fracturing development, which provides a new method for the
synergism of fracturing imbibition, energy enhancement, and oil displacement to enhance
oil recovery [16-18].
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Imbibition is critical for the exploitation of hydrocarbon resources in tight oil reser-
voirs. Imbibition, driven by capillary forces, is where the wetting phase enters the pore,
displacing the non-wetting phase. This process is crucial in determining the degree of oil
production and recovery in tight oil reservoirs [19-21]. Spontaneous imbibition depends
on the interaction between oil/water/rock multiphase flows. Imbibition usually involves
complex forces between capillary, gravity, and viscous forces [10,22-24]. Spontaneous
imbibition leads to low flow back rates in tight reservoirs as the fluid stays within the
formation and is replaced by imbibition fluid due to capillary forces. Yu et al. conducted
imbibition and oil displacement experiments on the same core, and verified the experimen-
tal results in combination with relevant models. Studies have shown that the macroscopic
standard law is applicable to capillary imbibition [25-28]. Lyu et al. studied the effect of
reservoir heterogeneity on spontaneous imbibition; the results show that the heterogeneity
of permeability and wettability can change the water saturation distribution. More sig-
nificant heterogeneity corresponds to a higher degree of spontaneous imbibition [29-31].
Tang et al. found that the factors affecting spontaneous imbibition were particle migration
and initial water saturation [32]. Li et al. conducted a low salinity imbibition displacement
experiment in an oilfield and confirmed the feasibility of low salinity fracturing fluid
to enhance oil recovery [33]. Hou et al. studied the influence of confining pressure on
spontaneous imbibition; the experimental results showed that confining pressure had an
inhibitory effect on imbibition [34]. Qu et al. combined pore structure parameters with
spontaneous imbibition mercury injection and imbibition experiments. The conclusion is
that the higher the proportion of large apertures, the greater the amount of spontaneously
imbibed liquid [35]. Tian et al. used traditional experimental methods to study the influ-
ence of different surfactant and standard saline solution formulations on the imbibition
effect [36]. The experimental results show that combining cationic surfactant and normal
saline can significantly improve the imbibition effect [37]. In addition, Schembre et al.
investigated the relationship between seepage-absorption distance and saturation based on
real-time characterisation of the distribution and morphology of the fluid by CT scanning
and MRI Using conventional experimental methods, Liu et al. tested the imbibition effects
of alkaline water, NaCl solution, and nanofluids. The results show that the nanofluids
perform well and can effectively enhance imbibition recovery [18]. Dou et al. studied
the static imbibition experiment of tight reservoir core using nuclear magnetic resonance
technology, analyzing the influence of permeability on the imbibition of a tight reservoir.
The results indicate a positive correlation between matrix permeability and core imbibition
recovery [13].

In addition, Xia et al. investigated changes in the wettability of carbonate reservoirs
induced by cationic and anionic surfactants. They demonstrated that changing wettability
through ion formation is more effective than absorbing anions from surfactants [23]. Qin
et al. studied the effect of non-ionic surfactants on the wettability of the calcite surface. The
conclusion is that wettability is altered through surfactant coating and oil cleaning [38].
Based on nuclear resonance technology, Li et al. conducted relevant experiments on the
structure characteristics of tight pores and the distribution of pore crude oil at different
imbibition stages. The results indicated that micropores facilitated the imbibition recovery
of most crude oil, while nano-pores exhibited the highest imbibition efficiency due to the
substantial capillary force [39]. Cao et al. found that the smaller the ratio of oil viscosity
to water viscosity, the better the dynamic imbibition effect. The higher the initial water
saturation, the worse the dynamic imbibition effect [40-43]. Based on the CT online
experimental system, Yang et al. explored the influence of pressure, permeability, and
initial water saturation on imbibition distance according to changes in core water saturation
during imbibition [44]. Ren et al. investigated the imbibition recovery of carbonated water
under high-pressure conditions through experimental design [45]. The research results
showed that due to the unique properties of carbonated water, carbon dioxide diffusion
also existed in the imbibition process to improve the imbibition recovery [45-47].
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Previous studies have predominantly concentrated on the imbibition of water and
surfactants under normal temperature and pressure conditions. However, there is limited
research on the imbibition behavior of fracturing fluids at high temperatures and pressures.
In this paper, imbibition experiments in tight reservoirs were conducted using a nuclear
magnetic resonance experimental device, exploring the imbibition effects of fracturing fluid
under various temperatures, pressures, and matrix permeability conditions. Furthermore,
based on the division of pore structure in the experimental core, each pore’s recovery in
the imbibition process was quantitatively analyzed, and the mobilization law of each pore
under different experimental conditions was revealed.

2. Experiments

This section describes the reservoir characteristics of the study block, formation water,
crude oil properties, experimental cores, types of imbibition fluids, and experimental setup.

2.1. Reservoir Rock

Target reservoir: In this paper, the Ordos Chang 8 reservoir is taken as the study block,
with a burial depth ranging from 1600 m to 4000 m, an average permeability of 0.01 mD to
2 mD, an oil saturation of 55% to 63%, a porosity ranging from 5% to 12%, and a formation
pressure of 15 MPa.

Experimental core: To investigate the imbibition effect of fracturing fluids in tight
reservoirs, 11 cores of Ordos Chang 8 reservoir were selected for imbibition experiments in
this paper. The permeability and porosity of the experimental cores were determined using
the PDP-200 instrument, the experimental setup was purchased from Jiangsu Tuochuang
Company in Nanjing, China. With the core permeability ranging from 0.04 mD to 0.3 mD
and porosity ranging from 9% to 12%, typical of tight sandstone reservoirs. Specific
parameters of the experimental core are shown in Table 1.

Table 1. The properties of experimental cores.

No. Porosity (%) Permeability (mD) Diameter (cm) Length (cm)
Al 11.21 0.230 2.528 4.992
A2 11.08 0.225 2.526 5.012
A3 10.49 0.216 2.526 5.024
A4 10.89 0.232 2.526 4991
A5 9.64 0.111 5.530 5.022
A6 9.45 0.120 2.530 4.991
A7 9.89 0.115 2.530 5.051
A8 5.05 0.04 2.526 4.992
A9 7.32 0.08 2.526 5.044
A10 9.89 0.114 2.530 4.992
All 10.35 0.253 2.530 5.011
2.2. Fluids

Fracturing fluid: The CNI-A fracturing fluid used in the experiment was provided by
Changgqing oilfield. The volumetric concentration of the fracturing fluid is 0.8 L/m3, and
the interfacial tension is 0.89 mN/m.

The rotating droplet method determined the interfacial tension between CNI-A sur-
factant and crude oil using a dynamic interfacial tensiometer. The dynamic interfacial
tensiometer consists of a rotating system, a setting system, a temperature control system,
and an analysis software. When the rotating droplet method is used to determine the
interfacial tension, the centrifugal tube of the rotating interfacial tensiometer contains two
kinds of liquids, low-density phase (crude oil) and high-density, and the crude oil exists in
the form of droplets in the surfactant solution. When rotating at a high speed, the liquid
of the low-density phase is stretched and deformed due to centrifugal force. When the
interfacial tension, gravity, and centrifugal force reach equilibrium, the interfacial tension
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can be calculated by Equation (1). The contact angle was measured on an experimental
core of 0.115 mD, at a temperature of 20° and a pressure of 0 MPa. Through experimental
studies, the temperature and pressure have not yet had an effect on the contact angle.

_ Apw?R3

; 1)

o
o Interfacial tension mN/m.
w Angular velocity rad/s.
R radius pm.
Ap oil-water density difference kg/ mS.

The contact angles were measured using the JY-PHb Contact Angle Tester, the exper-
imental setup is due to be manufactured by Chengde Jinhe Instrument Manufacturing
Company in Shijiazhuang, Hebei Province, China. The contact angle is a method of drop-
ping a drop of liquid, satisfying the required volume on a solid surface, and measuring
or calculating the contact angle of the solid surface through image analysis. The JY-PHb
contact angel tester consists of an injection system, a filming system, a sample platform, and
analysis software. Wetting angle measurements were carried out using crude oil from the
stratum and core of the target block. The experimental results are shown in Figure 1. As can
be seen from the figure, the contact angle becomes smaller after percolation, indicating that
the CNI fracturing fluid can change the core wettability and improve the percolation effect.

Figure 1. Wettability test results.

Crude oil: The crude oil used in this study was sourced from the same field. At a
temperature of 25 °C and atmospheric pressure, the oil has a viscosity of 1.76 mPa s and a
density of 0.714 g/cm?3. The compositional content of surface-degassed crude oil is shown
in Figure 2.

Formation water: The total salinity of the formation water is 30,000.9 mg/L, and the
components and properties of the formation are shown in Table 2. The formation water
was prepared in the experiment based on its ionic composition and salinity.
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Figure 2. Component content of surface-degassed crude oil.
Table 2. The components and properties of artificial formation water.
Total Salinity, mg/L ~ K*, Na* Ca?* Mg?* Cl- SO042~ HCO3-
30,000.9 20,390 2601 352 36,028 1100 370

2.3. Experimental Setup and Process
2.3.1. Experimental Setup

This section describes the critical instrumentation in the CNI-A fracturing fluid imbi-
bition experiment. The device selected for the core imbibition experiment is an imported
high-temperature and high-pressure repelling system, with the pressure range of the re-
pelling pump from 0 to 50 MPa, the continuous flow rate of the pump from 0.001 to
100 mL/min, and the accuracy of the pressure and speed up to 0.3%. Wuhan Petroleum
Company Limited (Wuhan, China) provides the intermediate vessel and has a pressure
resistance of 50 MPa. The core imbibition analysis device is an imported nuclear magnetic
resonance (NMR) analyzer with a model number of MesoMR23-060H-1, the experimen-
tal device was manufactured by Shanghai Newmax Electronic Technology Company in
Shanghai, China. a resonance frequency of 21.242 MHz, a probe coil of 25 mm, an echo
time of 0.27 ms, and a scanning frequency of 64 times. The experimental setup is shown in
Figure 3.
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Figure 3. Experimental setup.

2.3.2. NMR

Experimental studies on imbibition in tight reservoir cores typically employ mass
and volume methods to calculate the recovery degree. Although these methods allow for
comparing imbibition effects under different parameters, they do not provide a quantita-
tive analysis of the mobilization law for each pore space during the imbibition process.
NMR experiments offer advantages such as visualization, fast monitoring, non-destructive
monitoring, and accurate metrology, allowing for detecting the core imbibition process
through T, spectrum analysis [29].

The principle of nuclear magnetic resonance involves utilizing the resonance phe-
nomenon between the electrons in the atoms of the substance under test and the applied
magnetic field. This allows for testing the sample and obtaining the content of the sub-
stance under examination by measuring the intensity of the obtained signal. The process
of the atomic nucleus recovering from the high energy state of resonance excited by the
applied magnetic field to the low energy state is called the relaxation time, which is another
significant physical quantity for NMR testing, encompassing both longitudinal relaxation
and transverse relaxation. As the hydrogen atoms in the oil and water within the core
possess a nuclear magnetic moment, they undergo continuous rotation, leading to reso-
nance under the influence of the applied magnetic field. The signal strength is more vital
for materials with a greater mass of hydrogen. In order to facilitate the analysis of the
experiment, deuterium water is used in this paper’s experimental process to eliminate the
impact of the water signal and study the simulation of signal changes in the oil. Due to
the complexity of the oil-water distribution characteristics within the rock pore space and
the influence of the pore structure, the oil-water interface is divided by rock boundaries
with different shapes and boundary properties. This division results in unequal chances
of contact between hydrogen nuclei within the fluid and the solid surface. Therefore, the
relaxation time profile can reflect the fluid distribution in different rock pore sizes [30].

This section proposes the calculation method for quantitatively evaluating the effect
of fracturing fluid imbibition. As mentioned in the previous subsection, since the relation
between the T, value of nuclear magnetic resonance and pore radius is a power function,
the pore distribution can be categorized into three grades: micropores (0.01 ms~10 ms),
mesopores (10 ms~100 ms), and macropores (>100 ms). Simultaneously, the imbibition
effect of fracturing fluid in different pores was quantitatively evaluated according to
Formula (2). Firstly, the core NMR T, curve of the initial saturated oil state of the sample
is obtained, and then the NMR scanning is carried out at the set imbibition time to obtain
the Ty spectra at different times, and then the imbibition recovery is calculated by using
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Formula (2) with the change of the area of the T, spectra at different times. In addition,
according to the delineated pore structure, the area change during the imbibition process
of each pore was calculated, and the different pore recoveries were calculated.

So—51
0

R = x 100% (2)
where R is the oil recovery efficiency of fracturing fluid imbibition under capillary force,
%. Sp is an area of the T, spectrum peak with no imbibition, and S; is the area of the T,
spectrum peak after imbibition.

2.3.3. Experimental Procedure

In order to explore the influence of temperature, pressure, and matrix permeability
on the imbibition effect, 11 tight cores were selected to conduct experiments. The specific
experimental scheme design is shown in Table 3.

(1) The cores were cleaned and dried until a constant mass was achieved. Subsequently,
the essential parameters of each core were measured, encompassing core length,
diameter, permeability, and dry weight.

(2) The experimental cores underwent a vacuum saturated with water using the evacua-
tion method. Subsequently, the original pore distribution of the experimental cores
was acquired using an NMR scanner.

(3) After measuring the T, spectrum, the core was saturated with water, evacuated, and
saturated with deuterium water to shield the water signal in the core.

(4) Bound water was established by driving simulated crude oil, and the core was satu-
rated with oil when the total liquid volume at the outlet was 10 PV, and saturated oil
T, spectra were obtained by the NMR scanning unit. The cores were then aged for
15 days.

(5) To mitigate the interference of the hydrogen signal from the fracturing fluid, deuterium
water was used to configure the fracturing fluid in this experiment, ensuring that only
the oil signal changed during the experiment.

(6) The initial imbibition occurs rapidly with short measurement intervals, while the
later imbibition slows down and the measurement interval increases. These steps are
repeated until the NMR T, spectrum no longer changes.

(7) Quantitative analysis of recovery under different conditions using different time NMR
T, curves to reveal different pore mobilization patterns.

Table 3. Experimental schemes.

No. Porosity (%) Permeability (mD) Experimental
Al 11.21 0.230

A2 11.08 0.225 P

A3 10.49 0.216 ressure
A4 10.89 0.232

A5 9.64 0.111

A6 9.45 0.120 Temperature
A7 9.89 0.115

A8 5.05 0.04

A9 7.32 0.08 s
A10 9.89 0.114 Permeability
All 10.35 0.253

2.3.4. Technical Lines of Research

In this paper, we firstly analyze the reservoir characteristics of the research block,
and select reasonable experimental cores according to the structural characteristics of the
reservoir, and complete the pre-processing before the experiment. Secondly, we design the
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experimental programme and adjust the experimental device according to the research
content. Finally, the influence of different factors on imbibition and absorption is analyzed
with the experimental data. The technical route of the study is shown in Figure 4.

* *
St 1 *
Experimental scheme

o
o

Figure 4. Technical lines of research.

|
Field instruction

3. Results and Discussion

This part explores the effects of matrix permeability, temperature, and pressure on
the effect of imbibition based on experimental results. The pores were classified into
micropores, mesopores, and macropores according to the relaxation time, and the recovery
of each pore in the process of imbibition was quantitatively analyzed.

3.1. Distribution Characteristics of T, Spectra of Different Cores

This part describes the T spectra of experimental cores in the initial saturated oil state.
By comparing the differences in T spectra in 11 experimental cores, the pore size and fluid
distribution characteristics of the tight reservoirs are determined. Figure 5 indicates the T,
spectra of the experimental cores, in which A1, A2, A3, A4, A7, A8, A9, and A10 are single
peak distribution and A5, A6, A11 are double peak distributions. The distributions of the
experimental cores are all in the range of 0.01 ms to 1200 ms, with single peaks in the range
of 10 ms to 100 ms, and double peaks in the range of 0.1 ms to 1 ms and 10 ms to 100 ms;
micropores and mesopores mainly dominate the cores. The double peaks are distributed as
high left fronts and low right peaks, which are more non-homogeneous and structurally
complex compared to the single peaks.
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Figure 5. Saturated oil T, spectra of core samples.

3.2. Pressure

In this study, we performed CNI-A fracturing fluid imbibition experiments on four
groups of core samples at different pressures to investigate the effect of pressure on imbibi-
tion. The four experimental pressures were 15 MPa, 10 MPa, 5 MPa, and 0 MPa, respectively.
The experimental temperature was 40 °C. The NMR curves at different experimental pres-
sures are shown in Figures 6-9. The highest imbibition recovery of CNI-A fracturing fluid
was 27.0% at the experimental pressures of 15 MPa, 10 MP, and 5 MPa, and the lowest imbi-
bition recovery was achieved at the pressure of 0 MPa. The NMR curves under different
experimental pressures show a consistent pattern; with the increase of the imbibition time,
the signal amplitude of the NMR curves gradually decreases, and the range of relaxation
time gradually narrows. The NMR curve decreased the fastest in the early stage, decreased
gradually in the middle stage, and the curve remained constant in the late stage.

0.30 , |
Initial saturated oil | |
| ——12h Micropores | Mesopores | Maropores
025 F —24h :
——48h |
[ ——T72h :
020 | —110h |
° ——160 h I
g [ —200h :
= 015F 15MPa
=
<
0.10 - |
| I
| I
0.05 | |
I [
! [
000 L M E T I llnllul L IR . R
0.01 0.1 1 10 100 1,000 10,000

T, relaxation (ms)

Figure 6. Experimental pressure of 15 MPa imbibition NMR curves.
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Figure 7. Experimental pressure of 10 MPa imbibition NMR curves.
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Figure 8. Experimental pressure of 5 MPa imbibition NMR curves.
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Figure 9. Experimental pressure of 0 MPa imbibition NMR curves.

According to Figures 10 and 11, the imbibition recovery curve can be divided into
three stages: fast, slow, and imbibition equilibrium. In the early stage, the strong capillary
force facilitates the entry of fracturing fluid into the core, increasing the chances of contact
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with crude oil and leading to the fastest recovery rate. During the middle stage, as water
saturation rises, the influence of capillary force diminishes, resulting in a slower increase in
the recovery rate. In the later stage, the reduced capillary force is insufficient to drive crude
oil within the core, leading to the attainment of imbibition equilibrium. In addition, from
the change in the imbibition recovery curve, in the range of experimental pressure from
0 to 5 MPa, the imbibition recovery gradually becomes more significant with the increase
of experimental pressure. In the experimental pressure range of 5 to 15 MPa, the imbibition

recovery remained constant with the increase in pressure.

imbibition stage

e : : —=—|5MPa
sl | | —e—10MPa
! | ——5MPa
: Slow | —+—0MPa
. |
I

25 | Rapld
imbibition stagel

Imbibition recovery (%)
=]

Imbibition
eqyilibrium stage

|
I
I
|
L L L 1
0 50 100 150

Time (h)

Figure 10. Imbibition recovery curves at different experimental pressures.

30

200

28 |

Imbibition recovery (%)

6 8 10 12

Experimental pressre (MPa)

Figure 11. Pressure versus imbibition recovery curves.
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To analyze pressure’s impact on fracturing fluid percolation recovery further, we
compared the degree of mobilization of each pore at different experimental pressures
(Figures 12-15). The experimental results reveal a consistent pattern in the mobilization
degree of each pore space under varying pressures, with micropores exhibiting the highest
degree of mesopores and macropores displaying the lowest. The utilization pattern of each
pore space aligns with the observed change in imbibition recovery at the experimental
pressures of 5, 10, and 15 MPa. Compared to the pressures of 5, 10, and 15 MPa, the
utilization degree of each pore space decreases at 0 MPa.

40
- —m—Micropores
35 -—e—Mesopores

- —A—Macropores

B 15MPa

— [ [ (9]
wn < tn =]
T T T

Imbibition recovery (%)
=
T

0 . I . I . I .
0 50 100 150 200

Time (h)

Figure 12. Experimental pressure of 15 MPa different pore imbibition recovery.
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| —®—Mesopores
| —A—Macropores
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35

%]
=]
T

— [\ )
i o wh
T T T

Imbibition recovery (%)
=
T

0 . I . I . I .
0 50 100 150 200

Time (h)

Figure 13. Experimental pressure of 10 MPa different pore imbibition recovery.
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Figure 14. Experimental pressure of 5 MPa different pore imbibition recovery.
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Figure 15. Experimental pressure of 0 MPa different pore imbibition recovery.

There are two primary reasons. Firstly, the capillary force is the principal driving
factor in the imbibition process, with the pore radius being a key determinant. Reasonable
experimental pressure (5 MPa) will promote the flow of fracturing fluid to the internal pores
of the core, so as to seep and replace more crude oil in the core pores; at the same time, due
to the action of pressure, the volume compression of the core pores will cause the crude oil
in the pores to be squeezed and discharged, which will improve the recovery of imbibition
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to a certain extent. Secondly, when the experimental pressure exceeds 5 MPa, the pore
radius diminishes due to external compression of the pores. Although this compression
elevates the capillary force, the fluid flow resistance surpasses the capillary force, inhibiting
imbibition. At high experimental pressures, the initial recovery rate increases rapidly, but
the subsequent recovery diminishes more noticeably. Hence, within a reasonable range,
elevating the experimental pressure facilitates the ingress of the wetting phase into smaller
core matrices, thereby enhancing imbibition recovery. Additionally, during the imbibition
process, the highest recovery occurs in micropores, while macropores exhibit the lowest
recovery due to the combined effects of capillary force and experimental pressure. Within a
reasonable range, as the experimental pressure increases, the recovery of each pore also
increases. However, beyond this range, pore resistance induced by high experimental
pressure surpasses the flow-driving force, halting further improvement in pore recovery.
Consequently, in practical production, selecting an optimal pressure range to leverage the
seepage and suction effects is essential, thereby maximizing the recovery of tight reservoirs.

3.3. Temperature

This section was conducted to investigate the effect of temperature on the imbibition
of CNI-A fracturing fluids. The experimental temperatures were 20 °C, 40 °C, and 60 °C,
and the experimental pressure was 5 MPa. The NMR curves at different experimental
temperatures are shown in Figures 16-18, and the area of the NMR curves gradually
decreases with the increase of time. The curve variations observed at different experimental
temperatures follow a consistent pattern, characterized by the most significant decrease
in curve area during the early stage, a gradual decrease in the middle stage, and a stable
area in the late stage. The core imbibition recovery results at different temperatures are
illustrated in Figure 19. It can be seen from the figure that the final imbibition recovery
of the S5 core at room temperature is 19.56%. When the temperature increases to 40 °C,
the core imbibition recovery efficiency increases to 23.74%, which is 4.18% higher than
the normal temperature. When the experimental temperature is increased to 60 °C, the
core imbibition recovery efficiency is increased to 27.58%, which is 3.84% higher than
that of 40 °C. According to the analysis of the imbibition curve, when the experimental
temperature is 60 °C, the imbibition recovery is the highest, and the imbibition equilibrium
time is the shortest. When the experimental temperature is 20 °C, the imbibition recovery
is the lowest, and the imbibition equilibrium time is the longest.

0.25 1
Initial saturated oil !
L ——12h ! ;
24 h Micropores |Mesopores | Maropores
0.20 - —48h
72 h
110 h
015 —160 h
-8 : —200 h
E 60°
=
g 0.10
<
0.05 -
0.01 0.1 1 10 100 1,000 10,000

T, relaxation (ms)

Figure 16. Experimental temperature of 60 °C imbibition curves.
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Figure 17. Experimental temperature of 40 °C imbibition curves.
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Figure 18. Experimental temperature of 20 °C imbibition curves.
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Figure 19. Imbibition recovery curves at different experimental temperatures.

In addition, the process is divided into a fast imbibition stage, a slow imbibition stage,
and an imbibition equilibrium stage based on the change in the fracturing fluid imbibition
recovery curve. The higher the temperature, the faster the rate of increase of recovery in the
fast imbibition stage and slow imbibition stage, and the shorter the time to reach imbibition
equilibrium. Conversely, the lower the temperature, the smaller the rate of increase in
recovery and the longer the time to reach imbibition equilibrium.

To further investigate the effect of experimental temperature on the imbibition of
fracturing fluid, the recovery of each pore under different experimental temperatures was
comparatively analyzed. The experimental results are shown in Figures 20-22. Upon
analyzing the results, it is evident that micropores exhibit the highest recovery, followed by
mesopores, with macropores displaying the lowest recovery under various experimental
temperatures. Additionally, as the experimental temperature decreases, the recovery of
each pore gradually diminishes, aligning with the observed pattern in the NMR curve
changes. The main reason is that the influence in temperature on imbibition is manifold. On
the one hand, the increase of temperature reduces the viscosity of crude oil, and the fluid
fluidity is improved, which is conducive to the imbibition of oil and water. Meanwhile,
crude oil tends to expand under high-temperature conditions, which increases the volume
difference between crude oil and formation rocks, making it easier for crude oil to peel off
the rock surface. On the other hand, as the temperature rises, the interior of the core is
heated, increasing the elastic energy and allowing the fluid to drain outwards, promoting
imbibition.
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Figure 20. Different pore imbibition recovery curves.
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Figure 21. Different pore imbibition recovery curves.
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Figure 22. Different pore imbibition recovery curves.

3.4. Matrix Permeability

In order to study the effect of matrix permeability on the imbibition of fracturing
fluids, four sets of matrix permeability imbibition experiments were carried out in this
paper, with experimental pressures and temperatures of 5 MPa and 60°, respectively. NMR
curves for cores with different matrix permeabilities are shown in Figures 23-26. As can
be seen from the figure, the immersion NMR curves at different matrix permeabilities
show a consistent variation. The signal intensity of the curves experiences the most rapid
decrease in the early stage, attributed to the prevailing capillary force. This reduction
slows down in the middle stage, ultimately stabilizing in the late stage. Within the scope
of this experimental study, the more significant the matrix permeability, the greater the
decrease in curve amplitude, which is consistent with the change in imbibition recovery.
The experimental results are shown in Figure 27. The permeability of core S8 is 0.04 mD,
and the final imbibition recovery is 16.51%. The permeability of core A 9 is 0.08 mD,
and the final imbibition recovery is 20.32%; compared with A8, the imbibition recovery
increased by 3.81%. The permeability of core A 10 is 0.11 mD, and the final imbibition
recovery is 26.46%, which is 6.14% higher than that of A 9. The permeability of core
511 is 0.25 mD, and the final imbibition recovery is 29.75%, which is 3.29% higher than
that of A 10. Analyzing the change in the recovery curve reveals that the imbibition of
fracturing fluid with different matrix permeability can be categorized into three stages:
fast imbibition, slow imbibition, and imbibition equilibrium. The rapid imbibition stage
corresponds to the early phase, characterized by the most substantial influence of capillary
force. Slow imbibition represents the middle stage, marked by increased water saturation
and heightened seepage resistance, reducing the impact of the capillary. The imbibition
equilibrium is in the late stage; the capillary force is insufficient to replace the matrix crude
oil by imbibition, and the recovery remains constant.
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Figure 23. Matrix permeability of 0.25 mD imbibition NMR curves.
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Figure 24. Matrix permeability of 0.11 mD imbibition NMR curves.
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Figure 27. Imbibition recovery curves with different matrix permeabilities.

To investigate the imbibition effect of matrix permeability on CNI-A fracturing fluids
further, we compared the pore mobilization of each pore with different matrix permeability.
The different pore recoveries are shown in Figures 28-31. The experimental results indicate
that the degree of pore mobilization is directly proportional to the matrix permeability, and
the larger the permeability, the higher the degree of pore mobilization. In addition, in the
imbibition process, due to the small radius of the micropores and the vigorous action of the
capillary force, their contribution in the imbibition process is the largest, followed by the
mesopores, and the macropores are relatively small. The results indicate that when the core
permeability is less than 0.1 mD, the imbibition recovery increases rapidly with the increase
of the core permeability. When the core permeability is more significant than 0.1 mD, the
recovery increase rates slow down. The experimental results indicate that the imbibition
recovery of CNI-A surfactant is between 15% and 30%, and CNI-A surfactant significantly
improves the imbibition recovery. The main reasons can be attributed to two factors. Firstly,
tight reservoirs exhibit a distinctive pore structure with an overall small pore throat radius,
intensifying the effect of capillary forces and enhancing crude oil flow. Secondly, higher
core permeability fosters better connectivity between the pore space and throat, reducing
fluid seepage resistance.
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Figure 29. Matrix permeability of 0.11 mD different pore recovery.
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Figure 31. Matrix permeability of 0.04 mD different pore recovery.
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Conversely, lower permeability corresponds to a smaller pore-throat radius, increasing
complexity in pore-throat parameters, and enhanced heterogeneity. In such instances,
although capillary force drives imbibition, the limited driving force makes it challenging
for fluid to displace oil from porous media. This explains the lower recovery rates associ-
ated with low permeability. The CNI-A surfactant, known for its high fluidity, also acts
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as a clay swelling inhibitor, enhancing fluid flow capacity. Its capillary pressure-driven
penetration into deep reservoirs increases contact with crude oil, improving imbibition
recovery. Additionally, CNI-A surfactant effectively reduces interfacial tension between
fluids, altering rock interfacial properties and enhancing rock surface hydrophilicity, pro-
moting the imbibition process. Moreover, elevated temperatures reduce fluid viscosity,
expanding the imbibition sweep and maximizing ion exchange functionality for improved
recovery. CNI fracturing fluid can change the wettability; the contact angle change before
and after imbibition has been analyzed in the experimental part; and the contact becomes
smaller after imbibition, which indicates that the fracturing fluid can change the wettability.
Imbibition is the process of wettability replacing the non-wetted phase, and imbibition
mainly occurs in hydrophilic reservoirs, and the more hydrophilic the rock is, the better
the effect of imbibition is, so that changing the wettability can increase the recovery rate of
imbibition. In terms of ion exchange: (1) the charge density of the rock surface is usually
related to the temperature, and with the rise of temperature, the charge density of the rock
surface may change; (2) the rise in temperature will increase the diffusion rate of dissolved
ions, speeding up the reaction rate and making the rock surface of the ions adsorb and
release more rapidly; (3) surfactants can reduce the surface tension of the oil phase, im-
proving the properties of the interface between oil and water, which will influence the
seepage and absorption process. In addition, the presence of a surfactant affects the charge
distribution on the reservoir rock surface and influences the exchange rate. By forming
complexes with ions, surfactants may affect the adsorption of ions. (4) This indicates that
surfactants affect the pore structure of the reservoir, leading to changes in the channels and
paths of ion diffusion in the pores and affecting ion exchange.

4. Conclusions

This paper used NMR to conduct imbibition experiments of fracturing fluids in tight
reservoirs to investigate the effects of temperature, pressure, and matrix permeability on
the imbibition effect. Based on the pore structure division, the contribution of each pore to
the recovery was quantitatively analyzed, and the pore mobilization law in the process of
imbibition was revealed. The main conclusions are as follows.

(1) Imbibition recovery from CNI-A fracturing fluids in tight reservoirs ranges from 15%
to 30%. During the imbibition process, the highest imbibition recoveries were obtained
from micropores, and the smallest recoveries were obtained from macropores.

(2) Inthe range of 0 MPa to 5 MPa, the pressure is positively correlated with imbibition
recovery and pore mobilization. However, when the experimental pressure exceeds
5 MPa, increasing the pressure only changes the imbibition rate without further
increasing the imbibition recovery.

(3) As the temperature increases, the viscosity of crude oil decreases, the seepage capacity
increases, and the degree of imbibition recovery and pore mobilization gradually
increases.

(4) In the scope of this paper, matrix permeability is positively correlated with imbibition
recovery and pore mobilization. Changes in pore structure and connectivity can
significantly improve the imbibition effect.

It can be learnt from this study that the imbibition of fracturing fluid can significantly
improve the imbibition effect and increase the recovery of tight oil reservoirs. In addition,
it is found that the temperature is positively correlated with the matrix permeability, so
the reservoir permeability can be changed by hydraulic fracturing to improve the tight oil
reservoir production. Meanwhile, pressure is positively correlated with imbibition recovery
within a certain range, so it is recommended to adopt a reasonable time of well simmering
to keep the pressure within a reasonable range, so as to efficiently play the role of imbibition
replacement. From the analysis of the experimental conclusions, the study in this paper is
mainly based on the fracturing fluid imbibition recovery rate in tight reservoirs and the
influencing factors, and it has not yet been possible to carry out the study related to the
distance of fracturing fluid imbibition. It is therefore suggested that a future experiment
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can be carried out from the distance of fracturing fluid imbibition, to further analyze the
impact of imbibition on the recovery of tight oil reservoirs.

Compared with the current experimental study of water imbibition at room tempera-
ture and pressure, this paper carries out imbibition experiments of fracturing fluid under
high temperature and high pressure by using a nuclear magnetic resonance (NMR) experi-
mental device, and clarifies the influence of fracturing fluid imbibition on the recovery rate
of tight reservoirs, as well as clarifies the pore mobilization law in the process of imbibition,
which can be used to provide a certain guidance for the development of tight reservoirs.
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