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The Keshen gas field in the Kuga Depression, the Tarim Basin, China, contains
multiple ultra-deep fractured tight sandstone gas reservoirs with edge/bottom
water, which are remarkably complex in geologic structure, with fracture
systems at different scales. There is still a lack of a method for effectively
describing the flow behaviors of such reservoirs. In this paper, the fracture
system was characterized by classes using the actual static and dynamic data of
the gas reservoirs, and the mathematical models of gas (single-phase) and gas-
water two-phase flows in “pore—fracture—fault” multi-porosity discrete
systems. A fracture network system was generated randomly by the Monte-
Carlo method and then discretized by unstructured grid. The flow models were
solved by the hybrid-unit finite element method. Taking Keshen-2/8 reservoirs
as examples, four types of dynamic formation modes were built
up. Performances of reservoir of the same category were systematically
analyzed, which revealed the coupling of gas supply and water invasion
mechanisms in different fracture systems. The gas single-phase flow was
found with the characteristic of “fault—fracture gas produced successively
and matric-fracture system coupling overlaid”, while the gas-water two-
phase flow showed the characteristic of “rapid water dash in fault, drained
successive in fractures and matric block divided separately”. This study reveals
the development features of this unique reservoir effectively, and designs
development strategies of full life cycle water control for enhancing the gas
recovery. It can be expected that the recovery factor of newly commissioning
reservoirs would be increased by more than 10% as compared with the Keshen-
2 gas reservoir. These findings will play an important role in guiding high and
stable production of Keshen gas field development in the long term.
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Introduction

Keshen gas field locates in the Kelasu structural belt of Kuqa
Depression in Tarim Basin, China. The breakthrough of Well
KS2 in August 2008 ushered in the large-scale exploration and
development of the Keshen gas field. By the end of 2021, the
original gas in place (OGIP) proved cumulatively reached
(Bcm),
production capacity exceeded 10.5 Bcm, allowing the Keshen

800 billion cubic meters and the annual gas
gas field to be the main battlefield for increasing gas reserves and
production in the Tarim Oilfield. With high mountains,
numerous cliffs and ravines developed on the surface, and
complex structures such as imbricate thrust structures and
sudden structures underground, the Keshen gas field is
characterized by large buried depth (5,000-8,000 m), high
pressure (88-138 MPa), tight reservoir matrix (0.001-0.5 mD),
multiple orders of faults, dominance of water-bearing gas
reservoirs and complicated water/gas distribution.

The complex surface conditions and underground geological
structures result in poor quality of seismic data. Conventional
acquisition and processing technologies cannot essentially
enhance the quality of data. Thus, the subsalt structures are
very difficult to interpret, and the structures can hardly be
confirmed. Without similar gas fields at home or abroad for
reference, two stages of development tests have been carried out
in Keshen-2 and Keshen-8 gas reservoirs in succession (Jiang and
Sun, 2018). The Keshen-2 gas reservoir was developed using the
areal well pattern and volumetric fracturing process, which is
often adopted in unconventional gas reservoirs, with regard to
concepts of tight gas and continuous oil and gas reservoirs. The
designed production capacity was 35 x 10°®m?®/a. However,
reliability evaluation was not conducted on seismic data for
the development plan design and well deployment, resulting
in a lot of failure and inefficient wells. Consequently, the initial
production capacity was only 22 x 10® m?*/a. At the initial stage of
production, the formation pressure dropped evenly but rapidly,
early two-phase flow back analysis (Zhang and Emami-Meybodi,
20205 Zhang and Emami-Meybodi, 2022) and online production
rate transient analysis results shown that there was a large
deviation between dynamic reserves and static reserves (Jiang
et al, 2021). The actual development indexes deviated greatly
from those in the designed plan, and water production was
observed soon after production. The natural productivity was
low, and the productivity declined rapidly after stimulation. The
total absolute open flow potential of wells in the block after
3 years of production was only 30% of the initial production
(Jiang and Sun, 2018). The Keshen-8 gas reservoir revealed
satisfactory development performance in line with the strategy
of hydrocarbon accumulation controlled by structures and
production controlled by fractures (Shen et al., 2022).

Significantly different from conventional fractured gas
reservoirs, the Keshen gas reservoirs have the development
characteristics of great productivity differences among wells,
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fast inter-well pressure responses, and quick water invasion
(Wang et al,, 2018; Li et al., 2022). Accordingly, for the Keshen
gas reservoirs, the development strategy was defined as
“centralized well placement at high positions, moderate
stimulation and early drainage” (Jiang and Sun, 2018; Li
et al., 2022), and it was recognized that flow occurs in the
“pore—fracture—fault” triple porosity system (Wei et al., 2019).
However, conventional dual-porosity (Barenblatt et al., 1960;
Warren and Root, 1963; Kazemi, 1969; Dean and Lo, 1988;
Kazemiand Gilman, 1993; Zeng et al., 2012) and triple-porosity
models (Liu, 1981; Liu, 1983; Wu et al., 2004; Wu et al., 2018)
cannot accurately characterize the flow patterns in such
heterogeneous with
“pores—fractures—faults”. The discrete fracture network
(DFN) model (Zambrano et al., 2016; Flemisch et al., 2017;
Rueda Cordero et al., 2018; Li et al., 2018; Tarhuni et al., 2021)
can accurately highlight the shape, orientation and conductivity

strongly reservoirs

of any fractures through visual description. Although it has
obvious advantages in dealing with deterministic fractured
sandstone reservoirs, the DFN model is not suitable for
highly randomly developed fractured reservoirs. Therefore, a
multi-scale random fracture network (Sun et al., 2022) and a
multi-scale discrete fracture numerical well test model were
constructed by randomly generating fractures and recombining
them in batches and regions for better description of reservoir
dynamic characteristics. It is necessary to further identify its
mechanism, so as to establish a reliable foundation for
formulating rational development strategy and enhancing
recovery of the gas reservoir.

Considering the highly discrete presence of fractures in the
Keshen gas field, based on the idea of DFN model, this paper
presents a mathematical model of gas single-phase flow in
“pore—fracture-fault” triple discontinuous media (Wei et al,
2019; Sun et al, 2022) to highlight the successive gas
production and coupling gas supply mechanism between
matrix and fracture systems of different scales. Using the flow
experimental data (Qi et al., 2021; Wang et al., 2021), a gas-water
two-phase flow model is established to reveal the progressive
water invasion mechanism in fractures with different scales.
Depending on the flow mechanisms of different types of gas
reservoirs at different stages of development, corresponding
development strategies are formulated.

Flow of gas in the
pore—fracture—fault multi-scale
media

Physical models and assumptions
The conventional dual-porosity continuum model of

fractured reservoir (Figure 1A) assumes the fractures as the
flow channels and the matrix as the reservoir space. This
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Discrete fracture network model

Physical models. (A) Dual-porosity model (B) Discrete fracture network model

paper considers the multi-scale discrete fracture network
physical model with three porous media, i.e., faults, fractures
(both natural and induced fractures) and matrix, as shown in
Figure 1B.

It is assumed (Wei et al., 2019; Sun et al., 2022) that: (1) there
are three kinds of porous media in the reservoir, i.e., matrix,
fracture and fault, which are different in permeability on at least
one order of magnitude; (2) the gas flow is single-phase flow
subject to the Darcy’s law; (3) the flow of fluid is one-dimensional
flow in fractures and faults, and two-dimensional flow in matrix,
and both fractures and faults are finitely conductive fractures
with different conductivities; and (4) natural fractures and faults
are randomly generated according to the probability distribution
function, and the induced fractures are wing-symmetrical
fractures.

Mathematical model
The governing equation of fluid flow in matrix (Sun et al,
2022) is

azme + azme _ Fop ame
Ox,  0yh K Otp

1)
The governing equation of fluid flow in faults (large
fractures) is

9’ poo _ Bt OPvip
aLf) Kyp Otp

(@)

The governing equation of fluid flow in natural fractures is

aZPst _ st aPst
B~ Ky Ofp

3)

The governing equation of fluid flow in induced fractures is

Frontiers in Energy Research

03

’pp  Fi dpp
LB 0 @)
o Kp otp
The initial condition is
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The inner boundary condition is
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where pp is the dimensionless pressure; xp and yp are
the dimensionless coordinate position in the reservoir; I is
the dimensionless coordinate in the natural fracture; Ly is
the dimensionless coordinate position in the fault (large
fracture); Kyp is the dimensionless permeability of the

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.977439

Jiang et al.

10.3389/fenrg.2022.977439

Pressure diffusion in pseudo-homogeneous fracture
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PPD curve of Keshen-2 gas reservoir derived from well test

FIGURE 2

Gas supply mechanism of single-phase flow in multi-scale media. (A) Pressure diffusion in pseudo-homogeneous fracture. (B) Successive
pressure diffusion in the. (C) PPD curve of Keshen-2 gas reservoir derived from well test.

natural fracture; Ky is the dimensionless permeability of
faults (large fractures); Kyp is the dimensionless permeability
of artificial fractures; K., p is the dimensionless permeability
of the matrix; fp is the dimensionless time; Cp is the
dimensionless wellbore storage coefficient; x and y are the
coordinate positions in reservoir, m; p is the reservoir
pressure, MPa; v is the pseudo pressure, MPa*/(mPa-s); ¢ is
the effective porosity, %; C; is the total compressibility, MPa™';
u is the gas viscosity, mPa-s; t is the production time, h; K, is
the reservoir matrix permeability, mD; Ky is the permeability
of induced fractures, mD; K is the permeability of small
fractures, mD; Ky, is the permeability of faults (big fractures),
mD; Fr is the storativity ratio of induced fractures; F; is the
storativity ratio of small fractures; Fy,¢is the storativity ratio of
faults (big fractures); [ is a location in the fracture, m; L is a
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location in the fault, m; x¢ is the half-length of the induced
fracture, m; I, is the inner boundary; g, is the gas production
under m’/d; T
temperature, K; h is the effective thickness of reservoir, m;
C is the wellbore storage factor, m*/MPa; S is the skin factor,

standard condition, is the reservoir

dimensionless; N is the number of inner boundary elements,
dimensionless; n indicates the external normal direction
of element I, dimensionless; Iy, is the outer boundary; Z
is the gas deviation coefficient, dimensionless; subscript
w indicates the bottom hole; subscript I indicates the initial
state.

The unstructured grid discretization technique is used to
perform Delaunay triangulation on the calculation area
containing random fractures, and the hybrid element finite
element method is used to solve the model (Wan et al., 2016).
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model. (C) Gas saturation calculated by Rubis software.

Flow mechanism

The numerical results of the above mathematical model show
that different from the conventional viewpoint on the pressure
gradient diffusion of the pseudo-homogeneous fracture network,
there is a sudden change in pressure between adjacent media in
the “pore-fracture—fault” and also spatial-temporal
differences in gas production in different porous media. The gas
single-phase flow is characterized by fault-fracture-pore gas
produced successively, coupling overlaid, and synergistic gas
supply. The prime pressure derivative (PPD) curve (Figure 2)
(Mattar and Santo, 1992) derived from well test also shows the
feature of gas supply from the matrix (the curve is usually a decline

system,
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curve, and the energy supply is reflected when the curve stops falling
and flattens).

Flow of gas/water in the
pore—fracture—fault multi-scale
media

Assumptions
There is a gas well in the discontinuous tight gas reservoir,

and there are faults, natural fractures and induced fractures
around the wellbore (Wei et al, 2019; Sun et al,, 2022), as
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FIGURE 4

Mechanism of gas-water two-phase flow in multi-scale media (in case of edge water). (A) Initial saturation field. (B) Saturation field at 300 d. (C)
Saturation field at 700 d. (D) Predicted gas/water production performance.

shown in Figure 1B. It is assumed that: (1) there are three kinds of
porous media in the reservoir, i.e., matrix, fracture and fault,
which are different in permeability on at least one order of
magnitude; (2) the flow is gas-water two-phase flow subject to the
Darcy’s law, the gas slippage effect is neglected, but the impacts of
capillary force is considered; (3) the flow of fluid is one-
dimensional flow in fractures and faults, and two-dimensional
flow in matrix, and both fractures and faults are finitely
conductive fractures with different conductivities; (4) natural
fractures and faults are randomly generated according to the
probability distribution function, and the induced fractures are
wing-symmetrical fractures; and (5) primitive water occurs in
three forms: edge water, bottom water and gas/water in the same
layer.

Mathematical model

The governing equation of matrix pressure (Kong, 2020;
Zhang and Emami-Meybodi, 2020; Shen et al., 2022) is:
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V- (lnVPum) + V- (AgnV em ) + AgnCom (V prem)”

OPwm
= 281.46¢Cim—— 9
¢Cum o ©)
The governing equation of matrix saturation is:
aswm a wm
V- (AymVPum) = 281.46¢ 5 281.468ym ¢Crwm gt (10)

The governing equation of fracture (fault) pressure is:

o[, 0pu\ O, 0ps opur\ Oput
3l <)L‘f 5 >+al <)Lg 5l >+)LgCg( 3l = 281.46¢C; pn

(11)
The governing equation of fracture (fault) saturation is:
o] o] 3 A OPws
The initial condition is:
p(x.,0) = pi (13)
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Mechanism of gas-water two-phase flow in multi-scale media (in case of bottom water). (A) Gas saturation field at 600 d (with 1 invasion point

to the well). (B) Gas saturation field at 1000 d (with 2 invasion point to the well). (C) Gas saturation field at 1300 d (with 3 invasion point to the well). (D)
Predicted gas/water production performance.

Sw (x,,0) = Sui (14) Ple, = pi—Ap (19)
The inner boundary condition is: Sw (B)lr,, = Swo (20)
N5 o] 11.739,B where A is the mobility, mD/(mPa-s); p is the reservoir pressure, MPa;
Zwt on lr " hg : (15) ¢ is the effective porosity, decimal; C; is the total compressibility,
- B MPa’; C, is the sum of pore compressibility and water
The closed outer boundary is: compressibility, MPa™'; y is the gas viscosity, mPa-ss; t is the
production time, h; S,, is the water saturation, dimensionless; Ser is
?TP =0 (16) the residual gas saturation, dimensionless; Apy, is the difference
MU o

between bottom water pressure and original reservoir pressure at

The outer boundary of edge water is: water invasion point, MPa; [ is the coordinate axis of fracture

governing equation, m; wy is the fracture width, m; I}, is the inner

Plr,, =D (17) boundary; g is the gas production under standard conditions, m*/d; h
Suw ()l = 1 - Sg (18) is the effective thickness of reservoir, m; I’ is the outer boundary; K is
the reservoir permeability, mD; subscripts g, w, ¢ and f indicate gas,
The outer boundary of bottom water is: water, capillary force and fracture or fault, respectively.
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In this paper, the control volume finite-element method
(CVEEM) is used to solve the governing equations composed
of Egs. 9-20, with detailed procedures given in Reference (Chen
et al., 2006). CVFEM is a combination of finite element method
and finite volume method. It integrates the interpolation function
of the former and the numerical calculation format of the latter.
Without the necessity of secondary reconstruction of grid,
CVEEM can directly use the finite element grids, which are
more flexible and accurate, and have the feature of local
conservation of finite volume.

Frontiers in Energy Research 08

Model validation

The proposed model and the commercial numerical
simulation software are used to numerically simulate the
gas-water two-phase flow in induced fractures (without
considering the random natural fractures) given the same
reservoir parameters and gas-water permeability curve, in
order to validate that the proposed model is constructed
and solved correctly. The initial pressure of the reservoir is
30MPa, the temperature is 100°C, the permeability is 0.1mD,
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TABLE 1 Correlation of structural styles and well test modes in Keshen gas field.

Structural style Wei et al., (2020) Well test mode Typical Production performance
block
Compressive, highly Development of oriented fractures; Keshen-2 High but unsteady production, with
steep fault anticline Underdevelopment of fracture network rapid water flooding
< 10°
v
_
L
[
s
“‘~.»"’é|;pe 0.57
10
107 10 10" t(h) 10' 10 10°
Compressive, abrupt Cutting-through oriented fractures; Development of ~ Keshen-8 High and stable production, with
structural anticline fracture network rapid water invasion after water
" production
g
£
7 .
%
s
Slope 1
w . . . .
10° 10% 10" lt&’) 10' 10° 10°
Compressive, wide, Pseudo-homogeneous; Well development of fracture ~ Keshen-9 High and stable production after
gentle fault anticline ] o A network acid fracturing
10°
== .
A g
e Lo
s
10
107 107 10" tﬁ) 10' 10° 10°
Weakly compressive, Pseudo-homogeneous; Underdevelopment of Keshen-13 Low and stable production after acid
wide, gentle fault fracture network (locally) fracturing, with significant

10°

anticline

‘/
, dy/dint [MPa"/(mPas)]
a

differential pressure

10°

10° 107

the effective thickness is 10m, the porosity is 10%, the water
saturation is 60%, and the gas relative density is 0.6. The half-
length of the fracture is 100m, the conductivity is 100mDem,
the gas flow rate is 10000 m*/d, production time is 1000 h.
Figure 3 compares the calculation results of bottom-hole
pressure and saturation field. It is found that the bottom-
hole pressure and water production calculated by the
proposed model are consistent with the results of the
conventional classical model, which verifies the correctness
of the proposed model and its solution.
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Flow mechanism

It can be concluded from the numerical results of the
that, different
pore—fracture-fault combinations, the characteristics of

mathematical ~ model  above in
water invasion are complex and diverse, rather than the
singular mode of water channeling along fault/fracture in
traditional view. Generally, gas-water two-phase flow in
multi-scale media is characterized by “rapid dash in fault,

drained successive in fractures and matric block divided
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FIGURE 8
Pressure build-up test curve for a well in Keshen-2 gas
reservoir.

separately”. In case of edge water, the initial pressure of the
120MPa, 160°C, the
permeability is 0.2mD, the effective thickness is 80m, the

reservoir is the temperature is
porosity is 8%, the water saturation is 35%, and the gas
relative density is 0.6. The drainage range is 1.2 km*1.2 km.
There 200 natural this the
average fracture length is 200m, the conductivity is
10000mD-m, and the gas production is 50 x 10*m?/d to
simulate the production for 710 d. With the production,

are fractures in area,

pressure drops gradually and the edge water approaches the
producer along faults or fractures. When the water invades
the the
significantly, the bottom-hole pressure decreases

into producer, water production increases
and
greatly, as shown in Figure 4.

In case of bottom water, it is assumed that there are three
points at which natural fractures communicate with the bottom
water around the gas well. There are 100 natural fractures in the
drainage area, the average fracture length is 150m, and other
parameters are consistent with the edge water conditions. With
the production, the pressure drops gradually, and the water
approaches the well along the fractures. When the water
invades into the well, the water production increases
instantaneously. As the impacts of invasion points arrive one
after another, the water production increases and the bottom-
hole pressure decreases in steps. The three invasion points
correspond to three steps, and the time of the steps
coincides with the time when the water in the saturation
pressure field invades into the well, as shown Figure 5. There
is a large amount of residual gas in the matrix outside the water
invasion pathways.

The that the

displacement is faster initially when there are more

high-pressure lab test also shows

fractures. After the displacement interfaces intersect in
fractures, a large amount of water trapped gas is generated
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in the matrix between two intersecting fractures, which
reduces the instantaneous displacement efficiency. The
more the intersected fractures, the easier the generation of
water trapped gas. In the unstable displacement stage,
migration of gases, including large gas bubbles and smaller
foggy bubbles with small particle sizes, can be observed for a
relatively long time. In the stable displacement stage, only a
small quantity of bubbly water trapped gas is adsorbed at the
interface between matrix and fracture, and a small amount of
water trapped gas remains in the fracture channels, as shown
in Figure 6.

Dynamic description of reservoirs in
Keshen gas field

As a kind of typical fractured tight sandstone reservoirs, the
Cretaceous Bashijigike Formation reservoirs in the Keshen gas
field experienced multiple phases of tectonic movements and
intensive tectonic compression. Consequently, they exhibit
complex patterns of fracture evolution and development,
characterized by “multi-phase, multi-scale, multi-strata and
multi-occurrence”, as shown in Figure 7.

By using the 3D laser scanning for outcrop fracture
characterization, imaging logging fracture identification under
ultra-deep, high-temperature and high-pressure conditions,
CT
characterization, four structural patterns are identified in the

effectiveness  evaluation and  industrial fracture
Cretaceous. From north to south, the anticlines transits gradually
from strongly compressive, highly steep and sudden anticlines to
weakly compressive, wide, gentle and flat anticlines. Due to the
difference in compressive stress during the uplift of South
Tianshan Mountains, the northern belt (Keshen-2-Kela-2) is
dominated by oblique extrusion deformation, with a series of
basement involved thrust faults, together with multiple vertical
imbricate stacks to form wedged thrust structure. The southern
belt (south of Keshen-2) is dominated by horizontal shrinkage
deformation, with a series of detachment faults to form
detachment-thrust and abrupt structures. Fractures are
different in characteristics from structural style to structural
style, and the structural styles agree well with well test modes
(Table 1).

Massive well test data show that the Keshen gas field has the
characteristics of flow in pore-fracture-fault multi-scale media,
and the permeability difference between matrix and fracture is
more than 5 orders of magnitude. Figure 8 illustrates the well
testing curves of typical wells. Since the existence of large
fractures was not recognized in the early evaluation stage of
Keshen 2 gas reservoir, the designed indexes were too optimistic.
In reality, problems such as water production and sand
production occurred shortly after the production.

In the past 2 years, breakthroughs in production profile

technologies for gas wells with ultra-high pressure (with
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Comparison of production profile and remote exploration acoustic logging data of a well in Kelasu gas field.
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wellhead pressure over 100 MPa) and narrow tubing and
of logging
technologies further verified the accuracy of dynamic

extensive  application remote  acoustic
description based on well test data. As shown in Figure 9,
the remote acoustic logging data interpretation results show
the existence of large fractures around a well. Production
profile test further proves that both gas and water are

produced from these large fractures.
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Within individual gas reservoir, the overall connectivity is
good, and different fracture patterns lead to varying production
characteristics. According to well interference test, the inter-well
interference is strong inside the gas reservoir. Due to the
existence of “highway” between wells, the interference signal
can reach the adjacent well, that is, 1 km away in ten some
minutes, while the response time of the interference signal of two
wells more than 10km away is only 7-10h. In the early
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Fine fault characterization and AFE microfracture attributes in Keshen-8 gas reservoir.
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FIGURE 12
EUR and abandonment pressures at different water
drainages.

development stage, the formation pressures in different parts of
the gas reservoir basically keep decreasing synchronously. In the
Keshen-2 gas reservoir with oriented fractures, pressure waves
can sweep the entire fracture network within a short time, and
formation water invades unevenly and rapidly along fault system.
Matrix, fracture and fault are coupled in terms of gas supply
(Figure 2B). However, the gas supply of the matrix system to the
fractures is limited, leading to rapid decline of pressure and
production; the gas reservoir is divided by water invasion
channels after non-uniform water invasion. In addition to
oriented large fractures, the Keshen-8 gas reservoir contains
evenly distributed small fractures, allowing the gas wells to be
highly capable of high and stable productivities. The flow
behaviors of such gas reservoirs have been evidenced by the
test results of Well KeS8-5. As shown in Figure 10, the remote
exploration acoustic logging data show the existence of four
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faults within 30 m around Well KeS8-5; the imaging logging
interpretation indicates that fractures are evenly distributed
vertically in Well KeS8-5; the production profile test suggests
that gas is not produced evenly, but predominantly from two
6853.0-6965.0 m and 6951.0-6953.0 m. These
conclusions coincide well with the results of dynamic

intervals:

description based on well test data.

Strategies for water control

Water invasion is the biggest challenge for maintaining the
stable production at 10 Bcm in the Keshen gas field. Once water
breaks through in the gas reservoir, the formation water may
quickly invade the gas reservoir along the “highway” to cause
“water trapped gas”, thereby reducing the production
significantly. For example, the Keshen-2 gas reservoir was
put into production test in April 2013, and water production
was initially observed in wells at the edge in 2014. Because no
continuous and effective efforts were made to drain the water
timely, wells in the south, north and middle and high parts of
the gas reservoir came into water production successively from
May 2019. As a result, the gas production declined rapidly. The
gas reservoir was divided by water with the significant feature of
pressure partition, which made the gas recovery in the matrix
very difficult. The Keshen-8 gas reservoir was put into
production in July, 2015. Since 2020, water was produced in
six wells (incl. KS8-11, KS801, and KS802) successively in the
west of the gas reservoir. The formation water advanced rapidly
along the large fault system (Figure 11). The logging data of the
water-producing wells show that the main gas producing layers
obviously correspond to the water producing layers, and the
formation water mainly came from the fracture zone in the
perforated interval.
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Change of chloride value in Well KS8-15

Mechanism research and development practices have proved
that the early gas recovery by water drainage has a significant impact
on the enhanced gas recovery of the Keshen-8 gas reservoir. After
water production, the wells at the edge of the gas reservoir were
transformed to be developed by water drainage, with the designed
daily water drainage of 200-4,000 m®. Figure 12 shows the
prediction results of numerical simulation. Clearly, as the water
drainage increases, the abandonment pressure of the gas reservoir
drops, the EUR improves, and the water breakthrough time delays.
This scheme exhibits the EUR enhanced by 10%, abandonment
pressure reduced by 7.62 MPa and water production in structural
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high delayed by 5 years compared with the schemes at the water
drainage of 1000 m® and 2800 m”.

In November 2021, coiled tubing enhanced gas lift drainage
was conducted in two water-producing wells, KS801 and KS802,
at the structural edge of the Keshen-8 gas reservoir. After the
large-scale gas-lift drainage in Well KS801, Well KS8-11
maintained stable daily gas production and slight rise of
tubing pressure (from 22.5 MPa in early December 2021 to
27.79 MPa in early February 2022) while the production
system was kept unchanged, indicating remarkable effects.
Moreover, the water drainage capacity of the two wells
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decreased gradually, which further indicates that the water
energy is limited (Figure 13).

efficiency
improved
by 2-4%

Enhanced gas recovery by water drainage was carried out
in Wells KS802 and KS801 in the western part of the Keshen-
8 gas reservoir. As a result, the chloride value in the reservoir
decreased gradually until it became stabile. For example,
the chloride value in Well KS8-15, 1.2 km away from Well
KS802, decreased gradually from 85,772 mg/L and kept
stable at 6,292-7,084 mg/L. As the intensity of water
drainage reduced, the chloride value rose again rapidly
(Figure 14).

The water drainage practices demonstrate that the early
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water drainage can cut off the “highway” for water invasion in
the Keshen-8 gas reservoir. Accordingly, the water control
strategies are customized for weak, strong and watered out gas

Typical
block
KeS2

reservoirs (Table 2).

Conclusion

(1) With  comprehensive consideration to morphology,

Altitude (m)

orientation and conductivity of multi-scale fractures, the
mathematical model for coupling gas single-phase and

Es

gas-water two-phase flows in the pore—fracture-fault
system was established. It provides a new way for
researches related to development mechanism of tight
sandstone gas reservoirs with pores, fractures and faults.

(2) There is a sudden change in pressure between adjacent

A

media in the “pore—fracture—fault” system, and also spatial-

KeS203 (projection)

temporal differences in gas production in different porous
media. The mechanism of fault-fracture-pore gas
produced successively, coupling overlaid, and synergistic

A

KeS201

gas supply is established, laying a foundation for
enhancing the gas recovery through reservoir stimulation
characterized by “moderate stimulation of low-efficiency
fractures and expansion of fracture network for synergetic
gas supply”.

(3) In different pore-fracture-fault combinations, the

on)

A

characteristics of water invasion are complex and diverse,
rather than the singular mode of water channeling along

KeS205 KeS2-2-H1

““““ fault/fracture in traditional view. Generally, gas-water two-

KeS3

Ke$301 (Projection) Crrojection)  (project

phase flow in multi-scale media is characterized by “rapid

AA A

dash in fault, drained successive in fractures and matric block
divided separately”, laying a foundation for the water control

KQZ1

strategy of “multi-scale complex flow field optimization for
production allocation and early water drainage”.

(4) The water drainage practices demonstrate that the early
water drainage can cut off the “highway” for water
invasion in the Keshen-8 gas reservoir. This scheme
exhibits the EUR enhanced by 10%, abandonment
pressure reduced by 7.62 MPa and water production in

Gas reservoir profile
2
KeS106
Altitude (m) A

©

structural high delayed by 5years compared with the

TABLE 2 (Continued) Different water-control strategies for the Keshen gas fields.

ype
Watered
Out State
of Gas
Reservoir

schemes at the water drainage of 1000 m’ and 2800 m’.
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