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Abstract: For gas reservoirs that contain water, investigating characteristics of water–gas seepage
is crucial to the formulation of gas field development plans and predicting the production capacity
and water breakthrough of gas wells. For the purposes of such an investigation, the process of water
invasion into a water-containing gas reservoir was studied based on four sandstone samples whose
physical properties differed quite vastly (permeability: 0.112–192.251 mD; porosity: 8.33–20.60%).
Gas–water relative permeability experiments were conducted on the gas-driven water in the reservoir
conditions (temperature: 135 ◦C; pressure: 75 MPa). Starting with the sandstone samples’ microstruc-
tural characteristics, particular attention was paid to the impacts of throat radius and clay content on
the water–gas seepage characteristics. It was found that the basic physical properties, microscopic
characteristics, and mineral composition of the sandstone samples all affected the water–gas seepage
characteristics. The larger the pore-throat radius, the stronger the ability of sandstone samples to
allow fluid through under the same water saturation and the greater the relative permeability of gas
and water phases. Furthermore, the wider the throat radius and the lower the clay content, the greater
the gas–water relative permeability. Isotonic water saturation and irreducible water saturation were
found to be negatively to throat radius and positively with clay content. Furthermore, When sand-
stone samples have similar clay content, the average throat radius is four times larger, its irreducible
water saturation is decreased by 1.63%, its residual gas saturation is decreased by 1.00%, and the gas
permeability under irreducible water saturation increases by more than 400 times. Water intrusion
showed a more significant impact on the gas–water flow characteristics of the low-permeability
sandstone samples, and it severely restricted the flow capacity of the gas phase.

Keywords: reservoir condition; sandstone gas reservoir; water-gas relative permeability; throat
radius; clay content

1. Introduction

Relative water–gas permeability, one of the most important parameters to the pro-
cess of gas reservoir development, is also an important consideration in the production
performance prediction and numerical simulation for gas reservoirs. The study of rela-
tive water–gas permeability is particularly important to the prediction of the production
capacity and water breakthrough of gas wells, especially those that contain water [1–3].
For this reason, foreign and domestic scholars have been contributing to a wealth of both
theoretical and experimental research on the subject for decades.

In terms of experimental research, Johnson et al. [4] proposed a method to calculate
the relative permeability based on experimental data, which was widely used later and
was called the JBN method. The relative permeability measurement methods of rock can
be divided into the steady-state method and the non-steady-state state method [5]. The
steady-state method calculates the phase permeability by testing and recording the outlet

Energies 2023, 16, 36. https://doi.org/10.3390/en16010036 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16010036
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/en16010036
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16010036?type=check_update&version=2


Energies 2023, 16, 36 2 of 17

velocity and displacement pressure difference of the rock sample, while the non-steady-
state method calculates the phase permeability by applying a certain pressure pulse at
the inlet of the test rock sample [6,7], and non-steady-state method is usually run under
either constant core plug pressure difference or constant fluid injection rate conditions [8].
Based on this method, many scholars [9–11] have carried out a lot of experiments to
study gas-water permeability. Babadagli et al. [12] thought that surface roughness and
lithology would affect the relative permeability of rock samples. Guo et al. [13] believed
that temperature would have an impact on permeability, and through experiments, it
was found that the effect of temperature on permeability had stages, and permeability
decreased with the increase in temperature. However, Yacoub et al. [14] came to a different
conclusion. Guo et al. [15] found that displacement mode would have an impact on relative
permeability. Alberto et al. [16] analyzed the effect of wettability on relative permeability,
and they proposed that the relative permeability of water increased significantly when the
surface became more hydrophobic. Relative permeability can be affected by pore structure
and clay mineral composition, and some scholars [17,18] found that the higher the clay
mineral content was, the lower the flow capability of the rock. Agostini1 et al. [19] studied
the effect of effective stress on absolute permeability. Relative permeability also can be
affected by effective stress [20,21], and Adenutsi et al. [22] found that the saturation of
bound water increases with the increase in stress. Moghadasi et al. [23] and Zhang et al. [24]
have studied not only two-phase but also three-phase relative permeability. The capillary
end effect affects the calculation of relative permeability. The steady-state saturation curve
converges to saturation when the capillary pressure is zero, which results in an uneven
saturation distribution, with the greatest deviation at the exit [25,26]. Viscous coupling and
flow direction have a great influence on the permeability test results. When the viscous
coupling is considered, the countercurrent relative permeability is always lower than the
co-flow relative permeability [27].

Based on physical experiments, many scholars [28–30] have studied the theoretical
calculation methods of relative permeability. Li et al. [31] studied the empirical model,
semi-empirical model, and theoretical model of relative permeability. A new technique for
accurate measurement of two-phase relative permeability under non-Darcy flow conditions
was proposed by Lai et al. [32]. Zhou [33] and Daigle [34] proposed a new model to
estimate the permeability of unsaturated water from the hydraulic diffusion coefficient. Wu
et al. [35] proposed a relative permeability model taking into account the distribution of
pore size, curvature, and air and water space. Sun et al. [36] established a numerical relative
permeability calculation model based on digital rock analysis. Mo et al. [37] established
a theoretical calculation model that considered immobile water saturation to describe
gas-water relative permeability. On the basis of the Brookse-Corey model, the influence
of bending degree was considered, and the model was improved. Prediction models of
permeability and relative permeability of porous media considering pore characteristics and
pore-scale physical characteristics were proposed from the perspective of fractals [38–42].

Based on the above investigation and analysis, it is established that foreign and
domestic scholars have conducted numerous studies, from both the experimental and
theoretical perspectives, on relative gas–water permeability in gas reservoirs. Almost all
the experiments, however, were carried out under conventional conditions, mainly in the
form of gas-driven water experiments. For that reason, the theoretical models based on
these experiments do not consider the influence of pressure and temperature. According to
the research results of Yang et al. [43], both temperature and pressure affect permeability,
which decreases with the increase of effective stress and temperature. Fang et al. [44]
conducted relative gas–water permeability experiments under both conventional and high-
temperature/high-pressure conditions, resulting in significantly different curves for the
different experimental conditions. As has been demonstrated, temperature and pressure
affect not only absolute permeability but also relative permeability. Therefore, relative
gas–water permeability experiments need to be conducted at temperatures and pressures
that correspond to the relevant reservoir conditions. Furthermore, for water-driven gas
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reservoirs, water-driven gas should be the main displacement method so that the results
obtained accurately characterize the gas–water flow characteristics. The sandstone sample
displayed stress-sensitive effects under reservoir conditions, which affected its flow capacity.
The stress-sensitive effect of the sandstone sample was related to its pore structure and
mineral composition [45]. Therefore, the results from the analysis of gas–water seepage
characteristics under reservoir conditions must be combined with the microstructural
characteristics of the sandstone sample.

There is a gas reservoir located in the South China Sea; the temperature of its reservoir
condition is 135 ◦C, and its pressure is 75 MPa. This gas reservoir has a wide development
range, and the physical properties of the reservoir where the gas wells lie vary greatly.
Affected by the edge water and sensitivity to stress, the fluid flow characteristics are
complex, seriously affecting the prediction and evaluation of the gas wells’ productivity.
Therefore, it is necessary to perform in-depth research into the flow characteristics of the
fluid in the reservoir conditions.

In this paper, in order to reflect the heterogeneity of the reservoir, four sandstone
samples with vastly different physical properties (permeability: 0.112–192.251 mD; porosity:
8.33–20.60%) were selected for this experiment, and the unsteady state method was used in
the relative permeability experiment. Combined with the results of x-ray diffraction and
mercury intrusion experiments, the differences between the seepage characteristics of each
sandstone sample were analyzed in hopes of providing some guidance on the development
of this type of gas reservoir.

2. Experimental Samples and Fluid Properties
2.1. Properties of Experimental Samples

The sandstone samples used in this experiment were taken from a high-temperature
and high-pressure sandstone gas reservoir in the South China Sea. The samples are water
wet, and the wetting angle ranges from 15 to 30 degrees. The basic physical properties
of the rock samples measured under conventional conditions (confining pressure 3 MPa,
backpressure 0.101 MPa, temperature 25 ◦C) and reservoir conditions (confining pressure
95 MPa, backpressure 75 MPa, temperature 135 ◦C) are shown in Table 1.

Table 1. Basic parameter of rocks.

No.
Diameter,

cm
Length,

cm

Porosity, % Permeability, mD

Conventional
Conditions

Reservoir
Conditions

Conventional
Conditions

Reservoir
Conditions

1 2.46 4.70 8.33 8.08 0.112 0.062
2 2.49 4.91 18.55 16.87 4.590 2.688
3 2.50 4.64 19.27 18.65 20.380 17.524
4 2.50 4.92 20.60 19.89 192.251 176.652

The mineral composition of each rock sample was obtained by X-ray diffraction
experiment, as shown in Table 2.

Table 2. Mineral compositions of rock samples.

No.
Non-Clay Minerals Composition, %

Clay Content, %
Quartz Feldspar Calcite Dolomite Siderite

1 70.7 16.2 6.6 1.2 0.2 5.1
2 65.2 13.9 5.2 4.6 1.3 9.8
3 71.1 15.5 4.9 3.0 0.0 5.5
4 70.3 14.7 4.7 3.9 0.2 6.2

The pore and throat distribution of each rock sample was studied through a constant
velocity mercury injection experiment. The interfacial tension and contact angle remain
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unchanged during the constant velocity mercury injection experiment. Mercury enters
the core at each throat and holds pressure, which increases the pressure throughout the
capillary system. As mercury enters the pores, the pressure is released, and the pressure
throughout the system decreases. The pore throat information can be obtained by recording
the mercury inlet pressure-mercury inlet volume curve during this process. The radius of
the main throat is determined by the pressure of the breakthrough point, and the size of the
pore is determined by the volume of mercury intake. Thus, the size and number of throats
are clearly reflected in the mercury inlet pressure curve. The contribution distribution of
throat to permeability was obtained, as shown in Figures 1 and 2.
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According to Li et al. (2020), the stress sensitivity of porosity is mainly correlated with
the clay mineral content, and that of permeability is mainly related to the clay mineral
content in addition to the throat radius. It is clear from the data in the above chart that the
porosity radius distributions of the four sandstone samples were roughly the same. The
average pore radii were 123.64, 122.77, 123.23, and 124.59 µm, respectively (Figure 1). No. 2
had the highest clay content (Table 2), so its porosity stress sensitivity was also the greatest.
Nos. 3 and 4 had lower clay mineral content and wider throat radii, so their permeability
stress sensitivities were reduced. Although No. 1 had the lowest clay content, its throat
radius was the smallest. No. 2 had the highest clay content, so the permeability reduction
in the two was relatively great due to the combined effects. Through the above analysis,
combined with the permeability of the rock sample under conventional and reservoir
conditions, it can be seen that, under the conditions of reservoir temperature and pressure,
the average throat radii of Nos. 1–4 still demonstrated a trend of sequential increase.
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2.2. Properties of Experimental Fluid

In this experiment, water and nitrogen were used as liquid and gas, respectively, to cut
down the pollution of experimental fluid to rock samples, and the corresponding viscosity
of water and nitrogen at 135 ◦C and 75 MPa is 0.2214 mPa.s and 0.0355 mPa.s, respectively.

3. Experimental Conditions and Procedures

This experiment adopts the self-developed multi-functional core displacement device
(Figure 3), which can automatically measure the temperature, pressure, gas volume, water
volume, and other parameters during the experiment. The experimental procedure and data
processing method were carried out according to China National Standard GB/T28912–2012
“Test method for two-phase relative permeability in rock” [46]. This relative permeability
experiment uses the unsteady state method, (1) Dry the rock sample and measure its dry
weight; (2) The sample was vacuumed and pressurized to saturate the water and measure
its wet weight; (3) Place the sample in the gripper and adjust the temperature and pressure
to reservoir conditions; (4) Gas flooding experiments were carried out under constant
pressure drop until no liquid was produced and (5) The method in Appendix B was used to
calculate the relative permeability. The experimental results are presented in Appendix A.
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7—confining pressure valve; 8—core holder; 9—drying oven; 10—confining pressure gage;
11—outlet pressure gage; 12—back pressure valve; 13—confining pressure pump; 14—gas flowmeter.

4. Experimental Results and Analysis

In this paper, relative permeability is used to characterize the flow capacity. Flow
capacity refers to the ability of sandstone samples to allow the passage of gas or water
phase under different water saturation. This part is discussed from three aspects: water
phase flow capacity, gas phase flow capacity, and integrated flow capacity.

4.1. Water Phase Flow Capacity

Curves of water phase relative and effective permeability and water saturation of
each rock sample are drawn, as shown in Figure 4. Moreover, the characteristic values of
the water phase permeability curve and the physical parameters of the rock sample are
statistically presented in Table 3 for subsequent analysis.

Figure 4 shows that in the early and middle stages of the rock samples’ water produc-
tion processes, the main pores and throats were occupied by gas, and water moved along
the particles’ surfaces after entering the core due to sandstone’s strong hydrophilicity. Since
the flow channel used was small, raising its flow resistance, the relative permeability of
the water phase rose only gradually. As water saturation increased, the larger pores and
throats originally occupied by gas in the core were gradually filled with water; therefore,
the water phase relative permeability curve began to rise rapidly. A comparison of the four
curves indicates that, from Nos. 1–4, both the relative and effective permeability curves
increased in a growing manner. The specific reasons for this are detailed below.



Energies 2023, 16, 36 6 of 17
Energies 2023, 16, 36 6 of 18 
 

 

  
Figure 4. Water phase relative and effective permeability curve. 

Table 3. Water phase characteristic value and rock sample property parameter. 

No. reservoirK ,mD throatr ,μm clayC ,% w cS ,% rw gr( )K S  w gr( )K S ,mD 

1 0.062 0.522 5.1 26.39 0.031 0.001 
2 2.688 1.460 9.8 26.43 0.072 0.056 
3 17.524 2.509 5.5 24.76 0.125 0.969 
4 176.652 4.715 5.3 21.65 0.254 37.487 

Figure 4 shows that in the early and middle stages of the rock samples’ water pro-
duction processes, the main pores and throats were occupied by gas, and water moved 
along the particles’ surfaces after entering the core due to sandstone’s strong hydrophilic-
ity. Since the flow channel used was small, raising its flow resistance, the relative perme-
ability of the water phase rose only gradually. As water saturation increased, the larger 
pores and throats originally occupied by gas in the core were gradually filled with water; 
therefore, the water phase relative permeability curve began to rise rapidly. A comparison 
of the four curves indicates that, from Nos. 1–4, both the relative and effective permeabil-
ity curves increased in a growing manner. The specific reasons for this are detailed below. 

4.1.1. Irreducible Water Saturation 
By comparison, Nos. 1 and 3 had roughly the same average pore radii and clay min-

eral content. The average throat radius of No. 3 is 4.8 times that of No. 1, and its irreducible 
water saturation decreased by 1.63%. The analysis concluded that at the beginning of the 
experiment, the pores and throats were filled with water. It was also found that, in the 
gas-driven water process, the gas passed through the smaller-sized throats and entered 
the larger pores [35]. Finally, it was established that the larger the throat radius, the 
smaller the pore-to-throat-radius ratio, and the lower the fluid flow resistance, the greater 
the sweep efficiency of gas-driven water. Ultimately, the irreducible water saturation was 
sharply reduced. The average throat radius of No. 2 is 2.79 times that of No. 1. Based on 
the previous analysis, since the clay mineral content of the two was similar, No. 2 should 
have had lower irreducible water saturation than No. 1, but this was not the case. Instead, 
analysis suggests that the main reason for this phenomenon was that the higher clay min-
eral content weakened the sandstone samples’ resistance to deformation under pressure 
and increased the degree of compression and deformation undergone by the pores and 
throats under the reservoir conditions [45]. Additionally, some of the components in clay 
minerals are prone to swelling when exposed to water, increasing their ability to attach to 
water, thus, blocking flow channels during migration. This reduces the sweep efficiency 
of air-driven water, thereby lowering the saturation of irreducible water. No. 4 had lower 
clay content and the largest average throat radius, so it had the least saturation of irreduc-
ible water. From this, it can be concluded that the larger the throat radius and the lower 

0.0

0.1

0.2

0.3

0 20 40 60 80 100

R
el

at
iv

e 
pe

rm
ea

bi
lit

y 
(D

ec
im

al
)

Water saturation (%)

Krw (No. 1) Krw (No. 2)

Krw (No. 3) Krw (No. 4)

0

10

20

30

40

50

0

0.2

0.4

0.6

0.8

1

1.2

0 20 40 60 80 100

Ef
fe

ct
iv

e 
pe

rm
ea

bi
lit

y 
(m

D
)

(N
o.

 4
)

Ef
fe

ct
iv

e 
pe

rm
ea

bi
lit

y 
(m

D
)

(N
o.

 1
~N

o.
 3

)

Water saturation (%)

Kw (No. 1) Kw (No. 2)

Kw (No. 3) Kw (No. 4)

Figure 4. Water phase relative and effective permeability curve.

Table 3. Water phase characteristic value and rock sample property parameter.

No. Kreservoir,mD -
rthroat,µm Cclay,% Swc,% Krw(Sgr) Kw(Sgr),mD

1 0.062 0.522 5.1 26.39 0.031 0.001
2 2.688 1.460 9.8 26.43 0.072 0.056
3 17.524 2.509 5.5 24.76 0.125 0.969
4 176.652 4.715 5.3 21.65 0.254 37.487

4.1.1. Irreducible Water Saturation

By comparison, Nos. 1 and 3 had roughly the same average pore radii and clay mineral
content. The average throat radius of No. 3 is 4.8 times that of No. 1, and its irreducible
water saturation decreased by 1.63%. The analysis concluded that at the beginning of the
experiment, the pores and throats were filled with water. It was also found that, in the
gas-driven water process, the gas passed through the smaller-sized throats and entered the
larger pores [35]. Finally, it was established that the larger the throat radius, the smaller
the pore-to-throat-radius ratio, and the lower the fluid flow resistance, the greater the
sweep efficiency of gas-driven water. Ultimately, the irreducible water saturation was
sharply reduced. The average throat radius of No. 2 is 2.79 times that of No. 1. Based
on the previous analysis, since the clay mineral content of the two was similar, No. 2
should have had lower irreducible water saturation than No. 1, but this was not the case.
Instead, analysis suggests that the main reason for this phenomenon was that the higher
clay mineral content weakened the sandstone samples’ resistance to deformation under
pressure and increased the degree of compression and deformation undergone by the pores
and throats under the reservoir conditions [45]. Additionally, some of the components
in clay minerals are prone to swelling when exposed to water, increasing their ability to
attach to water, thus, blocking flow channels during migration. This reduces the sweep
efficiency of air-driven water, thereby lowering the saturation of irreducible water. No. 4
had lower clay content and the largest average throat radius, so it had the least saturation
of irreducible water. From this, it can be concluded that the larger the throat radius and
the lower the clay content, the lower the irreducible water saturation. Lower irreducible
water saturation, in turn, means that water can only start flowing if it occupies a smaller
proportion of the number of channels.

4.1.2. Water Relative Permeability under Residual Gas Saturation

The ends of the relative permeability curves of Nos. 1–4 increased sequentially. Analy-
sis suggests that the larger the throat radius and the lower the clay content, the greater the
relative permeability of the water phase under residual gas saturation. Through analysis,
we find that the main reasons are as follows: (1) the sandstone samples are hydrophilic;
water is the wetting phase, and nitrogen is the non-wetting phase; therefore, the interfacial
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tension between water and sandstone is greater; (2) the viscosity of water is much higher
than that of nitrogen (by 6.24 times), so water’s resistance to flow is also much greater;
(3) water molecules have a larger volume than nitrogen molecules, so they require a greater
channel size. Therefore, when nitrogen is flowing, there are more channels available for
use. The larger the throat radius of the sandstone sample, the smaller the flow capacity
gap between nitrogen and water due to the difference in the size and quantity of the flow
channels, and the greater the water phase relative permeability under the corresponding
residual gas. Additionally, clay is prone to swelling when it encounters water, thereby
reducing the sample’s flow capacity. Therefore, clay has a greater impact on flow capacity
in the water phase than in the gas phase. The higher the clay content, the weaker the
fluidity of the liquid phase compared to the gas phase. However, the influence of clay on
flow capacity is not as great as that of the throat radius and the relative permeability of the
water phases of Nos. 1–4 thus increased sequentially under residual gas saturation.

4.1.3. Water Effective Permeability under Residual Gas Saturation

The sequential increase in the effective permeability of the water phases of Nos. 1–4
under residual gas may have been due to the following: (1) Permeability is a manifestation
of the comprehensive seepage capacity of the reservoir. The higher the permeability under
reservoir conditions, the greater the fluid flow capacity; (2) the lower the residual gas
saturation, the fewer pore channels occupied by the gas phase, and the greater the flow
capacity of the water phase. It is known that the higher the permeability of a sandstone
sample under reservoir conditions and the lower its residual gas saturation, the higher the
effective permeability of the water phase under residual gas saturation.

4.2. Gas Phase Flow Capacity

Curves of gas phase relative and effective permeability and water saturation of each
rock sample are drawn, as shown in Figure 5. Moreover, the characteristic values of the gas
phase permeability curve and the physical parameters of the rock sample are statistically
presented in Table 4 for subsequent analysis.
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Figure 5. Gas phase relative and effective permeability curve.

Table 4. Gas phase characteristic value and rock sample property parameter.

No. Kreservoir, mD -
rthroat, µm Cclay, % Sgr, % Kg(Swc), mD

1 0.062 0.522 5.1 7.24 0.031
2 2.688 1.460 9.8 7.32 0.772
3 17.524 2.509 5.5 6.24 12.750
4 176.652 4.715 5.3 3.88 147.403

Figure 5 shows that at the beginning of the water saturation stage’s initial increase,
the easy-flowing gas in the larger pores and throats was quickly displaced out, and the gas
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permeability dropped swiftly. With a further increase in water saturation, the non-flowing
gas in the core was gradually driven out. The gas phase’s relative permeability decreased
slowly at this stage until it finally reached zero. The gas phase relative permeability graph
implies a gradual increase in average throat radius, and the curve gradually shifts to the
left, which is mainly due to the leftward shift of irreducible water saturation. However,
this was not analyzed here. Additionally, during the initial stage of water breakthrough,
the reduction in relative permeability of Nos. 4–1’s gas phases decreased sequentially.
The main reason for this is that when water enters the core and attempts to adhere to
the particles’ surfaces under the action of interfacial tension during the water-driven gas
process (in which water is the wetting phase and gas is the non-wetting phase), it struggles
to occupy the narrower pores and throats and gradually expands to the larger ones. Once a
throat with a small radius is occupied by the water phase, the gas phase loses the capacity
to flow. Therefore, the number of flow channels available for the gas phase in the entire
core is rapidly reduced, resulting in a rapid drop in its flow capacity. Therefore, water has a
more serious impact on the flow capacity of gas in low-permeability reservoirs. Once water
breakthrough occurs in the low-permeability reservoir stratum, the production capacity
of a gas well will rapidly decrease, possibly to the point of cessation. The effect of clay on
the two-phase gas–water flow has been elaborated in detail, being characterized mainly
as higher clay content relating to a weaker flow capacity, resulting in a reduction in the
throat radius of the sandstone sample. Compared to No. 1, No. 2’s clay content increased
by 4.70%, but its throat radius increased by 179.69%. Here the influence of clay content
on the curve was less than that of the throat radius, so No. 1’s curve displayed a greater
reduction than that of No. 2.

4.2.1. Residual Gas Saturation

The average throat radius of No. 3 is 4.8 times that of No. 1, and its residual gas
saturation decreased by 1.00%. In the water-driven gas process, the larger the throat radius,
the smaller the ratio of the pore to the throat radius, resulting in higher water-driven gas
sweep efficiency and less residual gas. The average throat radius of No. 2 is 2.79 times
that of No. 1. Based on the previous analysis, if the two had the same clay content, No. 2
should have had lower residual gas saturation than No. 1. On the contrary, No. 2’s clay
content was 4.70% higher than that of No. 1, making the residual gas saturation of the
two roughly equal. The main reason for this was that the higher the clay content of the
sandstone sample, the greater the degree of compression and deformation of its pores and
throats under effective stress. Additionally, some of the components in clay minerals swell
when exposed to water. This swelling easily blocks the flow channels during the water-
driven gas process, preventing more gas from being displaced, thus, increasing residual
gas saturation. Therefore, the larger the throat radius and the lower the clay content, the
smaller the residual gas saturation.

4.2.2. Gas Effective Permeability under Irreducible Water Saturation

The factors that influence the effective permeability of gas phases under irreducible
water saturation are similar to those of water phases under residual gas saturation (i.e., it
is related to the permeability and irreducible water saturation of the rock sample under
reservoir conditions). The higher the permeability under reservoir conditions, the higher
the effective permeability of gas phases under irreducible water saturation. Furthermore,
the lower the irreducible water saturation, the fewer pore channels that may be occupied
by the water phase, and the greater the flow capacity of the gas. Permeability reflects the
comprehensive seepage capacity of the reservoir stratum; the higher its value, the better
because it not only facilitates the passage of test fluid in single-phase fluid experiments
but also demonstrates greater gas-phase fluid seepage capacity in a two-phase gas–water
environment.
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4.3. Integrated Flow Capacity

Curves of water-gas relative and effective permeability and water saturation of each
rock sample are drawn, as shown in Figure 6. Moreover, the characteristic values of
the permeability curve and the physical parameters of the rock sample are statistically
presented in Table 5 for subsequent analysis.
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Figure 6. Relative and effective permeability curves of 4 cores.

Table 5. Two-phase characteristic values and rock sample property parameters.

No. Kreservoir, mD -
rthroat, µm Cclay, % Sg-w, % Sw(Ke), %

1 0.062 0.522 5.1 66.37 76.81
2 2.688 1.460 9.8 66.25 76.11
3 17.524 2.509 5.5 69.00 73.71
4 176.652 4.715 5.3 74.47 71.91

Figure 6 demonstrates that although the physical properties of each sample varied
dramatically, each of their relative and effective permeabilities showed basically the same
trend in variation during water saturation. In the initial stage of water breakthrough, rela-
tive and effective permeability decreased rapidly, indicating that two-phase flow capacity
is weaker than that of single-phase. The curve is an example of the ‘high on left and low on
right’ phenomenon, indicating that the gas phase had a stronger flow capacity. Permeability
is a manifestation of the comprehensive seepage capacity of a reservoir; under the same
water saturation, a sample’s higher permeability means that its effective permeability will
also be greater.

4.3.1. Two-Phase Co-Flow Area

The range of the two-phase co-seepage zone was mainly affected by irreducible water
saturation and residual gas saturation (i.e., the impact of throat radius and clay content).
The average throat radius of No. 3 is 4.8 times that of No. 1, which caused its irreducible
water saturation and residual gas saturation to decrease by 1.63% and 1.00%, respectively.
Therefore, the two-phase co-seepage zone increased by 2.63%. The average throat radius of
No. 2 is 2.79 times that of No. 1, but its clay content also increased by 4.70%. As a result,
its irreducible water saturation and residual gas saturation increased by 0.04% and 0.08%,
respectively, decreasing the two-phase seepage zone by 0.12%. This entails that the larger
the throat radius of the sandstone sample and the lower the clay content, the wider the
two-phase co-permeation zone, which is more conducive to gas-liquid flow.

4.3.2. Water Saturation at the Iso-Permeability Point

A comparison of the water’s saturation of isotonic points in Nos. 1–4 showed that
the four points decreased sequentially. The analysis revealed the reason for this to be that
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water molecules are much larger than those of nitrogen. The larger the throat radius, the
more channels water can use, reducing resistance to flow. Therefore, water needs to occupy
fewer channels to achieve the same flow capacity as nitrogen. No. 4 had the weakest stress
sensitivity and the largest throat radius under normal conditions, so it also had the largest
throat radius under reservoir conditions; thus, the isotonic point of No. 4 had the lowest
water saturation. However, the isotonic point of No. 1 had the highest water saturation.
Although No. 2 had a larger throat radius, its clay content was higher compared to No. 1,
resulting in greater stress sensitivity. That, in addition to the interaction between clay and
water, resulted in a reduction in the water phases’ flow capacities. Therefore, there were
few differences between the water saturation of Nos. 1 and 2’s isotonic points.

5. Conclusions

By analyzing the differences in the four sandstone samples (whose physical properties
under reservoir conditions differed greatly), water-driven gas-relative permeability curves
yielded the following conclusions:

(1) When sandstone samples have similar clay content, the average throat radius is four
times larger, its irreducible water saturation decreased by 1.63%, and the larger the
throat radius and the lower the clay content, the greater the relative permeability of
the water phase under residual gas saturation.

(2) When sandstone samples have similar clay content, the average throat radius is four
times larger, its residual gas saturation decreased by 1.00%, and the larger the throat
radius and the lower the clay content, the higher the effective permeability of gas
phases under irreducible water saturation.

(3) When sandstone samples have similar clay content, the average throat radius is
four times larger, and the two-phase co-seepage zone increased by 2.63%. When the
sandstone sample’s clay content increased by 4.70%, the two-phase seepage zone
decreased by 0.12%. This entails that the larger the throat radius of the sandstone
sample and the lower the clay content, the wider the two-phase co-permeation zone,
which is more conducive to gas-liquid flow.
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Nomenclature

Kreservoir Permeability under reservoir conditions, %
rthroat Mean throat radius, µm
Cclay Clay content, %
Swc Irreducible water saturation, %
Krw(Sgr) Water relative permeability at the residual gas saturation, dimensionless
Kw(Sgr) Water effective permeability at the residual gas saturation, mD
Sgr Residual gas saturation, %
Kg(Swc) Gas effective permeability at the irreducible water saturation, mD
Sw(Ke) Water saturation at the iso-permeability point, %
Sg-w Two-phase co-flow area, %
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Abbreviations

W(t),G(t) Cumulative water production, cumulative gas production, cm3

W ′(t),G′(t) Cumulative water production after correction and cumulative gas production
after correction, cm3

Bw The compression factor of water, decimals
Bg The compression factor of gas, decimals
Rgw Gas water ratio, decimals
fW

(
sg
)

Water content, decimal
VW(t) Dimensionless cumulative water recovery, decimal
V(t) Dimensionless cumulative total output, decimal
Vp Volume of pore, cm3

Krw Water phase relative permeability
I Relative to injection capacity or flow capacity, dimensionless, decimal
Q0, Q(t) Water production flow of rock sample outlet face at initial time and time t, cm3/s
∆p0,∆p(t) Displacement pressure difference at the initial time and at t, MPa
Krg Gas phase relative permeability
µg, µw Gas and water viscosity, mPa.s
Sge Gas saturation of rock sample outlet end face, decimal

Appendix A

Table A1. The experimental results of No.1 (The mass of saturated water is 5.31 g).

No. Cumulative
Time (s)

Pressure Drop
(MPa)

Cumulative Gas
Production at Atmospheric

Pressure (mL)

Cumulative Water
Production at Atmospheric

Pressure (mL)

1 132 0.31 0.08 0.00
2 162 0.31 0.49 0.01
3 192 0.31 1.00 0.02
4 222 0.31 1.11 0.03
5 252 0.31 1.22 0.04
6 282 0.31 1.38 0.19
7 312 0.31 1.74 0.49
8 330 0.31 2.06 0.63
9 348 0.31 2.41 0.71
10 366 0.31 2.78 0.74
11 384 0.31 2.92 0.76
12 402 0.31 3.23 0.78
13 420 0.31 3.53 0.80
14 474 0.31 4.47 0.85
15 528 0.31 5.53 0.90
16 546 0.31 6.09 0.91
17 600 0.31 7.26 0.95
18 618 0.31 7.64 0.96
19 684 0.31 9.11 1.00
20 774 0.31 11.70 1.05
21 804 0.31 12.72 1.06
22 894 0.31 29.79 1.11
23 1014 0.31 33.78 1.15
24 1254 0.31 42.40 1.23
25 1494 0.31 51.74 1.28
26 1734 0.31 78.85 1.33
27 2034 0.31 92.10 1.38
28 2334 0.31 105.93 1.43
29 2934 0.31 135.74 1.48
30 3534 0.31 169.62 1.55
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Table A1. Cont.

No. Cumulative
Time (s)

Pressure Drop
(MPa)

Cumulative Gas
Production at Atmospheric

Pressure (mL)

Cumulative Water
Production at Atmospheric

Pressure (mL)

31 5334 0.31 268.92 1.64
32 7134 0.31 380.67 1.75
33 8934 0.31 496.52 1.80
34 10,734 0.31 650.42 1.86
35 11,934 0.31 799.90 1.90
36 15,534 0.31 1208.21 1.95
37 19,734 0.31 1690.86 2.00

Table A2. The experimental results of No.2 (The mass of saturated water is 4.31 g).

No. Cumulative
Time (s)

Pressure Drop
(MPa)

Cumulative Gas
Production at Atmospheric

Pressure(mL)

Cumulative Water
Production at Atmospheric

Pressure (mL)

1 36 0.20 0.70 0.05
2 48 0.20 1.77 0.11
3 60 0.20 3.53 0.55
4 72 0.20 5.59 0.66
5 96 0.20 11.54 0.78
6 192 0.20 51.69 0.95
7 402 0.20 188.76 1.40
8 672 0.20 417.55 1.50
9 702 0.20 446.57 1.55
10 2082 0.20 1991.08 2.00
11 2142 0.20 2051.61 2.05
12 2442 0.20 2443.42 2.08
13 2742 0.20 2827.21 2.15
14 3042 0.20 3214.24 2.20
15 3342 0.20 3602.74 2.25
16 3582 0.20 3918.17 2.33
17 3642 0.20 4098.94 2.35
18 4242 0.20 4920.09 2.45
19 4842 0.20 5713.16 2.55
20 5022 0.20 5950.61 2.60
21 5082 0.20 6028.61 2.63

Table A3. The experimental results of No.3 (The mass of saturated water is 1.78 g).

No. Cumulative
Time (s)

Pressure Drop
(MPa)

Cumulative Gas
Production at Atmospheric

Pressure (mL)

Cumulative Water
Production at Atmospheric

Pressure (mL)

1 12 2.10 0.17 0.00
2 72 2.10 0.60 0.00
3 132 2.10 0.90 0.15
4 192 2.10 1.82 0.33
5 252 2.10 2.88 0.35
6 312 2.10 4.16 0.37
7 372 2.10 5.08 0.39
8 792 2.10 10.13 0.44
9 972 2.10 16.41 0.46
10 1152 2.10 24.18 0.47
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Table A3. Cont.

No. Cumulative
Time (s)

Pressure Drop
(MPa)

Cumulative Gas
Production at Atmospheric

Pressure (mL)

Cumulative Water
Production at Atmospheric

Pressure (mL)

11 1332 2.10 33.46 0.49
12 1512 2.10 44.08 0.50
13 2412 2.10 114.45 0.52
14 4032 2.10 303.79 0.54
15 4752 2.10 407.97 0.57
16 6492 2.10 697.73 0.60
17 7692 2.10 922.59 0.63
18 9695 2.10 1162.22 0.67
19 10,895 2.10 1415.75 0.70
20 13,295 2.10 1905.12 0.72
21 18,000 2.10 2481.82 0.74

Table A4. The experimental results of No.4 (The mass of saturated water is 4.64 g).

No. Cumulative
Time (s)

Pressure Drop
(MPa)

Cumulative Gas
Production at Atmospheric

Pressure (mL)

Cumulative Water
Production at Atmospheric

Pressure (mL)

1 12 0.02 0.10 0.00
2 24 0.02 0.50 0.05
3 36 0.02 1.50 0.37
4 48 0.02 3.00 0.75
5 132 0.02 5.47 1.14
6 252 0.02 50.00 1.31
7 400 0.02 100.00 1.50
8 700 0.02 200.00 1.75
9 1000 0.02 300.00 1.90
10 1500 0.02 500.00 2.05
11 2100 0.02 700.00 2.20
12 2600 0.02 900.00 2.33
13 3162 0.02 1400.00 2.41
14 3462 0.02 1600.00 2.49
15 3762 0.02 1900.00 2.58
16 4062 0.02 2200.00 2.66
17 4362 0.02 2600.00 2.75
18 4962 0.02 3500.00 2.84
19 5262 0.02 5000.00 2.98

Appendix B

The calculation method comes from the patent “Determination Method of Gas-water
phase Permeability Curve at High Temperature and High Pressure in Formation.” This
method ignores the influence of capillary pressure, fluid compressibility, and gravity. The
calculation steps are as follows (Guo, P.; Fang, J.L.; Du, J.F.; Wang, Z.H.; Luo, Y.Q.; Zhao,
C.L.; Dong, C.; Xiong, X.M.; Zheng, X.P.; He, J.L.; et al. For-mation-determination of
Gas-Water Phase Permeability Curves at High Temperature and High Pressure 2015 ):

First, the values recorded under surface conditions are translated to ground conditions:

W ′(t) = W(t)Bw (A1)

G′(t) = G(t)−W(t)RgwBg (A2)

Then, the relative permeability of the water phase and gas phase and the gas saturation
of the outlet face of the rock samples are calculated at each time.
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The relative permeability of the water phase:

fw
(
sg
)
=

dVw(t)
dV(t)

(A3)

Krw = fw
(
Sg

) d[1/V(t)]
d{1/[IV(t)]} (A4)

The relative to injection capacity or flow capacity I in Equation (A4) is calculated as
follows:

I =
Q(t)
Q0

∆p0

∆p(t)
(A5)

The water production flow of the rock sample outlet face at time t Q(t) in Equation
(A5) is calculated as follows:

Q(t) =
[W ′(t)−W ′(t− 1)] + [G′(t)− G′(t− 1)]

∆t
(A6)

The dimensionless cumulative water recovery Vw(t) in Equation (A4) is calculated as
follows:

Vw(t) =
W ′(t)

Vp
(A7)

The dimensionless cumulative total output V(t) in Equation (A4) is calculated as
follows:

V(t) =
W ′(t) + G′(t)

Vp
(A8)

The relative permeability of the gas phase:

Krg = Krw
µg

µw

1− fw
(
Sg

)
fw
(
Sg

) (A9)

The Gas saturation of the rock sample outlet face Sge is calculated as follows:

Sge = Vw(t)−V(t) fw
(
Sg

)
(A10)

Appendix C

Table A5. The relative permeabilities of No.1 sandstone sample.

No. Saturation of Water (%) Krg Krw

1 92.76 0.0032 0.0313
2 85.20 0.0080 0.0233
3 80.12 0.0117 0.0181
4 75.98 0.0139 0.0148
5 71.43 0.0168 0.0116
6 68.54 0.0206 0.0104
7 62.26 0.0329 0.0085
8 57.74 0.0530 0.0067
9 48.51 0.1455 0.0043

10 40.30 0.3440 0.0031
11 33.89 0.6032 0.0019
12 26.39 1.0000 0.0000
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Table A6. The relative permeabilities of No.2 sandstone sample.

No. Saturation of Water (%) Krg Krw

1 92.68 0.0053 0.0720
2 90.60 0.0094 0.0580
3 86.65 0.0108 0.0420
4 80.86 0.0128 0.0270
5 76.78 0.0170 0.0180
6 72.78 0.0214 0.0130
7 68.23 0.0294 0.0100
8 64.31 0.0420 0.0070
9 55.43 0.0920 0.0020

10 49.78 0.1500 0.0016
11 43.29 0.2876 0.0011
12 34.69 0.6033 0.0005
13 26.43 1.0000 0.0000

Table A7. The relative permeabilities of No.3 sandstone sample.

No. Saturation of Water (%) Krg Krw

1 93.76 0.0055 0.1250
2 88.33 0.0078 0.0820
3 85.19 0.0098 0.0620
4 77.61 0.0148 0.0300
5 69.54 0.0284 0.0130
6 63.92 0.0422 0.0080
7 58.00 0.0720 0.0045
8 54.00 0.1080 0.0033
9 49.83 0.1550 0.0021

10 39.28 0.3680 0.0010
11 31.8 0.6540 0.0006
12 24.76 1.0000 0.0000

Table A8. The relative permeabilities of No.4 sandstone sample.

No. Saturation of Water (%) Krg Krw

1 96.12 0.0051 0.2543
2 88.20 0.0087 0.1356
3 78.10 0.0170 0.0530
4 71.64 0.0266 0.0237
5 67.03 0.0375 0.0137
6 61.44 0.0497 0.0082
7 57.88 0.0634 0.0052
8 50.47 0.1250 0.0025
9 45.48 0.1980 0.0018

10 37.00 0.3830 0.0011
11 30.89 0.5980 0.0000
12 21.65 1.0000 0.0000
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