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Abstract: Hydraulic fracturing of horizontal wells is a common method for enhancing production
in low-permeability and unconventional oil reservoirs. However, due to the interference between
fractures, issues such as decreased production and water channeling often occur in hydraulic frac-
turing of horizontal wells. Therefore, studying how to mitigate the effects of fracture interference is
of great significance for optimizing hydraulic fracturing design and improving oil and gas recovery
rates. In this paper, an oil–water two-phase discrete fracture model was established, and the grid
dissection was carried out by using the optimization method to obtain a triangular grid that can finely
characterize the fracture in geometry. Then, typical discrete fracture models were designed, and the
influences of the fracture permeability ratio, absolute fracture scale, oil–water viscosity ratio, and
fracture length on the fracture flow interference were investigated separately. The degree of fracture
interference was evaluated using the fracture fractional flow rate ratio, remaining oil saturation, and
sweep efficiency. This study verified fracture interaction and identified that the threshold value of the
fracture permeability ratio is 9 to classify the degree of interference. Sensitivity analysis shows that
the absolute size of the fracture has a significant impact on fracture interference, while the impact of
the oil–water viscosity ratio and fracture length on fracture interference is relatively small.

Keywords: discrete fracture model; fracture interaction; low permeability; frac-hit

1. Introduction

Fractures play a crucial role in oil and gas field production. The development of
low-permeability and unconventional reservoirs often involves hydraulic fracturing, nat-
ural fractures, and induced fractures, which become significant pathways for fluid flow.
The large difference in seepage capacity of multi-scale fractures exacerbates the non-
homogeneity of reservoirs, which seriously affects the displacement effect and ultimate
recovery [1].

Fracture interference is a meaningful and highly discussed research topic, as there
are numerous scenarios where fracture interference can occur. With the widespread use of
fractured horizontal wells, fracture-driven interactions or frac-hits have become a focus
of attention for researchers and engineers [2]. Frac-hits can result in complex fracture
networks that affect well productivity and ultimate recovery. Therefore, accurate prediction
and management of frac-hits are crucial for optimizing production.

The concept of fracture-driven interactions (FDIs) was first introduced to explain
pressure increases caused by stimulation during different stages of fracturing a single
horizontal well [3]. This concept was later extended to inter-well interactions of fractures.
FDIs can be divided into two general groups: intra-well and inter-well FDIs [4,5]. The term
frac-hits was originally used to describe communication between parent and child wells
during infill drilling and has since been extended to include any type of well interference [6].
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FDIs are an important and complex issue. The existence of FDIs can lead to inter-well
interference and reduced production, thereby affecting the production efficiency of the
entire oilfield. Therefore, understanding and controlling FDIs is crucial for optimizing
oilfield development. In recent years, with the widespread application of horizontal wells
and fracturing technology, FDIs have become one of the hotspots of research. Numerous
studies have been conducted on the mechanisms of well-to-well FDIs; three types of frac-
hits and corresponding scenarios were summarized [2]. This research mainly focuses on
the direct frac-hit and its similar scenarios that frequently occur in the short horizontal
wells, infilling development of ultralow-permeability reservoirs in the Ordos Basin [7–9].
Previous studies have paid little attention to the flow interactions between neighboring
hydraulic fractures on a field scale to direct practical productions, though the flow capacity
differences between fractures have been of interest for a long time. In the future, we need
to further investigate the mechanisms and influencing factors of FDIs to better understand
and control this issue.

Kang et al. and Chen et al. [10,11] investigated the effect of fractures on oil migration
and found that fractures play a crucial role during waterflooding. Through micro-scale
flooding experiments, they discovered that large-scale fractures have a strong flow interac-
tion effect on small-scale fractures. Wang et al. [12] pointed out that the aperture difference
between multi-scale fractures can result in a significant difference in permeability, which
creates strong flow barriers from large-scale fractures to small-scale fractures. When wa-
ter breakthrough occurs in a large-scale fracture, it becomes challenging to displace the
remaining oil in the small-scale fracture [13].

Li et al. [14] studied the relationship between multi-scale fractures and production
dynamics. They found that when the width difference of fractures is 1.5, large fractures
have a complete shielding effect on the flow of small ones through theoretical calculation.
The waterflooding is mainly carried out in large fractures and there is almost no fluid
flow in small fractures. In this case, the water cut of the oil well suddenly rises and shows
watered-out characteristics.

According to the research conducted by Zhu et al. [15] through the core-scale displace-
ment experiment, it has been demonstrated that the difference in permeability between
fractures can lead to a decrease in waterflooding efficiency. Furthermore, as the perme-
ability contrast between fractures increases, the flow distribution between fractures no
longer follows Darcy’s law. Ma et al. [16] combined micro experiments and finite element
numerical simulations to study the influencing factors of fracture interference in fracture-
vuggy carbonate reservoirs at micro scale. They carried out a quantitative evaluation index
named relative interference factor to study the role of oil viscosity, fracture permeability,
and fracture length in flow interference.

These findings have important implications for oilfield development. To optimize
production, it is necessary to understand the characteristics and behavior of fractures at
different scales and their impact on fluid flow. Accurate modeling and simulation tools are
essential for predicting fracture behavior and designing effective stimulation strategies.

Liang et al. and Zhao et al. developed a discrete fracture model to study fluid flow
through hydraulic and natural fractures in unconventional reservoirs and suggested the
DFM is more accurate [17–21]. Meng et al. studied waterflooding characteristics in fractured
reservoirs with discrete fracture model simulation and then investigated waterflooding and
flow interaction in a carbonate reservoir with multi-scale fractures at field scale [22–24]. His
research revealed the levels and boundaries of fracture interference on vertical wells and
natural fractures. However, with the application of fractured horizontal wells and short
horizontal wells, the fracture interaction in frac-hits needs increased attention because most
of the watered-out wells only produced for a short time in the Ordos Basin low-permeability
field. Figure 1 is the schematic of different communication forms between the injection and
production of horizontal wells in the Ordos Basin.
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Figure 1. Schematic of different communication forms between injection and production horizontal 
wells in the Ordos Basin. (a) Direct frac-hit of two fractured wells. (b) Direct frac-hit of large-scale 
fractured production well and unfractured injection well. (c) Indirect frac-hit of fractured produc-
tion well and unfractured injection well. 
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simulations. New insights on fracture flow interference during waterflooding will be re-
vealed and depicted by defining some new flow parameters and formulas obtained from 
the discrete fracture model. Our study aims to achieve a comprehensive understanding of 
fracture interaction behavior for sustainable and efficient oilfield development [25,26]. 
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Figure 1. Schematic of different communication forms between injection and production horizontal
wells in the Ordos Basin. (a) Direct frac-hit of two fractured wells. (b) Direct frac-hit of large-scale
fractured production well and unfractured injection well. (c) Indirect frac-hit of fractured production
well and unfractured injection well.

Previous research has not thoroughly analyzed the interference patterns and influenc-
ing factors of fracture interference between fractured horizontal wells at the reservoir scale.
This study focuses on the fracture interaction of frac-hits and performs simulation studies at
a field scale. First, we establish a discrete fracture model to characterize fracture geometry
and two-phase fluid flow. We then investigate and clarify fracture interaction phenomena,
interaction processes, boundaries, and influencing factors through numerical simulations.
New insights on fracture flow interference during waterflooding will be revealed and
depicted by defining some new flow parameters and formulas obtained from the discrete
fracture model. Our study aims to achieve a comprehensive understanding of fracture
interaction behavior for sustainable and efficient oilfield development [25,26].

2. Numerical Simulation
2.1. Mathematical Model

In the discrete fracture model, it is necessary to simplify the actual model according to
the main content of our research, so we have made the following assumptions about the
model [27].

(1) The model is oil–water two-phase flow, and the fluid flow in the fracture satisfies
Darcy’s law and cubic law;

(2) The fluid in the matrix and fractures and the rock skeleton are slightly compressible;
(3) The fluid flow in porous and fractured material is an isothermal process;
(4) The reservoir has two-dimensional heterogeneity, and the model is treated with equal

thickness, ignoring the influence of gravity.

The two-dimensional oil–water two-phase Darcy model of discrete fractures is com-
posed of the continuity equation, motion equation, and auxiliary equation. The mathemati-
cal expression of each equation is as follows:

(1) The mass conservation equation

Oil phase mass conservation equation in matrix:

∂[φ(p)ρo(p)so]

∂t
+∇·

[
ρo(p)·

(
−Kmkro(sw)

µo
∇po

)]
= qo (1)

Oil phase mass conservation equation in fracture:

∂[φ(p)ρo(p)so]

∂t
+∇·

[
ρo(p)·

(
−

K f kro(sw)

µo
∇po

)]
= qo (2)



Processes 2023, 11, 3013 4 of 19

Water phase mass conservation equation in matrix:

∂[φ(p)ρw(p)sw]

∂t
+∇·

[
ρw(p)·

(
−Kmkrw(sw)

µw
∇pw

)]
= qw (3)

Water phase mass conservation equation in fracture:

∂[φ(p)ρw(p)sw]

∂t
+∇·

[
ρw(p)·

(
−Kmkrw(sw)

µw
∇pw

)]
= qw (4)

where, φ is porosity, decimal; ρo is the oil density, kg/m3; ρw is the density of water, kg/m3;
p is pressure, Pa; po is oil phase pressure, Pa; pw is water phase pressure, Pa; qo is the oil
phase flow rate, m3; qw is the water phase flow rate, m3; so is oil saturation, decimal; sw
is water saturation, decimal; µo is the viscosity of oil, mPa·s; µw is the viscosity of water,
mPa·s; Km is matrix permeability, D; K f is fracture permeability, D; kro is oil phase relative
permeability, dimensionless; krw is water phase relative permeability, dimensionless.

(2) Equation of motion

Equation of oil phase motion in matrix:

vo = −
Kmkro

µo
(∇Po + ρog∇Z) (5)

Equation of oil phase motion in fracture:

vo = −
K f kro

µo
(∇Po + ρog∇Z) (6)

Equation of water phase motion in matrix:

vw = −Kmkrw

µw
(∇Pw + ρwg∇Z) (7)

Equation of water phase motion in fracture:

vw = −
K f krw

µw
(∇Pw + ρwg∇Z) (8)

where, vo is the oil phase flow rate, m/s; vw is the water phase flow rate, m/s; g is the
acceleration of gravity, m/s2; Z is the depth along the direction of gravity, m.

(3) Equation of auxiliary

Saturation auxiliary equation:

so + sw = 1 (9)

Capillary equation:
pw − po = pc(sw) (10)

Compressibility equation of rock:

φ = φ0e[−cr(p−p0)] (11)

Compressibility equation of fluid:

ρi = ρi,0e[−ci(pi−pi,0)] (i = o, w) (12)
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where, pc is capillary pressure, Pa; φ0 is the initial porosity, decimal; P0 is the initial reservoir
pressure, Pa; cr is rock compression coefficient, Pa−1; ci is rock compression coefficient,
Pa−1; ρo and ρw is fluid density of oil and water phase, kg/m3.

(4) Fracture permeability

In the process of discrete fracture modeling, the current commonly used fracture
permeability is the cubic rule derived from the plate model; that is, the fracture permeability
is related to the effective fracture aperture [28,29]:

K f =
w2

12
(13)

where, Kf is the permeability of fracture, µm2; w is effective fracture width, m.

2.2. Model Validation and Comparision

A typical model was established for verification. The discrete fracture model is a two-
dimensional planar model of 100 m× 100 m, which is dissected using a triangular grid. The
discrete fracture model with a variable step size triangular mesh dissection for adaptive
and accurate characterization of fractures and matrix was used. The discrete fracture
model was set up with one injection and one extraction well, and one fracture was set up
between the injection and extraction wells. The effective width of the fracture was 0.001 m.
The model solution was carried out using the DFM module of the MRST toolbox [30–32].
CMG−STARS (Version 2021) was used to establish a comparison model, keeping all model
parameters consistent, in which the fracture was realized by grid refinement equivalent
inflow capacity. The specific parameters are shown in Table 1.

Table 1. Basic parameters of verification model.

Parameters DFM Model CMG Model

Fracture permeability (µm2) 8.3 × 104 139
Matrix permeability (µm2) 1 1

Fracture porosity 0.45 0.45
Matrix porosity 0.15 0.15

Oil viscosity (mPa·s) 2 2
Water viscosity (mPa·s) 0.5 0.5

Oil density (kg/m3) 850 850
Water density (kg/m3) 1000 1000

Fracture length (m) 60 60
Effective fracture width (m) 0.001 0.6

Initial pressure (MPa) 12 12
Injection pressure (MPa) 30 30

Bottom hole pressure (MPa) 5 5

The obvious permeability difference between the DFM model and the CMG model is
due to the fact that CMG simulated fractures by means of equivalent conductivity. Due
to the influence of mesh size, the actual mesh width of fractures in CMG is at least 0.6 m,
which is much greater than the real effective fracture aperture. In order to compare and
verify the accuracy of the simulation, the production dynamic data calculated by the two
simulation methods are compared (see Figure 2).
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Figure 2. Simulation results of DFM and CMG. (a) Oil rate and water rate validation. (b) Average
pressure validation.

From Figure 2, it seems that the two simulation methods used to calculate production
dynamic data in a two-dimensional DFM model have produced highly consistent results.
This is evident when comparing the daily production rates of the well and the average
reservoir pressure. It appears that the accuracy of the simulation has been successfully
verified through this comparison. However, due to the difference of grid scale of the CMG
model, the simulation results fluctuate slightly. In addition, the saturation field simulation
results of the two models are also compared and verified. Figure 3 is the comparison model
and simulated saturation field results.
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The validation of the simulation comparison indicates that the discrete fracture model
has a high-accuracy fracture meshing. The grid has lower oil saturation near the injection
wells due to the diffusion of water injection. In the fracture, saturation changes rapidly
along the direction of the fracture, and the diffusion of the perpendicular method with the
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fracture surface is not significant. Comparison of the waterflooding features shows that the
discrete fracture model characterizes the rapid water channeling feature at the end side of
the fracture, which the CMG model cannot. The discrete fracture model grid size is finer
than CMG, resulting in a weaker numerical dispersion phenomenon after calculation, and
a smoother front of the saturation distribution. However, in the CMG model, due to the
influence of grid dissection accuracy, there is strong numerical dispersion, and the grid near
the well has lower oil saturation. The saturation changes significantly along the fracture
direction, but there is no directionality due to the calculation of permeability between grids
during equivalence calculation in the CMG model. Therefore, there are also saturation
changes in the direction perpendicular to the fracture surface. These differences indicate
that there are some variations between the models in terms of fracture characterization.

By comparing the oil saturation field distributions of the discrete fracture model
and the verification model, it can be seen that the discrete fracture model has a certain
degree of accuracy and credibility. However, the DFM method also has its limitations. In
addition to the difficulty of simulating three-dimensional discrete fractures at the field scale,
computational requirements for grid computing are relatively large. The most prominent
drawback is that fluid flux rates in DFM numerical models are highly sensitive to fracture
aperture. Therefore, it is crucial to minimize errors in characterizing fracture apertures to
ensure accurate model outputs. However, determining the aperture and transmissivity
of a fracture population is equally challenging due to the limited number of fracture
samples that can be obtained from restricted locations through in situ and laboratory tests.
Furthermore, it is difficult to determine the effect of sample size on the results. Therefore,
the discrete fracture model is mainly used for mechanistic research and exploratory research,
and the industrial project practice is mainly applied to commercial software.

3. Simulation Results
3.1. Simulation Schemes

In order to study the fracture flow interference law, this paper simplifies the frac-hit
model into a double fracture. According to the difference of fracture flow-conducting
ability, the double-seam flow-conducting ability grade difference multiplier is defined, and
the flow-conducting ability grade difference is used as the independent variable to study
the waterflooding in different models. Previous studies have typically utilized permeability
difference to characterize the major fracture and minor fracture [33–35]. For frac-hit cases,
we define a fracture permeability difference parameter D to characterize the permeability
ratio of the major and minor fracture.

D =
Kfrac1
Kfrac2

(14)

where D is the gradient difference in hydraulic fracture permeability, dimensionless; Kfrac1
and Kfrac2 both represent the hydraulic fracture permeability, µm2.

We simplify the hydraulic fracture in Figure 1 to be the main fracture and the secondary
fracture and set the permeability capacity and related parameters of the two fractures
according to the parameters of reservoir stimulation of a short horizontal well in an ultralow-
permeability field. These short horizontal wells have been commonly used in the well
pattern adjustment of ultralow-permeability reservoirs in the Ordos Basin in recent years.
To avoid water channeling issues, only small-scale fracturing is carried out on these wells,
with the number of fractured stages ranging from 2 to 4 [36–38]. Figure 4 is the discrete
fracture model with inter-well direct frac-hit.
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Figure 4. Discrete fracture model with inter-well direct frac-hit. The model is constructed in a
triangular grid; in this way, the fractures and wells can be finely characterized in geometric patterns.
The black line in the figure is the fracture; the blue line represents the injection well; and the red line
means the production well.

This model is 100 m in length and 60 m in width with two short horizontal wells for
water injection and oil production, respectively. Two fractures with the same length but
different apertures and permeability are proposed to simulate the inter-well direct frac-hit.
The fracture spacing is 30 m, which is half the length of the horizontal well trajectory. The
basic parameters of the simulation are the same as the verification model as shown in
Table 1. The relative permeability curves are provided separately for matrix and fracture
considering their obvious seepage differences, as shown in Figure 5 [39,40].
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This study set six cases with a fixed minimum fracture permeability while varying
the fracture permeability gradient difference D. Minor fracture width is 0.2 mm and the
corresponding permeability calculated by cubic law is 3333 µm2. When fracture width
difference increases from one to six for case 1 to case 6, the permeability gradient difference
D is squared.

3.2. Fracture Flow Interaction

Fracture Flow Interaction (FFI) can also be seen as FDI, while FFI places more emphasis
on the flow interference within the fracture network. The impact of frac-hits on pressure
response remains a focal point of interest in numerous FDI studies [41–44]. Nevertheless,
pressure data present a challenge due to high sensitivity and limited accessibility for
real-time monitoring. Conversely, micro-seismic techniques enable the acquisition of
waterflooding and fluid saturation distribution data. In light of this, the present paper
delves into the interaction of fracture and its effect on the fluid saturation field’s evolution.
Figure 6 is the simulation result of the oil saturation field in different cases at the timestep
of 180 days.
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Figure 6. Simulated oil saturation at 180 days for case 1 to case 6. There is little difference between
the fracture flow in cases 1 and 2, but differences in the saturation distribution become obvious from
case 3 (permeability difference D = 9).

The simulation result reveals that the permeability of the lower fracture surpasses that
of the upper one. As the level of permeability difference increases, the flow interference
between the fractures becomes increasingly pronounced. The major fracture situated below
serves as the dominant seepage channel, and then the displacement strength exhibits high
waterflooding and low oil saturation while another remains unflooded. As can be seen
from Figure 6, once D is greater than 9, the change of oil saturation is no longer significant
in the rest of the cases. Furthermore, we can observe that the waterflooding front for
the matrix in all instances remains within a 30 m radius. The propagation of the minor
fracture does not extend more than 70 m, while the major fracture’s flooding reaches up
to the production well. The above results confirm that there is flow interference between
fractures, and the displacement state of large fractures has a certain degree of influence
on small fractures. To further investigate the oil saturation changing due to fracture flow
interference, the variation of each parameter with the simulation time requires attention.
Taking the simulation results of case 3 as an example, the variation process of waterflooding
interaction of the fracture is revealed, as indicated in Figure 7.
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As the waterflooding process progresses, the waterflooding front gradually advances
in the matrix and fractures. When simulated for 30 days, the waterflooding front in the
matrix advances approximately 10 m; it progresses approximately 20 m in the upper
fractures and notably more than 40 m in the lower fractures. When the simulation timestep
is 90 days, the large fracture is already watered out. In this case, even though the large
fractures at the bottom are already flooded with water, displacement continues in the matrix
and small fractures. By the time the simulation reaches 540 days, both fractures are already
flooded, and the waterflooding front in the matrix reaches a location approximately 10 m
away from the production well. In addition to being faster along the direction of fractures,
the lateral influence of large fractures is also more significant than the small fractures above.
Next, the process of the saturation of oil and water in the fractures is further analyzed over
time. Figure 8 is the simulated saturation distribution along the fractures from injection
to production.
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Figure 8. Oil saturation along fractures at different timesteps. The solid line indicates the saturation
of the small fracture above, and the dotted line indicates the saturation of the large fracture below.
The abscissa represents the fracture distance from the injection well to the production well.

As can be seen from Figure 8, at any given timestep, the saturation in large fractures
is always lower than in small fractures. Moreover, the disparity between the fractures
gradually increases over time, essentially reaching a stable state by the 180th day. The
inflection points of the curve represent the forefronts of saturation. The inflection point
closer to the injection well signifies the saturation forefront of the water phase and the
two-phase oil–water flow, while the one closer to the production well marks the saturation
forefront of the two-phase oil–water and oil phases. There is a noticeable difference in the
forefront changes of the two fractures. The solid line signifies that the initial inflection
points of the small fracture’s forefront occurred at less than 20 m, suggesting that the
distance of complete water displacement is short. Conversely, the dashed line indicates
a position close to 60 m, suggesting that by the 540th day, the water phase forefront in
the large fracture has neared the oil well, resulting in complete waterflooding. It can also
be observed that the small fracture remains at its initial oil saturation level beyond 60 m,
implying that waterflooding has not reached the production well.

Compared with saturation, the flow rate in the fracture is more meaningful for ana-
lyzing flow interference [45–47]. Therefore, we further calculated the flow rates through
the major and minor fractures in order to compare the differences in fluid flow capacity
between the major and minor fractures. By averaging the unit thickness flow rates on the
fracture grid, the flow rates in the major and minor fractures were obtained. Here, we
define a parameter fmin to describe the fracture flow ratio, which is measured by the ratio of
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the flow rate in the small fracture to all fractures, characterizing differences in fracture flow
capacity during the displacement process.

fmin =
Qfrac1

Qfrac1 + Qfrac2
(15)

where fmin is the fractional flow rate of the minor fracture, decimal; Qfrac1 and Qfrac2
is fracture flow rate, m3/d. This paper assumes that all small fracture flow rates are
represented by Qfrac1.

Considering that the fracture flow is an instantaneous quantity, this paper mainly
uses the flow corresponding to the last timestep of the simulation for calculation. Figure 9
describes the relationship between fmin (the fracture fractional flow rate ratio) and D (the
fracture permeability ratio).
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Figure 9. Relationship between fracture fractional flow rate ratio and fracture permeability ratio
(logarithmic scale). The relationship between fmin and D can be well fitted by a power function. When
the permeability ratio exceeds 9, the flow rate in small fractures cannot be obtained by Wang’s parallel
core displacement experiment.

The fmin satisfying the power function relationship rapidly decreases with the increase
in D. When D is greater than 9, fmin decreases to a degree that can be ignored in engineering.
Therefore, this curve is divided into two parts. The light green background area represents
the impact variation zone; the fracture flow ratio in this region gradually deviates from the
allocation calculated by Darcy’s Law, which is consistent with the experimental results of
previous researchers [14,48,49]. The light red area represents the impact stable zone, where
fmin essentially reaches a constant value. This result clearly indicates that the degree of
flow interference between fractures is related to the ratio of permeability between them
and that there is a threshold value. When it exceeds this limit, the flow rate from small
fractures can be ignored, approximating a condition where there is no fluid flow. Under
the current simulation conditions, this limit value of D is 9, which is of great significance
for understanding the interference effect between fractures and taking targeted measures
to increase production in fractured reservoirs.

To further demonstrate the limit value, we assume a limit case that exists in the
reservoir field. When the large fracture is fully flooded, it serves as a channel for water
phase flow. Therefore, the greater the diverted volume within the large fracture, the higher
the water cut of the oil well. The estimated overall water cut can be calculated as 1 minus the
minimum oil fraction (fmin). In this simulation, with a permeability ratio of 9, the fmin is 0.02
and the water cut reaches 98%, indicating the engineering limit for production. This finding
can serve as a valuable guide for geologists and reservoir engineers, directing their attention
towards the permeability differences between adjacent reservoirs in low-permeability
reservoirs. By analyzing the remaining oil and understanding these differences, targeted
enhanced oil recovery (EOR) countermeasures can be developed to effectively maximize
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oil production. However, it is only applicable in simulations and under certain ideal
conditions. Whether this threshold exists universally requires further study to determine
its applicability in more scenarios.

3.3. Sensitivity Analysis
3.3.1. Fracture Scale

Upon the culmination of our preliminary study, it was discerned that a permeability
ratio exceeding 9 results in large fractures imposing a significant influence on the flow
within smaller fractures. However, it is pertinent to note that these findings are predicated
on the assumption that the effective aperture of smaller fractures is 0.1 mm. The potential
impact of the absolute aperture of fractures on the dynamics of flow competition and
interference mandates more in-depth verification. Henceforth, our future research would
be calibrated to three distinctive effective aperture values for smaller fractures: 0.1 mm,
1 mm, and 10 mm. Utilizing the data obtained from these simulation models, we are
positioned to analyze the nuanced changes. Figure 10 is the relationship between the
fracture flow ratio and fracture permeability ratio of three fracture scales.
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Figure 10. Relationship between fracture fractional flow rate and fracture permeability ratio of three
fracture scales in liner scale. The three lines of red, blue, and pink are those representing small
fracture effective widths of 0.1 mm, 1 mm, and 10 mm, respectively.

Figure 10 indicates that the absolute scale of the fracture has a great influence on the
FDI. An increase in the absolute scale of the fractures will reduce the interference of the
fractures’ relative scale differences. The flow capacity of small fractures is greatly affected
by their size and the presence of larger fractures. When the effective width of a small
fracture is only 0.1 mm, an increase in D results in a rapid decrease in fmin until it eventually
approaches 0. This indicates that the small fracture no longer has any flow capacity under
the influence of the larger fracture. On the other hand, when the effective width of a small
fracture is greater, such as 1 mm, the minimum flow ratio of the fracture is close to 0.2,
indicating that the small fracture still has some flow capacity. However, as the absolute
scale of fractures increases to 10 mm, the flow interference between fractures becomes less
significant, and a linear relationship between fmin and D emerges. The findings indicate that
flow interference only affects small-scale fractures and that enhancing fracture permeability
can mitigate the impact of FDIs on production. The permeability ratio threshold of 9 is no
longer applicable in large-scale fracture systems.

3.3.2. Oil–Water Viscosity Ratio

In addition to the absolute scale of the fracture, fluid viscosity is also a significant
factor that can affect seepage and displacement and, thus, may influence FDIs [50]. We
define eight cases to conduct a simulation study, with oil–water viscosity ratios of 1, 5, 10,
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20, 50, 100, 150, and 200, respectively. Figure 11 is the oil saturation distribution at different
oil–water viscosity ratios after 270 days.
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Figure 11. Oil saturation distribution at different oil–water viscosity ratios after 270 days. There are
eight subgraphs which separately represent cases of oil–water viscosity ratios of 1, 5, 10, 20, 50, 100,
150, and 200.

Figure 11 illustrates that changes in crude oil viscosity have a significant impact on
the distribution of oil and water two-phase areas. When the viscosity ratio of oil and water
is relatively low, the oil–water interface is clear, and displacement occurring in the matrix
and fractures is similar to piston displacement. However, as the viscosity ratio increases,
the front of waterflooding advances more quickly and the two-phase flow region increases
significantly. Furthermore, it is observed that when the viscosity of crude oil is relatively
low (e.g., µo/µw = 1), the front of oil and water advances more slowly, but the water
saturation in the fracture is high. Conversely, when the oil–water viscosity ratio is relatively
high, the oil–water leading edge advances more quickly, but the water saturation is low.
This is attributed to the fact that when the oil–water viscosity ratio is low, waterflooding oil
behaves similarly to piston-driven replacement. However, when the oil–water viscosity is
relatively high, fingering is more likely to occur. Although the ripple range increases, the
residual oil saturation also increases, indicating a decrease in displacement efficiency.

To investigate the permeability ratio limit of major and minor fracture flow interference
at a given oil–water viscosity ratio, we conducted an experiment in which we set the oil–
water viscosity ratio to 1, 10, 50, and 100. We then modified the effective aperture of the
fractures to change the fracture permeability grade difference. Figure 12 illustrates the
fractional flow rate ratio of the fractures under different oil–water viscosity ratios as the
permeability ratios vary.
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From Figure 12, it can be observed that the impact of different oil–water viscosity
ratios on fmin and D is minimal, as the four curves are almost identical, and the influence of
viscosity can only be reflected if the fracture permeability difference is small. The fracture
flow rate formula derived from cubic law based on a single phase is applied to estimate
the flow difference of fractures by previous researchers [51]. The equation indicates that
permeability has a much greater impact on fracture flow than viscosity does. Therefore, the
fmin parameter defined in this study is more sensitive to permeability, while the effect of
viscosity is relatively small. This suggests that adjusting the oil–water viscosity ratio does
not improve flow interference between fractures. Moreover, when the oil–water viscosity
ratio increases from 1 to 100, the limit value of permeability difference for flow interference
remains at 9. This indicates that changes in the oil–water viscosity ratio do not significantly
affect the permeability difference limit for flow interference. To further investigate the
influence of viscosity, we set the permeability difference between fractures to a fixed value
of 9 and varied the oil–water viscosity ratio. We then analyzed the changes in fmin with
respect to the oil–water viscosity ratio. This approach allowed us to examine how changes
in viscosity affect the FDI with a fixed permeability difference, providing valuable insights
into the impact of viscosity on flow interference between fractures. Figure 13 shows the
change of the minor fracture fractional flow rate fmin with the increase in the oil–water
viscosity ratio.
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With the increase in the oil–water viscosity ratio, the small fracture flow rate will
gradually decrease and tend to a stable value. The fmin and D curves can be divided into
two intervals. When the oil–water viscosity ratio is smaller than 20, fmin decreases rapidly
with increasing oil viscosity. However, when the oil–water viscosity ratio is greater than 20,
the trend of a decreasing viscosity ratio decreases. Furthermore, for the minor fracture flow
rate ratio with the increase in the oil–water viscosity ratio, the decrease is limited. Even if
the oil–water viscosity ratio increases by one order of magnitude, the order of magnitude
of the small fracture flow rate does not change. These findings suggest that the impact
of oil viscosity on fmin and D is dependent on the oil–water viscosity ratio, with a higher
ratio leading to a weaker effect of oil viscosity on FDIs. This information can be valuable in
optimizing fracture systems for enhanced oil recovery.

3.3.3. Fracture Length

Large numbers of fractured horizontal wells cannot be effectively connected by hy-
draulic fractures for all kinds of reasons [47,52–54]. Therefore, indirect frac-hits should
also be considered. This study primarily focuses on analyzing the influence of the fracture
length of the indirect frac-hit on FDI to optimize the hydraulic fracturing design and im-
prove the overall well performance. We applied more simulation cases of fracture lengths
at 30 m, 40 m, 50 m, 60 m, 70 m, and 80 m to further analyze FDIs of indirect frac-hits
and direct frac-hits. Figure 14 shows oil saturation under different fracture lengths after
360 days of simulation.
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Figure 14. Oil saturation map under different fracture length after 360 days. Six subgraphs separately
represent cases of fracture lengths of 30 m, 40 m, 50 m, 60 m, 70 m, and 80 m. The first seven cases are
indirect frac-hits.

The figure illustrates that when the fracture does not penetrate the injection well,
the injected water initially infiltrates the matrix. As the length of the fracture increases,
the leading edge of the water drive enters the fracture earlier, resulting in an earlier
breakthrough of water injection for the larger fracture. The minor fracture may also
propagate a certain distance when it breaks through, and overall performance indicates
that the interference caused by the minor fracture is relatively small. By comparing the
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saturation distribution fields under different fracture lengths, it can be observed that as the
fracture length increases, the proportion of the advance distance of the small fracture to
the total length of the fracture decreases when the large fracture breaks through to reach
the water. This suggests that longer fractures tend to leave a greater portion of the small
fracture unused. Therefore, optimizing the hydraulic fracturing design by considering the
interaction between large and small fractures has strong engineering practical application
significance [55].

Statistics on the variation of the fracture fractional flow rate fmin with fracture lengths
for minor fractures are shown in Figure 15.
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decreases as fracture length increases, while in the second region, with the light blue background,
fmin remains at a relatively constant value.

Figure 15 illustrates that the process of changing the small fracture fractional flow rate
with increasing fracture length can be divided into two stages. The first stage occurs when
the fracture length is between 30 m and 60 m, during which, the small fracture fractional
flow rate shows a linear decrease with increasing fracture length. In the second stage, when
the fracture length is greater than 60 m, the fractional flow rate of the small fracture remains
stable around a certain value, even if the fracture length is further increased. Although the
fracture length has an impact on the fractional flow rate of the small fracture, the absolute
difference between the fractional flow rate of a small fracture with a fracture length of 30 m
and that with a fracture length of 80 m does not significantly affect the order of magnitude
of the fractional flow rate. This also implies that changing the length of the hydraulic
fracture may not effectively diminish the FDI [56,57].

4. Conclusions

(1) This paper establishes a discrete fracture model to study the problem of fracture
interference in field scales, which enables a precise characterization of the fracture geometry
and flow parameters. Through comparison with commercial numerical simulations, the
discrete fracture model can more accurately simulate fracture interference phenomena.

(2) The simulation verifies the existence of flow interference between fractures, which
can cause problems such as waterflooding in oil wells and a decrease in the spreading
coefficient due to fracture flow interaction. The study also identifies the threshold value of
the interference intensity when the fracture permeability ratio is 9 in certain scenarios.

(3) The absolute scale of the fracture has a significant impact on fracture flow interac-
tion; there is only slight interference in the large-scale fracture system, while the effect of
the oil–water viscosity ratio and fracture length on fracture flow interaction is relatively
small. Therefore, an effective measure to mitigate the impact of FFI is to enhance the
fracture conductivity.
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