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W N e

Abstract: Fractures are common features in deep gas reservoirs with strong heterogeneity, which
are generally evaluated by well-testing analysis. Based on the characteristics of a variety of spatial
scales from microscopic fractures to macroscopic faults in the Kuche area, this paper investigated
the pressure behavior of naturally fractured gas reservoirs by using four typical patterns, including
the Warren—-Root model, radial composite model, dual-flow-state model, and local heterogeneity
model. As a result, typical well-testing curves and parameter sensitivity analysis were demonstrated
in detail. Furthermore, the pressure transient behavior of multi-scaled fractured reservoirs was
identified by use of a state-of-the-art workflow. The analysis shows that the four patterns and
their identification processes were feasible for the inversion of reservoir parameters in fractured gas
reservoirs. Combined with dynamic data, the proposed method could further guide the optimization
of development schemes and is of great significance for the development of fractured gas reservoirs.

Keywords: Tarim Basin; naturally fractured reservoir; well-testing analysis; multi-scaled

1. Introduction

In recent years, deep and ultra-deep gas reservoirs have become an important area for
the expansion of natural gas storage and production in China [1]. There exist numerous
hydrocarbon reserves in the Kuche area, Tarim Basin, especially in the front overthrust belt
of the Kuche Mountains. With the continuous deepening of exploration and development,
breakthroughs have been made from the deep reservoirs in Kela2 [2—4] to the ultra-deep
reservoirs in the Bozi and Dabei areas [5-7]. Natural gas production has skyrocketed and
has become the most important area for the development of natural gas production capacity
in the Tarim Basin. The geological conditions of the deep and ultra-deep gas reservoirs
are very complex [8], which are characterized by a great burial depth, high temperatures,
extremely high pressure, dense matrix, and developed faults and fractures. The complex
structural movement makes significant differences to the generations of naturally fractured
reservoirs, resulting in different production dynamics and development strategies [9]. The
identification of different models to fit the fracture-matrix pattern is of great importance for
the development of such gas reservoirs. Well-testing analysis is based on seepage theory,
and various models are established to fit production performance data and invert and
evaluate geological parameters, which provide a basis for development scheme formulation
and optimization of fractured gas reservoirs [10].

Deep gas reservoirs in the Tarim Basin are characterized by developed fractures and
strong heterogeneity. It is important for reservoir engineers to select well-testing models to
appropriately describe the fractures. The dual-porosity model is widely used for fractured
gas reservoirs. Barenblatt et al. [11] first proposed the concept of dual media, treating
natural fractured reservoirs as matrix systems and fracture systems, both considered as
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continuous media. However, there are differences in the storage and permeability capabili-
ties between the two media. Warren et al. [12] proposed the classic Warren—Root model
based on the concept of dual media, assuming that the matrix of dual-porosity media
experiences pseudo-steady-state flow towards fractures. Kazemi [13] and De Swaan O [14]
proposed a dual-porosity model with plate matrix and sphere matrix, respectively, based
on the Warren—-Root model of block matrix and stable channeling, which considers the
unstable cross-flow from the matrix system towards the fracture system. Subsequently,
numerous researchers developed and improved the dual-porosity model [15-24] to charac-
terize fractures and flowing behaviors of fractured reservoirs. Because of simplification,
the dual-continuum model cannot grasp the transient behaviors in reservoirs with large
isolated fractures and can lead to large errors. To more precisely describe fractures and
multi-scale characteristics of fractured reservoirs, a number of numerical models with
discrete fracture networks (DFNs) were developed. Sun et al. [25] established a numerical
well test model based on multi-scale media by combining the random generation of natural
fracture networks with the unstructured grid method and solved it by using the finite
element method with mixed elements. Chen et al. [10] proposed a numerical well-testing
model considering discrete fractures and permeability heterogeneity for radially complex
fractured gas reservoirs and the PEBI method was used for local grid refinement by MRST.

However, each method has disadvantages. It is difficult to accurately describe the
characteristics of reservoir fractures in the Kuche area by use of one single continuum
model due to the great heterogeneity. Even when using a numerical model which can
more precisely characterize the natural fractures, a large number of fractures can lead to
difficulties in description and a significant increase in computational time costs, resulting
in biased interpretation of the results. To address the shortcomings of the single continuum
method and according to the fact that actual well-testing curves in the Kuche area always
include concavity and lines with slopes from 0.5 to 1 [1], a set of identification procedures
of fault-pore—fracture multi-scale media well-testing models is established in this article
including the Warren—Root model, radial composite model, dual-flow-state model, and
local heterogeneity model. Parameter sensitivity analysis of the four models and application
to a field case study in the Kuche area were conducted, which showed the influence factors
for the curve shapes of different patterns and the utility of the identification procedure.

The well-testing model identification procedure proposed in this paper can be feasibly
used for the selection of different models and inversion of formation parameters in fractured
reservoirs in the Kuche area. Combined with dynamic data of wells, the results can help
guide the optimization of development schemes due to water invasion or other adjustments
of the reservoir, which can help enhance the recovery.

2. Development of Well-Testing Models
2.1. Development of Models

The Warren—Root model is the most typical and widely used dual-porosity model,
suitable for reservoirs with network-type and interconnected fractures, through elastic
storage capacity ratio w and cross-flow coefficient A to describe the relationship between
fractures and matrix and, based on the assumption that seepage in the matrix rock block is
at the pseudo-steady-state stage (i.e., the pressure drop rate at each point in the matrix rock
block is the same), the flow function between the matrix block and surrounding fractures is
given (i.e., the pseudo-steady-state flow function).

To compensate for the shortcomings of the Warren—Root model in describing the
multi-scale fracture matrix and reservoir heterogeneity, three well-testing models based
on the Warren—Root model are proposed in this paper, which are consistent with the
characteristics of fracture development in the Kuche area (Figure 1).
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Figure 1. Schematic diagram of four well-testing models in the Kuche area: (a) Warren—Root
model, modified from [12]; (b) Radial composite model; (c) Dual-flow-state model; (d) Local
heterogeneity model.

2.2. Model Assumptions and Mathematical Models

To establish the mathematical model, four fluid flow diagrams for different models are
drawn to describe the fluid flowing from the reservoir to the wellbore, as shown in Figure 2.
The Warren—Root model describes the flow process from the matrix to fractures and then
to the wellbore under the assumption that fluid cannot flow from the matrix to the well
directly. The radial composite model divides the seepage area radially into two regions: the
inner tight matrix region and the outer dual-porosity region. Different from the radial
composite model, the dual-flow-state model consists of an inner dual-porosity region and
outer matrix region, with the well located in the matrix block. This model describes the
flow process from the matrix to the dual-porosity region and then to the matrix where the
well is located and eventually to the wellbore. The local heterogeneity model considers
the influence of locally disconnected fractures and connected fracture networks and the
flow process can be divided into two parts: 1. fluid flow from disconnected fractures to
corresponding matrix then to connected fractures; 2. fluid flow to the matrix where the
well is located and eventually to the wellbore.
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Figure 2. Schematic diagram of fluid flow in four models: (a) Warren—-Root model; (b) Radial
composite model; (¢) Dual-flow-state model; (d) Local heterogeneity model.
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Basic assumptions of the four well-testing models are as follows:

e  The matrix is cut into equal-sized hexahedra in the fracture development zone, which
conforms to the Warren—-Root model;
The reservoir is sealed up and down with equal thickness;
The fluid is single-phase compressible and pseudo-pressure is applied to linearize the
flowing equation;

e  The influences of capillary force and gravity are ignored, and the temperature during
the seepage process remains constant;

e  The reservoir fluid follows the Darcy flow law.

2.2.1. Warren—Root Model

In order to accurately describe the gas property and solve the flowing equation,
pseudo-pressure [26] and dimensionless form are introduced. The multi-composite model
proposed by Huang et al. [27] can be simplified to the Warren-Root model when assuming
one region exists in the model. For more details as to the process of solving flow equations,
please see [27].

The dimensionless equation governing fluid flow can be obtained as follows [27]:

1 a(r alﬁfD) _wal/JfD

)alme

+(1-w o

il = 1
rp Orp arp dtp M
where ¥sp and ¢,,p denote the dimensionless pseudo-pressures of the fracture and matrix
system; rp denotes the dimensionless radial distance; tp denotes dimensionless time.

The second term on the right side of the equation can be written as [27]:

alme
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where w is elastic storage ratio, dim; A is cross-flow coefficient.
The expressions of w and A are as follows [27]:
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2.2.2. Radial Composite Model

By simplifying the multi-composite model [27] into a dual-composite model with
the inner region of tight matrix, we can obtain the radial composite model proposed in
this article.

The dimensionless governing equation for the inner zone is as follows [28]:

1 09 (1’1 a#’lmD) _ OP1mp )

71p O1p orip ) Otp

where 1, is the dimensionless pseudo-pressure of the matrix system in the inner zone;
r1p is the dimensionless radial distance in the inner zone.

The outer zone is a dual-porosity media (Warren—-Root model), and the control equa-
tion is as follows [27]:

18<r al,bsz) - m(walﬁsz La _w)allszD) 5)

2D -
72D Or2p or2p 12 dtp dtp

where 15 and ¢, denote the dimensionless pseudo-pressures of the fracture and matrix
system in the outer zone; rop denotes the dimensionless radial distance in the outer zone.
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The expression for diffusivity 7 is as follows [27]:
k
= (6)
1 PugC

where k is permeability, D; jig is gas viscosity, mPa-s; C; is total compressibility, MPa 1.
The dimensionless junction interface condition is as follows [27]:

oPip _ kopq 0yop

$10(r" tp) = Y2 (", tp), orip  kipo 9rap

(7)

where ¢1p and ,p represent the dimensionless pseudo-pressures; r* represents the junction
interface of the inner and outer zones.

2.2.3. Dual-Flow-State Model

Based on the fact that a line with slope of 0.5 often appears on the well-testing curve
in the Tarim Basin, which shows a characteristic linear flow at the late stage, we establish
a model including an inner dual-porosity region and outer linear flow region. The inner
zone is the same as in the radial composite model, and the control equations will not be
elaborated here. The governing equation describing the linear flow in the outer zone is as
follows [29]:

Yamp _ 11 0Y2mp
?xomp M2 Otp

(8)

where 1, represents the dimensionless pseudo-pressure of the outer matrix; x,,, denotes
the dimensionless distance in the x direction.
The condition at the junction interface is as follows [29]:

oP1p _ kap 9¢op
orip  kipz 9xop

Y1p = Pap, )

2.2.4. Local Heterogeneity Model

The local heterogeneity mathematical model can be divided into two parts, describing,
respectively, the inner flow process of the matrix and the flow process from the matrix to
fractures and then to the matrix and finally to the wellbore.

1. Inner flow process of matrix

For all matrix blocks except for the matrix where the well is located, the investigation
radius is used to simulate the equal pressure line of the matrix blocks [30], as shown
in Figure 3. The edge pressure of the matrix is the lowest, and the inner pressure of the
matrix is the highest. From the inner to the outer seepage, each matrix edge can be
considered as a well, and the matrix blocks can have any shape with a larger set area.

The governing equation in radial coordinates can be expressed as [30]:

821/)2 alpz B 1 81p2
ar,? +“’(r>(ar2) = 36 ot (19

where 1, denotes the pseudo-pressures in the matrix, MPa?/(mPa-s); 77, denotes the
diffusion coefficient of matrix, m2/h; r, denotes the radial distance in the matrix, m.

w(r) is defined as follows and is equal to 0, 1/7, and 2/ for linear flow, radial flow,
and spherical flow, respectively [30]:

w(r) = =5 11)
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C(r) is the diffusion area of the matrix fluid and is expressed as follows [30]:

Rin
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Figure 3. Schematic diagram of flow in heterogeneity model, modified from [30]: (a) Relationship
between fractures and matrix; (b) Matrix under initial condition; (c) Investigation and contours of
pressure; (d) Fluid flow from matrix to wellbore.

2. Flow process from matrix to fracture and then to matrix and finally to the wellbore

After the fluid flows from the matrix to the fracture, the pressure difference in the
fracture can be ignored under the assumption that fractures are of infinite conductivity.
Under this assumption, fluid in each matrix flows directly to the matrix block containing
the wellbore and then it flows radially to the wellbore.

The material balance equation for the fracture system can be expressed as [30]:

i=n t
Y [ e+ [ auckat=cipVigr (i - py) (13)
i=1

where n represents the number of matrixes, dim; g; represents the flux from each matrix to
fracture; m3/d.
The radial flow equation of the matrix block where the wellbore is located is as follows:

19 ( g\ _ 1 3
1 arl (Tl 61’1 ) N 361’]1 ot (14)

where 7 denotes the pseudo-pressures in the matrix, MPa?/(mPas); 7; denotes the
diffusion coefficient of the matrix, m?/h; r; denotes the radial distance in the matrix, m.

3. Results of Models
3.1. Typical Well-Testing Curve Chart and Flow Stage Division

By combining the seepage control equation and continuity equation, a MATLAB
(R2022b) program is used to solve the equations. With time as the x-axis and dimensionless
pressure and pressure derivative as the y-axis, typical well-testing curve diagrams for
different well-testing models are drawn (Figure 4), and the curves are divided into four
stages using well-testing analysis methods.
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Figure 4. Typical gas-well-testing curves of four models: (a) Warren-Root model; (b) Radial composite
model; (¢) Dual-flow-state model; (d) Local heterogeneity model.

According to the typical well-testing curves, the gas seepage process can be divided
into four stages: (1) and (4) are common stages of the four models, and stage (1) shows a
pressure derivative slope of 1 and “hump” characteristics, namely wellbore storage and
skin effect stage; stage (4) exhibits a characteristic of a later pressure derivative slope of 1,
which is the boundary control flow stage. The differences between the four models are
mainly reflected in stages (2) and (3), where the Warren-Root model stages (2) and (3) show
a concave and horizontal line, respectively, that implicates the dual-porosity stage and
radial flow stage, while the dual-flow-state model shows a concave line in stage (2) but
shows a slope of 0.5 in stage (3), that is, the fluid inside the outer matrix flows linearly
into the fractures. Stages (2) and (3) of the radial composite model and local heterogeneity
model are radial flow and dual-porosity stages, respectively. The differences between the
radial composite model and local heterogeneity model are that the duration of the wellbore
storage stage in the radial composite model is longer and the dual-porosity characteristic is
more obvious in the local heterogeneity model which is slightly influenced by the elastic
storage ratio.

3.2. Sensitivity Analysis of Well-Testing Curves

In this section, we conduct a sensitivity analysis on the four well-testing models
under different conditions to investigate pressure transient behaviors such as elastic energy
storage ratio, cross-flow coefficient, and matrix block area and their impact on typical
well-testing curves is summarized. Studying different sensitivity parameters is of great
significance in understanding the range of influence of each parameter on the well-testing
curve and also helps to interpret well-testing data in the next step and understand pressure
data measured on-site.
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3.2.1. Warren—Root Model

As shown in Figure 5, the elastic storage capacity mainly influences the degree of
hump and “depression”; as the elastic storage capacity ratio increases, the fracture storage
and gas supply capacity are enhanced, so the “hump” gradually decreases which reflects
milder pressure buildup, and the curve shows a decrease in the degree of “depression”,
indicating a weakening of the matrix’s ability to supply to fractures. When the elastic
energy storage ratio equals 1, the “depression” will not be observed but directly appear as
a planar radial flow in the well-testing curve. The cross-flow coefficient only influences
the occurrence of concavity but not the degree. The greater the cross-flow coefficient, the
earlier the occurrence of concavity, reflecting the earlier the supply of the matrix to the
fracture begins.
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Figure 5. Sensitivity analysis of Warren-Root model parameters. The solid lines represent dimen-
sionless BHP, the dashed lines represent derivative of dimensionless BHP: (a) Pressure transient
behavior under different elastic energy storage ratios; (b) Pressure transient behavior under different
cross-flow coefficients.

3.2.2. Radial Composite Model

As shown in Figure 6a, in the dual-porosity stage, the degree of concavity of the
derivative curve gradually decreases with the increase in the elastic energy storage ratio,
until it completely disappears. In the later stage of boundary flow, pressure waves reach
the reservoir boundary and fluid flow enters a pseudo-steady state. In general, a horizontal
line can be seen after the dual-porosity stage, indicating the planar radial flow. However,
due to the small radius parameter setting, the horizontal line cannot be seen and results in
different time to reach the reservoir boundary that is displayed as multiple parallel straight
lines with a slope of 1. The larger the elastic energy storage ratio, the earlier it reaches the
boundary and the larger the value of the pressure derivative. As shown in Figure 6b, at
the radial flow stage, as the permeability ratio of the inner and outer zones increases, the
radial flow time also increases continuously, and its derivative curve shows a horizontal
straight line with a value of 0.5. During the cross-flow stage, the degree of curve concavity
decreases with the increase in the permeability ratio. Different from the curve shapes under
different elastic storage ratios, the graph shows multiple overlapping straight lines with a
slope of 1 in the boundary flow stage because of the same elastic storage ratios.
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Figure 6. Sensitivity analysis of radial composite model parameters. The solid lines represent
dimensionless BHP, the dashed lines represent derivative of dimensionless BHP: (a) Pressure transient
behavior under different elastic energy storage ratios; (b) Pressure transient behavior under different
inner and outer permeability ratios.

3.2.3. Dual-Flow-State Model

As shown in Figure 7, when the area of the linear flow substrate remains constant,
the aspect ratio (i.e., the ratio of the length in the x direction to length in the y direction of
the matrix block, which in fact reflects the shape of the reservoir) will affect the degree of
concavity of the pressure derivative curve and the time to reach the boundary flow. As
the aspect ratio increases, the reservoir length in the x direction will be larger, the degree
of concavity in the curve decreases, and both the pressure drop and pressure derivative
increase, with a longer linear flow time and later arrival time at the boundary flow stage.
When the area of the matrix block decreases, the hump and pressure decrease. The area of
the matrix block does not affect the linear flow and boundary flow stages and presents two
straight lines with slopes of 0.5 and 1 on the well-testing curve.
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Figure 7. Sensitivity analysis of dual flow state model parameters. The solid lines represent dimen-
sionless BHP, the dashed lines represent derivative of dimensionless BHP: (a) Pressure transient
behavior under different aspect ratios of linear flow matrix blocks; (b) Pressure transient behavior
under different matrix block areas.

3.2.4. Local Heterogeneity Model

As shown in Figure 8a, as the elastic storage capacity ratio increases, the pressure
drop and pressure derivative of the reservoir gradually increase, and the increase in the
amount decreases, with the curve showing a decrease in the degree of depression. In the
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later stage of boundary flow, pressure waves reach the reservoir boundary and the graph
shows multiple parallel straight lines with a slope of 1. As shown in Figure 8b, as the area
of the matrix block increases, the radial flow time increases because the pressure response
requires more time to propagate to the boundary of the matrix block where the well is
located, which leads to a more pronounced radial flow stage. The pressure derivative
curve gradually shifts upwards, showing a decrease in the degree of concavity, which is
because when the matrix block area increases, the number of matrixes will decrease and
the dual-porosity characteristic will tend to disappear on the well-testing curve. The area
of the matrix block plays an insignificant role in the occurrence of the boundary flow stage
and presents basically overlapping lines with a slope of 1 on the well-testing curve.
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Figure 8. Sensitivity analysis of local heterogeneity model parameters. The solid lines represent
dimensionless BHP, the dashed lines represent derivative of dimensionless BHP: (a) Pressure transient
behavior under different elastic energy storage ratios; (b) Pressure transient behavior under different
matrix block areas.

4. Identification Procedure of Well-Testing Model

Based on the four proposed well-testing models, a multi-scale media well-testing
model identification procedure for faults, pores, and fractures is established, as shown
in Figure 9.
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I 1
I |
1 H |
! [ Reseryoit ] [ Geology‘ ] [ Well testing data ] d
L parameters characteristics !

i Primary identification .
: Concave after wellbore Horizontal line after wellbore :
X storage and skin effect storage and skin effect i
\ 7

i further identification

i [ Line with slope of 1 ] [ Line with slope of 0.5 ] [ Short wellbore storage ] [ Long wellbore storage ]
|

\

(boundary flow) (linear flow) time + manifest depression time + slight depression
DS S S S S
i Selection of different well test models !
| Dual flow Local heterogeneity Radial composite ,
:‘ state model model model !
.

| ’
L inversion )

Figure 9. Identification procedure of multi-scale media well-testing models for fractured gas reservoirs.
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The basic identification process includes the following:

1.  Based on the basic parameters of the reservoir, geology characteristics, and well-testing
data, we first plot the pressure and its derivatives in a log-log coordinate, namely
pressure transient analysis (PTA) curves;

2. According to the analysis of the characteristics of the flow stages in the well-testing
curve, when a concave curve appears after the wellbore storage and skin effect stage,
followed by a horizontal line and boundary flow which manifests as a line with a slope
of 1 on the derivative curve, the Warren—Root model should be used for well-testing
analysis. However, due to the fracture development heterogeneity, the area of the
“Warren—Root system” is small and the horizonal line is always covered by a boundary
line which leads to the “disappearance” of the radial flow stage;

3. When linear flow characteristics with a slope of 0.5 and a boundary flow stage with a
slope of 1 appear after concavity on the well-testing curve, the dual-flow-state model
should be used for well-testing analysis. For most cases, there is only the line with
a slope of 0.5 and the line with a slope of 1 does not coexist with it. So, the line
with a slope of 0.5 can serve as a sign for choosing the dual-flow-state model for
parameter inversion.

4.  If the time of the wellbore storage effect stage is short and radial flow characteristics
appear on the curve after it and subsequently a concave line appears, the local
heterogeneity model should be used for well-testing analysis;

5. However, the time of wellbore storage effect stage may be difficult to identify which
can lead to misjudgment of the well-testing model. So, the geology characteristics
and curve analysis are needed to help choose the appropriate model. If the reservoir
geology characteristics near the well show local heterogeneity with high fracture
development, the local heterogeneity should be considered first. Furthermore, from
parameter sensitivity analysis, we can obtain that the elastic storage ratio can influence
the degree of depression for the radial composite model while it has a slight influence
on the local heterogeneity model due to its local fracture development. So, if the
degree of concavity on the curve is not significant, the radial composite model is more
appropriate for parameter inversion.

Two important pieces of information can be obtained through this identification
procedure. Firstly, it reveals the reservoir pattern around the well, including the multi-scale
media characteristics of faults, pores, and fractures. This information, when combined
with the dynamic characteristics of gas well production, allows for the implementation of
corresponding measures to address issues such as water invasion. The second piece of infor-
mation involves the inversion of reservoir parameters, which holds significant importance
for productivity calculation, gas well classification, and evaluation of development effects.

5. Model Application
5.1. Field Case

The target block is located in the Kuche area of the Tarim Basin. The reservoir is deeply
buried, with high formation pressure, poor matrix properties, and widespread development
of fractures. The density of fractures is high, the filling is small, and the opening is good.
The matrix—fracture pattern is complex, making it a typical deep high-pressure fractured
sandstone gas reservoir.

1. Data collection and organization. Collect and organize input parameters for well-testing
models, including reservoir properties, natural gas properties, and wellbore and
pressure-testing data, as shown in Tables 1 and 2.
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Table 1. Basic parameters of a well in Tarim Basin.

Parameters Values
Wellbore radius/m 0.08414
Reservoir top depth/m 6185
Reservoir effective thickness/m 12
Porosity /% 7.15
Reservoir pressure/MPa 92.81
Rock compressibility /MPa~?! 8.1675 x 107>
Reservoir temperature/°C 117.56
Gas relative density /dim 0.6377
Gas deviation factor/dim 1.652
Gas viscosity /(mPa-s) 0.0401
Gas volume coefficient/dim 0.00244
Gas compressibility /MPa~! 0.00397

Table 2. Test pressure data table (data after dilution).

Parameters Measuring Time/h Pressure/MPa
Data 1 0.000000000 88.211504
Data 2 0.004166667 88.580317
Data 3 0.008333333 89.305794
Data 4 0.012500000 89.900153
Data 5 0.016666667 90.350214
Data 6 0.020833333 90.825350
Data 7 0.025000000 91.203580
Data 8 0.029166667 91.458737
Data 9 0.033333333 91.625746

Data 10 0.037500000 91.779463
Data 11 0.041666667 91.858774
Data 12 0.045833333 91.900357
Data 13 0.050000000 91.923355

2. Parameter import and curve plot in log-log coordinate. Input the sorted gas reservoir
and gas parameters and import the data from the shut-in wellbore pressure recovery
test. Plot the pressure and its derivatives in a log-log coordinate (Figure 10);

10 — T T
| a AP
| o dAP/dIns

10!

10° £

AP and dAP/dIn{(MPa)

1072

1073 L1 uiaag a1l + v sl R R A4
1073 1072 107! 10° 10! 10%
time(hr)

Figure 10. The well-testing data plotted in log—log coordinate.



Energies 2024, 17,1717

13 of 16

AP and dAP/dInt(MPa)

Determine the analyzing model based on the curve shape. According to the identifica-
tion procedure of different well-testing models and combined with the analysis of the
well’s surrounding formation, the derivative curve exhibits characteristics of concavity
and a slope of 0.5. Thus, the seepage characteristics conform to the dual-flow-state
model. This model is used for this pressure recovery analysis, and the fitting results
are shown in Figure 11;
103 p— il B R A B il il B R AL B S AL E
- theoretical AP 3
[ — theoretical dAP/dInt /
F| & tested AP b
1 02 O tested dAP/dInt |
F [Wellbore storage ]
I and skin effect
10' / ! \ . il
mIRal o) Ui ~Boundary ] |
| s control flow |}
\ of ]
100 o
TN\
02| [/ [hneariion ]
Dual-porosity ]
L characteristic
10*3 PRI R RTTTY S AR TTTY BTSSR TTTT| B R TTTT B A TTTT B R AT BT
10° 10* 10" 10 100 10° 10° 10*  10°

time(hr)

Figure 11. Matching of dimensionless tested data and proposed model in this paper.

4.

Division of flow stages and inversion results. The well-testing curve can be categorized
into four stages: (O well storage and continuation flow stage: including wellbore
storage and skin effect; (2) dual-porosity characteristics. The curve exhibits a “concave”
characteristic, representing dual-porosity features; (3 linear flow stage: the derivative
curve shows a linear upward trend with a slope of 0.5; ® boundary flow stage: it
shows an upward trend due to obstructed flow, indicating a boundary flow with a
slope of 1 (as the testing time was short, the results did not fully manifest the boundary
flow characteristics). The curve-fitting rate is 85% calculated by the following method
and inversion parameter results derived from the model are presented in Table 3.

R=1— g Umodel — Uactual (15)
1 Uactual

where 7 is total number of well-testing points; v,,.4. is the value calculated by our model;
Vgetual 1 the value from well test data.

Table 3. Dynamic inversion parameter results of well testing.

Parameters Values
Elastic energy storage ratio/dim 0.0927
Wellbore storage coefficient/ (m3/MPa) 0.23
Skin factor/dim 3
Effective permeability of outer matrix/mD 62
Effective permeability of the surrounding finely cut matrix/mD 33

Effective permeability of the matrix where the well is located /mD 30
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5.2. Discussion

The well-testing curve indicates that the reservoir around the well conforms to the
dual-flow-state model and the fitting rate exceeds 85% which shows the accuracy of the
dual-flow-state model. Specifically, the well is located within a relatively dense matrix,
with directional development of fracture zones around the well. There are also matrixes
where linear flow appears at the edge of the reservoir. Existing research indicates that a
well, located 3 km east of the current well, has been drilled into the water layer. Therefore,
for the well we have studied, it belongs to the edge water gas reservoir. According to
our well-testing model and corresponding results, linear seepage from the distant matrix
towards the fracture zone exists within the range of well control, which may result in rapid
water invasion into the fracture zone. Many studies and field development have shown
that water invasion is the most important factor leading to low recovery of the reservoir.
When water reaches the well, it will be too late to adopt measures to restrict it because
large fractures always developed in the ultra-deep reservoir and water can invade the
reservoir along the fractures rapidly. Therefore, it is necessary to give early warning of
water invasion which can be determined by monitoring chloride ions and other means. It
is important to reduce the production rate of the well or take strong drainage measures to
slow down the linear flow of water from the matrix to the fracture system and rapid flow
along the fractures to increase the water-free gas production period of the gas well and
ultimately improve the recovery rate.

6. Conclusions

1. Based on the characteristics of fracture development in the Tarim Basin and Warren—Root
model, we established a set of identification methods of multi-scale media well-testing
models suitable for different matrix—fracture patterns and conducted parameter sensitivity
analysis for each of the four models, which can be used for the selection of well-testing
models and inversion of formation parameters. Different from numerical well-testing
methods, this is less time consuming and fewer parameters are needed.

2. The application to the well in the Tarim Basin demonstrated that the theoretical curve
in the log-log coordinate was consistent with the actual curve, with a curve-fitting
rate exceeding 85%, which showed the accuracy of the identification procedure.

3. Pseudo-pressure was used for the solution in this article that conforms to the proper-
ties of gas and formation heterogeneity considered in the local heterogeneity model
by using a depth of investigation (DOI) method.

4. A field case study shows it can be feasibly used for parameter inversion in the
Tarim Basin. Combined with dynamic data, strategies for water prevention and
control which are of great significance to production can be proposed. So, the proce-
dure established in this paper can be widely used in the Tarim Basin to help guide
gas development.

However, there are still problems remaining. For example, there is always water
invasion into reservoirs in the Tarim Basin, but this was not considered in the article. As
for reservoirs in the Tarim Basin, water is an important factor that should be considered
and high pressure may influence the gas flow behavior. So, a two-phase flow model is
needed in the future and the process of solving the mathematical model may be simplified
according to some phenomena such as gas behaving as a microcompressible fluid such as
oil or water.
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