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ABSTRACT ARTICLE HISTORY
Horizontal drilling and multi-stage hydraulic fracturing are the two key Received 4 March 2019
technologies for the successful development of shale gas reservoirs. Revised 10 July 2019

However, there exist large uncertainties in optimizing hydraulic fracturing Accepted 12 July 2019
which aﬁech water rgtention intp sh_ale matrix and gas prodqctivity. In this KEYWORDS

work, a basic reservoir model with six-stage hydraulic-fracturing treatment Shale gas reservoir;

was constructed to understand water retention and gas production in shale hydraulic fracture; sensitivity

gas reservoirs. Gas diffusion, gas desorption, Darcy flow as well as non- analysis; gas desorption;
Darcy flow were considered in this model. Then, a sensitivity study was water retention; gas
performed to investigate the effects of hydraulic fractures on water reten- production

tion and gas conductivity. The results indicate that only 34% of the fractur-
ing water could be recovered back to the surface, and most of them remain
in shale formations to interfere with gas production. The increase of fracture
half-length, fracture width, fracture permeability, and fracture conductivity
will reduce water retention while water retention in shale matrix will
increase with the increasing of fracture spacing and fracture number. This
work can provide a better understanding of the effects of hydraulic frac-
tures on gas and water flow so as to optimize the hydraulic-fracturing
treatment in shale gas reservoirs.

Introduction

In recent years, shale gas has become increasingly an important energy source and attracted
considerable public concern (Shen, Zheng, and Oldenburg et al. 2018a; Sutton, Cox, and Barree
2010; Tokunaga et al. 2017). Horizontal drilling and multi-stage hydraulic fracturing are the main
technologies for the successful gas production in shale gas reservoirs. During the hydraulic-
fracturing treatment, larger and highly fractured networks in shale formations were created so that
shale gas can flow into the wellbores (Cheng 2012; Yu, Bo, and Sepehrnoori 2014). Despite the
success of this technology, the uncertainties associated with the effects of hydraulic fractures require
to be understood in order to improve the efficiencies and optimize the hydraulic-fracturing design in
shale gas reservoirs. The hydraulic-fracturing process introduces large volumes of water into shale
formations, but only a small part of the fracturing water could be recovered back to the surface, most
of which remains in shale formations to interfere with gas production (Engelder, Cathles, and
Bryndzia 2014; Makhanov et al. 2014; Ren et al. 2018). Therefore, there is greatly significant to
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understand the effects of hydraulic-fracturing parameters for gas productivity and optimizing the
hydraulic-fracturing design in shale gas reservoirs.

Gas shale is a sedimentary rock, which is mainly composed of clay minerals and mixed with
quartz, feldspar debris and other chemical substances. Compared with conventional gas reservoirs,
shale is characterized by relatively low porosity, ultra-low permeability and high organic content
(Guo et al. 2018; Shen et al. 2018b; Shen, Wan, Kim, and Li 2015; Wei et al. 2019; Xu et al. 2018).
Thus, the gas flow in shale gas reservoirs is a complex flow process, including the flow with the
macro and molecular scale. Some studies have been conducted for shale gas reservoirs in the last
decade (King 2010; Perdomo et al. 2010). According to the Knudsen number (K,,), Swami, Clarkson,
and Settari (2012) and Shen et al. (2019) divided gas flow in shale gas reservoirs into four regimes,
including viscous flow (K, < 0.001), slip flow (0.001< K,, <10), transition flow (0.1< K,, <10) and
Knudsen flow (K, 2 10). A few researchers assumed that gas diffusion, adsorption and desorption,
Darcy and non- Darcy flow exist in shale gas reservoirs (Dahaghi 2010; Dahaghi and Mohaghegh
2011; Javadpour 2009; Ozkan, Brown, Raghavan, and Kazemi 2009), and Moridis, Blasingame, and
Freeman (2010) and Freeman, Moridis, and Blasingame (2011) presented a very comprehensive
review of flow mechanism in shale gas reservoirs.

Hydraulic fracturing is the process of injecting the fracturing water to create multiple fractures in
shale formations, and consequently increases largely the contact areas between the fractures and the
reservoirs. The results of field studies have indicated only 10% to 50% of the fracturing water could
be recovered, most of which was trapped in the shale matrix near the fracture face due to high
capillary pressure (King 2010; Shen, Xu, Li, Huang, and Gu 2016). The hydraulic-fracturing design is
of great importance, which directly affects water retention, gas productivity and operating costs
(Kaiser 2012). Some previous studies have focused on optimizing the fracturing treatment for shale
gas reservoirs in recent years. Cipolla et al. (2008) and Yu and Sepehrnoori (2013, 2015) successively
studied the effects of fracturing parameters (such as fracturing spacing, fracture half-length, and
fracture conductivity) on gas production performance in shale formations. Mayerhofer, Lolon,
Warpinski, Cipolla, Walser, and Rightmire (2010) proposed that a large stimulated reservoir volume
with small fracture spacing was in favor of gas productivity. And some flow mechanisms such as
imbibition dominated by capillary pressure, relative permeability and stress-sensitive fracture con-
ductivities (Arshadi, 2018; Bimal and Sharma 2004; Cheng 2012; Holditch 1978; Kamath and
Laroche 2003; Le, Hai, and Mahadevan 2009; Li, Guo, and Hu et al. 2018; Ren et al. 2018) affecting
water and gas flow have been conducted in shale formations. However, most of these studies were
mainly concentrated in gas performance, which did not relate to water retention in shale formations.
In addition, the gas and water flow in shale gas reservoirs are not fully considered and the effects of
hydraulic-fracturing parameters are not systematically studied. Therefore, it is extremely necessary to
understand the effects of these hydraulic-fracturing parameters on water retention and gas produc-
tivity so as to optimize the fracturing treatment for shale gas reservoirs.

In this study, a basic reservoir model with six-stage hydraulic-fracturing treatment was con-
structed to understand water retention and gas production using the GEM module of Computer
Modeling Group (CMG) (CMG: GEM user’s guide 2012). Gas diffusion, gas isotherm desorption,
Darcy flow as well as non-Darcy flow were considered in the model. The process of water retention
and gas production was analyzed and discussed. Then, a series of sensitivity analysis to quantify the
effects of hydraulic-fracturing parameters on water retention and gas productivity, such as fracture
spacing, fracture half-length, fracture width, fracture permeability, fracture conductivity, and frac-
ture number, were performed to understand water retention and gas flow in shale gas reservoirs.

Shale gas reservoir modeling

Gas shale is characterized by complex pore structures, ultra-low permeability and various storages
(Liu et al. 2017; Shen et al. 2018b). Consequently, there is a great challenge to accurately understand
gas and water flow in hydraulically fractured shale gas reservoirs due to the complexities of hydraulic
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fractures created and the uncertainties associated with fluid transport processes. The reservoir
simulation, as a preferred method, can be used to understand gas and water flow performance. In
this study, a numerical reservoir simulator of the CMG-GEM module was applied to simulate the
multiple hydraulic-fracturing treatment and understand gas and water flow in shale gas reservoirs. In
the model, a hydraulic fracture was considered as perforation for every cluster within every fracture
stage, and the fractures were assumed to be spaced and equal in length. Due to the hydraulic-
fracturing treatment, there exists gas-water two-phase flow in shale gas reservoirs. Thus, the dual
permeability model is used to study the gas and water flow in hydraulically fractured shale gas
reservoirs (Shen, Xu, Li, Huang, and Gu 2016), and the fluid flow equation of a dual permeability
model can be described as,

(07pof +vie) + V- (ff) + a5 +df =0 (1)

O (sjef) + 9 (pfo) — 4" + =0 @

where the superscripts m and f represent the matrix and the fracture, respectively; the subscript f3
represents the phase (8 =g for gas and = w for water); () is the effective porosity; Sz is the
saturation of the phase f3; py is the density of the phase f5; vy is the gas adsorption or desorption

term; vg is the volumetric velocity vector of the phase f; q;’;f is the exchange term between the matrix

and the fracture; g is the sink or source term of the phase 8 per unit volume of formation.

In the simulation, the local grid refinement (LGR) with logarithmic cell spacing was used in
hydraulic fractures, which could accurately simulate gas flow from shale matrix to hydraulic
fractures, i.e., properly incorporate the transient flow from shale matrix to shale fractures (Yu and
Sepehrnoori 2013; Yu et al. 2015). In addition, a dual permeability grid was employed in the model,
which allowed the simultaneous fracture-fracture and matrix-matrix flow. And it could efficiently
and accurately simulate the transient gas production in shale gas reservoirs (Cipolla et al. 2010;
Rubin 2010). Besides, the reservoir was considered to be homogeneous, and there was no stress
dependent in porosity and permeability.

Compared with conventional gas reservoirs, the gas flow in shale formations is more complicated,
which includes gas diffusion and desorption from shale matrix to shale fracture, Darcy flow in
natural fractures and non-Darcy flow in hydraulic fractures (Moridis, Blasingame, and Freeman
2010). In this study, gas diffusion flow is considered with the diffusion coefficient from shale matrix
to the fracture. The classical Langmuir isotherm with Langmuir pressure and Langmuir volume is
used to simulate gas desorption in shale matrix (Heller and Zoback 2014; Langmuir 1916). The
Langmuir isotherm can be expressed as

©)

ng = VLp i pL
where vy, is the adsorption mass; v, is the Langmuir volume; p is the gas reservoir pressure; p; is the
Langmuir pressure.

After the hydraulic-fracturing treatment, there exists high flow velocity in the stimulated reservoir
volume, which should be simulated as non-Darcy flow (Freeman, Moridis, and Blasingame 2011;
Moridis, Blasingame, and Freeman 2010). The non-Darcy flow can be described by the Forchheimer
modification to Darcy Law which is given below,

—Vp=Tv+ppv @

where Vp is the pressure gradient vector; y is the viscosity; k is the permeability; v is the velocity; pis
the phase density; fis the non-Darcy Beta factor.
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Case study

In this study, a horizontal well with a lateral length of 1000 m is considered in this model, and the
dimension of shale gas reservoir model is 1100 m (length) x 900 m (width) x 60 m (height) with 10
layers, as shown in Figure 1a. There exist two wells, which includes an injector and a producer, and it
is stimulated with a six-stage hydraulic-fracturing treatment illustrated in Figure 1b. In each single
stage, the fracture half-length is 130 m, and the fracture space is set as 100 m. A local grid refinement
with logarithmic cell spacing of 9 x 9 x 1 is used in the hydraulic-fracturing treatment. The
parameters of shale gas reservoirs and fractures are used for the simulation study, as listed in
Table 1. Two different sets of relative permeability curves are used to describe water and gas flow
in shale matrix and fractures, respectively, which is illustrated in Figure 2a. The cure of capillary
pressure is used in the matrix, as shown in Figure 2b. As a result of the larger permeability in
fractures, the capillary pressure in fractures is set as zero. During the stimulated process, the injector
is used to simulate the hydraulic-fracturing treatment, the injection rate of which is 1000 m*/day for
2 days. Then, the producer produces for 5000 days with a maximum gas rate of 1.0 x 10° m’/day
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8 0 100 200 300 400 500 600 700 800 900 1,0001,100
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Figure 1. A basic case model with six stages of hydraulic fracture.

Table 1. Parameters of the numerical reservoir model used in the study.

Parameter Value Unit
Model dimension (L x W x H) 1100 x 900 x 60 m
Initial reservoir pressure 25 MPa
Bottom-hole pressure 1 MPa
Initial reservoir temperature 70 °C
Reservoir depth 2000 m
Rock density 2500 kg/sm®
Rock compressibility 40x107° kPa™
Initial gas saturation 0.75 Value
Gas diffusivity 0.0006 cm?/s
Matrix porosity 0.06 Value
Matrix permeability 0.0001 mD
Fracture porosity 0.001 Value
Fracture permeability 0.01 mD
Injection rate 1.0 x 10° m?/day
Gas rate (max) 1.0 x 10° m?>/day
Horizontal well length 1000 m
Fracture height 60 m
Fracture conductivity 167 mD*m
Fracture half length 130 m
Fracture spacing 100 m
Langmuir pressure 1.6 MPa

Langmuir volume 0.09 mol/kg
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Figure 3. Variation of water saturation inside shale matrix with different layers versus time.

while the injector is closed. During the period of gas production, the bottom-hole pressure is set at
1.0 MPa.

Figure 3 shows the curves of water saturation inside shale matrix with depths versus time. From
the result of Figure 3, it is seen that the retained water distributes along the sides of hydraulic
position. The water saturation of horizontal well location is bigger than other layers in the
reservoirs. It implies that most of the fracturing water remains near the horizontal well, and
then flows along the sides of the well. Thus, it is significant to deal with the fracturing water
after the hydraulic-fracturing treatment and consequently reduce water retention in shale forma-
tions. The variation of water and gas saturation at the bottom and top inside shale matrix versus
time is illustrated in Figure 4. From the result of Figure 4, it is observed that water saturation inside
shale matrix increases and gas saturation decreases during gas production, which indicates the
fracturing water flows into shale matrix. The gas rate in production increases and then decreases,
but it is far less than the maximum gas rate. The reason is that the retained fracturing water
influences the increase of gas rate. In addition, we can see that the cumulative water production is
687 m” at the end of a 5000-day periods as shown in Figure 5, and it means that only 34% of the
fracturing water (2000 m’) can be recovered back to the surface during the gas production process.
The remaining water is still trapped in shale formations to interfere with gas production. Some
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Figure 5. Variation of water (a) and gas (b) saturation inside matrix versus time.

results of field data have indicated that less than 50% of the injected fracturing water can be
recovered (King 2010), most of which remains in shale formations and consequently reduces gas
production.

Sensitivity analysis
Effect of the fracture spacing

In order to achieve economic production rate and an optimum depletion of gas reservoirs, there is
greatly significant to minimize the spacing between the fractures (Cipolla et al. 2010). During the
hydraulic-fracturing treatment, the fracture spacing determines the number of hydraulic fractures
along the horizontal wellbore. The effects of the hydraulic fracture spacing from 80 m to 160 m on
water retention and gas production have been conducted in this study. Figure 6 shows the variation
of water saturation inside matrix (a) and gas rate (b) versus time. From the result of Figure 6, it can
be seen that the fracture spacing affects water retention and gas production in shale gas reservoirs.
With the fracture spacing increasing, water saturation inside shale matrix increases. At the early
production time, gas rate increases linearly, and then decreases with the increasing of fracture
spacing. The reason is that water retention in shale matrix inhibits gas production. Thus, the
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Figure 6. Variation of water saturation inside matrix (a) and gas rate (b) versus time for fracturing spacing.

reasonable fracturing spacing is crucial in the development of shale gas reservoirs and the infinitely
increasing fracture spacing may disfavor the fracturing water recover and gas production.

Effect of the fracture half-length

The fracture half-length is the horizontal distance from hydraulic fractures to the horizontal well-
bore, which affects gas and water flow in shale reservoirs. The values of the fracture half-length
between 100 m and 200 m are conducted to investigate water retention and gas production. The
variation of water saturation inside matrix (a) and gas rate (b) versus time is illustrated in Figure 7.
From the result of Figure 7a, we can see that the water saturation inside shale matrix decreases with
the increase of fracture half-length. As shown in Figure 7b, the bigger the fracture half-length is, and
the higher the gas rate is. This is due to the increasing fracture half-length which expands the
drainage area, and consequently, it favors gas production.

Effect of the fracture width

The fracture width is an important parameter in the hydraulic-fracturing process, which affects the
fracture conductivity in shale gas reservoirs. In this study, the values of hydraulic fracture width
from 0.001 m to 0.01 m are selected to understand water retention and gas production in shale gas
reservoirs. Figure 8 presents the variation of water saturation inside matrix (a) and gas rate (b)
versus time. From the result of Figure 8, it can be seen that the water saturation inside shale matrix
decreases with the increase of the fracture width. At the early production time, there is no change of
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Figure 7. Variation of water saturation inside matrix (a) and gas rate (b) versus time for fracture half-length.
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Figure 8. Variation of water saturation inside matrix (a) and gas rate (b) versus time for fracture width.

gas rate with the fracture width increasing. But it will increase with the increasing of fracture width
in the later production. It suggests that the increasing fracture width will favor the fracturing water
flow back to the surface and gas production, but it is noted that there is little change when the
fracture width exceeds 0.001 m.

Effect of the fracture permeability

Permeability is a property of the reservoir rock that measures the capacity and ability of the
formation to transmit fluid (Ahmed 2010). The permeability of hydraulic fracturing directly affects
gas and water flow in the stimulated reservoir volume. The values of the fracture permeability
between 2000 mD and 8000 mD are considered in this simulation. Figure 9 shows the variation of
water saturation inside matrix (a) and gas rate (b) versus time. From the result of Figure 9a, with the
fracture permeability increasing water saturation in shale matrix decreases. It indicates the increasing
fracture permeability favors the fracturing water flow back to the surface. As illustrated in Figure 9b,
the bigger the fracture permeability is, and the bigger the gas rate is. The reason is that the bigger
fracture permeability can favor gas flow from shale matrix. Thus, the fracture permeability directly
affects water retention in shale formations and gas production in shale gas reservoirs.

Effect of the fracture conductivity

The hydraulic fracture conductivity is defined as the values of fracture permeability multiplied by
fracture width, which is a significant parameter to evaluate the effects of hydraulic fracturing
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Figure 9. Variation of water saturation inside matrix (a) and gas rate (b) versus time for fracture permeability.
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Figure 10. Variation of water saturation inside matrix (a) and gas rate (b) versus time for fracture conductivity.

(Ahmed 2010). The effects of hydraulic fracture conductivity from 1.7 mD-m to 166.7 mD-m are
chosen to study water retention and gas production in shale gas reservoirs. The variation of water
saturation inside matrix (a) and gas rate (b) versus time is illustrated in Figure 10. From the result of
Figure 10a, it can be seen that the water saturation inside matrix decreases with the increase of
hydraulic fracture conductivity. It suggests the increasing fracture conductivity will inhibit water
retention in shale gas reservoirs. From Figure 10b, gas rate increases with the fracture conductivity
increasing, and the reason is that the less water retention promotes gas production. Therefore, the
increasing fracture conductivity favors the fracturing water recovery and gas production.

Effect of the fracture number

The fracture number is the number of the hydraulic-fracturing stage in shale gas reservoirs. The
more the number is, and the larger the stimulated volume is. The values of the hydraulic fracture
number between 6 and 10 are conducted to study water and gas flow in shale gas reservoirs. Figure
11 illustrates the variation of water saturation inside matrix (a) and gas rate (b) over time. From the
result of Figure 11a, we can see that water saturation in shale matrix increases with the fracture
number increasing. It means that the increase of hydraulic fracture number will disfavor the
fracturing water flow back to the surface, which increases water retention in hydraulic fracturing.
As illustrated in Figure 11b, there seems little change in the early production time, and the gas rate
increases linearly. But the gas rate then decreases with the increasing of fracture number.
Consequently, it is necessary to appropriately increase fracture number so as to decrease water
retention and favor gas production.
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Figure 11. Variation of water saturation inside matrix (a) and gas rate (b) versus time for fracture number.
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Conclusions

In this study, a horizontal well with six-stage hydraulic-fracturing treatment was constructed to
understand water retention and gas production in shale gas reservoirs. Gas diffusion and Langmuir
isotherm desorption from shale matrix to shale fracture, Darcy flow in natural fracture and non-
Darcy flow in hydraulic fractures, were considered in the model. According to the above results, the
following conclusions can be drawn: (1) 34% of the fracturing water can be recovered back to the
surface, and most of them remain in shale matrix to interfere with gas production, which is
consistent with the field result. Consequently, there is greatly significant to deal with the fracturing
water after the hydraulic-fracturing treatment and reduce water retention so as to enhance gas
production. (2) With the increasing fracture spacing and fracture number, the fracturing water
retained in shale matrix will increase, and consequently, reduce gas production. Thus, the increase of
fracture spacing and fracture number goes against the fracturing water go back. (3) With fracture
half-length, fracture width fracture permeability and fracture conductivity increasing, the fracturing
water retained in shale matrix will decrease and favor gas production in shale gas reservoirs. So there
is a necessity to increase fracture half-length, fracture permeability, and fracture conductivity during
the hydraulic-fracturing treatment so as to favor gas productivity in shale gas production.
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