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Abstract: Gulong shale oil is found in a typical continental shale oil reservoir, which is different from
marine shale oil reservoirs. The Gulong shale oil reservoir is a pure shale-type oil reservoir with
abundantly developed nanoscale pores, making it extremely difficult to unlock fluids. Pressure drive
does not easily achieve fluid unlock conditions; thus, it is necessary to utilize imbibition to unlock
nanoscale pore fluids. In this study, experiments were conducted on oil displacement by high-speed
centrifugal pressure and imbibition under different conditions, respectively, and simulations were
used to evaluate the effects of pressure differential drive and imbibition efficiency on the utilization of
crude oil following fracturing. Combined with the mixed wettability of the reservoir, the imbibition
efficiency was analyzed, and the imbibition efficiency at different soaking stages was evaluated.
When the fracturing pressure was higher than the matrix pore pressure, the imbibition efficiency was
the most obvious, which was 27.9%. Spontaneous imbibition depending solely on capillary force had
poor efficiency, at 16.8%. When the fracturing pressure was lower than the matrix pore pressure, the
imbibition efficiency was the lowest, at only 1.3%. It is proposed that strengthening fracture pressure
and promoting pressurized imbibition are the keys to improving shale oil development.

Keywords: shale oil reservoir; imbibition after fracturing; mixed wettability; pore fluid movability

1. Introduction

Unconventional resources, including tight oil/gas reservoirs and shale oil/gas reser-
voirs, have become important energy sources worldwide. Due to the abundant presence of
nanoscale pores, these reservoirs have ultra-low permeabilities, which make their effective
development challenging. How to effectively utilize nanoscale pore fluids is critical to shale
reservoir development [1]. Compared to conventional reservoirs, the factors that lead to
poor movability of shale oil include (1) shale reservoirs being relatively tight, with a com-
plex pore–throat microstructure, low porosity and ultra-low permeability characteristics;
(2) shale oil having high viscosity and large molecular size; and (3) some oil molecules being
adsorbed on the surface of organic matter or minerals [2]. The adsorbed and free shale oil
stored in shale is potentially movable and recoverable, while the dissolved shale oil that is
miscible with organic matter is almost immobile and difficult to extract. However, under
current technological conditions, free oil is the most easily recovered part [3]. Theoretically,
the free oil content is the maximum recoverable amount of shale oil. Shale oil with strong
movability is often dominated by the free phase, which does not flow easily when the
content of the adsorbed phase is high, indicating that the occurrence state of shale oil is an
important factor affecting its movability.

Due to the low porosity and especially the low permeability of shale, as well as the
high density and viscosity of oil, subsurface flow does not readily occur. The key limitation
restricting shale oil exploration and development is not the oil content in shale but the
amount of recoverable section involved. The movability of shale oil is closely related
to its occurrence characteristics (occurrence state, content, and proportion of different
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states) and storage space (pore and throat size, distribution, and connectivity), and is also
influenced by reservoir fluid conditions (oil composition, temperature, and pressure) [4].
Theoretically speaking, shale oil movability includes at least two aspects: movable potential
and movability. The saturation of movable fluid is a key parameter for evaluating the
movability of shale reservoirs, and the utilization of nuclear magnetic resonance and
centrifugal (displacement) testing methods is the main means of studying the saturation
of movable fluid [5–7]. Combining nuclear magnetic resonance (NMR) with centrifugal
experiments can reveal not only the movable fluid saturation of shale cores but also the
movable fluid saturation controlled by different pore and throat properties in each core,
making it possible to quantitatively analyze the distribution of the movable fluid in the
reservoir and evaluate the fluid movability. After hydraulic fracturing in shale reservoirs,
the fracturing fluid (water or other chemical agents) is prone to imbibition when it meets
the matrix through the fracture area, and the residual oil in the fracture network is prone to
imbibition with the fracturing fluid, especially during the process of sealing the well [8].

This study conducted high-speed centrifugation + NMR testing and imbibition + NMR
testing, clarified the mechanism of pore fluid movability by imbibition under different
pressure conditions, and clarified the influence of wettability on imbibition. This study
used Gulong shale cores that had similar physical properties, high authenticity, and high
comparability. Firstly, the mixed wettability of the core was evaluated and then imbibition
and NMR tests were conducted under different conditions to quantitatively analyze the
movability and recovery degree of different-sized pores. This work provides an experimen-
tal basis for controlling formation pressure in shale oil reservoirs and experimental data
support for improving shale oil recovery.

2. Materials and Methods
2.1. High-Speed Centrifugation + NMR Test

According to the basic principle of NMR, the NMR signals of porous hydrogen-
containing fluids are divided into three parts: surface relaxation, volume relaxation, and
diffusion relaxation. Among them, the interaction between the surface relaxation fluid and
pore surface is related, the molecular structure of the relaxation jade fluid is related to the
volume, and diffusion relaxation is related to the magnetic field gradient inside the pores.
The surface relaxation is dominant in light crude oil, and the lateral relaxation signal T2
satisfies Equation (1):

1
T2

≈ Fsρ2

r
(1)

where T2 is the transverse relaxation signal quantity, r is the scale of the fluid-containing
pores, Fs is the shape factor of the pores, and ρ2 is the lateral relaxation rate obtained from
the pore surface.

The shape factor of the pore and lateral relaxation rate of the experimental rock sample
are both fixed values, so the signal quantity of lateral relaxation is positively correlated with
the pore radius. Based on the collected water-saturated core sample echo failure signal, a
joint iterative inversion algorithm is used to obtain the sample’s T2 spectrum. The lateral
relaxation time (T2) of nuclear magnetic resonance can reflect the chemical environment in
which the hydrogen protons are located inside the sample, which is related to the binding
force and degree of freedom of the hydrogen protons. The degree of hydrogen proton
binding is closely related to the internal structure of the sample. In porous media, the
larger the pore radius, the longer the relaxation time of the water present in the pores;
The smaller the pore radius, the greater the degree of binding of the water present in the
pores, and the shorter the relaxation time. That is, the position of the T2 spectrum peak is
related to the size of the pore radius, and the area of the peak is related to the number of
corresponding pores.

Through the T2 spectrum, information such as core porosity and pore size distribution
can be obtained to describe the complex properties of core pores more accurately, and
different types and components of fluids can be identified through secondary resonance
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fluid identification methods. By combining mercury intrusion data and the corresponding
relationship with the relaxation time of the nuclear magnetic T2 spectrum, the pore throat
radius of matrix-layered quartz core can be expressed (Equation (2)). Mercury in the non-
wetting phase needs to enter smaller pores under external forces, and the pore throat radius
r satisfies the Washburn equation with respect to the mercury inlet pressure pc, the contact
angle θ of mercury on the surface, and the surface tension σ.

r =
2σcosθ

pc
(2)

The frequency of pore throat distribution is set as the vertical axis and the radius of
pore throat as the horizontal axis; the pore diameter distribution curve obtained by the
mercury intrusion method is fitted, and the C value with the highest correlation coefficient
is taken as the optimal value. This value is the conversion coefficient between the T2
value obtained and the pore throat radius. A Gulong shale core was selected to fit the
distribution frequency of pores and throats measured using the nuclear magnetic method
and the mercury intrusion method. The fitting of nuclear magnetic mercury intrusion in the
shale core is shown in Figure 1. The relaxation time of NMR T2 is proportional to the pore
size. The pore throat distribution map obtained from the mercury intrusion experiment
was compared with the one-dimensional T2 spectrum. The results of the two methods for
determining pore structure were similar and both had a bimodal structure. Therefore, the
NMR and pore throat distribution curves were overlapped and compared, and it was found
that the two peaks perfectly overlapped. Through statistical calculation, the conversion
coefficient between the shale’s nuclear magnetic T2 value and pore throat radius was found
to be 0.008 µm/ms.
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Figure 1. Fitting diagram of shale NMR and mercury intrusion.

By using centrifugal equipment and one-dimensional nuclear magnetic resonance
technology (sampling frequency (KHz): 125; main frequency (KHz): 12; sampling points:
1024; 180◦ pulse width (µs): 13.04 (acquisition required); after center correction, we searched
for the pulse width to obtain the required acquisition parameters), the threshold pressure
gradient of different pore sizes was tested, and the available oil saturation under different
pressures was compared. Firstly, we measured the hydrogen signal in the initial state of the
rock; we saturated the rock with crude oil finally, we recorded the hydrogen signal in the
saturated oil state of the core. Using 8 psi as the starting centrifugal force, the degree of
crude oil recovery was recorded at 15 psi, 77 psi, 151 psi, 378 psi, and 570 psi, and the pore
fluid movability was observed with NMR.

2.2. Imbibition + NMR Test

This study conducted three types of imbibition tests under different pressures, namely,
lower than formation pressure, higher than formation pressure, and spontaneous im-
bibition. Corresponding to the imbibition effects at different development stages, self-
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imbibition tests were first conducted to calculate the relative wetting index to determine the
mixed wettability of the shale core. Then, imbibition experiments were conducted under
different pressures.

(1) Experimental study on mixed wettability

Wettability is the preferential selectivity of a solid surface covered by a certain fluid
phase. The wettability of rock reservoirs can be divided into water wetting, oil wetting,
and neutral wetting according to the different fluids involved [9]. Oil exists in the pores of
reservoir rocks, and the wettability of the pore surface varies due to its mineral composition,
thereby affecting the occurrence and flow properties of oil in it. Wettability is a relative
characteristic parameter that is different from porosity and permeability, which are only
related to rock properties. Wettability is related not only to the rock itself but also to the
fluid properties associated with it. It affects many physical parameters of rocks, such as
capillary pressure, relative permeability, adsorbed/free oil volume, residual oil saturation,
bound water saturation, and fluid distribution [10].

This study used the relative index method of indirect measurement of wettability to
characterize the wettability of shale in the study area. In this paper, the relative index
method, which indirectly measures wettability, is used to characterize wettability at the pore
scale of shale cores. The signal volume of the sample after oil absorption and drying was
measured at different self-imbibition test times, and then the self-imbibition fluid volume
was converted from the fluid signal volume. Finally, according to the self-imbibition
method in the wettability discrimination standard [11], the relative wettability index I was
used to characterize the wettability of different samples to oil and water at the same time.
V is the volume of fluid self-imbibed into the core; the subscript symbol w is for water, and
o is for oil. The equation and discrimination criteria are as follows:

Iw =
Vw

Vw + Vo
(3)

The oil phase wetting index is shown in Equation (4):

Io =
Vo

Vw + Vo
(4)

And based on the relative wettability index calculation method (Equation (5)) and the
self-imbibition method in the wettability discrimination standard (Table 1), the wettability
of the rock was determined.

I = Iw − Io (5)

Table 1. Self-imbibition method of wettability discrimination standard.

Relative
Wettability

Index I

−1.0 ≤ I <
−0.7

−0.7 ≤ I <
−0.3

−0.3 ≤ I<
−0.1

−0.1 ≤ I ≤
0.1 0.1 < I ≤ 0.3 0.3 < I ≤ 0.7 0.7 < I ≤ 1.0

Wettability Strong oil
wetting Oil wetting Weak oil

wetting
Intermediate

wetting
Weak water

wetting
Water

wetting
Strong water

wetting

(2) Spontaneous imbibition + NMR test

Soak the sample in deuterium oxide, and use capillary force to spontaneously imbibe
deuterium oxide into the pores to displace crude oil. Use nuclear magnetic resonance to
monitor and record the process of sample signal changes to obtain the movability efficiency
of crude oil under self-imbibition. Spontaneous imbibition relies solely on capillary force,
and the amount of water and oil in the core sample depends entirely on its wettability.

(3) Overpressure imbibition/underpressure imbibition + NMR test
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The imbibition characteristics and pore movability characteristics of shale cores un-
der reservoir conditions (reservoir pressure and temperature) were clarified considering
the changing pressure difference in the relationship between fracture pressure and pore
pressure during the soaking-backflow stage. For example, in the soaking stage, fracture
pressure is higher than pore pressure. Therefore, overpressure imbibition can simulate the
imbibition effect during the soaking stage, while in the later stage of backflow, fracture
pressure is lower than pore pressure; underpressure imbibition can simulate the imbibi-
tion effect during the later stage of backflow. Schematic diagrams of the three imbibition
methods are shown in Figure 2.
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2.3. Experimental Samples

The experimental shale core samples were obtained from the Daqing Gulong shale
reservoir (Table 2). The samples were de-oiled and dried. The diameter of each exper-
imental shale core sample was about 2.5 cm, and the length was about 5 cm. Helium
gas was used to measure the porosity and permeability of the cores, and cores with sim-
ilar porosity and permeability were selected for the experiment to ensure comparability.
Spontaneous oil imbibition and overpressure injection were used to fully saturate the core
samples. After spontaneous imbibition, the sample was saturated with crude oil; then, it
was placed under normal temperature and pressure conditions for 120 h. The overpressure
and underpressure imbibition samples were saturated with oil and placed under high-
pressure conditions.

Table 2. Experimental core sample parameters.

Experimental
Samples

Diameter
(mm) Length (mm) Volume (cm3)

Porosity
(%)

Permeability
(mD)

Photos of
Shale Cores

High speed
centrifugation + NMR 25.12 49.44 24.50 7.93 3.66 × 10−3
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Spontaneous
imbibition + NMR 25.09 54.87 27.11 6.94 3.16 × 10−3
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Table 2. Cont.

Experimental
Samples

Diameter
(mm) Length (mm) Volume (cm3)

Porosity
(%)

Permeability
(mD)

Photos of
Shale Cores

Underpressure
imbibition + NMR 25.28 64.83 32.54 7.20 5.82 × 10−3
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3. Results and Discussion
3.1. Results of High-Speed Centrifugation + NMR Test

The NMR results under different centrifugal forces are shown in Figure 3. It can
be observed that the T2 spectrum shows a bimodal distribution after saturation of crude
oil and a series of centrifugation steps. Research results showed that the Gulong shale
reservoir develops a certain number of bedding fractures, mostly on the sub-micron to
micron scale [12]. The right peak in the bimodal structure represents a micro-scale bedding
fracture, and, after multiple centrifugations, this peak disappears, indicating that the fluid
in the bedding fracture is more easily unlocked under centrifugation compared with the
fluid in the matrix pores. The degree of crude oil recovery was calculated based on the
difference in the area under the curve at different centrifugal forces, and the degree of crude
oil production with different pore sizes was determined based on the relaxation time.
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Figure 3. T2 relaxation time measured using NMR under different centrifugal forces.

The high-speed centrifugation and one-dimensional nuclear magnetic resonance ex-
periments showed that the available oil saturation driven by elastic energy reached 18.1%,
the displacement limit was a 15 nm pore crude oil, and the corresponding pressure gradient
was 1.2 MPa/cm. The bedding fracture density of Gulong shale oil was 3 pieces/cm, and
within the control range of parallel fractures, the threshold pressure gradient of 15 nm pore
fluid was 0.2 MPa (Figure 4).

3.2. Wettability Test Results

The imbibition characteristics of different pores are shown in the Figure 5. The core
exhibits a typical bimodal pattern under water-saturated conditions, with a higher peak
on the left side, indicating the development of small matrix pores in the shale. The peak
value on the right side is lower, but the relaxation time is longer, indicating a lower degree
of development of bedding fractures and larger pores than the matrix pores.
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Comparing the self-imbibition processes of different pores (Figure 5), it was found
that the shale cores had a strong self-imbibition ability for oil, and the self-imbibed amount
of matrix water and oil increased rapidly in a short period of time. Moreover, com-
pared to bedding fractures, the higher self-imbibition liquid content of the matrix pore
structure reflects not only the larger pore volume of the matrix but also its stronger self-
imbibition ability.

The amount of water self-imbibed by the bedding fractures slowly increased with the
self-imbibition time, and the growth rate was relatively low. The amount of self-imbibed oil
in the matrix pores increased as the duration of self-imbibition increased, and the difference
in crude oil permeability between the shale reservoir and the matrix was significant. As
mentioned earlier, the T2 relaxation time is directly proportional to the pore size, while the
large-scale structure of the Gulong shale reservoir is characterized by bedding fractures,
which are formed by the interaction of a large amount of organic matter and clay minerals.
The wettability of this part of the structure is lipophilic (as confirmed through the mixed
wetting experiment). During the self-imbibition process, water cannot enter strongly oil-
wet media, while oil can enter water-wet media [13]. This also reflects the presence of a
bedding fracture structure in the shale reservoir, but the content is much smaller than that
of the porous media.

Based on the calculation results of mixed wettability (Figure 6), it is shown that the
overall rock exhibits intermediate wettability, with a relative wettability index between
−0.1 and 0. The wettability of matrix pores and bedding fractures is different, with matrix
pores being intermediate wet to weakly oil-wet, with a relative wettability index ranging
from −0.1 to 0, and the bedding fracture being oil-wet to strongly oil-wet, with a relative
wettability index ranging from −0.9 to −0.3. From the wettability results, it can be inferred
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that the shale core has poor permeability and that the wettability of the bedding fractures
is not conducive to the entry of the water phase.
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Figure 6. Shale core water/oil self-imbibition characteristics.

3.3. Characteristics of Spontaneous Imbibition and the Movability of Different Pore Fluids

Spontaneous imbibition and oil drainage is a universal method of water imbibition
and oil drainage during the soaking process after fracturing. The oil drainage driven by
capillary force causes the movability efficiency to increase with the decrease in pore size and
forms an oil drainage method with “matrix pores as the main factor and bedding fractures
as the auxiliary factor”. The one-dimensional nuclear magnetic resonance results indicate
that under spontaneous imbibition conditions, both micropores and bedding fractures
undergo significant development. In the early stage of imbibition, the development of
micropores is relatively high, while in the later stage, the development of bedding fractures
is relatively high.

A comparison of nuclear magnetic resonance signals before and after imbibition is
shown in Figure 7, showing a clear bimodal distribution within the range of 0.01~1000 ms.
The difference in bimodal hydrogen signals was small, with only a small amount of signal
distribution over 1000 ms. Based on the morphological characteristics of the T2 spectrum
and relaxation time, the internal pore structure of the rocks was divided into micropores
and medium to large pores.
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Figure 7. The distribution characteristics of fluid before and after imbibition and the recovery degree
of different pores. (a) Shale core spontaneous imbibition. (b) Development of different pores.

Based on the centrifuged samples mentioned earlier, we believe that the pores corre-
sponding to a T2 relaxation time of less than 10 ms are micropores, and the pores corre-
sponding to a T2 relaxation time of greater than 10 ms are macropores. By comparing the
areas enclosed by T2-signal amplitudes before and after imbibition, we can calculate the
recovery degree. The results show that the absolute movability efficiency of micropores
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was 12.1%, the movability efficiency of medium and large pores for crude oil was 27.5%,
and the final movability efficiency of the sample was about 16.8%. The main source of oil
drainage was the matrix micropores, but the movability of crude oil of large pores was
stronger, and the relative oil drainage efficiency was higher. Based on the relationship
between imbibition time and crude oil movability efficiency, it was found that the early
movability efficiency of bedding fractures was high, while the later movability effect of
bedding fractures was not significant.

3.4. Characteristics of Overpressure Imbibition/Underpressure Imbibition on the Movability of
Different Pore Fluid

Under experimental conditions consisting of a pore pressure of 34 MPa (simulated
formation pressure) and a temperature of 90 °C (simulated formation temperature), the
environmental pressure for soaking the core in deuterium oxide was 40 MPa (simulated
fracture pressure after fracturing). The experimental results show the movability of oil
stored in the cores at different imbibition times and the degree of oil recovery at different
imbibition times through the T2 spectrum of overpressure imbibition (Figure 8a) The
oil-bearing pores of the cores were nanopores, and the content of bedding fractures was
relatively small.
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Figure 8. Fluid movability and recovery degree with overpressure imbibition. (a) Shale core over-
pressure imbibition. (b) Recovery degree.

After 12 h of imbibition, a significant decrease in the signal intensity of the T2 spectrum
was observed, corresponding to a recovery degree of 13.2%. From 10 h to 24 h of imbibition,
a slow decrease in the signal intensity of the T2 spectrum was observed, and the upward
trend of the recovery degree curve was relatively slow. When the imbibition time reached
24 h, core imbibition and oil recovery began to slow down, and the recovery curve gradually
became flat. At that time, the recovery degree was 27.7%, and the recovery curve stabilized
until an imbibition and oil recovery time of 50 h. The final imbibition and oil recovery
degree was 27.9%. And by comparing the results of spontaneous imbibition experiments,
it was found that the duration of overpressure imbibition was much longer than that
of spontaneous imbibition. During the spontaneous imbibition process, the capillary
pressure in the water-wet pores points towards the interior of the core. Under this capillary
force, water can be spontaneously imbibed into the shale core. However, during the
overpressure imbibition process, taking the same water-wet pores as an example, capillary
force still points towards the interior of the core, while there is a pressure-difference-driven
force outside the core, and the direction of the pressure difference also points towards
the interior of the core. Therefore, there are two forces (capillary force and pressure-
difference-driven force) at the pore interface, with the same direction, which promote
the rapid contraction of crude oil inside the core, making it easier for water to enter the
core. Therefore, we believe that in the process of overpressure imbibition, the pressure-
difference-driven force and capillary force have a synergistic effect. However, the dominant
contributor to this synergistic effect changes under different conditions. Studies have
shown that when pressurized infiltration occurs in sandstone with high permeability, the
pressure-difference-driven effect is significant, while the capillary force is small, so the



Processes 2023, 11, 3365 10 of 11

pressure difference-driven effect dominates; by contrast, in shale cores with extremely low
permeability, capillary force dominates, while pressure-difference-driven force is relatively
small, and there is an optimal range of action [14].

In reservoir formations, there is pore pressure in the matrix pores, and the efficiency of
underpressure imbibition is much lower than that of spontaneous imbibition. The movabil-
ity efficiency of underpressured crude oil is only about 1/10 of that of overpressured crude
oil (Figure 9). The decrease in movability efficiency is mainly due to the cancellation of
capillary force by the pressure in the matrix pores, making it difficult for deuterium oxide
to exchange crude oil.
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Figure 9. Underpressure imbibition fluid movability and recovery degree.

Based on the above tests, oil displacement efficiency under centrifugal pressure is
significantly lower than crude oil movability efficiency under imbibition, and it can be
clearly observed that the formation energy has a significant impact on the oil and water
replacement efficiency during the soaking process. The main flow medium of the Gulong
shale core is oil-wet to strongly oil-wet bedding fracture, which restricts the imbibition
effect. Therefore, after fracturing, the pressure in the fracture media should be significantly
greater than the formation pressure, promoting the effective entry of the bedding fracture
fluid into the reservoir and the replacement of the crude oil.

4. Conclusions

This study used a combination of multiple experimental methods to compare and
analyze the movability of matrix pore fluids during the processes of soaking and backflow in
shale oil reservoirs after fracturing. The impacts of fracturing pressure at different backflow
stages on fluid movability were fully considered. The movability of fluids based on nuclear
magnetic resonance was quantitatively analyzed, clarifying the main contribution of the
wettability of bedding fractures to fluid flow capacity.

(1) During the backflow stage, the matrix pore fluid is difficult to unlock under differential
pressure drive, and under the action of high-speed centrifugal differential pressure, up
to 18.1% of the fluid can be utilized; the main contribution is provided by microscale
pores. The utilization of nanoscale pore fluids is almost impossible.

(2) The mixed wetting of porous and fractured dual media indicated that fluid imbibition
has different effects in different media. The experimental results indicated that the
fractured media are oil-wet, while the porous media show neutral wetting. This is
unfavorable for flow of shale cores with the main flow channels of foliated fractures
but beneficial to the flow of crude oil that mainly exists in pores.

(3) The fracturing pressure is crucial for the imbibition effect of matrix pores. When
the fracture pressure is higher than matrix pore pressure, the imbibition efficiency
is 27.9%; spontaneous imbibition efficiency when relying solely on capillary force is
poor, at 16.8%; when the fracture pressure is lower than the matrix pore pressure, the
imbibition efficiency is the lowest, at 1.3%.

(4) During the process of shut-in well backflow, it is necessary to ensure that the fracturing
pressure is sufficiently higher than the pore pressure, which not only maintains
the fracture morphology but also efficiently utilizes the imbibition effect to drive a
continuous oil/water displacement.
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