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Abstract. The well plant operation mode with high integration degree is widely
adopted for shale gas reservoir development. In order to study the production
dynamics of fractured horizontal wells in staggered placement mode, multiple
seepage mechanisms of shale gas at the microscopic scale are considered, and
a reservoir-fracture-wellbore coupled point source function flow model is devel-
oped based on the pressure drop superposition principle to investigate the factors
influencing the production capacity of fractured horizontal wells in staggered
placement mode. The study shows that not considering the microscopic seep-
age mechanism will overestimate the production of shale gas fractured horizontal
wells, in which viscous flow makes the largest contribution to gas flow; the larger
the overlap area of adjacent gas well modifications, the smaller the gas well pro-
duction, and the decreasing production increases with the increase of the overlap
area, so shale gas production platforms should avoid the overlap of modifications
between adjacent wells; with the increase of well spacing, the gas well production
increases, but the increase gradually decreases. The optimal well spacing exists
between platform production wells. The study considers the microscopic seep-
age mechanism of shale gas and combines the fractured horizontal well capacity
model to realize the study of the capacity dynamics of staggered fractured hor-
izontal wells, which provides a reference for the study of multi-well production
capacity.

Keywords: Staggered fracture - Fractured horizontal well - Shale gas - Apparent
permeability - Productivity research

1 Introduction

Shale gas, as a kind of clean, medium and low carbon energy, is the main target of
realizing China’s carbon neutral goal in the traditional fossil energy field [1]. In the con-
text of cost reduction and efficiency improvement of shale gas development investment
benefits, the shale gas well plant operation mode has become the main technical means
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to develop shale gas reservoirs nowadays because of its unique advantages in terms of
footprint, integrated drilling and completion technology, trip fracturing and increased
control area of a single well [2-5]. A hybrid well network with multiple combinations of
straight, directional and horizontal well types can maximize the use of isolated resource
bodies, which is most widely used in clustered horizontal well sets [6]. The well-to-well
and fracture-to-fracture layout affects the horizontal well fracturing method and post-
fracture production dynamics. The staggered fracture model can avoid the inter well
interference caused by pressure channeling between horizontal wells and make full use
of inter-fracture stress interference to enhance the complexity of hydraulically fractured
fractures, thus enhancing the transformation effect.

Shale gas is mainly stored in the matrix nanopores in both free and adsorbed states,
and currently, two main types of molecular simulation and continuous flow models are
used by researchers to study it. Molecular simulation is mainly based on molecular
dynamics [7] and lattice Boltzmann method [8], which can realize the intuitive simu-
lation of single or multiple gas molecules, but the combination with macroscopic flow
still needs to be studied; continuous flow models are mostly based on capillary bundle
model to establish gas apparent permeability equations, and characterize the perme-
ability mechanisms such as viscous flow, molecular diffusion and surface adsorption
diffusion of shale gas, and in the construction of apparent permeability equations There
are mainly two ways of linear superposition [9—11] and weighted superposition [12-15],
but few studies have been reported on the apparent permeability of pore gas flow charac-
teristics that distinguish between organic and inorganic pores. Shale pneumatic fracture
horizontal well capacity prediction models mainly include two types of semi-analytical
models and numerical models [16], semi-analytical models [17, 18] by dividing the
fracture micro-element body, establishing matrix and fracture system coefficient solu-
tion matrix, and solving the sparse matrix for production dynamic prediction; numerical
models [19-21] based on the idea of grid discretization, numerical discretization of
the spatial and temporal terms of the percolation equation, solving the partial differen-
tial equations to predict the production dynamics. At present, there are few horizontal
well capacity models considering staggered seam conditions. Therefore, it is of practi-
cal importance to study the capacity model of fractured horizontal wells in staggered
spacing mode to predict the production dynamics.

In this paper, we comprehensively consider the multiple transport mechanisms of
shale gas at the micro and nano scales, distinguish the gas flow channels into two cat-
egories: organic and inorganic pores, and establish the apparent permeability model of
gas flow. On this basis, a mathematical model of reservoir-fracture-wellbore coupled
point source function is established by the pressure drop superposition principle, and the
numerical solution of the model is obtained by solving and calculating the sparse matrix
using the numerical iteration method. The effects of micro-scale flow mechanism, well
spacing, and modified overlap zone on the capacity of horizontal wells are analyzed.
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2 Mathematical Model

2.1 Gas Multiple Flow Mechanism

The flow of shale gas in the pores of shale matrix can be classified into three categories:
viscous flow, molecular diffusion and surface adsorption diffusion. In this paper, the
fractal capillary bundle model is used to model the gas flow in shale micro and nano
scale pores (as shown in Fig. 1). Based on the reference [22], the molar mass flux in a
single capillary of organic matter under the consideration of real gas effects is calculated

as
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where: Jy, Ji, Js represent the molar mass fluxes of viscous flow, molecular diffusion and
surface adsorption diffusion motion, mol/s; p, denotes gas density, kg/m?; g denotes
gas viscosity, mPa-s; M denotes gas molar mass, kg/mol; dy, denotes methane molecular
diameter, m; p denotes pore pressure, MPa; T" denotes formation temperature, K. By
denotes the gas volume coefficient, uncaused; 6 denotes the coverage of the adsorption
layer on the pore surface, dimensionless; D denotes the gas surface diffusion coefficient,
m?/s; p. denotes the gas Langmuir adsorption pressure, MPa; L, denotes the true capillary
length, m.
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Fig. 1. Fractal capillary bundle model based on organic and inorganic pores

Based on the fractal theory, the total mass flux J(A) in a single capillary is integrated
over the minimum and maximum capillary diameters to obtain the total molar mass of
the rock matrix tortuous capillary bundle with the total number of capillaries Ng.

Amax
Or = _/x - JdN (2)
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By associating Eq. (2) with the Darcy percolation molar mass equation, the apparent
gas permeability in the shale organic matter micro and nano pores considering viscous
flow, molecular diffusion and surface diffusion in the real state can be obtained as follows.

D,
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where: Aomax denotes the maximum diameter of organic matter pore, m; Aomin denotes
the minimum diameter of organic matter pore, m; Cy, denotes the maximum adsorption
capacity of shale rock sample; Dy denotes the fractal dimension, dimensionless; D7
denotes the meandering fractal dimension, dimensionless; Lo denotes the straight edge
length of rock sample, m.

Similarly, neglecting surface adsorption diffusion in inorganic pores yields the
inorganic pore fractal apparent permeability.
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where: Ammax indicates the maximum diameter of inorganic pore, m; Ay, indicates the
minimum diameter of inorganic pore, m.

The equation for calculating the apparent permeability of shale gas reservoir micro
and nano scale seepage can be expressed as

kapp = gkom + (1 — &)kim &)

where: ¢ indicates the organic matter percentage, dimensionless.

2.2 Mathematical Model of Seepage

For staggered fractured shale gas reservoir fracturing platform well sets, the horizontal
wells are numbered 1 to N. Taking three horizontal wells as an example, the intermediate
horizontal wells are numbered 1 to N from the heel end to the toe end of the fracture in
order, and the horizontal wells on the outer flanks are numbered 1 to N + 1 (as shown
in Fig. 2). By discretizing each hydraulic fracture into 2n parts and dividing each flank
into n parts, with the upper flank represented by 1 and the lower flank represented by 2,
all hydraulic fractures in a fractured well group are discretized into a total of 2n(3N +
2) fracture grid cells (as shown in Fig. 3(b)).
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Fig. 2. Schematic diagram of shale gas fracturing well production platform

The model is assumed as follows: @ gas reservoir is a box-shaped closed gas reser-
voir; @ vertical fracture penetrates the reservoir; @ horizontal well is considered to be
infinite inflow; @ gas reservoir is considered to be single-phase gas flow and the effect of
gravity is not considered; ® fluid flows into the horizontal wellbore through the fracture.

(2) (b)

Fig. 3. a. Overlap of fracture modification zones of adjacent production wells (grey part is the
overlap zone); b. Grid dissection of single fracture.

For closed-boundary fractured horizontal wells with no fluid flow on the boundary
at the initial production stage, the source function is used to solve the gas percolation



Study on the Productivity of Fractured Horizontal Wells 679

equation and according to the Newman integral, the pressure drop generated by the fluid
flowing at a point (x;, y;, z;) along the fracture wall to any point (x, y, z) in the gas
reservoir is

2q(xi, i, zi, ) pgPsc ZT
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where: piy; denotes the original formation pressure, MPa; C denotes the reservoir rock
compression coefficient, MPa~!; a denotes the calculated model reservoir length, m; b
denotes the calculated model reservoir width, m; 4 denotes the calculated model reservoir
thickness, m; ps. denotes the standard condition pressure, MPa; T'sc denotes the standard
condition temperature, K; n, m, [ denote the discrete grid cell scale in x, y, and z directions.

Equation (6) represents the pressure drop generated by each grid cell, for all fracture
grids by the principle of pressure drop superposition, the total pressure drop generated
at any point (x, y, z) in the gas reservoir at time ¢ is

N+IN+1 N

Ph — (xy,zt)—ZZZZZq(mlkj,zt)R(xyzt) (7)
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where R(x,y,z,t) is defined as the gas reservoir pressure drop coefficient.
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Using different grid values for different grid cells and considering the one-
dimensional linear flow in the hydraulically fractured fracture, the pressure drop from
any point i in the fracture to the wellbore can be obtained from Darcy’s law as
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where: k¢ denotes hydraulic fracture permeability, mD; pys denotes bottom hole flow
pressure, MPa; Al; ;1 denotes the distance between node i and node i-1, m; w; denotes
the average width of fracture micro-element i, m.
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For a hydraulic fracture grid cell, assuming that the fracture is filled with fluid, the
flow into the fracture grid cell is equal to the flow out according to the law of conservation
of mass, which

Qin(m,lvk,j, ia t) ZqOUt(m5lakaj5 i7 t) (10)

Without considering the wellbore storage phenomenon, the coupled gas reservoir-
fracture-wellbore flow and seepage equation is established by associating Eq. (7) and
Eq. (9) as
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3 Model Solving

The total pressure drop generated by 2n(3N + 2) fracture grid cells at moment ¢ for any
one grid cell can be obtained for Eq. (11), which in turn is transformed into a system of
2n(3N + 2) linear equations with the gas reservoir pressure drop coefficient of

R(1, 1) R(1,2) R(1,2n x 3N +2))
R(2,1) R(2,2) - R(2,2n x 3N +2))

R2n x BN +2),1) R2n x BN +2),2) --- R2n x 3N +2),2n x (3N +2))
(12)

For any hydraulic fracture with 2n parts discretization, the matrix of pressure drop
coefficient in fracture is obtained as

0.5F; 0.5F; 0.5F; 0.5F
0 0.5F+F; 05F+F; .. 0.5F,+F,
Al = 0 0 0.5F3+F>+F ... 0.5F3+F)+F (13)
0 0 0 e 05F+ Y R
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Combining the single-wing crack in-seam pressure drop coefficient matrix blocks
to obtain a diagonal square matrix of order 6N + 4, the coefficient matrix of the crack

in-seam pressure drop equation is

Al Z Z

Z 7Z Al

Rewriting Eq. (11) into matrix form.

where

T
Q=way”%mmuﬂ

Aq=p

A=M+F

5)

(16)

T
2 2 .2 2 2 2 2 2 .2 2
p= [pint_pwfpint_pwfpint_pwf T pint_pwfpint_pwf:I

The Gauss-Seidel iterative method is applied to Eq. (16) for the computational
solution of the system of sparse matrix equations.

4 Example Application and Analysis

For three fractured horizontal wells in a fractured well production platform in a shale
gas reservoir in the Fuling area of China, a capacity calculation analysis was carried out,
and one of the horizontal well parameters was selected as the base input parameter, and
the other two wells were calculated using this well data (see Table 1).

Table 1. Basic parameters of the model.

Parameter Value Parameter Value

a, m 1600 PL, MPa 4.48

b, m 600 Vi, m3/kg 272 x 1073
h, m 50 t,d 1560

Dr, - 1.1 Dy, - 1.2

Pint> MPa 25 Wg, mPa-s 0.02

Cy, MPa™! 23 x 1072 Pwi, MPa 15

T,K 363 NF, - 14

g, - 0.05 P, - 0.03

(continued)



682 X. Huang et al.

Table 1. (continued)

Parameter Value Parameter Value
X, m 180 pg. kg/m? 400
AOmax> NM 60 Almax, M 400
AOmin, NM 3 Almin, DM 20

The model was validated by comparing the actual production data of the mine using
the capacity model established in this paper (as shown in Fig. 4). After 1560d of pro-
duction, the model predicted a daily gas production of 2.06 x 10* m3/d, and the actual
daily gas production was 2.33 x 10* m?/d, with a calculation error of 11.6%. The model
calculates the cumulative gas production as 0.8 x 10% m?, and the actual cumulative
gas production is 0.7 x 10® m3, with a calculation error of 14.3%. The calculation error
meets the requirements of the mine.

Actual data

Calculation data

Gas Production (m*/d)
8 ]

—_
(=

0 1 1 1 1 1 1 1 J
0 200 400 600 800 1000 1200 1400 1600

Time (d)

Fig. 4. Comparison of model calculated production and actual production

4.1 Micro-scale Flow Mechanism

Multiple flow mechanisms are the main feature that distinguishes shale gas flow in
reservoir porous media from conventional gas reservoirs. Figure 5 shows the effect
of micro flow mechanisms on the production of shale gas fractured horizontal wells.
The cumulative gas production is 1.28 x 108 m? after 1560d without considering the
micro flow mechanism, and 1.02 x 108m> after 1560 d with considering the micro
flow mechanism, with a 20% difference in production between the two. Not considering
the microscopic flow mechanism of gas will underestimate the gas production capacity
of gas wells, and this error will be further magnified in the stable production stage of
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gas wells. The gas adsorbed in the shale matrix will desorb into the fractures during
the steady production stage, increasing the gas supply replenishment. This shows the
influence of shale gas micro flow mechanism on production, therefore, a comprehensive
gas apparent permeability model considering all aspects needs to be constructed when
doing capacity evaluation of fractured horizontal wells in shale gas reservoirs.
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mechansim gas production

Considering flow mechanism gas

production

30 115
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£ mechanism cumulative gas _ -
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Cumulative gas production (108m?)
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Time (d)

Fig. 5. Effect of microscopic seepage mechanism on shale gas well production

4.2 Well Spacing

Shale gas well plant platforms should be designed with reasonable well spacing to
ensure maximum control of reserves and to avoid inter-well construction interference
and production interference as much as possible. Figure 6 represents the effect of well
spacing on the production of shale gas horizontal wells. As can be seen from the figure,
with the increase of well spacing daily gas production and cumulative gas production
are gradually increasing, and when the well spacing increases from 220 m to 260 m
and 300 m, the cumulative gas production increases by 38% and 55% respectively after
1560 d of production, and the increase is slowing down. At the mine site, the number of
wells drilled in the production platform will decrease without increasing the well field
area, and the area of regional control reserves will decrease. Decreasing the well spacing
increases the probability of pressure fracture between adjacent wells, and the optimal
length of adjacent well spacing exists at the design site with the return on investment
ratio as the goal.

4.3 Modification of Overlapping Areas

Although fracture scattering between adjacent wells was avoided in the staggered fracture
placement mode, the phenomenon of overlapping transformation areas still existed (see
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Fig. 7. Impact of modified overlap zones on shale gas well production

Fig. 7). At a fixed well spacing of 300m, the corresponding cumulative gas production
volume decreases from 150 million to 120 million and 0.9 billion cubic meters when
the proportion of the reformation overlap area is increased from 10% to 30% and 50%
by increasing the hydraulic fracture length. This is due to the fact that the larger the
proportion of the transformation volume overlap, the smaller the effective transformation
volume of shale gas wells and the reduced degree of shale reservoir utilization. Therefore,
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effectively reducing the modification volume overlap ratio can improve the production
of horizontal shale gas wells in staggered seam mode, and the optimal modification
volume overlap ratio exists.

5 Conclusion

This study considers the microscopic seepage mechanism of shale gas and combines the
fractured horizontal well capacity model to realize the study of the capacity dynamics of
staggered fractured horizontal wells. The main conclusions of this paper are as follows:

(1) The production dynamics of shale gas-pressure fractured horizontal wells produced
by the well plant model is influenced by the adjacent gas wells, and the fracture
arrangement pattern and fracture morphology affect the production dynamics of
gas wells. The reservoir-fracture-wellbore coupled seepage model established using
the pressure drop superposition principle can be used to predict the production of
horizontal wells in the staggered fracture arrangement mode.

(2) Micro-flow mechanism has an important impact on shale gas well production.
The cumulative gas production considering the micro-percolation mechanism is
1.2 times higher than that without considering the micro-percolation mechanism;
the smaller the well spacing between horizontal wells, the smaller the production,
but the decreasing relationship between the two is not linear. The production rate
increases gradually with increasing well spacing, and there is an economic optimal
well spacing.

(3) The problem of overlap of the transformation area will inevitably occur in the
well plant cluster platform production wells, and the overlap of the transformation
area will lead to the reduction of gas well production, and the larger the overlap
ratio, the smaller the production. However, the magnitude of production reduction
gradually decreases, and there is an optimal transformation volume overlap ratio.
When fracturing, it is necessary to see the disadvantages of production reduction
caused by the overlapping of the modification volume, but also to recognize the
advantages of controlling more isolated resource bodies between wells, and choose
an optimal modification volume overlap ratio.
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