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Abstract
Multi-stage fractured horizontal wells play an important role in developing shale gas reservoirs by significantly improving
productivity. By considering fracture networks, gas desorption, stress-sensitive fracture permeability, and pressure-dependent
gas PVT properties, an analytical model is developed for shale gas wells. Fracture networks are handled based on transient linear
flow, gas desorption is handled by defining a new total compressibility, stress-dependent hydraulic fracture permeability is
handled by variable substitution, and pseudo-pressure and pseudo-time are used to handle pressure-dependent PVT properties.
After obtaining the solution of the linearizedmodel, a material balance method and successive substitution iteration procedure are
proposed to convert the pseudo-time into real time and calculate the production contribution from gas desorption. The results
show that induced fractures also have a great impact on the production of the well. Production contribution from free gas and
adsorbed gas could be quantified using the proposed material balance principle and iterative method. The rank of parameters that
influence the ultimate recovery is the following: half-length of hydraulic fracture, induced fracture length/hydraulic fracture
spacing, hydraulic fracture spacing, conductivity of induced fractures, conductivity of hydraulic fracture, and induced fracture
spacing.
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Introduction

Shale gas is an unconventional natural gas resource which is
hard to develop, and its commercial development requires
multi-stage fracture and high investment. It is of great theoret-
ical and practical significance to develop productivity evalua-
tion methods and investigate major factors affecting the pro-
ductivity of multi-stage fractured horizontal well in shale gas
reservoirs.

To handle the fracture networks after hydraulic fracturing,
several semi-analytical models based on boundary element
method and Green’s function are proposed (Jia et al. 2016;
Chen et al. 2016; Cheng et al. 2017; He et al. 2017; Zhang

et al. 2018). And to further consider pressure-dependent gas
PVT properties and dynamic gas desorption, many numerical
methods are applied (Mayerhofer et al. 2010; Wu et al. 2013;
Zhang et al. 2015; Mi et al. 2017).

Bello and Wattenbarger (2010) established a dual-
porosity slab model for multi-stage fractured horizontal
shale gas wells, made type curves of production rate, and
classified gas flow regimes into matrix linear flow, bilinear
flow, linear flow in natural fractures, and boundary-
influenced flow from matrix into well. Al-Ahmadi and
Wattenbarger (2011) introduced natural fractures and hy-
draulic fractures into the dual-porosity slab model, assum-
ing that hydraulic fractures are perpendicular to well while
natural fractures are parallel with the well, and he presented
the productivity evaluation model of linear flow in triple
media. Tivayanonda et al. (2012) considered that conduc-
tivity in hydraulic fractures is much greater than that in
natural fractures, making further simplification of Al-
Ahmadi’s model by regarding conductivity in hydraulic
fractures as infinite conductivity. Ozkan et al. (2011) pre-
sented the concept of trilinear flow and classified the whole
reservoir into the SRV inner zones between hydraulic
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fractures and the SRVouter zones without being fractured.
The SRV inner zones completely consist of dual porosity
and the SRV outer zones only consist of single porosity.
Brohi et al. (2011) made type curves of non-steady trilinear
flow, on the condition of constant borehole pressure (BHP)
coupled with constant pressure of outer boundary or closed
outer boundary respectively. Xu et al. (2013) considered
that horizontal shale gas wells treated with stimulated res-
ervoir volume (SRV) could be represented by dual-porosity
slab multiple linear flow model in outer and inner zone, and
he derived non-steady productivity equations on the condi-
tion of constant BHP. Stalgorova and Mattar (2013) consid-
ered that SRV inner zones were not completely of dual po-
rosity but fractures in SRV inner zones were of single po-
rosity, and he presented the model indicating that along the
length of horizontal well were not completely fractured
dual-porosity zones, and non-fractured zones existed be-
tween different fractured zones along the well, which sup-
plied fluid to SRV inner zones in the form of linear flow as
SRVouter zones at the end of fractures.

However, aforementioned studies failed to include stress
sensitivity of hydraulic fractures and nonlinear factors such
as nonlinear desorption and PVT properties. In this paper,
we proposed an analytical model for multi-stage fractured
horizontal wells from shale gas reservoirs to obtain the perfor-
mance. Fracture networks, gas desorption, stress-sensitive
fracture permeability, and pressure-dependent gas PVT prop-
erties are considered in the analytical model. Then a material
balance method and a successive iteration procedure are pro-
posed to obtain gas production vs. time and production con-
tribution of desorbed gas. Finally, the effects of different mod-
el parameters on shale gas production and production compo-
sition are investigated.

Physical model

Multi-stage fractured horizontal well is important for efficient
exploitation of shale reservoirs, especially the horizontal well
with SRV, which tremendously increases the productivity of
shale gas producers. As shown in Fig. 1, in the shale formation
where stratification and lamellae are well developed (such as
the lower part of Longmaxi formation in Southwest China),
complicated small-scale fracture networks can be established
after being fractured, and productivity is better than before.
This paper presents the productivity evaluation model with
fracture networks for the shale reservoirs where stratification
and lamellae are undeveloped. Other assumptions are shown
below:

a. The formation is assumed to be horizontal, with the same
thickness and fully penetrated by the hydraulic fractures.

b. Each zone of the model shown in Fig. 2 is assumed to be
heterogeneous and isotropic.

c. Single-phase gas is considered for flow in the formation,
and gravity effect is neglected.

d. Langmuir adsorption is used to characterize shale gas ad-
sorption in the matrix, and gas desorption is also assumed
to obey the Langmuir isotherm.

In this paper, the induced fractures are assumed to be per-
pendicular to the planner hydraulic fractures to derive the
analytical solution of the model, as shown in Fig. 2. The flow
in each region for the model is assumed to be linear. Gas in the
outer zone is assumed to be linearly flow into the hydraulic
fractures. There is a skin factor because of the convergence
flow in to the fractures. Gas in shale matrix of inner zone
linearly flows into induced fractures, and then gas in the

Fig. 1 A shale core from Longmaxi formation in South China
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Fig. 2 Physical model for multi-stage fractured horizontal shale gas wells
with fracture networks
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induced fractures linearly flows into the hydraulic fractures.
Eventually, gas in the hydraulic fractures flows into the hori-
zontal well linearly along the fracture.

Mathematical model

Mathematical model with fracture networks

For gas flow in the formation, pseudo-pressure and pseudo-
time (Gerami et al. 2008) are often used the handle the gas
PVT properties and respectively defined as

ψm ¼ 2 ∫
0

pm pm
μZ

dpm ð1Þ

ta ¼ ∫t0
μgictmi

μg pm
� �

ctm pm
� � dt ð2Þ

According to assumptions, as shown in Fig. 2, using the
dimensionless variables shown in Table 1, the model of outer
zone can be represented in dimensionless form as follows:

∂2ψoD

∂y2D
¼ ηD

∂ψoD

∂tD
ψoD yD; tDð ÞjtD¼0 ¼ 0

ψFD yD; tDð Þ yD¼yFD ¼ ψoD

�
yD; tD

���� ���
yD¼yFD

þ sc

∂ψFD yD; tDð Þ
∂yD

yD¼yFD ¼ 1

ξ
∂ψoD yD; tDð Þ

∂yD

����
����
yD¼yFD

ψoD yD; tDð ÞjyD→∞ ¼ 0

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ð3Þ

It should be noticed that the sc in the model is considering
the convergence flow effect when gas flows from the outer
zone to the fracture tips.

Given that gas flows in the form of matrix nonlinear flow
and along the direction of Z axis, from matrix into induced
fractures, coupled with desorption of absorbed gas in shale
matrix and three migration mechanisms of gas in nano-
scaled porosity, the model of inner matrix can be expressed
as follows:

∂2ψmD

∂z2D
¼ 3ωm

λfm

∂ψmD

∂tD
ψmD zD; tDð ÞjtD¼0 ¼ 0

∂ψmD zD; tDð Þ
∂zD

����
zD¼0

¼ 0

ψmD zD; tDð ÞjzD¼1 ¼ ψfD

8>>>>>>>>>><
>>>>>>>>>>:

ð4Þ

Similar to the flow model for gas flow from shale matrix
into the induced fracture systems, and considering the flux
contribution from shale matrix, the dimensionless form of
equations of induced fracture can be expressed as follows:

∂2ψfD

∂x2D
¼ 3ω f

λfm

∂ψfD

∂tD
−
λfm

λFf

∂ψmD

∂zD

����
����
zD¼1

ψfD xD; tDð Þ��
tD¼0

¼ 0

∂ψfD xD; tDð Þ
∂xD

����
xD¼0

¼ 1

ψfD xD; tDð Þ��
xD¼1

¼ ψFD

8>>>>>>>>>><
>>>>>>>>>>:

ð5Þ

Considering the gas contribution from the induced fracture
systems, and coupling the flow with the outer zone, the di-
mensionless form of hydraulic fracture model can be
expressed as follows:

∂2ψFD

∂y2D
¼ ωF

∂ψFD

∂tD
−
λFf

3

∂ψfD

∂xD

����
����
xD¼1

ψFD yD; tDð ÞjtD¼0 ¼ 0

ψFD yD; tDð ÞjyD¼0 ¼ 1

ψFD yD; tDð Þ yD¼yFD ¼ ψoD

�
yD; tD

���� ���
yD¼yFD

þ sc

∂ψFD yD; tDð Þ
∂yD

yD¼yFD ¼ 1

ξ
∂ψoD yD; tDð Þ

∂yD

����
����
yD¼yFD

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

ð6Þ

Handling gas desorption and stress sensitivity
of fracture permeability

In the matrix of shale gas reservoirs, the continuity equation
incorporating desorption is given below:

∂
∂x

−ρvð Þ ¼ ∂ ρϕð Þ
∂t

þ ρBg
∂V
∂t

ð7Þ

The second term on the right side of Eq. (7) represents the
influx into fractures from matrix due to desorption. In this
paper, the Langmuir isotherm model is used:

V ¼ VLp
pL þ p

ð8Þ

Substituting gas and pore compressibility and Eq. (8) into
Eq. (7), to arrive at

∂2ψ
∂x2

¼ ϕμ
k

cm þ cg þ ZpscT
ϕZscTsc

VLpL
p pL þ pð Þ2

" #
∂ψ
∂t

ð9Þ
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Desorption compressibility (Bumb and McKee 1988; Wu
et al. 2016) is a good method to handle gas desorption:

cd ¼ pscZT
ϕZscTsc

VLpL
p pL þ pð Þ2 ð10Þ

Substituting Eqs. (1), (2), and (10) into Eq. (9), the diffu-
sivity equation becomes:

∂2ψ
∂x2

¼ ϕμgicti
0:0864k

∂ψ
∂ta

ð11Þ

The format of Eq. (11) is the same as diffusivity equations
of conventional gas flow model.

Many experimental tests show that stress sensitivity is strong
in shale formation (Guo et al. 2012; Zhao et al. 2013). And
permeability of hydraulic fracture shows a good exponential
relationship with effective stress under the overburden pressure
(Huang et al. 2018). Pseudo-permeabilityγFof hydraulic frac-
ture can be introduced into the model and expressed as follows:

γ F ¼ 1

k F

dk F

dψ
ð12Þ

Pseudo-pressure of hydraulic fracture can be shown as
follows:

k F ¼ kFieγ F ψ F−ψið Þ ð13Þ

kFi represents permeability of hydraulic fractures with-
out overburden pressure, mD. γF represents pseudo-
permeability of hydraulic fractures, (mPa·s)/(MPa)2. ψi

− ψF represents pseudo-effective stress of hydraulic frac-
tures, (MPa)2/(mPa·s).

Given that the quadratic term of pressure gradient on the
left hand of equation is nonlinear, an intermediate variable is
introduced and expressed as follows (Huang et al. 2018):

ψFD ¼ −
1

γFD
ln 1−γFD⋅ηF½ � ð14Þ

After changing the equation with intermediate variable, the
nonlinear right hand of equation can be changed with regular
perturbation method. With the use of Taylor expansion, the
right hand can be changed as follows:

1

1−γFDηF yD; tDð Þ ¼ 1þ γFDηF yD; tDð Þ þ γ2FDη
2
F yD; tDð Þ þ……

ð15Þ

For γFD ⋅ ηF ≪ 1 and it is extremely small, the zero order
perturbation solution is accurate. So the first term on right
hand should be kept to simplify the whole equation, and the
model of hydraulic fracture can be simplified as follows:

∂2ηF

∂y2D
¼ ω

∂ηF

∂tD
−
λcw

3

∂ψmD

∂xD

����
����
xD¼1

ηF yD; tDð ÞjtD¼0 ¼ 0

ηF yD; tDð ÞjyD¼0 ¼
1

γFD
1−e−γFDð Þ

∂ηF yD; tDð Þ
∂yD

yD¼yFD ¼ 1

ξ
∂ψoD yD; tDð Þ

∂yD

����
����
yD¼yFD

ηF yD; tDð Þ yD¼yFD ¼ ψoD

�
yD; tD

���� ���
yD¼yFD

þ sc

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

ð16Þ

It should be noticed that the model considering stress sensi-
tive fracture permeability shown in Eq. (16) is similar to Eq. (6);
the only difference is that the dimensionless pseudo-pressure
ψFD in Eq. (6) is replaced by the intermediate variable ηF.

Table 1 Definition of dimensionless variables

Variables Definition Variables Definition

Dimensionless rate 1
qD

¼ k F
ffiffiffiffiffi
Acw

p
ψi−ψwfð Þ

1:291�10−3qscT
Dimensionless pseudo-pressure ψD ¼ ψi−ψ

ψi−ψwf

Dimensionless time tD ¼ 0:0864k F ta
μ ϕmctmþϕ f ctfþϕ F ctFð ÞAcw

Dimensionless flow coefficient ξ ¼ AFk F
Aoko

Diffusivity ratio ηD ¼ η F
ηo

¼ k F
ϕmctmþϕ f ctfþϕ FctF

ϕocto
ko

Dimensionless length -X direction xD ¼ x
L F=2

Storativity ratio of shale matrix ωm ¼ ϕmctm
ϕmctmþϕ f ctf þϕ FctF

Dimensionless length -Y direction yD ¼ yffiffiffiffiffi
Acw

p

Storativity ratio of shale induced fractures ω f ¼ ϕ f ctf
ϕmctmþϕ f ctfþϕ F ctF

Dimensionless fracture half-length yFD ¼ y Fffiffiffiffiffi
Acw

p

Storativity ratio of shale hydraulic fractures ωF ¼ ϕ F ctF
ϕmctmþϕ f ctfþϕ FctF

Dimensionless distance to boundary yeD ¼ yeffiffiffiffiffi
Acw

p

Interporosity flow coefficient between
inner reservoir and fracture

λIF ¼ 12
L2F

kI
k F
Acw

Interporosity flow coefficient between
matrix and induced fracture

λfm ¼ 12
L2f

km
k F
Acw Interporosity flow coefficient

between inner reservoir and fracture
λFf ¼ 12

L2F

k f

k F
Acw
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Fig. 3 Flow chart of iteration for
production composition model
for fractured horizontal wells in
shale reservoir

Table 2 Parameters for calculation of productivity of horizontal wells with fracture networks

Variable Value Variable Value

Original reservoir pressure, MPa 50.75 BHP, MPa 30

Reservoir temperature, K 367.65 Reservoir thickness, m 46

Horizontal well length, m 1200 Amount of hydraulic fractures 10

Half-length of primary fracture, m 200 Width of primary fracture, m 5 × 10−3

Langmuir pressure, MPa 5.82 Langmuir volume, m3/m3 9.26

Permeability of inner matrix, mD 4 × 10−4 Permeability of outer matrix, mD 8 × 10−5

Porosity of inner matrix 0.05 Porosity of outer matrix 0.05

Pore compressibility of matrix in inner and outer zone, MPa−1 8 × 10−5 Compressibility of primary fracture, MPa−1 1 × 10−4

Width of productive zone, m 70 Gas relative density 0.6915

Permeability of fissure in inner zone, mD 0.4 Permeability of fissure in outer zone, mD 0.1

Permeability of induced fractures, mD 20 Width of induced fractures, m 5 × 10−4

Compressibility of induced fractures, MPa−1 1 × 10−4 Spacing of induced fractures, m 100
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Solution of the model

On the condition of constant BHP, gas flows into well in the
form of linear flow in hydraulic fractures, and dimensionless
productivity of fractured horizontal shale gas well with frac-
ture networks can be expressed as follows:

qD ¼ −
1

2π
∂ψF yD; tDð Þ

∂yD

����
yD¼0

ð17Þ

Given stress sensitivity of hydraulic fractures, dimension-
less productivity of fractured horizontal shale gas well with
fracture networks can be expressed as follows:

qD ¼ −
1

2π
∂ηF yD; tDð Þ

∂yD

����
yD¼0

ð18Þ

With the use of Laplace transformation, the general solu-
tion of aforementioned model with finite outer boundary can
be achieved in the Laplace space. Associated with initial con-
ditions and boundary conditions, productivity of fractured
horizontal shale gas well with fracture networks can be
expressed as follows:

qD ¼
ffiffiffiffiffiffiffiffiffiffi
sf sð Þp
2πs

1−e−γFD
γFD

I þM
N þ O

ð19Þ

where

I ¼
ffiffiffiffiffiffiffi
sηD

p
ξ

e2
ffiffiffiffiffi
sηD

p
yeD−e2

ffiffiffiffiffi
sηD

p ⋅yFD
� �

cosh
ffiffiffiffiffiffiffiffiffiffi
sf sð Þ

p
⋅yFD

h i
−sc

γFD
1−e−γFD

n o
ð20Þ

M ¼ e2
ffiffiffiffiffi
sηD

p
yeD þ e2

ffiffiffiffiffi
sηD

p ⋅yFD
� � ffiffiffiffiffiffiffiffiffiffi

sf sð Þ
p

sinh
ffiffiffiffiffiffiffiffiffiffi
sf sð Þ

p
⋅yFD

h i
ð21Þ

N ¼
ffiffiffiffiffiffiffi
sηD

p
ξ

e2
ffiffiffiffiffi
sηD

p
yeD−e2

ffiffiffiffiffi
sηD

p ⋅yFD
� �

sinh
ffiffiffiffiffiffiffiffiffiffi
sf sð Þ

p
⋅yFD

h i
ð22Þ

O ¼ e2
ffiffiffiffiffi
sηD

p
yeD þ e2

ffiffiffiffiffi
sηD

p ⋅yFD
� � ffiffiffiffiffiffiffiffiffiffi

sf sð Þ
p

cosh
ffiffiffiffiffiffiffiffiffiffi
sf sð Þ

p
⋅yFD

h i
ð23Þ

In which, f(s) is defined as

f sð Þ ¼ ωF þ λFf

3s

ffiffiffiffiffiffiffiffiffiffiffiffiffi
s f f sð Þ

q
tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffi
s f f sð Þ

qh i
f f sð Þ ¼ 3ω f

λFf
þ λfm

λFf

ffiffiffiffiffiffiffiffiffi
3ωm

λfms

s
tanh

ffiffiffiffiffiffiffiffiffiffiffi
3sωm

λfm

s
8>>><
>>>:

ð24Þ

If skin (sc = 0) and production of outer matrix (ξ→∞,
yeD = yFD) are not taken into account, the productivity equa-
tions of fracture networks model could be written as

qD ¼
ffiffiffiffiffiffiffiffiffiffi
sf sð Þp
2πs

tanh
ffiffiffiffiffiffiffiffiffiffi
sf sð Þ

p
⋅yeD

h i
ð25Þ

Equation (25) is identical to that of Al-Ahmadi and
Wattenbarger (2011); this validates the productivity model of
horizontal well with fracture networks in this paper.

(a) Production rate (b) Cumulative production

Fig. 4 The effect of inner zone
fissure aperture on horizontal
wells productivity with fracture
networks

(a) Production rate (b) Cumulative production

Fig. 5 The effect of inner zone
fissure density on horizontal wells
productivity with fracture
networks

551 Page 6 of 12 Arab J Geosci (2018) 11: 551



Production prediction considering
pressure-dependent gas PVT properties

Owing to extremely low permeability of shale matrix, pressure
systems of two adjacent wells can hardly connect with each
other. Thus, each fractured horizontal well can be regarded as

an independent gas reservoir with artificial treatment. Material
balance principle of gas reservoir engineering can be utilized to
determine the average reservoir pressure in different moments:

pm

Z pm
� � ¼ pi

Z pið Þ 1−
GP

G

� 	
ð26Þ

(a) Production rate (b) Cumulative production

Fig. 6 The effect of hydraulic
fractures half-length on horizontal
wells productivity with fracture
network

Table 3 Experimental design and calculated results for fractures network model

Parameter Half-length
of hydraulic
fracture, m

Conductivity
of hydraulic
fracture, mD·m

Hydraulic
fracture
spacing, m

Conductivity
of induced
fractures, mD·m

Induced
fracture
spacing, m

Induced fracture
length/hydraulic
fracture spacing

Cumulative
production in
20 years, 108 m3

Average
production
in the first year,
104m3/day

Case 1 100 0.5 25 0.01 10 1 1.43 27.3

Case 2 100 1 30 0.05 15 0.9 1.37 25.5

Case 3 100 2 35 0.1 20 0.8 1.41 23.7

Case 4 100 3 40 0.15 25 0.7 1.43 20.8

Case 5 100 4 45 0.2 30 0.6 1.43 18.5

Case 6 150 0.5 30 0.1 25 0.6 1.99 24.8

Case 7 150 1 35 0.15 30 1 1.73 24.5

Case 8 150 2 40 0.2 10 0.9 2.00 28.3

Case 9 150 3 45 0.01 15 0.8 2.09 25.1

Case 10 150 4 25 0.05 20 0.7 2.06 34.3

Case 11 200 0.5 35 0.2 15 0.7 2.52 26.0

Case 12 200 1 40 0.01 20 0.6 2.57 24.1

Case 13 200 2 45 0.05 25 1 2.73 24.5

Case 14 200 3 25 0.1 30 0.9 2.70 36.5

Case 15 200 4 30 0.15 10 0.8 2.55 34.8

Case 16 250 0.5 40 0.05 30 0.8 3.08 22.8

Case 17 250 1 45 0.1 10 0.7 3.27 26.1

Case 18 250 2 25 0.15 15 0.6 3.29 37.9

Case 19 250 3 30 0.2 20 1 3.15 34.2

Case 20 250 4 35 0.01 25 0.8 3.13 29.1

Case 21 300 0.5 45 0.15 20 0.9 3.61 23.1

Case 22 300 1 25 0.2 25 0.8 3.92 35.9

Case 23 300 2 30 0.01 30 0.7 3.75 31.5

Case 24 300 3 35 0.05 10 0.6 3.68 31.6

Case 25 300 4 40 0.1 15 1 3.84 30.3
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In which, pm means average matrix pressure in certain mo-
ment, MPa.pi means initial matrix pressure, MPa.Gp and G
means cumulative production and geological reserves.

As the application of Eq. (2), with the introduction of di-
mensionless pseudo-time, the model for fractured horizontal
wells with fracture networks can be transformed into linear
form, and their general solution of productivity is in the same
form of linear solution. However, the calculated solution is on
the condition of dimensionless pseudo-time, which means it
must be transformed into real form.

Because changing real time into pseudo-time requires av-
erage pressure in different moments, and average pressure is
associated with production rate as well as cumulative produc-
tion which require pseudo-time for calculation, the whole cal-
culated process of all parameters is closed and different pa-
rameters have mutual influence, requiring iterative method for
solution. The process of iterative method is shown as Fig. 3.

1. Initialization of parameters including fundamental pa-
rameters of gas and reservoir.

2. With the use of general productivity equations of slab
fractures or network model, calculating dimensionless
production rate with Stefest numerical inversion in every
dimensionless time step.

3. Assume average reservoir pressure as pm in current time
step.

4. Calculate gas physical parameters under current pm, in-
cluding compressibility, density, and viscosity.

5. Calculate real time and real production rate with Eq. (19)
and gas physical parameters.

6. Calculating real cumulative production.
7. Calculating new average reservoir pressure p

0
m with Eq.

(25).
8. Repeat steps from (3) to (7) until the difference of p

0
and

last pm meets requirement of accuracy.
9. Calculate composition of production rate in current time

step with real average reservoir pressure.
10. Calculate the next time step until the whole calculating

process ends.

If real average reservoir pressure is worked out, the
proportion of desorbed gas can be calculated. Owing to
depletion development of shale gas reservoir, the propor-
tion of desorption compressibility equals to the proportion
of desorbed gas. The proportion of absorbed gas produc-
tion to the whole gas production can be represented as
follows:

Ra ¼
cd pm
� �

ctm pm
� � � 100% ð27Þ

Table 4 Mean and range of production rate in the first year for fractures network model

Parameters Half-length
of hydraulic
fracture, m

Conductivity
of hydraulic
fracture, mD·m

Hydraulic
fracture
spacing, m

Conductivity
of induced
fractures, mD·m

Induced
fracture
spacing, m

Induced fracture
length/hydraulic
fracture spacing

Average production rate in
the first year, 104m3/day

Mean 1 23.17 24.82 34.38 27.43 29.63 28.16

Mean 2 27.42 27.21 30.16 27.73 28.97 28.36

Mean 3 29.18 29.20 27.00 28.31 27.88 28.57

Mean 4 30.01 29.66 25.27 28.23 27.03 27.76

Mean 5 30.49 29.38 23.47 28.58 26.77 27.38

Range 7.32 4.84 10.92 1.15 2.87 1.18

Table 5 Mean and range of recovery within 20 years for fractures network model

Parameters Half-length
of hydraulic
fracture, m

Conductivity
of hydraulic
fracture, mD·m

Hydraulic
fracture
spacing, m

Conductivity
of induced
fractures, mD·m

Induced
fracture
spacing, m

Induced fracture
length/hydraulic
fracture spacing

Cumulative production
in 20 years, 108 m3

Mean 1 1.42 2.53 2.68 2.59 2.59 2.58

Mean 2 1.98 2.57 2.56 2.58 2.62 2.42

Mean 3 2.61 2.64 2.49 2.64 2.56 2.70

Mean 4 3.19 2.61 2.58 2.52 2.64 2.61

Mean 5 3.76 2.60 2.63 2.61 2.54 2.59

Range 2.34 0.11 0.19 0.12 0.10 0.28
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Results and discussion

The effects of fracture parameters on production

With the use of model, we analyzed the effects of different
parameters on gas production of the well. Parameters of the
case are shown in Table 2.

The effect of inner zone fissure aperture on productivity of
horizontal wells with fracture networks is shown as Fig. 4. It is
apparent that higher fissure aperture leads to higher effective
permeability of inner matrix, higher production rate in earlier
stage as well as higher cumulative production.

The effect of inner zone fissure density on productivity of
horizontal wells with fracture networks is shown as Fig. 5. It is
clear that higher fissure density results in higher effective per-
meability of inner matrix, higher production rate in earlier
stage, and higher cumulative production.

Figure 6 shows the effect of half-length of hydraulic frac-
tures on productivity of horizontal wells with fracture net-
work, on the condition of the same amount of induced frac-
tures. If the number of induced fractures is the same, produc-
tivity of different fractured horizontal wells in earlier stage is
of little difference. It is because that conductivity of primary

fracture can be regarded to be infinite, and initial production
rate is mainly influenced by induced fractures. If primary frac-
ture is longer, there will be more matrix directly connected
with primary fracture, and production rate in later stage as well
as cumulative production will be higher.

Production composition of model with fracture
networks

In order to further clarify the effect of different parameters on
initial production rate and recovery of fractured horizontal
wells with fracture networks in shale reservoir, orthogonal
experiments are implemented. Experimental parameters in-
clude permeability of matrix in outer and inner zone, half-
length of hydraulic fractures, induced fractures spacing, width
of inner zone, and SRV spacing. Each parameter has three
different levels. With the introduction of one additional auxil-
iary parameter with one level, the final orthogonal experimen-
tal scheme can be set as shown in Table 3.

Cumulative production in 20 years and the average produc-
tion rate in the first year can be calculated with parameters of
orthogonal experimental scheme. What’s more, cumulative

Fig. 7 The rank of parameters of initial production rate and recovery for fractures network model

Fig. 8 The effect of matrix permeability of inner zone on production
composition

Fig. 9 The effect of fissure aperture of inner zone on production
composition

Arab J Geosci (2018) 11: 551 Page 9 of 12 551



production in 20 years and the average production rate in the
first year in different levels of all parameters can be worked
out. The range represents the influence of different parameters
on the average production rate in the first year and cumulative
production in 20 years, which is shown in Tables 4 and 5.
Figure 7 reveals the proportion of range of different parame-
ters of the average production rate in the first year and the
proportion of range of different parameters of cumulative pro-
duction in 20 years.

It is apparent that the rank of parameters of the average
production rate in the first year for fractures network model
is the following: hydraulic fracture spacing > half-length of
hydraulic fracture > conductivity of hydraulic fracture > in-
duced fracture spacing > induced fracture length/hydraulic
fracture spacing > conductivity of induced fractures. And the
rank of parameters of cumulative production in 20 years is the
following: half-length of hydraulic fracture > induced fracture

length/hydraulic fracture spacing > hydraulic fracture spacing
> conductivity of induced fractures > conductivity of hydrau-
lic fracture > induced fracture spacing.

Analysis of production contribution from desorbed
gas

The production composition of fracture networks model can
be analyzed with parameters in Table 2. Figure 8 shows the
effect ofmatrix permeability of inner zone on production com-
position of horizontal wells with fracture networks. Higher
matrix permeability of inner zone can increase flowing capac-
ity of both free gas and desorbed gas, and accelerate spread of
pressure drop in inner matrix, which is helpful for the desorp-
tion of absorbed gas.

Figure 9 shows the effect of fissure aperture of inner zone
on production composition of horizontal wells with fracture

Fig. 10 The effect of fissure density of inner zone on production
composition

Fig. 11 The effect of matrix permeability of outer zone on production
composition

Fig. 12 The effect of half-length of primary fracture on production
composition

Fig. 13 The effect of induced fracture spacing on production composition
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networks. Greater fissure aperture increases effective matrix
permeability of inner zone and accelerates spread of pressure
drop in inner matrix, which is helpful for the desorption of
absorbed gas.

Figure 10 shows the effect of fissure density of inner zone
on production composition of horizontal wells with fracture
networks. Higher fissure density increases effective matrix
permeability of inner zone and accelerates spread of pressure
drop in inner matrix, which is helpful for the desorption of
absorbed gas.

Figure 11 shows the effect of outer matrix permeability on
production composition of horizontal wells with fracture net-
works. Higher matrix permeability of outer zone increases
accelerates spread of pressure drop in inner matrix, which is
helpful for the desorption of absorbed gas. However, the in-
fluence of matrix permeability of outer zone is less than that of
inner matrix.

Figure 12 shows the effect of half-length of primary frac-
ture on production composition of horizontal wells with frac-
ture networks, on the condition of the same amount of sec-
ondary fractures. It is evident that half-length of primary frac-
ture exerts great influence on production composition of frac-
tured horizontal wells. Longer primary fracture decreases
spacing of secondary fractures and helps mutual interference
of secondary fractures, which has the same effect of closed
boundary and results in fast drop of average pressure as well
as the desorption of absorbed gas.

Figure 13 shows the effect of induced fracture spacing on
production composition of horizontal wells with fracture net-
works on the condition of the same half-length of primary
fracture. Smaller induced fracture spacing helps mutual inter-
ference of secondary fractures and facilitates the desorption of
absorbed gas.

Conclusions

In this paper, we proposed an analytical model for MFHW in
shale reservoirs with the consideration of secondary fractures,
gas desorption, stress-sensitive fracture permeability, and
pressure-dependent gas PVT properties. Based on the above
analysis, the following conclusions can be obtained:

1. Based on the theory of linear flow, the model for fracture
horizontal well with fracture networks in shale reservoirs
is established respectively. Compared with models
established formerly, production from outer zone into hy-
draulic fractures and stress sensitivity of hydraulic frac-
ture are considered in the new model. What’s more, dy-
namic productivity equations of the model are derived.

2. For fracture networks model, matrix permeability, half-
length of hydraulic fractures, and spacing of hydraulic
fractures will largely influence production of the well. In

addition, spacing of secondary fractures is another influ-
ence factor of productivity.

3. With the introduction of nonlinear desorption into matrix
control equations, production composition of fractured
horizontal shale gas wells in different moments is deeply
analyzed with material balance principle and iterative
method. The rank of parameters that influence the ulti-
mate recovery is the following: half-length of hydraulic
fracture > induced fracture length/hydraulic fracture spac-
ing > hydraulic fracture spacing > conductivity of induced
fractures > conductivity of hydraulic fracture > induced
fracture spacing.

Funding This study was partially funded by the National Science and
Technology Major Project (No. 2017ZX05037001) and the National
Natural Science Fund of China (No. U1762210, 41672132, and
51574258).

Nomenclature Acw, cross sectional area to flow, m2; Bg, formation vol-
ume factor, rm3/sm3; cg, gas compressibility, MPa−1; ct, total compress-
ibility, MPa−1; Ct, total compressibility of the matrix, MPa−1; Cd, desorp-
tion compressibility, MPa−1; G, cumulative production, 108m3; h, forma-
tion thickness, m; k, permeability, md; LF, fracture space, m;M, molecular
weights of gas, g/mol; ψ, pseudo-pressure, MPa2/mPa.s; λ, interporosity
flow coefficient, dimensionless; ω, storativity; ηD, diffusivity ratio, di-
mensionless; p, pressure, MPa; pL, Langmuir pressure, MPa; q, gas rate,
m3/day; t, production time, days; ta, pseudo-production time, days; T,
formation temperature, K; V, absorbed gas volume, sm3; VL, Langmuir
volume, m3/m3; yF, half-length of the hydraulic fracture, m; ye, the bound-
ary of the outer zone, m; Z, gas compressibility factor, dimensionless; ϕ,
porosity, m3/m3; sc, skin factor, dimensionless; ρ, gas density, kg/ m3; μ,
fluid viscosity, mPa.s

Subscripts and superscripts D, dimensionless; F, hydraulic fracture; f,
induced fracture; sc, surface condition; i, initial; o, outer zone; w,
wellbore; m, matrix
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