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Abstract: During the rebuilding of a gas reservoir, repeated “strong injection and mining” processes
change the seepage capacities of gas and water. Hence, accurately determining the seepage laws of
gas and water in a gas storage reservoir is crucial. In this study, a standard relative permeability
test was conducted with a one-dimensional core. Additionally, a gas reservoir injection and mining
simulation experiment was conducted with a two-dimensional plate. The results show that the
relative permeability curve obtained by the one-dimensional core test did not accurately reflect
the operation characteristics of the gas storage and the change in the seepage law during the gas
reservoir construction. Furthermore, in the two-dimensional plate experiment, the operation mode
was restored using the plane radial flow formula, the mutual relationship between the gas and
water’s effective permeability under different injection stages was established, and the multi-cycle
injection operation was accurately described. This method lays the foundation for the construction of
gas reservoirs and the establishment of the multi-phase seepage law for gas reservoirs.

Keywords: gas storage; injection production simulation; effective permeability; seepage law; two-
dimensional simulation experiment

1. Introduction

The purpose of gas storage is to solve the inherent contradictions between natural
gas supply and consumption [1], that is, the inherent contradictions between reliable, safe,
stable, and continuous gas supply and consumption demand imbalance [2]. With the
increasing proportion of natural gas in the energy structure [3], countries around the world
are developing more gas storage reservoirs to increase gas storage [4], thereby ensuring
peak emergency regulation [5]. To meet the construction needs of gas storage reservoirs [6],
depleted gas reservoirs are gradually reconstructed. Meanwhile, the “strong injection and
mining” operation in the construction process of gas storage reservoirs significantly affects
the throat structure [7] and seepage capacity of the reservoir [8], as well as the size of the
gas storage library building space [9] and the long-term operation safety [10]. Therefore, it
is particularly important to accurately determine the relative permeability curve rules in
the strong injection and mining construction process of gas storage reservoirs [11].

The conventional method for studying the law of fluid seepage is based on relative
permeability tests [12]. Hence, to simulate the operation of gas storage reservoirs, ex-
periments were conducted to establish the relationship between the injection–production
process and the reverse displacement to determine the relative permeability curves of
gas/water, oil/water, and gas/oil. Meanwhile, the injection–production operation of gas
storage reservoirs was achieved through repeated displacements. Considering the relative
permeability test of oil/water as an example, the specific experimental steps were as fol-
lows [13]: (1) The water was first saturated, and then the oil was saturated (oil displaced
the water to the bound state). (2) The oil phase permeability in the bound water state was

Energies 2023, 16, 242. https://doi.org/10.3390/en16010242 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16010242
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en16010242
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16010242?type=check_update&version=1


Energies 2023, 16, 242 2 of 10

determined. (3) Water drive oil experiments were performed according to the displace-
ment conditions, and a suitable displacement speed or displacement pressure difference
is selected. (4) The direction of the rock sample switched from left to right and they were
loaded into the pressure-tapped core based on the displacement conditions. An appropriate
displacement speed or pressure difference was selected for the oil/water displacement
experiment. (5) The rock sample changed direction from left to right in the pressure-tapped
core, and this was repeated to perform multiple relative permeability curve tests for the
mutual oil/water drives. In the present study, the underwater phase seepage deviation of
the last two rounds of water drive oil binding was within 3% at the end of the oil/water
mutual drive experiment. (6) The “J·B·N” method was applied for data processing, and the
relative permeability curves were obtained, as shown in Figure 1 [14].
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Figure 1. Oil/water permeability plot of relative mutual drive.

However, the seepage law in the construction process of gas storage reservoirs can-
not be accurately reflected based on the above process because of the following reasons:
(1) There are differences in the injection mining and mutual drive methods. The displace-
ment process in the relative permeability test caused steady seepage at a constant speed or
pressure. However, the injection and mining process caused unstable seepage at a constant
pressure. (2) The relative permeability test simulated the whole process of the reservoir
construction (as shown in Figure 1), ranging from bound water saturation to residual oil
saturation and vice versa. However, one gas storage injection and mining operation cycle
is a very small stage of the gas storage operation. (3) The core ripple efficiency in the
relative permeability test was 100%, whereas the injection efficiency in the actual injection
process was considerably less than 100%, indicating a large difference in the seepage law.
Therefore, to study the seepage law of the gas reservoir, it was necessary to learn from the
high-accurate simulation of the appropriate equipment model, adopt a more appropriate
method, and establish a more accurate seepage law to lay the foundation for the numerical
simulation of the gas reservoir [15].

The scheme optimisation during the construction of an existing gas storage reservoir
depends on the reservoir numerical simulation technology, and the core technology is a
full-cycle simulation of the injection and production process using the relative permeability
data. The accuracy of the relative permeability curve will directly affect the understanding
of the simulation results, so it is particularly important to obtain a highly matched relative
permeability curve of the gas storage reservoir. Moreover, there is no relevant literature
reporting on a new method for measuring the relative permeability curve during the
construction of a gas storage reservoir. Thus, considering the influence of sweep efficiency
in the injection–production process, this study was conducted using a two-dimensional
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plane model. First, the change in the seepage law after multiple rounds of the injection–
production process (mutual drive) was determined. Second, combined with the plane
radial flow theory, the change in the effective permeability of the gas storage reservoir
during the injection–production process was studied. Through the relative permeability
curve, which is the essential attribute of the relationship between water saturation and
permeability, a highly simulated experiment was designed to analyse the characteristics of
the relationship between water saturation and permeability, and a method for analysing
the two-phase seepage ability of gas storage reservoirs during the injection–production
process was established using a two-dimensional experimental model.

2. Experimental Methods

The experiments in this study were divided into a one-dimensional core experiment
and a two-dimensional core experiment. The one-dimensional core test was conducted
according to the industry standard of a relative permeability curve. A multi-cycle injection
and production process of gas storage was simulated using multi-cycle mutual drive [16].
This is the main method for obtaining the multi-cycle injection production relative perme-
ability at this stage. The two-dimensional core experiment was a complete experimental
process formed by reducing the injection and mining process of the ore field using the
real plane model. Through the description and comparison of the two experimental pro-
cesses, and combined with the presentation of data, this study provides support for the
establishment of new methods.

2.1. Experimental Conditions

Based on the properties of a gas reservoir, a one-dimensional artificial core and a
two-dimensional plate were adopted in this study. The specific parameters were as follows:

(1) Experimental water: The viscosity of the formation water was 0.894 mPa·s;
(2) Natural gas: Methane gas was used in the experiment, with a viscosity of 0.0178

mPa·s. Its components are listed in Table 1.

Table 1. Methane gas fractions.

Component C1 C2 C3 C4 C5 N2 CO2 He H2

Content 91.41 4.93 0.96 0.41 0.24 1.63 0.06 0.29 0.07

(3) Experimental core: An artificial core comprising quartz sand, solid epoxy resin with
an average permeability of 1000 mD, and a flat plate model with a size of 500 × 500 × 20 mm
was adopted;

(4) Experimental temperature: The simulated reservoir temperature was 82 ◦C;
(5) Experimental device: The device comprised a one-dimensional artificial core with

a permeability of approximately 800 mD and a two-dimensional plate model, as shown in
Figure 2. The inner diameter of the device was 500 × 500 × 20 mm, and the upper limit
pressure was 20 MPa.
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Figure 2. Two-dimensional core simulation setup: (left) overall appearance; (middle) plate placement,
(right) schematic diagram of the injection and mining method.
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2.2. Experimental Procedure
2.2.1. Experimental Procedure of the One-Dimensional Core

The relative permeability test was performed according to industry standards, and
the steps are given as follows [17]: (1) The core was dried, and the gas measurements were
taken by injecting gas into the core. The permeability of the core was then determined as
the absolute permeability. (2) The pore volume/porosity of the core was determined by
saturating the rock sample with formation water. (3) The water logging permeability (or
absolute permeability) of the rock sample was measured after injecting the formation water
into the sample at a constant speed. (4) The gas flooding required that the initial differential
pressure could overcome the end effect without turbulence. (5) The displacement pressure
difference, cumulative fluid production, cumulative water production, and initial gas
breakthrough point were recorded at each displacement time. When the gas drive water
reached the residual water state, the gas permeability was measured, and the experiment
was terminated.

Based on the one-dimensional two-phase seepage theory and gas state equation, the
gas flooding experiment of the rock samples was conducted using the unsteady constant
pressure method [18]. The gas production, water production, and differential pressure at
both ends of the rock sample at each time point at the outlet of the rock sample during the
gas flooding were recorded. Moreover, the J·B·N method (Equations (1)–(8)) was used to
calculate the gas/water relative permeability and the corresponding water saturation of
the rock samples. Afterwards, the gas/water relative permeability curve was obtained [19].

Sgav =
Vw

Vp
(1)

Krg

Krw
=

fg

fw
×

µg

µw
(2)

qgi =
∆Vgi

∆t
(3)

fg =
∆Vgi

∆Vi
(4)

Krg =
qgi

qg
(5)

C =
p1

p2 + ∆p
(6)

qg =
KA
µgL

× ∆p (7)

fw =
∆Vwi
∆Vi
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where Sgav is the average gas saturation (%), Vw is the cumulative outlet water volume
(mL); Vp is the cumulative export gas volume (mL); Krg is the relative permeability of the
gas phase (in decimals); Krw is the relative permeability of the water phase (in decimals);
fg is the gas cut (in decimals); fw is the water cut (in decimals); µg is the injection gas
viscosity (mPa·s); µw is the viscosity of the simulated formation water in the saturated
rock samples (mPa·s); qgi is the gas flow rate during the two-phase flow (mL/s); Vgi is the
gas increment measured at the outlet pressure (mL); Vi is the amount of fluid change at a
certain time interval (mL); qg is the gas flow during the single-phase flow (mL/s); C is the
antihypertensive volume factor (in decimals); p1 is the absolute inlet pressure of the rock
sample (MPa); p2 is the absolute outlet pressure of the rock sample (MPa); and Vwi is the
measured water increment at a certain time interval (mL).



Energies 2023, 16, 242 5 of 10

2.2.2. Experimental Procedure of the Two-Dimensional Model

(1) The two-dimensional plate model was filled with quartz sand and then properly
sealed. The “one note, four minings” mode of saturated formation water and the “four
injections, one mining” mode of saturated crude oil were used. The formation water and
crude oil were injected at a constant speed (1 mL/min), and the pressure was maintained
at 10 MPa;

(2) A multi-cycle injection test was conducted using the following steps: (i) The
injection and mining pressure of the actual simulation experiment was 10–17 MPa. (ii) One
mining well network was formed at the centre of the model. (iii) In the injection–production
experiment, within the upper- and lower-limit operating pressure ranges of the simulated
gas storage, the injected gas was gradually pressurised to the target constant pressure, and
the injection time (simulated mine injection time) was recorded. Afterwards, a boiling
operation was simulated for 1/10 of the injection time, and the exhaust valve was opened.
Meanwhile, the time (half of the injection time) was controlled until the pressure at the
outlet reached the atmospheric pressure and no water was produced. Step (iii) was then
repeated five times, and the output volume was recorded and measured using a gas flow
meter. (iv) The injection formed the central well, and the model was injected in the middle
and extracted in the middle. Figure 2 shows the experimental setup.

3. Results and Discussion

The injection production operation mode in the process of gas storage reservoir con-
struction determines the multi-cycle mutual displacement of gas and water. Therefore, the
multi-cycle mutual drive mode was introduced for characterisation based on the relative
permeability. In addition, a two-dimensional large plane model was built to conduct multi-
cycle injection and production research in combination with actual injection and production
parameters, and the operation process of database construction was highly restored. A
comparative study of the two methods was expected to establish a highly consistent pattern
of the law of infiltration.

3.1. Two-Phase Percolation Experiment of the One-Dimensional Core

The relative permeability curves of the gas/water mixture were obtained, as shown in
Figure 3.
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Figure 3. Relative permeability curves of gas/water in the highly permeable core.

Based on the relative permeability curve under the target core condition, the following
conclusions can be drawn: (1) The seepage capacities of the gas drive water and water
drive gas were based on two laws, which were caused by the wetting characteristics of the
core; hence, the simulation resulted in an inaccurate with the standard relative permeability
curve compared to the experimental means. (2) After multiple gas/water mutual drives, the
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residual gas saturation and bound water saturation changed, indicating that the effective
storage capacity after multiple rounds was reduced and not conducive to an increase in the
gas storage space. The large decrease in the seepage capacity indicates a decrease in gas
storage at the later stage of secondary injection mining; however, this is obviously different
from the actual situation characteristics of the gas reservoir, which showed that the seepage
curve of the one-dimensional core and gas storage simulation was limited.

3.2. Two-Phase Seepage Experiment of the Two-Dimensional Plate
3.2.1. Experimental Result

(1) The gas injection time, the shut-in time, the oil return time during the simulation
process, and the experimental data of the water and gas productions are listed in Table 2,
and the single-cycle and cumulative extraction degrees are shown in Figure 4.

Table 2. Gas and water production under different injection and mining cycles.

Construction/Water
Characteristics

Injection–Production Cycle
Remarks

One Two Three Four Five Six Seven Eight

Gas injection time (min) 25 23 20 19 15 15 15 10
The saturated water
volume was 2010 mL

Well shut-in time (min) 2.5 2.5 2 2 1.5 1.5 1.5 1

Oil return time (min) 10 11 10 10 7 7 7 5

Water production (mL) 302 206 131 97 88 65 41 23 953

Gas production (L) 7.2 19.4 25.9 36.4 46.1 51.8 57.5 64.8 309.1
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As shown in Figure 4 and Table 2, during the injection and mining operations of the gas
storage tank, the water could be collected by extracting the reservoir fluid to excavate more
gas storage space. With the progress of the injection and mining cycles, the water extraction
degree in a single cycle gradually decreased, whereas the cumulative extraction degree
gradually increased and stabilised until no more water was produced, thereby achieving
the bound water conditions, that is, the maximum effective storage space was reached. The
analysis indicates that after the multi-cycle injection and extraction, the remaining fluid of
the reservoir decreased, and the aqueous seepage capacity was significantly reduced; thus,
the extraction degree gradually decreased. The large increase in gas output was because
of the large increase in the gas storage space, causing more gas to be injected under the
upper-limit pressure of the gas injection.

It can be deduced from Figure 4 that the water saturation decreased with the injection
cycle, and the production velocity per unit of time indicates that the permeability of the
effective gas injection space in the model and the gas output (gas saturation) increased.
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This law is similar to the two-phase seepage law expressed in the gas/water relative
permeability curve, indicating that the multi-cycle injection and mining process can also be
used to build a similar relative permeability curve, which is the seepage law most consistent
with the injection and mining process.

3.2.2. Method Principle

Considering the two-dimensional plate model, the plane radial flow formula was
adopted to calculate the seepage flow capacity, which is important for predicting and
determining the flow capacity of a gas well.

One of the most important scenarios for applying the planar radial flow formula is
the determination of the effective permeability of the reservoir. Based on the relevant
literature [20,21], the planar radial flow formula is given by:

Pe − Pwf
mt

=
λn

2πKh
mt +

1
2πKh

(
ln

re

rw
+ S

)
(9)

where Pe is the reservoir supply pressure (MPa); Pwf is the flow pressure at the well bottom
(MPa); mt is the mass flow (kg/d); λ is the turbulent effect coefficient (λ ≥ 1; λ = 1 is
the laminar flow); n is the representation index of high and low speeds; K is the effective
permeability of the reservoir (mD); h is the effective thickness of the reservoir (m); re is the
water supply radius (m); rw is the Holbore radius (m); and S is the epidermal coefficient.

In Equation (9), the size of the model was determined to be 500 × 500 × 20 mm, the
injection well was in the centre of the model, and the experimental research pipeline was
a 2 mm capillary. Additionally, the oil discharge radius, wellbore radius, and reservoir
thickness were determined to be 250, 1, and 20 mm, respectively. Furthermore, both
the formation water and natural gas were determined based on the basic experimental
parameters, and the mass flow was determined from the results of the two-dimensional
plane radial flow. Subsequently, the Reynolds equation was applied to determine the
laminar flow below 3 MPa and the turbulence above 3 MPa, depending on the flow velocity
changes resulting from different pressures. The application of the n was then determined,
and the turbulence coefficient was obtained using empirical values.

3.2.3. Method Application Examples

The steps for determining the changes in the effective permeability during the gas
storage injection were as follows: (1) Based on the physical conditions of the target block,
a two-dimensional large-scale plane rock plate model was constructed, and the relevant
parameters (oil/water physical properties, pressure, temperature, and so on) were deter-
mined. (2) Multiple rounds of gas injection and production tests were performed according
to the injection and production operation scheme of the gas storage in the target reser-
voir. (3) The plane radial flow formula (Equation (9)) was used to calculate the effective
permeability based on the changes in water/gas production. (4) The water saturation
was calculated according to the recovery degree, and the relative permeability curve was
constructed in combination with the calculated effective permeability.

(2) Equation (9) was used to calculate the mean core permeability at the current cycle
from the actual experimental model in 2D (see Table 3).

Table 3. Permeability values for the calculation of the two-dimensional model.

Period 1 2 3 4 5 6 7 8

Mean water-phase permeability (mD) 990 870 740 540 490 360 230 130

Mean gas-phase permeability (mD) 120 240 320 450 570 640 710 800

As presented in Table 3, the permeability values reflect the average permeability
characteristics of the core after an injection and mining cycle, which are the equilibrium
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values after its strong injection and mining. This reflects the impact of the injection and
mining process in which the water content saturation and the water-phase permeability
capacity gradually decreased, whereas the gas-phase permeability capacity gradually
increased. The experimental data present the key parameters of the permeability curve.
Therefore, the saturation and fluid volume data under each cycle were applied to build a
relationship between the permeability and saturation, and the data were combined with
the absolute permeability measured by the core to calculate the relative permeability and
the change in the relative permeability (see Figure 5).
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Figure 5. Relative permeability plot.

The relative permeability curve features shown in Figure 5 are almost consistent with
those of the one-dimensional core test; however, the significance of the seepage law is
different. The relative permeability curve was a relatively stable seepage capacity value
after the mutual injection and mining process. This reflects the influence of the injection
and mining process on the seepage law of gas storage through continuous multi-cycle
gas injections.

3.3. Flow Difference between the One-Dimensional Core and Two-Dimensional Plate

Figures 3 and 5 show the relative permeability curves under the two experimental
conditions. In fact, the relative permeability curves themselves are the simulated features
of a reservoir and gas reservoir from the original state to extreme development, or the
simulated process of oil and gas reservoir formation. Although the simulation of the
injection–production process was repeated several times, the results do not accurately
describe the injection and production of gas storage. Therefore, the set of curves adopted
in the multiple rounds of the mutual drive process is not accurate.

The seepage curve constructed by the injection simulation experiment of the two-
dimensional rock plate represents the final seepage law of the gas reservoir under each
injection and mining cycle and the entire construction process of the simulated gas storage
reservoir. Based on the data of the one-dimensional permeability experiment, the relative
permeability corresponding to the water content saturation after the two-dimensional
injection and mining experiment is given by Equation (1). The calculation results were
compared with the actual data, as presented in Table 4.
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Table 4. Multi-cycle injection and production results calculated from the relative permeability curve
of the one-dimensional core.

Period 1 2 3 4 5 6 7 8

Water yield calculated for the first
secondary phase seepage (mL) 217 153 112 87 74 54 32 5

Water yield calculated for the third round
of the secondary phase seepage (mL) 117 81 63 43 18 14 9 2

Actual fluid yield (mL) 302 206 131 97 88 65 41 23

The relative permeability curve obtained from the corresponding water saturation in
the injection and mining core was significantly lower than that of the actual experimental
data. Based on the analysis, the two-dimensional core model simulated the injection process
of gas storage, and the strong injection and mining production mode significantly enhanced
the seepage capacity of the fluid in porous media and relatively increased its effective
permeability. Meanwhile, the water-phase permeability capacity after the third mutual
drive in the phase–seepage curve significantly decreased, with a more significant decrease
in the water-production capacity. Therefore, the relative permeability curve obtained by
the one-dimensional core does not accurately reflect the seepage law of the gas storage
injection operation, whereas the two-dimensional plate experiment more accurately reflects
the seepage law of the gas storage injection operation time.

The relative permeability curve obtained by the two-dimensional experimental model
was analysed and fitted during the process of the reservoir numerical simulation. The re-
sults are closer to the field data than the one-dimensional relative permeability experimental
curve. This lays a foundation for accurately guiding the development of field tests.

4. Conclusions

(1) During multiple gas/water mutual drive rounds, the seepage capacity of the core
flow significantly decreased. Thus, the permeability capacity of a multi-cycle injection
operation could not be scaled with a single relative permeability curve.

(2) The two-dimensional simulation experiment accurately simulated the operation
process of gas storage, and gas injection improved the storage capacity. With each injection
cycle, the synergistic water extraction capacity gradually decreased. Moreover, the relative
permeability curve obtained by the two-dimensional simulation model experiment and the
plane radial flow formula was the seepage law after the multi-cycle injection and mining
process. Hence, the phase–seepage relationship derived from the two-dimensional simula-
tion experiment is more consistent with the results of the gas storage injection operation.
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