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ABSTRACT

Efficiently and accurately understanding the fluid flow behavior in ultra-deep natural gas reservoirs is very challenging due to the complex
geological environment and the intricate gas properties at high pressure. In this study, a fully coupled fluid flow and geomechanical model
was developed to simulate complex production phenomena in ultra-deep natural gas reservoirs. Stress-dependent porosity and permeability
models were applied, and then the governing equations of the model were incorporated into COMSOL Multiphysics. Furthermore, the
model was verified by the reservoir depletion from the Keshen gas field in China, and the effects of reservoir properties and geomechanics on
gas production were discussed. The results showed that the reservoir pressure and water saturation exhibited a significant funnel-shaped
decline during the reservoir depletion. The higher relative permeability of the gas phase results in more methane gas production, thereby
reducing the average pore pressure and gas saturation near the wellhead. When considering geomechanical effects, the production behavior
significantly changes. The predictive value of gas production was higher when the reservoir rock deformation was ignored. The gas produc-
tion exhibited strong positive correlations with reservoir porosity, fracture permeability, elastic modulus, and Poisson’s ratio. Larger porosity,
elastic modulus, and Poisson’s ratio resulted in smaller deformation, while a smaller fracture permeability leads to larger deformation in
ultra-deep natural gas reservoirs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0084975

I. INTRODUCTION

With the advances in geological theory and exploration practices
of global oil and gas, hydrocarbon exploration and development can
be categorized into three major fields: onshore deep and ultra-deep,
offshore deep water, and unconventional oil and gas. The new reserves
and production of global deep and ultra-deep oil and gas show a trend
of rapid growth.1,2 In recent years, a series of important discoveries
have occurred in the field of ultra-deep oil and gas exploration in
China. The exploration and development of ultra-deep natural gas
resources (with a burial depth>6000 m) have been increasingly
researched.3,4 According to the fourth oil/gas resource evaluation,

the total volume of conventional natural gas resources in China is
41� 1012 m3, 40.2% of which is ultra-deep natural gas.5 Ultra-deep nat-
ural gas resources in China are abundant and have huge development
potential; these resources play an important role in conventional gas
production growth and become a significant strategic field in the
upstream business.6 Therefore, speeding up the exploration and devel-
opment of ultra-deep natural gas resources is of great significance for
the natural gas supply and for optimizing the energy structure in China.

Ultra-deep natural gas reservoirs are characterized by low-
average porosity and permeability, high temperature, high pressure,
high in situ stress, and strong plasticity in rocks. Complex fluid flows
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are characteristic of ultra-deep natural gas formations.7,8 During the
depletion of ultra-deep natural gas reservoirs, the reservoir rock defor-
mation caused by overburden pressure leads to remarkable changes in
porosity and permeability. The coupling between fluid flow and in situ
stress fields is strong and cannot be ignored.6,9 The coupled fluid flow
and mechanical deformation in reservoir media play a significant role
in subsurface hydrology and hydrocarbon recovery.10 Terzaghi11 pro-
posed the effective stress concept in saturated, deformable porous
media. The research established a one-dimensional consolidation
model and then extended it to a three-dimensional consolidation
model. Based on the total stress and pore fluid pressure in saturated
soils, Biot12,13 analyzed the interaction between three-dimensional
deformed materials and pore pressure and developed a relatively per-
fect three-dimensional consolidation theory. Brooks and Corey14 and
van Genuchten15 developed two well-known relative permeability
models of water saturation in unconsolidated and consolidated porous
media, respectively. Considering the nonlinearity of the geometry and
material, Zienkiewicz and Shiomi16 put forward the generalized Biot
formulation according to three-dimensional consolidation theory. To
describe elastic mechanical deformation, Liu et al.17 developed a gen-
eral stress–strain relationship in porous and fractured rock subject to
elastic mechanical deformation. Moosavi et al.18 measured the defor-
mation characteristics of pores at different effective stresses and
derived relationships of porosity and permeability with effective stress.
Zheng et al.19 developed theoretical models for the essential relation-
ships between porosity, permeability, and effective stresses in low-
permeability sedimentary rock. Consequently, the theory and applica-
tion of fluid–solid coupling interactions have advanced from one-
dimensional consolidation to three-dimensional consolidation and
from linear elasticity to nonlinear elasticity of rock deformation.

The problems of coupled fluid flow and geomechanics in reser-
voirs have been investigated by researchers in mining and geo-energy
fields. Chin et al.20 developed a coupled fluid flow and geomechanical
model to analyze pressure-transient problems in hydrocarbon reser-
voirs with stress-dependent permeability for nonlinear elastic and plas-
tic constitutive behavior. Gutierrez et al.21 discussed the issues related
to the interaction between multiphase fluid flow and rock deformation
in hydrocarbon reservoirs. Ambekar et al.10 developed a geomechani-
cal model with modular coupling and elastoplastic rock behavior and
then applied it to several field studies. Considering the strain and pres-
sure depletion under uniaxial strain conditions, Shi and Durucan22

proposed stress-based permeability models in the producing reser-
voirs. Nair et al.23 proposed a finite element (FE) model to simulate
two-phase flow and solid deformation in a dual-porosity medium. Ma
et al.24 described the coupled process of two-phase flow and rock
deformation caused by pore pressure and analyzed the geomechanical
effects on gas production in the reservoir depletion. Liu et al.25

reported a coupled multiphase flow and geomechanical model to ana-
lyze fracturing fluid recovery and distribution in fractured gas reser-
voirs. Sangnimnuan et al.26 developed a coupled fluid flow and
geomechanical model to understand stress evolution due to the reser-
voir depletion with complex fracture geometries. Despite many studies
on coupled fluid flow and geomechanical behavior in geological reser-
voirs, research on coupled flow and mechanics in situ high-
temperature, high-pressure, and high-stress conditions are still lacking.
During the depletion of ultra-deep natural gas reservoirs, there is mul-
tiphase fluid flow and geomechanical responses due to the high-

temperature, high-pressure, and high in situ stress conditions. Hence,
it is necessary to understand the coupled fluid flow and geomechanical
behavior under these conditions so as to optimize extraction condi-
tions and ultimately enhance gas production in ultra-deep natural gas
reservoirs.

In this study, a coupled multiphase flow and geomechanical
model was developed to describe the coupled process of perme-
ability evolution and gas production in ultra-deep natural gas res-
ervoirs. The stress-dependent porosity and permeability, as well as
rock deformation induced by pore pressure, were considered in
this model. The models were run using COMSOL Multiphysics.
The validation model was from the study on the reservoir depletion
from the Keshen gas field in China. Then, the two-phase fluid flow
and reservoir effective stress were analyzed. Furthermore, the
effects of reservoir properties on gas production and permeability
evolution are discussed.

II. MATHEMATICAL MODELS
A. Fluid flow model

According to the law of conservation of mass, the fluid flow in
the reservoir matrix can be expressed as follows:27,28

@umqa
@t

þr � qmauað Þ ¼ Qfma; (1)

where um is the matrix porosity, qa is the fluid density in the matrix
(a ¼ g for gas and a ¼ w for water), t is the time, ua is the flow veloc-
ity in the matrix, and Qfma is the exchange term of the gas or water
phase between the matrix and the fracture.

The exchange term of the gas and water phase can be written as
follows:29

Qfma ¼ 8 1þ 2
s2

� �
kmkmraqma

la
pma � pfað Þ; (2)

where km is the matrix permeability, kmra is the relative permeability
of fluids in the matrix, qma is the fluid density, s is the shape factor, la
is the fluid viscosity, and pma and pfa are the pressures in the matrix
and the fracture, respectively.

Substituting Eq. (2) into Eq. (1), the mass conservation equation
for the fluid in the reservoir matrix can be written as

@umqa
@t

þr � qmauað Þ ¼ 8 1þ 2
s2

� �
kmkmraqma

la
pma � pfað Þ: (3)

Similarly, the mass conservation equation for two-phase flow in
the reservoir fracture can be expressed as follows:

@ufqfi
@t

þr � qfiuið Þ ¼ Qi; (4)

where uf is the fracture porosity, qf is the density of the gas (water)
phase in the fracture, t is the time, ui is the flow velocity of the gas
(water) phase in the fracture, Qi is the mass conservation of the gas
(water) phase in the fracture, and the subscript i represents the phase
(i ¼ g for gas and i ¼ w for water).

According to the assumption of the dual-permeability model,
there are gas and water in both the fracture and the matrix system of
the reservoir.30,31 Thus, Eq. (4) can be written as
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@uf sfgqfg
@t

�r � qfgkkrg
lg

rpfg

 !

¼ 8 1þ 2
s2

� �
kmkmrgqmg

lg
pmg � pfgð Þ;

@uf sfwqfw
@t

�r � qwkkrw
lw

rpfw

� �

¼ 8 1þ 2
s2

� �
kmkmrwqmw

lw
pmw � pfwð Þ:

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

(5)

During the reservoir depletion, the reservoir porosity depends on
anisotropic elastoplastic properties, and the reservoir permeability is a
function of the porosity changes and effective normal stress. The
stress-dependent porosity and permeability models were adopted and
expressed as

ub ¼ ab þ ub0 � abð Þexp �Dr0

K

� �
; (6)

kb
k0

¼
ab þ ub0 � abð Þexp �Dr0

K

� �
ub0

2
64

3
75
3

; (7)

where uf0 and k0 are the initial porosity and permeability at reservoir
initial stress, respectively; the subscript b represents the reservoir
matrix or the fracture; ab is the Biot coefficient; K is the drained bulk
modulus; and r0 is the effective mean stress.

B. Geomechanical model

Based on the generalized Hooke’s law, the governing equation for
deforming reservoir rocks can be expressed as12,32

rij ¼ kekkdij þ 2Geij � apmdij � bpfdij; (8)

where rij is the total rock stress; k is the Lame constant; ekk and eij are
the rock strain in the kk and ij directions, respectively; dij is
the Kronecker delta; G is the shear modulus; a and b are the Biot
coefficients of the matrix and fracture, respectively; pf is the
fracture pressure (pf ¼ swf pwf þ sgf pgf ); and pm is the pore pressure
(pm ¼ swmpwm þ sgmpgm).

Assuming that there are only small deformations occurring in
the reservoir rocks,33 the geometric equation can be expressed as

eij ¼ 1
2

ui;j þ uj;ið Þ; (9)

where ui;j and uj;i are the displacement in the j and i directions,
respectively.

According to the porous elastic theory,34 the equilibrium equa-
tion of reservoir rocks without consideration of the inertia force mass
can be expressed as

rij;j þ Fi ¼ 0; i ¼ 1; 2; 3; j ¼ 1; 2; 3; (10)

where Fi is the body force in the i direction.
Substituting Eqs. (8) and (9) into Eq. (10), the governing equa-

tion of the reservoir stress can be expressed as35

Gui;kk þ G
1� 2�

uk;ki � apm;i � bpf ;i þ Fi ¼ 0: (11)

In this study, Eqs. (3), (5), and (11) are the final governing equa-
tions of the fully coupled geomechanical model with two-phase fluid
flow considering the stress-dependent porosity and permeability
induced by pore pressure in ultra-deep gas reservoirs. The above three
equations are incorporated into the partial differential equation and
the solid mechanics modules of COMSOL Multiphysics, which solves
equations using the FE method.

III. NUMERICAL MODELING

To understand the coupled fluid flow and geomechanical behav-
ior in ultra-deep natural gas reservoirs, the reservoir depletion from
the Keshen gas field in China was considered in this study. The
Keshen gas field is located in the Kelasu structural belt of the Tarim
Basin in China, which is one of the vast gas fields in Northwest
China.36 The target layer is the Bashijiqike Formation of the
Cretaceous, with pressure coefficients exceeding 1.5. The burial depth
is 5500–7500m, and the temperature is 160–180 �C, which is within
the ultra-deep and ultra-high pressure gas reservoirs.37 The gas reser-
voirs are mainly lithic feldspar sandstone with a matrix porosity of less
than 10% and the matrix permeability generally below 0.1 mD. The
reservoir fractures are highly developed, and high-angle and reticulate
fractures are dominant. The fracture permeability is approximately
200 mD. Based on the geological characteristics of the reservoirs in the
Keshen gas field, COMSOL Multiphysics was used to construct and
solve the numerical reservoir model with dimensions of 1800m
(length)� 1800 m (width)� 300 m (height) as shown in Fig. 1.

Table I summarizes the detailed reservoir and fracture properties
used in the simulation. The reservoir is considered a dual permeability

FIG. 1. Sketch of the geometric model
and boundary conditions for simulating the
reservoir production.
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model, including reservoir matrix and reservoir fracture. In this study,
the water and gas flow in the reservoir matrix and reservoir fracture
are described with two different sets of relative permeability curves
based on the experimental results, as illustrated in Fig. 2(a).38 The
capillary pressure curve used in the reservoir matrix is presented in
Fig. 2(b), while the capillary pressure in the reservoir fracture is
assumed to be zero because of the larger permeability in the fracture.

IV. RESULTS AND DISCUSSION
A. Model validation and production characteristics

Based on the above mathematical models, the gas reservoir was
simulated with COMSOL Multiphysics. The comparison between the
simulation result and field data is shown in Fig. 3. With the depletion
of the gas reservoir, the daily gas production gradually decreased until
certain abandonment conditions and the production well was closed.
The simulation result was essentially in agreement with the field data,
and it implied that the models reflect the flow characteristics of ultra-
deep reservoirs. Thus, the models were used to analyze and predict the
production performance. Figures 4, 5, and 6 illustrate the spatial distri-
bution of reservoir pore pressure, reservoir water saturation, and reser-
voir effective stress, respectively. From these figures, the reservoir

pressure and water saturation showed a significant funnel-shaped
decline from the far field of the reservoir to the wellhead. During the
reservoir depletion, the relative permeability of the gas phase was high.
This condition resulted in an increase in methane gas production,
which reduced the average pore pressure and gas saturation near the
wellhead. Due to the continuous decrease of the displacement bound-
ary constraint at the wellhead and the pore pressure, stress changes
were evident. Consequently, further detection near the wellhead
should be required to prevent the damage or fractures during the gas
reservoir development. Based on Fig. 3, the daily gas production in the
latter period was much lower than that in the initial stage, which indi-
cated that the depletion effect reached a farther boundary.

The evolution of pore pressure, water saturation, and effective
stress at monitoring points P1 (5, 5, 150) and P2 (50, 50, 150) is illus-
trated in Fig. 7. As gas and water are depleted in the gas reservoir, the
reservoir pressure began to decrease and the pore pressure at P1 clearly
and rapidly decreased. The water saturation curve decreased and then
increased over a short time, mainly because the higher relative perme-
ability in the initial gas phase encouraged more gas to migrate from
the far field to the wellhead. With a decrease of the pore pressure, the
average effective stress at P1 and P2 increased.

TABLE I. Reservoir properties and parameters used in the simulation.

Parameters Value Parameters Value

Drainage 1800� 1800 m2 Biot coefficient 1
Reservoir thickness 300 m Initial reservoir pressure 100MPa
Reservoir depth 6500 m Initial water saturation 0.3874
Rock density 2600 kg/m3 Wellhead pressure 74MPa
Poisson’s ratio of rock 0.3 Water viscosity 5.5� 10�5 Pa s
Elastic modulus of rock 20GPa Gas viscosity 4.74� 10�5 Pa s
Matrix porosity 0.05 Initial water density 1000 kg/m3

Matrix permeability 0.1 mD Initial methane density 0.684 kg/m3

Fracture porosity 0.01 Water compressibility 1.52� 10�7 Pa�1

Fracture permeability 200 mD Methane compressibility 4.08 � 10�11 Pa�1

FIG. 2. (a) Two different sets of relative permeability curves for the reservoir matrix and fracture; (b) capillary pressure for matrix.
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B. Effects of the reservoir porosity

The reservoir porosity is an important attribute for evaluating
reservoir quality and calculating reservoir reserves as it reflects the
storage capacity of reservoir rocks.39,40 The effects of the reservoir
porosity from 1% to 10% are selected to understand gas production
and permeability evolution in this study. Figure 8 illustrates the

evolution of gas production and the permeability ratio under various
porosity changes. Based on Fig. 8, a larger reservoir porosity corre-
sponds to a greater gas production ratio. A larger porosity provides
more storage space for gas. Consequently, a larger porosity of the res-
ervoir leads to higher gas production. For gas reservoirs with different
porosities, the reservoir with a smaller porosity is more prone to pres-
sure reductions, which are most obvious in the later stages of exploita-
tion. According to the cubic law of permeability, the permeability will
decrease sharply, and it will affect the gas production rate in the later
stages.

C. Effects of the fracture permeability

Permeability is one of the most important reservoir seepage char-
acteristics, especially for gas productivity forecasting, which controls
the gas-flow capacity and production deliverability in reservoirs.41,42 A
larger permeability means there is a higher fracture density or wider
spacing in reservoirs, which provides more rapid flow space for gas
and water. Fracture permeability values between 120 and 200 mD are
used to investigate gas production and permeability changes in reser-
voirs. The trends of gas production and the permeability ratio under
various fracture permeability conditions are shown in Fig. 9.
According to Fig. 9(a), a greater reservoir fracture permeability corre-
lates with a greater gas production rate. The reservoir fracture perme-
ability decreases rapidly over a short time due to the rapid decrease of
pressure at the initial stage of exploitation [Fig. 9(b)]. A lower reservoir

FIG. 3. Comparison between simulation results and field data.

FIG. 4. Spatial distribution of reservoir pore pressure.

FIG. 5. Spatial distribution of reservoir water saturation.
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fracture permeability delays the decrease of reservoir fracture perme-
ability because a lower pressure and smaller change of effective stress
lead to a smaller effect of the fracture permeability. Therefore, a greater
reservoir fracture permeability results in a faster and wider-ranging
decrease.

D. Effects of coupled and uncoupled models
During the depletion of gas reservoirs, when the reservoir pore

pressure gradually decreases, the effective stress will change.43 In this
study, the influences of reservoir rock deformation on gas production
and permeability evolution were determined in ultra-deep natural gas

FIG. 6. Spatial distribution of reservoir effective stress.

FIG. 7. Evolution of reservoir pore pressure (a), water saturation (b), and mean effective stress (c) in P1 and P2.

FIG. 8. Evolution of gas production (a) and permeability ratio (b) under various porosity models.
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reservoirs. Figure 10 illustrates the evolution of gas production and per-
meability under the coupled and uncoupled models. According to Fig.
10(a), the gas production curves in the coupled and uncoupled models
show similar trends. During the early stage of the reservoir depletion, the
gas in the ultra-deep natural gas reservoir will flow from high-pressure
storage formation to the wellhead due to the pressure gradient. With
such a large pressure gradient, the reservoir gas continuously flows to
the ground and then rapidly reaches the peak. With a decrease of reser-
voir pressure, the extent of gas production accordingly decreases. With a
decrease of pore pressure and increase of effective stress in the exploita-
tion process, the fracture channel is effectively compressed and results in
the reduction of the permeability ratio, as illustrated in Fig. 10(b). If the
effect of reservoir rock deformation during the reservoir depletion is
ignored, then the predictive value of gas production will be higher, which
will affect the evaluation of production wells.

E. Effects of Young’s modulus

The elastic modulus describes the linear elastic deformation
response of rock under the deformation condition, which is an

important geo-mechanical parameter used for defining the phenom-
ena in rock mass.44 The evolution of gas production and the perme-
ability ratio under different elastic moduli are illustrated in Fig. 11.
With an increase of the elastic modulus, the gas production increases,
and the increase of the elastic modulus will contribute to improving
the gas production rate and maintaining the same trend. The elastic
modulus of the fractures in reservoir rocks increases with an increase
of the elastic modulus, which results in compressibility reduction.
Under the same effective stress condition, the deformation of reservoir
fractures and ultimately the permeability are reduced. When the elastic
modulus goes to infinity, the predicted flow rate is consistent with that
of the result without considering the deformation caused by pore
pressure.

F. Effects of Poisson’s ratio

Poisson’s ratio of rocks is the negative of the ratio of transverse
strain to axial strain when an isotropic rock is subjected to uniaxial
stress only; this process is considered a significant mechanical property
that can be used to predict geomechanical behavior during the

FIG. 9. Evolution of gas production (a) and permeability ratio (b) under various permeability models.

FIG. 10. Evolution of gas production (a) and permeability ratio (b) under coupled and uncoupled models.
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reservoir depletion.45 Poisson’s ratio is a dimensionless physical quan-
tity used to reflect Poisson’s phenomenon. Poisson’s phenomenon
describes the following: when a material is compressed in one direc-
tion, it will elongate in the other two directions perpendicular to that
direction. The evolution of gas production and permeability under dif-
ferent Poisson’s ratio values is shown in Fig. 12. With an increase of
Poisson’s ratio, the gas production increases; this condition is favorable
for gas production, which maintains a consistent trend because an
increase of Poisson’s ratio indicates that the reservoir is not easily
deformed and that the compressibility of reservoir fractures is reduced.
The compressibility of reservoirs with a high Poisson’s ratio decreases
at the same effective stress condition while the gas production and per-
meability increase.

V. CONCLUSIONS

In this study, a mathematical model was developed to describe
the coupled process of incorporating two-phase fluid flow and rock
deformation caused by pore pressure during the reservoir depletion in
ultra-deep natural gas reservoirs. Stress-dependent porosity and

permeability models were adopted in this model. Based on the FE
method, the governing equations of the model were then implemented
and solved in COMSOL Multiphysics. The model was verified by the
reservoir depletion from the Keshen gas field in China, and the two-
phase fluid flow behavior was analyzed. In addition, the influences of
reservoir properties and geomechanics on gas production and perme-
ability evolution were discussed. According to the above results, the
following conclusions can be drawn: (1) During the reservoir deple-
tion, the reservoir pressure and water saturation exhibited a significant
funnel-shaped decline from the far field of the reservoir to the well-
head. The relative permeability of the gas phase was high, and it led to
additional methane gas production. The result was a reduction of the
average pore pressure and gas saturation near the wellhead. (2) The
production behavior differed when considering the geomechanical
effect in ultra-deep natural gas reservoirs. If the effect of reservoir rock
deformation was ignored, then the predictive value of gas production
was higher. This scenario affected the evaluation of production wells.
(3) Reservoir porosity, fracture permeability, elastic modulus, and
Poisson’s ratio directly influenced the gas production and rock

FIG. 11. Evolution of gas production (a) and the permeability ratio (b) under various elastic moduli.

FIG. 12. Evolution of gas production (a) and permeability ratio (b) under various Poisson’s ratio values.
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deformation. With an increase of reservoir porosity, fracture perme-
ability, elastic modulus, and Poisson’s ratio, the gas production
increased in the reservoirs. Larger porosity, elastic modulus, and
Poisson’s ratio in ultra-deep natural gas reservoirs corresponded to a
smaller deformation in the reservoirs. The smaller fracture permeabil-
ity results in larger deformation of ultra-deep natural gas reservoirs.
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