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The nonuniform distribution of proppant in hydraulic fractures is an essential factor
determining the accuracy of well performance evaluation in shale gas reservoirs. In
particular, unpropped and propped parts hold distinct closure behavior. To study the
impacts of distinct closure behavior between unpropped and propped parts in fracture on
gas production, we combine the proppant transport simulation and the 3D
hydromechanical coupling simulation. This study quantitatively indicates the significant
effects of nonuniform proppant distribution and fracture closure on well performance in
shale gas reservoirs. By comparing the well performances with three kinds of typical
proppant distribution at the same injection volume, the distribution accumulating near the
wellbore is recommended as it can reduce the impact of unpropped fracture and exploit
more gas. In addition, the cases with higher natural fracture permeability are found to have
less difference in the well performance with different proppant coverages. Therefore, the
impacts of nonuniform proppant distribution and fracture closure on well performance in
shale gas reservoirs should be investigated comprehensively.

Keywords: nonuniform proppant distribution, fracture closure, hydromechanical coupling, shale gas, numerical
simulation

INTRODUCTION

Hydraulic fracturing has been a key technology for the economic exploitation of shale resources
(Longlong, 2014; Yang et al., 2015; Song et al., 2016; Moghadasi et al., 2019; Yan, 2021). During the
treatments of hydraulic fracturing, a great deal of slickwater and proppants is pumped to form
hydraulic fractures in the shale formation. Within these hydraulic fractures, the proppant
distribution is usually nonuniform, and the unpropped and propped parts hold distinct closure
behavior (Li et al., 2020; Manchanda, 2020; Li and Voskov, 2021). Meanwhile, the distinct closure
behavior conversely results in different stress-related conductivity for the propped and unpropped
regions, which has a great effect on gas transport (Shen et al., 2019; Liu, 2020; Yan et al,, 2020).
Therefore, the nonuniform proppant distribution and fracture closure should be considered for
accurately evaluating the well performance in shale gas reservoirs.

Placement of injected proppant in the fracture is one of the key factors determining fracture flow
capacity after hydraulic fracturing (Liu, 2020; Yan et al., 2020). The mechanism of multiphase flow
with proppant is relatively complex and needs to be further studied. Limitation of the formation
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environment makes direct monitoring of fracturing slurry flow
impossible. Currently, a series of lab-scale experimental
models built by transparent glass plates have been applied
to search rules of sanding patterns (Tong and Mohanty, 2016;
Ray, 2017; Tong et al., 2018). This kind of laboratory-based
research and analysis is difficult to be directly applied to
oilfield scale prediction, and thus numerical simulation
becomes a feasible choice. In addition, the type of
Lagrangian-based simulation always processes particles or
particle clusters into a single tracking object, which requires a
huge amount of calculation and is very challenging to achieve
large-scale simulation such as the so-called DDPM(Hu et al.,,
2018), CFD-DEM (Zeng et al., 2016; Zhang et al., 2017; Wang
et al., 2019; Zhu et al., 2019; Zhu et al., 2020), and MP-PIC
methods (Zeng et al., 2019; Mao et al., 2021). On the contrary,
the Eulerian-based scheme is thought to be more efficient
which treats the particle phase as one of the continuous
phases. For example, many study results of proppant
distribution in long fracture by the two-fluid model (TFM)
(Han, 2016; Huang, 2017; Wen et al., 2020) have been
reported. To simulate the proppant flow in a fracture of
100 m long and 20 m high, the Eulerian granular model
is used.

A number of reported studies, which investigated the impacts
of proppant distribution and fracture closure on the well
performance in shale gas reservoirs, are summarized as
follows: Sierra et al.(Sierra et al., 2014) and Cipolla et al.
(Cipolla et al., 2009; Cipolla et al., 2010) investigated the
effects of the high-conductivity arch, unpropped fracture
conductivity, and proppant distribution on gas production;
however, they did not consider the fracture closure. Lee et al.
(Lee et al, 2016) proposed the numerical model
incorporating fracture closure to study the influence of
proppant distribution in fracture on cumulative gas
production. Liu et al.(Liu et al., 2018; Liu et al., 2019)
studied the effects of fracture closure and proppant
distribution on water flowback and gas production by
using geomechanical simulation and flow simulation
separately. Mao et al. (Mao et al., 2021) developed a MP-
PIC-EDFM coupling system to evaluate the impact of
proppant pumping schedules on gas production. However,
their study is mainly focused on the fluid flow aspect, and the
geomechanical effects have not been considered in detail.
Zhou et al. (Zhou et al., 2019) and Zheng et al. (Zheng, 2019;
Zheng et al., 2020) conducted the hydromechanical coupling
simulations to study the impacts of proppant distribution and
closure of fracture on cumulative gas production, while they
ignored the displacement discontinuity at hydraulic
fractures, which is significant for the stress change around
these fractures. Due to the geomechanical effects being
considered by using the over-simplification method in
these studies, Yan et al. (Yan et al., 2020) developed a fully
coupled geomechanics and gas transport model, in which the
displacement discontinuity was simulated by using the
stabilized extended finite element method, to investigate
the impacts of partially supported fracture closure on well

performance in shale gas reservoirs. However, the
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FIGURE 1 | Schematic workflow for studying the impacts of
heterogenous proppant distribution and fracture closure on shale gas
production.

nonuniform proppant distribution is artificial in their
study. In this study, the proppant transport simulation will
be carried out to provide a more reliable nonuniform
proppant distribution, and then the influence of proppant
distribution patterns and fracture closure on well
performance will be studied by using the fully coupled
geomechanics and gas transport model.

This article is structured as follows: the numerical models for
proppant transport and gas production are illustrated in Section
2; the impacts of proppant distribution patterns and fracture
closure on gas production performance are analyzed in Section 3;
in Section 4, some conclusions are provided.

METHODOLOGY

The schematic workflow for studying the impacts of nonuniform
proppant distribution and fracture closure on shale gas
production includes two procedures: proppant transport
simulation and hydromechanical coupling simulation, as
shown in Figure 1. First, we use the Eulerian granular model
(Han, 2016) (EGM) to simulate the proppant transport and
obtain its nonuniform distribution in hydraulic fractures.
Then, we conduct the hydromechanical coupling simulation to
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find the impacts of fracture closure and nonuniform proppant
displacement on well performance in a 3D shale reservoir.

Proppant Transport Simulation
The proppant transport simulations are conducted based on the
EGM, and the main model details are described as follows: the
main phase in the EGM is the fluid phase and shares the same
single pressure as the other solid phase. All the phases are treated
as continuous, and the phase volume fraction is used to
distinguish the computational region taken by various phases.
The mass conservation equation can be written as (Han, 2016):

v <“qPqV;) = Z;l(’hw = figp ), &

where p and g are the subscripts for representing different phases,
a is the volume fraction, V indicates velocity, p is the density, and
thyq and rig, denote the mass transfer between phases. The
following two equations (Han, 2016) are used to compute the
momentum balance of the fluid phase and solid phase,
respectively:
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where K indicates the coefficient used to calculate interphase
momentum exchange; E with a subscript means different kinds of
forces, such as ﬁq, Ey; Frap ﬁtd,q, I_fwl,q, and ﬁm,,q representing the
external body force, lift force, turbulent dispersion force, wall
lubrication force, and virtual mass force, respectively; 7, is the
stress—strain tensor; and p; is solid phase’s pressure.

Please note that the mass conservation and momentum
balance equations of each phase are solved separately and then
coupled with the mass and momentum exchange coefficients
(Han, 2016). The numerical simulations are conducted by using
ANSYS Fluent software. The reliability and accuracy of EGM
have been verified by comparing it with experimental results in
our previously published work (Wang, 2021). The proppant
distribution results obtained by numerical simulation agree
well with experimental results in the work of Tong, S. et al.
(Tong and Mohanty, 2016).

Hydromechanical Coupling Simulation

Figure 2 shows the schematic of a typical shale gas reservoir, which
consists of two sections. The darker section indicates the stimulated
reservoir volume (SRV) including hydraulic fractures and natural
fractures, while the other section outside the SRV contains few
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FIGURE 2 | Schematic diagram of a typical shale gas reservoir.

fractures. Therefore, the hybrid model (Yan, 2018; Yan et al., 2018)
consisting of the embedded discrete fracture model, multiple
porosity model, and single porosity model (Yan et al, 2016;
Yan et al,, 2019) will be used to evaluate the gas well performance.

To reduce the simulation complexity and clearly investigate
the effects of nonuniform proppant distribution and fracture
closure on gas production, the single-phase gas model
considering adsorption/desorption and Klinkenberg effects is
applied to describe the gas transport in shale reservoirs (Yan
et al., 2020), and its mass conservation equation is

&?t,[ [¢p, + (1 ¢)m]dQ+Jr[_pgz<1+i>(Vp_pggVD)]

ndr = J 240, @)
Q

where ¢ is the Lagrange porosity, in which the influences of fluid
pressure and effective stress on pore deformation are fully
considered (Yan, 2018), pg represents gas density, m denotes
the adsorption/desorption term, which is only for the shale
matrix and could be calculated with the Langmuir’s isotherm
(Langmuir, 1917), k indicates the absolute permeability, u
represents gas viscosity, b is the Klinkenberg coefficient
incorporating gas-slippage effect (Wu et al., 2014), p indicates
gas pressure; g and D represent gravity acceleration and depth,
respectively, n is the normal vector of boundary I, and q is the
sink/source term on domain Q.

The quasi-static geomechanics model (Shao, 2021; Zhang,
2021;  Zhang et al, 2021) considering displacement
discontinuity is used to describe the reservoir deformation and
fracture closure, and its governing equation is

V-6g+b=0, (5)

where b indicates the body force vector, and with the sign
convention (ie., negative for compression and positive for
tension), the total stress tensor ¢ of the hybrid model is
written as (Yan et al., 2020):

Ce — apl, outside the SRV p
o= upg + ZlerblplI in the SRV’ ( )
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FIGURE 3 | Schematic diagram of the 3D reservoir model (A) and its geometry discretization (B).

TABLE 1 | Model parameters used in shale gas production simulation.
Name

SRV region size (red dashed line), m

Half-length and height of hydraulic fracture, m

Fracture spacing and initial aperture of natural fracture, m

Initial permeabilities of matrix, natural fracture, and hydraulic fracture, mD
Initial porosities of matrix, natural fracture, and hydraulic fracture
Minimum hydraulic aperture of unpropped fracture, m

Volume fractions of matrix sub-gridblocks

Young’s modulus of matrix and natural fracture, GPa

Poisson’s ratios of matrix and natural fracture

Intrinsic solid grain bulk modulus, GPa

Langmuir pressure, MPa

Langmuir volume, m®/kg

Initial pressure and bottomhole pressure, MPa

Reservoir temperature, K

Rock density, kg/m®

Well radius, m

Value

80 x 200x20
100.0, 20.0
1.0, 5.0E-6

2.0E-5, 0.01, 1.0E4

0.05, 1.0, 0.5

6.0E-6
0.15, 0.21, 0.38, 0.26
40.0, 0.05
02,02
400.0
4.0
0.018
25.0, 10.0
343.15
2,850
0.1

0.1

0.01
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FIGURE 4 | Stress-dependent normalized fracture conductivity (A) and the nonlinear stress-strain for proppant compression (B) (Yan et al., 2020).

where C and « denote the elasticity tensor and Biot coefficient for
single porosity model, respectively, I indicates the unit tensor,

C

up>

K4r, and b; denote the upscaled elasticity tensor, drained bulk

modulus, and the coupling parameter for the multiple porosity
model (Yan, 2018). The small deformation assumption is adopted

here, and thus the strain tensor & can be written as:

1
£=—
2

(Vu+ V'),

7)

where u indicates the displacement vector, V is a gradient
operator, and superscript T indicates transpose.
The flow and geomechanics boundary conditions are
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v-n;=q onl,, p=ponTl,;
o-n.=t onl,,u=uonl,; (8)
0 - Hyp = —(PHF +ps)'nHF on I'yg,

where v indicates the gas flow rate; g and p are the prescribed rate
and pressure on the Neumann flow boundary I'; and Dirichlet
flow boundary T, respectively; £ and # are the prescribed
traction and displacement on the Neumann geomechanics
boundary I, and Dirichlet geomechanics boundary T,
respectively; pyr and pg represent gas pressure and effective
stress acting on the inner fracture boundary T'yp; and n,, n,
and nyp indicate the unit normal vectors to Ty, T, and Ty,
respectively. The effective stress equation for propped fracture
closure is (Yan et al.,, 2020)

&>0

) fs (&),
PS‘{O, £.<0’ ©)

where f; denotes the general stress-strain relationship of
proppant compression, and & is the proppant normal strain.
On the other hand, the effective stress equation for unpropped
fracture closure is (Yan et al., 2020)

_ _EndHF,
pS - {0’

where dyr indicates current fracture aperture, and E,, is the normal
penalty parameter. Note that Eq. (10) permits a small
interpenetration for fracture faces because its value is infinitesimal.
As the properties of matrix and fractures are affected by reservoir
deformation, the matrix’s dynamic permeabilities (k,,), hydraulic
fractures (kir), and natural fractures (kg) are adopted here:

dur <0

dip 20 (10)

¢ )3<1—¢ 0)2
km = km - — 5 (11)
0<¢m0 1- ¢m
3
kf=kfo(1+ ra) (1+e)™ (12)
i = | f(ps).  proppedpart 1)
HE (max(dHF,demin))z/ll unproppedpart’

where subscripts m, f, HF, and 0 represent matrix, natural
fracture, hydraulic fracture, and initial state, respectively; K is
the drained bulk modulus for natural fracture; e, indicates
volumetric strain; fi denotes the general relationship between

effective stress and proppant permeability; and dypmi, indicates
the minimum hydraulic aperture of unpropped fracture.

The developed fully coupled gas transport and geomechanics
model can be solved by using our in-house hydromechanical
coupling simulator. In this simulator, the flow and geomechanics
models are discretized through the stabilized extended finite
element method and the finite volume method. The coupled
model is solved utilizing a sequential implicit method. The
detailed numerical procedure and model verification can be
found in our previous studies (Yan, 2018; Yan et al, 2018;
Yan et al.,, 2019; Yan et al., 2020).

RESULTS AND DISCUSSION

In this section, some numerical examples will be carried out to
research the impacts of nonuniform proppant displacement and
fracture closure on gas production performance. In the proppant
transport simulation, the fixed time step (ie, 1s) is adopted to
ensure that the moving distance of material in each step is the size of
one or two grids, while the variable time step is used in the
hydromechanical coupling simulation. We first set the initial time
step and max time step, and then the time step would be reduced
multiply, if the convergence solution cannot be obtained with the
current time step. Conversely, if the convergence solution is obtained
with the current time step, the next time step would be increased in
multiples or kept the same. In addition, the time step cannot be over
the max time step. In the following examples, the initial time step
and max time step are 1s and 100 days, respectively.

To reduce the computational costs, we only simulate one stage
within a shale reservoir in 3D (Figure 3A). A horizontal well as
well as the proppant injector is set at the hydraulic fracture center.

TABLE 2 | Parameters used for proppant transport simulations.

Name Value
Fracturing fluid density, kg/m3 1,000.0
Proppant density, kg/m® 2,650.0
Proppant radius, pm 400.0
Volume fraction of proppant 0.1
Injection rate, m®/min 1.0E-4
Fracturing fluid viscosity for Type 1, mPa-s 1.0
Fracturing fluid viscosity for Type 2, mPa-s 5.0
Fracturing fluid viscosity for Type 3, mPa-s 10.0
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FIGURE 6 | Comparison of the conductivity map after 10 years between cases with various proppant distributions, g (kye-dxe/md-m).

Type 1 with propant coverage: 23.66% (left), 47.31% (middle), and 70.97% (right), MPa

=
=

Type 2 with propant coverage: 23.66% (left), 47.31% (middle), and 70.97% (right), MPa.

w0

&

o

Type 3 with propant coverage: 23.66% (left), 47.31% (middle), and 70.97% (right), MPa.

FIGURE 7 | Comparison of oy distribution after 10 years between cases with various proppant distributions. The profiles are shown in three layers (top, middle, and
bottom), and the zlength is shown nine times of the actual size for clarity. (A) Type 1 with proppant coverage: 23.66% (left), 47.31% (middle), and 70.97 % (right), MPa. (B)
Type 2 with proppant coverage: 23.66% (left), 47.31% (middle), and 70.97% (right), MPa. (C) Type 3 with proppant coverage: 23.66% (left), 47.31% (middle), and
70.97% (right), MPa.

The outer flow boundary is closed. The two stresses (35 MPaand  respectively. In addition, the roller constraint is applied to the
40 MPa) in the horizontal direction and the overburden stress  other boundaries. Table 1 gives the model parameters, and the
(30 MPa) are applied on the back, right, and top boundaries,  stress-dependent normalized fracture conductivity and the
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FIGURE 8 | Comparison of cumulative gas after 10 years between
cases with various proppant displacements.

stress—strain curve for proppant compression are presented in
Figure 4. The geometry discretization of this model is plotted in
Figure 3B. Note that the surrounding formation is impermeable,
and it is used to accurately consider geomechanical effects.

Impacts of Nonuniform Proppant Distribution

As concluded in our previous research (Wang, 2021), various
proppant distributions can be obtained for different pumping
schemes. For example, the proppant distributions are adjusted by
controlling the fracturing fluid viscosity in this work. It should be
noted that a similar effect can be achieved by altering other injection
conditions. Overall, three representative distribution types are
selected from a series of cases: proppants accumulate near the
wellbore (Type 1), proppants transport to the location away from
the wellbore (Type 2), and proppants screen out in fracture tip (Type
3), as shown in Figure 5. With the same injection volumes, which
distribution would have the best gas production is a valuable
question. At first, we mimic the fracturing treatment with high
pressure fluid (42 MPa) within hydraulic fracture to obtain its initial
aperture distribution. Then, the proppant transport simulation is
conducted to form the proppant distribution within the hydraulic
fracture, and the simulation parameters are summarized in Table 2.

The proppant distributions with different injection volumes
(proppant coverage, the ratio of the propped fracture area to the
total fracture area) are shown in Figure 5. The comparisons of
conductivity distribution, o, distribution (only the reservoir part),
and cumulative gas among various cases after 10 years are compared
in Figures 6-8, respectively. First, we can find that the conductivity
of the supported fracture area is significantly higher than that of the
unpropped part, while the highest conductivity is located at the
interface between propped and unpropped parts because there is a

TABLE 3 | Cumulative gas for different cases after 10 years.

Cumulative gas, 10°m®

Type 1 Type 2 Type 3
23.66% 47.31% 70.97% 23.66% 47.31% 70.97% 23.66% 47.31% 70.97%
0.018 md-m 6.47 7.07 7.35 1.75 6.85 7.00 1.69 1.73 1.76
0.090 md-m 6.65 7.15 7.37 3.77 6.93 7.06 3.64 3.76 3.81
0.180 md-m 6.79 7.21 7.38 4.86 7.00 7.11 4.72 4.90 4.92
10 — 23.66%, 0.00lmD = =—23.66%, 0.0lmD  ====- 23.66%, 0.1mD
47.31%, 0.00lmD == ==47.31%, 0.0lmD  ===== 47.31%, 0.1mD
70.97%, 0.001mD === == 70.97%, 0.0lmD  ====- 70.97%, 0.1mD
8 L M
-I-I-ﬁ-l-“‘.‘""-‘-
”E
=
~ 6
&
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L
B
I
]
O
2
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FIGURE 9 | Comparison of cumulative gas between different cases after 10 years.
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high conductivity arch at the interface as the result of different
closure behaviors for propped and unpropped parts. We can also
find that oy, around the part supported by the proppant is higher
than that of the unpropped area. Because the part supported by the
proppant is stiffer than the unpropped part, which can resist higher
closing. From Figure 8, it can be concluded that Type 1 has the best
gas production as its cumulative gas is the highest for all injection
volumes. On the contrary, Type 3 has the worst gas production
because the wellbore cannot be effectively supported in this type.
Another interesting observation is that oy, of the reservoir part
decreases as the cumulative gas increases. Because when pressure
decreases in the reservoir part, the region outside of the reservoir part
suffers higher stress to support the boundary force.

In addition, to illustrate the sensitivity of gas production to the
conductivity of unpropped fracture, three conductivities (0.018-m,
0.090-m, and 0.180-m) are applied for unpropped fracture. Table 3
lists the cumulative gas for different cases after 10 years. It indicates
that gas production correlates positively with the conductivity of
unpropped fracture, especially the gas production of the distribution
type, in which the wellbore cannot be effectively supported, is the most
affected. As the conductivity of unpropped fracture is usually low and
difficult to improve, the completion design should strive to form Type
1 proppant distribution to reduce the impact of unpropped fracture
and exploit more gas with the same proppant injection volume.

Last, we study the influence of proppant coverage for Type 1
on gas production under different natural fracture permeability
(0.001 mD, 0.01mD, and 0.1 mD). Figure 9 shows the
comparison of cumulative gas between different cases after
10 years. We can see that cumulative gas increases as the
proppant covered coverage increases under different natural
fracture permeability; however, the increase of cumulative gas
caused by covered coverage increasing is negligible when natural
fracture permeability is high enough. Therefore, the proppant
covered coverage in the hydraulic fracture can be appropriately
reduced by increasing natural fracture permeability.

CONCLUSION

In this work, the gas production in shale reservoirs considering
nonuniform proppant distribution and fracture closure is studied
by combing proppant transport simulation and hydromechanical
coupling simulation. Specifically, we use the EGM to simulate the
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