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Abstract: The calculation of the influx index is one of the most contentious issues in dynamic reserve
evaluation of gas reservoirs’ development. For the influx index, it is key to obtain information on the
pore compressibility coefficient under realistic gas reservoir pressure. So far, little is known about the
assessment of the pore compressibility coefficient at a laboratory scale. Here, we combine observations
of gas flowmeter, ISCO booster pump, intermediate container, and rock samples to quantify the pore
compressibility coefficient from the KL2-13 well in the Kela-2 reservoir. Additionally, the iterative
method (combined the static and dynamic methods) is proposed based on the experimentally obtained
pore compressibility coefficient (Cy), dynamic reserve (G), water body multiple (), and material
balance equation to calculate the influx index. The combined iterative method adjusts the values of
G and N by comparing the results of the static and dynamic methods, and iteratively corrects Cy using
a binary search method until the results of the static and dynamic methods are consistent. The results
of our study reveal that the influx index calculated by the dynamic and static methods was consistent,
and the gas production per unit pressure drop matched the actual production. These results strongly
suggest that there exists a correlation between formation pressure and the influx index, wherein the
latter exhibits a gradual decrease as the former decreases. Conversely, the displacement index of both
the rock and connate water do not demonstrate a significant dependence on pressure. Furthermore,
the impact of pressure on the pore compressibility factor and reservoir water compressibility factor
appears to be minimal. These findings hold substantial implications for understanding the behavior
of gas reservoirs under varying pressure conditions.

Keywords: influx index; Kela-2 reservoir; pore compressibility coefficient; dynamic reserve

1. Introduction

Water invasion in gas reservoirs holds a significant proportion in the natural gas
reserves. Upon encountering water in gas wells, the nearby formation transitions from
single-phase natural gas flow to two-phase gas/water flow, leading to a reduction in the
effective permeability of natural gas [1]. This results in a narrower range of pressure
fluctuations in gas wells. Additionally, the continuous accumulation of reservoir water
near the wellbore hampers the flow of natural gas, causing water blockage [2]. The
majority of gas reservoirs in China’s exploration and development phase are classified
as water-invasion reservoirs to varying extents [3]. Among the various factors affecting
the effectiveness of natural gas reservoir development, the type of drive mechanism is
considered the most significant. According to the classification standards for natural
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gas reservoirs, water-invasion gas reservoirs can be categorized as weak water-invasion,
moderate water-drive, and strong water-invasion reservoirs, based on the energy of the
water phase [4]. Different types of reservoirs exhibit distinct dynamic characteristics
during development. Weak water-invasion gas reservoirs are typically closed systems,
with occasional water production or even no water production from individual wells
during the later stages of production, resulting in an influx index below 0.1 [5]. Moderate
water-invasion gas reservoirs have relatively weaker water energy or smaller contact areas
between the gas and water phases. Local water breakthroughs and limited water production
usually occur in the mid-to-late stages of production, resulting in an influx index ranging
from 0.1 to 0.3 [5]. Strong water-invasion gas reservoirs have a larger water phase, and
during the early stages of development, excessive water production or water inundation
can occur due to a high water/gas ratio and proximity to the gas/water interface [5]. These
reservoirs exhibit high water production rates and shorter periods of stable gas production,
with an influx index exceeding 0.3. Accurate evaluation of the influx index during the
early stages of development is crucial for water-invasion gas reservoirs [6]. The driving
energy in water-invasion reservoirs includes the expansion force of natural gas, the elastic
energy of edge and bottom water, and the expansion force of rock and bound water [7].
The percentage of each driving energy component in the total driving energy is defined as
the driving index [8].

The driving index reflects the magnitude of the energy contribution of various driving
mechanisms in fluid flow [8]. For water-invasion gas reservoirs, the influx index is an
important parameter for determining development strategies. According to the definition
of the driving index, the influx index represents the proportion of the energy contributed
by edge and bottom water in the total energy. The expression is as follows [8]:

We

WEDI = ———*
GpBg -+ WyBy

1)

where WEDI represents the influx index, dimensionless; W, represents the cumulative
water invasion, 104 m3; Gp represents the cumulative gas production, 10* m3; Wp represents
the cumulative water production, 10% m3; By represents the gas volumetric factor, dimen-
sionless; By, represents the formation water volumetric factor, dimensionless.

Based on the dynamic production of gas wells, cumulative gas production and cumula-
tive water production are relatively easy-to-obtain parameters. However, the calculation of
water invasion has always been a challenging aspect in the development of water-invasion
gas reservoirs. Schilthuis proposed a method for calculating the water invasion of steady-
state water encroachment based on Darcy’s law [9]. Everdingen derived non-steady-state
formulas applicable to radial and linear models for the aquifer [10]. Fetkovich devel-
oped the Fetkovich model, which can simulate the behavior of finite water encroachment
layers [11]. To simplify calculations, the model assumed that water invasion could be
described by productivity index, neglecting the influence of non-steady-state periods and
directly considering pseudo-steady-state flow [11].

Most of the research on water invasion calculation in domestic studies is based on the
material balance equation of water-invasion gas reservoirs [12]. According to the material
balance equation of water-invasion gas reservoirs, the expression for water invasion is as
follows [12]:

GpBg + WyBy = G(Bg — Bgi) + AV + AV, + W, )

where G represents the dynamic reserves, 10* m?; B, represents the gas volumetric factor at
the original reservoir pressure, dimensionless; AV, represents the compressibility volume
of rock pores, 10% m3; GpBg is the underground volumes of cumulative gas production, m3;
W, By is the volumes of cumulative water production, m3; G(Bg — Bg;) is expansion volumes
of natural gas, m3; AV, is the expansion volumes of bound water, m3; AV, is the volumes
pore compressibility, m?.
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The bound water expansion volume is defined as follows [12]:

Pi( S4iC
AVyy = GBy, e )d 3

The pore compressibility volume is defined as follows [12]:

p; Cr p
AV, = GBy; , (1_Swz> p 4)
where C,, represents the reservoir water compressibility factor, MPa~!; Crrepresents the
pore compressibility factor, MPa~!; S, represent the initial water saturation, %.

The uncertainty in determining the values of G and Crseverely affects the calculation of
water invasion, influx index, and the ultimate recovery factor of gas reservoirs [13]. Various
methods have been proposed for calculating the dynamic reserves of water-invasion gas
reservoirs, such as the pressure drop method, decline curve analysis, and water-invasion
performance curve method [14]. However, all these methods are based on the derivation
of material balance equations. Bruns used the pressure drop method (also known as the
P/Z curve method) derived from the material balance equation to determine dynamic
reserves [15]. This research indicated that the shape and deviation direction of the P/Z
relationship curve with cumulative gas production mainly depend on the magnitude of
subsurface water energy, water properties, and the geometric shape of the water body [15].
The Cole curve, derived based on the material balance equation of the reservoir, can
effectively distinguish between depleted gas reservoirs and water-invasion gas reservoirs
and calculate the dynamic reserves of these two types of reservoirs [16].

There have been numerous studies on the dynamic reserves of water-invasion gas
reservoirs in China as well [17]. Wang et al. proposed a new method for calculating
the dynamic geological reserves and water invasion of water-invasion gas reservoirs by
establishing an objective function using production data, such as reservoir pressure and
cumulative production, applying the least squares method for automatic fitting [18]. Tang
et al. introduced the material balance equation of water-invasion gas reservoirs and the
static reservoir pressure from tests as constraints; established objective functions using
production, flow pressure, and test reservoir pressure; fitted the dynamic production data;
and obtained the dynamic reserves of the gas reservoirs as well as the water invasion [19].
Based on the mechanism of water pressure drop caused by reservoir pressure decline,
pore contraction of water-bearing rocks, and elastic expansion of water in the reservoir,
Zhang et al. derived a water invasion calculation model and established a new method
for calculating the dynamic reserves and water invasion of water-invasion gas reservoirs
using the principle of material balance equation [20]. Both the calculation of water invasion
and dynamic reserves rely on the material balance equation [17-20]. It is challenging to
simultaneously determine two dependent variables in the same equation, which makes it
difficult to accurately calculate the influx index of water-invasion gas reservoirs. Moreover,
previous studies often overlooked the influence of rock and bound water expansion and
did not fully consider the compressibility of reservoir water and pores on the development
of water-invasion gas reservoirs.

The Kela-2 gas field is currently the largest fully developed dry gas reservoir dis-
covered in China, with a gas-bearing area of 48.1 square kilometers. It has geological
reserves of natural gas totaling 2840.29 x 10® m3, and a calculated recoverable reserve of
2130.22 x 10® m3. The field exhibits several notable characteristics, including a high gas
column height (448 m), a thick reservoir (550 m), high formation pressure (74.35 MPa),
high pressure coefficient (2.022), and high well productivity. In the process of depletion
during production, the reservoir pressure gradually decreases, leading to an increase in
effective stress acting on rock particles. This effect can induce rock deformation, resulting
in a reduction in rock properties, such as porosity, permeability, and pore compressibility,
thereby affecting the dynamic flow of fluid in the gas reservoir and the productivity of
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gas wells. These factors present numerous difficulties and challenges for efficient and
rational development. Similar reservoirs with extremely high pressure coefficients like the
Kela-2 gas field have not been previously discovered domestically, and research in this
area remains largely unexplored. Although there are some gas fields abroad with pressure
coefficients exceeding 2.0, they are generally smaller in scale and have not been extensively
studied in this regard. The Kela-2 gas field has a large aquifer system, with aquifer factors
ranging from 1 to 11 in different areas. The geological mechanical activities of fractures facil-
itate water intrusion, and the bottom and edge waters are almost simultaneously mobilized
with the reservoir natural gas. The water influx rate per unit pressure difference is 50 m per
year, resulting in a water influx volume of 168 million m? and a water influx volume per
unit pressure drop of 4.5 x 10° m3. The significant water influx causes a reduction in the
gas storage pore volume of the reservoir, while the replenishment of water energy slows
down the decrease in formation pressure. This driving mechanism is referred to as elastic
water drive. After more than a decade of high-speed development, the Kela-2 gas field is
facing challenges such as rapid water breakthrough in gas wells and non-uniform rise of
gas/water interface. The invasion of bottom and edge waters has resulted in a decrease in
the expected gas recovery rate from 85% to 67%. Calculating the water influx index at dif-
ferent stages of gas field development is of great significance for adjusting the development
plan and improving natural gas recovery. The pore compressibility factor is an important
parameter that affects the calculation of the influx index in gas reservoirs. Its value has a
significant impact on water invasion and rock porosity expansion. Previous studies have
suggested that under high-pressure conditions in reservoirs, the reservoir water compress-
ibility factor remains relatively constant with pressure changes, but the pore compressibility
factor exhibits noticeable variations [21,22]. Currently, there are three main methods for
determining the pore compressibility factor: the empirical formula method, experimental
measurement method, and theoretical calculation method. Since porosity is a more readily
obtainable parameter, Hall conducted experiments on sandstone and limestone samples
and established the relationship between the pore compressibility factor and porosity,
creating the commonly used Hall chart [23]. However, the rock compressibility factor is a
complex function of factors such as lithology, porosity, pore pressure, and cementation. The
empirical formula method struggles to comprehensively consider the combined effects of
multiple parameters [24]. The theoretical formulas require the determination of numerous
parameters and involve making various assumptions for calculation convenience, thus not
reflecting the real conditions of the reservoir rocks. Moreover, the calculation process is
cumbersome and not conducive to practical production applications [25]. In comparison,
an experimental measurement of the pore compressibility factor is the most accurate and
effective approach. Currently, there are two main methods for pressure testing the pore
compressibility factor: fixed pore fluid pressure with varying confining pressure and fixed
confining pressure with varying pore fluid pressure [26,27]. In the development of gas
reservoirs, the overburden pressure usually remains constant, while the pore pressure
gradually decreases as development progresses, resulting in changes in effective stress.
Therefore, the method of fixed confining pressure with varying pore fluid pressure is more
capable of reflecting the actual pressure variations in reservoirs [28].

For water-invasion gas reservoirs, especially those with active water flooding, the
calculation of dynamic geological reserves and water reservoirs is a crucial task. The
first step in this process is determining the magnitude of water invasion, which poses
a significant challenge. Numerous scholars, both domestically and internationally, have
conducted extensive research on this topic, assuming various water invasion models and
deriving calculation formulas for different types of water invasion. Li et al. established a
material balance equation for water-invasion gas reservoirs considering the comprehensive
compressibility factor of rock, which indirectly determines the water invasion using graph-
ical methods [12]. Cai et al. developed a material balance calculation method considering
water invasion for abnormal high-pressure gas reservoirs [29]. Sun et al. established a ma-
terial balance equation for high-pressure gas reservoirs by considering the compressibility



Energies 2024, 17, 1076

50f23

factor of rock and assuming that the reserve and cumulative effective compressibility factor
followed a power function relationship [14]. Zhu et al. improved the material balance
equation for gas reservoirs by considering factors such as natural gas expansion, edge- and
bottom-water invasion, rock expansion, and bound water expansion [13]. These existing
methods for calculating the influx index can be referred to as the dynamic method when
combined [13,14]. This method inversely calculates the driving index based on the known
dynamic production data of gas wells. These methods have certain guiding significance
for understanding the variation pattern of driving energy in gas reservoirs and adjusting
development strategies accordingly. However, the dynamic method for calculating the
influx index has several issues: (1) The pore compressibility coefficient is a key parameter
that affects the calculation of the influx index, and its value affects the calculation of water
invasion. However, testing the compressibility factor under high-pressure conditions in gas
reservoirs is challenging. (2) The calculation of the influx index depends on the material
balance equation and is greatly influenced by the dynamic reserve, which is a dynamic
parameter that interacts with water invasion in the same equation, resulting in multiple
solutions. In light of these issues, a static method is proposed for calculating the influx
index. The static method calculates the influx index solely based on static parameters in the
absence of known dynamic production data. However, the limitations of energy evaluation
for water make it difficult to determine the water factor accurately, which significantly
affects the results of the static method and makes it difficult to match the results with those
of the dynamic method.

In 2001, the Kela-2 gas field was evaluated to have a proven geological reserve of
284 billion m® and a recoverable reserve of 213 billion m>. In the first seven years of
development until 2004, the average gas extraction rate remained around 4%. However,
due to a lack of clear understanding of water energy during the initial stages of development
and the geological mechanical activities of fractures facilitating water intrusion, after more
than a decade of high-speed development, the Kela-2 gas field is facing challenges such
as rapid water breakthrough in gas wells and non-uniform rise of the gas/water interface.
Currently, the aquifer factor ranges from 4 to 5, and the gas extraction rate has been
forced to adjust to 2.2%. It is crucial to understand the impact of water influx on the
Kela-2 gas field. The water influx volume in the Kela-2 gas field gradually increases as
the formation pressure decreases, and the rate of increase becomes larger. Currently, with
the pressure in the Kela-2 gas field dropping to 33.6 MPa, the cumulative water influx
volume is 182 million m3, and the predicted water influx volume upon abandonment is
223 million m®. The rate of water influx growth differs between the late development phase
and the pre-development phase of the Kela-2 gas field. In the late development phase,
water drive intensifies, and the rate of water influx growth accelerates. The water influx
volume per unit pressure drops, increasing from 3 million m® in the pre-development
phase to 8 million m? in the late development phase. The water influx volume per billion
cubic meters of gas produced increases from 100,000 m? in the pre-development phase to
200,000 m? in the late development phase. In the late development phase of the Kela-2 gas
field, intensified water influx becomes imperative for effective gas drainage. The original
hydrocarbon pore volume of the Kela-2 gas field is 609 million m3, and the original pore
volume is 896 million m3. Currently, with the formation pressure in the Kela-2 gas field
decreasing to 33.6 MPa, the water invasion impact coefficient is 75%, and the water-invaded
volume is 607 million m3.

In this study, we established a testing method for the pore compressibility factor
under reservoir conditions. By using kerosene as the experimental medium, maintain-
ing a constant confining pressure, establishing an initial high pore fluid pressure state,
and conducting controlled flow rate extraction to simulate reservoir development, we
effectively eliminated the influence of kerosene compressibility on the calculation of the
pore compressibility factor. This experiment successfully evaluated the compressibility of
abnormally high-pressure water-invasion gas reservoirs and provided valuable guidance
for accurately calculating the influx index. Furthermore, a combined iterative method was
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developed to calculate the influx index, which compares the results obtained from the static
and dynamic methods, dynamically adjusts the values of the dynamic reserve and water
factor, iteratively corrects the pore compressibility factor using a binary search method, and
conducts multiple iterations until the results of the static and dynamic methods are consis-
tent. This approach enhances the reliability of influx index evaluation in water-invasion
gas reservoirs. The proposed method is of great significance for controlling water invasion
and maintaining stable gas production in water-invasion gas reservoirs.

2. Geological Settings

The Kuga Depression is located on the northern edge of the Tarim Basin, adjacent
to the Tianshan fold belt. It extends from the Wushen Depression in the west to the
Yangxia Depression in the east, and is bordered by the southern Tianshan orogenic belt
to the north and the Tabei Uplift in the south. The development and evolution of the
basin are closely related to the Tianshan orogenic belt and the Tabei Uplift on both sides.
Based on the current structural characteristics of the basin, the Kuga Depression can be
divided into the northern monocline belt, Wushen Depression, Kelasu thrust zone, Yiqikeli
thrust zone, Baicheng Depression, Yangxia Depression, Qiulitag thrust zone, and southern
slope belt. Among them, the Kelasu thrust zone, Yiqikeli thrust zone, and Qiulitag thrust
zone are the most favorable areas for oil and gas accumulation. The discovered large
gas fields such as Da Bei, Kelasu 2, and Dina 2 are all located in these structural units.
Drilling and seismic data reveal that the sedimentary strata in the Kuqa foreland basin
include the Triassic, Jurassic, Cretaceous, Paleogene, and Neogene from the bottom to the
top. The main source rocks are lacustrine mudstones and coal-bearing formations of the
Triassic-Jurassic Lake and swamp facies. The reservoirs are well developed and include
the T1oh of the Lower Triassic Eohobrak Formation; the T2k of the Middle-Lower Triassic
Kelamayi Formation; the J1y and J1a of the Lower Jurassic Yangxia and Ahe Formations;
the J2k of the Middle Jurassic Kuzilienur Formation; the Klbx and Klbs of the Lower
Cretaceous Bashikeqi and Baxigai Formations; the E1-2km of the Paleogene Kumugelimu
Formation; the E2-3s of the Suweiyi Group; and the N1j and N1k of the Neogene Jidike
and Kangcun Formations. The cap rocks mainly consist of gypsum, anhydrite, and salt
rocks of the Paleogene Kumugelimu Formation and Jidike Formation. The Kelasu 2 gas
reservoir is located in the Kelasu straight back fold of the Kuqa Depression, with the
Lower Cretaceous Bashikeqi and Paleogene Kumugelimu Formation sandstones as the
main gas-bearing layers. The cap rock is the salt rock of the Kumugelimu Formation, which
is tight and has abnormally high pressure, indicating strong sealing capacity. The porosity
and permeability of sandstone reservoirs are key factors controlling oil and gas production.
In the Kelasu 2 gas field, the Upper Bashikeqi Formation of the Cretaceous and the Lower
Kumugelimu Group of the Paleogene are the main natural gas reservoirs. The relationship
between the measured porosity and permeability of the sandstone reservoirs in Well KL2-13
shows that the sandstone reservoirs in the Kelasu 2 gas field have relatively high porosity,
with the highest values reaching 22.4% for porosity and 1770 mD for permeability. The
porosity and permeability ranges of the Bashikeqi Formation and Kumugelimu Group
sandstone reservoirs in Well KL2-13 are 4% to 20% and 0.02 mD to 551 mD, respectively,
with average values of 11.3% for porosity and 34.5 mD for permeability. The porosity
and permeability ranges of the Bashikeqi Formation and Kumugelimu Group sandstone
reservoirs in Well Kelasu 201 are 1% to 22.4% and 0.01 mD to 1770 mD, respectively, with
average values of 13.1% for porosity and 56.1 mD for permeability.

Due to the high initial production rate, the reservoir exhibited active water drive and
strong energy, resulting in water breakthrough occurring much earlier than the design
anticipated. The designed water breakthrough time was projected to be in 2025, with a
21-year water-free gas production period. However, water breakthrough was observed
in 2008, leading to a significantly shortened water-free gas production period of only
3.3 years. Currently, 10 wells are producing water, with a water-to-gas ratio of 0.1811 tons
per ten thousand cubic meters. After implementing protective development measures, the
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decline rate of reservoir pressure slowed down, and the gas production per unit pressure
drop gradually exceeded the design expectations. The Kela-2 gas field experienced rapid
initial production rates, resulting in a fast decline in reservoir pressure. In recent years,
the decline rate has slowed down, and the gas production per unit pressure drop has
gradually increased (Figure 1). Currently, the reservoir pressure is 38.64 MPa, with a total
pressure drop of 35.71 MPa and an annual pressure decline of 1.52 MPa. The pressure
maintenance level is estimated to be 52.0%. After reducing gas production scale in 2011,
the gas production per unit pressure drop gradually increased, reaching 40.71 billion m?
per MPa in 2019.
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Figure 1. Relationship between the pressure and the cumulative gas production Kela-2 gas field.

3. Materials and Methodology
3.1. Materials

The core samples used in this experiment were obtained from the KL2-13 well in the
Kela-2 reservoir. Its diameter, length, porosity, permeability, pore volume are 10.1 cm,
10.69 cm, 10.6%, 11.55 mD, and 10.6%, respectively.

3.2. Experimental Procedure and Methods

The experimental apparatus can be find in the Appendix A. The method involved
saturating full-diameter core samples with kerosene, maintaining a fixed confining pressure,
and varying the pore fluid pressure. The use of full-diameter core samples with large
pore volumes reduced the impact of dead volume in the experimental procedure on the
test results. Kerosene, compared to formation water, has lower sensitivity and therefore
has a smaller impact on the calculation of the pore compressibility factor. The pressure
changes during the experiment were consistent with the pressure variations in a reservoir
development process, where the overburden pressure remains constant while the pore
fluid pressure gradually decreases (Figure 2). This experimental setup closely mimicked
the actual pressure changes in a reservoir during development, allowing the test results to
better reflect the pore compressibility behavior during reservoir development (Figure 2).
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Figure 2. Experimental flowchart for testing the pore compressibility factor under reservoir conditions.

Due to the high formation pressure of the Kela-2 gas reservoir, the working pressure
of the core holder and intermediate container used in the experiment was set at 50 MPa.
In order to closely simulate the formation conditions, it was necessary to approximate the
experimental pressure to the actual formation pressure. The effective stress was determined
using the following equation [30]:

P. =Py —P ®)

Pyr = ph/100 ©6)

where P, represents the effective pressure, in MPa; Per denotes the overburden pressure,
MPa; P refers to the formation fluid pressure, in MPa; p represents the density of the
overburden rock, g/ cm?; and represents the thickness of the overburden reservoir, m.

The average density of the overburden rocks in the Kela-2 gas field was taken as
2.36 g/cm?3. The thickness of the overburden was assumed to be 3750 m, which corresponds
to the middle depth of the gas reservoir. Based on these values, the overburden pressure was
calculated to be 88.50 MPa and the formation fluid pressure to be 74.35 MPa. Consequently,
the initial effective stress could be determined as 14.15 MPa. From Table 1, it can be
observed that the pressure under laboratory conditions is two-thirds of the pressure under
reservoir conditions.

Table 1. Approximation of laboratory pressure to reservoir pressure conditions.

Reservoir Condition Laboratory Approximate Conditions
overburden cap rock pressure 88.5 MPa confining pressure 59 MPa
reservoir fluid pressure 74.35 MPa pore fluid pressure 50 MPa

effective pressure

14.15 MPa effective pressure 9 MPa

The specific experimental procedure is outlined as follows: (1) Full-diameter rock cores
were vacuum saturated with kerosene (density of 0.8 g/cm?) to eliminate the influence
of water sensitivity. (2) The cores were then pressurized and saturated to establish an
initial high-pressure flow state. (3) Controlled flow rate extraction was performed to
simulate reservoir development, during which pore fluid pressure and outlet liquid volume
were recorded. (4) The comprehensive pore compressibility factor (including both pore
compressibility and kerosene compressibility) was calculated based on the pore fluid
pressure, liquid volume, and core pore volume. (5) Kerosene was injected into a rigid
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container filled with kerosene using an ISCO pump, and the kerosene compressibility
factor was determined by analyzing the pressure variations inside the container and the
injected liquid volume. (6) The influence of kerosene compressibility on the experiment
was eliminated, and the pore compressibility factor was calculated.

Co. — Amk 1
fe pr VpAp

)

where Cy, represents the experimentally measured comprehensive pore compressibility
factor, MPa~!; Amy denotes the kerosene oil production, g; py represents the density of
kerosene, g/ cm?; V), represents the pore volume of the rock core, cm?; and p represents the

pore pressure, MPa.
Vs = Vo
Co = —— 8
i Ap (®)
where Cg represents the compressibility factor of kerosene, MPa~!; V, denotes the ini-
tial pumped liquid volume, mL; V, represents the final pumped liquid volume, mL;
Ap represents the pressure difference before and after the rigid container experiment, MPa.

Cr=Cre — Cpi )

where Cy represents the pore compressibility factor, MPa~1.
Equation (9) represents the calculation formula for the pore compressibility factor in
this experiment.

4. Results and Discussion

During the experimental process, the flow rate data were recorded every time the pore
fluid pressure decreased by 5 MPa, with a kerosene production of approximately 0.7 g. The
pore compressibility was calculated based on kerosene density, and the comprehensive
pore compressibility factor was determined using the definition formula for the pore com-
pressibility factor. The results showed that the comprehensive pore compressibility factor
was not significantly influenced by pressure and remained relatively constant. To eliminate
the influence of kerosene compressibility on the calculation of the pore compressibility
factor, kerosene was injected into a 1000 mL intermediate container filled with kerosene
using an ISCO pump until the pressure reached 50 MPa. This allowed us to observe the
variation of the kerosene compressibility factor with pressure.

Kerosene, as the medium used in the experiment, exhibits a gradual decrease in
its compressibility coefficient with increasing pressure, with a relatively small varia-
tion range (Table 2). The actual pore compressibility coefficient is equal to the compre-
hensive pore compressibility coefficient minus the kerosene compressibility coefficient,
ranging from 0.00075 to 0.00096/MPa (Figure 3). As there is no medium that is com-
pletely incompressible, the actual pore compressibility coefficient should be similarly
influenced to a small extent by pressure, remaining relatively constant at approximately
0.00085/MPa (Figure 3, Table 3).

Table 2. Pore compressibility factor test results for core sample 4-13/29 of KL2-J3 well.

Pore Fluid

Pore Fluid Fluid (01 Pore Pore
Pressure after Stage Pressure . [, o1 1.
Number Pressure the Experiment Drop (MPa) Pressure Production Compressibility Compressibility
(MPa) P P (MPa) ® (mL) Factor (1/MPa)
(MPa)
1 49.97 45.01 4.96 47.49 0.688 0.86 0.00174
2 45.01 39.98 5.03 42.49 0.712 0.89 0.00177
3 39.98 35.03 4.95 37.50 0.717 0.90 0.00181
4 35.02 30.01 5.01 32.51 0.71 0.89 0.00177
5 30.01 24.99 5.02 27.50 0.715 0.89 0.00178
6 24.99 20.01 4.98 22.50 0.724 0.91 0.00182
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Table 2. Cont.

Pore Fluid Pore Fluid Fluid Oil Pore Pore
Pressure after Stage Pressure . 1. o1 1.
Number Pressure . Pressure Production Compressibility Compressibility
the Experiment Drop (MPa)
(MPa) (MPa) (g) (mL) Factor (1/MPa)
(MPa)

7 20.02 15.01 4.99 17.50 0.718 0.90 0.00180

8 15.04 10.01 5.04 12.52 0.709 0.89 0.00176

9 10.02 5.04 4.98 7.53 0.703 0.88 0.00177

10 5.01 2.52 2.49 3.765 0.354 0.44 0.00177
0.0022 - —— pore bulk compressility factor
0.0020 | —&— kerosene compressility factor

pore compressility factor

00018 w—g o ———g o 8

Compressibility factor (1/MPa)

0.0004
0.0002 |

1 U R —
0 10 20 30 40 50

Pressure (MPa)

Figure 3. Test results of pore compressibility factor under reservoir conditions.

Table 3. Kerosene compressibility coefficient test results.

Pressure in Intermediate

C . Initial Pump Volume Final Pump Volume Liquid Volume Difference Compressibility Factor of
ontainer
(mL) (mL) (mL) Kerosene (1/MPa)
(MPa)

5 168.43 158.29 10.14 0.002028

10 158.29 153.17 5.12 0.001024

15 153.17 148.13 5.04 0.001008

20 148.13 143.23 49 0.00098

25 143.23 138.47 4.76 0.000952

30 138.47 133.87 4.6 0.00092

35 133.87 129.38 4.49 0.000898

40 129.38 125.07 431 0.000862

45 125.07 120.83 4.24 0.000848

50 120.83 116.77 4.06 0.000812

4.1. New Method for Calculating Influx Index

The existing method for calculating the influx index is known as the dynamic method,
which utilizes known dynamic production data from gas wells to calculate the influx index
using Equation (1). The influx index obtained from the dynamic method is referred to
as WEDI,. In contrast, the new method is designed to calculate the influx index in situations
where the dynamic production data from gas wells are unknown. It relies on static param-
eters, such as G, B, Cf, Cw, and the material balance equation to calculate the cumulative
water invasion, cumulative gas production, and cumulative water production at different
reservoir pressures. The influx index is then determined based on these calculations.
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The size of a water body in a gas reservoir is usually measured by the ratio of the
volume of the water body to the volume of the gas reservoir, i.e., a water body multiple.
The water body multiple is obtained by measuring the size of the sand body with tectonic
maps in relation to the geological aspect. Moreover, it is also fitted by the production data
with regard to the developmental aspect. The water body multiple can be calculated with

the following formula:

Vi

p= A (10)

where f is the water body multiple; V3, is the water body volume, m3; V, is the gas reservoir
volume, m?.
Firstly, the water invasion is calculated using the formula method based on the water

body multiple and compressibility factors. The calculation formula is as follows [31]:

P Cy+Cp
W, = ﬁGBgi/ wsi,fdp
p wi

According to the material balance equation, the cumulative gas production and cumu-
lative water production volumes are calculated under reservoir conditions. The calculation
formula used for this is Equation (2).

Since, in general, the difference between water production and gas production is
orders of magnitude apart, particularly in the early stages of gas field development, the
cumulative gas production can be calculated using the following formula [32]:

(11)

GBgi . AVy + AV, + %

Bg Bg Bg

(12)

By substituting Equations (8) and (9) into the definition Formula (1) for the influx
index, we obtain [33] the following:

BGBgi [ (C+ Cr1)dp
G(Bg — Bgi) — AV — AV; + PGB [5' (C., + Cr1)dp

WEDI, = (13)

Equation (11) represents the proposed method for calculating the influx index, referred
to as the static method. The static method can predict variations in the reservoir invasion
index based on the geological characteristics of the reservoir before gas field development.
However, obtaining accurate energy parameters for water in the early stages of develop-
ment is challenging, often resulting in a range of values. Additionally, the invasion of
water has a significant impact on dynamic reserves, introducing uncertainties. The existing
calculation method for the influx index is called the dynamic method, which utilizes the
known dynamic development data of gas wells during the production process to calculate
the influx index. In the process of calculating the influx index, the pore compressibility
coefficient (Cy) is considered as a function. Therefore, a new method that combines both
static and dynamic approaches is proposed to calculate the influx index.

The existing calculation method for the influx index is called the dynamic method,
which utilizes the known dynamic development data of gas wells during the production
process to calculate the influx index. In the process of calculating the influx index, the pore
compressibility coefficient (Cy) is considered as a function. The static method can predict the
changes in the reservoir drive index based on the geological characteristics of the reservoir
before its development. However, obtaining accurate parameters for water properties
is difficult in the early stages of development, and, usually, only a certain range can be
provided. The intrusion of water has a significant impact on dynamic reserves, introducing
uncertainty. Therefore, it is challenging to accurately determine the static parameters.

The specific calculation process is illustrated in Figure 4. The calculation steps are as
follows: (1) Known parameters include G, Cﬂ, B, original reservoir pressure, gas production
rate, and formation pressure. (2) The static method calculates the WEDI;. (3) The dynamic
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method calculates the WEDI, and uses the calculated water invasion to estimate the Cp.
(4) It WEDI; matches WEDI, and Cp, matches Cyy, the calculation results are considered
reliable, and the calculation process is completed. Otherwise, based on the differences
between the two methods’ influx indexes, the values of the G and the p are adjusted, and the
Cr is revised using the bisection method as C; = 0.5 x (Cp + Cpp). This process continues
until WEDI; matches WEDI, and Cp, matches Cp, indicating the completion of the influx
index calculation [34].

- GpBg + WyBy — G(Bg — Bgi) — AViy — AV,
f :BGBgiAp

—Cu (14)

Input G, C,. B. P.. P. G,

multiplier (5)

Adjust the the values of dynamic
reserves (G) and water saturation p———————

using the bisection method as
Cyp=0.5x(Cy+Cp)

Waterflood index(WEDI )
obtained by static method

Waterflood index (WEDI,) obtained by the
dynamic method

Water saturation multiplier (Cy,) estimated
by water influx.

If Cp
matches
Cn

If WEDI,

matches
WEDI,

completion of the waterflood
index calculation

Figure 4. Flowchart of the iterative method combining static and dynamic approaches for calculating
the influx index.

4.2. Application and Analysis of Influx Index Calculation in Water-Invasion Gas Reservoirs

In the Kela-2 gas field, the evaluated geological reserves were 284 billion m® with
recoverable reserves of 213 billion m? in 2001. During the first seven years of development
starting from 2004, the average gas production rate was maintained at around 4%. However,
due to a lack of clear understanding of water energy in the early stages of development
and favorable geological mechanical activities for water invasion in the fractured reservoir,
the Kela-2 gas field has faced challenges such as rapid water breakthrough in gas wells and
non-uniform rise of the gas/water interface after over a decade of high-speed development.
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Influx index
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Currently, a water body multiple of 4 to 5 is being used, and the gas production rate has
been forced to be adjusted to 2.2%. It is crucial to understand the impact of water invasion
on the Kela-2 gas field. The pore compressibility factor obtained from constant confining
pressure variable pore fluid pressure experiments was used to calculate the influx index.
Due to the significant difference between the evaluated reserves and recoverable reserves,
the dynamic method was used to calculate the influx index curves for dynamic reserves of
284, 240, and 200 billion m3, while the static method was used to calculate the influx index
curves for water body multiples of 4, 4.5, and 5.

From the comparison between the results obtained by the dynamic and static methods,
it can be observed that the dynamic method is less influenced by pressure, while the static
method shows a significant decrease in the influx index as the pressure decreases (Figure 5).
In the Kela-2 gas field, the dynamic reserves ranging from 200 to 240 billion m® coincide
more with the results obtained with the static method. Through an extensive analysis of
production data, the dynamic reserves were adjusted to 235 billion m?, and the water body
multiple was set to 4.8 for the iterative fitting of the influx index curve.

—&— dynamic reserve of 2800 by dynamic method
—eo— dynamic reserve of 2400 by dynamic method
dynamic reserve of 2000 by dynamic method
—=e— water body multiplies 4 by static method
—e— water body multiplies 5 by static method
water body multiplies 4.5 by static method

0.0
80

70 60 50 40 30
Pressure (MPa)

Figure 5. Water invasion index result of the Kela-2 gas field obtained with the dynamic method and
the static method.

The discrepancy between the results obtained with the dynamic and static methods
can be attributed to the issue of pore compressibility factor (Cy) values (Figures 6 and 7). The
pore compressibility factor Cp used in the static method and the pore compressibility factor
Cp, calculated dynamically only fit well under low-pressure conditions (Figures 6 and 7).
Therefore, a bisection method was employed to revise Cr and perform iterative calculations.



Energies 2024, 17, 1076

14 of 23
a b
0.60 . 0.0012 ¢
—=a— dynamic method —— (:ﬁ
055k —&— static method - ——C,
= 00010 f €
0.50 | =3
13
£ 0.0008 |
# 045 | S
= =
E &
5 0.40 = 0.0006 |
= "
=035t g
2 0.0004 |
B
0.30 | g
£ 0.0002
025 | £
0.20 ) L L s ), 0.0000 L L L 1 )
80 70 60 50 40 3o 80 70 60 50 40 30
Pressure (MPa) Pressure (MPa)

Figure 6. The calculation results of water invasion index and pore compressibility factor. (a) Water
invasion indices using the dynamic method and the static method. (b) Comparison result of the
adopted pore compressibility factor with the dynamically calculated pore compressibility factor.
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Figure 7. The calculation results of water invasion index and pore compressibility factor after one
iteration. (a) Calculation results of water invasion index after one iteration. (b) Comparison result of
pore compressibility factors after one iteration.

Through multiple iterations, the influx index calculation results obtained with the
static and dynamic methods exhibit an increasing level of fit, eventually achieving a good
fit (Figures 8 and 9). The real pore compressibility factor curve of the gas reservoir is
obtained, as shown in Figure 9b. The difference between this curve and the pore compress-
ibility curve obtained from constant confining pressure variable porosity fluid pressure
experiments is minimal, especially in the low-pressure range. The pore compressibility
factor is not significantly influenced by pressure. From the unit pseudo-pressure production
degree curve of the Kela-2 gas field (Figure 10a), it can be observed that the gas production
degree is 8.4 billion m® when the pseudo-pressure is greater than 43 MPa (pressure of
55 MPa), and 7.7 billion m® when the pseudo-pressure is below 43 MPa. The difference
between the two values is 8.3%, which is relatively small. Therefore, the difference in the
static pore compressibility factor is also small and consistent with the results reflected by
the pore compressibility factor curve.

Furthermore, according to the definition of the displacement index, a combined
static/dynamic iterative method was used to establish the displacement index chart for
the Kela-2 gas field. In this chart, the gas displacement index represents the percentage of
natural gas driving energy in the total driving energy [35].

G(Bg — Bgi)

=% 8 15
GpBg + Wy By 15)

I
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where I; is defined as the gas displacement index, and is dimensionless.
The rock and connate water displacement index represent the percentage of energy
contributed by rock pore compressibility and formation water expansion in the total driving
energy [36,37].
_ AV +AV;
GpBg + Wy,By

where I, is defined as the rock and connate water displacement index, and is dimensionless.

I (16)
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Figure 8. The calculation results of water invasion index and pore compressibility factor after two
iterations. (a) Calculation results of water invasion index after two iterations. (b) Comparison result
of pore compressibility factors after two iterations.
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Figure 9. The calculation results of influx index and pore compressibility factor after three iterations.
(a) Calculation results of water invasion index after three iterations. (b) Comparison result of pore
compressibility factors after three iterations.

Through the combined static/dynamic iterative method, a well-fitted displacement
index curve for the Kela-2 gas field was obtained (Figure 10b). The dynamic reserves were
adjusted to 235 billion cubic meters, with a water body multiple of 4.8. The displacement
indices calculated with the dynamic and static methods were consistent, and the gas produc-
tion per unit pressure drop matched the actual production, indicating reliable evaluation
results. The gas displacement index gradually increases with decreasing formation pres-
sure, but the magnitude of change is not significant. Overall, it remains above 0.5, with an
average of 0.55. The fundamental characteristic of water-invasion reservoir development is
still the depletion of the reservoir’s own elastic energy. The influx index gradually decreases
with decreasing formation pressure, but the magnitude of change is not significant. Overall,
it remains above 0.3, with an average of 0.35, indicating that the Kela-2 gas field belongs to
the category of strong water-invasion reservoirs. The rock and connate water displacement
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indices are not significantly influenced by pressure, with an average value of 0.1. This
confirms that the pore compressibility factor and formation water compressibility factor
are minimally affected by pressure.
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Figure 10. Production degree curve and displacement index of the Kela-2 gas field. (a) Pseudo-
pressure production degree curve; (b) displacement index chart.

4.3. Comparison of the Influx Index Using Different Methods

In the field of water influx calculation, extensive research has been conducted by both
domestic and foreign scholars. Among the most renowned calculation methods are the
water influx models proposed by Van Everdingen, Hurst, and Fetkovich. However, these
models are criticized for their overly idealized assumptions and complex calculations,
limiting their practical applicability. Accurate application of these models requires a
thorough understanding of the subsurface flow mechanisms and static parameters of the
reservoir. Additionally, the complexity of the calculation process can result in significant
deviations in the computed results. A comparative analysis is conducted to evaluate
the performance of the Van Everdingen, Hurst, and Fetkovich models against a newly
developed model (Figure 11). The comparative study reveals that while the Van Everdingen,
Hurst, and Fetkovich models provide a sound theoretical framework for water influx
calculation, their practical utility is limited. These methods require only production data
and pressure measurements, making the calculation process relatively simple. They are
widely applied in conventional gas reservoirs but have limitations when used in water-
drive gas reservoirs.

The steady-state method is a water influx calculation approach used for water invasion
models where the water influx rate does not vary with time. To achieve a stable flow, an
external, extremely large natural water body with a sufficiently high permeability must exist
outside the reservoir. In 1936, Schilthuis proposed the simplest steady-state model based on
Darcy’s law [9]. This model assumes that the water influx rate is directly proportional to the
pressure drop in the formation. It assumes that the outer boundary pressure of the natural
water body is a constant, equal to the original formation pressure. The flow behavior of
the formation water follows Darcy’s law, and the physical properties such as viscosity and
permeability of the formation water remain constant. The integral representation of the
model is expressed in a discrete form as follows [9]:

n i—1+ Ppj
we), =BT (= 2 ) (- 1) 17

where p; is original formation pressure, MPa; P; is reservoir pressure at any arbitrary time
point; B is the water influx constant, m3/d; and tjis the reservoir production time, d.

In this model, the water influx rate remains constant without attenuation. However,
this model does not consider the compressibility of the reservoir and the natural water
body, leading to an overestimation of the calculated results. Nevertheless, this method is
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simple and convenient, making it suitable as an approximate calculation method for initial
estimations. Steady-state flow methods for water influx calculation are suitable for gas
reservoirs with infinite aquifers or abundant water supply. However, in practical reser-
voir development, it is rare to encounter steady-state flow conditions for water invasion.
Consequently, steady-state water influx models are not applicable to real-world scenarios.

0.60
| —®— [nflux index obtained by the dynamic and static iterative method
0.55 k- —®— Influx index obtained by the Schilthuis method
) Influx index obtained by the Fetkovich method

[ —®@— Influx index obtained by the Van Everdingen method
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Figure 11. Comparison of influx index obtained using different methods.

In 1943, Hurst proposed an improvement to the water influx calculation equation of
the Schilthuis steady-state model [10]. He suggested that during water invasion into oil
and gas reservoirs, a portion of the flow exhibits transient behavior. This study investigates
and discusses the modified water influx calculation equation proposed by Hurst as an
enhancement to the Schilthuis model [10]. In 1949, A.F. Van Everdingen and W. Hurst
introduced a widely used water influx calculation method known as the non-steady-state
radial flow water influx model [10]. This model is applicable specifically to reservoirs
exhibiting a planar radial or linear system in the water supply zone. The non-steady-state
method refers to a water influx calculation approach for water invasion models in which
the water influx rate varies with production time. This model considers the gas/water
pressure at the boundary as a constant and assumes a homogeneous and uniform thickness
reservoir. The mathematical formulation of this model is expressed as follows [10]:

We = BApQp (tp, 7ep) (18)

where Ap is the pressure drop across the water body, MPa; Q; (tp) is the dimensionless
water influx; fp is the dimensionless production time.

In 1971, Fetkovich proposed a method for estimating water influx in gas reservoirs by
considering the early stage unstable flow and utilizing a combination of pseudo-steady-
state water influx index and material balance equations for the reservoir system [11]. This
method treats the entire gas reservoir as a single well produced from the water supply
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zone and derives a water influx calculation equation using flow equations. The Fetkovich
method is applicable to reservoirs with both finite and infinite aquifer sizes [11]. For a finite
and arbitrarily shaped natural water body, when the production time of the reservoir is
sufficiently long, the aquifer reaches a pseudo-steady state. This model assumes that water
influx is directly proportional to the pressure drop between the aquifer and the gas/water
interface, neglecting the effects during non-steady-state periods, which may result in
underestimated values. The mathematical formulation of the model is as follows [11]:
Wi

We = 25 (= pexp (~hE) 19)

where W,; is the initial water that can be encroached in place at initial pressure p;, m>.

The influx index obtained with the Schilthuis method is the largest, and the error is
also the largest (Figure 11). This is because the model assumes that the water invasion
velocity is proportional to the pressure drop, where the pressure P is measured at the
gas/water interface. The model assumes that the pressure at the outer edge of the water
layer is constant and equal to the initial formation pressure P;. The flow rate entering the
reservoir is assumed to be proportional to the pressure difference (Darcy’s law). The model
also assumes constant viscosity of water, average permeability of the water layer, and
geometric shape of the water layer. The model is rarely used to determine water invasion
volume. The transient nature of the aquifer indicates that the water invasion volume is
a function of time and reservoir pressure. In real gas reservoir development processes,
permeability exhibits strong heterogeneity, and Darcy’s law is not applicable. Also, due to
the significant phenomenon of bottom water coning, it is difficult to maintain a constant
geometric shape of the water layer. Therefore, the influx index obtained with this model has
alarger error compared to other methods. In this model, the variation in production rate has
an instantaneous impact on the water invasion from the water layer. The compressibility of
the system is not considered here, which is not a realistic condition. However, this method
is easy to use and can be considered as an approximate method at least for initial levels.
In the non-steady-state model, the pressure in the water layer is not completely stable
because the invading water undergoes continuously increasing distances. The Fetkovich
method is applicable to finite water bodies, while the Van Everdingen method is applicable
to infinite water bodies. Since the water body of the Kela-2 gas reservoir is relatively large,
the results obtained with the Van Everdingen method are closer to the real level compared
to the Fetkovich method (Figure 11). The predictions obtained using the Fetkovich method
do not consider the water coning phenomenon during the production process. Therefore,
the predicted values obtained with the Fetkovich method are slightly lower than those
obtained using the Van Everdingen method (Figure 11).

To apply the dynamic and static iterative model, the assumption of constant pressure
drop across the entire water layer needs to be modified using the superposition method to
a series of constant pressure drops. The pressure dynamics are divided into several time
intervals, and within each time interval, the average pressure can be considered constant.
This approximation is satisfactory when the time intervals are very small. The constant
pressure used within any given time interval is the average pressure between the start and
end of the interval. The pressure difference used to calculate water invasion volume is
related to the pressure in each time interval.

This study investigates commonly used methods for calculating the water influx,
including the Schilthuis steady-state model, the Van Everdingen and Hurst unsteady-
state model, and the Fetkovich pseudo-steady-state model. The Schilthuis and Fetkovich
models simulate a water influx in limited aquifers using the Darcy flow equation and water-
cut index, respectively, without considering gas reservoir types and water distribution
characteristics. The Van Everdingen and Hurst method considers a non-steady-state water
influx involving radial and linear flows, enabling an accurate prediction of water influx
dynamics in edge-water gas reservoirs. However, it exhibits deviations in predicting water
influx dynamics and aquifer storage in bottom-water gas reservoirs. Traditional dynamic
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reserve calculation methods for water-driven gas reservoirs often overlook the impact of an
external water influx or are limited to scenarios where the water influx calculation model is
already known. These methods also require knowledge of water influx magnitude and long-
term shut-in test pressure or continuous production test data. As a result, these methods
face significant limitations when applied in practical scenarios. The newly developed
model, on the other hand, demonstrates superior performance in terms of accuracy and
simplicity (Figure 11). The results highlight the need for a more practical approach in water
influx calculations.

4.4. Factors Affecting Water Invasion in Kela-2 Gas Field

Permeability, non-Darcy flow coefficient, and relative permeability (co-current three-
phase area) are important factors that reflect the characteristics of reservoir and fluid flow in
gas reservoirs. There is a certain correlation between these factors. On the other hand, effec-
tive thickness, gas supply boundary, and water invasion rate are macroscopic parameters
that reflect the properties of the reservoir and water, but they are not the determining factors
of reservoir fluid flow. Permeability has the most significant impact on the dynamic water
invasion in edge-water gas reservoirs. When permeability changes, both the non-Darcy flow
coefficient and relative permeability will also change. Generally, the larger the permeability,
the faster the advancement of edge water, and the stronger the heterogeneity, resulting in a
more pronounced non-piston displacement characteristic of edge water and lower recovery
efficiency. Although the water invasion rate is not directly related to the dynamic water
invasion, maintaining a reasonable reservoir pressure can reduce the water invasion rate,
promote a uniform waterfront advancement, and reduce local gas enrichment, thereby
improving the ultimate recovery efficiency of the water-drive gas reservoir. Therefore, from
a production perspective, establishing a reasonable gas production intensity (or gas well
operation system) is an important means to control the water invasion rate and maintain
stable water levels. The key to water control production in gas wells lies in controlling
the production pressure difference, with the focus on early identification and control of
water invasion in gas reservoirs. Therefore, based on the study of the timing, effectiveness,
and optimal drainage volume of reservoir drainage, differentiated water control strategies
should be formulated according to different water invasion conditions in different regions
to ensure that the scientific and efficient development of gas reservoirs continues to grow.

Production wells exhibit different water production characteristics controlled by var-
ious geological factors and manifest different water invasion patterns under the main
controlling factors. The differentiated water production characteristics of production wells
reflect the distribution characteristics of different reservoir properties. In the case of strongly
heterogeneous bottom-water sandstone gas reservoirs, water easily invades the bottom of
the well along the fracture network or high-permeability streaks. The rapid increase in the
water/gas ratio reflects strong reservoir heterogeneity, while a slow or stable increase in the
water/gas ratio indicates good reservoir homogeneity. In addition, structural factors, beach
connectivity, water saturation and distribution, trapped gas in water, pore compressibility,
and production systems are also important factors that affect the strength of water invasion.

The Kela-2 gas field has highly developed fractures, and the production wells are
typically classified into two types: stable water production wells and composite water
production wells. Stable water production wells have relatively undeveloped fractures
and high-permeability layers, but a uniform distribution of fine network fractures forms
a homogeneous reservoir with dissolution pores. Formation water slowly invades the
interior of the gas reservoir, resulting in a finger-like, advance pattern of edge water.
Composite water production wells are located in the gas/water transition zone, closer to
the edge water, with a water layer in the lower part of the reservoir. In the early stage of
development, bottom water easily breaks through the bottom of the reservoir and forms a
water cone invading the gas well. Excessive early water production can even lead to well
shutdown. As development progresses, the edge water continues to invade the gas well
along the highly developed fracture zones, and the water production of the well shows
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a rapid increase after recompletion. Therefore, it can be summarized as a bottom cone
transverse invasion pattern.

The distribution characteristics of fractures in fracture-pore reservoirs have an impact
on the water invasion pattern. When fractures are not connected to the bottom water, water
first enters the medium/large pores in the matrix and then enters the fractures. When
fractures are connected to the bottom water, water first enters the fractures, and after the
fractures are filled with water, water invades the medium /large pores in the matrix. In
fracture-pore reservoirs, invading water cannot enter small pores because of the strong
capillary force in small pores, making it difficult for water to enter them. Due to the low
resistance of fractures and medium/large pores, invading water will preferentially enter
these spaces, forming dominant flow channels. Water invades along these channels and
prevents water from entering small pores. The rapid infiltration of formation water along
the fracture development zone into the interior of the gas reservoir is manifested as a
fracture water invasion pattern.

5. Conclusions

1. A pore compressibility factor testing method for a full-diameter core saturated with
kerosene under reservoir conditions, with constant confining pressure and variable
porosity fluid pressure, was established in the laboratory. This method eliminates the
influence of the experimental medium, kerosene, on the pore compressibility factor.
The experimental conditions better simulate the actual gas reservoir conditions. It
was found that the pore compressibility factor is minimally affected by pressure and
remains relatively constant at approximately 0.00085/MPa.

2. The static method, which solely relies on static parameters to calculate the influx index,
suffers from limitations in evaluating water energy, making it difficult to accurately
determine water body multiples. This greatly affects the results obtained with the
static method and makes it challenging to match the results with those obtained using
the dynamic method. By comparing the results obtained using the static and dynamic
methods, dynamically adjusting the dynamic reserve and water body multiples values,
and iteratively revising the pore compressibility factor using a bisection method, the
static and dynamic method results were made consistent. This method improves the
reliability of influx index evaluation for water-invasion gas reservoirs.

3. Using the example of the Kela-2 gas field, the combined static/dynamic iterative
method was applied to calculate a dynamic reserve of 235 billion m® and a water
body multiple of 4.8. The influx index gradually decreased with decreasing formation
pressure, but the magnitude of change was not significant. Overall, it remained above
0.3, with an average of 0.35, indicating that the Kela-2 gas field belongs to the category
of strong water-invasion gas reservoirs.
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Nomenclature

WEDI Influx index, dimensionless

W, Cumulative water invasion, 10* m3

Gp Cumulative gas production, 10* m3

Wp Cumulative water production, 10* m3

Bg Gas volumetric factor, dimensionless

By Formation water volumetric factor, dimensionless

G Dynamic reserves, 10* m?

Bg; Gas volumetric factor at the original reservoir pressure, dimensionless
AV, Compressibility volume of rock pores, 10* m?

GpBg Underground volumes of cumulative gas production, m?
WyBy Volumes of cumulative water production, m?

G (Bg — Byi)  Expansion volumes of natural gas, m3

AVy Expansion volumes of bound water, m3

AV, Volumes pore compressibility, m3

Cw Reservoir water compressibility factor, mpa~!

Cr Pore compressibility factor, mpa~!

Swi Represent the initial water saturation, %

P, Effective pressure, in mpa

Pos Overburden pressure, mpa

P Formation fluid pressure, in mpa

o Density of the overburden rock, g/cm?

h Thickness of the overburden reservoir, m

Cr Experimentally measured comprehensive pore compressibility factor, mpa~!
Amy Kerosene oil production, g

Ok Density of kerosene, g/cm3

Vi Pore volume of the rock core, cm>

p Pore pressure, mpa

ka Compressibility factor of kerosene, mpa*l

Vs Initial pumped liquid volume, ml

Vo Final pumped liquid volume, ml

Ap Pressure difference before and after the rigid container experiment, mpa
Cr Pore compressibility factor, mpa~!

B Water body multiple

Vw Water body volume, m3

Vo Gas reservoir volume, m3

I Gas displacement index, dimensionless

I Rock and connate water displacement index, dimensionless
pi Original formation pressure, mpa;

p; Reservoir pressure at any arbitrary time point

B Water influx constant m3/d,

£ Reservoir production time, d

Ap Pressure drop across the water body, mpa

Qq (tp) Dimensionless water influx

tp Dimensionless production time

W, The initial water that can be encroached in place at initial pressure p;, m3

Appendix A. Experimental Apparatus

A testing method for the pore compressibility factor under reservoir conditions was
established in the laboratory (Figure 2). The intermediate container (2000 mL) was used
to contain kerosene. A pressure up to 60 MPa was supplied by one ISCO booster pump
(Lincoln, TX, USA). The gas flowmeter (ABB, Zurich, Switzerland) was applied to accurately
measure gas flow rate. The casing pressure pump (Haskel, Burbank, CA, USA) was used
for supplying liquids or gases under high pressure.
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