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“Fracturing network+imbibition oil production” is a new attempt to effectively develop low-permeability tight reservoirs.
Fracturing fluid is not only a carrier for sand carrying but also a tool in the process of imbibition. On the basis of imbibition
experiments, combined with nuclear magnetic resonance and pseudo-color processing technology, this paper clarified the
dominant forces of different types of pore-throat and quantitatively characterized the contribution of different levels of pore-
throat to imbibition oil recovery. The results show that gravity is the main controlling force of imbibition for reservoirs with
higher permeability. Fluid replacement mainly occurs in the early period of imbibition. Macropores contribute most of the
imbibition recovery, mesopores have a weak contribution, and the contribution of micropores and pinholes can be ignored.
For the reservoirs with low permeability, capillary force is the main controlling force of imbibition. Fluid replacement mainly
occurs in the later period of imbibition. Macropores contribute most of the imbibition recovery rate, mesopores contribute a
small part of the imbibition recovery factor, and the contribution of micropores and pinholes can be ignored. This paper
clarified that macropores and mesopores are the main sources of the contribution of imbibition recovery efficiency, and oil

content and connectivity are key factors for the imbibition recovery efficiency.

1. Introduction

The development potential of low-permeability tight oil res-
ervoirs is huge [1, 2], and imbibition oil recovery has become
the most effective method for enhancing oil recovery for this
type of oil reservoirs [3, 4]. Its principle is to use capillary
force as the main displacement power to enhance the oil-
water replacement capacity between fractures and rock
matrix [5, 6]. It can finally achieve the purpose of increasing
the degree of crude oil production in the matrix (7, 8]. It is
significant to clarify the main controlling factors of different
levels of pore-throat and analyze the imbibition characteris-
tics of different types of pore-throat for improving the pro-
ductivity of a single well [9-11].

At present, there are many scholars who study the law of
imbibition oil production based on nuclear magnetic reso-
nance technology: Mason et al. [12-14] compared the imbi-

bition characteristics of rocks under the different boundary
conditions. The results show that the imbibition rate of
rocks increases with the increase in the total surface area
and the recovery increases with the increase in the rock
shape factor. Bertoncello et al. took advantage of nuclear
magnetic resonance technology to study the influence fac-
tors on imbibition [15, 16]. The results show that the greater
the permeability and the longer the shut-in time, the higher
the imbibition replacement efficiency; the higher the initial
water saturation and the longer the imbibition equilibrium
time, the lower the imbibition replacement efficiency; and
the higher the permeability and injection ratio, the longer
the imbibition distance [17-19]. Chen et al. evaluated the
influence physical parameters on the dynamic imbibition
efficiency [20, 21]. The results show that the average pore
radius, permeability, porosity, average pore-throat ratio,
medium diameter, average roar radius, and specific surface
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TaBLE 1: The physical parameters of cores.

Core number Porosity (%)

The gas measurement permeability (10 um?)

Length (cm) Diameter (cm) Dry weight (g)

1 19.57
2 2.78

14.140
0.059

3.95 2.50
4.00 2.50

39.232
49.745

area are the main factors that affect the dynamic imbibition
efficiency, and the degree of influence of those on the imbi-
bition efficiency is gradually poor. The degree of influence of
the sorting coeflicient on the imbibition efficiency is rela-
tively small [22, 23]. Liu et al. [24] conducted experiments
on the imbibition characteristics of tight sandstone reser-
voirs through nuclear magnetic resonance and mercury
intrusion porosity testing, which studied the pore-throat
limit of imbibition, examined the relationship between pore
throat and reservoir parameters, and proposed the imbibi-
tion mechanism of tight sandstone reservoirs. Oort et al.
made a profound study on oil-water displacement under
the action of osmotic pressure and capillary force in shale
reservoirs [25, 26] and obtained the displacement character-
istics of pore fluid in the process of imbibition [27, 28].
However, most of the above studies are on the mechanism
and influencing factors of imbibition. It is basically a qualita-
tive analysis, without clarifying the main control force of dif-
ferent types of pore-throat and without quantifying the
contribution of different types of pore-throat to imbibition
oil recovery. The innovations of this paper are as follows:
based on the imbibition experiment of cores, combined with
the technology of nuclear magnetic resonance and pseudo-
color processing, this paper is aimed at achieving the pur-
pose of clarifying the main controlling force of different
types of pore-throat and quantitatively characterizing the
contribution of different types of pore-throat to imbibition
oil recovery.

2. Core Characteristics

In order to study the characteristics of different types of
pores and throats, two cores with relatively different physical
parameters were selected for experimental research. As
shown in Table 1, the gas measurement permeability of core
1 is 14.140 x 10> um? and the porosity of core 1 is 19.57%,
which belongs to the low-porosity and low-permeability
core. And core 2 has a gas measurement permeability of
0.059 x 1073 um? and a porosity of 2.78%, which belongs
to the ultra-low-porosity and tight core.

Figure 1 shows the test results of core 1 and core 2 cast-
ing thin slices and scanning electron microscopy. Through
the analysis, we can get the conclusion as follows: core 1 is
mainly composed of siliceous self-formed filling pores, and
the metasomatism of silty crystal dolomite is obvious. It
mainly replaces volcanic rock debris. The feldspar and volca-
nic debris dissolve significantly. Kaolinite fills the pores with
a small amount of metasomatic debris. Tuffaceous hydration
is positive, and it exhibits wavy extinction characteristics
under cross-lighting. The eruptive rock of core 1 accounts
for 47%, and the total aperture ratio of core 1 is 7.0%. The
pores are mainly intercrystalline pores and intergranular

pores. The sorting is good. The pore type is mainly inter-
granular residual pores. The diagenesis authigenic minerals
are composed of clay minerals such as kaolinite and are
mostly produced in the form of pore filling; core 2 is mainly
quartz schist and metamorphic quartzite cuttings. Its main
componet is iron calcite with a small amount of illite filling
pores. The features of core 2 are poor pore development
and poor sorting. Schist of core 2 accounts for 60%, and total
porosity of it is 1.2%. The main types are residual pores and
fissures between grains. The diagenetic authigenic minerals
are composed of clay minerals such as imon mixed layer
and illite and are produced in the form of pore filling and
cushioning.

Figure 2 is a bar chart of the pore-throat distribution of
the two cores. It can be seen that the peak of the pore-
throat size distribution of core 1 is 2.5~6.3 ym. Pore-throat
size less than 0.1 um accounts for 17.96%, the pore size of
0.1~1.0 yum accounts for 25.77%, and the proportion of the
pore size more than 1.0 ym is 56.27%. The quality of core
2 is poor, most of the pore-throat size is less than 0.1 ym,
and the proportion of pore-throat in this part is as high as
66.37%.

3. Experimental Process

This paper is based on the core imbibition experiments,
combined with the technology of the nuclear magnetic reso-
nance (MesoMR23-60H-I medium-size nuclear magnetic
resonance spectrometer) and pseudo-color processing to
study the imbibition characteristics of different types of
pore-throat. The experimental process is as follows:

(1) Cut core 1 and core 2 into small cores with a length
of about 4.00cm and a diameter of 2.50 cm; then,
clean them simply and maintain the original
wettability

(2) Place the core in the displacement device and pres-
surize it to displace saturated distilled water until it
is fully saturated; then, let it stand for a period of
time; perform the first NMR scan with a nuclear
magnetic resonance instrument on the core, and
record the core signal when it is fully saturated with
distilled water

(3) Use fluorine oil to reversely drive the saturated core
until no distilled water is produced. The fluorine oil
used meets the condition of no nuclear magnetic sig-
nal. Let it stand for a period of time to ensure that
the core fluid is fully balanced under the action of
capillary force. Then, perform the second NMR scan
with an MRI machine on the core to record the core
signal after reverse saturation of fluorine oil
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(a) Casting thin section of the core (intergranular pores and dissolved pores)
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(e) Scanning electron microscope of core 2 (intergranular residual pores)

FIGURE 1: Cast thin section and scanning electron microscope.
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FIGURE 2: The pore-throat distribution of the core.
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(f) Scanning electron microscope of core 2 (intergranular flake illite)
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FIGURE 3: Self-imbibition experimental device.



(a) Saturated fluorine oil

(c) Imbibition for 5 days

FIGURE 4: Pseudo-color image of core 1 (red is the water phase signal).
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FIGURE 5: NMR T2 spectrum curve of core 1.

(4) The core self-imbibition experiment system is con-
structed as shown in Figure 3. The core saturated
with fluorine oil was suspended vertically in the dis-
tilled water imbibition liquid, and the core is taken
out after the imbibition for 3 days, 5 days, and 7
days. Then, the core was subjected to resonance
scanning, and core signals are recorded at different
time points of imbibition

(5) Process and analyze nuclear magnetic resonance
data and pseudo-color visualization images

4. Result Analysis

4.1. Core 1. Figure 4 shows the pseudo-color images gener-
ated by scanning of core 1 after being saturated with fluorine
oil for 3 days of imbibition, 5 days of imbibition, and 7 days
of imbibition. The red area is the area with a strong nuclear
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FIGURE 6: Variation curve of water cut of different types of pore-
throat in core 1 with imbibition time.

magnetic signal. It can be seen from the evolution of the
pseudo-color pictures that as the imbibition time increases,
the red area gradually spreads, which indicates that during
the process of imbibition, the core and the distilled water
in the beaker have a significant fluid replacement. Because
the core is placed vertically, the left end of the picture is
the upper end of the vertical core. It is not difficult to see that
the red area spreads from top to bottom along the core axis,
indicating that for core 1, the gravity effect is the most obvi-
ous during the self-imbibition process.

Figure 5 shows the corresponding NMR T2 spectrum
curve of core 1 saturated with fluorine oil for 3 days of imbi-
bition, 5 days of imbibition, and 7 days of imbibition. From
the comparison of the curve differences, it is not difficult to
see that the fluid imbibition displacement of core 1 mainly
occurs in pore-throat of 0.25~20 ym, and fluid replacement
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(a) Saturated fluorine oil

(c) Imbibition for 5 days

(d) Imbibition for 7 days

FIGURE 7: Pseudo-color image of core 2 (bright color is the water phase signal).
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FIGURE 8: NMR T2 spectrum curve of core 2.

of pore throats of 1.6~10um is the most significant. The
phenomenon is more obvious in the first 3 days of imbibi-
tion replacement, and the efficiency of imbibition replace-
ment is relatively weakened in the next 4 days.

In order to quantitatively characterize the contribution
of different types of pore-throat to imbibition oil recovery,
the core pore throats are subdivided into four types, including
micropores (pore diameter < 0.025 ym), pinhole (pore diame-
ter: 0.025~0.1 ym), mesopores (pore diameter: 0.1~1 ym), and
macropores (pore diameter > 1 ym). Figure 6 shows the
change curve of water cut of different types of pore-throat of
core 1 with time. Statistics show that the total water cut of core
1 increased from 15.31% to 38.37%, and the 168-hour imbibi-
tion recovery rate of the core was 23.06%. The macroporous
water cut increased from the initial 9.63% to 32.29%, which
contributed 98.26% of the total oil production by imbibition;
the water cut of mesopores increased from the initial 5.35%

to 5.75%, which contributed 1.73% of the total oil production
by imbibition; the contribution of micropores and pinholes
was negligible.

4.2. Core 2. Figure 7 shows the pseudo-color images gener-
ated by scanning of core 2 after being saturated with fluorine
oil for 3 days of imbibition, 5 days of imbibition, and 7 days
of imbibition. It can be seen that with the increase in the
imbibition time, the bright-colored area diffuses irregularly.
Compared with the axial direction of the core, the lateral
movement of the fluid is more obvious, which indicates that
the capillary force plays a major role in core 2.

Figure 8 shows the corresponding NMR T2 spectrum
curve of core 2 saturated with fluorine oil for 3 days of imbi-
bition, 5 days of imbibition, and 7 days of imbibition. From
the comparison of the curves, it is not difficult to see that there
are mainly two intervals of pore-throat for the fluid imbibition
displacement of core 2, namely, 0.001~0.017 ym interval and
0.08~2.5 um interval. The fluid replacement in 0.08~2.5 yum
pore-throat is relatively obvious. What is more, the imbibi-
tion replacement is overall stable; the fluid replacement phe-
nomenon is more obvious in the later 2 days. In the first 5
days, the efficiency of imbibition replacement was relatively
weakened, indicating that the time of imbibition replacement
in cores with poor pore throats was relatively slower.

Figure 9 shows the change curve of water cut of different
types of pore-throat of core 2 over time. Statistics show that
the total water cut of core 2 increased from 40.42% to
49.33%, and the 168-hour imbibition recovery rate of core
2 was 8.91%. The macroporous water cut increased from
the initial 27.81% to 33.63%, contributing 65.35% of the total
imbibition oil production; the mesoporous water cut
increased from the initial 10.29% to 13.29%, contributing
33.67% of the total imbibition oil production. The contribu-
tion of micropores and pinholes are both around 0.5%, and
mesopores have been assumed to have more contribution.
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5. Conclusions

(1) For reservoirs with high permeability, gravity is the
main controlling force in the process of imbibition.
The fluid replacement mainly occurs in the early
period of imbibition, and the effect is relatively
weak in the later period. Macropores (pore diameter
> 1 yum) contribute most of the imbibition, and meso-
pores (pore diameter: 0.1~1 ym) have a weak contri-
bution. The contribution of micropores and pinholes
can be ignored

(2) For reservoirs with low permeability, capillary force
is the main controlling force in the process of imbibi-
tion. The fluid replacement mainly occurs in the later
period of imbibition. Early fluid replacement is rela-
tively weak. Macropores (pore diameter > 1 ym) con-
tribute most of the imbibition, and mesopores (pore
diameter: 0.1~1 ym) contribute a small part of the
imbibition. The contribution of micropores and pin-
holes can be ignored

(3) Regardless of whether the main controlling force is
gravity or capillary force, macropores (pore diameter
>1pm) and mesopores (pore diameter 0.1~1pm)
are the main sources of contribution to imbibition
recovery, indicating that oil content and connectiv-
ity are two crucial factors that affect imbibition
recovery

Data Availability

It will be available based on request.
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