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Fluid flow coupling with geomechanics is used to account for such a phenomenon
numerically. Such an approach is important for shale numerical studies and any energy
underground storage modeling (i.e., CO, storage). Usually, when fluid flow coupling with
geomechanics is studied for shale formations, the fluid, and the stimulated reservoir
petrophysical properties are overlooked. This paper aims to present a study on the effect
of the fluid and reservoir petrophysical properties on the performance of a gas-producing
well. In addition, the results from the cases when geomechanics is coupled and decoupled
with fluid flow in reservoir simulations are compared. The governing equations were
discretized using the Finite Element Method. First, the model was validated against
Terzaghi's consolidation theory analytical solution. After that, a history matching for the
production flow rate was performed using field production data from Barnett Shale. Then
a sensitivity analysis was carried out for the gas viscosity, Stimulated Reservoir Volume
(SRV) porosity, and fracture conductivity. Next, the sensitivity analysis was conducted for
the coupled and decoupled cases. Finally, the sensitivity analysis results were compared

Keywords: between the coupled and decoupled cases. The results show that lower gas viscosity,
Shale gas; horizontal well; higher SRV porosity, and higher fracture conductivity improved horizontal well production
geomechanics; reservoir simulation; performance. In addition, when the geomechanical effects were decoupled, the reservoir
fluid flow simulator overestimated the production flow rate and cumulative production.

1. Introduction

Fossil energy, specifically hydrocarbons, remains the main energy source worldwide [1-4].
Hydrocarbons can be produced in the form of gases or oil and can be produced from conventional
and unconventional reservoirs [5—7]. The rocks that contain conventional hydrocarbon resources
(e.g., sandstone) are well-known for having good porosity and permeability [8]. As a result, these
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reservoir rocks do not need stimulation for hydrocarbon production. However, the rocks that contain
unconventional hydrocarbon resources (e.g., shale rocks) are known for having extremely low
permeability [9-12]. As a result, producing hydrocarbons from such reservoirs would require
stimulation intervention (e.g., hydraulic fracturing) [13,14]. Due to the depletion of conventional
hydrocarbon resources and the scarcity of new conventional reservoir discoveries, stimulating the
rocks that contain the unconventional resources and producing them became viable [15-18].
Additionally, the newly developed techniques of drilling long horizontal wells that are completed with
multi-stage hydraulic fracturing resulted in a significant production increment from shale reservoirs
worldwide [19-22].

Shale rock formations contain natural fractures that may act as conduits for hydrocarbon
recovery [23]. In addition to the natural fractures, the shale rock formations are stimulated with
multi-stage hydraulic fracturing. Multi-stage hydraulic fracturing in horizontal wells creates a large
stimulated reservoir volume (SRV). SRV is the key contributor to high hydrocarbon production from
shale reservoirs [24-27]. The combination of natural fractures, hydraulic fractures, and the relatively
low consolidation of the shale rocks make the shale formations sensitive to changes in the in-situ
stresses [28,29]. As a result, the shale formations are well-known for being stress sensitive [30, 31].
It is important to note that any change in the stress fields would alter the porosity and permeability
and possibly cause failures and fracture development or closures; hence these processes can
influence the flow pattern of the whole system [32,33]. Thus, having a greater insight into the effect
of geomechanics on fluid flow would yield useful information about petroleum reservoir modeling
and simulation.

Conventional reservoir simulators use a constant rock compressibility factor to denote the basic
rock deformation process. However, geomechanics coupled with fluid flow simulations should be
utilized for better accuracy in stress-sensitive formations. Modeling of geomechanics coupling with
fluid flow in porous media can be achieved by applying the consolidation theories in reservoir rocks.
The idea of effective stress in consolidation was first introduced by Terzaghi [34,35], providing a
useful framework for investigating fluid and rock interaction. Additionally, Biot's theory of
poroelasticity is the most widely used theory to explain the poromechanical interaction [36—38].
Moreover, Greetsma [39] was the first to present a unified treatment of rock mechanics in petroleum
production engineering. The use of geomechanics coupling with the fluid flow is important in any
numerical modeling that is affected by poroelasticity, such as CO; storage [40—-42].

The fluid flow coupling with geomechanics has gained significant attention lately. The effect of
the mechanical rock properties and hydraulic fracture geometry on the fluid flow has been studied
extensively [28,30,33,43-48]. However, when such a numerical approach is utilized, the effect of the
SRV petrophysical parameters and fluid properties are under-investigated. As a result, this paper aims
to study the effect of the SRV petrophysical parameters and fluid properties on the production
performance of a gas-producing horizontal well that is completed with multi-stage hydraulic
fracturing. In addition, this paper aims to show the difference between the cases when the
geomechanics effects are coupled with the reservoir simulator and when it is decoupled. The
petrophysical parameters and the fluid property that are studied in this paper are the SRV porosity,
the hydraulic fracture conductivity, and the gas viscosity.

2. Methodology
This study uses a fully coupled fluid flow and geomechanics model. The fluid flow is isothermal

single-phase gas that assumes a Darcy flow throughout the domain. The geomechanics is solved using
linear elasticity, assuming isotropic rock material. The fluid flow equations are governed by the mass
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balance (the continuity equation) and Darcy equation, while the geomechanics equations are
governed by the equilibrium equation.

2.1 Governing Equations

Assuming a transient flow, the governing equation for a single-phase fluid flow in porous media
assuming an infinitesimal rock deformation can be described by

b—-0 dp dey _
(KS +®cg)a+b§+v.q_f (1)

where b is Biot's coefficient, ¢ is the porosity, Ks is the rock solid grain bulk modulus, ¢y is the gas
phase compressibility, p is the pore pressure, €, is the volumetric strain, g is the gas flow rate
accounting for gas fluxes, and f is the sink/source term of the gas.

In the fluid flow governing Eq. (1), Darcy's law is used in the calculation of the flux term for gas
[49]. Darcy's law can be described as

q= S [-Vp + pyd] (2)

where k is the second-order permeability tensor, u is the gas viscosity, and g is the gravitational
acceleration vector. Isotropic permeability is assumed because permeability anisotropy is beyond the
scope of this study. As a result, a single value for the permeability is used.

The geomechanical deformation is calculated based on the equilibrium equation that is described
as

V.o+p,g=0 (3)
where o is the Cauchy total-stress tensor, and pp is the total bulk density. Following the typical
geomechanics convention, the compressive stress is denoted as positive. Using Biot's theory of
consolidation [38], the total stress can be expressed as

o=0y—0 +bpl (4)

where oy is the initial stress tensor, g'is the effective stress tensor, and I is the second-order identity
tensor. The effective stress is given by the constitutive relation described as

o =C:¢ (5)

where C is the fourth-rank rock stiffness tensor, and € is the rock strain rate tensor. The rock strain
rate tensor is related to the solid displacement u by

€= %(vﬁ + (V)T (6)

Eqg. (1), Eq. (2), and Eq. (3) are the three governing equations that are solved in one system for
the full fluid flow coupling with the geomechanics model.
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2.2 Numerical Model

The three governing equations are discretized using the finite element method. Three test
functions are used to write the weak form of the governing equations (Pw, Qw, Uw). The numerical
solution for the pore pressure p, flow rate g, and solid displacement u are Py, grand u,, respectively.
The discretized solutions are solved in the spaces: Discontinuous Galerkin DG x Raviart-Thomas RT x
Continuous Galerkin CG, respectively. The three governing equations are solved monolithically using
the mixed finite element method. The combination of finite element types for these function spaces
has been selected because their solution has shown to be stable [45, 50-53].

Using the traditional Galerkin method, the weak form of the governing equations is given below

b — (Z) pn+1,m+1 _ pn V. an+1,m+1 —V. ﬁ‘n
j ( + (Z)cg) P,dQ + f b P,dQ
Q

K; At a At
+[y V. ™R, dO= [ f P, dQ (7)
fo5 ™™ Q,,da = [ qMMY.Q,,dQ — [ p™ P . Q,,dT + [ pgd QudQ (8)
Joo™tt VU, dQ + [ pp g Uy dQ = [(EHEC ). U, dT (9)

where Q denotes the domain, I denotes the boundary, At is the time step size, the superscripts n and
n+1 represent the previous and current time steps respectively, the superscripts m and m+1
represent the previous and current Picard iterations respectively, t"*-8¢and p™15¢ are the stipulated
traction and pressure boundary conditions.

Due to pore pressure reduction, effective stress will be altered, leading to rock consolidation,
thus altering the porosity and permeability [54-58]. As a result, after the pore pressure and solid
displacement solutions are obtained, for higher solution accuracy, the porosity is updated using Biot
& Willis [36] and Geertsma [39] consolidation theory. Additionally, the exponential porosity-
dependent permeability developed by Davies and Davies [59] is adopted to update the permeability.
The initial conditions are given by

PO = Pi (10)
qo =10 (11)

where Pg is the initial pore pressure, go is the initial flow rate, and 1, is the initial rock displacement.
The initial condition of the pressure is given in Table 2. The flow rate and the rock displacement are
assumed to be zero at the beginning time of the simulation. The six boundaries shown in Figure 2(a)
are no flow boundaries. In addition, the vertical stress Sy is applied on the top boundary, as shown in
Figure 2(a). The model's bottom, right, left, back and front boundaries are assumed to be fixed
boundaries where rock displacement is not allowed.

The time derivative is discretized with a backward Euler scheme. The Picard iterations are
employed to handle the model's non-linearity (e.g., porosity and permeability). FEniCS Project is used
to solve the system of the partial differential equations of the fluid flow coupling with geomechanics

149



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 105, Issue 2 (2023) 146-165

[60]. FENICS Project is an open-source Finite Element library with high-level Python and C++ interfaces
[60]. FENICS Project uses several advances in automated Finite Element methodologies, including but
not limited to DOLFIN [61], FIAT [62], FFC [63], and UFL [64]. PETSc is the default linear algebra
backend for FEniCS Project [65].

2.3 Validation

Terzaghi's classical one-dimensional problem is considered a validation benchmark for
consolidation numerical studies because it is the simplest nontrivial application of the theory of
consolidation [35, 66, 67]. This problem considers a one-dimensional sample of a vertical column of
height H of clay confined with a steel ring. In the absence of gravity, this vertical column has a certain
porosity and is fully saturated with a certain fluid. The top of the column is suddenly loaded with a
load t at time t = 0 s and then kept constant throughout the rest of the time. While the bottom
boundary is fixed and is not allowed to drain, the top boundary is a free surface and is allowed to
drain. Initially, the domain is undisturbed, and the pore pressure P; is zero Pascal throughout the
whole domain. A schematic of the problem is illustrated in Figure 1(a). The boundaries I'; and I3 are
no flow and no displacement boundaries, while the load t is applied at the boundary I'; and it is a
flow boundary (free surface) with pressure p = 0 Pa. The one-dimensional data is collected along the
dashed line shown in Figure 1(a). The properties used in the validation are mentioned in Table 1.

Table 1

Fluid and rock parameters

Parameter Value
Permeability (k) 104 m?
Porosity (&) 0.05

Fluid viscosity (u) 8.9x10* Pa.s
Fluid compressibility (cg) 4.4 x10-1° Pa
Rock Bulk modulus (K) 10%° Pa

Solid grain bulk modulus (Ks) 10! Pa
Poisson ratio (v) 0.25

Traction (t) 5.0x10 Pa

The analytical solution to Terzaghi's one-dimensional problem for the dimensionless pore
pressure is given by

L= 25 (gsin [ 2] x exp [ (P57 et (13)

where po is the undrained response for the pore pressure throughout the domain, and ¢, is the
consolidation coefficient given by

k
= s 1)

where my is the confined compressibility of the porous medium, S¢ is the drained storage coefficient.
The dimensionless time is given by

oyt

*
t_HZ

(15)
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In the beginning, the load is applied at the top boundary, and it causes the clay column to
consolidate. The consolidation causes a sudden rise in the pore pressure. This sudden increase in the
pore pressure causes the fluid to flow towards the low pore pressure regions at the top boundary.
As the fluid flows out of the domain, the pore pressure falls steadily until it reaches zero. Once the
pore pressure is zero throughout the domain, the consolidation stops, and the clay column goes into
equilibrium again. Figure 1(b) shows a comparison between Terzaghi's one-dimensional problem
analytical solution (solid line) and the numerical solution (circles). The y-axis represents the
dimensionless length z/H of the clay column, and the x-axis represents the dimensionless pore
pressure. The analytical solution of the dimensionless pore pressure is the result of Eq. (13), and the
numerical solution is the data gathered along the dashed line illustrated in Figure 1(a). The pressure
data were collected at different simulation times. It is clear that the numerical solution matches the
analytical solution. Therefore, the numerical model seems to produce accurate results.
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Fig. 1. (a) Side view schematic of Terzaghi's problem, (b) Comparison of Terzaghi's
one-dimensional analytical solution with the numerical solution for the top drain
boundary case

2.4 History-Matching

The data from Barnett shale is used to construct the reservoir model. The fluid, reservoir, and
production input are based on available data from the literature; Song et al., [68] and Gou et al., [45].
The geomechanics data for the model is based on data from Vermylen [69], Yu and Sepehrnoori [70],
and Zoback [71]. The production data was used for model calibration and history matching. Table 2
presents the model data in detail. Figure 2(a) shows the model dimensions of the multi-stage discrete
hydraulic fractures that were used to investigate the performance of the horizontal well. Data in Table
2 is used to match the production history shown in Figure 2(b).

Figure 2(b), shows the history-matching results. The y-axis represents the gas flow rate at reservoir
conditions, while the x-axis represents the production time. In Figure 2(b), the circles represent the
data gathered from a gas producing well in Barnett Shale [68]. The numerical results when the
geomechanical effects were coupled with the reservoir simulator are represented by the solid line,
while the numerical results when the geomechanical effects were decoupled from the reservoir
simulators are represented by the dotted line. The production data gathered from the field seem noisy
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due to unknown production conditions. However, the field data exhibits a clear production profile.
Therefore, the numerical models (coupled and decoupled) seem to match the production profile
exhibited by the filed production data. While the decoupled numerical model seems to overestimate
the production flow rate compared to the field production data, it is important to note that the
coupled numerical model matches the field production data more accurately. Since the history
matching has been achieved, the numerical analysis can be carried out.

Table 2
Fluid, reservoir, and rock parameters for history matching
Parameter(s) Value(s) Unit
Initial reservoir pressure 26.9 (3901.5) MPa (Psi)
Bottom hole pressure 3.4 (493.13) MPa (Psi)
Gas Viscosity 2.01x10° (0.02)  Pa.s (cP)
Matrix permeability 9.87x10 (1) m? (uD)
Permeability of SRV 4.93x107 (50) m? (uD)
Matrix porosity 15 %
Porosity of SRV 6.5 %
Fracture conductivity 1.35x10%° (4.5) m2-m (md-ft)
Fracture half-length 46 (151) m (ft)
Fracture Spacing 73 (239.5) m (ft)
Fracture stages 6 -
Bulk density 2.58 x10% (161.1)  Kg/m3 (Ib/ft3)
Biot's coefficient 1 -
Young's modulus 40 (5.8 x10°) GPa
Poisson's ratio 0.25 -
Vertical Stress 44 (6381.6) MPa (Psi)
Maximum horizontal stress 29 (4206) MPa (Psi)
Minimum horizontal stress 28 (4061) MPa (Psi)
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Fig. 2. (a) The model schematic, (b) history matching of the numerical model (coupled and decoupled)
with the field data

3. Results and Discussion
3.1 Production History

Figure 3(a) shows a comparison of the reservoir flow rate between the cases when the

geomechanical effects were coupled (solid line) with the reservoir simulator and when it was
decoupled (dotted line). In Figure 3(a), the y-axis represents the reservoir flow rate, and the x-axis
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represents the time. The production data shown in Figure 3(a) showed the production profile when
the well was produced for 600 days. In the first 50 days of production, there was a sharp decline in
the flow rate due to the shale rock's low permeability nature. In the first 50 days of production, the
flow rate resulting from the coupled and the decoupled numerical cases appears to be the same.
However, the production profile beyond the first 50 days seems to differ slightly in the coupled and
the decoupled cases. The reason for that is the consideration of rock deformation in the coupled
case. As a result of the pore pressure reduction, the effective stress increases [71, 72]. The increment
in the effective stress results in rock deformation, thus altering the porosity and permeability. This
alteration in the porosity and permeability is reflected by the slight reduction in the flow rate when
the geomechanical effects are coupled. In Figure 3(a), the difference in flow rate between the
coupled and the decoupled cases do not seem to be significant.

Figure 3(b) shows the same comparison between the coupled and the decoupled cases but for
the cumulative production (Np). In Figure 3(b), the y-axis represents the cumulative production while
the x-axis represents the time. Although the difference in production flow rate was insignificant, the
cumulative production for 600 days that resulted from the coupled and the decoupled cases seem to
be more notable. When the geomechanical effects were decoupled, the reservoir simulator
overestimated the cumulative production by 11% compared to the simulation case when the
geomechanical effects were coupled.

Figure 3(c) shows the pore pressure in the third fracture along a 1-dimensional line extended in
the y direction. The third fracture was chosen in this analysis because, as shown in the pore pressure
contour, the pressure depletion seems to be higher in the third and fourth fractures, as shown in
Figure 4. In Figure 3(c), the pore pressure for the coupled and the decoupled cases are the same along
the third fracture. However, when reaching toward the well, there appears to be a slight difference.
The pore pressure depletion in the coupled case is higher than that of the decoupled case. One would
expect that the pore pressure of the coupled case would be higher than that of the decoupled case
due to the lower flow rate and cumulative production shown in Figures 3(a) and (b)—however, the
pore pressure profile shows the opposite of that. The reason for this is that due to the rock
deformation in the coupled case, the porosity was reduced, resulting in a faster depletion of the pore
pressure.

Figures 4(a) and (b) show a top planer view of the pore pressure contour after 600 days of
production for the decoupled and coupled numerical cases, respectively. The contour shown in
Figures 4(a) and (b) are cropped from the original model shown in Figure 2(a) because significant
pore pressure depletion occurs mostly at the SRV area, as also shown in Figure 3(c). Both coupled
and decoupled cases show the pore pressure depletion propagation in the domain in a ripple effect
manner. It is important to note that the pore pressure reduction along the six fractures seems more
prominent than the rest of the SRV area and the reservoir matrix. Generally, the pore pressure
contours show a more significant pore pressure depletion when the geomechanical effects were
coupled with the reservoir simulator.
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Fig. 3. (a) flow rate for the coupled vs. decoupled cases, (b) a comparison of the
cumulative production between the coupled and the decoupled cases, and (c) a
comparison of the pore pressure along the third fracture between the coupled and the
decoupled cases
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Fig. 4. Pore pressure contour for (a) the decoupled case and (b) the coupled case
3.2 Sensitivity Analysis

After the difference between the cases when the geomechanical effects were coupled with the
reservoir simulator and when it was decoupled was shown, this section discusses the sensitivity
analysis of the effect of the gas viscosity, the SRV porosity, and the fracture conductivity on the
production performance of the horizontal well. The values of the sensitivity analysis for the chosen
parameters are within the typical shale gas producing well range [68, 73—76]. This section also shows
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the horizontal well production performance when simulated using the coupled and decoupled cases.
Table 3 shows the sensitivity analysis parameters used in this study. The base case means the
properties mentioned in Table 2 and discussed in section 3.1.

Table 3
The sensitivity analysis parameters
Parameter Base case u (Pa.s) Dsrv (%) Cr m?-m (md-ft)
uPas 2.01x10° 2.51x10° Basecase Base case
1.51x107°
Dsrv % 0.065 Base case 0.035 Base case

0.095
Crm?-m (md-ft) 1.35x10'°(4.56) Base case Basecase 2.57x1071°(8.66)
1.35x10°16 (0.456)

3.2.1 Gas viscosity

Figure 5 shows the gas viscosity sensitivity analysis. The base case in Figures 5(a) and (a”) refer to
the decoupled and coupled cases shown in Figure 3(a), respectively. Figures 5(a) and (a*) show the
production flow rate for the case when the geomechanical effects were decoupled and coupled,
respectively. Overall, when the gas viscosity was reduced, the production flow rate increased, and
vice versa when the gas viscosity was increased. However, the magnitude of the difference between
the high and low gas viscosities with respect to the base case is different in the decoupled and
coupled cases. In Figures 5(a) and (a*), the difference between the coupled and decoupled cases
seems insignificant.

Figures 5(b) and (b*) show a clear difference between the decoupled and coupled cases,
respectively. Figures 5(b) and (b") show the cumulative production for the gas viscosity sensitivity
analysis for the decoupled and coupled cases, respectively. Figures 5(b) and (b") show that the
decoupled case overestimated the cumulative production in all the cases of the gas viscosity
sensitivity analysis. For the decoupled case, the difference between the low viscosity case (1.51x10
°) and the base case is about 5.96x103 m3? which is about a 14.7% increment in the cumulative
production when compared to the base case. However, for the coupled case, the difference between
the low viscosity case and the base case is about 4.81x10® m? which is about a 14.1% increment in
the cumulative production compared to the base case. In Figure 3(b), the difference between the
coupled and decoupled cumulative production was 6.85x103 m3; however, the difference between
the coupled and decoupled cumulative production for the low viscosity case is about 8.30x103 m3.
This shows that as the gas viscosity decreases, the decoupled simulator overestimates the cumulative
production further. For the high viscosity cases, the difference between the decoupled base case and
the higher viscosity case is about 9.12x103 m? which is about a 9.61% decrement from the base case.
However, for the coupled case, the difference between the base case and the higher viscosity case is
about 7.78x10% m3 which is about an 8.71% decrement from the base case. This shows that the
decrement in the coupled case is not as significant as in the decoupled case. The difference between
the base case and the higher and lower viscosity cases for the decoupled cases is much greater than
that of the coupled cases.
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Fig. 5. Gas viscosity sensitivity analysis, (a) the flow rate of the decoupled case,
(a”) the flow rate for the coupled case, (b) the cumulative production for the
decoupled case, and (b") the cumulative production for the coupled case

Figure 6(a) and (a”) show the pore pressure of the gas viscosity sensitivity analysis along the third
fracture after 600 days of production for the decoupled and coupled cases, respectively. Overall, the
pore pressure for the coupled cases seems to be less than that of the decoupled cases. The difference
between the higher and lower gas viscosity and the base case for the coupled case seems to be the
same at 0.51 MPa. However, the production flow rate and the cumulative production show that the
difference ratio between the lower viscosity case and the base case is much higher than that of the
higher viscosity case and the base case. The reason for that is the low gas viscosity does not deplete
the reservoir pressure at the same rate as the higher gas viscosity because it would take much less
pressure for the lower viscosity to initiate and maintain the gas flow. The pore pressure along the
third fracture also shows that the difference ratio of the decoupled cases is higher than that of the
coupled cases.

In the sensitivity analysis of the gas viscosity, the error margin of the simulation cases when the
geomechanical effects were decoupled gets higher when the gas viscosity is reduced. The reason for
that is that as the gas viscosity gets lower, it would take less pressure to derive it to flow, and because
the decoupled cases do not account for the formation deformation, the pressure depletion seems to
be less than the coupled cases.
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Fig. 6. Gas viscosity sensitivity analysis (a) the pore pressure along the third
fracture for the decoupled case, and (a*) the pore pressure along the third
fracture for the coupled case

3.2.2 SRV porosity

Figure 7(a) and (a”) show the production flow rate of the SRV porosity sensitivity analysis for the
decoupled and coupled cases, respectively. Generally, Figure 7 shows that as the SRV porosity
increases, the production flow rate increases and vice versa when the SRV porosity decreases.
However, for the lower SRV porosity, the flow rate decline in the first 100 days is sharper in the
coupled case compared to the decoupled case. That is because the coupled cases consider the rock
deformation, which in the case of the lower SRV porosity, causes a further decrease in the porosity
in general, leading to a sharp decline in the flow rate. However, for the case of the higher SRV viscosity
compared to the base case, the difference ratio in the coupled case seems to be higher than that of
the decoupled case. However, if the coupled case is to be compared with the decoupled case, the
decoupled case still overestimates the production flow rate.

Figure 7(b) and (b”) show the cumulative production for the SRV porosity sensitivity analysis for
the decoupled and coupled cases, respectively. The coupled cases in Figure 7(b") show that the
cumulative production difference ratio between the base case and the two SRV porosity cases is more
significant when compared to the decoupled cases shown in Figure 7(b"). For the lower SRV porosity
in the coupled case, the difference in cumulative production is about 1.58x10* m3 which is about a
28.7% decrement. However, in the decoupled case, the difference between the base case and the
lower SRV porosity is about 9.2x10% m3, which is only about a 14.9% decrement. This shows that if
the porosity of the SRV were less than that used in the base case, the cumulative production
difference between the coupled and the decoupled cases would be about 1.35x10* m3, which almost
double the difference of that in the base case that is shown in Figure 3(b). This shows that when the
geomechanics effects were decoupled from the reservoir simulator, the simulator greatly
overestimated the production flow rate and the cumulative production. Consequently, the less the
porosity, the more the error margin would be if the geomechanics effects were decoupled.

On the one hand, the difference between the higher SRV porosity and the base case in the
coupled simulation case is about 1.33x10* m3 which is about a 24.2% increment. On the other hand,
the difference between the base case and the higher SRV porosity for the decoupled cases is about
1.02x10* m3, which is about a 16.4% increment. In addition, if the coupled and decoupled cases were
compared, the difference for the higher SRV porosity would be about 3.7x10% m3, which is about half
of that in the base cases that are shown in Figure 3(b). Consequently, the higher the porosity, the less
the error margin would be if the geomechanics effects were decoupled.
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Fig. 7. SRV porosity sensitivity analysis, (a) the flow rate of the decoupled case,
(a") the flow rate for the coupled case, (b) the cumulative production for the
decoupled case, and (b*) the cumulative production for the coupled case

Figure 8(a) and (a*) show the pore pressure profile along the third fracture after 600 days of
production for the decoupled and the coupled cases, respectively. Overall, the lower the SRV
porosity, the higher the pressure depletion along the third fracture when approaching the well
location. The reason is that the less the SRV porosity, the faster the pressure depletes. For the case
of the lower SRV porosity and coupled simulation, the pore pressure along the third fracture shows
a significant difference, not only when getting closer to the well but for the pressure depletion
extension in the SRV region. The pressure depletion in the decoupled case extended in the SRV for
about 50 meters more than the coupled case for the lower SRV porosity case. This explains the
overestimation of the production flow rate and the cumulative production in the decoupled case. In
addition, the coupled cases generally showed a higher-pressure depletion when compared to the
decoupled cases. Also, in the coupled case, the pore pressure difference between the base case and
the two SRV porosity cases is higher than that of the decoupled cases.

158



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 105, Issue 2 (2023) 146-165

30 T | T I (la) | T I T T | T I (al ) | T I T 30

25 25

20 20

L AP=10.69 MPa L AP=0.91 MPa

P (MPa) 15 Fp = .60 MPa

AP =0.92 MPa
10— —
|I—Base I— Base
5[ @=0.095 o @=0.095
-=-=@=0.035 -=-= & =10.035
ol 1 0 111 - i PR -
0 200 400 600 800 10000 200 400 600 800 100%

y-axis (m)
Fig. 8. SRV porosity sensitivity analysis (a) the pore pressure along the third
fracture for the decoupled case, and (a*) the pore pressure along the third
fracture for the coupled case

3.2.3 Fracture conductivity

Figure 9(a) and (a”) show the fracture conductivity sensitivity analysis for the decoupled and
coupled cases, respectively. Overall, as the fracture conductivity increased, the production flow rate
increased, and vice versa. Additionally, the flow rate difference in the fracture conductivity sensitivity
analysis seems to be the most significant among the three sensitivity analyses carried out in this
study. The reason is that hydraulic fractures are the main conduits for fluid flow in shale formations.
As a result, any enhancement to the fracture conductivity would potentially enhance the overall
production flow rate and cumulative production. The lower fracture conductivity cases show a
significant decrease in production flow rate compared to the base cases in both the coupled and the
decoupled cases. The magnitude of the flow rate decline in the lower fracture conductivity with
respect to time is not as high as that of the base cases and the higher fracture conductivity cases.

Figure 9(b) and (b") show the cumulative production of the fracture conductivity sensitivity
analysis for the decoupled and coupled cases, respectively. From Figure 9(b) and (b"), the difference
between the cases of different fracture conductivity is shown to be more notable. In the coupled case
shown in Figure 9(b"), the difference between the base case and the lower fracture conductivity case
is about 4.44x10* m3, which is about an 80.5% decrement. However, in the decoupled case shown in
Figure 9(b), the difference between the base and the lower fracture conductivity cases is about
4.94x10* m3, which is about a 79.6% decrement. Meanwhile, in the decoupled cases, the difference
between the lower fracture conductivity case and the base case is lower than that of the coupled
cases, and the overall cumulative production in the decoupled case is still higher than that of the
coupled case. This shows that the decoupled simulation still overestimates the cumulative
production by about 1.9x10° m3, which is 72% less overestimation when compared to the difference
shown in Figure 3(b).

In the coupled case shown in Figure 9(b"), the difference between the base case and the higher
fracture conductivity case is about 2.22x10% m3, which is about a 40.2% increment. However, in the
decoupled case shown in Figure 9(b), the difference between the base case and the higher fracture
conductivity case is about 2.35x10* m3, which is about 37.8%. It is clear from Figure 9(b) and (b") that
the higher fracture conductivity case in the decoupled simulation still overestimates the cumulative
production by about 8.1x10% m3, which is about 16% increment of overestimation when compared
to the difference shown in Figure 3(b). This shows that as the fracture conductivity increase, the error
margin in the decoupled cases also increases.
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Fig. 9. Fracture conductivity sensitivity analysis, (a) the flow rate of the
decoupled case, (a*) the flow rate for the coupled case, (b) the cumulative
production for the decoupled case, and (b*) the cumulative production for
the coupled case

Figure 10(a) and (a*) show the fracture conductivity sensitivity analysis for the pore pressure
along the third fracture after 600 days of production for the decoupled and coupled cases,
respectively. In the sensitivity analysis of the fracture conductivity, the decoupled cases still show
less pressure depletion compared to the coupled simulation cases. For both the coupled and
decoupled cases, it is shown that the cases of the higher fracture conductivity deplete the pore
pressure more than that of the lower fracture conductivity cases. This happens because when the
fracture conductivity is higher, the gas is allowed to flow faster, as shown in Figure 9(a) and (a%),
which leads to higher pressure depletion. For the cases of the lower fracture conductivity, the pore
pressure still shows a less depletion profile when compared to the base cases and higher conductivity
cases for both the couple and the decoupled cases. This occurs because the low fracture conductivity
reduces the flow rate of the gas, which in turn, keeps the pore pressure maintained. This is also shown
in Figure 9(a) and (a*), where the decline of the flow rate with time is not as high as that of the base
and higher fracture conductivity cases.

Generally, in the sensitivity analysis carried out in this study, it can be concluded that as the
viscosity is lower, the porosity is higher, and the fracture conductivity is higher, the horizontal well
shows a better production performance and vice versa. However, it is important to note that when
geomechanical effects were decoupled from the reservoir simulator, the numerical results might be
misleading, especially in the case of extremely low porosity. That is because the decoupled simulation
overestimates the production flow rate and cumulative production and shows that the pore pressure
is still maintained. Therefore, using the decoupled simulation in stress-sensitive formations with low
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porosity and low permeability would result in erroneous flow rate estimations and might adversely
affect field development plans.

It is also important to note that for formations with high porosity, the margin error of using
decoupled simulations might be less than that when used for extremely low porosity formations.
However, the error margin would always be there. In addition, when the geomechanical effects are
coupled with the reservoir simulator, the pore pressure prediction seems more realistic compared to
the cases when the geomechanical effects were decoupled.
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Fig. 10. Fracture conductivity sensitivity analysis (a) the pore pressure along the
third fracture for the decoupled case, and (a*) the pore pressure along the third
fracture for the coupled case

4. Conclusion

Significant hydrocarbon production from shale rock formations has emerged lately. However,
shale formations are well known for being stress sensitive. As a result, using the conventional
reservoir simulators that use constant rock compressibility to denote rock deformation does not
accurately predict the production flow rate and the pore pressure depletion in the reservoir.
Consequently, it is important to include the rock's mechanical properties in the reservoir simulator.
In order to do that, the coupling of fluid flow in porous media with the geomechanics must be used
to simulate hydrocarbon production from such formations. However, when such a numerical
approach is used to study the production from shale formations, the fluid properties and the
reservoir petrophysical properties are usually overlooked. This paper presents a sensitivity analysis
of a single horizontal well performance using a fully coupled fluid flow and geomechanics model. The
sensitivity analysis is carried out for the gas viscosity, SRV porosity, and fracture conductivity. The
results are then compared for the cases when the geomechanical effects were coupled and
decoupled with the reservoir simulator.

For both cases, when the geomechanical effects were coupled and decoupled, the production
performance of the horizontal well was improved when the gas viscosity was lower than the base
case, and it was impaired when the gas viscosity was higher than the base case. The horizontal well
production was also enhanced when the SRV porosity was greater than that of the base case, and
the production performance declined when the SRV porosity was reduced below the base case. In
addition, when the fracture conductivity was higher than that of the base case, the production
performance of the horizontal well seemed to improve. However, the production performance was
greatly impaired when the fracture conductivity was below that of the base case.
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Generally, in the sensitivity analysis conducted in this study, when the geomechanical effects
were decoupled, the reservoir simulator seemed to overestimate the production flow rate and the
cumulative production. It also tends to underestimate the pore pressure depletion along the
hydraulic fractures. The results showed that when the SRV porosity was extremely low, the
decoupled simulation case greatly overestimated the production flow rate and the cumulative
production compared to other parameters in the sensitivity analysis conducted in this study. As a
result, for a more accurate estimation of the production profile and cumulative production of a well
in a stress-sensitive formation such as shale formations, it is advised that geomechanical effects are
coupled with the reservoir simulator, especially if the porosity is extremely low.
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