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a b s t r a c t

The problem of the fracturing water remaining in hydraulically fractured shale gas reservoirs has become
one of the major concerns in terms of gas productivity and operating costs. The fracturing water
retention is influenced by reservoir properties and production parameters, such as matrix porosity and
permeability, fracture porosity and permeability, Langmuir pressure and volume, diffusion coefficient,
shut-in time, drawdowns and injection rate. In this study, a horizontal well with six-stage hydraulic-
fracturing treatment was constructed to understand the water retention and gas production performance
in shale gas reservoirs. Gas diffusion, gas adsorption/desorption and Darcy flow as well as non-Darcy
flow were considered in this model. The process of water retention and gas production performance was
analyzed, and the effects of reservoir and production properties on this problem were performed. The
results show that only 34% of the fracturing water can flow back to the surface, most of which remains in
shale formations to interfere with gas production. The increasing of matrix porosity, fracture porosity,
Langmuir pressure and drawdowns will reduce water retention while water retention in shale matrix
will increase with the increasing of matrix permeability and Langmuir volume, and consequently impact
gas production. But the trapped water and gas rate increase with the higher fracture permeability.
Furthermore, the diffusion coefficient, shut-in time and injection rate do not have a significant effect on
water retention and gas productivity. These results can provide insights into a better understanding of
gas and water flow in the shale gas reservoirs and the effects of reservoir and production parameters on
water retention and gas production.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Shale gas reservoirs are playing a significant role in satisfying
increasing energy demands and having attracted increasing
attraction (Shen et al., 2015a). Hydraulic fracturing of horizontal
wells is a key technology to produce gas from the ultra-low
permeability shale reservoirs. During the hydraulic fracturing
process large volumes of the fracturing water are injected into the
shale formations to create multiple fractures so that the contact
area between fractures and the reservoirs can be largely increased
(Cheng, 2012). However, only a small fraction of the fracturing
nics in Fluid Solid Coupling
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water, typically 10%e50%, can be recovered back to the surface
during the gas production process, most of which remains in the
shale matrix due to the high capillary pressure (Engelder et al.,
2014; Makhanov et al., 2014). The fracturing water remaining in
the shale formations will increase water saturation, and conse-
quently may interfere with gas production (Coskuner, 2006; Cheng,
2012). Thus, understanding the questions such as howmuch of the
fracturing water goes into shale matrix and its effect on gas pro-
duction are significant for predicting gas shale formation produc-
tivity and for optimizing extraction conditions.

Shale is a very fine-grained and clastic sedimentary rock, which
has complex pore structures, ultra-low permeability and a variety
of storage (Boyer et al., 2006; Strapoc et al., 2010; Shen et al., 2015c).
Thus, compared with conventional gas reservoirs, the gas transport
in shale gas reservoirs is a complex multi-scale flow process from
macro scale to molecular scale (Javadpour et al., 2007). Many
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research studies on gas flow mechanism of gas shales have been
conducted in the recent decade. Ozkan et al., (2009) and Javadpour
(2009) proposed that gas flow and diffusion exist at the same time
from shale matrix to shale fracture. Dahaghi (2010), Dahaghi and
Mohaghegh (2011) successively assumed gas transport in shale
would diffuse from shale matrix to shale fracture. Moridis et al.,
(2010) and Freeman et al., (2011) described and analyzed
comprehensively gas flow mechanism in the unconventional shale
gas reservoirs, including gas diffusion and desorption from shale
matrix to shale fracture, Darcy flow in natural fracture and non-
Darcy flow in hydraulic fractures.

Some previous research on fracturing water retention into shale
matrix and its impact on gas productivity has been considered in
the past. Holditch (1979) supposed that water invasion into matrix
is an important cause of low productivity, which reduces the rela-
tive permeability to gas and impedes gas production. Solimon and
Hunt (1985); Gdanski et al., (2009) presented a numerical simula-
tion to analyze the fracturing fluid cleanup and its effect on gas
production. Parekh and Sharma (2004), Mahadevan et al., (2009)
and Cheng (2012) successively studied the capillary force effect of
water retention in reservoir rocks, and proposed that capillary force
had a great effect on water distribution in shale formations. Jurus
et al., (2013) used a commercial finite difference model to simu-
late water injection and observe production performance in hori-
zontal multi-fractured wells. Wang and Leung (2015) modelled the
mechanisms of water retention in fractureematrix system and
investigated their associated times scales under different reservoir
conditions using the module of CMG-IMEX. However, the impacts
of reservoir and production parameters on water retention and gas
production have not been systematically studied, and the gas flow
transport in gas shales has not been fully considered. Hence, there
is a necessity to understand gas and water flow dynamics and the
effects of these reservoir and production parameters on the prob-
lem so as to optimize gas productivity in shale gas reservoirs.

In this study, we constructed a shale gas reservoir model with
six-stage hydraulic fractures using a numerical reservoir simulator
of CMG-GEM (CMG GEM User's Guide, 2012). The gas transport
processes, including gas diffusion and Langmuir isotherm desorp-
tion from shale matrix to shale fracture, Darcy flow in natural
fracture and non-Darcy flow in hydraulic fractures, were consid-
ered in the model. We first analyze gas and water flow dynamics
versus time during the long-term production. Then the effects of
the related reservoir properties and production parameters, such as
matrix porosity, matrix permeability, fracture porosity, fracture
permeability, Langmuir pressure and volume, diffusion coefficient,
shut-in time, drawdowns and injection rate, were studied and
discussed. The results of these work can provide a better under-
standing of water and gas flow dynamic and the effects of reservoir
and production properties on gas productivity.

2. Mathematical model and fluid flow mechanism

2.1. Mathematical model

In the stimulation and gas production stages for a hydraulically
fractured shale gas well, a two-phase (gas and liquid) flowmodel or
a multi-phase flow model is considered to be sufficient for the
modeling work. The fracturing water is usually chosen when
stimulating shale gas reservoirs, and consequently the liquid phase
flow will occur simultaneously with gas flow during the gas pro-
duction process. To simplify the problem, it is assumed that there
are only gas and water components presented in their associated
phases and adsorbed gas within the solid phase of rock. In this
study, the dual permeability model is considered to investigate the
gas and water flow in hydraulically fractured shale gas reservoirs.
Each fluid phase flows in the matrix and fracture according to the
fluid flow mechanism, discussed below. In an isothermal system
containing two phases, the fluid flow equation of a dual perme-
ability model (Didier et al., 2014; Shen et al., 2015b) can be
described as follow,
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where the superscript m and f represent the matrix and the frac-
ture, respectively; the subscript b represents the phase ( b ¼ g for
gas and b ¼ w for water); ∅ is the effective porosity; Sb is the
saturation of the phase b; rb is the density of the phase b; vsg is the
gas sorption or desorption term; vb is the volumetric velocity vector
of the phase b; qmf

b
is the exchange term between the matrix and

the fracture; qb is the sink or source term of the phase b per unit
volume of formation.

2.2. Fluid flow mechanism

Compared with conventional gas reservoirs, the pore structure
of gas shales is more heterogeneous, including organic matter,
nonorganic matrix, natural fractures and pore space induced by
hydraulic fractures (Davies et al., 1991; Bustin et al., 2008; Loucks
et al., 2009). The giant variation of pores scales makes the flow of
gas and water in hydraulically fractured shale gas reservoirs
become very complex. The fluid flow in gas shales is controlled by
flow mechanism at different scales from the molecular to the
macroscopic. In this study, the following mechanism will be
considered in the stimulation and production stages and be dis-
cussed as follows.

2.2.1. Gas adsorption and desorption
In shale gas reservoirs, the gas adsorbed on organic material

surfaces is considered as the main source in the pores (Leathy-Dios
et al., 2011). With the pressure decreasing during the gas produc-
tion, the gas adsorbed on the matrix will release and contribute to
the gas production. Thus the gas sorption term is added in Equation
(1). For the gas adsorption and desorption in gas shales, several
models have been proposed for the reservoirs, but the most
commonly used empirical model is the Langmuir isotherm
(Langmuir, 1916; Heller and Zoback, 2014). The Langmuir isotherm
can be expressed as follows,

vsg ¼ vL
P

P þ PL
(3)

where vsg is the adsorption mass; vL is the Langmuir's volume; P is
the gas reservoir pressure; PL is the Langmuir's pressure.

2.2.2. Gas diffusion
Different with conventional gas reservoirs, shale has relatively

low porosity and ultra-low permeability, and the pore size is be-
tween 1 and 200 nm (Swami et al., 2012). For the nanoscale pores,
the gas flow will not follow the Darcy's law, and gas diffusion need
to be considered. In the study, the gas diffusion can be expressed as,

V ¼
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where V is the gas phase diffusion rate; S is the contact area be-
tween the block i and j; Lij is the distance between the block i and j;
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Kd is the diffusion coefficient for the hydrocarbon components; T is
the tortuosity of the porous media; ∅m is the matrix porosity; Sg is
the smaller of gas saturation in the block i and j; C(gas,i) and C(gas,j)
are the concentration of the component in the gas phase of the
block i and j, respectively.

2.2.3. Darcy flow
Advection flow is one of the primary driving forces in the porous

media, which can be always described by Darcy's law. Shale gas
reservoirs contain many nature micro-fractures, and gas molecules
flow in the micro-fractures follow Darcy's law. It may be expressed
as,

vg ¼ kg
mg

Vp (5)

where vg is the gas flux; kg is the gas permeability in the shale rock;
mg is the gas viscosity; Vp is the pressure gradient vector.

2.2.4. Non-Darcy flow
Due to the high flow velocity in the hydraulic fractures, the

linear Darcy's flow is no longer valid. The gas flow in hydraulic
fractures towards the well should be the high velocity non-Darcy
flow (Evans and Civan, 1994; Moridis et al., 2010; Freeman et al.,
2011). The non-Darcy flow should be described by the For-
chheimer modification to Darcy's law given below,

�Vp ¼ m

k
vþ brv2 (6)

where Vp is the pressure gradient vector; m is the viscosity; k is the
permeability; v is the velocity; r is the phase density; b is the non-
Darcy Beta factor.

3. Simulation model description

In order to investigate the gas and water flow dynamics in hy-
draulically fractured shale gas reservoirs, a numerical reservoir
simulator of CMG-GEM is used to construct a numerical reservoir
model with the dimension of 1100 m � 900 m � 60 m, which
corresponds to the length, width and height, respectively, as illus-
trated in Fig. 1. The reservoir has ten shale layers and the total
length of horizontal well is 1000 m. The horizontal well is stimu-
lated in the fifth layer with a six-stage hydraulic-fracturing treat-
ment. In each single stage, local grid refinement with logarithmic
cell spacing is applied to accurately simulate fluid flow from shale
matrix to natural fractures and from natural fractures to hydraulic
fractures. Nine transverse fractures are created along the horizontal
well with fracture half-length of 130 m, and the spacing of hy-
draulic fracturing is 100 m. During the fracturing stimulation
treatment, the fracturing water is injected into the injector to
simulate the hydraulic-fracturing treatment, and the injection rate
is 1000 m3/d. After two days, the injector is closed while the pro-
ducer is open to produce for 5000 days with the maximum gas rate
of 1.0 � 105 m3/d. During the gas production, the bottom-hole
pressure is controlled by 1.0 MPa.

Table 1 summarizes the detailed reservoir and fracture proper-
ties used in the simulation. The reservoir is assumed to be a dual-
permeability model, including shale matrix and shale fractures.
Due the complex flow in shale gas reservoirs, gas desorption in the
matrix, gas diffusion from the matrix to natural fractures, Darcy
flow in natural fractures and non-Darcy flow in hydraulic fractures
are considered in the simulation. In this study, the water and gas
flow in shale matrix and fractures are described with two different
sets relative permeability curves based on the previous study
(Deghmoum et al., 2001; Shanley et al., 2004), as shown in Fig. 2.
Considering the fracturing water injected during the hydraulic-
fracturing treatment, the water-phase imbibition caused by the
capillary pressure between water and gas phases is important in
the gas production performance. Based on the empirical correlation
(Deghmoum et al., 2001; Shanley et al., 2004), the capillary pres-
sure curve used in the matrix is illustrated in Fig. 3. Due to the
larger permeability in fractures, the capillary pressure in fractures
is considered as zero.

4. Results and discussion

4.1. Overview

In the beginning, the fracturing water is injected to simulate the
hydraulic fracturing treatment, and the injection rate is 1000 m3/
d for two days. Then the producer is open to produce for 5000 days
with the maximum gas rate of 1.0 � 105 m3/d. As can be illustrated
in Fig. 4, the cumulative water is 687 m3 at the end of 5000 days,
which means that 34% of the fracturing water (2000 m3) can flow
back to the surface during the gas production process. The
remaining water (66%) is still retained in shale formations. Some
field data has shown that typically 10%e50% of the injected frac-
turing water could be recovered (King, 2010). From the result of
Fig. 4, it is seen that gas rate increases and then decreases, but it is
far less than the maximum gas rate. The reason for this phenom-
enon is that the retained water affects the increasing of gas rate.
Fig. 5 shows the variation of water and gas saturation inside matrix
at the bottom and top versus time. The water saturation at the
bottom and top increases and the gas saturation decreases during
the gas production, which indicates the fracturing water flows into
shale matrix along the both sides of the horizontal well. Thus it is
crucial to deal with the fracturing water after the hydraulic frac-
turing treatment and thus reduces the retention.

4.2. Effect of the matrix porosity

Gas shale is characterized by relatively low porosity, which
ranges from 2% to 10% (Boyer et al., 2006). The effects of the matrix
porosity between 3% and 9% onwater retention and gas production
performance have been studied. Fig. 6 shows the variation of water
saturation inside matrix (a) and gas rate (b) versus time. It can be
seen that the matrix porosity affects directly the fracturing water
retention and gas production. With the matrix porosity increasing,
water saturation in shale matrix decreases. At the early production
time, gas production rate increases linearly, and then increases
with matrix porosity increasing. The reason is that water retention
in shale matrix decreases with the increase of matrix porosity, and
consequently it favors gas flow from shale matrix.

4.3. Effect of the matrix permeability

Shale gas reservoir is known for its extra-low permeability
which is usually between 0.001 mD to 0.00001 mD (Shen et al.,
2015c). This is why it cannot produce economic gas with conven-
tional methods. The matrix permeability values from 0.00001 mD
to 0.001 mD are selected to understand water retention and gas
production performance. The variation of water saturation inside
matrix (a) and gas rate (b) versus time is illustrated in Fig. 7. With
the decrease of matrix permeability, the water saturation inside
matrix decreases. This is due to the matrix permeability which
controls gas flow in shale matrix, and consequently it affects the
recovery of fracturing water. As shown in Fig. 7 (b), the lower the
matrix permeability is, the higher the gas rate is. This is because
water retention in shale matrix makes it difficult to produce gas



Fig. 1. A numerical reservoir model with six-stage hydraulic fracture treatment.

Table 1
Reservoir and fracture properties used in the simulation.

Parameter Value Unit

Model dimension (L � W � H) 1100 � 900 � 60 m
Reservoir depth 2000 m
Initial reservoir pressure 25 MPa
Initial reservoir temperature 70 �C
Rock density 2500 kg/sm3

Rock compressibility 4.0 � 10�6 kPa�1

Langmuir pressure 1.6 MPa
Langmuir volume 0.09 mol/kg
Initial gas saturation 0.75 value
Gas diffusivity 0.0006 cm2/s
Matrix porosity 0.06 value
Matrix permeability 0.0001 mD
Fracture porosity 0.001 value
Fracture permeability 0.01 mD
Bottom-hole pressure 1.0 MPa
Injection rate 1000 m3/d
Gas Rate (Max) 1.0 � 105 m3/d
Horizontal well length 1000 m
Fracture height 60 m
Fracture conductivity 167 mD$ m
Fracture half length 130 m
Fracture spacing 100 m
Number of fracture stages 6 value
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with the decreasing matrix permeability.
4.4. Effect of the fracture porosity

Shale gas reservoirs are naturally fractured reservoirs, but the
narrow fractures are sealed so that gas cannot flow in them (Gale
et al., 2007). During the hydraulic fracturing process, the fractures
will be activated and reopened, and they will provide the flow
pathway for gas (Warpinski et al., 2005). Thus the natural fractures
are very significant for gas and water flow in shale formations. The
fracture porosity values between 0.01% and 0.1% are conducted to
investigate water retention and gas production performance. Fig. 8
presents the variation of water saturation inside matrix (a) and gas
rate (b) versus time. It can be observed that the water saturation
inside shale matrix decreases with the increase of fracture porosity.
This is because the nature fractures are the main pathway that gas
flows from matrix-to-matrix and matrix-to-fracture. From Fig. 8
(b), at the early production time, the gas rate has little change
with the fracture porosity decreasing while it increases with the
increasing of the fracture porosity later. That means that the
increasing fracture porosity favors gas productivity in shale
formations.
4.5. Effect of the fracture permeability

Compared with shale matrix, the fractures have relatively
higher permeability, which plays an important role in gas and
water flow. The effects of the fracture permeability between
0.01mD and 0.0001mD are considered in this study. Fig. 9 gives the
variation of water saturation inside matrix (a) and gas rate (b)
versus time. As illustrated in Fig. 9, with the fracture permeability
increasing the water saturation increases rapidly. It suggests the
fracturing water flow into shale matrix considerably. The gas rate
increases rapidly, and then decreases by a wide margin, especially
when the fracture permeability equals to 0.01 mD. The reason is
that water retention in shale matrix affects gas flow greatly, and
consequently gas rate decreases at the late production time. It is
noteworthy that the water retention in shale matrix and gas rate
increase with the higher fracture permeability.
4.6. Effect of the Langmuir pressure

Gas desorption is essential to the gas production capacity in
shale gas reservoirs (Leathy-Dios et al., 2011). The Langmuir



Fig. 2. Two different sets relative permeability curves for shale matrix (a) and shale fracture (b).

Fig. 3. Capillary pressure curve used in shale matrix.

Fig. 4. Variation of gas rate and cumulative water versus time.
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pressure is the pressure at which one half of the Langmuir volume
can be adsorbed. The Langmuir pressure values from 0.16 MPa to
16 MPa are chosen to study the water retention and gas production
performance. The variation of water saturation inside matrix (a)
and gas rate (b) versus time is provided in Fig. 10. At the early gas
production, the Langmuir pressure has less effect on water reten-
tion. With the increase of the Langmuir pressure, the water
retention in shale matrix decreases later. From Fig. 10 (b), it can be
seen that as gas production going, the gas rate increases with the
Langmuir pressure increasing. This indicates that the Langmuir
pressure not only determines gas desorption but also affects gas
flow in shale reservoirs. The increasing Langmuir pressure will
benefit water recovery and gas production.

4.7. Effect of the Langmuir volume

The Langmuir volume is the maximum amount of gas that can
be adsorbed to shale at infinite pressure, which determines gas
production performance in shale gas reservoirs. The effects of the
Langmuir volume from 0.009 mol/kg to 0.9 mol/kg are selected to
study water and gas flow. Fig. 11 shows the variation of water
saturation inside matrix (a) and gas rate (b) versus time. It can be
observed that water retention into shale matrix decreases with the
increase of the Langmuir volume. It implies the increasing Lang-
muir volume will inhibit water retention. As illustrated in Fig. 11
(b), there is little change on gas rate at the early gas production.
However, as gas production going, gas rate will decrease with the
decreasing of Langmuir volume. The reason is that gas production
in the late is from gas desorption, and the increasing Langmuir
volume means that more gas will release from shale matrix and
consequently inhibit water retention.

4.8. Effect of the diffusion coefficient

Gas diffusion is one of the main flow mechanisms in the gas
production of shale gas reservoirs. The shale matrix contributes to
main reservoir storage while the natural fractures provide pathway
for gas flow. Gas transport will occur by diffusion from shale matrix
to the fractures. The diffusion coefficient values between
6.0 � 10�3 cm/s and 6.0 � 10�5 cm/s are conducted to investigate
water and gas dynamics in shale gas formations. The variation of
water saturation inside matrix (a) and gas rate (b) versus time is
provided in Fig 12. From Fig. 12 (a), it can be seen that water
saturation in shale matrix slightly decreases with the diffusion
coefficient increasing. As illustrated in Fig. 12 (b), there is no sig-
nificant change on gas rate. The result suggested the diffusion co-
efficient has little effect on water retention and gas production
performance.



Fig. 5. Variation of water (a) and gas (b) saturation inside matrix versus time.

Fig. 6. Variation of water saturation inside matrix (a) and gas rate (b) versus time for matrix porosity.

Fig. 7. Variation of water saturation inside matrix (a) and gas rate (b) versus time for matrix permeability.
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Fig. 8. Variation of water saturation inside matrix (a) and gas rate (b) versus time for fracture porosity.

Fig. 9. Variation of water saturation inside matrix (a) and gas rate (b) versus time for fracture permeability.
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4.9. Effect of the shut-in time

The shut-in time is an important parameter in the development
of shale gas reservoirs, which affects water retention and gas pro-
duction. The values of the shut-in time from 2 d to 8 d are selected
to understand water and gas dynamics in shale gas formations. The
variation of water saturation inside matrix (a) and gas rate (b)
versus time is provided in Fig. 13. From the result of Fig. 13 (a), we
can see that water saturation in shale matrix is almost unchanged
with the increasing of shut-in time. Consequently, it doesn't have a
significant effect on gas rate, though it rises with the shut-in time
increasing in the early stage (Fig. 13 (b)). This imply suggested the
shut-in time has less influence on water and gas dynamics.
4.10. Effect of the drawdowns

The producing drawdowns directly affect gas and water flow in
shale gas reservoirs. The values of the different drawdowns be-
tween 1.0 � 103 kPa and 4.0 � 103 kPa are considered in this study.
The variation of water saturation inside matrix (a) and gas rate (b)
versus time is illustrated in Fig 14. As shown in Fig. 14 (a), it can be
found that with the drawdowns increasing water saturation in
shale matrix decreases. While gas rate will rise with the increasing
of the drawdowns from Fig. 14(b). The result indicates the high
drawdownswill favor gas production and decreasewater retention.
4.11. Effect of the injection rate

To investigate the effects of the injection rate, we change the
injection rate from 1.0 � 103 m3/d to 2.0 � 103 m3/d to understand
water and gas dynamics in shale gas reservoirs. Fig. 15 shows the
variation of water saturation inside matrix (a) and gas rate (b)
versus time. As illustrated in Fig. 15 (a), it is apparent that water
saturation in shale matrix has little change with the injection rate.
As a result, it does not affect gas rate in the process of gas pro-
duction from Fig. 15(b). Thus, the injection rate of the fracturing
water does not play an important role in water retention and gas
production performance in shale gas reservoirs.
5. Conclusions

In this work, considering gas diffusion and Langmuir isotherm
desorption from shale matrix to shale fracture, Darcy flow in nat-
ural fracture and non-Darcy flow in hydraulic fractures, the gas and
water flow dynamics after the hydraulic fracturing treatment were
investigated with a numerical model of six-stage hydraulic



Fig. 10. Variation of water saturation inside matrix (a) and gas rate (b) versus time for Langmuir pressure.

Fig. 11. Variation of water saturation inside matrix (a) and gas rate (b) versus time for Langmuir volume.

Fig. 12. Variation of water saturation inside matrix (a) and gas rate (b) versus time for diffusion coefficient.
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Fig. 13. Variation of water saturation inside matrix (a) and gas rate (b) versus time for shut-in time.

Fig. 14. Variation of water saturation inside matrix (a) and gas rate (b) versus time for different drawdowns.
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fractured horizontal well in shale gas reservoirs. The process of
water retention and gas production performancewas analyzed, and
then the effects of reservoir and production properties were
Fig. 15. Variation of water saturation inside matrix (a
investigated. The following conclusions can be drawn from the
simulation study: (1) About 34% of the fracturing water can be
recovered in the process of gas production, most of which is
) and gas rate (b) versus time for injection rates.
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trapped in shale formations to interfere with gas production.
Consequently it is significant to deal with the fracturing water after
the hydraulic fracturing treatment and reduce water retention so as
to enhance gas production. (2) With matrix porosity, fracture
porosity, Langmuir volume and drawdowns increasing, the frac-
turing water retention in shale matrix will decrease, and favor gas
rate increasing. (3) With the increasing of matrix permeability and
Langmuir pressure, the fracturing water remaining in shale matrix
will increase, and consequently cause the reduction of gas rate. But
the trapped water saturation and the related gas rate will increase
with the higher fracture permeability. (4) The changes of diffusion
coefficient, shut-in time and injection rate do not have a significant
effect on the fracturing water retention and gas production. This
work can help to improve the understanding of gas and water flow
in the reservoirs and the effects of reservoir and production prop-
erties on water retention and gas production.
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