A \

A4
This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

http://pubs.acs.org/journal/acsodf

Optimization of Shut-In Time for Hydraulic Fracturing-Assisted Oil
Displacement in Offshore Low-Permeability Reservoirs

Baojiang Duan, Qi Li, Zhenhua Cai, Kang Jiang, Fengjiao Wang, Yikun Liu, Mingxuan Chu,*
Mengyao Ren, Zhiming Yan, and Qiang Xie

Cite This: ACS Omega 2025, 10, 12530-12542 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations |
ABSTRACT: To optimize the shut-in time for hydraulic *° Ear soge: Laterstage e
fracturing assisted oil displacement in offshore low-permeability 30 — == | Fracture [~~~} I | 180
reservoirs, a coupled mathematical model encompassing injection, 300 e . 0 — -
. . . . | Pressure diffuses outward Water flood oil Pressure 'urt’!:eril‘l"uses Oll-water:xch‘ang:- 150 _
shut-in well, and production is established. The accuracy of the E, | o000 E
. . . . £ o~ - £
model is validated using production data. The law of pressure ¢ T o T 0~0, _ Boundary of model 1 120 5
I , . . 5200 [ = o ~o—,, s
diftusion and oil—water two-phase flow during the shut-in well £ o _o” ~0—o] e ?
0 0 q q q 2150 |- 2
process is clarified, and the mechanism of hydraulic fracturing ¢ 7 » 7 . s
. Gl 56 . . . R \ - 60
assisted oil displacement to enhance oil recovery is summarized. 10 / P ‘5=_ —:=.
The sensitivity analysis is conducted, and then the main controlling s | /o/" O e o s sy ot excharped by water | >
factors affecting the optimal shut-in time for hydraulic fracturing o (/AR sl packinolic iachiconc i | |
assisted oil displacement are identified. The research results 024 me B

indicate that the primary function of the shut-in well is to enhance

the effect of formation energy supplementation after injection, thereby further increasing the swept volume, controlling greater
geological reserves, and ultimately enhancing oil recovery. During the initial stage of shut-in well, a larger portion of geological
reserves are controlled mainly by fluid pressure diffusion, while in the later stage, oil—water exchange is mainly achieved by
imbibition effect. The main controlling factors affecting the shut-in time are cumulative injection volume, formation pressure
coefficient before hydraulic fracturing assisted oil displacement, and permeability, which should be given special attention on site.
The research results provide a theoretical basis for the design of shut-in time for hydraulic fracturing assisted oil displacement
operations in offshore low-permeability reservoirs.

1. INTRODUCTION displacement fluid (HFAOD fluid), are pumped into the
reservoir through production wells at high pressure and high
rate. Low-viscosity HFAOD fluid infiltrates the reservoir during
fracturing, effectively supplementing the formation energy.z_4
The combined effects of fracturing, infiltration to supplement
formation energy and HFAOD fluid can significantly increase
the oil production of offshore low-permeability reservoirs. The
HFAOD technology includes both forward HFAOD and reverse
HFAOD. Forward HFAOD refers to injection into an injection
well, whereas reverse HFAOD refers to injection into a
production well. HFAOD and fracturing followed by huff-and-
puff are two distinct reservoir modification techniques, with the
following key differences: (1) The low-viscosity HFAOD fluid is
used by HFAOD to create fractures and promote infiltration.
The combined effects of fracturing and infiltration to supple-

In offshore low-permeability reservoirs, due to the large number
and complex distribution of faults, small fault block oil reservoirs
with independent oil—water systems are formed, which makes it
difficult to establish effective displacement relationships. The
permeability ranges from S to 25 mD, and the porosity is
distributed between 10% and 18%. The reservoirs have low
porosity and low permeability characteristics and are classified as
Type II low-permeability reservoirs. In these reservoirs,
depletion development is adopted, which leads to a number of
problems. For example, the low level of the formation pressure,
the rapid decline of the oil production, the difficulty of stable oil
production and the low recovery." The formation pressure
coefficient predominantly ranges between 0.50 and 0.90 after
the depletion development. Hydraulic fracturing assisted oil
displacement (HFAOD) is used to enhance oil recovery of

offshore low-permeability reservoirs, building on the experience Received: January 8, 2025
of the onshore oilfield development. HFAOD is a new enhanced Revised: ~ March 1, 2025
oil recovery technology combining the benefits of fracturing and Accepted:  March 6, 2025

chemical flooding, which consists of three main stages: injection, Published: March 20, 2025

shut-in well, and production. Chemical oil displacement agents
(surfactant), also known as hydraulic fracturing assisted oil
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Figure 1. Physical model of FHOAD: Coupled flow in matrix and artificial fracture (a), artificial fracture and matrix (b), and the sequence of fluid flow

in wellbore, artificial fracture, and matrix (c).

ment formation energy can control more geological reserves. In
contrast, the high-viscosity guanidine gel is used by hydraulic
fracture to create fractures, with the aim of minimizing
infiltration. The more geological reserves can only be controlled
by a fracture. (2) HFAOD is a single process, whereas fracturing
followed by huff-and-puff involves two processes: fracturing and
huff-and-puft. This study is mainly focused on the optimization
of shut-in time for reverse HFAOD.

The BX well in the Weizhou Qilfield, located in the western
South China Sea, is the first large-scale HFAOD experimental
well that has achieved good development results. Before
HFAOD, the production efficiency was poor, with daily oil
production of only 24 m’/d. After HFAOD, the daily oil
production stabilized at 120 m?/d, which is five times the
previous oil production rate.”~” The cumulative increase in oil
production exceeded that of conventional fracturing wells.
Moreover, the shut-in time of HFAOD technology is crucial.
Prolonged shut-in time results in further diffusion of fluid
pressure. During the production process, the energy that diffuses
to distant areas is not utilized promptly and effectively, reducing
the effect of the cumulative increase in oil production.
Conversely, if the shut-in time is too short or no shut-in well
is performed, the fluid pressure fails to diffuse, resulting in a
limited swept volume. The injected HFAOD fluid will return
along the original path and will not be able to achieve an increase
in oil production. Therefore, there exists an optimal shut-in time
of HFAOD that ensures the supplementary energy can control
the maximum geological reserves while minimizing energy
wastage. How to determine the optimal shut-in time for offshore
low-permeability reservoirs has become an urgent problem that
needs to be solved.

Wang et al.*~'* developed a multiphase flow model
encompassing fracturing, shut-in well, and production for
shale reservoirs. They found that cumulative increase in oil
production initially increased rapidly and then tended toward a
stable value as the shut-in time increased, and that the shut-in
time corresponding to the inflection point of the change was the
optimal shut-in time. Bui et al."*~'® suggested that filtration of
the fracturing fluid into the reservoir could increase the elastic
energy and that the shut-in well could improve cumulative oil
production. In addition, if the reservoir is oil-wetting, the
addition of surfactants to the fracturing fluid could further
change the wetting during the shut-in well process, thereby

increasing cumulative oil production. Based on the principle of
saturation rebalancing, Xu et al.'”~*' proposed an optimization
method for the shut-in time of horizontal wells after volume
fracturing, with the aim of shortening the oil breakthrough time.
They found that if the shut-in time was too short, the oil—water
exchange was not enough, resulting in a longer oil breakthrough
time. Conversely, if the shut-in time was too long, although the
oil—water exchange might have been enough, the energy
dissipation near the bottom of the well became severe, resultin
in a decrease in cumulative oil production. Wang et al.**~*
developed a two-dimensional numerical model of multiphase
flow and found that prolonging the shut-in time could increase
the cumulative oil production. Furthermore, research on the
optimization of shut-in time after fracturing for unconventional
reservoirs, such as téght oil and shale oil, has been widely
reported. Wang et al.””*” suggested that the shut-in process after
fracturing in shale oil reservoirs was influenced by reservoir
properties, wettability, crude oil viscosity, and injection
parameters, and the optimal shut-in time was determined to
be 64 days. Xu et al.”**’ found that the imbibition effect was
jointly controlled by pressure difference, osmotic pressure and
capillary force during the shut-in process after fracturing in the
shale oil reservoir. Compared to the pressure difference, the
combined effect of osmotic pressure and capillary pressure, the
imbibition equilibrium time was reduced from 150 days to 45
days, which was regarded as the lower limit for the shut-in time.
Chen et al.’>*" suggested that the pressure was rapidly diffused
within the matrix during the shut-in process after fracturing in
shale oil reservoirs. After shut-in well for 65 days, the same
pressure was achieved in the entire reservoir, and the imbibition
equilibrium was reached. Gu et al.>>*® found that the pressure
decreased with increasing diffusion distance during the shut-in
process after fracturing in tight oil reservoirs. The study also
demonstrated that the shut-in could effectively enhance oil
production. The optimal shut-in time was determined to be 90
days. Zhang et al.”* suggested that although the shut-in after
fracturing in the shale reservoirs might have reduced the initial
production, it effectively slowed down the decline in production
and maintained long-term production. The optimal shut-in time
was determined to be 60 days. Additionally, the shut-in time on
site is mostly distributed between 10 to 35 days for offshore low-
permeability reservoirs after fracturing, mainly relying on the
experience of developers and lacking scientific and reasonable
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basis. In summary, the shut-in time is influenced by multiple
factors. Moreover, most scholars have primarily focused on the
shut-in time after fracturing, with few reports addressing the
shut-in time after HFAOD. It is still unknown how different
factors affect the optimal shut-in time for offshore low-
permeability reservoirs.

In this work, a coupled flow in matrix and artificial fracture
mathematical model encompassing injection, shut-in well, and
production is established. The accuracy of the model is validated
using production data. The law of pressure diffusion and oil—
water two-phase flow during the shut-in well process is clarified,
and the mechanism of enhanced oil recovery by HFAOD is
summarized. The shut-in time is optimized with the objective of
maximizing the cumulative increase in oil production. A
sensitivity analysis is conducted considering five factors:
permeability, formation pressure coeflicient before HFAOD,
cumulative injection volume, injection rate, and viscosity of the
HFAOD fluid. Finally, the main controlling factors affecting the
optimal shut-in time of HFAOD are determined. This study
establishes a theoretical foundation for optimizing the shut-in
time of HFAOD in offshore low-permeability reservoirs. By
refining the HFAOD process, it enhances the cumulative
increase in oil production and effectively addresses the challenge
of determining the optimal shut-in time. Furthermore, it plays a
crucial role in promoting the broader application of HFAOD
technology in such reservoirs.

2. THEORY AND METHODS

2.1. Mathematical Model. 2.1.1. Physical Model and
Assumptions. The HFAOD technology primarily includes three
continuous processes: injection, shut-in well, and production. A
physical model of FHOAD coupled flow in matrix and artificial
fracture is established, which consists of the wellbore, artificial
fracture, and matrix (Figure 1). Injection is a process in which
fractures are created by high pressure, and the HFAOD fluid is
transported to a distant location in the matrix. Shut-in well is the
process by which the fluid pressure and saturation fields are
redistributed by imbibition and displacement effects. Produc-
tion is the process of predicting oil and water production.
Therefore, the entire process of FHOAD can be calculated. In
the injection process, the fluid primarily flows from the wellbore
to the artificial fracture, and then to the matrix. In the production
process, fluid flows from the matrix to artificial fracture, and then
to the wellbore.

The fracture formed and the HFAOD fluid transported to a
distant location of the matrix can effectively supplement the
formation energy, thereby expanding the swept volume.
HFAOD fluid is a surfactant that effectively reduces oil—water
interfacial tension and improves wettability. These changes lead
to a decrease in residual oil saturation, thereby enhancing
displacement efliciency. In addition, the energy carried by the
HFAOD fluid improves connectivity, which increases porosity
and permeability, and reduces rock surface roughness, which
improves wettability. Ultimately, these result in improved
flowability of the oil phase. Based on the above mechanism of
enhanced oil recovery and the physical model of HFAOD
coupled flow in matrix and artificial structure, the mathematical
model is established.

In the mathematical model, the coupled process of the
fracture creation by HFAOD fluid and the infiltration of
HFAOD fluid in the matrix is equivalently represented as two
independent processes: fracture propagation and infiltration.
The process is characterized using the presetting fractures
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method (Figure 1). First, a fracture with a specific geometry and
conductivity is artificially created. Then, the HFAOD fluid is
injected through production wells into the reservoir containing
both a fracture and matrix to characterize the infiltration. During
this process, the fracture half-length remains constant without
further propagation. It is important to note that HFAOD
technology forms vertical fractures in offshore low-permeability
reservoirs. Model derivation is based on the following
assumptions: (1) The fluid flows isothermally. (2) The system
contains three components: oil, water, and HFAOD fluid. Oil
and water are immiscible, HFAOD fluid only exist in the
aqueous phase, and the adsorption and diffusion of the HFAOD
fluid are considered. (3) The capillary force and gravity are
considered. (4) the natural fractures are not considered.

2.1.2. Continuity Equation. Based on the conservation of
mass and Darcy’s law, the capillary force, gravity and crossflow
between the matrix and the artificial fracture are considered. The
continuity equations of the water, oil phases in the matrix and
the artificial fracture are established.” "’
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where K is the absolute permeability, mD; K, is the relative
permeability, dimensionless; D is the depth of reservoir, m; S is
the saturation, dimensionless; ¢ is the porosity, dimensionless;
B is the volume factor, dimensionless; y is the viscosity, mPa-s; p
is the pressure, MPa; a is the shape factor, dimensionless; The
subscripts m and f represent the matrix and the artificial fracture,
respectively; The subscripts o and w represent the oil and water
phases, respectively.

In eqs 1-2, the left side represents the flow and crossflow terms
of the oil and water phases, while the right side is the
accumulation term for each phase.

The physical properties of the artificial fracture greater than
the matrix, such as porosity and permeability. The effects of
adsorption and diffusion are considered in the flow of the
HFAOD fluid in the matrix, and the effect of diffusion is only
considered in the flow of the HFAOD fluid in the matrix. The
crossflow between the matrix and the artificial fracture is
considered. The continuity equations of the HFAOD fluid in the
matrix and the artificial fracture are
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where C; is the mass concentration of HFAOD fluid, kg/ m; CP,
is the diffusion concentration of HFAOD fluid, kg/kg; C°; is the
adsorption concentration of HFAOD fluid, kg/kg; py is the rock
density, kg/m3; mP is the diffusion flux of HEAOD fluid, kg/
(m*:s); The subscript s represents the HFAOD fluid.

In egs 3, the left side represents the flow and diffusion terms,
adsorption term, and crossflow term of the HFAOD fluid in the
matrix, while the right side is the accumulation term. In eq 4, the
left side includes the flow and diffusion terms in the artificial
fracture and the crossflow term, while the right side being the
accumulation term of the HFAOD fluid.

2.1.3. Auxiliary Equation. To characterize the improvement
of porosity and permeability by the HFAOD technology, the
compressibility of both the matrix and artificial fractures is
considered.

eC(m,o(P—Po)

‘/’(m,f) = ‘/’o(m,f) )

E -
K = Kompe @00 (6)

where ¢, is the initial porosity, dimensionless; K, is the initial
permeability, mD; C is the compression coefficient, MPa™'; E is
the stress sensitivity coefficient, MPa™; po is the initial fluid
pressure, MPa.

The saturation equation is

Smo T Smppw = 1 ()

In the reservoir, the water phase is wetting and the oil phase is
nonwetting. The dynamic force capillary was used to character-
ize the effect of imbibition on the development effect of the
HFAOD technology. The capillary force equation is

2.(Suw) = By = B (8)

where p, is the capillary force, MPa.

In the actual reservoir, the wettability and permeability are
influenced by the high pressure and high speed of HFAOD. At
the same time, the wettability and interfacial tension are
influenced by the physicochemical properties of the HFAOD
fluid. Furthermore, the pressure field of HFAOD and
concentration field of the HFAOD fluid in the reservoir are
heterogeneous, which results in rapid and real-time changes in
the microstructure, physical properties, interfacial tension, and
wettability at different locations within the reservoir. The rapid
and real-time changes in capillary force are induced by these
variations, which consequently exerts a substantial influence on
the imbibition effect. The imbibition effect is recognized as a
critical factor controlling the flow and distribution of HFAOD
fluid in low-permeability reservoirs. Therefore, the capillary
force needs to be extended from a static to a dynamic description
in order to accurately represent the imbibition effect during
HFAOD. If the reservoir is divided into N grids, the pressure and
the concentration of HFAOD fluid in each grid will change over
time and can be calculated. By combining parameters such as the
saturation, adsorption, interfacial tension, wettability, and
permeability for each grid at a given time can be determined.
According to eq 9, the capillary force in the grid at that moment
can be further calculated.

0,508 6 Kb

pcres(Smw) = Pclab(Smw)M
Ol COS glab Kres (9)

where o is the interfacial tension, MPa; 6 is the wetting angle,®.
The subscripts lab and res represent the experimental condition
and actual reservoir condition, respectively.

The HFAOD fluid influences the capillary number primarily
by altering the interfacial tension, which subsequently affects the
relative permeability. Referring to the calculation method used
in conventional numerical simulation software, the relative
permeability curves from laboratory experiments are applied to
different locations in the reservoir based on linear interpolation
of the capillary number during the development of the HFAOD
technology. The interpolation factor m is introduced.

_ g — lgv™)
Ig(N™) — 1g(N.™™) (10)

where N is capillary number, dimensionless. The superscripts
min and max represent the minimum and maximum
concentrations of HFAOD fluid, respectively.

At different capillary numbers, the end points of the relative
permeability curve are calculated.

= mSm — (1 — m)Su® (1)
SN = mSI™ — (1 — m)Sm™ (12)

where S, is the irreducible water saturation, dimensionless; S, is
the residual oil saturation, dimensionless.
Normalize the saturation

min min * N,

Sw (l\rc) - Swi — Swl B Swic

1—smn—sm 1 —ghe—gh (13)
max max * N,

Sw (l\rc) B Swi — Sw2 B SwiL

1— Sk —sm 1 —gh— g (14)

Finally, the relative permeability by the influence of the
concentration of HFAOD fluid is

Kr(w,o)(sw’ J\Tc) = mI(rx?vav},io)(Siﬂ I\Ic) + (1 - m)KI::o)(S:I’ I\Ic)
(1)

The adsorption concentration of the HFAOD fluid is related
to the mass concentration.

= (1 - Pp,C: (16)

where, m“; is the adsorption mass of HFAOD fluid, kg/ m®.

Based on Fick’s law, the HFAOD fluid diffusion is
characterized. The relationship between the diffusion mass
and the concentration of the HFAOD fluid is

m? = DVC, (17)

where D is the diffusion coefficient of the HFAOD fluid, m?/s.
2.1.4. Initial Conditions and Boundary Conditions. The
initial conditions are

Pow) (x, 9,2, g = P(oyw)o

S(o,w)(xi Yz, t)|t=0 = S(o,w)o

Cs(x, xS t)|t=0 =0 (18)
If the reservoir is closed, the outer boundary conditions are
o o %
low) _ 0, low) _ 0, W) _ |
ox oy 0z (19)
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During the production process, the liquid production is fixed,
so the inner boundary condition is

op |
or

r=r, = constant (20)

In conventional numerical simulations, the imbibition effect
in low-permeability reservoirs is typically characterized using the
average capillary force measured in the laboratory, with the
capillary force assumed to remain static throughout the
simulation. Even when a zonal approach is employed, significant
errors may be introduced, particularly in the characterization of
imbibition phenomena in HFAOD technology for oftshore low-
permeability reservoirs.”*~*" Rapid and real-time changes in the
microstructure, physical parameters, wettability, and oil—water
interfacial tension are induced by the high pressure and high
speed of HFAOD, thereby affecting the capillary force. In other
words, the capillary force is characterized by a time-dependent
variation. In this study, the capillary force needs to be extended
from a static to a dynamic description to accurately represent the
imbibition effect during HFAOD in offshore low-permeability
reservoirs. By incorporating the relationships between capillary
force, wettability, interfacial tension, and permeability into the
numerical simulation, the capillary force at different reservoir
locations can be calculated over time, more closely approximat-
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ing the actual conditions of HFAOD and providing a more
reliable basis for optimizing the shut-in time.

2.2. Optimization Method of Shut-In Time. Based on the
established mathematical model coupled flow in matrix and
artificial fractures, the shut-in time is optimized with the goal of
maximizing cumulative increase in oil production. The specific
steps as follows:""** (1) Based on known geological and
engineering parameters, the cumulative oil production corre-
sponding to different shut-in times is obtained. (2) Based on the
results of step (1), the difference between cumulative oil
production at different shut-in times and that of depletion
development is calculated, and then the relationship between
the cumulative increase in oil production by HFAOD and shut-
in time is obtained. (3) The relationship between the cumulative
increase in oil production by HFAOD and shut-in time show
two patterns (Figure 2): (a) The cumulative increase in oil
production gradually increases and then slows down with the
shut-in time increases (Figure 2a). (b) The cumulative increase
in oil production gradually increases and then decreases with the
shut-in time increases (Figure 2b). To optimize the shut-in time,
the derivative of the relationship between the cumulative
increase in oil production by HFAOD and shut-in time is taken.
The shut-in time corresponding to the point where the
derivative value is zero is the optimal shut-in time.
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3. APPLICATION

3.1. Validation. By combining the auxiliary equations,
boundary conditions, and basic experimental data such as the
relative permeability curves and capillary force curves (Figure
3), the fluid pressure is solved implicitly, and the oil—water
saturation and the concentration of the HFAOD fluid are solved
explicitly. Then, the sensitivity analysis of the optimal shut-in
time for HFAOD in offshore low-permeability reservoirs is
conducted.

Wells L* and W* located in offshore low-permeability
reservoirs, are selected to validate the model. The basic
parameters of geology and oil reservoirs are listed in Table 1.

Table 1. Basic Parameters of Geology and Oil Reservoirs

Parameter Well L* Well W#
Thickness (m) 29.7 25
Initial formation pressure coefficient 1 1.06
Porosity (%) 26.1 19.25
Permeability (mD) 22.8 20
Formation pressure coeflicient before HFAOD 0.88 0.7
Viscosity of HFAOD fluid (mPa-s) 1 1
Injection rate (m*®/min) S S
Accumulate injection (m®) 13,900 13,440
Fracture half-length (m) 150 110
Shut-in time (d) 10 10
Surfactant concentration (%) 0.35 0.35
Matrix compressibility coefficient (MPa™") 1x107™* 1x107™*
Fracture compressibility coefficient (MPa™") 0.1 0.1
Matrix stress sensitivity coefficient (MPa™?) 0.01 0.01
Fracture stress sensitivity coefficient (MPa™") 0.1 0.1

Well L* is located in an independent fault block with a
permeability of 22.8 mD, porosity of 26.1%, and an effective
thickness of 29.7 m. The formation pressure coeflicient before
HFAOD at a depth of 2700 m is 0.88. Well W* is located in a
complex fault block with a permeability of 20 mD, porosity of
19.25%, and an effective thickness of 25 m. The formation
pressure coeflicient before HFAOD at a depth of 2180 m is 0.7.
Both wells are isolated well points, lacking an effective injection-
production well pattern. Prolonged depletion development has
led to a continuous decline in formation pressure, with a
recovery factor of less than 10%.

The grid generation process for numerical simulation is
shown in Figure 4. A homogeneous grid system is applied along
the fracture direction (y-axis), whereas a heterogeneous grid
system is applied in the perpendicular direction (x-axis). The
grid spacing decreases as the distance to the fracture decreases,
and increases as the distance to the fracture increases. Second,
during the establishment of artificial fractures, the grid is further
refined according to the (7 7 1) method, thereby enabling a
more detailed description of the pressure field and saturation
field in the vicinity of the fracture. The grid parameters for
numerical simulation are listed in Table 2. The fracture half-
lengths of Well L” and Well W* are 223 and 197 m, respectively.

The oil and water production are calculated fixing liquid
production. The calculation results show good agreement with
production data obtained on site, as shown in Figure 5. The
calculation accuracies for cumulative oil production, cumulative
water production and the bottom hole pressure are
99.19%,99.84% and 86.43% for well L, and 98.46%, 85.1%
and 85.88% for well W* These indicate that the model

Refinement method(7 7 1)

one

yT_)
0 X

Figure 4. Grid generation process for numerical simulation.

developed in this work can accurately predict the production
dynamics of HFAOD.

The daily liquid production of well L* before HFAOD was 3.7
m®/d, with the daily oil production of 3.5 m®/d and the
formation pressure coefficient of 0.88. Subsequent to the
implementation of HFAOD, there was an increase in daily liquid
production to 77 m*/d, daily oil production increased to 33 m*/
d, and the formation pressure coefficient recovered to 1.04. The
predicted cumulative increase in oil production is 3.13 X 10* m?.
The daily liquid production of well W* before HFAOD was 9.4
m®/d, with the daily oil production of 1.4 m®/d and the
formation pressure coefficient of 0.7. Subsequent to the
implementation of HFAOD, there was an increase in daily
liquid production to 124 m*/d, daily oil production increased to
110 m*/d, and the formation pressure coefficient recovered to
0.89. The predicted cumulative increase in oil production is 3.5
X 10* m®. A comparison of the production dynamics of the two
wells indicates that the implementation of HFAOD technology
not only recovered formation pressure, but also significantly
improved production capacity and ultimately enhanced oil
recovery.

3.2. Law of Pressure Diffusion and Oil-Water Flow.
The primary function of the shut-in well is to enhance the effect
of formation energy supplementation after injection, thereby
further increasing the swept volume, controlling greater
geological reserves, and ultimately enhancing oil recovery.
Figure 6a, 6b and 6¢ show the distribution of the fluid pressure at
different shut-in times. The fluid pressure front further diffuses
in the direction of the vertical fractures. The fluid pressure in the
fracture zone gradually decreases, the area swept by the fluid
pressure gradually increases, the geological reserves controlled
by the HFAOD gradually increase, and the overall fluid pressure
field tends to balance. The longer the shut-in time, the more
balanced the fluid pressure distribution.

Figure 6d, 6e and 6f show the distribution of the fluid
saturation at different shut-in times. The pressure difference
controls the displacement effect, while capillary force controls
the imbibition effect, and both occur simultaneously during the
shut-in well process. In the early stage of shut-in well,
displacement plays a dominant role. The fracture is located in
a high fluid pressure zone, and the further away from the
fracture, the lower the fluid pressure. The HFAOD fluid
displaces the crude oil in the reservoir to a distant location. As
the fluid pressure gradually balances, the imbibition effect
gradually becomes dominant and the crude oil far from the
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Table 2. Grid Parameters for Numerical Simulation

Parameter Well L*

Single well control area 1005 X 550 m?

Grid size X: 67X 15m,Y: 15X 1S m,
10X4m 11X2m 10X 4m, 15X 15m
Total number of grids before refining the 12261
fracture zone
Total number of grids after refining the 13605

fracture zone.

Well w#

945 X 537 m*

X: 63X 15m,Y: 15 X 15 m,
10X4m,7X1m,10X4m,15X1Sm

10773
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Figure $. Production dynamic verification of well L* (a, b) and well W* (c, d).

fracture zone is exchanged back into the fracture zone. The
longer the shut-in time, the more crude oil is exchanged back
into the fracture zone.

4. RESULTS AND DISCUSSION

4.1. Sensitivity Analysis. Based on the basic parameters of
well W¥, the coupled mathematical model is adopted to conduct
a sensitivity analysis of the optimal shut-in time considering five
factors: permeability, formation pressure coeflicient before
HFAOD, viscosity of HFAOD fluid, injection rate, and
cumulative injection volume. The sensitivity analysis scheme is
shown in Table 3.

4.1.1. Permeability. Considering permeabilities of 10, 20, 50,
150, and 400 mD, with corresponding fracture half-lengths of
291, 216, 153, 104, and 83 m. The calculation method for the
fracture half-length of HFAOD is primarily based on previously
published research results.*’ By coupling the KGD model
(Khristianovich-Geertsma-de Klerk model) and the flow tube
method, a semianalytical mathematical model for the fracture
propagation during HFAOD is developed to account for the
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effect of infiltration on fracture propagation. Based on this
approach, the fracture half-length of HFAOD is calculated in this
study.

Figure 7 shows the cumulative increase in oil production and
the optimal shut-in time at different permeabilities. It is
noteworthy that the colored stripes in Figure 7c indicate errors.
The narrower region indicates the 95% confidence interval,
reflecting the uncertainty range of the fitted curve parameters.
The wider region indicates the prediction band, reflecting the
potential range of future observations. The meaning of the
colored stripes in Figures 8¢, 9¢, 10c, and 11cis analogous to that
in Figure 7c. The higher the permeability, the faster the fluid
pressure diffusion during the shut-in well process, and the
shorter the time it takes for the fluid pressure to reach balance.
When the permeability is less than 100 mD, the cumulative
increase in oil production initially increases with shut-in time
and then decreases. Prolonged shut-in time results in further
diffusion of fluid pressure. The energy that diffuses to distant
areas is not utilized promptly and effectively during the
production process. When the permeability is greater than 100
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Figure 6. Fluid pressure distribution at shut-in time of 0 days (a), 2 days (b), and 5 days (c) and oil saturation distribution at shut-in time of 0 days (d),

10 days (e), and 20 days (f).

Table 3. Sensitivity Analysis Schemes

Formation
pressure  Cumulative Viscosity
coefficient injection  Injection of HFAD
Permeability before volume rate fluid
Scheme (mD) HFAOD (m®) (m®/min)  (mPa-s)
1 10 0.5 13440 N 1
2 20 0.5 13440 N 1
3 NY 0.5 13440 S 1
4 150 0.5 13440 N 1
N 400 0.5 13440 S 1
6 20 0.5 13440 N 1
7 20 0.7 13440 N 1
8 20 1 13440 S 1
9 20 13 13440 S 1
10 20 0.5 4800 S 1
11 20 0.5 13440 N 1
12 20 0.5 14400 N 1
13 20 0.5 16000 S 1
14 20 0.5 13440 2 1
15 20 0.5 13440 4 1
16 20 0.5 13440 N 1
17 20 0.5 13440 8 1
18 20 0.5 13440 N 1
19 20 0.5 13440 S 3
20 20 0.5 13440 N N
21 20 0.5 13440 N 10

mD, the cumulative increase in oil production gradually
increases with the shut-in time and then tends to a stable
value. High permeability results in rapid fluid pressure diffusion.
The energy is quickly transferred to the distant formation during
the shut-in well process and quickly returned to the bottom of
the well during the production process. The higher the
permeability, the more the cumulative increase in oil production
by HFAOD. The optimal shut-in time of HFAOD gradually
decreases as the permeability increases.

4.1.2. Formation Pressure Coefficient before HFAOD.
Considering formation pressure coefficients before HFAOD of
0.5, 0.7, 1, and 1.3, with corresponding fracture half-lengths of
153, 174, 244, and 301 m. Figure 8 shows the cumulative
increase in oil production and the optimal shut-in time at

different formation pressure coefficients before HFAOD. The
higher the formation pressure coefficient before HFAOD, the
slower the fluid pressure diffusion during the shut-in well
process, and the longer the time it takes for the fluid pressure to
reach balance. However, the fracture half-length increases with
the increase of the formation pressure coeflicient before
HFAQOD, resulting in a larger area of the imbibition effect.
Therefore, more crude oil is exchanged back to the fracture zone
for the same shut-in time.

When the formation pressure coefficient before HFAOD is
less than 1, the cumulative increase in oil production initially
increases with shut-in time and then decreases. Prolonged shut-
in time results in further diffusion of fluid pressure. The energy
that diffuses to distant areas is not utilized promptly and
effectively during production process. The most important way
to enhance oil recovery is to enhance the effect of formation
energy supplementation to expand the swept volume during
shut-in well process. When the formation pressure coefficient
before HFAOD is larger than 1, the cumulative increase in oil
production initially increases with shut-in time and then ends to
a stable value. The energy of the reservoir itself is not deficient,
and the most important way to enhance oil recovery is through
oil—water exchanged by the imbibition effect during shut-in well
process. The higher the formation pressure coefficient before
HFAOD, the more the cumulative increase in oil production by
HFAOD. The optimal shut-in time of HFAOD gradually
increases as the formation pressure coefficient before HFAOD
increases.

4.1.3. Cumulative Injection Volume. Considering cumu-
lative injection volumes of 4800, 13440, 14400, and 16000 m?,
with corresponding fracture half-lengths of 146, 153, 153, and
153 m. Figure 9 shows the cumulative increase in oil production
and the optimal shut-in time at different cumulative injection
volumes. At the same injection rate, a larger cumulative injection
volume leads to greater energy accumulation around the fracture
zone at the end of injection, causing the fluid pressure front to
advance more quickly during the shut-in well process. But the
larger the cumulative injection volume, the longer it takes for the
fluid pressure to balance. At the same shut-in time, a less
cumulative injection volume results in more crude oil being
exchanged back into the fracture zone. However, the more the
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cumulative injection volume, the more the cumulative increase optimal shut-in time of HFAOD gradually increases as the

in oil production. This is mainly because a more cumulative cumulative injection volume increases.

injection volume leads to a stronger the effect of formation 4.1.4. Injection Rate. Considering injection rates of 2, 4, S,

energy supplementation, allowing for a larger swept volume. The and 8 m*/min, with corresponding fracture half-lengths of S5,
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Figure 11. Cumulative increase in oil production by HFAOD (a, b) and optimal shut-in time (c) at different viscosities

118, 153, and 244 m. Figure 10 shows the cumulative increase in
oil production and the optimal shut-in time at different injection
rates. At the same cumulative injection volume, a higher
injection rate leads to greater energy accumulation around the
fracture zone at the end of injection, causing the fluid pressure
front to advance more quickly during the shut-in well process.
But the higher the injection rate, the longer it takes for the fluid
pressure to balance. At the optimal shut-in time, a higher
injection rate results in a more the cumulative increase in oil
production. This is mainly because the higher the injection rate,
the longer the fracture half-length, the more geological reserves
controlled, the larger the area of the imbibition effect and the
more crude oil exchanged back into the fracture. Under the
influence of different injection rates, the cumulative increase in
oil production by HFAOD is primarily controlled by the fracture
half-length at the optimal shut-in time. If the well is not shut in at
the end of injection, the cumulative increase in oil production
decreases as the injection rate increases. At the same cumulative
injection volume, a higher injection rate results in a shorter time
for fluid flow in the reservoir, leading to a smaller the swept
volume of fluid pressure. The optimal shut-in time of HFAOD
gradually increases as the injection rate increases.

4.1.5. Viscosity of HFAOD Fluid. Considering viscosities of 1,
3, 5, and 10 mPa-s, with corresponding fracture half-lengths of
153, 208, 244, and 300 m. Figure 11 shows the cumulative
increase in oil production and the optimal shut-in time at
different viscosities of HFAOD fluid. As the viscosity of the
HFAOD fluid increases, the fracture half-length becomes longer,
which is favorable for the cumulative increase in oil production,
however, the swept volume of fluid pressure decreases, which is
not favorable for the cumulative increase in oil production.
Conversely, as the viscosity of the HFAOD fluid decreases, the
fracture half-length becomes shorter, which is not favorable for
the cumulative increase in oil production, however, the swept
volume of fluid pressure increases, which is favorable for the
cumulative increase in oil production. The optimal shut-in time
of HFAOD gradually increases as the viscosity of the HFAOD
fluid increases.

4.2. Analysis of the Main Controlling Factors. Based on
the results of the sensitivity analysis, the main controlling factors
are determined by using the gray relational analysis method in
conjunction with the entropy weight method.”*~*” The optimal
shut-in times are used as a reference sequence, different
influencing factors are used as a comparative sequence, and a
mathematical model of the gray relational method is established.
By conjunction with the entropy weight method, the relational
degree between the optimal shut-in time and different
influencing factors is calculated.

The specific steps are as follows: (1) The optimal shut-in time
is defined as the reference sequence, while the cumulative
injection volume, formation pressure coefficient before
HFAOD, permeability, injection rate, and viscosity of
HFAOD fluid are defined as the comparative sequence. (2)
The reference and comparison sequences are performed
dimensionless, and the absolute differences between them are
calculated. (3) The gray relational formula (eq 21) is employed
to calculate the relational coefficient between the reference
sequence and the comparative sequence. (4) In conjunction
with the entropy weight method, the entropy value correspond-
ing to each comparative sequence is calculated using eqs 22-24,
ultimately determining the weights of each factor. (5) The
relational coeflicient and weight are combined using formula 25
to calculate the relational degree of each comparison sequence,
thereby determining the main controlling factors affecting the
optimal shut-in time.

N A(min) + pA(max)
&) A(j) + pA(max) (21)

where A,(j) is the absolute difference, dimensionless; &(j) is the
relational coefficient, dimensionless; p is the identification
coefficient, dimensionless, p = 0.1; A(min) and A(max) are the
minimum and maximum values of the absolute differences,
respectively, dimensionless

¥,

Y

L=<
! 2;:1%,- (22)

where pj; is the proportion of the j-th influencing factor under the
i-th indicator relative to that indicator, dimensionless; y; is the
nondimensionalized data, dimensionless.

E=k) plhp
j=1 (23)

where E; is the entropy value of the i-th indicator dimensionless,
k=-1/Inn.

1 - E
0, = ——
m— X (24)

where @; is the entropy weight of the i-th indicator,
dimensionless.

=Y of()i=12.,m)
j=1

(28)
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where 7; is the relational degree of the i-th comparative sequence,
dimensionless.

Finally, the weights of different influencing factors are
determined (Table 4). The influence degree of different factors

Table 4. Analysis Results of the Main Controlling Factors for
the Optimal Shut-In Time of HFAOD

Number Parameter Weight
1 Cumulative injection volume 0.2919
2 Formation pressure coefficient before HFAOD 0.2611
3 Permeability 0.231
4 Injection rate 0.1431
S Viscosity of HFAOD fluid 0.0739

on the optimal shut-in time of HFAOD is as follows: cumulative
injection volume > formation pressure coeflicient before
HFAOD > permeability > injection rate > viscosity of the
HFAOD fluid. The main controlling factors that affect the
optimal shut-in time of HFAOD are the cumulative injection
volume, formation pressure coeflicient before HFAOD, and
permeability. These factors should be given special attention
when optimizing the shut-in time of HFAOD.

5. CONCLUSIONS

(1) A coupled model of HFAOD encompassing injection,
shut-in well, and production is established and shows
good agreement with production data obtained on site.
The calculation accuracies for cumulative oil production,
cumulative water production and the bottom hole
pressure are 99.19%,99.84% and 86.43% for well L¥ and
98.46%, 85.1% and 85.88% for well W¥.

The primary function of the shut-in well is to enhance the
effect of formation energy supplementation after
injection, thereby further increasing the swept volume,
controlling greater geological reserves, and ultimately
enhancing oil recovery. In the early stage of shut-in well,
displacement plays a dominant role. A larger geological
reserve is controlled by fluid pressure diffusion. In the
later stage of shut-in well, imbibition plays a dominant
role. The crude oil far from the fracture zone is exchanged
back into the fracture zone.

The higher the permeability, the lower the formation
pressure coefficient before HFAOD, the slower the
injection rate, the lower the viscosity of the HFAOD
fluid, the less the cumulative injection volume, and the
shorter the optimal shut-in time. The main controlling
factors that affect the optimal shut-in time of HFAOD are
the cumulative injection volume, formation pressure
coeflicient before HFAOD, and permeability. These
factors should be given special attention when optimizing
the shut-in time of HFAOD.

)

3)
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B NOMENCLATURE

K; the absolute permeability of the fracture, mD

K, the absolute permeability of the matrix, mD

K, the respectively the relative permeability of the oil
phase, dimensionless

K., the respectively the relative permeability of the water
phase, dimensionless

D the depth of reservoir, m

Sto the saturation of oil phase in the fracture, dimension-
less

Sty the saturation of water phase in the fracture,
dimensionless

Sio the saturation of the oil phase in the matrix,
dimensionless

Sinw the saturation of the water phase in the matrix,
dimensionless

B, the volume factor of the oil phase, dimensionless

B, the volume factor of the water phase, dimensionless

M the viscosity of the oil phase, mPa-s

Mo the viscosity of the water phase, mPa-s

Po the initial pore pressure, MPa

Do the pressure of the oil phase in the fracture, MPa

Prmo the pressure of the oil phase in the matrix, MPa

j7% the pressure of the water phase in the fracture, MPa

P the pressure of the water phase in the matrix, MPa

Do the density of oil phase, kg/m?

P the density of water phase, kg/m?>

PR the rock density, kg/m’

a, the shape factor of the oil phase, dimensionless

oy, the shape factor of the water phase, dimensionless

Oty the shape factor of HFAOD fluid phase, dimensionless

b¢ the porosity of the fracture, dimensionless
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Pos the initial porosity of the fracture, dimensionless
n the porosity of the matrix, dimensionless

Pom the initial porosity of the matrix, dimensionless

m the adsorption mass of HFAOD fluid, kg/m?

m> the diffusive mass flux of HFAOD fluid, kg/(m?s)

Ce the porosity compression coefficient of the fracture,
MPa™!

Ca the porosity compression coefficient of the matrix,
MPa™!

C, the mass concentration of HFAOD fluid, kg/m?

C, the adsorption concentration of HFAOD fluid, kg/kg

CP, the diffusion concentration of HFAOD fluid, kg/kg

D, the diffusion coefficient of HFAOD fluid, m?/s

E; the stress sensitivity coeflicient of fracture perme-
ability, MPa™

E. the stress sensitivity coeflicient of matrix permeability,
MPa™!

N™  the capillary number of maximum concentrations of
HFAOD fluid, dimensionless

N.™®  the capillary number of minimum concentrations of
HFAOD fluid, dimensionless

N. the capillary number, dimensionless

Peres the capillary force of reservoir condition, MPa

Pab the capillary force of experimental condition, MPa

O res the interfacial tension of reservoir condition, MPa

Olab the interfacial tension of experimental condition, MPa

0. the wetting angle of reservoir condition, °

O the wetting angle of experimental condition, °

Swi the irreducible water saturation, dimensionless

Sor the residual oil saturation, dimensionless

A(j)  the absolute difference, dimensionless

&) the relational coefficient, dimensionless

p the identification coefficient, dimensionless
A(min) the minimum values of the absolute differences,

dimensionless
A(max) the maximum values of the absolute differences,
dimensionless
Pi the proportion of the j-th influencing factor under the
i-th indicator relative to that indicator, dimensionless
i the nondimensionalized data, dimensionless
E the entropy value of the i-th indicator, dimensionless
; the entropy weight of the i-th indicator, dimensionless
T; the correlation value of the i-th comparison sequence,

dimensionless

Abbreviation
HFAOD Hydraulic fracturing assisted oil displacement
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