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ABSTRACT: In the context of post-stimulation shale gas wells, the terms “shut-in” and “flowback” refer to two
critical phases that occur after hydraulic fracturing (fracking) has been completed. These stages play a crucial role in
determining both the well’s initial production performance and its long-term hydrocarbon recovery. By establishing
a comprehensive big data analysis platform, the flowback dynamics of over 1000 shale gas wells were analyzed in this
work, leading to the development of an index system for evaluating flowback production capacity. Additionally, a shut-in
chart was created for wells with different types of post-stimulation fracture networks, providing a structured approach
to optimizing production strategies. A dynamic analysis method for flowback was also developed, using daily pressure
drop and artificial fracture conductivity as key indicators. This method offers a systematic and effective approach to
managing the shut-in and flowback processes for gas wells. Field trials demonstrated significant improvements: the
probability of sand production was reduced, gas breakthrough time was extended, artificial fracture conductivity was
enhanced, and the average estimated ultimate recovery (EUR) per well increased.

KEYWORDS: Shale gas well; big data index analysis; evaluation of flowback production capacity; appropriate shut-in
chart; optimization and adjustment of chokes

1 Introduction

Shale gas is a pivotal contributor to gas production growth in many countries. As an example, in 2023,
the country’s shale gas production in China reached 250 x 10® m®, with over 95% sourced from a marine
shale-dominated region [1,2]. After more than 10 years of exploration and development, commercial shale
gas development has been realized in mid-deep shale shallower than 3500 m [3-5]. A shale gas production
capacity of 50 x 10® m’/a had been built in 2020 in its main part of Changning (CN) shale gas field, a typical
mid-deep shale [6], with a production of 5.21 x 108 m® in 2023. Currently, more than 540 wells have been put
into production, with gas production of 1191 x 10* m’/d, the average estimated ultimate recovery (EUR) of
wells is 1.1 x 108 m?, and the cumulative gas production of 315.7 x 108 m3.

Shale gas wells are stimulated with large-scale hydraulic fracturing, and their high and stable production
is mainly realized by the post-stimulation fracture network. Affected by high burial depth, high temperature
and high pressure, the post-stimulation fracture network is highly stress-sensitive [7-9]. The proppants
supporting the permeability of the fracture network are prone to migration, crushing and embedding in the
initial production stage due to unreasonable production pressure differences, which causes serious damage
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to the long-term production capacity of gas wells [10-12]. Reasonable initial production of gas wells is
very important.

Initial production of post-stimulation shale gas wells is divided into shut-in (dissolving bridge plug
and communicating fracture network), flowback (rapid drainage of near-wellbore frac fluids to evaluate
gas well productivity), and water drainage and gas production (reasonable production allocation and stable
production) [13-15]. The shut-in phase occurs when the well is temporarily closed at the wellhead, preventing
any flow of gas or fluids. This period allows pressure to build up within the formation and facilitates the
redistribution of fracturing fluids within the newly created fractures. One of the key objectives of shutting
in the well is to enhance gas desorption from the shale matrix into the fractures, which can improve the
overall productivity of the well once it is opened. Once the shut-in phase is complete, the well is opened
to initiate the flowback process. Flowback refers to the return of injected fracturing fluids to the surface,
often accompanied by the formation water, hydrocarbons, and dissolved gases. The primary goal of this
phase is to clean up the wellbore by removing excess fluids while allowing natural gas or oil to start flowing.
The rate at which flowback is managed is critical, as an excessively aggressive approach can cause proppant
displacement, potentially leading to fracture closure and reduced permeability. Conversely, a controlled
flowback process ensures that fractures remain open, optimizing long-term gas production. The duration of
the flowback period depends on factors such as reservoir pressure, fluid viscosity, and the amount of injected
fracturing fluid that needs to be recovered. Typically, it lasts anywhere from a few days to several weeks.
The relationship between shut-in and flowback is complex, and scholars hold different views on the shut-
in method. Yaich et al. found that shut-in is beneficial to 75% of wells through analysis of Marcellus shale
gas wells and suggested that it is difficult to increase production significantly only by build-up of formation
energy. They did not explain the reasons for the high yield after shut-in. Makhanov et al. presented that
imbibition in shale during shut-in contributes to the migration of free gas. Wijaya N et al. believed that
flowback first is helpful to improve the relative permeability and proposed that flowback should be carried
out immediately following hydraulic fracturing [16-18]. The above studies show that there is still controversy
in the effects of shut-in on fracturing flowback of shale gas wells by field data analysis, and it is rare to analyze
the shut-in decision and the shut-in time by the geological method. In addition to the shut-in, frac fluid
inhibition in shale reservoirs, massive frac fluid retention in shale, and possible damage to shale reservoirs
are also studied. In the current studys it is suggested that the water phase is difficult to flow back and remains
in micro-fractures under the combined action of many factors such as capillary force, percolation pressure,
hydration force, hydrogen bond force, van der Waals force, surface adsorption of micro-fractures and gas
breakthrough. You et al. carried out a core mechanics experiment and suggested that shale hydration can
induce fracture initiation and communication with micro-fractures. Yang Hai et al. carried out a two-phase
flow experiment and concluded that the retained frac fluid plays a role in liquid propping in the micro-
fracture network of shale reservoirs, and the gas permeability is not a monotone function of water saturation,
and there is an optimal flowback rate to maximize the gas permeability. Currently, shale hydration and liquid
propping are basically not considered in numerical simulation, resulting in a large difference between the
numerical simulation result and the actual production data [19,20]. To sum up, a lot of efforts have been
put into the experimental analysis and numerical simulation of post-stimulation shut-in and flowback in
shale gas wells, and a complete process of simulating fracturing flowback in shale gas wells has not been
established. It is difficult to provide a solution to the problems in post-stimulation flowback and illustrate
the geological factors of fracturing flowback in shale gas wells.

Thus, it is needed to carry out an analysis of the characteristic flow mechanism of post-stimulation shut-
in and flowback of shale gas wells through laboratory experiments, mechanism analysis, big data analysis
and numerical simulation, to find out the mechanism and factors affecting the high and stable production
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of gas wells, design and formulate the optimal production plan and provide support for sustained and stable
production of gas wells.

2 Dynamic Characteristics of Shut-In and Flowback of Shale Gas Wells
2.1 Typical Curves of Flowback of Shale Gas Wells

At the initial flowback stage of shale gas wells, the frac plugs are usually drilled. According to pressure
and production before and after drilling plugs, production of gas wells before and after flowback (Fig. 1) is
divided into: (1) shut-in, with continuous pressure drop and pressure inflection; (2) flowback before drilling
plugs, with increasing the chokes step by step, the continuous pressure decline, and low gas production or no
production; (3) flowback with peak pressure after drilling plugs, increased gas production, gradual increase
of gas-liquid ratio, and continuous pressure to the peak pressure; (4) flowback after the peak pressure, with
stable gas and fluid production after the peak production, and stable decline of the wellhead pressure.
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Figure 1: Shale gas flowback stage division

2.2 Difference of Flowback Indexes and Characteristic Curve of Shale Gas Wells

Calculation of flowback indexes of more than 1000 shale gas wells shows that there are obvious
differences in 5 of 10 flowback indexes, ranging from 15% to 90%. For mid-deep and deep blocks, there are
small differences in the gas breakthrough time, the flowback rate at gas breakthrough time, the flowback
rate at peak production time, and large differences in the opening well pressure, peak pressure and peak
production, with an average difference of 52% (Fig. 2).
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Figure 2: Distribution of flowback indexes of deep and mid-deep gas wells

2.2.1 Large Difference of Flowback Indexes of Mid-Deep Shale Gas Wells

Peak pressure, peak production and gas production per unit pressure drop have a good correlation with
the EUR of gas wells, and they can be used as evaluation indexes of flowback effect. Compared with mid-
deep gas wells, deep gas wells show the characteristics of high pressure and low yield, with 62% higher peak
pressure, 30% lower peak production, and 52% lower gas production per unit pressure drop (Fig. 3).
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Figure 3: Scatter plots of peak pressure, peak production, gas production per unit pressure drop and EUR of deep and
mid-deep shale gas wells

2.2.2 Mid-Deep Open Flow Wells Show the Characteristics of “High Peak Pressure, High Peak Production and
Low Yield per Unit Pressure Drop” and High Water-Gas Ratio and Flowback Rate

Compared with controlled pressure gas wells, the open flow gas wells have about 16% higher peak
pressure, generally higher than 29 MPa. At the flowback stage, the open flow gas wells have larger chokes, and
about 72% higher peak production, generally higher than 25 x 10* m*/d, and about 10% lower gas production
per unit pressure drop, generally less than 27 x 10* m*/MPa (Fig. 4).
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Figure 4: Scatter plots of peak pressure, peak production, gas production per unit pressure drop and EUR of mid-deep
open flow and controlled pressure shale gas wells

The water-gas ratio decreases rapidly at the early stage and slowly at the later stage. The water-gas ratio
of controlled pressure wells decreases slowly and inflection occurs earlier. Decrease of the water-gas ratio of
mid-deep controlled gas wells and open flow wells slows down after 8 and 14 d of well opening, respectively,
and tends to be consistent after 17 d (Fig. 5).
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Figure 5: Curves of water-gas ratio in mid-deep controlled pressure and open flow gas wells

2.2.3 Deep Controlled Pressure Well Show the Characteristics of “High Peak Pressure, Low Peak Production
and Low Yield per Unit Pressure Drop” and High Water-Gas Ratio and Flowback Rate

Compared with mid-deep controlled gas wells, deep controlled pressure gas wells have about 47% higher
peak pressure, generally greater than 47 MPa, the choke diameter within 8 mm, about 12% lower peak
production, generally less than 13 x 10* m®/d, 52% less gas production per unit pressure drop, generally less
than 15 x 10* m*/MPa (Fig. 6).
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Figure 6: Scatter plots of peak pressure, peak production, gas production per unit pressure drop and EUR of mid-deep
and deep controlled pressure shale gas wells
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The water-gas ratio decreases rapidly at the early stage and slowly at the later stage, and it declines rapidly
in deep wells and inflection occurs late. The water-gas ratio of deep controlled pressure gas well slows down
after 14 d of well opening, and the water-gas ratio surged after about 25 d of frac hit, which does not comply

with the general characteristics (Fig. 7).
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Figure 7: Curves of water-gas ratio in deep and mid-deep controlled pressure gas wells

According to statistics of key indexes at the flowback stage of mid-deep open flow and controlled
pressure gas wells and deep controlled pressure gas wells, a typical chart (Fig. 8) was established, which

provides a basis for real-time tracking and comparative analysis of mid-deep gas wells.
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Table 1 establishes an evaluation index system of flowback effects of high vyield wells
(EUR > 1.50 x 10* m*) and low yield wells (EUR < 100 x 10® m®), providing reference for the analysis of
flowback characteristics and productivity evaluation of gas wells.

Table 1: Evaluation indexes of flowback of mid-deep open flow and controlled pressure gas wells and deep controlled
pressure gas wells

Flowback indexes Mid-deep open flow Mid-deep controlled Deep controlled
wells pressure wells pressure wells
Highyield Lowyield Highyield Lowyield Highyield Low yield
wells wells wells wells wells wells
Peak pressure (MPa) >30 <25 >25 <20 >55 <40
Peak production (10*/d) >28 <18 >16 <8 >18 <10
Gas production per unit
pressure drop (10* m*/MPa) >30 <10 >35 <20 >30 <10

3 Interpretation Model of Pressure Drop in Shut-In Wells and Design of Shut-in Scheme
3.1 Model of Pressure Drop in Shut-In Wells Considering Gas-Liquid Displacement

Shale gas reservoirs are developed by the multistage hydraulic fracturing technology. The injected frac
fluid in the major fracture continues to communicate with the complex natural fracture. The major is fracture
is propped by proppants, the communicated natural fractures are propped by frac fluid, and some frac fluids
leak off into the matrix. At the shut-in stage after stopping pumps, frac fluids flow in the triple medium of
major fracture, secondary fracture and matrix, and the permeability of the major and secondary fractures is
much higher than that of the matrix. Shale gas mainly occurs in natural fractures and pores in a free state
and in the surface of rock particles and pores in the reservoir in an adsorbed state, and the adsorbed gas is
desorbed to free gas as the reservoir pressure drops [21-24]. The model is a dual-pore and dual-permeability
model with the major and secondary fractures as the main flow channels and the matrix as the main gas
storage medium.

The shale gas multistage hydraulic fracturing shut-in model mainly includes horizontal wellbore,
hydraulic major fracture, secondary natural fractures and matrix. The horizontal wellbore is in the lateral
center of the model, and the main hydraulic fracture extends perpendicular to the wellbore, the secondary
fractures are perpendicular to the major fracture, and the secondary fractures are generally natural fractures
communicating with the major fracture. Frac fluid is injected into the major fracture through the horizontal
wellbore and flows into the secondary fractures. There is a process of gas and water channeling between major
and secondary fractures and between the matrix systems. Frac fluid in the major and secondary fracture
system leak off into the matrix, and shale gas is replaced from the matrix [25-27]. The major fracture is
mainly propped by proppants and secondary fractures are propped by frac fluids. The physical model of the
wellbore-fracture-matrix system is shown in Fig. 9, and the mass transfer process is shown in Fig. 10.



1424 Fluid Dyn Mater Process. 2025;21(6)

Secondary fracture

z Horizontal well
Matrix

Wellbore (Bottom hole ¢
fracture network)

hf

Major fracture

Figure 9: Schematic of physical model of a shale gas fractured horizontal well

Secondary fracture

Major fracture NF Matrix of stimulation zone

HF M

Horizontal well

Gas and water Gas and water Gas and water

G . i

I Gas and water I

Figure 10: Schematic of mass transfer process during shut-in

Assumptions: 1. the shale gas well fracturing model is composed of horizontal wellbore, major fracture,
secondary natural fractures and matrix system; 2. the shale gas well fracturing zone is a dual-pore and
double-permeability model; 3. gas-water dual-phase flow and isothermal seepage are considered; 4. the stress
sensitivity the permeability and porosity of the matrix system and fracture system is considered; 5. the major
fracture is regarded as a symmetric vertical fracture in the wellbore, and the fracture height extends through
the reservoir; 6. the effects of frac fluid imbibition and displacement with reservoir fluids are considered.

Shale gas reservoirs are different from conventional reservoirs. Numerical simulation in this study
considers complex the physical and chemical processes in shut-in of shale gas wells, including gas-liquid
relative permeability, capillary force, shale gas adsorption and desorption, and stress sensitivity. A two-phase
(gas and water) and multi-media (matrix M, major fracture HE secondary fracture NF) fracturing shut-in
model was established [28-30].

(1) Gas-liquid relative permeability

The relative permeability of the matrix system determines the flow capacity of gas and liquid phases.
The relative permeability of the matrix system is measured by the relative permeability experiment. Due to
the high conductivity of the major fracture system, only gravity is considered. The relative permeability of
the secondary fracture system is expressed as:

_ (Sw=Swe)’ (2(Sw ~ S+ 3sg)

C(1-S,.)° 2 2

rw
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where S, —initial water saturation; S,—gas saturation; u,—water phase viscosity, mPa-s; y,—gas phase
viscosity, mPa-s.

(2) Capillary force

The capillary force is value of the non-wetting phase pressure subtracted by the wetting phase pressure
and is expressed as the difference between pressure of two phases. The shale gas reservoir has low porosity and
permeability, and a large capillary force which is in-negligible. The permeability of the major and secondary
natural fractures is much higher than the matrix permeability, and the capillary force of the fracture system
is negligible. The capillary force is expressed as:

Pg,F =Py r (3)
Ps=P,; (4)
Pg,m = Pym=Pem (5)

where P, p—gas phase pressure of the major fracture, MPa; P, p—water phase pressure of the major fracture,
MPa; P, r—gas phase pressure of secondary fractures, MPa; P, ,,—gas phase pressure of the matrix, MPa;
P,, n—water phase pressure of the matrix, MPa; P, ,,—capillary force of the matrix, MPa.

(3)  Stress sensitivity

When the effective stress of strata changes, both effective porosity and permeability of the shale reservoir
change, and they are not constant. This property is regarded as stress sensitivity.

The effective pressure is the difference between the overlying rock pressure and pore pressure. When the
effective pressure increases, the reservoir permeability and porosity decrease. In actual fracturing operation,
the overlying rock pressure is generally considered as a constant. The effective pressure is only related to the
pore pressure, and change of pore pressure causes change of the reservoir permeability and porosity, and this
relationship is expressed as follows:

¢i = ¢o..e“'*P (i = HF,NF, M) (6)
K; = Ko,;e%"*? (i = HF,NF, M) 7)

where @;—porosity of major fracture, secondary fracture and matrix; @, ;—initial porosity of major fracture,
secondary fracture and matrix; C;—compressibility of major fracture, secondary fracture, and matrix pore,
MPa!; Ap—pressure drop, MPa; K;—permeability of major fracture, secondary fracture and matrix; Ko ;—
initial permeability of major fracture, secondary fracture and matrix; di—permeability sensitivity coeflicient

of major fracture, secondary fractures and matrix, MPa™".

The model was established with IMEX module of CMG. The model consists of matrix (M), hydraulic
fracture (HF) and secondary fractures (NFs). The typical shut-in pressure drop characteristic curve is fitted
by adjusting parameters of major and secondary fractures. The shape of shut-in pressure drop characteristic
curve in this well zone is different from the typical W shape of CN Block, and it is a relatively gentle V shape
and rapid pressure drop. The fitting results show that the model is a simple fracture model with rare secondary
fractures, and the flow dynamics of 150 d shut-in was simulated. Then, simulation of gas-water displacement,
pressure field change and sensitive factors of the pressure drop characteristic curve of the fracture system
and the matrix were simulated.
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Setting of the numerical model parameters is based on the fracturing operation and reservoir param-
eters of fractured horizontal wells in this well zone: a five-stage fractured horizontal well model with a size
of 300 m x 212 m x 40 m, and a 296 m long lateral wellbore in the middle, fracturing from toe end to heel
end, injection of 2 h in each stage with 5 clusters, a total injection volume of 8225 m?, shut-in for 150 d after
injection, the major fracture with the half-length of 78 m and symmetrically distributed around the lateral
wellbore, secondary fractures evenly distributed perpendicular to the major fracture direction, and the small
secondary fracture density. This simulates the pressure drop in the case of simple fractures. The shale gas
reservoir is a dry gas reservoir, and the phase change of shale gas is not considered.

The parameters of major and secondary fractures and reservoir physical of the numerical model are
listed in Table 2.

Table 2: Parameters of reservoir and fractures

Parameters Values
Initial formation pressure, MPa 76
Secondary fracture porosity 0.5
Major fracture conductivity, D-cm 8
Matrix permeability, mD 0.0001
Secondary fracture compressibility, MPa™'  0.015
Water compressibility, MPa™ 0.00046
Water viscosity, mPa-s 2
Water density, kg/m’ 1000
Initial reservoir water saturation 0.35
Major fracture porosity 0.06
Matrix porosity 0.05
Secondary fracture permeability, mD 10

Major fracture compressibility, MPa™! 0.0032
Major fracture compressibility, MPa™* 0.0032

Matrix compressibility, MPa™! 6 x107*
Gas compressibility, MPa™! 0.03
Gas viscosity, mPa-s 0.058
Gas density, kg/m3 0.55
Secondary fracture density, /m 0.128

Both major and secondary fractures are meshed by the logarithm refinement method. The gas-water
relative permeability curves of major and secondary fractures and the matrix and the capillary force of matrix
are shown in Fig. 11.

At the end of 150 d of shut-in, the frac fluid occupies 3.3% of the major fracture system and 3.9% of
the secondary fracture system. The leakoff frac fluid replaces the shale gas in the matrix into the fracture.
The cumulative water absorption and the water absorption rate of matrix, the cumulative gas exchange
volume and the gas exchange rate of the fracture system during shut-in are shown in Fig. 12. The cumulative
water absorption of matrix is stabilized gradually at the end of shut-in, and the channel flow rate from the
fracture system to the matrix is high at the early stage of shut-in and then decreases rapidly. The gas inflow
into fracture system increases obviously after 0.6 d, and then gas inflow increases rapidly. There is good
connectivity between major and secondary fractures and small volume of secondary fractures. The water
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absorption rate of matrix shows an approximately unit negative slope on the log-log curve, and there is
relatively small fluctuation.
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Figure 11: Gas-water relative permeability and matrix capillary force of fracture and matrix
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Figure 12: Gas-water displacement relationship during shut-in

In gas-water displacement between the matrix and the fracture system during shut-in, the gas exchange
rate of the fracture system is negative in Stages (1)-(3). According to the flow pattern of the pressure drop
and the gas-water displacement relationship between the matrix and the fracture system during shut-in, the
flow pattern is divided on typical log-log curves of numerical simulation (Fig. 13).

Based on the post-stimulation shut-in pressure drop model of shale gas horizontal wells with a simple
fracture, simulation and sensitivity analysis of parameters of major and secondary fracture and reservoir
involved in the model, including matrix permeability, major fracture conductivity, secondary fracture
permeability, major fracture half-length and secondary fracture density, were carried out to study the pattern
of the log-log bottom hole pressure drop curve under different reservoir physical parameters (Figs. 14-16).

In sensitivity analysis, only the sensitive factors are changed, and other parameters such as injection fluid
volume and shut-in time are not changed.
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3.2 Design of Shut-In System Chart

According to the development degree of natural fractures, the deep shale gas blocks are divided into
network fracture zone and single direction fracture zone.

The network fracture zone indicates that the natural fractures in this area are mainly multi-directional,
low energy level, and short fracture spacing, which have little impact on shale gas well drilling and fracturing.
After using volume fracturing, it is easy to form a more complex artificial fracture network; single direction
fracture zone represents a natural fracture in the area that is mainly developed in a single direction, with
a large energy level and long spacing. These natural fractures are generally wide and have a long extension
length, which can easily lead to drilling leakage and complex fracturing processes, resulting in casing
deformation and pressure breakthrough. In actual construction, attention should be paid to identification
and avoidance, and construction intensity should be appropriately controlled.

In typical wells in the network fracture zone, there is no matrix flow dominated stage, and no imbibition
and energy enhancement effects, and flow in the wellbore, major fracture, and secondary fractures are
dominant. In the single direction fracture zone, gas-liquid displacement in the fracture system is basically
completed in 8-12 d, and matrix flow starts to be dominated, and the imbibition fracturing efficiency reaches
a peak (Fig. 17).

The chart for shut-in technical scheme optimization (Fig. 18) was established. It is concluded that the
shortest shut-in time is when the bottom hole pressure is below the closure pressure, and its purpose is to
reduce the risk of sand production. This shortest shut-in time is generally 2-4 days.

The imbibtion fracturing capacity of gas wells in the single direction fracture zone is weaker than that
in network fracture zone, and the well can be opened earlier. The recommended shut-in time is 4-8 d for
gas wells in the single direction fracture zone. The shut-in time of gas wells in network fracture zone can be
extended appropriately to obtain a maximum fracturing effect.
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4 Optimization of Gas Well Flowback Mode

4.1 Numerical Simulation of Flowback System Design

Based on the actual fracturing parameters and logging interpretation results of gas wells, a fracture
network mechanism model was established by using EDFM numerical simulation technology. The model
has a mesh number of 166, 60 and 10 in x, y and z directions, respectively, a size 0of 10 m x 10 m x 2 m, a total
number of 99,600, a 1560 m long lateral section, 42 fractures clustered near point B, and an initial fracture
half-length of 250 m and an initial fracture height of 20 m (Fig. 19).
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Figure 19: Mechanism model of a shale gas well

Based on the model constrained by actual production data, the bottom-hole flow pressure and daily
water production were fitted with the fixed gas production mode. EDFM-ALI artificial intelligence assisted
fitting technology was used to carry out 300 iterations, and the optimal solution was fitted. The fitting errors of
bottom-hole flow pressure and daily water production are less than 5% and 30%, respectively. The estimated
EUR is 1.77 x 10® m?, which is highly consistent with the RTA prediction result of 1.76 x 10* m’, indicating
that the model has a high simulation accuracy and can be applied in following study (Figs. 20 and 21).
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Figure 20: History fitting of a shale gas well. (a) Daily gas simulation fitting; (b) Daily water production fitting; (c)
Bottom-hole flow pressure fitting
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Figure 21: Optimal history fitting of a shale gas well. (a) Optimal fitting of daily oil water production; (b) Optimal
fitting of bottom-hole flow pressure

By constraints of history fitting, key reservoir and fracture parameters such as conductivity, water
saturation, equivalent height, equivalent half-length, stress-sensitive curve of artificial fracture, and matrix
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permeability were obtained by inversion, and they were used as input parameters for subsequent research on
pressure drop path to ensure simulation reliability (Fig. 22).
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Figure 22: Inversion of uncertain parameters of a shale gas well

After establishing the model, noise reduction of the actual bottom hole flow pressure was carried out
by the equivalence approach, and abnormal values caused by data acquisition or surface operation were
excluded. The original uneven curve shape was processed by artificial characterization, and a stepped curve
with unfixed interval and unfixed decline amplitude was formed (Fig. 23). Based on the treated stepped curve,
9 bottom hole flow pressure change paths corresponding to daily pressure drops were formed by fixing the
change interval and adjusting the drop amplitude. According to actual historical pressure drop, they were
divided into 4 open flow paths (faster than the actual pressure drop), 4 controlled pressure paths (slower
than the actual pressure drop) and 1 extreme controlled pressure path.

History decline Equivalent history decline

Bottom-hole flow pressure(MPa)

Date

Figure 23: Equivalent filtration chart of bottom-hole flow pressure in a shale gas well

The key difference between controlled pressure and open flow production is different stress closure
degree. In the open flow system, the pressure declines rapidly, the fracture closure degree is large, the fracture
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closure speed is fast, and the reservoir permeability decreases more. A larger open flow degree causes a greater
stress closure degree and more permeability loss. On the contrary, a larger controlled pressure degree causes a
smaller stress closure degree and less permeability loss. To distinguish the relationship between permeability
and stress corresponding to pressure drop paths, 9 sets of stress sensitivity curves with different permeability
loss were designed based on the stress sensitivity curves obtained from inversion, and they are matched with
each pressure drop path, respectively (Fig. 24).
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Figure 24: Variation of cumulative gas production corresponding to different pressure drop paths

Pressure drop paths and corresponding stress sensitivity curves were input into a mechanism model
constrained by history fitting, cumulative gas production in different paths and its impact on EUR during
20 years of production were simulated (Fig. 25). At the early production stage, a higher cumulative gas
production can be obtained by open flow production, and a larger open flow degree causes a higher
cumulative gas production. With the progress of production, open flow production causes rapid fracture
closure, shrinkage of gas production channels, and the reduced permeability. As a result, the gas production
rate in the open flow system is far lower than that in the controlled pressure system, and the cumulative gas
production in the controlled pressure path gradually exceeds that in the controlled pressure system. Taking
path 8 as an example, the cumulative gas production is lower at the early production stage and higher than
that in path 3 after 4 years of production. After 10 years of production, the cumulative gas production exceeds
that in path 4. After 15 years of production, the cumulative gas production exceeds that in the historical
pressure drop path. After 17 years of production, the cumulative gas production exceeds that in path 5. Taking
the historical pressure drop as an example, the cumulative gas production is higher at the early production
stage and is exceeded than by those in paths 5, 6, 7, and 8 successively as production goes. Finally, the
predicted EURs are 1.83-1.95 x 10® m® in paths 5, 6, 7 and 8, and they are 3%-10% higher than 1.77 x 108 m’
from the historical pressure drop path. In paths 1, 2, 3 and 4, open flow production causes fracture closure at
the early production stage, resulting in massive shale gas detention in reservoir. For path 9 with controlled
pressure production, there is a small pressure drop, a lot of energy is maintained in the reservoir, and a longer
production time is needed to produce the gas. The results show that EURs can be increased further by using
paths 5, 6, 7 and 8, i.e., maintaining the daily pressure drop of 0.01-0.08 MPa/d.
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Figure 25: EURSs for different pressure drop paths

4.2 Method of Quantitative Evaluation of Artificial Fracture Conductivity

Based on the percolation theory of gas reservoirs, A.\/K,, reflects the flow capacity of artificial fractures
in multi-stage fractured horizontal wells, and it is used to quantify the conductivity of artificial fractures
under various choke systems. Based on the results of A.\/K,, under different chokes, loss of the artificial
fracture conductivity can be quantified to guide the time of choke control (Figs. 26 and 27).
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Figure 26: Model and method principle
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Figure 27: Variation of A.\/K,, conductivity of typical gas wells in LZ block

As given in Table 3, the conductivity of artificial fractures in the network fracture zone decreases by
15%-28%, with an average of 22.3%, which is significantly lower than that in the single direction fracture
zone. With the goal of the lowest decrease of the conductivity of artificial fractures, the appropriate choke
diameter of gas wells in LZ Block is set as 5-9 mm, and the appropriate choke diameter of gas wells in the
network fracture zone is larger than that in the single direction fracture zone (Fig. 28).

Table 3: Statistics of loss of artificial fracture conductivity of gas wells with chokes in different geological engineering
zones in deep blocks

Geological and Loss of artificial fracture conductivity of gas wells with all chokes
engineering types

4mm 5mm 6mm 7mm S8mm 9mm 10mm 1l1mm Average

Network fracture 26.95% 28.72% 22.43% 15.55% 17.63% 16.29% 23.40% 2740% 22.30%
Single direction fracture 35.90% 21.99% 24.60% 34.82% 38.70% 35.47% / / 31.91%

’ 38.70%
35.90% 34.82% 3547%

4mm Smm Gmm Tmm B 9mm dom Sem 6mm Tmm Smm Snm  10mm  1lmm
Choke diameter Choke diameter

=2
=1

Figure 28: Loss of artificial fracture conductivity of shale gas wells with chokes under different geological engineering
conditions

Based on the results of numerical simulation, mechanism analysis and real-time optimization, the shut-
in time, choke adjustment time, maximum choke size and average daily pressure drop range of gas wells in
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the network fracture zone and the single direction fracture zone were specified, and a differentiated “shut-in

and flowback” model was established in Table 4 to support the maximum production potential of gas wells.

Table 4: Shut-in and flowback modes of shale gas wells under different geological engineering conditions

Geological and Shut-in Flow back
engineering types
Before drilling Peak pressure After peak
plugs after drilling pressure
plugs
Network fracture >8d Increase the Increase a Maximum 9 mm
diameter of level of choke, and average
2—4 mm choke daily pressure drop
chokes diameter per <1 MPa
Single direction fracture 4-8d rapidly 3-5d Maximum 6 mm
choke, and average
daily pressure drop
<0.4 MPa

5 Conclusions

@

2)

3)

The shut-in pressure drop interpretation model was established, and the chart for the design of shut-in
schemes for different geological and engineering modes in LZ deep shale was established. The shut-in
time is required to be 4-8 d for the single fracture zone and >8 d for the network fracture zone.

The flowback characteristics of shale gas wells with two geological and engineering conditions were
defined, typical charts were established, and the index system for evaluating gas well flowback
effects was established. They can be used to evaluate the flowback effect of gas wells at the initial
production stage.

Based on the results of numerical simulation and mechanism analysis, the shut-in time, choke
adjustment time, maximum choke size and average daily pressure drop range of gas wells in the
network fracture zone and the single direction fracture zone were specified, and a differentiated “shut-
in and flowback” model was established to support further improvement of flowback effects of deep
shale gas wells.
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