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a b s t r a c t

Slickwater fracturing fluids have gained widespread application in the development of tight oil reser-
voirs. After the fracturing process, the active components present in slickwater can directly induce
spontaneous imbibition within the reservoir. Several variables influence the eventual recovery rate
within this procedure, including slickwater composition, formation temperature, degree of reservoir
fracture development, and the reservoir characteristics. Nonetheless, the underlying mechanisms gov-
erning these influences remain relatively understudied. In this investigation, using the Chang-7 block of
the Changqing Oilfield as the study site, we employ EM-30 slickwater fracturing fluid to explore the
effects of the drag-reducing agent concentration, imbibition temperature, core permeability, and core
fracture development on spontaneous imbibition. An elevated drag-reducing agent concentration is
observed to diminish the degree of medium and small pore utilization. Furthermore, higher tempera-
tures and an augmented permeability enhance the fluid flow properties, thereby contributing to an
increased utilization rate across all pore sizes. Reduced fracture development results in a lower fluid
utilization across diverse pore types. This study deepens our understanding of the pivotal factors
affecting spontaneous imbibition in tight reservoirs following fracturing. The findings act as theoretical,
technical, and scientific foundations for optimizing fracturing strategies in tight oil reservoir
transformations.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The rapid advancement of the society and economy cannot be
achieved without a stable supply of energy. Consequently, the de-
mand of oil consumption is increasing at a rapid rate (Lei et al.,
2019; Liu et al., 2024; Zheng et al., 2022; Zou et al., 2013). With
the development of conventional oil reservoirs entering the end
stage, unconventional energy represented by tight oil reservoirs
has been vigorously developed and has gradually become a focus
area of global attention (Zou, 2013; Zou et al., 2012). However, the
poor reservoir properties and higher water injection pressure of
tight reservoirs complicate their development by conventional
means (Wu et al., 2022). Hydraulic fracturing is an effective
approach to exploit tight reservoirs by creating artificial fractures in
the formation to connect natural fractures and improve fluid flow
channels, thus enhancing the flow capacity for the effective
y Elsevier B.V. on behalf of KeAi Co
recovery of crude oil (Al-Muntasheri et al., 2018; Barati and Liang,
2014; Fall et al., 2015; Guo et al., 2015; Liu et al., 2020).

Slickwater fracturing fluid is a widely used low formation
damage fracturing fluid (Abaa et al., 2022; Vishkai and Gates, 2019;
Zhou et al., 2022). After fracturing with slickwater, there is no need
to flowback, furthermore the slickwater can play a role in the
imbibition and oil displacement within the formation. Thus, the
slickwater energy is effectively utilized (Al-Muntasheri, 2014; King,
2012; Liu et al., 2022; Montgomery and Smith, 2010). Numerous
factors can influence imbibition process in the tight reservoirs (Xia
et al., 2021; Xu et al., 2019; Yang et al., 2019, 2023), including the
concentration of the drag reducing agent in the slickwater frac-
turing fluid, the formation temperature, the reservoir rock
permeability, and the fracture development degree in the reservoir
(Guo et al., 2020; Hossain and Rahman, 2008; Li et al., 2023; Wang
et al., 2020).

In tight oil reservoirs, the confined flow pathways present a
challenge, where the introduction of molecules like polymers can
significantly impact fluid mobility. Additionally, the intricate
behavior of polymer solutions within tight cores warrants careful
mmunications Co. Ltd. This is an open access article under the CC BY license (http://
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Table 1
Ion concentration and salinity of the simulation formation water.

Ion concentration, mg/L Total salinity, mg/L

Naþ Ca2þ Mg2þ Cl�

3529.4 807.0 128.5 7260.3 11725.2

Table 2
Key parameters of core samples used.

Sample No. Length, mm Diameter, mm Porosity, % Permeability, mD

I-1 30.16 25.07 14.36 0.298
I-2 32.25 25.04 14.48 0.303
I-3 30.36 25.09 14.53 0.306
D-1 32.74 25.10 15.23 0.296
D-2 31.64 25.13 15.19 0.298
D-3 31.56 25.18 15.21 0.302
D-4 32.36 25.03 15.16 0.304
T-1 31.63 25.15 14.99 0.307
T-2 32.35 25.12 15.13 0.299
T-3 31.63 25.05 14.94 0.304
P-1 32.54 25.08 15.23 0.034
P-2 31.63 25.03 14.91 0.097
P-3 32.75 25.16 15.09 0.388
P-4 32.64 25.06 14.97 0.532
P-5 31.36 25.11 15.16 1.226
F-1 19.12 25.13 14.86 0.302
F-2 30.44 25.12 14.88 0.302
F-3 48.37 25.12 14.91 0.304
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consideration. Noteworthy insights arise from the past research,
which effectively showcases the viability of polymer flooding
within tight rock cores with permeabilities below 5 mD, high-
lighting the proficient migration of polymer molecules within such
formations. This migration, however, exerts discernible influence
on the imbibition process (Haynes et al., 2013; Leon et al., 2018;
Rachapudi et al., 2020). Notably, Song et al. emphasized that during
the polymer migration in tight rock cores with residual oil, polymer
retention surpassed the result of the core saturated with pure
water, this result attributed to the constriction of smaller pore
spaces during polymer migration (Song et al., 2021). In our pre-
ceding investigations, we explored a nanoparticle-enhanced slick-
water (Liu et al., 2022). Our imbibition experiments conducted in
tight rock core samples (~1 mD) yielded intriguing results. The
Fig. 1. Interfacial tension mete
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experimental results indicate that the recovery rate of the imbibi-
tion fluid with pure nanoparticles is 1.8% higher than that of
nanoparticle-enhanced slickwater. This marginal reduction in
imbibition recovery is attributed to the possible obstruction of rock
pore networks by specific components, which function as friction-
reducing agents, in the slickwater fracturing fluid.

Research on the effects of different factors in the imbibition
procedure using conventional means is limited by the poor physical
properties and low porosity of matrix in tight reservoirs (Cai et al.,
2020; Cheng et al., 2019; Dai et al., 2019). Hydrogen atoms have a
high magnetic spin rate and are abundant in organic molecules and
water. Moreover, the distribution of organic molecules or water can
be effectively characterized by the detection of hydrogen atoms. In
particular, the distribution of organic and water molecules in a
sample can be determined by applying a magnetic field to the
sample, allowing for the detection of the interaction between the
hydrogen atoms and themagnetic field. This is the basic principle of
nuclear magnetic resonance (NMR), a spatially nondestructive
method that does not damage the sample (Liu et al., 2023).

In the development of tight reservoirs, many conventional
investigation tools cannot be used due to the poor physical prop-
erties of the reservoirs. Thus, NMR scanning analysis is increasingly
used to evaluate reservoir properties as it can effectively determine
the distribution of fluids within the pore space by shielding the
hydrogen signal in the oil or water phase (Jiang et al., 2022, 2023;
Tang et al., 2023). In experimental settings, the introduction of
heavy water (D2O) is a well-established approach to selectively
screen water molecules. This facilitates the identification of oc-
currences and shifts within the oil phase. Similarly, the incorpo-
ration of fluorine oil serves to shield the oil phase, thereby enabling
the monitoring of injection and displacement dynamics within the
water phase (Wu et al., 2020).

In this study, the Chang-7 block of the Changqing Oilfield is
selected as the target reservoir, with the EM-30 slickwater frac-
turing fluid as the study object. The reservoir and crude oil
r and contact angle meter.



Fig. 2. The Amott bottle used in the experiment.

Fig. 4. Interfacial performance of the slickwater: Interfacial tension and contact angle.
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properties are combined, and static imbibition experiments and an
online NMR system are used to evaluate the basic performance of
the slickwater fracturing fluid. The effects of drag reducing agent
concentration, temperature, core permeability, and core fracture
development on the static imbibition process of slickwater are then
investigated to clarify the utilization degree and utilization pattern
of macro, medium and small pores in the core under the influence
of different factors. The purpose of this paper is to provide theo-
retical support and a scientific basis for fracture modification using
slickwater fracturing fluid in tight reservoirs.
Fig. 5. Oil recovery of the imbibition experiments.
2. Materials and methods

2.1. Materials

EM30 is a drag reducing agent in slickwater with a
polyacrylamide-type polymer of a comb-like molecular structure.
T-2 has an interfacial tension and contact angle equilibrium value
suitable for a drainage aid agent, while T-1 is an effective anti-swell
agent with multiple cationic sites and is abundant in hydroxyl
groups. Table 1 reports the simulated formation water composition
used in the experiment. NaCl (AR, 99.5%), CaCl2 (AR, 96.0%), and
MgCl2$6H2O (AR, 98.0%) were purchased from Sino-pharm Chem-
ical Reagent Co., Ltd (Shanghai, China).
Fig. 3. The schematic and physical diagram
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Degasified and dehydrated crude oil from the Chang-7 block of
the Ordos Basin at the Changqing Oilfield was employed for the
experiment, with a density of 0.8436 g/cm3 and a viscosity of
s of the NMR experimental set-ups.



Fig. 6. Imbibition recovery rate under varying imbibition fluid conditions.
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4.1 mPa s at 60 �C. The cores used in the experiment are also from
the Chang-7 block and their key parameters are listed in Table 2.
Fig. 7. Impact of the drag reducing agent co
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2.2. Methods

2.2.1. Interfacial performance measurements
Among the components of slick water fracturing fluids,

surfactant-type drainage aids are used to reduce the interfacial
tension and improve the rock surface wettability. The oilewater
interfacial tension between the oil and drainage aid with
different concentrations was measured by a rotating drop interfa-
cial tensiometer (TX-500C, CNG company, USA, Fig. 1(a)) with 6000
r/min at 60 �C. The contact angle between the drainage aid
solutions/oil-droplet/core piece were measured using a contact
angle measuring instrument (JC-2000D, Shanghai Zhongchen
Digital Technic Apparatus Co., Ltd, China, Fig. 1(b)) at 60 �C. The
solvents used in the experiments were simulated formation water.
2.2.2. Static imbibition experiment
The imbibition experiment was performed in an Amott bottle

(Fig. 2). The upper part of the bottle contained a glass tube with
scale and the lower part was filled with the core sample and
imbibition solution. A rubber tube was used to inject the solution
into the lower part of the bottle. The experimental procedure is
summarized as follows:

(1) A 3-cm-long-core was cut by a core cutter, cleaned, dried,
and weighted.
ncentration on spontaneous imbibition.



Fig. 8. Fluid utilization and recovery contribution of different pore sizes.
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(2) The core was pumped to a vacuum by a vacuum pumping
machine and subsequently pressurized and saturated with
crude oil. The core was then stored at a temperature of 60 �C.

(3) The corewas removed, the oil on the surfacewas cleaned and
the weight of the core was recorded.

(4) The core was placed into the Amott bottle and the bottle was
sealed with petroleum jelly. The imbibition solution was
injected into the Amott bottle through the rubber tube. The
device was placed in a constant temperature water bath at
60 �C.

(5) The crude oil volume in the glass tube was read periodically
and the imbibition recovery was calculated using Eq. (1).

RI¼
rV

m2 �m1
� 100% (1)

where RI is the imbibition recovery of the core, %; r is the oil den-
sity, g/cm3; V is the volume of the oil observed on the glass tube,
mL;m2 is the mass of the core measured in step (3), g; andm1 is the
mass of the core measured in step (1), g.
2.2.3. Online NMR imbibition experiment
Using the online NMR equipment to study the degree of crude

oil utilization in cores under different conditions, the impacts of
different factors on the static imbibition process of slickwater
fracturing fluid were investigated at the microscopic pore scale.
Fig. 3 presents the schematic and physical diagrams of the exper-
imental set-ups. The system was composed of an MacroMR low-
field NMR detector (Suzhou Niumag Analytical Instrument Co.,
Ltd, China), a nuclear magnetic analysis system (Suzhou Niumag
Analytical Instrument Co., Ltd, China), and a core displacement
system.

Nuclear magnetic resonance scanning is a spatial nondestruc-
tive testing tool that has been increasingly applied to the study of
low-permeability tight cores in recent years. Research is typically
performed using the time required for the transverse decay
component of the non-equilibrium magnetization vector of a
hydrogen nucleus to reach zero under the action of an applied
magnetic field. More specifically, the transverse relaxation time T2
is taken as the detection signal. Here T2 is calculated as follows:

1
T2

¼ 1
T2S

þ 1
T2B

þ 1
T2D

(2)

where T2 is the transverse relaxation time; T2S is the surface
relaxation time, which is determined by the matrix pore size and
decreases with the pore size; T2B is the body relaxation time
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determined by the fluid properties and is typically a constant value
used to identify the fluid; and T2D is the diffusion relaxation time.
Note that under low magnetic field single fluid conditions, the ef-
fect of T2D on the transverse relaxation time is essentially negli-
gible. Thus, the variation in T2 is typically affected by T2S, namely,
the pore size. There is also a positive correlation between the
variation in T2S and pore size. According to Eq. (2), T2 rises with the
pore size and corresponds to different pore throat sizes. Further-
more, the NMR experiments are generally based on the hydrogen
signal intensity, with a higher intensity indicating a greater satu-
rated fluid volume. The NMR scanning experiments can reveal the
variation curve of the core hydrogen signal intensity with T2. The
hydrogen signal intensity at a certain relaxation time can charac-
terize the saturated fluid volume at its corresponding pore size.
This allows for the saturation of the saturated fluid within a certain
pore size range to be determined using the integration operation.
The key steps of the experimental procedure are as follows:

(1) The cores were processed and subsequently measured for
weight, length, diameter, permeability, and porosity.

(2) The cores were initially evacuated to a vacuum state using a
vacuum pump, then saturated with ultrapure water, and
weighed. The cores saturated with ultrapure water were
obtained.

(3) The saturated cores were placed in the measuring apparatus
and the cores were analyzed for T2 spectra using the NMR
analysis system to obtain T2 signals of the cores under blank
conditions.

(4) After undergoing step (3) processing, the cores were dried
again, and step (1) was repeated.

(5) The cores were initially evacuated to a vacuum state using a
vacuum pump, then saturated with fluorine oil, and T2 sig-
nals of the cores were tested using NMR to obtain the basal.

(6) After undergoing step (5) process, the cores were placed in
slickwater for imbibition experiments.

(7) The cores at different experimental stages were removed and
T2 spectra of the core sample were measured using the NMR.

The NMR scanning parameters used to measure T2 spectra were
as follows: waiting time Tw of 2000 ms; number of scans NS of 64;
echo interval Te of 0.2 ms; and number of echoes NECH of 12000.

In the NMR experiments, ultra-pure water without impurities
was used, and it can be assumed that the physical parameters of the
core, such as permeability and porosity, did not undergo significant
changes during the process of saturationwith ultra-pure water and
subsequent drying. After saturating the core with ultra-pure water,



Fig. 9. Impact of temperature on spontaneous imbibition.
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NMR equipment was employed to obtain information about the
fluid distribution of the core. Subsequently, after drying the core, it
was saturated with fluorine oil. By measuring NMR spectra under
different experimental conditions and comparing the changes in
hydrogen species intensity in the T2 spectra, the study aimed to
investigate the distribution and utilization patterns of fluids within
the pore space of the experimental core.

3. Results and discussion

3.1. Interfacial performance

We analyzed the fracturing fluid interfacial properties based on
two components: (i) the change of the fluideliquid interfacial
tension between the fracturing fluid and crude oil; (ii) the effect of
the fracturing fluid on the rock surface wettability. The fracturing
fluid system used in the experiment contained a drainage aid
whose main component was the surfactant, which can effectively
reduce the oilewater interfacial tension and improve the wetta-
bility of the core surface. Fig. 4 presents the corresponding results.

As is shown in Fig. 4, the drainage aid can effectively reduce the
oilewater interfacial tension, with significant reductions following
an increase in the drainage aid concentration. The interfacial ten-
sion reaches a minimum value of 1.23 mN/m at the drainage aid
concentration of 0.25 wt%. Following this, the interfacial tension
increases gradually with the drainage aid concentration until it
finally stabilizes.

The drainage aid can effectively improve the wettability of the
core, and the adsorption of the surfactant component in the
drainage aid on the core surface achieves this effect. After the
lipophilic modifications, the contact angle of the core surface is
122.3�, the core is lipophilic. As the concentration of the drainage
aid increases, the final core contact angle decreases to 33.5�, and
the surface is both hydrophilic and oleophilic. This corresponds to a
drainage aid concentration of 0.25 wt%. The wetting angle then
increases gradually with the concentration and finally stabilizes.
The change pattern follows that of the interfacial tension.

3.2. Static imbibition results

Static imbibition experiments were conducted using solution A
(anti-swell agent and drainage aid), solution B (simulation forma-
tion water) and solution C (slickwater fracturing water), respec-
tively. The permeability of the core was approximately 0.3 mD. The
imbibition temperature was 60 �C. According to Eq. (1), the static
imbibition recovery of the core was calculated under different
imbibition solution conditions to obtain the curve of the static
imbibition recovery with time (Fig. 5).

As shown in Fig. 5, after 30 min of imbibition, solution A pro-
duced the most oil of the core as the imbibition solution, followed
by solution C, while solution B produced the least oil. As the
imbibition process proceeded, solution A had the strongest imbi-
bition capacity, with a final recovery of 54.37%, followed by solution
C, with a final recovery of 38.21%, and solution B maintained the
lowest imbibition recovery at 25.72%. By reducing the oilewater
interfacial tension and improving the wettability of the core sur-
face, the drainage aid effectively enhances the imbibition ability of
the imbibition fluid. The core matrix surface typically exhibits hy-
drophobic and lipophilic behavior, and saturated oil adsorbs on the
core wall surface, making it difficult to be transported. Surfactant
adsorption on the core surface improves the wall wettability and
reduces the adsorption force between the pore throat wall surface
and saturated oil, facilitating the stripping of the crude oil by the
imbibition fluid. The surfactants reduce the oilewater interfacial
tension between the imbibition fluid and saturated oil. Moreover,



Fig. 10. Fluid utilization and recovery contribution for different pore conditions.
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due to the existence of both hydrophilic and hydrophobic groups in
its molecular structure, it forms an oil-in-water emulsion, which
makes the oil beads from the imbibition fluid easily detach from the
core surface. It also effectively improves the transport ability of the
saturated oil after the stripping and formation of oil droplets. This
greatly increases the imbibition recovery rate.

The anti-swell agent added to solution A effectively weakens the
hydration swelling of clay minerals on the surface of the core ma-
trix pore throat. When the saturated crude oil is displaced by
imbibition, the contact between the simulated water and clay
minerals leads to the occurrence of hydration swelling. In addition,
the significantly increased volume of clay minerals reduces the
pore throat diameter, while the experimentally used cores are all
low-permeability dense cores with a small pore throat diameter
and complex pore structure. The increased clay mineral volume
further harms the core, thus blocking the matrix pore throat. This
makes it difficult for the imbibition fluid to enter the interior of the
matrix and for the saturated oil to be transported, leading to a
significant reduction in the imbibition fluid sweeping efficiency,
which can only act on the surface of the core. The clay anti-swell
agent can effectively weaken the hydration swelling and core
damage. This allows the imbibition fluid to enter the deep part of
the matrix, effectively improving the imbibition fluid sweeping
efficiency.

The imbibition recovery of solution C is lower than that of so-
lution A but higher than that of solution B. This can be attributed to
the polymeric drag reducing agent added to the slickwater frac-
turing fluid, which is a solid-phase component insoluble in water.
During the imbibition process, small molecule polymers enter the
matrix, and the low permeability and small pore throat diameter of
the core can block the solid-phase components of its matrix pore
throat. This consequently affects its imbibition and oil discharge
process, reducing the imbibition recovery rate.

The imbibition recovery rate curve with time was used to
calculate the imbibition recovery rate under different imbibition
fluid conditions (Fig. 6).

The imbibition recovery rate of different imbibition fluids ex-
hibits a rapid increase to the maximum value at the early stage of
imbibition, followed by a marked reduction (Fig. 6). When the
imbibition time is greater than 120 h, the imbibition recovery rate is
close to 0, indicating that most of the oil recovered by imbibition
comes from the early imbibition stage. In particular, at the early
stage of imbibition, the imbibition fluid acts on the surface of the
core, and the contact area between the matrix and imbibition fluid
is maximized, corresponding to the highest imbibition efficiency.
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Furthermore, the pore throat structure close to the outer surface of
the core is relatively simple and exhibits a better connectivity with
the outside world. Thus, the saturated oil located inside has the
strongest flow capacity. On the other hand, at the early stage of
imbibition, the imbibition fluid, as an external phase, is less harmful
to the core matrix. Therefore, the recovery rate in the early stage of
imbibition rises rapidly to the highest value under multiple effects.
As the imbibition proceeds, the imbibition fluid enters the interior
of the core, the contact area between the imbibition fluid and the
matrix decreases significantly. Thus, the connectivity between the
deep pore throat of the matrix and the outside world is reduced.
The damage of the imbibition fluid to the matrix consequently in-
tensifies, which in turn leads to a rapid decrease in the imbibition
recovery rate.

Moreover, the change pattern of the imbibition recovery rate
curve affected by the imbibition solution is consistent with the
change pattern of the imbibition recovery. More specifically, solu-
tions B and A have the lowest and highest imbibition recovery rates,
respectively, while that of solution C lies between the two. The
imbibition recovery rate can also characterize the imbibition per-
formance and imbibition solution drainage, and the imbibition
recovery rate increases with the imbibition and drainage
performance.
3.3. Impact of different factors on the oil utilization degree during
static imbibition

Through NMR, T2 spectra of cores under different static imbi-
bition conditions were obtained. This allowed us to further inves-
tigate the variation of different pore size utilization and recovery
contribution values with the influencing factors following the core
imbibition. The impact of the reducing agent concentration, imbi-
bition temperature, core permeability and fracture development
degree on the imbibition of slickwater fracturing fluid was then
evaluated.
3.3.1. Concentration of the drag reducing agent
Experiments were conducted to investigate the variations in of

the T2 spectrum of the core imbibition process at the drag reducing
agent concentration of 0, 0.15, 0.20, and 0.30 wt%, respectively
(Fig. 7). This aimed to clarify the variation of the utilization pattern
for the static imbibition process of slickwater fracturing fluid under
different drag reducing agent concentration conditions.

The experimental results show that the peak value and peak
area of the NMR signal intensity in different pore conditions



Fig. 11. Impact of core permeability on spontaneous imbibition.
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decrease significantly with the increase of the drag reducing agent
concentration in the slickwater fracturing fluid. In particular, the
most obvious change is in the small pore size range. This indicates
that the increase in the concentration of the drag reducing agent
has the most prominent effect on small pores.

The degree of utilization and the oil recovery contribution of
different pore sizes under different drag reducing agent concen-
trations during imbibition were further calculated based on T2
spectra (Fig. 8).

Fig. 8 reveals that the degree of saturated oil utilization under
322
different pore size conditions decreases significantly as the drag
reducing agent concentration increases. The drag reducing agent
concentration in slickwater fracturing fluid increases from 0 to
0.30 wt%, and the degree of large and medium pore utilization
decreases by 8.07% (from 46.83% to 38.76%) and 30.42% (from
55.57% to 25.15%, respectively. Moreover, the large porosity de-
creases from 81.17% to 33.29% (47.88% decrease), while the medium
and small porosity decrease significantly. This indicates that the
polymer in the fracturing fluid has a significant effect on the small
and medium pores. The significant decrease in the small and



Fig. 12. Fluid utilization and recovery contribution under different pore conditions.
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medium pore utilization degree results in a significant increase in
the contribution of large pore oil recovery (from 8.05% to 23.7%).

The increase in the concentration of the drag reducing agent
enhances its solid-phase component. This in turn blocks the pore
space and leads to a significant decrease in the pore throat con-
nectivity, as well as a decrease in the fluid flow properties in the
matrix pore space and the degree of saturated oil utilization in
different pore sizes. This consequently reduces the imbibition re-
covery rate. During the imbibition process, the solid-phase
component is most likely to block the medium pore space, and
the small pore space is also sensitive to the solid-phase component
due to its relatively poor connectivity. At the same time, the satu-
rated fluid in the large pore space is more fluid. Therefore, although
the solid-phase component in the pore space reduces its connec-
tivity, part of the saturated oil in the large pore space can still be
displaced by the imbibition fluid, which leads to a smaller decrease
in the utilization degree of the large pore space compared to that of
the small and medium pore spaces.
3.3.2. Imbibition temperature
The imbibition temperature also has a significant effect on the

imbibition of the slickwater fracturing fluid. NMR experiments
were conducted to investigate the changes in T2 spectra of the core
imbibition process under the imbibition temperatures of 30, 60,
and 90 �C, respectively (Fig. 9). The changes in the static imbibition
pattern of slickwater fracturing fluid under different imbibition
temperature conditions were then evaluated.

T2 spectra of core samples reveal the peak intensity and peak
area of the NMR hydrogen signal of the cores to increase with the
imbibition temperature. In addition, the stabilization time of the
NMR signal curve is reduced at higher temperatures. This indicates
that the higher the imbibition temperature, the faster the imbibi-
tion rate of the slickwater fracturing fluid.

The degree of the imbibition fluid utilization and recovery
contribution with the imbibition temperature were calculated for
different pore sizes based on T2 spectra of core samples (Fig. 10).

As the imbibition temperature increases, the degree of saturated
oil utilization for different pore sizes increases significantly, with
the change of large pores being the most obvious. When the
imbibition temperature increases from 30 to 90 �C, the degree of
utilization of small, medium and large pores increases from 43.88%
to 65.27% (21.38% increase), 21.33%e48.01% (27.48% increase) and
15.24%e65.32% (50.08% increase), respectively. As the increase in
large pore space is significantly larger than those of the medium
and small pore spaces, the contribution of the imbibition recovery
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is also larger. However, due to the small percentage of large pore
spaces in tight and low permeability cores, this difference is not
obvious.

The increase in temperature significantly reduces the viscosity
of the imbibition fluid and oil also enhances their fluidity. This
consequently improves the imbibition and displacement perfor-
mance of the imbibition fluid and increases its sweeping efficiency.
The experimental results reveal that the increase in the imbibition
temperature effectively improves the imbibition recovery rate. The
effect of the imbibition temperature on the recovery rate can be
attributed to the improved fluid viscosity and enhanced fluidity,
allowing for the easier usage of the saturated oil in the pore space.
The most obvious effect is on the large pore space with a better
flowability and connectivity. Furthermore, the increase in imbibi-
tion temperature further reduces the interfacial tension between
the imbibition fluid and the oil, which improves the stripping and
transport performance of the crude oil in the large pore space. Due
to the small diameter of the pore throat, the medium and small
pores generally rely on capillary force to replace the imbibition
fluid, and the imbibition temperature (to a certain extent) to
improve its fluidity. However, due to the size and connectivity re-
strictions, themedium and small poresmake a smaller contribution
to the enhanced imbibition and utilization degree compared to the
large pores.
3.3.3. Permeability of the core sample
The physical properties of cores have a significant influence on

the performance of the slickwater fracturing fluid imbibition. T2
spectra of the imbibition process of tight cores with a permeability
ranging from 0.05 to 1.0 mDwere investigated using NMR to clarify
the influence of different core permeabilities on the static imbibi-
tion of slickwater fracturing fluid (Fig. 11).

The increase in core permeability results in the significant in-
crease in the core NMR signal under saturated water, and the
proportion of the large pore area is enhanced accordingly. This
indicates that the core pore volume also increases significantly.
Furthermore, as the core permeability increases, the rise in the
NMR signal of the small pores is significantly larger than that of the
large pores, and the stabilization time of T2 curves is faster. This can
be attributed to the ability of the higher permeability to signifi-
cantly improve the small pore connectivity, while the saturated oil
in the small pores becomes more fluent and easier to use.

The utilization degree of saturated oil and the contribution to
the recoverywere calculated for different core permeabilities based
on T2 spectra of core samples (Fig. 12).



Fig. 13. Impact of the core fracture development on spontaneous imbibition.
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The medium and small pore utilization degree increased
significantly with the core permeability, while the large pore uti-
lization degree initially increased and subsequently decreased.
When the core permeability increased from 0.034 to 1.226 mD, the
small pore utilization degree increased from 25.88% to 78.10%
(52.22% increase), while the medium pore increased from 9.08% to
75.37% (66.29% increase), and the maximum large pore utilization
degree reached 38.38%. As the core permeability increases, there is
a higher proportion of large pore NMR signal. This increase in large
pore signals indicates enhanced fluid mobilization within the me-
dium and large pore. Consequently, the contribution of fluid utili-
zation from medium and large pores is elevated, while the
contribution from small pores decreases.

The higher permeability of the core indicates an improved pore
structure and larger pore throat diameter, which significantly in-
creases the fluidity of the saturated oil in the medium and small
pores and facilitates the imbibition. Therefore, the degree of satu-
rated oil utilization in the medium and small pores increases
significantly. In addition, the pore diameter of relatively high
permeability cores expands, which reduces the role of the capillary
force in the repulsion process. The larger pore throat diameter also
indicates that the solid-phase components in the imbibition fluid
can easily enter the matrix, damaging the solid-phase. Thus, the
utilization degree of the large pore space initially increases and
subsequently decreases with the increasing permeability.

3.3.4. Degree of fracture development
The shorter the core length, the larger the surface area per unit

volume of the matrix, indicating more fracture development. Ex-
periments were conducted to investigate the changes in T2 spectra
for the core imbibition process under the core lengths of 1.91, 3.04,
and 4.83 cm, respectively (Fig. 13). The changes in the static imbi-
bition pattern of slickwater fracturing fluid with different degree of
fracture development were then evaluated.

The core NMR signal intensity under saturated water conditions
increases significantly with the core length. However, the change in
the NMR signal intensity during imbibition only increases slightly,
indicating that the imbibition recovery rate decreases significantly
as the core length increases. Further analysis of the imbibition
utilization degree and recovery contribution with the core length
were performed for different pore sizes (Fig. 14).

As the core length increases, the saturated oil utilization degree
of different pore sizes decreases, with the most obvious changes
observed for the medium and small pores. The core length in-
creases from 1.91 to 4.83 cm, while the utilization degree of small,
medium and large pores decreases from 81.58% to 40.52% (41.06%
decrease), 43.85%e29.10% (14.75% decrease), and 40.58%e35.45%
(5.13%), respectively. The oil recovery contribution of the small pore
space is reduced due to the significant decrease in the utilization
degree, while the oil recovery contribution of the large andmedium
pore spaces increases slightly with the increasing core length.

When the imbibition conditions are determined, the imbibition
fluid essentially enters the core matrix at the same depth. The
enhanced core length increases the contact area between the ma-
trix and the imbibition fluid, as well as the core volume. The in-
crease in core volume is obviously faster than that of the surface
area. More specifically, there is a reduction in the surface area per
unit volume of the core and the imbibition fluid sweeping effi-
ciency. This in turn decreases the pore utilization for the different
sized pores. Furthermore, the increased core length results in a
more complex pore throat structure to a certain extent, while the
connectivity ofmedium and small pores is weakened, and the pores
located in the deep part of the matrix cannot be fully utilized. The
combination of these factors leads to a significant decrease in the
utilization degree with increasing core length.



Fig. 14. Fluid utilization and recovery contribution under different pore conditions.

C. Liu, T.-R. Wang, Q. You et al. Petroleum Science 21 (2024) 315e326
4. Conclusions

This study investigated the degree of core fluid utilization using
an online NMR system. The drag reducing agent concentration,
formation temperature, core permeability and core fracture
development degree were observed to affect the static imbibition.
Based on the results, the following key conclusions were
determined:

(1) The slickwater fracturing fluid used in the experiment ex-
hibits excellent imbibition and oil displacement capabilities,
achieving an imbibition recovery rate of 38.21% after frac-
turing, compared to a recovery rate of only 25.72% for
simulated formation water.

(2) Increasing the concentration of the drag reducing agent re-
sults in larger solid-phase components in the imbibition
solution. These solid-phase components are more prone to
block small and medium-sized pores, thereby reducing the
fluid mobilization in these pores.

(3) Elevated temperature improves fluid mobility. Notably, the
fluid mobility in larger pores increases significantly
compared to that in smaller pores, leading to an enhanced
fluid mobilization.

(4) An increase in permeability indicates improved pore con-
ductivity. As a result, fluid mobilization in various pores in-
creases. Excessive permeability results in a significant influx
of solid-phase components intomacropores, causing damage
to the solid phase and consequently reducing the fluid
mobilization in larger pores.

(5) With an increase in the core length, the surface area per unit
volume of the core decreases. This indicates reduced fracture
development. In addition, the internal structure of the core
becomes more complex, impeding fluid mobilization within
the core. Consequently, the degree of pore mobilization de-
creases for all pore sizes.
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