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Abstract
There is pressure-sensitive effect in the development of tight reservoirs, so we need to optimize the reasonable production
pressure difference. This paper determined the main controlling factors of reasonable production pressure difference and pro-
vided guidance for optimal design of production pressure difference. Based on Green’s function and source/sink method, a semi-
analytical productivity model of multiple-fractured horizontal well (MFHW) considering the pressure-sensitive effect of artificial
fractures and natural fractures is established, which can be used to predict the unstable productivity of MFHWs and analyze the
effect of parameters on productivity and reasonable production pressure difference. Modeling results are compared with those
from numerical model built by software CMG, obtaining a good match. Afterwards, sensitivity analysis was done in the work,
three key parameters are analyzed: (1) pressure-sensitive coefficient of artificial fracture, (2) compressibility of natural fracture
network, and (3) direction of principal permeability. The results show that the reasonable production pressure difference is mainly
related to the pressure-sensitive coefficient of artificial fractures. By contrast, the difference of compression coefficient between
natural fractures and direction of principal permeability has a small impact on reasonable production pressure difference. Finally,
the proposed model is used to calculate the reasonable production pressure difference of JHW015 in Xinjiang oilfield and the
reasonable production pressure difference of JHW015 is 8.4MPa. Themodel considering the pressure-sensitive effect of artificial
and natural fractures can predict oil production more accurately, which can provide the important evidences for reasonable
production difference pressure and fracturing optimization design in tight reservoir.
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Introduction

In recent years, unconventional reservoirs have gained great
attention all over the world. Multiple hydraulic-fracturing
techniques which can induce fractures with high conductivity
have been applied successfully in a number of oil and gas
fields. Tight reservoirs belong to unconventional resources.
At present, because of the complex interplay of flow among
matrix, natural fractures, hydraulic fractures, and horizontal

wellbore, productivity prediction in tight reservoirs is the
key and a difficult task for the reservoir engineers.

Many scholars have studied the productivity prediction of
MFHWs. Giger et al. (1984) presented the first mathematical
model for analyzing productivity of MFHWs. However, the
model does not rigorously couple the flow in the reservoir and
in the fracture. And then Karcher et al. (1986) and Soliman
et al. (1990) improved Giger’s model. Gringarten et al. (1974)
predicted the unsteady-state pressure behavior of a well with a
single infinite conductivity vertical fracture in infinite and
bounded reservoirs. Afterwards, Cinco-Ley and Samaniego-
V (1981) presented a new technique to analyze pressure tran-
sient data for finite conductivity vertical fractures by using
bilinear flow analysis. Pressure loss in long horizontal wells
cannot be ignored. A productivity model was first presented
by Yildiz and Ozkan (1998) to predict the horizontal well
performance with multi-fracturing, which considered a finite
conductivity horizontal well. Wan and Aziz (2002) presented
a semi-analytical well model for horizontal wells with multi-
ple hydraulic fractures, which can consider more complex
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factors than analytical models. As for fluid flow, manymodels
were presented by Li et al. (1996) and Wei and Economides
(2005) that couple the reservoir linear flow, fracture linear
flow, and fracture radial flow. Guo and Schechter (1997) pre-
sented a mathematical model coupling the reservoir linear
flow and fracture linear flow. Mayerhofer et al. (2010) pro-
posed that multi-fracturing can create complex fracture net-
work in SVR. He indicated that SRV is necessary for describ-
ing the stimulation performance. Yao and Zeng (2013) pre-
sented the reservoir/fractures/wellbore coupling model based
on plan/slab source solution in a box-shaped reservoir and
pressure drop in hydraulic fractures and horizontal wellbore
are also considered. Ozkan and Brown (2013) established a
trilinear-flow model based on the premise that the drainage
volume is limited to the reservoir volume between hydraulic
fractures, to further simulate the performances of MFHWs.
Zhang and Yang (2018) presented semi-analytical model de-
scribing the non-Darcy flow in the fracture, which can im-
prove the accuracy of productivity. Guo et al. (2015) analyzed
the effect of fracture width on the long-term productivity of
fractured wells, in his study, artificial fracture is wedge. He
and Cheng (2017) developed a new model for MFHWs in a
tight gas reservoir, and to further investigate the effects of
fracture properties on pressure response, which improved
well performance by stimulation measures. Zeng and Wang
(2016) presented an analytical model for MFHWs with con-
sideration of TPG, partially penetrating fractures, and
reservoir heterogeneity, and further analyzed the effects of
parameters. Tian and Feng (2019) predicted reservoir perfor-
mance by coupling the dynamic capillary pressure with gas
production models. He and Cheng (2018) presented an im-
proved rate-transient analysis (RTA) model of MFHWs, and
investigated the effects of non-uniform properties of hydraulic
fractures on transient rate behaviors. To sum up, productivity
models take into account seepage characteristics, fluid phase,
inter-fracture interference, fracture morphology and fracture
conductivity, wellbore pressure drop, non-Darcy flow, dynam-
ic and capillary pressure comprehensively.

There are a large number of fracture networks in SRV
region, which is a pressure-sensitive region. Meanwhile,
field practice shows that the effect of pressure-sensitive
effect on productivity is great. Therefore, it is essential to
establish a productivity model of MFHW considering the
pressure-sensitive effect of artificial fractures and natural
fractures and to analyze the influence of natural fracture
networks on productivity in tight reservoirs and eventually
to optimize the reasonable production pressure difference.

This study is focused on the pressure-sensitive effect in
tight reservoir, including artificial fracture and natural fracture
networks. And a productivity model of MFHW in tight reser-
voirs considering the pressure-sensitive effect of artificial frac-
tures and natural fractures is established. What’s more, this
work provides a good understanding of the influence of key

parameters on the productivity and reasonable production
pressure difference, which is helpful to provide an important
guidance for the optimal design of reasonable production pres-
sure difference in tight reservoirs.

Methodology

Physical model

As shown in Fig.1, a model ofMFHWis established. Tomake
the physical model better understood, the whole model is di-
vided into three parts: (1) reservoir (including natural fracture
networks), (2) artificial fracture, and (3) horizontal wellbore.

And for mathematical simplicity, the following assump-
tions are made:

& The MFHW is located in a box-shaped reservoir and all
the boundaries are closed boundaries.

& The horizontal wellbore is parallel to the reservoir
boundary.

& The artificial fractures are vertical, symmetrical, and per-
pendicular to the horizontal well. The artificial fractures
are successively marked f1, f2, f3,⋯, fN. The wedge model
is used to describe the width of artificial fractures.

& The model is derived for single-phase flow.
& The flow process is reservoir-fracture-wellbore. The fluid

flow from the reservoir directly to the horizontal wellbore
is ignored.

& There are many groups of high-angle fractures whose di-
rection and spacing are similar in the reservoir.

& The reservoir is anisotropic because of the existence of
natural fracture networks.

Based on the above assumptions, the model has the follow-
ing limitations:

& The model cannot describe the three-dimensional mor-
phology of the artificial fractures, ignoring inclination
and direction.

& Natural fractures have only statistical direction and spac-
ing, and actual flow process cannot be described.

& The model, ignoring the fluid flow from the reservoir di-
rectly to the horizontal wellbore, is only used for MFHWs
with casing completion.

Based on these assumptions and limitations, the three parts
will be discussed in detail.

Artificial fracture

As shown in Fig. 2, taking the kth artificial fracture as an
example, each fracture is divided into multiple sink units.
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According to the research of finite conductivity fractured
vertical wells, the pressure drop between the jth sink unit and
the grid of wellbore is

pk1; j−pk1;0 ¼ ∫
y j

y0 qμ
K f wf h

dy ¼ ∑
j

i¼1

qk1;iμΔy f k1;i
K f w f k1;i h

ð1Þ

The flow in the grid of wellbore is considered as radial flow,
and the Peaceman’s (1990) wellbore flow model is adopted.

pk1;0−pwf ¼
qμ ln ro=rwð Þ−0:5½ �

2πKh
ð2Þ

where ro is equivalent grid radius,

ro ¼ 0:14 Δy2 þ h2
� �

: ð3Þ

The width of ith unit is

wfki ¼ wfkmin þ 2i−1ð Þ wfkmax−wfkmin

� �
= 2nsð Þ ð4Þ

where wfmax is the width of fracture heel and wfmin is the width
of fracture toe.

Besides, the pressure-sensitive effect in artificial fractures
cannot be ignored. Based on a large number of experimental
studies, the permeability of artificial fractures and pressure
have exponential function relations:

kAF ¼ kAF0eαAF p−pinið Þ ð5Þ
where kAF is the permeability of the artificial fracture, αAF is
pressure-sensitive coefficient of artificial fracture.

Reservoir (natural fracture networks)

Natural fractures are different from artificial fracture, as
shown in Fig.3; artificial fracture is a single fracture and nat-
ural fractures are fracture networks consisting of multiple
groups of fractures. Natural fractures are scattered disorderly
in reservoirs. It is generally believed that the formation of
natural fractures is related to crustal stress. Therefore, the di-
rection of natural fractures has certain regularity. In order to
consider the influence of natural fractures in the model, based

Fig. 2 Schematic diagram of the
flow model in a fracture

Fig. 1 Schematic of MFHW in
box-shaped reservoir
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on the geo-statistical results, natural fractures can be abstractly
divided into several groups with respective parameters such as
compressibility, aperture, direction, and density. And the per-
meability tensor based on multi-group fracture network is
established and applied to the productivity model.

Ma et al. (2013) studied that when there is N group of
fractures in reservoir, the permeability tensor considering the
influence N group of fractures is obtained by Eq. 6.

K ¼ ∑
N

i¼1

km þ 1þ cos2βi

2
kfi

kfi
2
sin2βi

kfi
2
sin2βi km þ 1−cos2βi

2
kfi

2
64

3
75 ð6Þ

where βi is the angle between the ith group of natural fracture
network and the x-axis, the clockwise is positive, and the
clockwise is negative. km is matrix permeability, and kfi is
the permeability of the ith group of natural fracture network.

In order to accurately characterize the pressure-sensitive
effect of natural fracture network and matrix, Du and Wong
have studied and established the pressure-sensitive formula.

kfi ¼ kfi0 1þ C fΔP
ϕ

� �3

km ¼ km0 1 ¼ C fΔP
ϕ

� �2

ð7Þ

K ¼ ∑
N

i¼1

km0 1 þ CfiΔP
ϕ

� �2

þ 1 þ cos2βi

2
kfi0 1þ CfiΔP

ϕ

� �3 kfi0
2

1þ CfiΔP
ϕ

� �3

sin2βi

kfi
2

1 þ CfiΔP
ϕ

� �3

sin2βi km0 1þ CfiΔP
ϕ

� �2

þ 1−cos2βi

2
kfi0 1þ CfiΔP

ϕ

� �3

2
6664

3
7775

ð8Þ
where Cfi is the compression coefficient of ith group of natural
fractures, ΔP is pressure difference ΔP = p − pini.

Then, the full tensor K
0 ¼ k 0xx k 0xy

k 0yx k 0yy

� �
can be converted

to diagonal tensor K ¼ kxx
kyy

� �
.

K ¼
k
0
xx þ k

0
yy

2
þ k

0
xx−k

0
yy

2
cos2γ þ k

0
xysin2γ

k
0
xx þ k

0
yy

2
−
k

0
xx−k

0
yy

2
cos2γ−k

0
xysin2γ

2
664

3
775

ð9Þ
where γ is the angle between the two coordinate systems

γ ¼ 1

2
arctan 2k

0
xy= k

0
xx−k

0
yyð Þ
�	

ð10Þ

The research shows that the value of principal permeability
will change with the change of pressure in elastic isotropic me-
dia; however, in elastic anisotropic media, which means different
compression coefficients Cfi of natural fracture networks, not
only will the value of principal permeability change, but also
the direction of principal permeability will change, which will
affect the productivity in tight reservoir. The change of principal
permeability with pressure is shown in Fig. 4. Based on the
above research, the productivity model of MFHWs in fractured
tight reservoirs should consider the direction change of the prin-
cipal permeability due to natural fracture networks.

In view of the inconsistency between the direction of prin-
cipal permeability and the reference coordinate system, as
shown in Fig. 5, the angle is α, which cannot be solved by
the method that the direction of principal permeability is con-
sistent with the direction of the reference coordinate system. In
the study, Schwarz-Christoffel transform was used, the size of
the reservoir boundary and the location of the sink unit will
change, and the direction of the principal permeability is con-
sistent with the direction of the reference coordinate system.

Fig. 3 Complex fracture network
distribution and simplified
schematic diagram in SRV region
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Fig. 4 Deformation characteristic of permeability tensor with the
reduction of pressure
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Based on the results of Penmatcha (1997), from t0 = 0 to t,
fluid flow into artificial fractures on the all the sink units at

different flow rates qk1, i, causing the pressure drop at the
point(xk1, j, yk1, j, zk1, j) is

Δp xk1; j; yk1; j; zk1; j; t
	 �

¼ pini−pk1; j ¼ ∑
N

s¼1
∑
ns

i¼1
Δps1;i þΔps2;i
� �� �

¼ 1

abhϕCt
∑
N

s¼1
∑
ns

i¼1
qs1;i∫

t
0 S1 � S2 � S3ð Þs1;idτ þ qs2;i∫

t
0 S1 � S2 � S3ð Þs2;idτ

	 �
xk1; j;yk1; j;zk1; jð Þ

� � ð11Þ

where S1, S2, and S3 represent Green’s function of the point
(xk1, i, yk1, i, zk1, i), the detailed source functions in Appendix.

Wellbore

Based on Chen and Liao’s (2017) study, the pressure drop within
wellbore is mainly caused by four components: (1) the accelera-
tion pressure drop, (2) the frictional pressure drop, (3) the inflow
directional pressure drop, and (4) the gravitational pressure drop.

As shown in Fig. 6, in thiswork, component 3 and component
4 are neglected. Then, we only take the acceleration and frictional
pressure drops into account.

The frictional pressure loss results from the frictional resis-
tance within the wellbore, which can be calculated with fric-
tion factor as below:

Δpfi ¼
f iq

2
i ρli

4πr2w
ð12Þ

for laminar flow,

NRe < 2100 : f i ¼
64

NRe
ð13Þ

for turbulent flow,

NRe > 2000 :
1ffiffiffiffi
f i

p ¼ −4:0log
ε

3:7D
þ 1:255ffiffiffiffi

f i
p

NRe

" #
ð14Þ

where

NRe ¼ 0:1231� qiρ
μd

ð15Þ

Fig. 5 Schematic of Schwarz-
Christoffel transform
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The acceleration pressure drop is caused by kinetic energy
change. Along the horizontal wellbore, the fluid velocity be-
comes bigger and bigger. On the basis of hydrodynamics the-
ory (Baba and Tiab 2001), the acceleration pressure drop is
expressed as

Δpai ¼ Fai=A ¼ ρ v2i2−v
2
i1

� � ¼ ρ
q2fi þ 2qfiqAi

π2r4w

 !
: ð16Þ

Model coupling and solution

Taking fracture fk as an example, the pressure drop caused by
the fluid flow in the reservoir is equal to which caused by the
fluid flow in the fracture. The coupled flow equation of
reservoir-fracture-wellbore is established:

pini−pwf ¼ ∑
j

i¼1

qk1;iμΔy f k1;i
K f w f k1;i h

þ qkμ ln ro=rwð Þ−0:5½ �
2πK f h

þC ∑
N

s¼1
∑
ns

i¼1
qs1;i∫

nΔt
0 S1 � S2 � S3ð Þs1;idτ þ qs2;i∫

nΔt
0 S1 � S2 � S3ð Þs2;idτ

	 �
xk1; j;yk1; j;zk1; jð Þ

� � ð17Þ

where qk ¼ ∑
ns

i¼1
qk1;i þ ∑

ns

i¼1
qk2;i

In total, there are 2ns ×N linear equations, which can be
expressed as A ⋅ qnΔt = B. The coefficient matrix A and vector
B are shown in Appendix. By solving equations, the vector
qnΔt at the step of nΔt can be obtained whose expression is

qnΔt ¼ q 1ð Þ; q 2ð Þ;⋯; q kð Þ;⋯; q Nð Þ
h iT

nΔt

where

q kð Þ ¼ q kð Þ1;1; q kð Þ1;2;⋯; q kð Þ1;ns; q kð Þ2;1; q kð Þ2;2;⋯; q kð Þ2;ns
h iT

nΔt
ð18Þ

The procedure of coupling all solutions to generate a linear
equation system is shown in Fig. 7. Since the pressure

calculation in the horizontal well is based on the flow rate
inside the wellbore which we are seeking for, iterative process
is needed to approach the accurate results.

Model Verification

In this work, the numerical simulator CMG is used to verify
the proposed model with anMFHW. The basic parameters are
shown in Table 1. Then, a numerical model with anMFHW is
built by CMG, as shown in Fig. 8. In the numerical model, the
reservoir with a domain of 2000m × 500m × 10m is modeled
by 80 × 25 × 10 grids. To accurately simulate the flow within
or into the fracture, logarithmic refined grids are used in the
vicinity of the fracture. The permeability tensor in the

Fig. 6 Schematic diagram of ith wellbore unit

Fig. 7 Flow chart for modeling
and solving process
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Table 1 Basic parameters for
model Parameters Value

Reservoir size 2000 m × 500 m × 10 m

Permeability of artificial fractures 90 μm2

Aperture of artificial fractures (heel and toe) 6 mm, 2.5 mm

Half-length of artificial fractures 100 m

Pressure-sensitive coefficient of artificial fractures 0.15 MPa−1

Length of horizontal wellbore 1300 m

Number of stages 18

Direction of two sets of natural fracture (North: 0° clockwise) 30°, 90°

Compression coefficient of two sets of natural fracture 0.002 MPa−1, 0.003 MPa−1

Permeability of two sets of natural fracture 1 × 10−3 μm2, 1 × 10−3 μm2

Matrix permeability 0.01 × 10−3 μm2

Matrix porosity 0.16

Initial reservoir pressure 47.36 MPa

Bottom hole pressure 38.70 MPa

Oil viscosity 8.5 mPa s

Production time 600 days

Fig. 8 Numerical model of an
MFHW built by CMG

Fig. 9 Comparison between our
modeling results and those in
numerical model
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numerical model is calculated by formula 6, and the reservoir
model is single-phase flow.

After a comparison of daily production rate and cumulative
oil production, as shown in Fig. 9, it is found that our model-
ing results match well with numerical results, which indicates
that our model can be used to predict the production in an
MFHW and analyze parameters sensitivity.

Sensitivity analysis

The emphasis of this study is to discuss the effect of the arti-
ficial fracture and the fracture network in SRV area on

cumulative oil production and reasonable production pressure
difference; therefore, the following three key parameters are
analyzed: pressure-sensitive coefficient of artificial fracture,
compressibility of natural fracture network, and direction of
principal permeability.

Pressure-sensitive coefficient of artificial fracture

In Fig. 10, the relationship between cumulative oil production
and production pressure difference under different pressure-
sensitive coefficient of artificial fracture is presented. By com-
paring different curves, we can find that the larger the
pressure-sensitive coefficient, the lower the cumulative oil

Fig. 10 Cumulative oil
production under different
production pressure difference
(stress-sensitivity coefficient of
artificial fracture)

Fig. 11 Reasonable production
pressure difference and
cumulative oil production under
different pressure-sensitive
coefficient
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production. When pressure-sensitive coefficient is equal to
0.10, the cumulative oil production increases as production
pressure difference increases; however, the rate of increase
has slowed down. Relatively, when pressure-sensitive coeffi-
cient is larger than 0.10, with the increase of pressure differ-
ence, the cumulative oil production increases first and then
decreases, that is, there is a reasonable production pressure
difference to maximize the cumulative oil production.

Based on the data in Fig. 10, the optimal production pres-
sure difference under different pressure-sensitive coefficient
of artificial fracture is plotted. As shown in Fig. 11, the larger
the pressure-sensitive coefficient of artificial fracture is, the
smaller the reasonable production pressure difference is, and
the smaller the cumulative oil production is.

The pressure-sensitive coefficient of artificial fracture changes
from 0.100 to 0.200MPa−1, and the optimal production pressure
decreases from 14 to 7 MPa. The cumulative oil production
decreases from 2248.20 to 1189.94 m3, which reduces by
47.07%. As a result, we can conclude that pressure-sensitive
effect of artificial fracture plays a key role in determining reason-
able production pressure difference and cumulative oil
production.

Compressibility of natural fracture network

According to the research of Du and Wong (2002), it is men-
tioned that when there are multiple fractures with the

Fig. 12 Cumulative oil
production curves under different
pressure difference
(compressibility of natural
fracture network)

Fig. 13 Reasonable production
pressure difference and
cumulative oil production under
different compressibility of
natural fracture network
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difference of elastic parameters in reservoir, with the change
of pressure, not only will the value of principal permeability
change, but also the direction of principal permeability will
change. Therefore, we set the pressure-sensitive coefficient of
artificial fracture to be 0.15 firstly and then assume that there
are two groups of natural fracture networks with different
compression coefficients—Cf1 and Cf2. The direction of two
groups of natural fracture networks is − 30° and 30° (North is
0°, clockwise is positive) respectively, which means the angle
between the initial principal permeability and the artificial
fracture is 0°.

Afterwards, we set the Cf1 to be 0.002 MPa−1, and set the
Cf2 to be 0.002 MPa−1, 0.003 MPa−1, 0.004 MPa−1,
0.005 MPa−1, and 0.006 MPa −1 respectively. Then, the

relationship between cumulative oil production and produc-
tion pressure difference is obtained.

As shown in Fig. 12, the trend of the five curves is almost the
same, which means that the difference of compressibility of
natural fracture network has little effect on the reasonable pro-
duction pressure difference. By observing partial enlarged detail
near the reasonable pressure difference, there is a small differ-
ence in the reasonable production pressure difference of these
curves. As shown in Fig. 13, with the difference of compress-
ibility of natural fracture network changing from 0 to
0.004 MPa−1, reasonable production pressure difference is
9.8MPa, 9.7MPa, 9.6MPa, 9.5MPa, and 9.3MPa respectively,
and cumulative oil production decreases from 1598.83 to
1518.12 m3, which reduces by 5.05%.

Fig. 14 Cumulative oil
production curves under different
pressure difference (direction of
principal permeability)

Fig. 15 Reasonable production
pressure difference and
cumulative oil production under
different angles
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As a result, we can conclude that the larger the difference of
compressibility of natural fracture network, the stronger the
anisotropy, the smaller the reasonable production pressure dif-
ference, and the lower the cumulative oil production. Besides,
the difference of compressibility of natural fracture network
has less effect on the reasonable production pressure differ-
ence than that of pressure-sensitive coefficient of artificial
fracture.

Direction of principal permeability

In the study, we assumed that the compressibility of two groups
of natural fractures are equivalent (Cf1 =Cf2= 0.002MPa−1), that
is, isotropic, and the direction of principal permeability does not
change. The angle between artificial fractures and the direction of
principal permeability are 0°, 15°, 30°, 45°, 60°, 75°, and 90°re-
spectively by changing the direction of two groups of natural
fracture networks. Then, the relationship between cumulative
oil production and production pressure difference under different
pressure-sensitive coefficient of artificial fracture is presented in
Fig. 14. The trend of the seven curves is almost the same. By
observing partial enlarged detail near the reasonable pressure
difference, reasonable production pressure difference is
9.8 MPa. Therefore, we can conclude the direction of principal
permeability only affects cumulative oil production and has no
effect on reasonable production pressure difference.

As shown in Fig. 15, with the increase of the angle between
artificial fractures and the direction of principal permeability,
the cumulative oil production is also increasing. The cumula-
tive oil production of angle 90° is 8.26% more than that of
angle 0°. This is mainly because the larger the angle between
the direction of principal permeability and the artificial frac-
ture, the larger the permeability perpendicular to the direction
of artificial fracture, which make fluid easier to flow into arti-
ficial fracture.

Field application

Theaimofthismodelistooptimizeproductionpressuredifferenceof
MFHWintightreservoir; therefore,fieldapplicationis theultimate
task. In fieldcaseanalysis, aMFHW(JHW015) ina tight reservoir
fromXinJiangoilfieldisstudied.ThebasicparametersofJHW015
areshowninTable2.

The production time is 600 days and the cumulative oil pro-
duction under different production pressure difference is calcu-
lated. As shown in Fig. 16, the optimal production pressure
difference is between 8 and 9 MPa. By observing partial en-
larged detail, reasonable production pressure difference is
8.4 MPa and cumulative oil production is 6215.03 m3.
Therefore, the proposal model can provide the evidences for
optimal design of reasonable production pressure difference in
tight reservoir.

Conclusions

In this study, in order to determine the main controlling factors of
reasonableproductionpressuredifferenceandprovideguidancefor
optimaldesignofproductionpressuredifference,asemi-analytical
productivity model of MFHW considering the pressure-sensitive
effect of artificial fractures andnatural fractures isproposed.Some
keyconclusionsaredrawn:

1. Stress-sensitiveeffectcannotbeignoredinthedevelopmentof
fractured tight reservoir. The accuracy of productivity predic-
tioncanbe improvedbyconsidering thepressure-sensitiveef-
fect of artificial fractures andnatural fracture networks in pro-
ductivitymodel.

2. In the study, three factors (pressure-sensitive coefficient of
artificial fracture, compressibility of natural fracture network,
direction of principal permeability) for reasonable production
pressure difference are analyzed. Compared with pressure-
sensitive coefficient of artificial fracture, the impact of com-
pressibilityofnaturalfracturenetworkanddirectionofprincipal
permeabilityon theproductionpressuredifferenceandcumu-
lative oil production are relativelyweak. Therefore, pressure-
sensitivecoefficientofartificialfractureisthemaincontrolling
factor.

3. Based on the research above, some suggestions can be pro-
posed: by improving the strength of proppant to reduce the
pressure-sensitivityeffectofartificialfractures,cumulativepro-
ductionis increasing;artificialfracturesshouldbeperpendicu-
lar to the direction of principal permeability as far as possible,

Table 2 Basic parameters for JHW015

Parameters Value

Reservoir size 1500 m × 600 m × 25 m

Permeability of artificial fractures 70 μm2

Aperture of artificial fractures
(heel and toe)

5 mm, 2 mm

Half-length of artificial fractures 130 m

Pressure-sensitive coefficient of
artificial fractures

0.10 MPa−1

Length of horizontal wellbore 1200 m

Number of stages 21

Direction of two sets of natural
fracture (North: 0° clockwise)

0°, 150°

Compression coefficient of two sets
of natural fracture

0.002 MPa−1, 0.003 MPa−1

Permeability of two sets of natural
fracture

67 × 10−3 μm2, 67 × 10−3 μm2

Matrix permeability 0.01 × 10−3 μm2

Matrix porosity 0.11

Initial reservoir pressure 36.70 MPa

Oil viscosity 3.2 mPa s

Production time 600 days
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whichcanreducetheresistanceoffrommatrixtoartificialfrac-
tures, therebyincreasingproductivity.

This work provides practical values for (1) predicting pro-
ductivity in fractured tight reservoirs accurately and (2) ana-
lyzing main controlling factor of reasonable production pres-
sure difference and further providing an important basis for
the optimal design of reasonable production pressure differ-
ence in tight reservoir.
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Nomenclature a, reservoir length, m; A, coefficient matrix; b, reservoir
width, m; B, constant vector; Cfi, compression coefficient of ith group of
natural fracture networks, MPa–1; Ct, total compressibility, MPa−1; h,

reservoir thickness, m; i,j, sink unit number, integer; k, artificial fracture
number, integer; km, matrix permeability, μm2; km0, initial matrix perme-
ability, μm2; kAF, artificial fracture permeability, μm

2; kAF0, initial perme-
ability of artificial fracture, μm2; kfi, permeability of the ith group of
natural fracture network, μm2; kfi0, initial permeability of the ith group
of natural fracture network, μm2; K, diagonal tensor permeability; K′, full
tensor permeability; N, the total number of artificial fractures, integer; ns,
the total number of sink unit in single wing fracture, integer; pk1,j, the
pressure drop of the jth sink unit, MPa; pk1,0, the pressure drop of the grid
of wellbore, MPa; pwf, bottom hole flow pressure, MPa; pini, initial for-
mation pressure, MPa; ΔP, pressure difference, MPa; q, flow rate, m3/
day; qnΔt, flow rate of all sink units at the time step of nΔt, vector; ro,
equivalent grid radius, m; rw, wellbore radius, m; t, time, month; t0, initial
time, month; wfmax, the width of fracture heel, mm; wfmin, the width of
fracture toe, mm; τ, time variable, month; ϕ, porosity, fraction; μ, viscos-
ity, m/L, mPa s; α, the angle between the direction of principal perme-
ability and the reference coordinate system, °; αAF, pressure-sensitive
coefficient of artificial fracture,MPa–1; βi, the angle between the ith group
of natural fracture network and the x-axis, °; γ, the angle between the two
coordinate systems, °; 1, fractured left wing; 2, fractured right wing

Appendix

The detailed source functions:

S1 ¼ S1 xi; xk1;i; τ
� � ¼ bfk1;i

a
1þ 4a

πbfk1;i
∑
þ∞

n¼1

1

n
exp −

n2π2Kxτ
αa2

� �
sin

nπbfk1;i
2a

cos
nπxk1;i

a
cos

nπxi
a

� �
ðA� 1Þ

S2 ¼ S2 yi; yk1;i; τ
� � ¼ y f k1

bns
1þ 4bns

πy f k1
∑
þ∞

n¼1

1

n
exp −

n2π2Kyτ

αb2

� �
sin

nπy f k1
2bns

cos
nπyk1;i

b
cos

nπyi
b

" #
ðA� 2Þ

S3 ¼ S3 zi; zk1;i; τ
� � ¼ 1þ 4

π
∑
þ∞

n¼1

1

n
exp −

n2π2Kzτ

αh2

� �
sin

nπ
2
cos

nπzk1;i
h

cos
nπzi
h

ðA� 3Þ

Fig. 16 Cumulative oil
production under different
production pressure difference
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The coefficient matrix A:

A ¼
h
A1;1;1;A1;1;2;⋯;A1;1;ns;A1;2;1;A1;2;2;⋯;A1;2;ns;A2;1;1;A2;1;2;⋯;A2;1;ns;A2;2;1;A2;2;2;⋯;A2;2;ns;⋯⋯

Ak;1;1;Ak;1;2;⋯;Ak;1;ns;Ak;2;1;Ak;2;2;⋯;Ak;2;ns;⋯⋯AN ;1;1;AN ;1;2;⋯;AN ;1;ns;AN ;2;1;AN ;2;2;⋯;AN ;2;ns

i
T

ðA� 4Þ

where

C ¼ 1

abhϕCt
ðA� 6Þ

D kð Þ1;i ¼
μy f k1

k fwk1;ihns
ðA� 7Þ

D kð Þ2;i ¼
μy f k2

k fwk2;ihns
ðA� 8Þ

β kð Þ1;i; mð Þd; j

¼ ∫Δt
0 S1 � S2 � S3ð Þs1;idτ

	 �
x mð Þd; j;y mð Þd; j;z mð Þd; jð Þ ðA� 9Þ

β kð Þ2;i; mð Þd; j

¼ ∫Δt
0 S1 � S2 � S3ð Þs2;idτ

	 �
x mð Þd; j;y mð Þd; j;z mð Þd; jð Þ ðA� 10Þ

Vector B:

B ¼ p n−1ð ÞΔt−pwf ; p n−1ð ÞΔt−pwf⋯p n−1ð ÞΔt−pwf
h iT

ðA� 11Þ

where

p n−1ð ÞΔt ¼ ∫Γp n−1ð ÞΔt x; yð ÞdS ðA� 12Þ

p n−1ð ÞΔt x; yð Þ ¼ p n−2ð ÞΔt x; yð Þ−C ∑
N

s¼1
∑
ns

i¼1
qs1;i∫

nΔt
0 S1 � S2 � S3ð Þs1;idτ þ qs2;i∫

nΔt
0 S1 � S2 � S3ð Þs2;idτ

	 �
xk1; j;yk1; j;zk1; jð Þ

� �
ðA� 13Þ
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