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Abstract:

Spontaneous imbibition in porous materials has received significant attention in recent
decades; however, spontaneous liquid-liquid imbibition in fractures has not been well
studied. Specifically, the mechanism behind the influence of gravity and buoyancy on
the spontaneous imbibition of wetting phase fluid into fractured porous media remains
uncertain. In this study, an analytical solution for spontaneous imbibition in fractured
porous media under the influence of gravity and buoyancy is presented. The results show
that imbibition velocity with buoyancy and gravity is faster than that without these forces.
The effect of buoyancy and gravity on imbibition velocity increases with rising fracture
aperture and length. When the fracture aperture is less than 1 pm, the relative deviation
between imbibition height with and without gravity and buoyancy is about 50%. On
the other hand, when the fracture aperture is greater than 1 pm, the relative deviation
is proportional to the fracture aperture. The relative reduction in imbibition height over
time is not obvious when the fracture aperture is the same. In the process of water-oil
spontaneous imbibition, the effect of buoyancy and gravity is more pronounced at low
oil-water interfacial tension. Therefore, the effect of buoyancy and gravity on spontaneous

imbibition cannot be ignored under this condition.

1. Introduction

Spontaneous Imbibition (SI) is the process of a wetting
phase fluid displacing a non-wetting phase fluid-saturated
porous media driven by capillary force, which is a natu-
ral and widely occurring phenomenon with applications in
engineering fields such as groundwater aquifers, petroleum
reservoirs, and geotechnical engineering (Cai et al., 2012;
Mehana et al., 2018; Andersen et al., 2019; Li et al., 2019b). In
recent decades, many researchers have focused on SI in porous
media, and these studies mainly addressed the SI process in
the pores of matrix (Schmid and Geiger, 2012; Mason and
Morrow, 2013; Shi et al., 2018; Tian et al., 2021). Recently,
with the emergence of hydraulic fracturing in the development
of unconventional petroleum and natural gas reservoirs such as
shale reservoirs, researchers have begun to target SI processes
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in fractured porous media (Cheng et al., 2015; Brabazon et
al., 2019; Zhao et al., 2019, 2022). On the one hand, hydraulic
fracturing creates numerous micro- and nanofractures in reser-
voirs (Mirzaei-Paiaman and Masihi, 2014; Liu et al., 2016;
Zhou et al., 2023). On the other hand, natural fractures are
commonly developed in unconventional oil and natural gas
reservoirs (Wang and Cheng, 2020a; Liang et al., 2022; Tang et
al., 2023; Zhang et al., 2023). Water-based fracturing fluids are
the most frequently used fracturing fluids (Wang et al., 2019;
Hossein Javadi and Fatemi, 2022; Zhao et al., 2022; Huang
et al., 2023). Fracturing fluid can spontaneously imbibe into
the reservoir during hydraulic fracturing operations, reducing
the effective permeability of the reservoir and inhibiting the
flow of crude oil (Hu et al., 2020; Zhao et al., 2022; Wang
et al.,, 2023b; Zhang et al., 2023). Studying the mechanisms
of spontaneous liquid-liquid imbibition in fractured porous
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Fig. 1. Schematic diagram of SI of water-oil in fractured porous medium and concurrent SI in a single fracture (red represents
oil (non-wetting phase) and blue represents water (wetting phase)).

media can help us understand the fluid flow process in fracture
networks in shale oil reservoirs.

The SI behavior in fractured porous media is influenced by
many factors, such as rock physics, fracture type and shape,
fracture distribution, and heterogeneity (Cheng et al., 2015;
Zhao et al., 2019; Hu et al., 2020; Liang et al., 2022). Due to
the extremely low permeability in unconventional reservoirs,
the fracture network serves as the primary seepage pathway
for the flow of petroleum and natural gas from the reservoirs to
the wellbore (Luo et al., 2018). More attention should be paid
to spontaneous liquid-liquid imbibition in fractures (Zhang et
al., 2017; Hu et al., 2020; Tokunaga, 2020; Zhao et al., 2022).
Unconventional oil and gas reservoirs such as shale usually
contain multiple types of fractures, such as tectonic and bed-
ding fractures (Liang et al., 2022). Liu et al. (2017) found that
bedding fracture is the most main type of fracture for shale oil
reservoirs in the Junggar Basin. Liang et al. (2022) indicated
that bedding fractures are widely developed for the shale oil
formations in the Junggar Basin. Kong et al. (2021) studied the
natural tectonic fracture characteristics in the Junggar Basin,
and found that tectonic fractures can be divided into two main
types: inclined fractures and bedding-parallel fractures. The
above data provide evidence that research on fracture should
intensify for the development of unconventional oil and gas
resources.

The parallel plates model is one of the most classic
physical models for describing fluid flow in fracture (Neuzil
and Tracy, 1981; Moreno et al., 1985; Muralidhar, 1990).
The cubic law derived based on Newton’s law of viscosity
and the parallel plates model is one of the most classical
equations to calculate the flow rate of fracture. Schwiebert
and Leong (1996) derived a model for describing the time-
dependent SI height in a single fracture based on the model
of the parallel plate, though the fluid gravity and the viscosity
of the non-wetting phase were not taken into account. Wang
and Cheng (2020b) also derived an equation for calculating
the imbibition height in a single fracture. As opposed to
the Schwiebert and Leong model, Wang and Cheng’s model
considers the effect of the gravity of the wetting phase fluid
on the imbibition process, but the gravity and viscosity of

the non-wetting phase fluid are still not regarded (Wang and
Cheng, 2020b).

For gas-saturated porous media, it is reasonable to ignore
the gravity and viscosity of the non-wetting phase. This
is because the viscosity and gravity of gas are generally
negligible compared to liquids (Huang and Zhao, 2017; Wang
et al., 2023a). However, in liquid-saturated porous media like
shale oil reservoirs, the impact of the non-wetting phase on
SI processes cannot be ignored, given the higher viscosity of
oil compared to water (Hu et al., 2020; Tian et al., 2021,
2022; Zhao et al., 2022). Numerous studies have indicated
the marked influence of fluid gravity on spontaneous imbi-
bition (Cai et al., 2022; Salam and Wang, 2022; Wang and
Yue, 2023). Based on Newton’s law of viscosity, Cheng and
Wang (2021) derived an analytical solution for spontaneous
liquid-liquid imbibition with gravity and the viscosity of
two-phase fluids. Recently, some researchers have noted that
buoyancy may play a key role in the spontaneous imbibition
of liquid-liquid systems under certain conditions. Wang and
Zhao (2021) found that buoyancy has a significant effect on
the SI behavior of water in tight oil reservoirs under low oil-
water interfacial tension (IFT). In addition, a mathematical
model was established by Wang and Zhao (2021) to study
the effects of buoyancy on SI. However, there is no a clear
conclusion on how much buoyancy affects SI in fractures.

The literature review reveals that SI in fracture has not
been well studied; the mechanism of the effect of buoyancy
and gravity on SI by wetting phase fluid into non-wetting
phase fluid-saturated fractured porous media is still unclear.
Therefore, this paper aims to i) develop a mathematical model
for spontaneous liquid-liquid imbibition in fractured porous
media with buoyancy and gravity; ii) establish a method to
quantitatively evaluate the effects of buoyancy and gravity on
SI; iii) conduct a sensitivity study to analyze the effect of
buoyancy and gravity on SI in fractured porous media.

2. SI in a single fracture

Considering the effects of buoyancy and gravity, a new
mathematical model for spontaneous liquid-liquid imbibition
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in fractured porous media is developed. Figs. 1(a) and 1(b)
present a schematic diagram of the SI of water-oil in the
fractured porous media, and Fig. 1(c) depicts the concurrent
SI in a single fracture. Water (displacing phase) is the wetting
phase and oil (displaced phase) is the non-wetting phase. It is
assumed that the fractured porous media consists of a bundle
of plate fractures with different fracture apertures, and the SI
is concurrent in the fracture; the fracture wall is impermeable,
and the fluid exchange between the fracture and the matrix is
ignored.

The parallel plates model is the most frequently used model
to describe the fluid flow in fractures (Balankin et al., 2022;
Trinchero et al., 2022; Chang et al., 2023; Li et al., 2023).
According to the cubic law, the flow velocity v of the fluid in
a single parallel plate fracture can be described as:

2
. w-AP 0
12uL

where w denotes fracture aperture, um; (U denotes fluid vis-
cosity, mPa-s; L denotes fracture height, um; AP denotes the
pressure difference at both ends of the fracture, Pa. For the
SI process of water into an oil-saturated fracture p., AP is
composed of three pressures: capillary pressure, the gravity of
fluids G, and buoyancy Fj. According to Young’s equation,
the capillary pressure can be expressed as (Washburn, 1921):

20 cos @
DPe = 2

w
The gravity of liquids in a single fracture can be expressed
as:

G = —[puwx+po(L—x)|gsina 3)

For SI in a single fracture, buoyancy is caused by the

hydraulic pressure difference between both ends of the frac-

ture. The direction of buoyancy is opposite to the direction of
gravity. Buoyancy in a single fracture can be calculated by:

F, = pygLsina “)
where o denotes oil-water IFT, mN/m; 6 denotes contact
angle, °; p,, denotes water density, kg/m’; p, denotes oil
density, kg/m?; g denotes gravity acceleration, m/s?; ¢ denotes
the tilt angle of fracture, °; x denotes oil-water interface
location, wm. Assuming that the fracture height of all fractures
is the same as the core height, that is, H = Lsinc, where H
is the core height, um.

By integrating Egs. (2)-(4) into Eq. (1) , imbibition velocity
in a single fracture can be expressed as:

2wo cos 0 + (py — Po) (L —x)w?gsina 5)
y =
12[yx + to (L — x)]

where u,, and U, denote water viscosity and oil viscosity re-
spectively, mPa-s. Eq. (5) is the imbibition velocity expression
in a single fracture when buoyancy and gravity are considered.
Imbibition velocity can also be expressed as v = dx/dr. Then,
Eq. (5) can be rewritten as:

dr 12y x + to (L — x)]
—= 5 (6)
dx  2wocosO + (pw — po) (L —x)w?gsino

For convenience, the two constants in Eq. (6) are defined
as follows: y = —(p,, — po)w?gsina, & =2woccosO + (p,, —
po)w?gLsin o Then, Eq. (6) can be rearranged as:

_ 12u,L 12(u(,—uw)xdx ™
vx+¢ yvx+¢
By integrating Eq. (7), the solution of Eq. (7) can be
obtained as:

dr

12u,L
t= —F n(yx 4 ¢)

_W[Wx_kg—gln(l]m-&-@“'c

where C is the integral constant. As t =0 and v = 0, the
constant C can be determined as:

(®)

120, — Wy 12u,L
R (S LIS R IS
By submitting Eq. (9) into Eq. (8), Eq. (8) can be expressed

as:
12
r= uoLln (W—H)
v ¢

12(to — Wy
_ (“42 Hy) <1//x+Cln Wig)
Eq. (10) is the implicit analytical expression of Eq. (6).
Eq. (10) can be used to calculate the imbibition time ¢ for
a given two-phase interface location x in a single fracture.
However, it is difficult for Eq. (10) to calculate x in the
given ¢ because Eq. (6) has no explicit analytical solution.
Here, a numerical method was developed to obtain the explicit
expression of x, which allows researchers to predict it by
entering the imbibition time. The numerical solution of Eq.
(6) can be obtained using the finite difference method. For
convenience, Eq. (6) can be written as:

(10)

lz[uvvx“"“o(l’_x)]dx (11)
= [2wo cos 0 + (p, — po) (L — x)wgsin ax]dr
First, the imbibition time and imbibition height are dis-
cretized. When the imbibition time increases from #;_; to ¢;,
the imbibition height increases from x;_; to x;. Then, we
integrate from x;_ to x; in the LHS of Eq. (11), and integrate
from ¢;_ to t; in the RHS of Eq. (11). The imbibition height
x in the RHS of Eq. (11) can be replaced by x;_;.

x;
/ _ 12[thyx + o (L — x)]dx
Jj—1 y (12)
= [2wG cos 0 + (py, — Po) (L —xj—1)gw? sin ax]dt
1j-1
Thus, one can obtain:

(11 L, 1,
X\ Hw = o +L.uoxj:§uw'xjfl_§.uoxj7]

wf2 20cos6
12

(P = po)(L—y1)gsing (- 17-1)

(13)
Then, the numerical solution of Eq. (6) can be obtained as
follows:

w
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Fig. 2. Comparison of calculation results using Eqs. (10) and
(14). The parameters of fracture and fluids used are w = 10
um, L=0.5 m, ¢ =90°, 6 = 10 mN/m, 6 =0°, u, =2.21
mPa:s, u,, = 1 mPas, p, = 900 kg/m?, p,, = 1,049.3 kg/m>,
g=9.8 m/s?, o0 =90°.
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Fig. 3. Comparison of imbibition height versus 17 calculated
by Egs. (14), (15), (16), and (17) . The parameters of fracture
and fluids used are w =10 um, L=0.1 m, ¢ =90°, 6 =10
mN/m, 6 =0°, u, =2.21 mPa-s, u, =1 mPa-s, p, =900
kg/m3, p,, = 1,049.3 kg/m?, g = 9.8 m/s?, a = 90°.

= Ly, — \/(LIJU)Z —2(to — )T
! Ho — Hy
I'= HoXj—1— 5(,“’() - ,uw)xj,1 + E
2c0cos6 .
+ (P —Po) (L —xj-1)gsinet| (tj —tj-1)

It should be noted that the proposed model is a one-
dimensional model as it is derived based on the assumption
of concurrent SI. The results calculated using Egs. (10) and
(14) are compared (Fig. 2) under the same parameters of
fracture and fluids. The curves of imbibition height versus
imbibition time using Egs. (10) and (14) aalmost overlap,
indicating that the numerical solution method is reliable.

0.6
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Fig. 4. Effect of displaced phase buoyancy on SI in fractures
with aperture w =1 um, w =10 um and w = 100 um (other
parameters are 6 = 10 mN/m, 6 =0°, u, =2.21 mPa-s, i, =1
mPa-s, p,, = 1,049.3 kg/m?, p, = 900 kg/m?, L = 0.5 m,
g=9.8 m/s?, o =90°).

For SI in a horizontal oil-saturated fracture, which means
that the SI process is only driven by capillary pressure, the im-
bibition location can be calculated as (Cheng and Wang, 2021):

oL = (HoL)? — (1o — ) “2220 s
.u() - I~Lw
Eq. (15) is derived by Cheng and Wang (2021). Schwiebert
and Leong (1996) derived an equation for describing SI only
driven by capillary pressure in a single parallel fracture:

wao cos O
xX=y|—-—t
\/ 3u

This model is a classical model, but it ignores the effect of
gravity of the fluids and the viscosity of the displaced phase
on SI. Wang and Cheng (2020b) also derived an equation for
describing SI in a single fracture:

_4 1+wW S
X—E e

where A = wo cos 0/ (64,,) and B =w?p,,g/(12u,,). However,
the influence of the viscosity of the displaced phase on
SI is not considered in this model. Unlike Eq. (16), Eq.
(17) considers the effect of gravity on SI

The imbibition height versus ¢'/? calculated by different
models were compared (Fig. 3). The imbibition rate calculated
by Egs. (16) and (17) is significantly faster than the imbibition
rate calculated by the other two models. The reason is that Eqgs.
(16) and (17) ignore the effect of viscosity of the displaced
phase on SI. When the effect of buoyancy on SI is considered,
the imbibition rate calculated by Eq. (14) is significantly faster
than the imbibition rate calculated by the Eq. (15).

The imbibition velocity with buoyancy and gravity calcu-
lated by Eq. (14) is slightly faster than that without buoyancy
and gravity calculated by Eq. (15) (Fig. 4). As the fracture
aperture increases from 1 to 10 pm and then to 100 wm, the
difference between the curves of imbibition height with and

X =

(16)

a7
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Fig. 5. Effect of oil-water IFT on SI in fracture with aperture
w =10 um (other parameters are: 0 = 0°, u, = 2.21 mPa:s,
W, =1 mPass, p,, = 1,049.3 kg/m?, p, =900 kg/m?, L=0.5
m, g =9.8 m/s?, o = 90°).

0.6
——— With buoyancy and gravity L=0.1m
— - — Without buoyancy and gravity L=0.1m
054 —— With buoyancy and gravity L =03m
- — - — Without buoyancy and gravity L =0.3m
—— With buoyancy and gravity L =0.5m ,
— - — Without buoyancy and gravity L =0.5m .
0.4
—~
S
= 03
x
0.2
0.1 1
0.0 T T
1 10 100000 1000000

Fig. 6. Effect of fracture length on SI in fracture with aperture
w = 10 um (other parameters are: ¢ = 10 mN/m, 6 = 0°,
U, =2.21 mPas, u,, = 1 mPa-s, p,, = 1,049.3 kg/m>, p, = 900
kg/m?, g =9.8 m/s?, o = 90°).

without buoyancy and gravity versus imbibition time becomes
significant, as SI is driven by the buoyancy and capillary
pressure for Eq. (14) , but the capillary pressure is the
only driving pressure in the SI process for Eq. (15). As the
fracture aperture increases, the volume of the crude oil in the
fracture becomes larger, and the buoyancy and gravity become
significant.

When the oil-water IFT decreases from 20 to 10 mN/m
and then to 1 mN/m, the imbibition velocity with and without
buoyancy and gravity decreases, but the difference between the
curves of imbibition height with and without buoyancy and
gravity versus imbibition time increases when the oil-water
interfacial tension is the same (Fig. 5).

When the fracture length decreases from 0.5 to 0.3 m
and then to 0.1 m, the imbibition velocity with and without
buoyancy and gravity increases, but the difference between the

100
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+ w=0.01 mm
0
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Fig. 7. The value of nr varying with imbibition time in
fractures with different apertures (other parameters are: o = 10
mN/m, 6 =0°, u, =2.21 mPa-s; y,, =1 mPa-s, p,, =1,049.3
kg/m?3, p, =900 kg/m?®, L=0.5 m, g = 9.8 m/s?, o = 90°).

curves of imbibition height with and without buoyancy and
gravity versus imbibition time are almost the same when the
SI process ends (Fig. 6).

When the two-phase interface reaches the end of the
fracture, the SI process comes to an end. The end time 7z
of SI with buoyancy and gravity can be obtained by using L
to replace x in Eq. (10):

iy = L2l <"’L+ 1)
v ¢

i) (g€ )
y? YL+¢
The relative reduction in imbibition height nr varying
with imbibition time is defined for evaluating the influence
of buoyancy and gravity on SI as follows:

_ L) = Lu(1)
Nr=——~
L(t)
where L(t) represents imbibition height without buoyancy and
gravity, um; L,,(¢) denotes imbibition height with buoyancy
and gravity, um. Changes in the value of 17 over the imbibi-
tion time are not apparent under the same fracture apertures
(Fig. 7). Taking the fracture with aperture w = 0.01 wm as an
example, the value of 17 increases from 49.82% to 50.03%
with the increase in imbibition time from 1 to 106 s. Whether
w = 0.01 or 100 pum, the change in the value of 1y with
increasing imbibition time is less than 5%. When w <1
pm, the value of nr is about 50%; when w > 1 um, nr
increases with an increasing fracture aperture. This means that
the effects of buoyancy and gravity on SI are not negligible,
even in small fractures with a fracture aperture of less than 1
pm.
Another parameter 77, is defined to further evaluate the
influence of buoyancy and gravity on SI as follows:

(18)

x 100%, t<tg (19)

_ L—LW(Z‘E)
L

ne x 100% (20)
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Fig. 8. Curves of 7, versus fracture aperture in fractures with
different fracture lengths in a semi-log plot (other parameters
are: 0 = 10 mN/m, 8 =0°, u, =2.21 mPa-s, y,, =1 mPa-s,
pw = 1,049.3 kg/m?, p, =900 kg/m>, g = 9.8 m/s?, a = 90°).

100 —
- - -IFT=01mN/m P
- - —IFT=1mN/m e ,”
904 - - ~IFT =10 mN/m . ’ )
’ 4 ’
7 /7 ’
/ 4 )
7 / ’
— 80 - / 4 /
§ , // J
] / , /
= Vi , /
70 ,/ Y L/
7/ 4 7/
s 4 ,
/’ /’/ ,/
604 _ _ _ =l == _ -~
50 T T T T T
0.001 0.01 01 1 10 100 1000
W (um)

Fig. 9. Curves of 7y versus fracture aperture at different oil-
water IFT in a semi-log plot (other parameters are: L =0.1 m,
6 =0° u, =2.21 mPa-s, u,, =1 mPa-s, p,, =1,049.3 kg/m3,
Po =900 kg/m?, g =9.8 m/s?, a =90°).

where L,,(¢g) represents the location of the two-phase interface
by using the end time of SI with buoyancy and gravity calcu-
lated by Eq. (18), s. Since the imbibition velocity calculated
by Eq. (14) (with buoyancy and gravity) is faster than that
calculated by Eq. (15) (without buoyancy and gravity), when
the location of the two-phase interface x calculated by Eq.
(14) reaches the fracture length L, then x calculated by Eq.
(15) is still less than the fracture length L. Therefore, 1, means
the relative reduction in imbibition height with and without
buoyancy and gravity. The larger 7, is, the larger the effect
of buoyancy on SI.

Taking a fracture with length L = 0.1 m as an example,
when the fracture aperture is smaller than 1 pm, the value of
N slowly increases with the fracture aperture in a semi-log
plot (Fig. 8). When w is greater than 1 um, 1 first increases
rapidly with the fracture aperture increase, then increases slow-

100
- - - Ditilled water (IFT = 14.91 mN/m) A
- — — Formation water (IFT = 10.62 mN/m) R
90~ ~ ~ 0.20% SDBS (IFT = 3.63 mN/m)
/’ I/l
’ 7
i , 7
) P
o 80_ / I’I,
E\i ’ "l/l
_| ’ ’ ”
< 4 z s
70 e ’ ,;’/
60 -
50 T T T T
0.01 0.1 1 10 100 1000
W (pum)

Fig. 10. Curves of 7, versus fracture aperture for distilled
water, formation water and 0.20% SDBS (dodecylbenzene
sulfonate solution) in a semi-log plot (other parameters are:
L=0.05 m, 8 =55° u,=4.8 mPas, u, =1 mPas, p, =
1,049.3 kg/m3, p, = 798 kg/m?, g = 9.8 m/s?, o = 90°. Data
from Yang et al. (2022)).

ly in a semi-log plot. The effects of buoyancy and gravity
on SI strengthen with increasing w and L. The value of 71
increases from 59.11% to 90.55% with w rising from 0.01 to
1,000 pm when L = 0.1 m. The value of 1, increases from
60.93% to 85.58% with L increasing from 0.01 to 0.5 m for
w=100 pm.

Taking IFT = 0.1 mN/m as an example, as w increases
from 0.1 to 1,000 wm, 1z, slowly increases when w < 0.1 pm,
then sharply increases with w increasing from 0.1 to 100 pum,
and finally slowly increases when w > 100 um in a semi-
log plot (Fig. 9). The value of 7m; sharply increases from
59.11% to 98.31% with w increasing from 0.001 to 1,000 pm
at an oil-water IFT equal to I mN/m. The value of 1z sharply
increases from 60.93% to 90.54% with ITF decreasing from
10 to 0.1 mN/m when w = 10 um. This means that the effects
of buoyancy and gravity on SI are more pronounced under
low interfacial tension conditions.

Buoyancy and gravity have a significant effect on SI in
both small and large fractures (Fig. 10). For distilled water,
the value of 7 increases from 64.92% to 92.86% with w
increasing from 0.01 to 1,000 pm. For formation water, the
value of 717, increases from 64.92% to 94.41% with w increas-
ing from 0.01 to 1,000 um. For 0.20% SDBS, the value of 1,
increases from 64.93% to 97.59% with w increasing from 0.01
to 1,000 um. Compared with distilled water and formation
water, buoyancy and gravity have a more pronounced effect
on the imbibition of spontaneous surfactant solutions into oil-
saturated fractures. The reason is that surfactants reduce the
oil-water IFT but have little effect on gravity and buoyancy,
which will lead to a more pronounced effect of these two
parameters on SI. The effect of buoyancy and gravity on SI is
not negligible under low oil-water IFT conditions.

The Bond number N, is a dimensionless parameter used
in evaluating the effects of gravitational forces and interfacial
tension forces on SI (Schechter et al., 1994; Meng et al., 2016;
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Chang et al., 2022; Qi et al., 2022). A larger N, means that
gravitational forces have a greater effect on SI (Schechter et
al., 1994). The expression of N, for water imbibition into oil-
saturated porous media can be given as:

2
N, = 2P8Y 1)
where Ap denotes the density difference between oil and
water, kg/m’.

For fracture aperture w = 1 pum, the value of N, decreases
from 1.46x10~% to 4.88x 1078 as the oil-water IFT increases
from 0.01 to 30 mN/m (Fig. 11). For w = 10 pum, the value
of N, decreases from 1.46x1072 to 4.88x107° as the oil-
water IFT increases from 0.01 to 30 mN/m; for w = 100 pm,
the value of N, decreases from 1.46 to 4.88x 10~ as the oil-
water IFT increases from 0.01 to 30 mN/m. As w increases,
the curves of 1 versus N, move to the right in the semi-log
plot, which indicates that gravitational forces start to dominate
in SI.

3. SI in fractured porous media

3.1 Mathematical model

Some studies have established that the distribution of
fracture aperture can be characterized on a logarithmic scale by
the Gaussian probability density function (PDF) (Neuzil and
Tracy, 1981; Moreno et al., 1985; Li et al., 2019a). Therefore,
in this paper, the Gaussian PDF on the logarithmic scale is
used to describe the distribution of fracture aperture on the
core scale. The Gaussian PDF f(w) is expressed as (Cao et
al., 2019):

1 7Iog(w—i;))g2ﬁ
W)= ————e 2o 22
f(w) T (22)

where logf8 represents the mean value of the logarithmic
fracture aperture, pwm; logd denotes the standard deviation of
the logarithmic fracture aperture, pm. According to Cheng and
Wang (2021), the total number of fractures N can be calculated
by:

omd*sino
Ay [y
where y denotes the ratio of fracture width L, to fracture
aperture w, dimensionless; d denotes core diameter, cm; ¢
denotes porosity, %. Fig. 12 is a schematic diagram of the
fractured porous media.

The number of fractures with a particular aperture w can

be stated by the incremental number n(w):

N = Fw)w?dw (23)

n(w) =Nf(w) (24)
The total oil production Q() of the core can be calculated
by:

Wmax
o) = J/N/ whaf (w)dw (25)
Wmin
Then, the oil recovery factor R(¢) can be calculated by:
40(1)
R(t) = 26

100 ——
/// ’/
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/ /
/ ’
/ ’ ’
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~ / ) II
- /
< / // /
70 / / ’
/ / ,’
/7 / ’,
7 L
60 - R - —-w=1mm
- - -w=10 mm
- - =-w=100 mm
50 T T T T T T T
0% 107 108 10° 10* 10%® 102 10t 10°
Nb

Fig. 11. The value of 7mr varies with the Bond number in
fractures with different apertures (other parameters are: 6 = 0°,
Uo =2.21 mPas, 1, = 1 mPa-s, p,, = 1,049.3 kg/m>, p, =900
kg/m?, L=0.1 m, g=9.8 m/s?, a = 90°).

Fig. 12. Schematic diagram of fractured porous media (where
w denotes fracture aperture, L,, denotes fracture width, d
denotes core diameter, and L denotes fracture height, which is
equal to the core height).

3.2 Sensitivity analysis

In this section, the effects of gravity and buoyancy on the
SI in fractured porous media are analyzed using the Gaussian
distribution of fracture apertures as an analytical basis. The
parameters of fracture and fluids used for sensitivity analysis
are listed in Table 1.

The smaller the standard deviation of logarithmic fracture
aperture, the more concentrated the distribution of fracture
aperture (Fig. 13(a)). When the fracture apertures follow
Gaussian distribution, the imbibition rate increases with the
standard deviation of the logarithmic fracture aperture increase
(Fig. 13(b)). When buoyancy and gravity are considered, the
fractured porous media have a faster imbibition rate. For
Gaussian distribution, the number of fractures at mean value
B is the largest (Fig. 14(a)). The imbibition rate increases
with the rising mean value when the fracture apertures follow
Gaussian distribution (Fig. 14(b)).
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Fig. 13. (a) Gaussian PDF and cumulative distribution function (CDF) of fracture aperture distribution with logd = 0.2 and
0.3; (b) the corresponding curves of oil recovery factor by SI with and without buoyancy versus imbibition time.

Table 1. Parameters of fracture and fluids used for
sensitivity analysis.

Parameters Value
Porosity (%) 20
Fracture height (m) 0.1
Core diameter (cm) 2.0
Minimum fracture aperture (pm) 0.1
Maximum fracture aperture (pm) 100

Ratio of fracture width to fracture aperture 20

Tilt angle of fracture (degree) 90
Water viscosity (mPa-s) 1

Oil viscosity (mPa-s) 2.21
Oil-water IFT (mN/m) 10
Water density (kg/m?) 1,049.3
Oil density, (kg/m>) 900
Contact angle (degree) 0
Gravity acceleration (m/s?) 9.8

The difference between the imbibition rate without buoy-
ancy and gravity is significantly greater than that with buoy-
ancy and gravity at IFT = 10 mN/m and IFT = 1 mN/m (Fig.
15). This means that oil-water IFT has a more pronounced
effect on SI without buoyancy and gravity when the fracture
apertures follow Gaussian distribution. When the oil-water IFT
is equal to 10 mN/m, the curves of oil recovery factor by SI
with and without buoyancy and gravity versus imbibition time
are close, indicating that the effect of buoyancy and gravity
on the imbibition rate is negligible at high oil-water IFT.
The imbibition rate with buoyancy and gravity is significantly
faster than the imbibition rate without buoyancy and gravity
at IFT = 1 mN/m, which means that the effect of buoyancy
and gravity on SI cannot be ignored under low oil-water IFT

conditions.

4. Conclusions

Based on the results of this study, the following conclusions

can be obtained:

1) The imbibition rate with buoyancy and gravity is higher
than that without buoyancy and gravity. The effect of
buoyancy and gravity on imbibition velocity increases
with rising fracture aperture and length, and this effect
is stronger with decreasing oil-water IFT.

2) Two dimensionless parameters 1y and 1 are defined
to quantitatively evaluate the effect of buoyancy and
gravity on SI in a single fracture. When the fracture
aperture w < 1 um, the value of nr is about 50%; when
w > 1 pm, the value of 17 increases with increasing
fracture aperture. The changes in the value of 17 over
the imbibition time are not obvious when w is the same.
As the value of w increases from 0.01 to 1,000 um, 1z,
first increases slowly, then sharply, and finally slowly
in a semi-log plot. The value of 7, increases with the
increasing fracture aperture and length. The value of 1y,
decreases with the increasing oil-water IFT. In the SI
process of water-oil, the effect of buoyancy and gravity
is more pronounced when the oil-water IFT is lower.

3) When the fracture apertures follow Gaussian distribution,
the imbibition rate increases with the standard deviation
of the logarithmic fracture aperture, and the mean value
increases. The effect of buoyancy and gravity on SI
cannot be ignored under low oil-water IFT conditions
when the fracture apertures follow Gaussian distribution.
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