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With high water cuts and high permeability reservoirs entering the middle and late stage, many old oil fields
in China are facing the dilemma of oil and gas resource exhaustion, while low-permeability reservoir
resources remain very rich. As an oil recovery technology, imbibition displacement plays an important
role in the exploitation of low-permeability reservoirs and prolongs the production cycle of old oil fields.
Based on the imbibition kinetic equation, the mechanism and process of oil displacement in imbibition
recovery are explained in this paper. Based on the characteristics of small particle size and high activity,
the influence of temperature, viscosity, permeability, and salinity on the degree of imbibition recovery
was studied. The results show that the imbibition production of low-permeability reservoirs mainly
depends on capillary force, which firstly drains oil from small pores to large pores, and then drains it by
buoyancy. Using nanofluids for imbibition oil recovery, a higher recovery effect of up to 45.59% can be
achieved. The change in different external conditions will affect the imbibition recovery effect. The
imbibition recovery efficiency increases with the increase in temperature, decreases with the increase in
oil viscosity, and increases with the increase in core permeability. The increase in salinity has an inhibiting
effect on the imbibition recovery efficiency. Based on the multivariate analysis of variance, the change in
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1. Leading edge

As a non-renewable resource, oil plays an irreplaceable role in
China's economy." With deepening petroleum exploration and
development, due to the limited distribution of conventional oil
and gas fields in China, the proportion of exploration and
development of low-permeability reservoir resources is
increasing. In recent years, the newly discovered reserves of
ultra-low-permeability reservoirs have been known to be espe-
cially rich. For example, the proved reserves of the ultra-low-
permeability reservoir in the Changqing Oilfield of PetroChina
account for 70% of the proven reserves of Changqing Oilfield,
and the proved ultra-low-permeability reservoir of a Sinopec is
mainly distributed in Zhangjiaduo and Ordos areas.”> The
exploitation of a tight low-permeability reservoir mainly aims to
transfer the crude oil in the matrix from small pores to large
fractures and then flow from the fractures to the well. However,
due to the low permeability of the matrix, the complexity of the
pore throat, and the small pore radius, conventional oil recovery
methods cannot meet the requirements. Meanwhile, due to the
huge difference in seepage capacity between the matrix and the
fracture, traditional water (gas) flooding is prone to cross-flow.
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has the least influence on the degree of imbibition recovery.

The sweep efficiency is reduced, and it is difficult to extract
oil.>* Therefore, finding and optimizing new technologies and
methods suitable for the development of low-permeability tight
reservoirs has become an important direction for current
research.

Imbibition oil recovery is an important oil recovery tech-
nology that plays a significant role in the development of low-
permeability tight reservoirs.> Imbibition oil recovery occurs
mainly through the introduction of wetting phase fluid in the
matrix. The molecular radius of the fluid must be very small,
such as that of nanofluids, to displace the non-wetting phase in
it. The wetting phase fluid introduced can not only improve the
fluidity and wettability of the crude oil in the pore fractures, but
also reduce the interfacial tension of oil and water. This strips
the oil droplets off the rock and improves the recovery effi-
ciency. Many scholars across the globe have studied imbibition
methods. For example, Zhang and Ge® studied the influence of
contact angle and water absorption rate on the imbibition in
shale. Jadhunandan and Morrow’ compared shale cores from
different beds and found that the core with a higher oil-wetting
angle has a stronger imbibition displacement ability. Li et al.®
studied the law of influence of water saturation, oil-water
interfacial tension, wettability, and other factors on imbibition
production efficiency through spontaneous imbibition experi-
ments. Through numerical analysis, the dynamic equation of
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imbibition was derived to explore the mechanism of imbibition
oil recovery in a low permeability reservoir. In addition,
molybdenum disulfide (MoS,) was selected as the matrix to
synthesize a nanomaterial with small particle size and double-
sided activity that was higher than that of the conventional
spherical, single-sided nanomaterials. An imbibition oil
recovery experiment was carried out in a low-permeability
reservoir. Based on the analysis of multiple factors of vari-
ance, the law of the change in imbibition oil recovery under
different external conditions was explored. It provided data
support and a theoretical basis for the subsequent field appli-
cation of low-permeability tight reservoirs.

2. Study of the imbibition mechanism

2.1 Imbibition mechanism

Imbibition refers to the process in which the liquid in the
wetting phase displaces the liquid of the non-wetting phase by
relying on the pressure difference of the two contact surfaces in
the absence of the external pressure difference of the porous
medium.’

The pores of the rock blocks in the formation are simulated
by capillary tubes. If there is only a two-phase fluid of oil and
water in the capillary tubes, a curved interface will be generated
between the oil and water. As most rocks in underground
reservoirs are hydrophilic but very few of them are oil-wet, the
curvature of the oil-water interface is dictated by the different
wettability of rocks to oil and water.'®'* Water is the wetting
phase, oil is the non-wetting phase, the oil-water interface will
be concave to the oil phase side or convex to the water phase
side, and the pressure on the oil phase side is higher than that
on the water phase side, that is, the higher part is just balanced
by the capillary pressure to ensure that the oil-water interface
remains static. The capillary pressure is directed toward the
non-wetting phase,"”” and the mechanical conditions of oil-
water interface equilibrium are shown in eqn (1).

Po — Pw = Pc, (1)

where p, is the oil phase side pressure; p,, is the water phase
side pressure, and p, is the capillary pressure (Fig. 1).

2.2 Capillary force

Capillary force is a non-negligible force involved in the imbi-
bition process, which is generated by the additional pressure
caused by the difference between the liquid levels of the two
phases.” The relationship between the additional pressure,
interfacial tension, and radius of the curvature can be

Fig. 1 Distribution of oil and water in the capillary tubes.
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Table 1 Data table of capillary pressure variation with capillary radius

Capillary radius (x10~° m) Capillary pressure (MPa)

20 0.05

30 0.033333333
40 0.025

50 0.02

60 0.016666667
80 0.0125

100 0.01

120 0.008333333
140 0.007142857
160 0.00625

180 0.005555556
200 0.005

220 0.004545455
240 0.004166667
260 0.003846154
280 0.003571429
300 0.003333333
320 0.003125
340 0.002941176
360 0.002777778
380 0.002631579
400 0.0025

420 0.002380952
440 0.002272727
460 0.002173913
480 0.002083333
500 0.002

determined from the Young-Laplace equation. The equation for
the capillary pressure can be obtained as follows:

_ 20cosd

pe=—17 (2)

r

where p. is the capillary force, MPa; ¢ is the oil-water interfacial
tension, mN m™"%; r is the capillary force radius, m; ¢ is the
contact angle, °.

It can be seen from the above eqn (2) that the capillary force
is inversely proportional to the pore radius. Low-permeability
tight reservoirs have a small pore radius. Under the same
wetting phase and interfacial tension, the capillary force in tight
reservoirs has a stronger effect and can be several times that of
atmospheric pressure.**** For example, at the pore scale of
a low-permeability tight reservoir, assuming that the oil-water
interfacial tension is 0.5 mN m ™" and the capillary force radius
is 20 nm, the capillary force can reach 0.05 MPa when
substituted into eqn (2). Similarly, when the capillary radius is
500 nm, the capillary force can reach 0.002 MPa, as shown in
Table 1 below. The capillary force plays an important role in the
whole imbibition oil recovery process and cannot be ignored
(Fig. 2).

In imbibition-based oil production in low-permeability tight
reservoirs, under the rock formation, oil is mainly driven from
small pores to large pores through capillary forces. At this time,
the upper and lower ends of the large pores are in contact with
water, and the capillary forces at both ends are equal in
magnitude but opposite in direction, canceling each other and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Relationship between capillary radius and capillary pressure.

preventing the movement of oil. Oil moves upward under the
action of buoyancy and eventually flows to the oil well,'**® as
illustrated in Fig. 3 below. In actual imbibition oil production,
the pre-imbibition process does not occur, because rock blocks
cannot be 100% saturated with oil; there is little or no oil in
small pores, but bound water exists and thus, most of the oil is
in large pores, and the post-imbibition process becomes the
initial state of imbibition."***

2.3 Imbibition stage division

During the whole process of imbibition in low-permeability
tight oil reservoirs, four forces are experienced: inertia,
gravity, viscous force, and capillary force. The imbibition
process can be divided into the early stage and the late stage by
dividing the time before and after the imbibition process.**

@ Early stage: at this stage, the wetting phase fluid has just
entered the capillary, and the viscous force is small. At this time,
the wetting phase fluid flows under the action of the capillary
force and inertia.”* With the gradual deepening of the wetting
phase fluid in the matrix pores, the capillary force increases,
while the viscous force produced by the contact between the
fluid and the pore wall also increases gradually, and the inertial
force weakens. At this time, the wetting phase fluid flows under
the combined action of the capillary force and the viscous
force.” These two flow states are collectively referred to as the
early stage.

Fig. 3 Schematic diagram of the imbibition oil recovery process.
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®@ Late stage: during this stage, the imbibition height
increases. The action of gravity on the wetting phase fluid itself
cannot be ignored, whose influence can exceed the viscous
force. The wetting phase fluid flows under the combined action
of viscous force, gravity, and capillary force.” When the gravity
and capillary force generated by the imbibition height reach the
equilibrium height of hydrostatic pressure, the liquid level
fluctuates up and down at the hydrostatic height %, and finally,
reaches the state of static equilibrium.* These two flow states
are collectively referred to as the late stage.

2.4 Imbibition dynamic equation

In the imbibition process, the capillary force can be either the
driving force or the resistance. When the wetting phase is used
to displace the non-wetting phase, the capillary force is the
driving force, which constitutes the imbibition process. When
the non-wetting phase is used to displace the wetting phase, the
capillary force is the resistance, constituting the displacement
process.”® In this paper, only the process of capillary force as the
driving force has been explored, i.e., the imbibition process.
Assuming that a single capillary structure is shown in Fig. 4, the
wetting phase fluid will be subjected to four forces during the
imbibition process, including the capillary force, inertial force,
viscous resistance, and its own gravity. The analysis of these
forces is as follows.

According to the Young-Laplace equation, the capillary
driving force F, that is generated in a hydrophilic capillary with
radius r can be expressed as follows:

F. = mr’p. = 2mra cos f (3)

Fig. 4 Vertical capillary imbibition model.

Water

oil

Fluid flow direction
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According to Newton's law of internal friction, the shear
friction generated by the fluid on the capillary wall is:

T= :u'av (4)

where 7 is the frictional shear force; v is the imbibition velocity;
u is the proportional coefficient of fluid viscosity; and r is the
capillary radius.

According to Hagen-Poiseuille's law, when a fluid moves in
a horizontal tube, the imbibition velocity is:

? Ap

V= @77 (5)

where v is the imbibition velocity; u is the proportional coeffi-
cient of fluid viscosity; Ap is the pressure difference (Ap =
Apwogh); I is the imbibition height; and Apy, is the difference in
oil-water phase density.

Substituting (5) into formula (4), the frictional shear force of

rApwog
4

the tube wall came out to be t = . Therefore, the viscous

resistance of the tube wall fluid is:

Apyogmr?

F, =2nrht = > (6)

The gravity of the fluid itself is expressed as follows:
Fy = mg = mr’hpg (7)

Imbibition of oil production by incompressible fluid in
capillaries satisfies Newton's second law: > F = ma, so the
imbibition kinetic equation is:

F,— F,— Fy=ma (8)
where m = pmrh, the above formula (2), (3), (6), and (7) into the
formula (8), sorting can be obtained

Apy, d,
Puof — ph ©)

P, — pgh—
pg ) d

In eqn (9), from left to right, there is capillary force, gravity,
viscous resistance, and inertial force, where the capillary force is
the imbibition force, and gravity and viscous force are the
imbibition resistance.

We can see from eqn (5) and (9) that the imbibition rate is
related to fluid viscosity and pore radius in the imbibition
process. The effect of imbibition power is related to the differ-
ence in oil-water density. The smaller the radius, the larger the
viscosity, the smaller the flow speed, and the longer the imbi-
bition time. The greater the difference between oil and water
density, the greater the viscous resistance, the lower the overall
imbibition force, and the lower the imbibition recovery effect.

In practice, the imbibition recovery process of a low-
permeability tight reservoir can be regarded as a collection of
the above several capillary single-tube imbibition effects.
According to the imbibition dynamic equation, the capillary
force is the essential dynamic force behind imbibition, and the
changes in other parameters in the equation affect the
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imbibition process. In the actual oil recovery process, external
forces can often be used to improve the imbibition recovery
efficiency. There are many methods to increase the imbibition
recovery efficiency, such as water injection (gas) to increase the
two-phase pressure difference or reduce the viscosity to improve
the recovery efficiency.”” At the same time, there are many
factors affecting the imbibition recovery efficiency. No matter
how it is changed, the recovery efficiency is affected by changing
some parameter factor in the imbibition dynamic equation. The
main controlling factors affecting imbibition recovery are dis-
cussed in four ways.

3. Research on the main factors
controlling imbibition oil recovery

It can be seen from the imbibition kinetic equation that the
change in any of the influencing factors will certainly impact
imbibition, such as temperature change, molecular movement
intensification, altered flow rate, changed viscosity and
permeability, increase in pore radius, and altered capillary
force. Changes in salinity and fluid concentration affect the
efficiency of oil washing.”® In a word, imbibition recovery effi-
ciency is comprehensively affected by the reservoir, environ-
mental conditions, operating parameters, and other factors.>
The following is a detailed discussion and study of these four
aspects, including temperature, crude oil viscosity, perme-
ability, and salinity. The factor with the greatest weight as an
influencing factor is analyzed to provide certain theoretical
guidance to subsequent research on other influencing factors in
imbibition experiments.

3.1 Experimental materials

3.1.1 Experimental reagents. Nanofluids: self-made (the
experiment utilized 0.05% nano black card material, 2% stabi-
lizer, and 2% curing agent, mixed with deionized water to
prepare the nanofluid. First 2% stabilizer and 2% curing agent
were mixed and stirred by the magnetic agitator until the
solution was mixed evenly. After the addition of 0.05% nano
black card material, the mixture was stirred again until it was
completely mixed). Deionized water, Chengdu Synanxingye
Chemical Co., LTD; sodium chloride (analytical pure), Aladdin
Biochemical Technology Co., LTD; calcium chloride (analytical
pure), Aladdin Biochemical Technology Co., LTD; Kerosene,
Ankfrei Fluid Technology Co., LTD; crude oil, Xi'an Petroleum
Big Oil and Gas Technology Co., LTD

3.1.2 Experimental instruments. Imbibition bottle:
customized, Lubei Glass Factory, Hubei County; HJ-2 Multi-
head magnetic stirrer, Shanghai Fangrui Instrument Co., LTD;
2XZ type electrode rotary vane vacuum pump, Dongguan Bolide
Instrument Equipment Co., LTD; 2PB type advection pump,
Beijing Star Technology Development Co., LTD; 101 types
electric blast drying oven, Beijing Kewei Yongxing Instrument
Co., LTD; DQT-2 high-pressure micro displacement device,
Nantong Tenghua Petroleum Technology Co., LTD; BSA124S
electronic balance, Wuxi Ling'en Electromechanical Equipment
Co., LTD; vernier caliper; glass rod, beaker: several.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Core Core 0Oil quality Oil after Pore Void Permeability/10 >
Number length/cm diameter/cm before saturation/g saturation quality/g volume/cm® ratio/% pm?
1# 5 2.5 57.38 59.90 2.74 11.17 2.5
24 5 2.5 57.90 60.12 2.41 9.82 2.5
3# 5 2.5 56.59 59.16 2.79 11.37 2.5
4t 5 2.5 57.14 59.78 2.87 11.70 2.5
5# 5 2.5 57.24 59.80 2.78 11.33 2.5
61 5 2.5 58.79 61.41 2.85 11.62 2.5
7# 5 2.5 58.71 61.69 3.24 13.21 2.5
8t 5 2.5 58.57 61.69 3.39 13.82 2.5
oft 5 2.5 58.35 61.36 3.27 13.33 2.5
10# 5 2.5 58.70 61.41 2.95 12.03 2.5
114# 5 2.5 58.52 61.54 3.28 13.37 0.5
12# 5 2.5 58.58 61.60 3.28 13.37 1.0
13# 5 2.5 58.45 61.45 3.26 13.29 2.50
14# 5 2.5 58.81 61.61 3.04 12.39 10.0
15# 5 2.5 58.25 61.28 3.29 13.41 25.0
1e# 5 2.5 58.52 61.54 3.28 13.37 2.5
17# 5 2.5 58.58 61.60 3.28 13.37 2.5
18# 5 2.5 58.45 61.45 3.26 13.29 2.5
19# 5 2.5 58.81 61.61 3.04 12.39 2.5
20# 5 2.5 58.72 61.69 3.23 13.17 2.5

3.1.3 Experimental core. This study dealt with natural
outcrop sandstone. The lithology was silt-fine sandstone, and
its composition is lithic feldspar sandstone. The sandstone
particles are closely arranged, and the pores are mainly inter-
granular and dissolution pores. The reservoir has good physical
properties and strong hydrophilicity (Table 2).

3.2 Experimental methods

The Amott imbibition bottle method was used to carry out the
core imbibition oil recovery experiment, as shown in Fig. 5.
Imbibition experiments were carried out under different

40.0

/ 6

J10

2 ]
420
1

5
4
3

a.Amott imbibition bottle legend

conditions to observe and record the volume of crude oil dis-
charged through imbibition in the imbibition bottle at different
times. The imbibition recovery rate was calculated at different
times, and then the weight of each influencing factor was
determined based on a multivariate analysis of variance.
Specific experimental steps of imbibition oil recovery were as
follows: @ the core was pretreated and dried, and its length,
diameter, and dry weight were recorded.* @ The saturated oil
was vacuumed, and the saturated oil amount was calculated
and denoted as V. ® The core saturated with crude oil was
placed into the imbibition bottle, and nanofluid was added to

b.Physical picture of Amott imbibition bottle

1. Lower part of imbibition bottle 2. Upper part of imbibition bottle 3. Interface 4. Core triangle support S. Core
6. Capillary scale

Fig. 5 Amott imbibition bottle method.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the imbibition bottle above the 0 scale line. @ After tying the
hose of the imbibition bottle with a rubber band, it was placed
in the oven at a preset temperature, and the output of imbibi-
tion was recorded at regular intervals.** ® After one week, the
imbibition bottle was removed and the final imbibition recovery
was recorded as V;. ® Data were sorted out and the imbibition
recovery rate was calculated by eqn (10).

1%
I, = 71 x 100%,

(10)
where I,, represents the imbibition recovery rate, %; V,; repre-
sents imbibition production fluid volume, mL; V stands for core
saturated oil, mL.

3.3 Results and discussion

3.3.1 Imbibition harvest effect at different temperatures.
The experimental conditions are as follows: Cores 1# to 5# were
selected in the experiment, and the completed inverted nano-
fluid imbibition bottles were placed on the 0 scale line in
a constant temperature equipment at 40 °C, 60 °C, 70 °C, 80 °C,
and 90 °C, respectively. The experiment was managed according
to the method described in Section 2.2; the imbibition recovery
was observed and recorded, and the experimental results were
obtained as shown in Fig. 6 below.

As shown in Fig. 6, when the temperature is 40 °C, the
imbibition recovery rate reaches 24.8%. When the temperature
rises to 90 °C, the ultimate imbibition recovery efficiency rea-
ches 41.8%, indicating that the imbibition recovery efficiency
increases gradually with an increase in temperature. In the
initial 3 days, the imbibition rate is the fastest; in addition, the
higher the temperature, the faster the initial rate and the slower
the imbibition rate becomes. Finally, the imbibition rate
becomes stable until there is no oil precipitation. The analysis
shows that under the same core matrix condition, oil droplets in
the core pores precipitate rapidly around the surface of the
matrix at the initial stage under the action of gravity and elastic
potential energy. The higher the temperature, the faster the

45
w0}
RN
3_.‘; 35 Y
= .
o
£ 3}k
>
)
9
2 25F
=
2
-:g 20 —a—Temperature 40°C
= —e—Temperature 60°C
£ 5k —&—Temperature 70°C
o= —v—Temperature 80°C
——o—Temperature 90°C
10 L L L L L L L L J
0 20 40 60 80 100 120 140 160 180

Time /h

Fig. 6 Core imbibition recovery curve under different temperature
conditions.
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migration rate of small molecular oil droplets. Therefore, the
higher the initial temperature, the faster the initial rate.
Combined with the reference imbibition kinetic equation,
multiple parameters change with an increase in temperature.
First of all, as we all know, rock is a poor thermal conductor,
heat expands it and cold contracts it. When the temperature
changes, the internal skeleton of the core undergoes slight
deformation, resulting in a rupture and formation of a smaller
gap, that is, the pore radius decreases, the capillary pressure
increases, and the imbibition power is enhanced, improving the
imbibition effect. Secondly, with the increase in temperature,
the polymer hydrocarbons adsorbed on the surface of the oil-
wet rock are desorbed from the rock surface, leaving a large
amount of water adsorbed on the rock surface. At the same
time, the surface energy of the water-wet rock will be reduced,
the contact angle will become smaller, the rock will be wetter,
and the hydrophilicity of the rock will be enhanced, making the
crude oil in the pores easier to be extracted.*” Finally, with the
increase in temperature, the viscosity of crude oil in pores
decreases, the flow capacity increases, the molecular migration
rate of the oil droplets accelerates, and the imbibition efficiency
increases.

3.3.2 Harvest effect of imbibition under different viscosity.
The experimental conditions are as follows: Cores 6# to 104
were selected for the experiment, and the configured nanofluids
were poured into the imbibition bottle saturated with crude oil
of different viscosities (i.e., 2 mPa s, 5 mPa s, 10 mPa s, 15
mPa s, 30 mPa s). The solution was inverted on the 0 scale line
and placed in the constant temperature equipment at 60 °C.
The experiment was conducted according to the method
described in Section 2.2. The imbibition recovery was observed
and recorded, and the experimental results are shown in Fig. 7.

It can be seen from the experimental results in Fig. 7 that
when the core saturated crude oil viscosity is 2 mPa s, the
imbibition recovery rate is 35.7%. When the core saturated
crude oil viscosity is 10 mPa s, the imbibition recovery rate is
30.2%. When the viscosity of saturated crude oil is 30 mPa s, the

40 -
o 35k
=
Ly
]
E 30
>
9
2
2 2}
9
o
=
= ,
'E 2F —®—viscosity 2mPa * s
é —®—viscosity bmPa * s
= 5k —a—vyiscosity 10mPa * s
.g. —¥—viscosity 15mPa * s
—o—viscosity 30mPa * s
10 L L L L L L L L ]

0 20 40 60 80 100 120 140 160 180
Time /h

Fig. 7 Core
conditions.

imbibition recovery curve under different viscosity
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imbibition recovery rate is 24.5%, indicating that with the
increase in oil viscosity, the imbibition recovery rate decreases.
In the initial 3 days, the imbibition recovery rate is faster, and
the viscosity is lower. The faster the rate, the slower the imbi-
bition rate gradually becomes, and finally, it tends to stabilize
until there is no oil precipitation. These trends show that the
increase in viscosity of crude oil makes the removal of oil
droplets from pores more difficult, and the migration resistance
is increased. In addition, the entrance of nanofluids into the
small pores also becomes difficult, and the role of capillary force
is reduced. The effective swept area of the fluid is reduced, and
the recovery efficiency is reduced. Therefore, reservoirs with low
permeability and large viscosity are not conducive to imbibition
recovery methods, and appropriate recovery methods should be
selected.

3.3.3 Imbibition recovery effect under different perme-
ability. The experimental conditions are as follows: Cores 11# to
154 were selected in the experiment, and the configured nano-
fluids were poured into imbibition bottles containing cores with
different permeabilities, respectively. The solution was placed
above the scale line of the imbibition bottle in a constant
temperature device at 60 °C for the experiment. The experiment
was conducted according to the method described in Section
2.2. The imbibition recovery was observed and recorded, and
the experimental results were obtained as shown in Fig. 8
below.

As shown in Fig. 8, when the core permeability is 0.5 mD, the
imbibition recovery rate is 29.57%. When the core permeability
is 2.5 mD, the imbibition recovery rate is 33.74%. When the core
permeability is 25 mD, the imbibition recovery rate is 45.57%.
These trends show that the imbibition recovery rate increases
with an increase in core permeability. In the initial 3 days, the
imbibition effect is faster with a higher core permeability and
a faster imbibition rate. Later, the imbibition rate gradually
slows down, and eventually, it tends to stabilize until there is no
oil precipitation. The analysis shows that, at the beginning, oil
droplets around the core surface precipitate rapidly under the
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Fig. 8 Core imbibition recovery curve under different permeability
conditions.
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action of gravity and elastic potential energy. As more oil is
stored around the core with high permeability, the initial
precipitation becomes faster. Secondly, the higher the perme-
ability, the more oil is saturated. With the passage of imbibition
time, the volume of crude oil self-imbibes and discharged by the
buoyancy caused by capillary pressure and gravity differentia-
tion, increasing the imbibition recovery rate. However, some
scholars have shown that the smaller the permeability, the
higher the degree of imbibition recovery. The main reason for
the analysis presented in this study is that the imbibition
recovery is affected by the pore throat radius. The lower the
permeability, the smaller the pore throat radius of the rock, the
greater the capillary pressure, and thus, the higher the imbibi-
tion recovery efficiency. However, this result is because the
radius of the wetting phase fluid entering the pore of the rock is
small enough under the ideal pore radius. It can spread to the
reservoir in the smallest pore radius of the rock and displace the
oil droplets in it. However, under actual conditions, the depth of
the wetting phase fluid that enters is limited, and most of it
cannot reach the reservoir via the smallest pore radius. Most of
the minimum radius under the actual formation stores the
bound water, and thus, there is basically no oil. Even if the oil
enters the pores with a small radius, the capillary force
increases. Under such conditions, the oil is difficult to extract.
Therefore, for normal imbibition recovery, the higher the
permeability, the better the imbibition recovery effect.

3.3.4 Imbibition recovery effect under different salinity.
The experimental conditions are as follows: Cores No. 16 to
20# were selected for the experiment, and the nano-fluids with
different mineralizations (1000, 3000 mg L™", 5000 mg L™,
7000 mg L™, 10 000 mg L") were poured into the imbibition
bottle above the 0 scale line. They were then placed in
a constant temperature equipment at 60 °C for the experiment.
The experiment was conducted according to the method
mentioned in Section 2.2, and the imbibition recovery was
observed and recorded. The experimental results are shown in
Fig. 9.
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Fig. 9 Curve of the core imbibition recovery under different salinity
conditions.
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As shown in Fig. 9, when the salinity is 1000 mg L™, the
imbibition recovery rate is 36.5%. When the salinity is
5000 mg L', the imbibition recovery rate is 29.45%. When the
salinity is 10 000 mg L™ ", the imbibition recovery rate is 23.4%,
indicating that with the increase in salinity, the imbibition
recovery rate decreases, and the increase in salinity is not
conducive to imbibition recovery. This is because the increased
salinity worsens the stability of the nanofluid solution and
reduces the electrostatic repulsion between the hydrophilic
groups of the nanofluid solution. In addition, it enhances the
accumulation of the nanofluid at the pore interface, which is
not conducive to the further diffusion of the nanofluid into the
deeper pore channels. Therefore, overall, the imbibition
recovery effect becomes worse. In addition, with an increase in
salinity, inorganic salt ions accumulate in the solution, pre-
venting the contact between the oil phase and the nanofluid
molecules, reducing the wetting effect of the nanofluid, which is
not conducive to the precipitation of oil droplets from the core it
also reduces the imbibition efficiency.

3.3.5 Weight analysis of influencing factors based on
multivariate analysis of variance. Multivariate analysis of vari-
ance is an analytical method to study whether multiple control
variables have an impact on observed variables, as well as
consider the total variation in the observed variables and each
influencing factor as the sub-variation to find the proportion of
each sub-variation in the total variation.*

In multifactor analysis of variance, the change in the
observed variable value is mainly affected by three aspects.
First, the influence of the independent action of the control
variable refers to the influence of the independent action of
a single control variable on the observed variable. The second
is the influence of the interaction of control variables, which
refers to the influence of multiple control variables on the
observed variables after collocation; the third is the influence
of random factors, which mainly refers to the influence
brought by sampling error.** However, this paper only analyzes
the independent influence of each factor and does not
consider the influence of interaction. Based on the above
principles, this paper takes four aspects of temperature,
viscosity, permeability, and salinity as sub-variation. In addi-
tion, we consider imbibition recovery efficiency as the total
variation, but do not consider the influence of interaction
error. We use the multivariate analysis of variance to carry out
a weight analysis of each influencing factor and summarize the
influence of each factor on the imbibition rule of the low-
permeability reservoir. There are three steps to determine the
weight of each factor.

Step 1: identify the factors.*® The imbibition rule of low-
permeability reservoir was analyzed to determine the observa-
tion factors. With imbibition recovery as the observation vari-
able and each influencing factor as a sub-variable, there are four
groups of sub-variables with 5 observation values in each group.
This means that there was an observation value in the sample,
and the corresponding series were formed from the experi-
mental data. The reference series were formed by the imbibition
recovery and the comparative series by influencing factors. The
influencing factors are divided into four groups: 4, B, C, and D
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in a sequence. The formulas of the reference series and the
comparison series are as follows:

V1= 11 Y12 V135 o ylj}
Yi= W, Yo, Vi3, s YVij

i=1,2,3,4;7 = 1,2,3,3,5.

Step 2: analysis of variance.* The degrees of freedom and the
decomposition of the sum of squares were determined for the
observed values of each group. Imbibition efficiency was
considered as the total variation. There were nk observed values
with nk — 1 degree of freedom. The degree of freedom of each
influencing factor was k — 1. Random error, as error variation,
has a degree of freedom of n(k — 1). Decomposition of the sum
of squares: total sum of squares = sum of squares between
groups + sum of squares within groups were expressed as
follows:

SSt =SS, + SSg + SSc + SSp + SS. (13)

Among them, the formula to calculate the sum of squares
was as follows:

n

SSr = Z (vi *?)2 = Zyz -

Jj=1

CP =Yg

S84 =3 (n —3)° (15)
SSB = Y (7, — 7)’ (16)
SSC =S (5 — #)° (17)
SSD = S(74 — 7)° (18)
ss, — Ell: [Z (v yl.)z} — SSy — SS., (19)

where SS; is the total variance; SS4, SSg, SS¢, and SSj, are sub-
variables caused by the independent action of control vari-
ables A, B, C, and D, respectively; SS. is the error variable caused
by random factors; y,, ¥,, 3, and y, is the mean value of each
group; y is the total mean of each group; y; represents the
observation at the ith level at the jth level; T is the sum of all
observations.

Step 3: F-test.*® That is the test of statistics that compares the
inter-group and the intra-group variance by calculating F-values.
It judges the proportion of each sub-variation in the total weight
of observations.

S,\‘2 SS‘C/(k — 1)

S LAY (20)

F.= —=
Tos2 SS./n(k—1)

where x represents each control variable 4, B, C, D; s,” is the
mean square between groups; s, is the mean square within
groups.

According to the above analysis, the results of the inter-
agent effect test are obtained, as shown in Table 3 and
Fig. 10 below.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Test results of the inter-agent effect®

Source of Sum of Degrees Mean

variation squares (SS)  of freedom (DF) square (MS) F-Value
A 151 3 50.33 2.362
B 73.48 3 24.49 1.149
c 217 3 72 3.379
D 90.35 3 30.12 1.413
Error value  147.17 7 21.31

%A stands for temperature, B stands for viscosity, C stands for
permeability, and D stands for salinity.

F Value

X Ay, -

Fig. 10 Results of the F-value test.

According to the test results of the F-value in Fig. 10, the
changes in all the factors have an impact on the imbibition
recovery efficiency. Additionally, the degree of influence of the
change in each single factor on the imbibition recovery effi-
ciency is in the order of C > A > D > B from the largest to the
smallest. In other words, in the imbibition recovery of a low-
permeability reservoir, permeability holds the greatest propor-
tion of weight and the largest influence on the degree of imbi-
bition recovery, which is higher than that of temperature,
salinity, and viscosity. Therefore, in the process of imbibition
oil recovery, permeability is the main influencing factor.

4. Conclusion

(1) Imbibition is one of the most effective methods in the
production of oil from low-permeability tight reservoirs. It was
determined from the imbibition kinetic equation that the
capillary force is the main driving force in the imbibition
process, and the change in any parameter in the equation
impacts the imbibition recovery effect. In the imbibition
production that occurs in rock, oil droplets in small pores are
first discharged to large pores by capillary force, and then, they
are discharged through fractures by buoyancy force.
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(2) In the process of imbibition recovery in a low-
permeability tight reservoir, a nanofluid is used for imbibition
recovery. Under different influencing factors, a better imbibi-
tion recovery effect can be obtained. The maximum imbibition
recovery rate is 45.59%, and the minimum imbibition recovery
rate is 23.4%.

(3) In the process of imbibition production in a low-
permeability tight reservoir, the change in various influencing
factors affects the imbibition. The imbibition recovery efficiency
increases with an increase in temperature. The oil viscosity
increases and the imbibition recovery efficiency decreases. With
the increase in core permeability, the imbibition recovery effect
is improved. The change in salinity has an inhibitory effect on
imbibition efficiency, and the higher the salinity, the worse the
imbibition effect.

(4) Based on the multivariate analysis of variance, the order
of weight of the influencing factors is the order of permeability >
temperature > salinity > viscosity. The change in permeability
has the greatest influence on the degree of imbibition recovery,
and the change in viscosity has the least influence on the
imbibition effect.
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