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ABSTRACT: Field development practices in many shale gas regions (e.g., the Changning region) have revealed a
persistent issue of suboptimal reserve utilization, particularly in areas where the effective drainage width of production
wells is less than half the inter-well spacing (typically 400-500 m). To address this, infill drilling has become a widely
adopted and effective strategy for enhancing reservoir contact and mobilizing previously untapped reserves. However,
this approach has introduced significant inter-well interference, complicating production dynamics and performance
evaluation. The two primary challenges hindering efficient deployment of infill wells are: (1) the quantitative assessment
of hydraulic and pressure connectivity between infill wells and their associated parent wells, and (2) the accurate
estimation of platform-scale Estimated Ultimate Recovery (EUR) following infill implementation. This study presents a
novel framework to quantify inter-well connectivity by deriving a material balance equation tailored for shale gas infill
well groups, explicitly incorporating gas adsorption and desorption mechanisms. The model simultaneously evaluates
formation pressure evolution and crossflow behavior between wells, offering a robust analytical basis for performance
prediction. For infill wells intersecting the drainage boundaries of parent wells, EUR is estimated using an analytical
model developed for multi-stage hydraulically fractured horizontal wells. Meanwhile, the EUR of the parent wells is
obtained by summing their pre-infill EUR with the final inter-well crossflow contribution.

KEYWORDS: Shale gas; infill well; well interference; EUR

1 Introduction

The Changning shale gas region faces challenges including low extraction rates and inadequate reserve
utilization as development progresses. Initial shale gas extraction in the Changning area adopted a well
spacing of 400-600 m, based on North American development experience. Over 80 horizontal wells with
this spacing were drilled before 2017 [1]. However, production data reveal that the average fracture length of
horizontal wells is only 100-200 m—Iless than half the inter-well distance—indicating underutilized reserves
between wells. Additionally, the Changning block’s recovery rate of approximately 10% is far below the
20%-50% rates seen in other shale blocks [2,3]. Infill wells have become critical for enhancing shale
gas output, but reduced well spacing and pressure depletion zones from parent wells may alter fracture
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orientations in infill wells [4,5], causing inter-well interference that reduces production efficiency in both
wells [6,7]. This poses challenges for quantifying interference between wells and evaluating productivity.
Large-scale infill well deployment in U.S. shale gas fields, analyzed through over 3100 interference cases across
five North American basins, shows three interference categories: positive, negative, or no effect on parent
wells [8,9]. Notably, infill well deployment in China’s Fuling Jiaoshiba block has generally improved parent
well performance, as shown in Table 1.

Table 1: Statistical table of the impact of infill wells on the capacity of the parent wells (Reprinted with permission from
[8]. 2025, Society of Petroleum Engineers)

Bakken Eagleford Haynesville Woodford Niobrara Jiaoshiba

Positive influence 50% 24% 58% 4% 6% 76%
Largely unaffected 35% 36% 24% 32% 38% 24%
Negative influence 15% 41% 19% 64% 56% 0%

The primary methods for assessing inter-well interference include tracer analysis, production dynamics,
and interference well testing [10-12]. While these methods are well-established, few have been applied to
evaluate interference from child wells to the parent well. Luo [13] developed linear plots to predict Estimated
Ultimate Recovery (EUR) in tight reservoir after infill drilling, categorizing EUR improvements into two
mechanisms: enhanced extraction rates and improved recovery in undrained zones. The latter was used to
determine optimal infill well spacing. Esquivel and Blasingame [14] analyzed pressure data from 65 parent
wells in the Haynesville shale gas field, creating four quantitative metrics and a grading system to measure
inter-well connectivity. They also introduced a daily vs. cumulative production plot to assess infill impacts
on parent wells but provided only qualitative assessments without quantifying EUR changes. Wang et al. [15]
defined three child-parent well distribution models and used machine learning to predict first-year child well
production by integrating well location data, fracturing parameters, and production history. However, parent
well performance post-infill was not extensively analyzed. Tugan and Weijermars [16] applied a 3-segment
decline curve analysis (DCA) to calculate EURs for both parent and child wells, showing high accuracy.
However, this method requires substantial production history (4 years for parent wells and 18 months for
child wells) are required to ensure reliability.

Huangetal. [17] used numerical simulation to analyze stress shadow effects in multi-stage fractured hor-
izontal wells (MFHW3s) in shale reservoirs and their impact on productivity. By integrating hydraulic fracture
modeling with reservoir simulation, this study established a workflow to quantify the relationship between
fracture interference and well performance. The research identified how key fracturing parameters—
including cluster number, stage spacing, and injection rate—control fracture geometry and production
outcomes, offering critical insights for optimizing fractures. However, the analysis focused primarily on
stress interactions between fracture clusters within a single well and did not examine how fracture-driven
interactions in infill well groups affect productivity.

All existing methods only assess the impact of infill wells on parent well EUR qualitatively or calculate
EUR for parent or child wells individually, lacking systematic analysis of parent-child well interference and
EUR for infill well pats. To address this gap, this study introduces a novel approach: first establishing a multi-
well material balance equation with connectivity transmissibility to quantify inter-well flow capacity, then
developing a crossflow calculation method to determine infill pad EUR. This work not only addresses the
theoretical gap in quantifying inter-well interference but also provides critical foundations for accurate EUR
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prediction and development optimization in shale oil/gas infill drilling. Additionally, it offers actionable
insights to improve unconventional reservoir development efficiency.

2 Impact of Shale Gas Child Wells Infill on Parent Wells

The Changning shale gas infill pilot test platform CNI1 includes three parent wells (CN1, CN2, CN3)
spaced 500 m apart, each with a horizontal section length of 1500-1800 m. These wells were commis-
sioned in 2015. Prior to infill drilling, the parent wells had an average cumulative production exceeding
0.86 x 108 m. In 2022, two infill wells (CN4 and CN 5) were drilled between the parent wells at a spacing of
250 m. Their horizontal sections measure 1601 and 1803 m, respectively, with the vertical wellbore trajectory
offset 8 m from the parent wells. The platform layout is shown in Fig. 1. The thicknesses of Layers 1, 2, 3,
and 4 are 0.9, 7.9, 7.5, and 24.3 m, respectively. The horizontal sections of parent wells CN1-CN3 are located
between Layers 3 and 4, while infill wells CN4-CNJ5 are between Layers 1 and 2.

N
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CN2
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Figure 1: Schematic of CNI platform well location

2.1 Wellhead Pressure Monitoring during Fracturing

Inter-well interference occurs throughout gas well production. During infill well fracturing, pressure
changes in offset wells reflects the degree of hydraulic fractures interference. Stronger fracturing-induced
interference correlates with higher wellhead pressure increases, while weaker interference causes smaller
fluctuations. The cumulative pressure increases per stage in each well quantifies interference intensity
between the monitored and fracturing wells. Additionally, the ratio of each stage’s pressure increase to the
total cumulative represents the relative contribution of individual fracturing stages [18].
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The wellhead pressure rise of the parent well was monitored during the fracturing of the infill, and
the results are shown in Figs. 2 and 3. Well 4 fractured 21 segments, the pressure of well 1 responded to 13
segments with a pressure increase of 0.01~5.71 MPa, well 2 responded to 15 segments with a pressure increase
of 0.03~3.9 MPa, and well 3 responded to 13 segments with a pressure increase of 0.01~0.41 MPa during
the fracturing period. Well 5 was fractured in 23 sections, the pressure response of well 1 was 8 sections
with a pressure increase of 0.05~0.7 MPa, the pressure response of well 2 was 19 sections with a pressure
increase of 0.01~0.5.94 MPa, and the pressure response of well 3 was 13 sections with a pressure increase of
0.01~1.04 MPa during the fracturing period, the results are shown in Table 2.

The wellhead pressure increases in monitoring wells were calculated using the fracturing timeline of
each infill well stage (Tables 3 and 4). Using Well 4 as a case study. Well 1 recorded a total pressure rise of
17.47 MPa during Well 4’ fracturing, with notably high spikes in Stages 14, 19, 20 and 21 (13.51%, 25.42%
and 32.68%, respectively), indicating strong fracture-driven interference. Well 2 displayed a total increase of
11.57 MPa, with higher responses (>10%) in Stages 6, 11, 18 and 19, demonstrating substantial interference.
Well 3 experienced only a minor rise of 0.74 MPa, suggesting weak interference with Well 4.

—a—Well 1-4

—a— Well 2-4

—a—Well 3-4

Wellhead pressure rise (MPa)

0 3 6 9 12 15 18 21 24
Well 4 Fractured section number

Figure 2: Well 4 wellhead pressure rise in parent wells during fracturing

—&—Well 1-5
—8—Well 2-5

—a—Well 3-8

Wellliead pressure vise (MPa)

0 3 6 9 12 15 18 21 24
Well 4 Fractured section number

Figure 3: Well 5 wellhead pressure rise in parent wells during fracturing
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Table 2: Parent well pressure rise during fracturing of infill wells

Parent well Pressure rise range (MPa) Average value (MPa)
Well 1 0.01~5.74 1.34
Well 4 fracturing Well 2 0.03~3.9 0.77
Well 3 0.01~0.41 0.06
Well 1 0.05~0.7 0.24
Well 5 fracturing Well 2 0.01~5.94 1.44
Well 3 0.01~1.04 0.21

Table 3: Statistical results of pressure rise in each monitoring well during each fracturing stage
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Fracture stage

Pressure appreciation during
fracturing operations on well 4 (MPa)

Pressure appreciation during

fracturing operations on well 5 (MPa)

Welll Well2 Well3 Well 5 Welll Well2 Well3 Well 4

1 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0
4 0 0.5 0 0 0 0 0 0
5 0 0.7 0 0 0 0.25 0 0
6 0 1.2 0 0 0 0.9 0 0
7 0 0 0 0 0 0.3 0 0
8 0 0 0 0 0.08 0.29 0.02 0
9 0.06 0.06 0.01 0 0.24 0.72 0.01 0
10 0.01 0.36 0.02 0 0.7 1.03 0.01 0
1 0.54 1.35 0.01 0 0.1 0.62 0 0
12 0.05 0.63 0.03 0 0.06 0.35 0 0
13 0.65 0.49 0.03 0 0.09 0.22 0.2 0
14 2.36 0.09 0.04 0 0 0.87 0.02 0
15 0.56 0.33 0.05 0 0.05 1.73 0.03 0
16 0.29 0.52 0.02 0 0.63 0.08 0.01 0
17 0.25 0.09 0.03 0 0 0.01 0.01 0
18 0.82 39 0.06 0 0 1.9 0.01 0
19 4.44 1.32 0.01 0 0 1.61 0 0
20 1.73 0.03 0.02 0 0 5.02 0.34 0
21 5.71 0 0.41 0 0 5.94 0.64 0
22 0 5.21 0.39 0
23 0 0.3 1.04 0
Total 1747 11.57 0.74 0 1.95 27.35 2.73 0
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Table 4: The percentage of upward pressure increase in each monitoring well during each fracturing stage

Fracture stage  Percentage of upward pressure Percentage of upward pressure
increase during fracturing increase during fracturing
operations on well 4 (%) operations on well 5 (%)
Welll Well2 Well3 Well5 Welll Well2 Well3  Well 4
1 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0
4 0 4.32 0 0 0 0 0 0
5 0 6.05 0 0 0 0.91 0 0
6 0 10.37 0 0 0 3.29 0 0
7 0 0 0 0 0 110 0 0
8 0 0 0 0 4.10 1.06 0.73 0
9 0.34 0.52 1.35 0 12.31 2.63 0.37 0
10 0.06 3.11 2.70 0 3590  3.77 0.37 0
11 3.09  1L67 1.35 0 5.13 227 0 0
12 0.29 5.45 4.05 0 3.08 1.28 0 0
13 3.72 4.24 4.05 0 4.62 0.80 7.33 0
14 13.51 0.78 5.41 0 0 3.18 0.73 0
15 3.21 2.85 6.76 0 2.56 6.33 1.10 0
16 1.66 4.49 2.70 0 3231 029 0.37 0
17 1.43 0.78 4.05 0 0 0.04 0.37 0
18 4.69 3371 8.11 0 0 6.95 0.37 0
19 25.41 11.41 1.35 0 0 5.89 0 0
20 9.90 0.26 2.70 0 0 18.35 12.5 0
21 32.68 0 55.41 0 0 21.72 234 0
22 0 19.05 14.3 0
23 0 1.10 38.1 0
Total 100 100 100 0 100 100 100 0

During Well 5’s hydraulic fracturing, cumulative pressure increases were 1.95 MPa (Well 1), 27.35 MPa
(Well 2), and 2.73 MPa (Well 3), with strongest interference between Wells 2 and 5 (Stages 20-22: 18.35%,
21.72%,19.05%). Well positioning significantly influenced pressure responses: closer distances correlated with
stronger interference, while no fracturing response was observed between infill Wells 4 and 5.

2.2 Tracer Monitoring during the Flowback Phase

In fracture networks with large cracks, tracer output displays a sharp, narrow single-peak curve. In
systems dominated by microfractures, the curve shows a short, broad single or multi-peak pattern, where the
peak count depends on the number of high-permeability channels [19,20]. Therefore, fracture connectivity
can be determined by analyzing tracer curve shapes, as illustrated in Fig. 4.

A fracturing fluid, containing 44 gas-phase tracers was injected via infill wells CN4 and CNS5. Subse-

quent to the opening of the wells, varying concentrations of tracers were observed in all three parent wells,
with concentration curves illustrated in Fig. 5. Wells 1 and 2 (from Well 4) and Well 2 (from Well 5) showed
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elevated tracer concentrations with double peaks, indicating connectivity through large fractures. Well 3
exhibited low concentrations with a single late peak, suggesting microfracture-dominated connectivity. Wells
3 and 5 did not detect tracer injection from well 4, whereas wells 1 and 4 did not detect tracer injection from
well 5. Cross-well tracer monitoring showed no mutual tracer detection between Wells 4 and 5. Peak intensity
and curve width analysis revealed stronger connectivity in well pairs 1-4, 2-4, and 2-5 compared to 3-5.
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Figure 4: Schematic tracer flowback curve
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Figure 5: CN1 platform tracer monitoring concentration curves

As shown in Fig. 6, tracer concentrations peaked then declined. By the final monitoring stage, concen-
tration in multiple wells dropped to undetectable levels, signifying that fractures between infill and parent
wells gradually closed under stress, reducing inter-well flow.

Fig. 7 shows the spatial distribution of micro-seismic monitoring results for Platform CN1. Green dots
denote the parent well events, while purple dots denote child well events. Both color-coded event clusters are
symmetrically distributed along the wellbore. Prior to infill drilling, micro-seismic events between parent
wells were sparsely distributed. Following infill operations, the micro-seismic events between parent and
child wells demonstrate uniform spatial coverage across the entire pad. Additionally, micro-seismic data
from this platform indicate a well-defined natural fracture network connecting wells 1, 2, 4, and 5. This
fracture system is marked by clustered micro-seismic events, consistent with tracer detection results.
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Figure 6: Tracer monitoring shows the connectivity of infill to parent wells

Figure 7: CN1 platform micro-seismic event points

2.3 Analysis of Interference Well Test in the Early Stage of Production

In January 2023, five wells commenced production. Post-infill reopening of parent wells resulted in
higher initial output compared to pre-infill levels (Table 5).

To verify the inter-well connectivity, an interference test was conducted on the platform in April 2023.
Two wells between Wells 4 and 5 remained open during the test due to partially closed wellhead gates. Wells
CN1, CN4, and CN5 were selected as test wells to evaluate connectivity by analyzing pressure fluctuation
timing and patterns in observation wells [21]. The distance from well CN1 to 4 is 251 m, and the results of the
interference test for the well CN1 and 4 groups are illustrated in Fig. 8. The CN4 well exhibited an opening
pressure excitation response time [22] of 1.8 h, a propagation speed of 139 m per hour, an excitation duration
of 307.87 h, and a pressure drop of 1.79 MPa. The CN4 well exhibited a shut-in excitation reaction time of

2.67 h, a propagation velocity of 94 m per hour, an excitation duration of 122.62 h, and a pressure increase of
1.29 MPa.
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Table 5: Comparison of the production status of infill well groups on the CN1 platform
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Classification Well Before shut-in of infill well drilling After fracking of infill wells is completed
number and wells are opened
Daily gas  Casing pressure  Tubing pressure ~ Daily gas  Casing pressure  Tubing pressure
(10* m?) (MPa) (MPa) (10* m?) (MPa) (MPa)
CN1 0.7 2.6 1.8 6.1 11.5 52
Parent well CN2 0.6 4.5 31 12.4 10.1 2.8
CN3 0.8 2.6 2.2 4.3 6.9 2.7
CN4 / / / 6.5 273 /
Infill well CN5 / / / 5.2 219 /
16 1 | 16
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E 14 | z
:n | #§
&
z 8
2 12 2
] =
2 11 18 E
- =1
z 10 =
s 9 Pressure of well CN1 z
& g J —=Production of well CN4 14 &
- b
g £
5 &
6 =)
200 400 600 800
Time (h)

Figure 8: CNI well pressure response during CN4 well excitation

The distance from CN4 to well 5 was 483 m, and the results of the interference test for the CN4 and
well 5 groups are illustrated in Fig. 9. The reaction time for the CN4 well shut-in excitation is 10.43 h, the
propagation speed is 46 m per hour, the excitation duration is 112.55 h, and the pressure increase is 0.17 MPa.
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Figure 9: CN5 well pressure response during CN4 well excitation
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The interference test findings indicate that wells CN1 and CN4 demonstrate connectivity through
propped fractures. With a spacing of 483 m between Wells CN4 and CNB5, pressure interference is evident,
confirming that infill wells establish hydraulic connectivity with parent wells. This connectivity provides
pressure support, enhancing parent well productivity during early production phases.

During fracturing, flowback, and production operations, child wells induce notable interference on
parent wells. As child well pressure declines, fracture connectivity initially remains high but gradually
decreases due to stress-induced fracture closure. Therefore, quantifying transient flow rates between parent
and infill wells is critical for accurate EUR evaluation of infill wells.

3 Calculation of Crossflow between Child Wells and Parent Wells Considering Desorption Action
3.1 Material Balance Equation for an Infill Well Group

Assumptions in this study:

1. Pre-infilling conditions:

- The parent wells, comprising a total of n wells, had been in production for several years prior to the
deployment of infill wells.

- No connectivity was observed between of the any parent wells during this period. Therefore, we
assume that the parent wells operated as independent systems before infill well activation.

2. Post-infilling conditions:

- When infill wells begin production, communication develops between the infill and parent wells.

- This communication induces pressure differentials attributable to variations in remaining reserves
and disparities in cumulative gas production per well [23].

- The variations in pressure create conductive pathways between wells, thereby establishing a
replenishment relationship between wells.

3. Connectivity constraints:

- Only adjacent wells demonstrate connectivity.
- Non-adjacent wells remain non-connected.

4.  Shale-specific considerations:

- The model accounts for adsorbed/desorbed gas volumes from shale formations.

A schematic diagram of the connectivity of the infill well to the parent well is shown in Fig. 10.

Shale gas reservoirs contain both free gas and adsorbed gas. Free gas is stored in fractures and matrix
pores, while adsorbed gas is bound to the internal surfaces of the matrix [24]. During production, reservoir
pressure declines. When the pressure falls below the critical desorption threshold, adsorbed gas begins to
desorb. Assuming t isothermal reservoir conditions, the Langmuir adsorption isotherm equation is used to
derive the material balance equation [25,26], namely:

VL p

Vg =
pL+p

)

V1 represents the Langmuir volume, indicating the maximum theoretical saturated adsorption capacity
of shale when formation pressure approaches infinity. P; denotes the Langmuir pressure, corresponding to
the pressure at which 50% of gas adsorption capacity is achieved on the Langmuir isotherm curve. A lower
Langmuir pressure indicates that adsorbed gas is less prone to desorption during production.
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Well1  Well2  Well3

k\ /(' f'}
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Figure 10: Schematic diagram of inter-well connectivity of the infill platform. (where: wells 1 and 3 are parent wells,
and well 2 is infill well, connectivity between infill wells and parent wells is achieved through connected fractures)

Under conditions of initial formation pressure, denoted as p;, the reserves of shale gas comprise the total
amount of both free and adsorbed gas, specifically:

G¢Byi ~ Vipi
Sgi(P pL + pi

G:Gf+Ga:Gf+pB (2)

Based on the principle of mass conservation (p; V; = p, V), the original subsurface adsorbed gas volume
in the adsorbed phase can be calculated as:

GfB i V; i
Guis = pp——st. _Vibi 3)
Sgi¢  pL+Di

Assuming constant densities for both the adsorbed gas phase and free gas phase, the volume of the
remaining subsurface adsorption gas adsorption term volume is expressed as follows:

GiB,; V,
GaS:pB&.;p (4)
Sgi¢  pL+p

When the formation pressure drops, the volume of expansion of the rock with bound water is:

G¢By;

AVepz (Cf+Cwai) (Pz_P) (5)

g1

As the formation pressure diminishes and a portion of the free-state adsorbed gas is extracted, the
volume of the remaining free-state adsorbed gas in the subsurface is:

GfBgi( Vipi Vip )
AV.; = B, (G, - Gas) = ppB - 6
a=Bg( ) = paBy Sao \prip pitp (6)
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According to the principle of subsurface volume equilibrium can be obtained:

Original free gas volume + Original adsorbed gas volume = Remaining free gas volume + Remaining
adsorbed gas desorption volume + Remaining adsorbed gas adsorption term volume + Rock and bound
water expansion volume

GtBgi  Vipi GeBgi [ Vip; Vi
GiBgi + ps——tt . P (G~ G, -Gy +G,) By + Byps fg( LPi _ Lp)

Sgi¢p  prL+pi Sei¢ \pL+pi pL+p @)
GeB,i 'V G¢By;
tppg—t o T (G CuS) (i p)
Sgi¢p pL+p Sgi
ing A = (14 Buer vip )™
Setting A = (1 + Szi(p PL+P) , then
Gf=GA (8)
By bringing Eq. (8) into Eq. (7) and dividing both sides by GBgi at the same time:
1 VLp,' VLp ) 1 VLP 1 p
1+ pp ( - + Bgps - (Ct +CoSwi) (pi=p) | A~
( Seip \pL+pi pL+p) T Suppr+p  Sgg z )
 piG-G,-G+G,
N Zi G
Setting Enhanced gas deviation factor:
<= 1 (v v, T 10
pi Lp Lp
1+pp ( L - )+B PB - (Cf"'cwswi)(Pi_p)]A
[ Sgi¢ \pL+pi PpL+p TS pLtp Suio

The material balance equation, which accounts for adsorption-desorption processes and inter-well
connectivity, is as follows:

p _ pi [G—Gp—GkJrGV]
zt ozt G

i

(11)

From Eq. (11), Accounting for adjacent well interference exhibiting sequential j — 1 — j — j + 1 chained
conductivity, the material balance equation for the j well (1 <j < n) is:

Pi _pi [Gj —Gpi = Gjgep + G(j—l)j]

z¥ ozt G

] 1

(12)

In Eq.(12): Gjjs1y and Gj_p); are the cumulative gas flurries from well j to well
j + 1and from well j — 1 to well j, respectively, at a given time, 10 m. In this paper, it is assumed that
well j crossflow to well j + 1, and j — 1 crosstlow to well j. The amount of crossflow between well j and a
non-adjacent well is zero.

The material balance equation of the 1st well is:

&:&.[Gl—Gm—Gn]

* *
z;  Z G

(13)
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The material balance equation for the n-th well is:

i Gn_Gn+Gn—n
Pn _Pi pn + G(n-1) (14)

zr z¥ G

n 1

Eq. (11) is the material balance equation for shale gas wells, which accounts for adsorption, desorption,
and inter-well connectivity. To facilitate the crossflow calculation, this study employed the methodology
outlined in reference [27] for the solution.

When the reserves are known, Eqs. (12)-(14) are actually functions about the pressure of each well,
then Eqs. (12)-(14) are rewritten as:

pj  pi
Fj(plspz,"'»Pn—l,pn):Z_i_Z*G’(Gj_Gpj_Gj(j+1)+G(j—1)j):0 (15)

j iJj

P pi
F sP2 s Pr-bPn)=—-—-— (G -G, —Gp) =0 16
1 (p1> P2 Pn-1sPn) - ZiGl( 1 pl 12) (16)
F, (Pbpz,' : ')Pn—l’pn) = % - Zp(l; (Gn - Gpn + G(n—l)n) =0 (17)

For the calculation of gas crossflow from well j to well k at a given time in Eq. (12), we assume Darcy’s
law applies, resulting in the following equation:

(Xk]'kA]'k

e (B) = oy P (18)
qjkDg (p) e (P) ij (P] pk)
There is:
B ZTpse
Bg_ stc (19)
pTs oakjxAjk
. . (20)
o zTpsc phg (P) Lk (P] Pk)
Setting:
1 VLpi VLP ) 1 VLP 1
D=1+ — + B — C+Cwswi i— 21
pBSgi(P (PL"‘P;‘ pL+p ngSgi(ppL+p Sgi§0( f )(p p) ( )

Then it is obtained from Eq. (10):

V
Z*:_’Z:Z*DA (22)
DA

The pseudo-pressures for Well j and Well k are respectively defined as:

m':fpjidp:fpj p dp mk:‘/‘pkidp:‘/\pdep (23)
T e ugz pse PgZ*DA psc YgZ P UgZ*DA

Then:
“kjkAjk Tsc
ij pscT

(mj—my) (24)

qjk =



1702 Fluid Dyn Mater Process. 2025;21(7)

To quantitatively characterize the connectivity between Well j and Well k, connected conductivity:

Tjy = IR (25)
L
jk

Since the accurate acquisition of average permeability and the contact area between wells is practi-

cally challenging, the introduction of connectivity transmissibility avoids potential errors from the direct
calculation.

Then Eq. (24) can be rewritten as:
TSC

qjk = aTjS, (mj—my), S, "ouT (26)

At the moment ¢ + At, the cumulative gas crossflow from well j to well k is solved using the iterative
step-by-step method, which is calculated as:

G (t+At) = G (£) +0.5[qjk () + qjic (t + At)] At (27)
Substituting Eq. (24) into Eq. (25) obtains:
Gk (t+At) = Gk (1) + 0.5TjkoS, {[m; (t) — my (£)] + [m; (t + At) — my (t + At)]} At (28)

To ascertain the formation pressure of each well at any given moment and the volume of inter-well
crossflow, the Newton-Raphson iterative method for nonlinear systems of equations was employed in
conjunction with the established material balance calculation model for a well group. The calculation formula
is as follows:

aFJ l+1 aFJ l+1 a J 1 1 a J l+1 1 1 1 1
A A A + A i > > >y T n (29)
55, AP AP 5 D g A Fi (p1sp5> P -+ D)

In Eq. (29), I is the number of iterations. According to Eq. (29), the nonlinear iterative matrix equation
can be constructed:

(OF OF . OR; - _
ap1  9p, apa [[ Api™ 1 | Fi(plphs -5 ph)

9F, JF IF, l

e Apht! E (pl,pl, -, p!

8P1 aPZ apn p — 2(p1 P2 pn) (30)
oF, 0F, OF\| Apltt | | Fu(plph--p0h) |

L dp; dp> opn |

The formula for each variable in the Jacobi coefficient matrix on the left-hand side of Eq. (30) is

aF ] dZ 1 r ) t+At
o1 b p ( jG+n) ~ T(j—l)j)(L) At (D)

opj zj zj dp] ZZG ygz*DA]
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Connectivity exists between neighboring wells, then:

t+At t+At
OF, _piSTigay( p " ap O _piSTGni(p ’ (32)
Hgz* DA pgz* DA

opm 7 26

t
j+1 opj-1 z;  2G; j-1

No connectivity between non-adjacent wells:

JF, JF;
—L-0(j<k),=—L=0(j>m 33
pe (j<k) pm (j>m) (33)

According to Eqs. (31)-(33), it can be seen that the constructed Jacobi iteration coefficient matrix is a
tridiagonal coeflicient matrix. Therefore, the pressure of each well at each time step can be solved by Eq. (30).

3.2 Calculation and Validation of Crossflow from Child Wells to Parent Wells in an Infill Well Group

Formation pressure and crossflow in the CN1 platform infill well group were determined using the
methodology from Section 3.1. Initial parent and child well pressures were derived from Diagnostic Fracture
Injection Testing (DFIT), and initial reserves were estimated via declining production analysis. Inter-well
conductivity was initialized using Eq. (25). The model computed formation pressure at discrete time steps,
iteratively updating conductivity and crossflow values based on pressure build-up data. Results are shown
in Fig. 11.

—CN1 CN2
CN3 N4
\ ——CNS ® NI pressure build-up
= B ® N4 pressure build-up ® NS pressure build-up
- \ ® CN4 pressure build-up 2

Formation pressure(MPa)
3

o s00 1000 1500 2000 2500 3000 AS00
Production days(d)

Figure 11: CNI1 platform formation pressure calculation results

Fig. 11 indicates strong agreement between simulated and measured pressures, validating the model’s
reliability. After infill drilling, the child well’s initial pressure was lower than the parent well. However, pro-
longed parent well production prior to child well activation caused reservoir pressure decline. Consequently,
child well pressure exceeded parent well pressure during activation, triggering crossflow.

To validate the computational accuracy, this study uses the Rate Transient Analysis (RTA) module
in IHS Harmony™ [28] to simulate parent well formation pressure before infill drilling (pr-2700 days
in Fig. 11). A comparison between our method and RTA results (Fig. 12) shows consistent pressure trends
and numerical alignment, with a mean relative error <5%, confirming the method’s reliability for single-well
pressure prediction.
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Figure 12: CN1 platform formation pressure calculation results

However, after child well activation (i.e., post-fracturing), the original single-well model fails to
accurately predict pressures due to hydraulic connectivity between parent and child wells via engineered
fractures. Post-infill pressure calculations therefore rely on measured formation pressure data (Fig. 11).

Figs. 13 and 14 calculate the instantaneous and cumulative crossflows from each child well to the parent
well, respectively. Well 4 had 471 x 10* m> of crossflow to well 1 and 579 x 10* m> of crossflow to well 2. Well
5 had 433 x 10* m® of crossflow to well 2 and 313 x 10* m® of crossflow to well 3.

600  —e— Crossflow from well 4 to well 1

—&— Crossflow from well 4 to well 2

g

—&— Crossflow from well 5 to well 2

Crossflow from well 5 to well 3

&

g

Cumulative crossflow (10°m?*)
= 2
= =

] 100 200 300 400 500
Production days(d)

Figure 13: Results of CN1 platform cumulative inter-well crossflow calculations

——Crossflow from well 4 towell 1

Crossflow from well 4 to well 2
——Crossflow from well § towell 2

Crossflow from well 5 to well 3

Crossflow (10'm*/d)
n

200 300 400 S00
Production days(d)

Figure 14: Instantaneous crossflow from child wells to parent wells
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As production continues, child well pressure declines, reducing the pressure differential between child
and parent wells. Consequently, instantaneous crossflow to the parent well gradually decreases. The study
defines negligible crossflow as instantaneous values below 10% of the parent well’s pre-infill production rate.
Using this threshold, the cumulative crossflow volume from child to parent wells—equivalent to the parent
well's EUR increment post-infill—was calculated (Table 6).

Table 6: Finalized crossflow projections

Well pair  Final crossflow (10* m’)

41 555.7
42 655.8
52 558.4
5—-3 4379

4 Evaluation of Infill Wells EUR
4.1 Diagnosis of Analytical Modeling of Diminishing Production in Infill Wells

EUR can be estimated via the Rate Transient Analysis (RTA) method once a gas well reaches boundary-
dominated flow (BDF). Shale gas wells typically require years of linear flow before achieving BDF [29,30].
Diagnostic plots for Wells CN4 and CN5 (Figs. 15 and 16) confirm both wells have entered BDF due to inter-
well interference: infill well production propagates into parent well depletion zones, accelerating BDF onset.
The multi-stage fractured horizontal well model was applied to calculate EUR. Results show simulated EURs
for Wells CN4 and 5 are 0.78 x 10° m® and 0.85 x 10® m?, respectively.

Boundary-
Dominated Flow

© o cod T
Ld=100
0.2 S
Ld=10

——Ld=5
——Ld=3
™

@® Normalized Rare

Transient Flow

Normalized Rate
|
|
[ 'I
| ||
|
|
|
|
[

0.02 . + .
0.001 0.01 0.1 1 10 100
Material Balance Pseudo Time

Figure 15: CN4 well characterization curve determination
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Figure 16: CN5 well characterization curve determination

4.2 EUR Calculation for Infill Well Platforms

The EUR for the CN1 platform can be ascertained once it is confirmed that shale gas infill wells are
suitable for EUR calculations using the horizontal well multi-stage fracturing analytical model. Additionally,
parent wells can be employed to compute post-infill EUR by adding the pre-infill calculated EUR to the total
crossflow volume. Table 7 presents the EUR calculations for the parent wells both prior to and following infill.

Table 7: Estimated Ultimate Recovery (EUR) calculations before and after infill of the parent well of the CN1 platform

Well number Well group Crossflow (10* m’) EUR before infill (10° m’) EUR after infill (10° m’)

CN1 41 555.7 1.15 1.21
42 655.8

CN2 5.9 558.4 1.12 1.24

CN3 5-3 4379 0.94 0.98

Post-infill analysis reveals EUR increments of 0.04~0.12 x 10® m® across three parent wells, cumulatively
reaching 0.22 x 10 m®. The CN2 well is located between the two child wells and obtains recharge from
the two infill wells, with the largest incremental increase in EUR. The total EUR of the two infill wells is
1.63 x 10* m® and adding the increased EUR of the parent well, the EUR of the infill platform increases by
1.85 x 10° m’.

5 Discussion

This study introduces an innovative technical approach for the development of shale gas through
the formation of a multi-well material balance equation and a quantitative method for calculating inter-
well crossflow. By incorporating the connectivity transmissibility parameter (Eq. (25)), this methodology
facilitates the quantitative evaluation of inter-well interference effects, thereby offering a more precise
assessment of production performance for infill well pads. Practically, this novel approach provides a
theoretical basis for optimizing production designs and adjusting fracturing strategies in shale gas reservoirs,
ultimately improving development efficiency. Future research will further explore the effects of well spacing
and fracturing parameters on the productivity of infill well groups, based on these findings, to achieve higher
recovery rates.
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6 Conclusion

1. Various monitoring techniques employed during the fracturing, flowback, and production phases have
revealed inter-well interference between the infill and parent wells subsequent to the establishment of
the infill wells. The interference response of the parent well situated between two infill wells was more
pronounced than that of the parent well located adjacent to only one infill well.

2. This study formulates a multi-well material balance equation that integrates the processes of shale gas
adsorption and desorption. This formulation facilitates the determination of formation pressure and
allows for the quantitative evaluation of inter-well crossflow.

3. Child wells exhibit boundary flow characteristics that enable the estimation of EUR through a multi-
stage fracturing analytical model for horizontal wells. The parent well EUR is the EUR prior to infill
plus the total cumulative infill crossflow.
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Nomenclature

pi Original formation pressure of the gas reservoir (MPa)
Vg Isothermal adsorption at the pressure p (m*>-m™)

Vi Langmuir’s volume (m*-m™2)

pL Langmuir’s pressure (MPa)

p Formation pressure (MPa)

G Geologic reserves of the gas reservoir (10° m®)

Gy Cumulative gas production (10® m®)

G, Amount of runoff from the neighboring well to this well (108 m®)
G Amount of runoff from this well to the neighboring well (108 m®)
Gy Geologic reserves of free gas (10° m?)
G, Geologic reserves of adsorbed gas (10® m?)

® Porosity (fraction)

Sqi Gas saturation of the original free gas (fraction)

Syi Initial water saturation (fraction)

Byi The original gas volume factor (m*-m™2)

B, Gas reservoir volume factor, pressure-dependent (m*-m™2)
g Viscosity, pressure-dependent (mPa-s)

PB Rock density (g-cm™)

Cr Rock compressibility (MPa™")
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C, Water compressibility (MPa™!)

Gais Volume of the adsorbed gas at a formation pressure of p; (10* m*)
Gas Volume of the adsorbed gas at a formation pressure of p (10° m®)
AV,  Sum of the altered volumes of rock and irreducible water (108 m®)
AV.;  Remaining free-state adsorbed gas in the subsurface (10® m®)

zi Original gas deviation coefficient
Gas deviation factor when the pressure is p
z* Enhanced gas deviation factor
zi* Enhanced gas deviation factor in original condition
z* Enhanced gas deviation factor of the well j
P Pressure at a certain moment in well j (MPa)
Dk Pressure at a certain moment in well k (MPa)
G Geologic reserves of the well j (10° m?)
Gp; Cumulative gas production of the well j (10 m?)

Gij+1) Cumulative crossflow at a certain moment from well j to well j + 1 (10* m?)
Gj-1; Cumulative crossflow at a certain moment from well j — 1 to well j (10* m?)

Gix Cumulative crossflow at a certain moment from well j to well k (10* m?)
F; Pressure-dependent function

gik Gas channeling velocity between wells j and k (m*-d™")

kir Seepage channel permeability between wells j and k (107 um?)
Ajk Cross-sectional area between wells j and k (m?)

Lix Distance between wells j and k

o Unit conversion factor 0.0864

T Temperature (K)

Dse Standardized gas reservoir pressure 0.101 MPa

Tse Standardized gas reservoir temperature 298.15 K

m; Pseudo-pressure for wells j (MPa)

iy Pseudo-pressure for wells k (MPa)

t Time (d)

At Time increment
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