
Research Article
Simulation and Optimization of Dynamic Fracture Parameters for
an Inverted Square Nine-Spot Well Pattern in Tight Fractured
Oil Reservoirs

Le Jiang,1 Peng Gao,2 Jie Liu,1 Yunbin Xiong,2 Jing Jiang,3 Ruizhong Jia,2 Zhongchao Li,2

and Pengcheng Liu 1

1School of Energy Resources, China University of Geosciences, Beijing 100083, China
2Research Institute of Petroleum Exploration and Development of Zhongyuan Oilfields, SINOPEC, Puyang 457100, China
3Tianjin Branch of CNOOC (China) Co., Ltd., Tianjin 300000, China

Correspondence should be addressed to Pengcheng Liu; liupengcheng8883@sohu.com

Received 4 August 2020; Revised 19 August 2020; Accepted 7 September 2020; Published 22 September 2020

Academic Editor: Amgad Salama

Copyright © 2020 Le Jiang et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Dynamic fractures are a geological attribute of water flooding development in tight fractured oil reservoirs. However, previous
studies have mainly focused on the opening mechanism of dynamic fractures and the influence of dynamic fractures on
development. Few attempts have been made to investigate the optimization of the dynamic fracture parameter. In this study, the
inverted square nine-spot well pattern model is established by taking fractured reservoir’s heterogeneity and its threshold
pressure gradients into account. This simulation model optimizes the various parameters in a tight fractured oil reservoir with
dynamic fractures, that is, the intersection angle between the dynamic fractures and the well array, the number of dynamic
fractures, the penetration ratio, and the conductivity of the oil well’s hydraulic fractures. The results of this optimization are
used to investigate the oil displacement mechanism of dynamic fractures and to discuss a mechanism to enhance oil recovery
using an inverted square nine-spot well pattern. The simulation results indicate that a 45° intersection angle can effectively
restrain the increase in the water cut. A single dynamic fracture can effectively control the displacement direction of the injected
water and improve the oil displacement efficiency. Moreover, the optimal penetration ratio and the conductivity of the hydraulic
fracture are 0.6 and 40D-cm, respectively.

1. Introduction

Dynamic fractures are a geological phenomenon produced
during the long-time water flooding process in tight frac-
tured oil reservoirs. Dynamic fractures, controlled by the cur-
rent stress field, constantly extend toward the direction of the
maximum horizontal principal stress with the rise of the
injected water volume and bottom hole pressure. Water
flooding dynamic fractures are the main flow channel in tight
fractured oil reservoirs. Dynamic fractures can improve the
percolation capacity of tight fractured oil reservoirs and
directly enhance the productivity of the oil well. Dynamic
fractures play a positive role in establishing an effective dis-
placement system for an injection production well pattern
[1, 2]. However, the dynamic fractures change the water

flooding percolation characteristics, significantly worsen the
reservoir’s heterogeneity, and seriously affect the swept vol-
ume during the water flooding process [3].

A tight fractured oil reservoir is defined as having a reser-
voir matrix permeability of ≤0.1mD. At present, fractured
reservoir’s geological properties such as permeability and
heterogeneity have been studied [4, 5]. In addition, enhanced
oil recovery technologies such as gas injection, water flood-
ing, water huff-n-puff, chemical flooding, and hydraulic frac-
turing have also been studied [5–19]. The studies conducted
on hydraulic fractures have mainly focused on fluid flow
within the hydraulic fractures and pressure behaviors of the
fracturing process [20–24].

Water flooding is a common method of enhancing oil
recovery from tight fractured oil reservoirs. Long-time
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injection at a high pressure is necessary to improve oil pro-
duction. The injected water leads to a high pressure near
the wellbore area of the injection well. The originally closed
natural fractures are reactivated when the bottom hole pres-
sure of the injection well exceeds the fracture extension pres-
sure, or the reservoir generates new fractures when the
bottom hole pressure of the injection well exceeds the rock
breakdown pressure. These new fractures are defined as
water flooding dynamic fractures, which are similar to the
formation mechanism of the “growth fractures of water
flooding” proposed by some researchers [25, 26].

There are two main opinions about the opening mech-
anism of the water flooding dynamic fractures. One is that
the opening of dynamic fractures is controlled by both the
current horizontal principal stress and the natural frac-
tures. The opening sequence of the water flooding
dynamic fractures depends on the intersection angle
between the natural fracture direction and the current
maximum horizontal principal stress direction. The open-
ing pressure of natural fracture decreases as the intersec-
tion angle decreases. The injection water flows through
the natural fractures along the maximum horizontal prin-
cipal stress direction. The natural fractures successively
open in other directions with increasing injection pressure.
Reservoirs experience single-directional or multidirectional
fracture flooding [27, 28]. The other opinion is that the
opening of the water flooding dynamic fractures mainly
depends on the relative magnitude of the current horizon-
tal stress in the connection direction of the injection pro-
duction wells. Dynamic fractures are generated in the
connection direction of the injection production well when
the bottom hole pressure of the injection well is greater
than the current horizontal stress in the connection direc-
tion of the injection production well. Oil wells with
dynamic fractures experience fracture flooding [29].

For the past few years, many researchers modeling frac-
tures in tight fractured oil reservoirs have focused on applica-
tions of natural fractures models and hydraulic fractures
models [30–33]. Furthermore, the modeling of dynamic frac-
tures has mainly focused on ultralow-permeability reservoirs
[34]. Based on the numerical simulations, it is concluded that
the negative effects of dynamic fractures can be minimized
when a nine-spot well pattern is adopted [35].

In summary, previous studies have mainly focused on
the opening mechanism of dynamic fractures and the
influence of dynamic fractures on oilfield development.
However, few studies have focused on optimizing the
dynamic fracture parameters. In this paper, the inverted
square nine-spot well pattern model is established. This
simulation model is used to optimize two dynamic frac-
ture parameters: the intersection angle between the
dynamic fracture and the well array and the number of
dynamic fractures. Based on these optimized dynamic
fracture parameters, the penetration ratio and conductivity
of the oil well’s hydraulic fractures are optimized. The
tight fractured oil reservoir’s heterogeneity and threshold
pressure gradient are fully considered in the model. The
simulation results provide the optimal well pattern
arrangement and hydraulic fracturing scheme for water
flooding development in tight fractured oil reservoirs.

2. Reservoir Modeling

2.1. Well Pattern and Grid Model. Figure 1 shows the grid
model used in the tight fractured oil reservoirs simulation.
The blue points are injection wells; the green points are pro-
duction wells. The top layer depth of the reservoir is 1600m,
the grid’s dimensions are 61 × 61 × 3, and the volume of the
grid is 20 × 20 × 5m3. The well array spacing and the well
spacing are both 300m.

The local grid refinement (LGR) method was used to
build the fracture model. According the principle of equiva-
lent conductivity, the dynamic fracture width was 4m, the
fracture permeability was 100mD, and the height of the frac-
ture was equal to the thickness of the reservoir model.

2.2. Simulation Model. Typical tight fractured oil reservoirs
data for the Zhongyuan oilfield XX block (China) was
selected to build the numerical simulation model. The natu-
ral fractures were distributed in the direction of the current
maximum horizontal principal stress in the numerical simu-
lation model. And these natural fractures are closed due to
the effect of the formation pressure. The black oil model in
Eclipse software was used to simulate the water flooding pro-
cess. The parameters of the dynamic fracture and the hydrau-
lic fracture were optimized. The key reservoir properties are
listed in Table 1. As can be seen from Figure 2, the matrix
phase permeability curve was obtained from the phase per-
meability data of Zhongyuan oilfield XX block (China); the
fracture phase permeability curve indicates the oil-water
two-phase seepage in the fracture.

The natural fractures greatly enhance the formation’s
heterogeneity in the fractured reservoir. So the Y-direction
permeability and Z-direction permeability were set as

Injection well
Production well

Figure 1: Schematic of the grid model and well pattern.
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0.025mD and 0.0025mD, which are one-fourth and one-
fortieth the X-direction permeability, respectively. The oil
wells in the dynamic fractures appear to be fractured-
flooded after a certain water flooding period [10], so the oil
wells were converted to water injection wells when the water
cut reached 90%.

The opening of the dynamic fractures is related to the
injection well’s bottom hole pressure and the current hori-
zontal stress. The natural fractures are closed when the bot-
tom hole pressure of the injection well is less than the
current minimum horizontal principal stress. This type of
model is called a no fracture model. The originally closed nat-
ural fractures are reactivated in the direction of the current
maximum horizontal principal stress when the injection
well’s bottom hole pressure is between the current minimum
horizontal principal stress and the opening pressure of the
second direction dynamic fracture. This type of model is
called single fracture model. The reservoir generates second
direction dynamic fractures when the bottom hole pressure
of the injection well is greater than the second direction frac-
tures’ opening pressure. The second dynamic fracture
appears along the connection orientation of the injection-
production well [29]. This type of model is called double frac-

ture model. The formation pressure data are presented in
Table 2.

3. Results and Discussion

3.1. Intersection Angle between the Dynamic Fracture and the
Well Array. The water flooding dynamic fractures propagate
along originally natural fractures’ direction. There is an inter-
section angle between the water flooding dynamic fracture
direction and the well array direction, which affects the dis-
placement of the injection water. In this study, the intersec-
tion angle was set to 0°, 22.5°, and 45°. Oil well hydraulic
fracturing is essential to the water flooding development of
tight fractured oil reservoirs. And the hydraulic fractures also
propagate along the current maximum horizontal principal
stress direction. According to technical opinions, the effect
of water flooding development is significant when an oil
well’s hydraulic fractures are connected. According to the
principle of equivalent conductivity, the hydraulic fracture
width was 4m, the fracture permeability was 100mD, and
the height of the fracture was equal to the thickness of the
reservoir model. Therefore, the oil well hydraulic fractures
were connected in the model.

Table 1: Key simulation parameters used in the model.

Item Value Item Value

Oil–water interface (m) 2100 Threshold pressure gradient (MPa/m) 0.012

Initial formation pressure (MPa) 20.5 Matrix porosity (%) 11

X-direction permeability (mD) 0.1 Fracture porosity (%) 20

Oil viscosity (mPa·s) 0.97 Rock compression coefficient (MPa–1) 3:2 × 10–4

Oil density (kg/m3) 879.5 Water compression coefficient (MPa–1) 5 × 10–4
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Figure 2: The phase–permeability curves of the matrix and fracture. (a) Matrix phase permeability curve and (b) fracture phase permeability
curve.

Table 2: Formation pressure data.

Item Value (MPa) Item Value (MPa)

Minimum horizontal principal stress 22 Open pressure of second fracture 24.1

Maximum horizontal principal stress 25 Difference between max stress and min stress 3
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The single fracture model was selected for comparison
and analysis. Figures 3 and 4 show the production curves
and the remaining oil distribution of the different angle
models, respectively.

From Figures 3 and 4, the production curves and the
change in the remaining oil distribution can be compara-
tively analyzed. The recovery degree and the water cut con-
tinuously increase as the angle increases. The recovery
degree and the water cut are the largest when the intersection
angle is 45°. After a certain water flooding period, the oil wells
in the dynamic fractures appear to be fractured-flooded lead
to rapidly increasing of water cut. Then, the water cut
declines to zero after the oil wells are converted to water
injection wells. Under the same water cut conditions, the
recovery degree is higher when the angle is 45°. Therefore,
the effect on the development is significant when the inter-
section angle is 45°.

The double fracture model was also analyzed. The com-
parative results for different angles are presented in Table 3.
From Table 3, the production data were compared. The
recovery degree and the water cut are the largest when the

intersection angle between the first dynamic fracture direc-
tion and the well array’s direction is 45°. Under the same
water cut conditions, the recovery degree is higher when
the angle is 45°. Therefore, the effect on the development is
significant when the intersection angle is 45°.

By comparing the production curves and the remaining
oil distributions for the different intersection angles, the
swept volume of the water flooding mechanism of dynamic
fracture expansion mainly includes the following aspects.

(1) The water flooding mode changes to linear injection
and lateral displacement after the oil well is converted
to an injection well, and the well pattern mode
changes to a large well spacing and a small well array
spacing

(2) The lateral displacement is approximately uniform.
The uniform displacement significantly increases
recovery

(3) The well array spacing is the smallest when the inter-
section angle is 22.5°, and the well interference is
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Figure 3: The production curves of the different angle models. (a) Recovery versus time, (b) water cut versus time, and (c) water cut versus
recovery.
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significant. The small well array spacing results in the
rapid spread of the water flooding front into the oil
well’s hydraulic fractures, and the oil well experiences
fracture flooding

(4) The effect on the development is significant when the
intersection angle between the dynamic fracture
direction and the well array direction is 45°

3.2. Number of Dynamic Fractures. In this paper, we estab-
lished no fracture, single fracture, and double fracture
models. The intersection angle between the dynamic fracture
direction and the well array’s direction was set to 45°, and the
oil well’s hydraulic fractures were connected. Figures 5 and 6
display the simulation results, respectively, for different num-
bers of dynamic fractures.

Figures 5 and 6 were used to compare the production
curves and the changes in the remaining oil distribution for
different numbers of fractures. The recovery degree and the
water cut were both relatively high when the reservoir gener-
ates double-direction dynamic fractures. After a certain
water flooding period, the oil wells in the dynamic fractures
appear to be fractured-flooded lead to rapidly increasing of
water cut. Then, the water cut declines to zero after the oil

wells are converted to water injection wells for the single frac-
ture model. The double-direction dynamic fractures are
likely to lead to the side-oil wells and oil wells in the dynamic
fractures being fracture-flooded. So the water cut does not
decline after the oil wells in the dynamic fractures are con-
verted to water injection wells for the double fracture model.
The double-direction dynamic fractures are likely to lead to
the side wells being fracture-flooded. Under the same water
cut conditions, the recovery degree is relatively high when
the reservoir generates single-direction dynamic fractures.
Therefore, the effect on the development is significant when
the reservoir generates single-direction dynamic fractures.

A better development method of enhancing oil recovery
is to reduce the speed of the injected water to avoid generat-
ing double-direction fractures. This method can effectively
reduce the invalid circulation of the injected water and the
flooded degree of the side well.

3.3. Penetration Ratio of the Oil Well’s Hydraulic Fractures.
The contact area between the reservoir and a hydraulic frac-
ture increases as the length of the hydraulic fracture
increases. The effect on the reservoir development is the best
when the hydraulic fractures are connected. However, the
fracturing cost increases as the length of the hydraulic frac-
ture increases. The economic benefit is likely to decrease
when the oil well’s hydraulic fractures are connected. There-
fore, it is necessary to compare the reservoir’s development
status for different hydraulic fracture lengths. In this study,
we determined the optimal penetration ratio by optimizing
the hydraulic fracture length. The penetration ratio is defined
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Table 3: Comparison of the results for the different angles.

Items Recovery Water cut
Recovery at the same

water cut

Relative
size

45° > 22:5° > 0° 45° > 22:5° > 0° 45° > 22:5° > 0°
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as the ratio of the fracture half-length to the half-well spacing
in the hydraulic fracture direction.

To study the optimal penetration ratio of a hydraulic
fracture, seven penetration ratios were used in each simula-
tion model: 0.2, 0.4, 0.5, 0.6, 0.7, 0.8, and 1.0. The intersection
angle between the current maximum horizontal principal
stress direction and the well array direction was set as 45°.
Then, the penetration ratio of the oil well’s hydraulic fracture
was optimized.

According to the numerical simulation result for a 15-
year period, the daily oil production and the cumulative oil
production increase as the penetration ratio increases, but
there is no obvious turning point. Thus, the slope of the
cumulative oil production curve was selected as the compar-
ison parameter, as shown in Figure 7.

From Figure 7, the slope goes down as the penetration
ratio increases. There is an inflection point. When the pene-
tration ratio increases to 0.6, the rate at which the slope
decreases slows down, and a turning point occurs. If the pen-
etration ratio is greater than 0.6, the economic benefit of
increasing the hydraulic fracture length is less than the frac-
turing cost.

In short, the optimal penetration ratio of oil well hydrau-
lic fractures is 0.6. It is unnecessary that the hydraulic frac-
ture length be as long as possible. A suitable penetration
ratio for the oil well hydraulic fracture controls the fracturing
cost and improves the economic benefits.

3.4. Conductivity of Oil Well Hydraulic Fractures. The con-
ductivity refers to the fluid flow capacity of a hydraulic frac-
ture. According to previous studies, the conductivity is
defined as the product of the permeability and the fracture
width [36]. The conductivity of the hydraulic fracture affects
the development by affecting the fluid percolation properties
within the oil well’s hydraulic fractures. The intersection
angle between the current maximum horizontal principal
stress direction and the well array’s direction was set as 45°,
and the penetration ratio of the oil well’s hydraulic fracture
was set as 0.6. Then, the conductivity of the oil well’s hydrau-
lic fractures was optimized.

Based on the simulation results for a 15-year period, the
daily oil production can be increased by diverting the capac-
ity of the oil well’s hydraulic fractures before the oil well is
converted to an injection well. Therefore, the average daily
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Figure 5: The production curves for different numbers of dynamic fracture. (a) Recovery versus time, (b) water cut versus time, and (c) water
cut versus recovery.
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oil production before the oil well is converted to an injection
well was used as the comparison parameter. Figure 8 shows
the curve of the inducting capacity versus the average daily
oil production.

From Figure 8, the rate at which the average daily oil pro-
duction increases begins to decrease when the conductivity of
hydraulic fracture reaches about 40D-cm. There is an inflec-
tion point. The economic benefits begin to decrease when the
conductivity of the hydraulic fracture is greater than 40D-
cm.

In a word, the optimal conductivity of an oil well’s
hydraulic fracture is 40D-cm. It is unnecessary that the con-

ductivity of the oil well’s hydraulic fracture is as high as pos-
sible. A suitable conductivity of an oil well’s hydraulic
fracture effectively controls the fracturing cost and improves
the economic benefits.

4. Conclusions

(1) The controlling fracture and fracture matching well
pattern modes are the best for avoiding oil well frac-
ture flooding. The linear injection and lateral dis-
placement are the best adjustment modes for water
flooding development of tight fractured oil reservoirs.
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The displacement mode effectively improves the dis-
placement efficiency of the lateral plane of the reser-
voir’s matrix

(2) The inverted square nine-point well pattern has the
effect on the best development when the intersection
angle between the dynamic fracture direction and the
well array direction is 45°. An intersection angle of
45° effectively controls the increase in the water cut.
The fracture matching well pattern mode controls
the side well fracture flooding

(3) The inverted square nine-spot well pattern provides
the best development when the reservoir generates
single-direction dynamic fractures. These fractures
effectively control the displacement direction of the
injected water. Furthermore, single-direction
dynamic fractures effectively prevent the ineffective
circulation of the injected water caused by the open-
ing of the double-direction dynamic fractures

(4) It is unnecessary that the penetration ratio and the
conductivity of the oil well’s hydraulic fractures are
as high as possible for tight fractured oil reservoirs.
For the Zhongyuan tight fractured oil reservoirs, the
optimal penetration ratio of the oil well’s hydraulic
fractures is 0.6, and the best conductivity of the oil
well’s hydraulic fractures is around 40D-cm
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