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ABSTRACT

Using the typical characteristics of multi-layered marine and continental transitional gas reservoirs as a basis, a
model is developed to predict the related well production rate. This model relies on the fractal theory of tortuous
capillary bundles and can take into account multiple gas flow mechanisms at the micrometer and nanometer
scales, as well as the flow characteristics in different types of thin layers (tight sandstone gas, shale gas, and
coalbed gas). Moreover, a source-sink function concept and a pressure drop superposition principle are utilized
to introduce a coupled flow model in the reservoir. A semi-analytical solution for the production rate is obtained
using a matrix iteration method. A specific well is selected for fitting dynamic production data, and the calculation
results show that the tight sandstone has the highest gas production per unit thickness compared with the other
types of reservoirs. Moreover, desorption and diffusion of coalbed gas and shale gas can significantly contribute to
gas production, and the daily production of these two gases decreases rapidly with decreasing reservoir pressure.
Interestingly, the gas production from fractures exhibits an approximately U-shaped distribution, indicating the
need to optimize the spacing between clusters during hydraulic fracturing to reduce the area of overlapping frac-
ture control. The coal matrix water saturation significantly affects the coalbed gas production, with higher water
saturation leading to lower production.
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Nomenclature
Dp Pore area fractal dimension
Dt Tortuosity fractal dimension
Dmax The maximum pore diameter (m)
Dmin The minimum pore diameter (m)
L The characteristic length of the capillary bundle (m)
Dav The average pore diameter (m)
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D The pore diameter (m)
p The reservoir pressure (MPa)
T The reservoir temperature (K)
Z The compressibility factor
R The gas constant (J/(mol·K))
Mg The molar mass of the gas (kg/mol)
Cg The gas compressibility factor (1/MPa)
Kn The Knudsen number
DB The surface diffusion coefficient considering gas molecule coverage
dm The gas molecule diameter (m)
NA Avogadro’s constant
pL The Langmuir pressure (MPa)
qL The Langmuir volume (m3/kg)
Dav_eff The average effective pore diameter of coal matrix (m)
Dp_c The pore area fractal dimension of the coal seam
Dt_c The tortuosity fractal dimension of the coal seam
Lc The characteristic length of the capillary bundle along the flow direction in the coal matrix (m)
pint The original reservoir pressure (MPa)
p(x, y, z, t) The pressure at any point in this layer (MPa)
q(a)j,i (t) The flow rate of the i-th element on the upper wing of the j-th fracture (m3/s)
psc The pressure at standard conditions (MPa)
Tsc The temperature at standard conditions (K)
Ct The comprehensive compressibility factor (1/MPa)
xe, ye, ze The length, width, and thickness of the layer (m)
xw, yw, zw The coordinates of the drainage point (m)
x, y, z The coordinates of any point in the layer (m)
t Time (s)
Klayer The permeability of the layer (mD)
p(a)j,i The pressure of the i-th element on the upper wing of the j-th fracture (MPa)
R(i, j) The pressure drop coefficient of the reservoir (MPa/m3)
pwf The bottomhole flowing pressure (MPa)
Kf The permeability of the hydraulic fracture (mD)
L(a)fj The length of the j-th fracture on the upper wing (m)
wf The width of the j-th fracture (m)
q The fracture flow rates
~qj The flow rate of the j-th fracture
O The zero matrix
~Fj The pressure drop matrix of the j-th fracture
F(a)

j The upper wing matrix of the j-th fracture

Greek Symbols
f The porosity of the matrix
τa The average tortuosity
μg The gas viscosity (mPa·s)
α The coefficient for the rarefied gas effect
α0 The coefficient for the rarefied gas effect when Knudsen number approaches infinity
α1 A constant
β A constant
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θ The gas molecule coverage
εs The proportion of organic matter in the shale matrix
fcoalbed The porosity of coal matrix
flayer The porosity of this layer

1 Introduction

As conventional oil and gas resources continue to be depleted, unconventional natural gas resources
such as shale gas, tight gas, and coalbed gas are becoming increasingly important in the world’s energy
structure [1,2]. However, unconventional gas reservoirs are characterized by ultra-low porosity and ultra-
low permeability [3,4]. Conventional vertical well extraction methods are not effective in recovering
natural gas resources, necessitating the use of large-scale hydraulic fracturing technology to create a
network of fractures within the reservoir and enabling economically efficient development [5–7]. Marine
and continental transitional shale gas reservoirs provide a stable depositional environment in which tight
sandstone gas and coalbed gas are often vertically stacked [8–10]. These reservoirs have become a focal
point for the exploration and development of unconventional natural gas resources.

The heterogeneity of reservoirs in the vertical direction and the flow characteristics of gas in microscale
and nanoscale pores in the different layers are significantly different for transitional gas reservoirs and
conventional gas reservoirs. Existing productivity calculation methods, such as analytical methods
[11,12], often assume that the reservoir is a multiple-component medium and divide it into several flow
regions. The analytical solution for production in the Laplace domain is obtained using Laplace
transformation. However, this method cannot describe the complex characteristics of the fracture network.
Discrete fracture models [13,14], although capable of characterizing the morphology of complex fracture
networks, cannot describe the vertical heterogeneity of the reservoir, leading to inaccurate calculation
results. Numerical simulation methods [15–17] can simulate calculations by finely dividing the grid and
assigning differentiated values to the grid, but they are complex in practice, require a significant
workload, have a slow computation speed, and have difficulty simulating the flow characteristics of gas at
the microscale and nanoscale. Therefore, there is a need to develop a method for predicting productivity
that considers both the multiple flow mechanisms of gas and the characteristics of the vertically
superimposed layers in the reservoir and describes the complex morphology of the fracture network. This
method provides theoretical and technical support for the productivity evaluation of hydraulic fractured
horizontal wells in marine and continental transitional reservoirs.

In this paper, we vertically divide the reservoir into different types of layers, including tight sandstone
gas, shale gas, and coalbed gas. Considering the multiple flow mechanisms of gas and the different flow
characteristics in the different types of layers, the fractal theory of a tortuous capillary bundle is utilized
to calculate the apparent permeability of the different types of layers. The hydraulic fracture is discretized
into fracture elements using the theory of real space source-sink functions and is combined with the
principle of pressure drop superposition to establish a coupled flow model. The semi-analytical solution
for the production is obtained using the matrix iteration method. A well in a real reservoir is selected for
example fitting, and the calculation results are analyzed. The results of this study have theoretical and
practical significance for the efficient development of marine and continental transitional gas reservoirs.

2 Apparent Permeability for Each Layer

2.1 Tight Sandstone Gas
Because the pores in tight sandstone are typically microscale and nanoscale pores, the dynamics of the

gas molecules and their interaction with the pore surface are notable, which causes the flow behaviors to
deviate from that predicted by the conventional Navier–Stokes equations [18]. The transport dynamic
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should be characterized by the Knudsen number, defined as the ratio of the molecular mean free path to the
pore size [19]. That is, the flow of unconventional natural gas at the microscale and nanoscale cannot be
simply described by viscous flow, and the slip effects should also be considered [20,21]. For tight
sandstone matrix pores (Fig. 1), due to the absence of adsorbed gas molecules, only viscous flow and
Knudsen diffusion exist within the pore channels.

The pore size distribution of a tight sandstone reservoir generally ranges from several micrometers to
nanometers, which is usually larger than that within shale and coalbed reservoirs. The actual pore
structure of the matrix exhibits complexity and randomness. Therefore, the tortuous capillary bundle
fractal theory [22] is used to describe the matrix pores. The fractal parameters include Dp and Dt. The
pore area fractal dimension describes the complexity of the pore cross-section, while the tortuosity fractal
dimension describes the complexity of the pore structure. Both of these fractal parameters significantly
affect the flow of gas molecules within the pore channels. Their calculation formulas are as follows [23]:

Dp ¼ 2� lnf
ln Dmin=Dmaxð Þ ; (1)

Dt ¼ 1þ ln sav
ln L=Davð Þ : (2)

The average tortuosity reflects the degree of curvature of the capillary bundle, while the average pore
diameter and characteristic length reflect the size of the capillary bundle. The formulas for calculating the
average tortuosity, average pore diameter, and characteristic length of the capillary bundle are as follows:

sav ¼ 1þ 0:8 1� fð Þ; (3)

Dav ¼ DpDmin

Dp � 1
; (4)

L ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pDpD

Dp
max D

2�Dp
max � D

2�Dp

min

� �
4f 2� Dp

� �
vuut

: (5)

Figure 1: Gas transport mechanisms in the pores of tight sandstone
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Knudsen diffusion is the collision of gas molecules with pore walls during the flow process. The mass
flux of the viscous flow [24] and Knudsen diffusion [25] in the matrix pores of tight sandstone can be
calculated using the following formulas:

JV ¼ D2pMg

32lgZRT
Dp

D1�DtLDt
; (6)

JN ¼ DpCg

3

8Mg

pZRT

� �0:5
Dp

D1�DtLDt
: (7)

The slip effect refers to the phenomenon where the velocity of gas molecules on the pore wall is not zero.
As the pore size decreases, the collision between gas molecules and the pore wall gradually increases.
Therefore, considering the slip effect and the rarefied gas effect, the correction formula for the mass flow
rate of viscous flow is

JV ¼ 1þ aKnð Þ 1þ 4Kn

1þ Kn

� �
D2pMg

32lgZRT
Dp

D1�DtLDt
: (8)

The formula for calculating the coefficient for the rarefied gas effect is

a ¼ a0
2

p
arctan a1K

b
n

� �
: (9)

α0 = 1.19, α1 = 4, and β = 0.4.

The formula for calculating the Knudsen number is

Kn¼
lg
pD

ffiffiffiffiffiffiffiffiffiffiffiffi
pZRT

2Mg

s
: (10)

The total mass flux in the matrix pores of tight sandstone is

Jsandstone ¼ JVþJN: (11)

The total mass flow rate in the matrix pores of tight sandstone is

Qsandstone ¼ p

4

Z Dmax

Dmin

JsandstoneDpD
Dp
maxD

1�DpdD: (12)

Applying Darcy’s law, the apparent permeability of tight sandstone can be calculated as follows:

Ksandstone ¼
lgZRT

pDpLMg
Qsandstone: (13)

2.2 Shale Gas
Unlike tight sandstone matrix pores, shale matrix pores are divided into inorganic and organic pores. The

flow characteristics of the gas molecules within the inorganic pores in shale are similar to those in the tight
sandstone matrix, where both viscous flow and Knudsen diffusion occur. However, in the case of organic
pores, gas molecules in the adsorbed state occupy the pore surfaces [26]. As the reservoir pressure
decreases, the desorption and diffusion of the adsorbed gas molecules contribute significantly to the gas
flow and cannot be neglected [27,28]. Therefore, in organic pores, in addition to the two types of flow
mentioned above, there is also desorption and diffusion of gas molecules (Fig. 2), which should be
carefully considered during modeling.
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The mass flux of desorption and diffusion is [29]

JD ¼ DB
4hMg

pd3mNAp

Dp

D1�DtLDt
; (14)

where DB is 1.57 × 10−7, and NA is 6.02 × 1023/mol.

The formula for gas molecule coverage is [30]

h ¼ p=Z

pL þ p=Z
: (15)

The total mass flux in the organic pores in shale is

Jshale or ¼ JVþJNþJD: (16)

The total mass flow rate in the organic pores in shale is

Qshale or ¼ p

4

Z Dmax

Dmin

Jshale orDpD
Dp
maxD

1�DpdD: (17)

The apparent permeability of the organic pores in shale is

Kshale or ¼
lgZRT

pDpLMg
Qshale or: (18)

The calculation method for the apparent permeability of inorganic pores in shale is the same as that for
tight sandstone. By combining the apparent permeability of these two types of pores, the apparent
permeability of shale can be obtained using the following equation:

Kshale ¼ esKshale orþ 1� esð ÞKshale in: (19)

2.3 Coalbed Gas
In coal matrix pores, viscous flow, Knudsen diffusion, and surface diffusion occur (Fig. 3). However,

compared with the organic matrix of shale, the matrix of coal has a higher adsorbed gas content. When
analyzing matrix pores in coal, it is necessary to consider the influence of the adsorbed gas thickness on
the gas flow.

Figure 2: Gas transport mechanisms within organic nanopores of shale
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The formula for calculating the quantity of adsorbed gas considering the real gas effect is

qa ¼ qLp=Z

pL þ p=Z
: (20)

The formulas for calculating the effective pore diameter and effective porosity of the coal matrix are as
follows:

Deff ¼ D� 2dm
qa
qL

; (21)

feff ¼ fcoalbed 1� 2dm
Dav eff

qa
qL

� �2

: (22)

The mass flux of the viscous flow, Knudsen diffusion, and surface diffusion in a single capillary cross-
section of the coal matrix are as follows:

JV c ¼ D2pMg

32lgZRT
Dp

Lc Dð Þ ; (23)

JN c ¼ DpCg

3

8Mg

pZRT

� �0:5
Dp

Lc Dð Þ ; (24)

JS c ¼ DB
4hMg

pd3mNAp

Dp

Lc Dð Þ : (25)

The total mass flux in a single capillary cross-section of the matrix of coal is obtained by summing the
above equations. After multiplying by the cross-sectional area and integrating along the pore diameter range,
the apparent permeability of the pores in the coal matrix can be calculated using Darcy’s law:

Kcoalbed¼
fcoalbed 2� Dp c

� �
LDt c�1
c D

2�Dp c
max � D

2�Dp c

min

� � 1

32

D
3þDt c�Dp c
max � D

3þDt c�Dp c

min

3þDt c � Dp c
þ

"

lgCg

3

8ZRT

pMg

� �0:5D
2þDt c�Dp c
max � D

2þDt c�Dp c

min

2þDt c � Dp c
þ 4DBlgZRTh

pd3mNAp2
D

1þDt c�Dp c
max � D

1þDt c�Dp c

min

1þDt c � Dp c

# : (26)

Figure 3: Gas transport mechanisms within nanopores in the coal matrix
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3 Productivity Model for Multi-Layered Reservoir

3.1 Model Assumptions
A schematic diagram of a multi-layered superimposed reservoir model is presented in Fig. 4. To

establish a mathematical model, the following assumptions are made. (1) The hydraulic fractured
horizontal well is located at the center of the reservoir and parallel to the x-axis. (2) The horizontal well
has a total of n hydraulic fractures, numbered from 1 to n. (3) The hydraulic fractures are perpendicular
to the horizontal well and fully penetrate the reservoir. (4) The flow within the reservoir is a single-phase
gas flow, and the influence of gravity is neglected. (5) The gas flow in each layer is independent and only
enters the wellbore through the hydraulic fractures. (6) The pressure drop in the wellbore is not considered.

3.2 Mathematical Model
The reservoir is divided into several layers, and each layer is numbered from 1 to N from top to bottom.

For a particular layer, each hydraulic fracture is discretized into n segments on both the upper and lower
wings. The number of fracture elements in this layer is 2n2, and each element can be viewed as a
drainage point. At the initial time, there is no gas flow at the sealed boundary of the reservoir. According
to the drainage point function [31], the pressure drop generated by the ith element on the upper wing of
the jth fracture at any point in this layer can be expressed as follows:

p2int � p2ðx; y; z; tÞ ¼ 2qðaÞj;i ðtÞlgpscZT
flayerCtTsc

Z t

0
Sðx; tÞSðy; tÞSðz; tÞdt: (27)

In the above equation, layer represents the different types of gas reservoirs, which include tight
sandstone gas, shale gas, and coalbed gas. The superscript a denotes the upper wing, while the subscript
b denotes the lower wing. The equations for the upper and lower wings are symmetric, and only the
equation for the upper wing is provided here. The same applies to the lower wing.

Figure 4: Schematic diagram of a multi-layered reservoir model with hydraulic fractures
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The drainage point functions in three directions are as follows:

Sðx; tÞ ¼ 1

xe
1þ 2

X1
n¼1

exp � Klayer

flayerlgCt

n2p2t

x2e

 !
cos

npxw
xe

cos
npx

xe

" #
; (28)

Sðy; tÞ ¼ 1

ye
1þ 2

X1
m¼1

exp � Klayer

flayerlgCt

m2p2t

y2e

 !
cos

mpyw
ye

cos
mpy

ye

" #
; (29)

Sðz; tÞ ¼ 1

ze
1þ 2

X1
l¼1

exp � Klayer

flayerlgCt

l2p2t

z2e

 !
cos

lpzw
ze

cos
lpz

ze

" #
: (30)

The principle of pressure drop superposition refers to the algebraic sum of the pressure drop at any point
in the formation when multiple wells are producing simultaneously, which is equal to the pressure drop
caused by each well working alone at that point. Eq. (27) expresses the pressure drop generated by a
fracture element. Using the principle of pressure drop superposition, the total pressure drop generated by
the fracture elements on the upper wing can be obtained as follows:

p2int � pðaÞj;i

� �2
¼ Pn

o¼1

Pn
m¼1

qðaÞj;mðtÞRðo� i; o� mÞ
�

þ P2n
l¼nþ1

qðbÞj;l ðtÞRðo� i; o� lÞ
!

j ¼ 1; 2; � � � ; n; i ¼ 1; 2; � � � ; nð Þ

8><>: : (31)

Considering the gas flow in the hydraulic fracture as a one-dimensional linear flow, according to Darcy’s
law, the pressure drop from the ith element on the upper wing of the jth fracture to the wellbore is as follows:

pðaÞj;i

� �2
� p2wf ¼

2lgpscZTL
ðaÞ
f j

nKfTscw
ðaÞ
f j ze

Xi�1

k¼1

kqðaÞj;kþ
Xn
m¼i

iqðaÞj;m

 !
: (32)

By neglecting the pressure drop in the wellbore, combining Eqs. (31) and (32) leads to the following
coupled flow equation:

p2int � p2wf ¼
Xn
o¼1

Xn
m¼1

qðaÞj;mðtÞRðo� i; o� mÞþ
 X2n

l¼nþ1

qðbÞj;l ðtÞRðo� i; o� lÞ
!

þ 2lgpscZTL
ðaÞ
f j

nKfTscw
ðaÞ
f j ze

Xi�1

k¼1

kqðaÞj;kþ
Xn
m¼i

iqðaÞj;m

 !
:

(33)

3.3 Semi-Analytical Solution
The linear system of equations is expressed as follows:

P ¼ Aq: (34)

The system consists of the pressure, total pressure drop matrix, and fracture flow rates:

p ¼ p2int � p2wf ; p
2
int � p2wf ; � � � ; p2int � p2wf

h iT
1�2n2

; (35)
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q ¼ eq1; eq2; � � � ; eqn½ �T : (36)

The total pressure drop matrix A is obtained by adding the reservoir pressure drop matrix and the fracture
pressure drop matrix:

A ¼ AreservoirþAfracture; (37)

Areservoir ¼
Rð1; 1Þ Rð1; 2Þ � � � Rð1; 2n2Þ
Rð2; 1Þ Rð2; 2Þ � � � Rð2; 2n2Þ

..

. ..
. . .

. ..
.

Rð2n2; 1Þ Rð2n2; 2Þ � � � Rð2n2; 2n2Þ

26664
37775; (38)

Afracture ¼

fF1 O � � � O
O fF2 � � � O
..
. ..

. . .
. ..

.

O O � � � fFn

26664
37775: (39)

O and eFj are the upper wing matrix and the lower wing matrix:

eFj ¼ FðaÞ
j O

O FðbÞ
j

" #
: (40)

FðaÞ
j and FðbÞ

j are the pressure drop matrices of the upper and lower wings of the jth fracture:

FðaÞ
j ¼

FðaÞ
j;1 FðaÞ

j;1 � � � FðaÞ
j;1

0 FðaÞ
j;2 þ FðaÞ

j;1 � � � FðaÞ
j;2 þ FðaÞ

j;1

..

. ..
. . .

. ..
.

0 0 � � � Pn
i¼1

FðaÞ
j;i

26666664

37777775: (41)

Within the above matrix, the pressure drop matrix coefficients of the upper and lower wing of the jth
fracture are

FðaÞ
j;i ¼ 2lgpscZTL

ðaÞ
f j

nKfTscw
ðaÞ
f j ze

: (42)

Using the Gauss–Seidel iterative method in Eq. (34), the production of the layer can be obtained. The
total production of the horizontal well is obtained by summing the flow rates of all of the layers.

Q ¼
XN
i¼1

qi: (43)

A flowchart of the model solution procedure is presented in Fig. 5.

10 FDMP, 2024



4 Model Validation

To verify the accuracy of the model presented in this paper, commercial software is used to compare and
establish three small layers with different physical parameters. Considering that the extension length of the
fracturing fractures in each layer is consistent, the stacking relationship from top to bottom is tight sandstone,
shale, and coalbed.

The calculation results are shown in Fig. 6. In the mid-term, the cumulative gas production calculated
using the simulation software is 1.85 million cubic meters, while the cumulative gas production calculated
using the model presented in this paper is 1.91 million cubic meters, with a difference of 3.24%. Finally, the
cumulative gas production calculated using the numerical simulation software is 2.75 million cubic meters,
while the cumulative gas production calculated using the model presented in this paper is 2.69 million cubic
meters, with a difference of 2.23%, verifying the accuracy of the model presented in this paper.

Figure 5: Flowchart of the model solution procedure

Figure 6: Comparison of production calculated using the proposed model and commercial software
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5 Model Application

5.1 Geologic Background of the Study Area
The study area is located in the eastern part of the Ordos Basin, spans Shanxi and Shaanxi provinces, and

is within the boundaries of Daning County, Jixian County, and Shilou County. During the Late Carboniferous
to Middle Permian, this area underwent a paleogeographic evolution process dominated by marine
sedimentation, including epicontinental marine, marine-continental transitional, and fluvial clastic rock
deposits, during which multiple transgressive events occurred [32].

5.2 Overview of Well and Reservoir
A fractured horizontal well was selected in the marine and continental transitional gas reservoir in the

Ordos Basin, China. The well has a vertical depth of 2070 m, and the different rock types in the reservoir are
divided based on the well log profiles obtained from exploration wells (Table 1). The area of the reservoir is
2000 m × 800 m, and the thickness of the reservoir is 60 m (2040–2100 m). It is divided into 10 layers
vertically, consisting of tight sandstone, shale, and coal layers.

5.3 Simulation Results
The simulated production time is 20 years, and the calculated results according to the proposed models

are shown in Fig. 7. The calculated results closely match the production data, with a cumulative gas
production of 6.57 million cubic meters after 20 years of production, which differs from the predicted
estimated ultimate recovery (EUR) of the well (6.34 million cubic meters) by 3.63%. The heterogeneity
within the gas reservoir leads to the occurrence of this difference. However, this is sufficient to meet
industry standards and engineering errors and validates the accuracy of the model. In addition, the
quick decline rate of gas production in the early production year is very typical for this type of
reservoir. Because the producing layer is usually very thin, even several meters, this highlights the
importance of fracturing all three types of reservoirs to commingle the production to increase the
production capacity.

Table 1: Key parameters of each layer of the marine and continental transitional gas reservoir

Top depth (m) Bottom depth (m) Thickness (m) Porosity (%) Rock type

2040 2045.9 5.9 2.6 Shale

2045.9 2060 14.1 12.1 Tight sandstone

2060 2068.2 8.2 2.6 Shale

2068.2 2075 6.8 12.1 Tight sandstone

2075 2082.1 7.1 2.3 Coalbed

2082.1 2084 1.9 12.1 Tight sandstone

2084 2088 4 2.6 Shale

2088 2091 3 2.3 Coalbed

2091 2092 1 12.1 Tight sandstone

2092 2100 8 2.6 Shale
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6 Results and Discussion

6.1 Production Contribution of Different Layers
The production curves for the three types of unconventional gases are shown in Fig. 8. After 20 years of

production, the cumulative productions of the sandstone gas, shale gas, and coalbed gas amount to 3.14, 2.54,
and 0.89 million cubic meters, respectively. After one year of production, the daily gas production of the
horizontal well for the tight sandstone gas decreases from an initial rate of 6,700 to 1,400 m3/d, a
decrease of 78.6%. For the shale gas, the daily production decreases from an initial rate of 3,900 to
1,200 m3/d, a decrease of 69.7%. The daily gas production of the coalbed gas decreases from an initial
rate of 1,300 to 410 m3/d, a decrease of 67.4%. The thin production layer, which affects the gas flow, is
the reason for the rapid decline in early production. The shale and coal formations contain adsorbed gas,
and as free gas is produced, the adsorbed gas desorbs to replenish the gas source. This is why the decline
in production is slower compared with that of sandstone gas.

Based on the comparison of the gas production per unit thickness (Fig. 9), the gas productivities of the
different reservoir types are as follows: tight sandstone gas > shale gas > coalbed gas, with values of 13,200,
9,700, and 8,800 m3/m, respectively. Sandstone reservoirs have larger pore throats and a higher permeability,
resulting in the highest gas productivity. Both shale and coal formations contain adsorbed gas, but coalbeds
have poorer properties and shale reservoirs have a higher proportion of free gas, leading to a higher gas

Figure 7: Comparison of production calculated using the model and the practical production data

Figure 8: Comparison of production calculated using the model and practical production data
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productivity from shale formations. Here, the total productions of shale gas and coalbed gas may be larger
than that of tight sandstone gas after a longer production period. This is because of the continued contribution
of desorbed gas from these two types of reservoirs, while the lack of absorbed gas in sandstone reservoirs
may lead to a lower production rate in long-term production.

6.2 Production along a Horizontal Well
Because the reservoir physical properties and the fractured volumes along a horizontal well are different,

the gas production from each cluster or stage may be different. Using the proposed model, the distribution of
the gas production along a horizontal well is shown in Fig. 10, where the gas production per cluster and per
stage exhibits an approximately U-shaped distribution. Here, after excluding the influences of the reservoir
heterogeneity along the horizontal well, we conclude that the central fractures are influenced by the adjacent
fractures and have overlapping control areas, resulting in lower gas production naturally. Therefore, during
hydraulic fracturing operations, it is necessary to optimize the spacing between clusters and to make full use
of the control area of each individual fracture to maximize production. From another perspective, it can also
be noted that in each cluster or stage, the largest gas production contribution is always from tight sandstone
layers, and the smallest is from coalbed gas layers. Therefore, for multi-layered marine and continental
transitional gas reservoirs, the region with a large total thickness of sandstone layers should be the main
priority for drilling a production well.

6.3 Effects of Desorption and Diffusion
The desorption and diffusion of adsorbed gas are the main characteristics that differentiate shale gas and

coalbed methane from other types of gas reservoirs. It is always very interesting to quantify the contribution
of the adsorbed gas on gas production. This is because if the contribution of the adsorbed gas to the total gas
production is noticeable, the gas can be produced from the reservoir continuously during the medium- and
late-stage production. In this situation, even the production of a gas well in a marine and continental
transitional gas reservoir is not very large, and the well will not be shut down for a long period, which
can also have a good economic benefit. As shown in Fig. 11, after simulating production for 20 years, the
cumulative gas production from desorption and diffusion in coalbed methane is 120,000 m3/d, accounting
for 8.9% of the total production. For shale gas, the cumulative gas production from desorption and
diffusion is 80,000 m3/d, accounting for 4.7% of the total production. Therefore, when calculating the
production of shale gas and coalbed methane, it is necessary to comprehensively consider the desorption
and diffusion of adsorbed gas.

Figure 9: Comparison of gas productivity per unit thickness for different types of gas reservoirs
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6.4 Effects of Water Saturation of Coalbed Gas Reservoir
A high initial water saturation always exists in coalbed gas reservoirs. The water saturation of the pores

of the coal matrix significantly affects the production of coalbed methane. As a result, during the production
of this type of reservoir, the gas well will usually experience a period of single-phase water production until a
gas breakthrough occurs. Therefore, it is necessary to understand the effects of the initial water saturation of a
coalbed gas reservoir on the total gas production performance. As shown in Fig. 12, when the water
saturation increases from 10% to 20% and 30%, the gas production decreases by 16.8% and 34.9%,
respectively. As the water saturation increases, the thickness of the pore water film increases, reducing the
permeation pathway for gas molecules and leading to a decrease in production. Here, it should be noted
that the multilayer interference is not considered in the model, and the produced water from the coal layer
may flowback into other low-pressure layers, impeding their gas production.

Figure 10: Production distributions of (a) each cluster and each stage and (b) along a horizontal well

Figure 11: Effects of desorption and diffusion on the production of (a) shale gas and (b) coalbed gas
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7 Conclusions

Considering the vertical multi-layer characteristics of marine and continental transitional gas reservoirs,
in this study, we incorporated the multiple gas flow mechanisms of each layer into a fractured horizontal well
productivity model. The dynamic productivities of each type of gas reservoir, including tight sandstone gas,
shale gas, and coalbed gas, were investigated. The results of this study have certain theoretical and practical
significance for production capacity research and benefit the development of marine and continental
transitional reservoirs. The main conclusions of this study are as follows:

(1) The unit thickness gas production of tight sandstone reservoirs is the highest, followed by shale gas
reservoirs, and coalbed gas reservoirs have the lowest production. Furthermore, as the reservoir pressure
decreases, the daily production of shale gas and coalbed gas decreases more rapidly compared with the
production of tight sandstone gas.

(2) Due to the influence of adjacent fractures, the distribution of the gas production along a horizontal
well in each cluster or each stage exhibits an overall U-shaped pattern. Therefore, in hydraulic fracturing
operations, it is important to select an optimal cluster spacing to maximize the utilization of the control
area of individual fractures.

(3) The impacts of desorption and diffusion of adsorbed gas cannot be ignored when evaluating the
production of shale gas and coalbed gas reservoirs. In the later stages of production, the desorption and
diffusion portion of the adsorbed gas in shale gas accounts for approximately 9% of the total gas
production, while for coalbed gas, it accounts for approximately 5%. Therefore, the effects of desorption
and diffusion need to be comprehensively considered when assessing the production of these two types of
unconventional natural gas.

(4) The water saturation of the pores in the coal matrix significantly affects the production of coalbed
methane. With every 10% increase in water saturation, the coalbed gas production decreases by
approximately 17%.

(5) There are some limitations to the research presented in this paper, such as the assumption of infinite
conductivity in the wellbore and the assumption that the gas flows in adjacent thin layers do not affect each
other when establishing a mathematical model. In the future, researchers can further consider the impacts of
these aspects and continue to conduct in-depth research.
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Figure 12: Effects of water saturation on gas production of a coalbed gas reservoir
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