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The permeability jail refers to a specific water saturation range in a tight gas
reservoir, where almost no gas or water phase can flow effectively. In the
process of drilling and fracturing, water saturation rises and falls into the
permeability jail. To reduce or avoid falling into the permeability jail in the
recovery process, a method for measuring gas—water relative permeability of
tight sandstone is established here that considers salt sensitivity, gas slippage
effect, stress sensitivity, and high bound water saturation. Then, the permeability
jail range was determined to provide guidance and suggestions for field
application. Considering a typical tight sandstone as an example, the
proposed method was used to expand the measurement range of
gas—water relative permeability and observe the permeability jail range,
laying an experimental foundation for accurately determining the
permeability jail range in a given formation. The Byrnes model can
preliminarily predict the permeability jail range with accurate bound water
saturation and residual gas saturation. When the permeability jail
phenomenon occurs in the core, the larger the permeability is, the smaller
the permeability jail range will be; and the larger the porosity is, the smaller the
permeability jail range will be. When the permeability jail phenomenon occurs in
the tight sandstone reservoir, the damage to the reservoir due to external fluid
and solid phased particles should be strictly controlled. The damage is stronger,
the permeability and porosity decline, and the permeability jail range is wider.
Other gases or solvents can be used as fracturing fluids to minimize formation
damage.
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1 Introduction

The permeability jail refers to the condition when gas and
water phases almost cannot flow in some water saturation region,
and the region is named as the permeability jail range [1, 2]. Tight
gas reservoirs are characterized by low permeability and ultra-
low water saturation [3]. During drilling and fracturing, water-
based fluids enter the reservoir, resulting in a rise in water
saturation into the permeability jail due to high water
injection and low flow back rate near the wellbore [2, 4, 5].
To reduce or avoid encountering the permeability jail during
development, it is necessary to accurately locate the permeability
jail range in the gas—water relative permeability.

In 1992, the permeability jail was first described in the
Mesaverde tight sandstone of the Eastern Green River Basin,
United States [2, 6]. Cluff and Byrnes summarized the
characteristics of phase permeability curves of 43 tight cores
and suggested that when the permeability is below 0.05 mD, a
permeability jail exists in tight cores [2]. Aguilera et al. reported
that the gas and water relative permeability in the permeability jail
range was less than 0.02 [2, 6, 7]. Fu et al,, Silin et al., and Jeannin
et al. also observed the permeability jail in the phase permeability
experiments of tight sandstone gas reservoirs [8-10]. If fluids are
trapped in a permeability jail, it reduces the fracturing effectiveness
and production capacity [1]. Thus, the basic and essential aspects
indicate that gas well production should be investigated,
considering the permeability jail characteristics to reduce
economic losses. However, fundamental investigation of the
determination of the range of permeability jail involves the
relative permeability measurement.

10.3389/fphy.2022.923762

However, numerous influencing factors in relative permeability
measurement, such as stress sensitivity, salt sensitivity, gas slippage
effect, and low water saturation, are involved in the experiment [1,
11, 12]. High stress reduces the gas—water flow channels (Figure 1A).
Measurements of relative permeability are usually made at lower
confining pressures. Due to stress sensitivity, the relative
permeability at constant confining pressure may differ from that
at native stress [13-15]. Li reported that as the effective stress
increased, the relative permeability of the gas decreased
significantly. When the confining pressure was increased to
34 MPa (5, 511 psi), the porosity of the tight sandstone
formation decreased by 5%, resulting in a decrease in
permeability [11]. Hao Zhang found that core permeability
decreased with increased confining pressure until the critical
pressure was reached. Beyond the critical pressure, the core
permeability changed only slightly with the increase in confining
pressure. In order to attain almost similar formation pressure
conditions, it is necessary to conduct gas-water relative
permeability experiments under the in situ stress conditions [8, 11].

Salt minerals dissolve and migrate, and as a result, salt crystals
clog the pores (Figure 1B). The permeability of tight sandstone is
affected by the salinity of liquid in the pores [12]. As the burial depth
of tight sandstone increases, the salinity of formation water
increases; moreover, the salt sensitivity of tight sandstone also
increases [8]. When a low-salinity fluid enters the reservoir, it
leads to hydration, expansion, dispersion, and migration of clay
minerals, thus blocking the pores and throats [3, 12]. The high-
salinity fluid that enters the reservoir also reduces the formation
permeability because of the crystallization of the salinity fluid in the
pore throats [16, 17]. Irrespective of the fluid salinity (high-salinity

Stress
sensitivity

Salt
sensitivity

Klinken-berg
effect

High irreducible
water saturation

FIGURE 1
Four factors affecting the gas—water relative permeability. (A) High stress reduces the gas-water flow channels. (B) Salt minerals dissolve and

migrate so that salt crystals clog the pores. (C) Gas slippage effect results in poor accuracy of the gas relative permeability. (D) Difficulty in establishing
low bound water saturation.
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or low-salinity) that enters the sandstone, permeability decreases,
and the influence of the salt content of the displacement fluid on the
permeability becomes obvious [16, 18]. During the process of
gas—water relative permeability experiments, if the formation
water or any fluid other than the simulated formation water is
used in the experiments, the gas-water relative permeability gets
affected by salt sensitivity, resulting in deviations from the actual
gas—water relative permeability [17]. Therefore, residual salt in dry
rock samples must be removed in advance to prevent it from
dissolving during the experiments, which leads to an increase in
the salinity of the displacement fluid, thus leading to a reduction in
the reliability of the relative permeability data. The method described
in the Chinese Petroleum Industry Standard (SY/T 5336-2006,
Practices for core analysis) [19] is suitable for a conventional
core to wash off the salt. However, tight sandstone has narrow
pores and high capillary pressure, making it difficult for fluid to enter
the pore throats of a tight sandstone. Therefore, residual salts need to
be washed away without damaging the internal structure of the core,
and formation water is used in subsequent experiments to establish
water saturation. Notably, only when the simulated formation water
displaces the core, its properties do not undergo any change.

The gas slippage effect results in poor accuracy of gas relative
permeability (Figure 1C). Water saturation affects the gas slippage,
which in turn affects the relative permeability of gas [11, 20]. The
conventional measurement methods for gas-water relative
permeability do not consider the gas slippage effect; therefore,
the reliability of the relative permeability measurement method
decreases [2, 6]. Klinkenberg discovered that the effect of gas flow
occurred through capillary channels. To avoid the gas slippage
effect, gas permeability is usually measured at different flooding
pressures to obtain Klinkenberg permeability [21]. However, using
this method for different water saturation conditions is time-
consuming. During the gas drive experiment for a prolonged
time, water evaporation leads to a change in the salinity of pore
water, which further affects the measurement of permeability.
Undeniably, more systematic explorations are required to
slippage
experiments and speed up the experimental process.

eliminate the gas effect without affecting the

Difficulty is encountered in establishing the low bound water
saturation, as presented in Figure 1D. Most of the gas reservoirs in
western Canada and the United States have a low initial water
saturation, high irreducible water saturation, and low permeability
[20]. It is difficult to reduce the water saturation in the gas drive
experiments for a tight core saturated with water. Moreover,
relative permeability measurement is not ideal [15]. With the
increase in displacement pressure and time, the gas drive process
fails to keep the water saturation lower than the bound water
saturation, and therefore, it becomes difficult to measure the
relative permeability of the gas phase at the stage of low water
[21].
centrifugation or drying destroys the pore structure of

saturation Prediction of water saturation through
sandstone and affects the accuracy of the measurement of

gas-water relative permeability [1, 3]. Traditional gas drive
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experiments cannot reduce the water saturation of tight cores
below the bound water saturation [3]. Therefore, under the
condition of low water saturation, it is essential to select an
appropriate method to measure the relative permeability of gas.
According to previous research findings noted earlier, it is
difficult for researchers to measure the gas-water relative
permeability when the water saturation is lower than the
bound water saturation [15]. The effects of various factors
such as salt sensitivity [12, 16], stress sensitivity [13, 15], and
gas slippage effect were ignored [11, 20, 21]. Based on this, a
gas—water phase seepage model was established to calculate the
theoretical range of the permeability jail, which aided in the
determination of the prediction range of the permeability jail.
However, experimental methods to determine the range of
gas-water phase permeability are still lacking. Progress in the
measurement range of gas-water phase permeability and more
accurate experimental data has been significantly impeded.
Therefore, in this study, the influence of stress sensitivity
(Figure 1A) and salt sensitivity (Figure 1B) on the permeability
of rock samples, gas slippage effect in the process of measuring gas-
10),
relative

phase relative permeability (Figure and the narrow
of permeability

(Figure 1D) was considered to establish a complete set of

measurement — range gas-water
methods for determining the permeability jail range. A
measurement method for gas-water relative permeability of tight
gas reservoirs is established. First, the residual salt in the core was
washed away using saturated ethanol. Simulating spontaneous
imbibition of formation water was used to gradually improve the
water saturation of a tight sandstone core. Appropriate confining
pressure was selected, and applying back pressure weakened the
influence of gas slippage on permeability. This study compared the
measurement range of gas-water relative
to different

methods, the difference in gas-phase relative permeability under

permeability

corresponding water saturation establishment
different back pressures, and the range of gas-water relative
permeability under different back pressures. The study provides
an experimental basis for determining the permeability jail range
and has important guiding significance for the rational and practical

development of tight sandstone gas reservoirs.

2 Methods and materials
2.1 Samples

The experimental samples were selected from the Permian He
8 section and Shan 1 section tight sandstone gas reservoir from the
Ordos Basin, China. The gas reservoir lithology is mainly coarse
quartz sandstone, lithic quartz sandstone, and lithic sandstone. The
average porosity and permeability of the samples were 7.81% and
0.37 mD, respectively. Ultra-low water saturation existed, with some
reservoirs having initial water saturation below 20% (Figure 2).
Moreover, the bound water saturation was within the range of
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FIGURE 2

Relationship between the gas saturation and porosity in the
study area. Initial gas saturation of gas formation ranges from 15%
to 85%. Initial gas saturation of gas—water formation ranges from
28% to 45%. Initial gas saturation of poor formation ranges

from 7% to 75%. Initial gas saturation of dry formation ranges from
0% to 70%.

32.6-66.98%. The native stress was 25 MPa. The quartz content was
generally 60-90%, whereas the feldspar content was very little. The
content of cuttings was mainly within the range of 10-40% and
consisted mainly of quartz cuttings. The main diagenetic minerals
were quartz and clay minerals, including needle-like filamentous
illite, chlorite, and interbedded minerals. Furthermore, a part of the
reservoir contained Shumen kaolinite.

This tight sandstone from the Ordos Basin in central and western
China was selected for the following reasons: (1) it is characterized by
deep burial, low permeability, and low porosity; (2) it has a large initial
water saturation span, whereas the bound water saturation is larger
than the initial water saturation; and (3) the measurement of
gas—water relative permeability is difficult for the tight sandstone.

The composition of the formation water in the study area has a
total salinity of 66,166.01 mgL™" (as shown in Table 1). Table 2
presents the rock properties (length, diameter, initial permeability,
and porosity) of the tight sandstone cores from the Ordos Basin.

2.2 Experimental methods

Before the test for relative permeability measurements, initial
water saturation was set up by the spontaneous imbibition
method. After every relative permeability measurement, the
water saturation by the spontaneous imbibition method was
improved, and the next relative permeability was measured.
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2.2.1 Salt removal and establishing water
saturation

At the beginning of the experiments, it was required to clean
the fresh samples to reduce the sensitivity toward salinity. A
common method for cleaning fresh samples is the Soxhlet
extraction method [19]. However, cleaning tight samples
using continuous immersion Soxhlets (Soxhlet extraction) is
not feasible because the fluid cannot enter the pores. In this
study, the salt and oil in the core were washed away entirely by
conducting repeated pressurization to 25 MPa (pore pressure)
with methyl alcohol and decompression to thoroughly wash off
the salt and oil in the cores. This process was carried out to
reduce the influence of residual salts on the experimental
evaluation.

The water saturation of the tight sandstone reservoir was
established by the spontaneous imbibition method. The method
can set the water saturation at a specific value to realize the
measurement

of gas-water relative permeability. The

experimental procedure is as follows.

(1) First, pre-treated cores were dried at 60°C for 2-4 h. Then,
the core was taken out and cooled down to room
temperature. An accurate measurement of rock pore
volume was conducted. Porosity ¢ and dry weight M, of
the sample were then determined.

(2) Initial water saturation of core S,, was determined according
to reservoir data.

(3) The fiber or paper towel was soaked with simulated
formation water in advance. The experimental core was
rolled back and forth on the fiber or paper towel to
ensure that the end face of the core was not soaked. The
simulated formation water was allowed to self-imbibe in the
core under the capillary force of the experimental core itself
(the simulated formation water was configured to stand for
24 h before filtration).

(4) The core weight M," was monitored. Step 3 was repeated
until the difference between the two weighing times met the
conditions given by Eq. 1 as follows:

AM = M, - M, = p, Su¢V., (1)

where M, and M, are the weight of dry and saturated rock
samples (g), respectively, p,, is the formation water density (g
cm™), S, is the corresponding water saturation (%), and ¢
denotes the porosity of the core (%).

(5) The core with the initial water saturation was sealed and
stored in a cool place for 24 h, for the uniform distribution of
the established water saturation under the action of capillary
force.

(6) If it was required to improve water saturation, steps (2-5)
were repeated.
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TABLE 1 Composition of the formation water.

Inorganic salt NaCl KCl CaCl, Na,S0, NaHCO; MgCl, Salinity

Content (mg/L) 18673.2 409.75 33066.9 9046.82 399.84 4569.5 66166.01

TABLE 2 Core basic parameters.

Sample Length (mm) Diameter (mm) Porosity (%) Permeability (mD)
SS-1 57.30 25.10 15.13 0.0500
$S-2 77.66 25.02 6.69 0.0740
SS-3 59.71 24.74 5.90 0.1500
$S-4 63.95 2473 111 0.2260
$S-5 59.05 24.76 5.65 0.5070
$5-6 62.85 2473 10.10 1.0900
$S-7 59.17 24.59 12.46 1.3200
S-1 49.38 24.55 483 0.2580
S-2 46.14 24.48 7.17 0.3674
S-3 48.42 24.50 11.31 0.9358
S-4 47.10 24.50 6.59 0.4038
S-5 47.72 24.54 413 0.2001
S-6 43.94 24.54 8.19 0.0540
S-7 43.60 2472 6.64 0.0484
S-8 56.30 25.10 7.19 0.0775
S-9 55.70 25.00 10.88 0.1800

o

(A

2

1/

= =—
4 2 2 6
FIGURE 3

Schematic representation of the experimental apparatus. 1-pump, 2-valve, 3-core holder, 4-confining pressure system, 5-back pressure valve,
6-glass gas-water separator, 7-glass tube flow meter,8- wet gas flow meter, and 9-gas cylinder.

2.2.2 Gas—water relative permeability test (1) Initial water saturation was established by the spontaneous
The outlet pressure was set at a fixed back pressure up to the imbibition method according to porosity.

limit pressure to eliminate the effect of gas slippage. The limit (2) The sample was installed in the core support. The confining

pressure test was carried out on the sample to obtain its value pressure was the formation pressure Pr. The back pressure

[22]. The equipment to measure liquid flow rate was designed was the limit pressure P;, whereas the gas flow rate Qg and

and assembled (Figure 3). Gas-water relative permeability liquid flow rate Q,, were measured after the flow stabilized.

measurement steps are as follows. According to Eqs.2-5, the effective permeability of the gas
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phase K, and liquid phase K., and relative permeability were
calculated.

(3) The next level of water saturation S,; of the test sample was
established by the spontaneous imbibition method.

(4) Steps (2-3) were repeated until the water saturation (core
wet weight) could not be increased any further.

The effective permeability of water is given by Eq. 2.
_ QWAHWL

K, ==wZyx10". (2)
AAP
The effective permeability of the gas is given by Eq. 3.
2QgPou,L
K, = ots™ o (3)

¢ AP -P)

The relative permeabilities of gas and water phases are given
by Eqs 4 and 5, respectively.

Ia

Koy = 2 (4)
Kg
Krg = ?> (5)

where P, is the atmospheric pressure (0.1 MPa), u,, and y, are
the viscosities of the formation water and nitrogen (mPa-s),
respectively, p is the formation water density (g cm™), L is the
core length (cm), A is the cross-sectional area of the core
(cm?®), Qg and Q,, denote the volumetric flow rates of gas and

water (cm?® s

), respectively, and P; and P, are the upstream
and downstream pressures of core (MPa), respectively. In
contrast, the displacement pressure difference is given by
AP=P,-P,. Moreover, K, and K, the

permeabilities and formation water

effective
of gas (mD),
respectively, K is the absolute permeability of rock sample

are

(mD), and K, and K, are the gas phase and water phase
relative permeabilities, respectively.

3 Results and discussion

3.1 Expansion of the measurement range
of gas—water phase permeability

There are two types of methods to establish water saturation.
One is to displace the wetting phase with the non-wetting phase,
which generates a conventional/drainage relative permeability
curve, such as the drying method [1] (reduce water saturation by
drying at 60°C in an oven) and centrifugation method [3] (reduce
water saturation by centrifuging at different rotation speeds in a
centrifugal machine). Another is to displace the non-wetting with
the wetting phase, such as the gas drive method [3] (establish
water saturation by replacing core water with gas) and the
method,
imbibition relative permeability curve.

spontaneous  imbibition which  generates an
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Water sturation (S,, ,%)
FIGURE 4

Four sets of relative permeability curves (the gas—water

relative permeability curve range of S-1 sample and that provided
by Mo et al. were lower than the gas—water relative permeability
curve range of S-2 and S-3).

In order to prove the uniqueness and novelty of the proposed
method in this study, three groups of experiments were carried out
to evaluate water saturation. These tests include the relative
permeability test (S-1) for the continuous decrease in initial
water saturation determined by the gas drive method, the relative
permeability test (S-2) for the continuous increase in water
saturation measured by the spontaneous imbibition method, and
the relative permeability test (S-3) for the continuous decrease in
water saturation determined by the centrifugation method.

Figure 4 shows that the gas—water relative permeability curve
range given by Mo et al. was small (65% < S,, (water saturation) <
80%) [1], whereas the gas-water relative permeability curve
range corresponding to the gas drive method was medium
(49% < S,, < 90%). Furthermore, the gas—water relative
permeability curve range corresponding to the spontaneous
imbibition method was large (15.26% < S,, < 79%) and that
corresponding to the centrifugation method also exhibited a large
range (17.17% < S,, < 85%).

The gas-water relative permeability curves of water saturation
established by different methods are compared. The shape of the
gas—water relative permeability curve established by the spontaneous
imbibition method was similar to that of the traditional gas-water
relative permeability curve; however, the relationship between the
gas—phase relative permeability curve and the water saturation in the
measurement process of the centrifugation method was closer to a
linear relationship (Figure 4). Only the gas-water relative
permeability above the bound water saturation could be measured
in the gas drive experiment. The spontaneous imbibition method
used in this study showed a wide measurement range; therefore, a
relatively complete gas—water phase permeability curve was obtained
(Figure 4).

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.923762

Gong et al.

=
kS

14

5 Permeability
= Limit presure

e
N

1.2

Permeability (K, mD)
e e
= ) -

I
-
Limit pressure (Py; i, MPa)

$S-2 $S-3 $S-4

Sample

SS-§ $S-6

FIGURE 5
Relationship between the permeability and the limit pressure.

In order to measure the relative permeability of the gas phase
in the actual production process, it is necessary to measure the
relative permeability of the gas phase in the case of a continuous
increase in water saturation. At the same time, the drying and
centrifugation methods are used to measure the relative
permeability of the gas phase in the continuous decrease of
water saturation. Moreover, the establishment of initial water
saturation by the drying method results in some residual salt in
the pore throat, thus reducing the flow pore volume. The
establishment of initial water saturation by the centrifugation
method damages the integrity of rock samples. In this study, it
was proposed to wash the residual salt in the rock sample with
saturated ethanol under high pressure. Moreover, the simulated
formation water was evenly distributed in the core through
strong spontaneous imbibition and hydrophilic characteristics
of tight sandstone. The measurement range of water saturation
was up to 67.83% by the spontaneous imbibition method, which
provides the basis for determining the permeability jail range,
and therefore, subsequent measurements are based on using the
spontaneous imbibition method to establish water saturation.

3.2 Determination of the range of the
permeability jail

Figure 5 shows the relationship between the permeability and the
limit pressure of the sample. The gas slippage effect increased with the
decrease in the impact force of gas molecules in the rock pores on the
unit tube wall area. This is because the gas slippage effect becomes
more severe with lower permeability, and a higher upper limit
pressure is required. Previous studies indicate that the limit
pressure in this study area should be greater than 0.9 MPa [24]. In
order to investigate the influence of slippage on gas-phase relative
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FIGURE 6

Relative permeability curves of S-8 and S-9 at different back
pressures (ASq: range of the permeability jail when the back
pressure is 0 MPa; AS;: range of the permeability jail when the back
pressure is 1 MPa; and ASs: range of the permeability jail when

the back pressure is 3 MPa). (A) Relative permeability curves of S-8
and (B) relative permeability curves of S-9.

permeability at different back pressures, experiments were carried out
to measure the gas-phase permeability at 0, 1, and 3 MPa, respectively.

Figure 6 illustrates that the residual gas saturation of S-8 and S-9
in compact samples was about 32.88 and 52.9%, respectively. The
relative permeability of water increased with the increase of water
saturation and reached the maximum when the water saturation was
about 90%. Figure 6A exhibits that AS, was 21.56% for the back
pressure of 0 MPa, while AS; and AS, were 25.18 and 27.20% for the
back pressures of 1 and 3 MPa, respectively. The core sample with
the permeability jail showed a smaller range without the back
pressure. The gas slippage effect reduced the permeability jail
range. However, when the back pressure was greater than the
limit pressure (0.9 MPa), the difference between the two was
only 2.02%, whereas the relative permeability of the gas phase
showed no noticeable change. Therefore, it can be inferred that
the gas slippage effect was weakened.
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Figure 6B demonstrates that the measured relative gas
permeability of the core sample without permeability jail was
relatively large without any increase in the back pressure, and the
isotonic point moved to the right. When the back pressure was
greater than the limit pressure of 0.9 MPa, the relative permeability
of the gas phase did not significantly change. Therefore, it can be
inferred that the gas slippage effect was weakened.

3.3 Model validation

In order to predict the gas relative permeability in tight gas
sandstones, Bynres (1979) modified Corey’s relative permeability
model (1954) [13]. In this study, the theoretical relative gas
permeability models of S-8 and S-9 are calculated using Eq. 6.

Sw ch, - ch,r 1
Krg=<1*1 £ T%> ]: (6)
We,g

)G
-5 1-
gc T ch,g 1

-S

where K, is the gas relative permeability, S, is the water
saturation, S,,.. is the water saturation when K,z = 1, Sy is
residual gas saturation, and p and g are the exponents.

For tight sandstone, where water permeability is less than the
Klinkenberg permeability, Eq. 7 is used to estimate the water
permeability (K,,) from Klinkenberg permeability (K; <
1 mD) [23].

Ky = K17, )

where K is the Klinkenberg permeability of the sample, and K, is
the water permeability of the sample.

Based on the estimation of K,, of water relative permeability,
the wetting phase correlation can be used to calculate the relative
permeability of liquid [24]. In this study, the theoretical relative
liquid permeability of S-8 and S-9 is calculated using Eq. 8.

-Sv. V'K,

< Sy
Kl’\’\’ =
1

where K., is the relative water permeability, and S,,. is the water

(8)

saturation when K,,, = 0.

The permeability of S8 was 0.0775 mD, less than 0.1 mD.
Moreover, the bound water saturation was 65%, greater than the
initial water saturation. When the water saturation was about
60%, the gas—water two-phase permeability was less than 0.02,
and there was a permeability jail. The liquid phase permeability
gradually increased when the water saturation was close to 70%.
The permeability of S-9 was 0.1800 mD, which was greater than
0.1 mD, whereas the bound water saturation was 28%, less than
the initial water saturation. The water saturation at the isotonic
point was 58.38%, while the relative permeability of gas-liquid
phase was greater than 0.02, indicating no permeability jail.

The predicted and experimental results are shown in
Figure 7. Among them, the relative permeability curves of two
different permeability grades at different back pressures were
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FIGURE 7

Gas—water relative permeability characteristics and model
comparison of two sandstone samples. The modified Corey's
model [10], represented by Egs. 6-8, is used to generate the
relative permeability curves for low- and high-permeability
sandstones with the permeability of K, = 0.0775 mD and K, =
0.1800 mD, respectively. For K; = 0.0775 mD sandstone, the
following parametric values are used: S,cg = 0, Sgc =38%, Sy\c =
65%, p = 2, and g = 2, while for K, = 0.1800 mD sandstone, the
following parametric values are used: S,,c4 = 0, Sgc = 35%, Sy =
28%. p = 15, and g = 2. (A) Low permeability core(S-8) relative
permeability curve and (B) high permeability core(S-9) relative
permeability curve.

drawn, including those calculated using the Byrnes model. With
an accurate bound water saturation and residual gas saturation,
the curves of low permeability and high permeability cores were
in good agreement with the relative permeability calculated by
using the Byrnes model; if not, the Byrnes model could not
predict the relative permeability curve. In fact, it is hard to
accurately obtain bound water saturation and residual gas
saturation.

Mo et al. considered the gas-water flow resistance
characteristics and created a permeability jail model, which
could satisfactorily predict the permeability jail range [15].
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FIGURE 8
Four sets of relative permeability curves (all the four samples
showed had a certain range of permeability jail).

However, the experimental data range was narrow, and the
model could not measure the gas-water relative permeability
below the irreducible water saturation in the experimental
process (Figure 8, S-5 gas-water phase permeability curve). If
the method proposed herein can be used to obtain a broader
gas-water phase permeability curve, it can be more conducive to
establishing a permeability jail model.

3.4 Influencing factors of the permeability
jail range

The permeability jail refers to the situation when water
saturation is within a range, and the relative permeability of
the gas and liquid is below 0.02. Moreover, the fluid flow through
the core is small. Therefore, it can be considered that the fluid
under this flow pressure cannot flow in the rock. Low
permeability reservoirs are commonly characterized by high
capillary pressure, resulting in the immobility of both the
water and gas phases [12, 25]. In tight gas reservoirs, it is
common to have a water saturation range where water and
gas cannot flow. The proposed method can thus prove the
existence of a permeability jail (Figure 8).

In the four experimental groups mentioned earlier, different
core samples showed different permeability jail ranges; however,
the gas-water relative permeability curves exhibited similar
variation trends. With the increase in water saturation, the
gas-phase permeability decreased, while the liquid-phase
permeability kept increasing. When the water saturation was
in the permeability jail range, the gas—water relative permeability
in the core was below 0.02 [11-13], which could be regarded as
the gas-water two-phase system that could not flow. This
indicates that when a reservoir falls into the permeability jail,
it produces neither water nor gas.
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This study found four groups of low permeability cores to have
the permeability jail phenomenon. The results show the
permeability confinement range of each sample. The maximum
could reach 47.9-81.2% (Figure 8; Table 3, S-7), whereas the
minimum could reach 54.2-70.3% (Figure 8; Table 3, S-6). The
porosity difference between S-4 and S-7 was small. However, the
permeability difference was as high as one order of magnitude,
indicating that the smaller the throat radius of S-7, the greater was
the Jamin effect. Therefore, the smaller the permeability, the more
extensive will be the permeability jail range. The permeability
difference between S-6 and S-7 was small. However, the porosity
of S-6 was large, indicating that when the permeability difference
was small, the larger the porosity, the smaller is the permeability jail
range. Moreover, porosity, permeability, and permeability jail range
of S-4 were larger than those of S-5, indicating that the larger the
permeability, the smaller is the permeability jail range, and the larger
the porosity, the smaller is the permeability jail range. The main
influencing factors of permeability jail range are permeability and

porosity.

3.3 Prospect of field application

Some gas-water formations are possibly defined as dry
formations; for example, the core from the dry formation is
proven to have a high gas saturation by core analysis. The result
of good logs should consider how to avoid defining the gas-water
formation as a dry formation.

During the processes of drilling, completion, and exploitation,
external fluids should have a good formation protection ability
because the main influencing factors are permeability and porosity
[26, 27]. External fluids possibly cause the blocking of the fluid
channels, which enlarges the permeability jail range, such as velocity
sensitivity, water sensitivity, salt sensitivity, acid sensitivity, alkali
sensitivity, and water phase trapping [28]. Before drilling,
completion, and exploitation, the formation protection ability of
the working fluids should be evaluated to reduce the damage to the
formation [29].

During drilling, completion, and exploitation, the initial water
saturation of the reservoir is usually outside the left boundary of the
permeability jail. However, in the early stage of production, various
reservoir modification measures, such as hydraulic fracturing, are
often used [9]. Nevertheless, the intrusion of working fluid in the
reservoir leads to increased water saturation near the borehole, and it
is likely to be trapped in the permeability jail [2, 30]. Second, water
causes the clay to expand and migrate, resulting in water phase
trapping. Due to the effects of fracturing fluid residue and other
factors, the water saturation near the good zone increases to the
permeability jail, and the gas well production is affected by the
permeability jail [25]. Therefore, experiments must be used to
determine the range of permeability jail. If the water saturation
can be safely developed outside the permeability jail range or
reduced to the left boundary of the permeability jail, the
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TABLE 3 Four sets of the permeability jail range.

Sample L (mm) D (mm)
S-4 47.10 24,50
S-5 47.72 24,54
S-6 43.94 24.54
S-7 43.60 24.72

influence of the permeability jail can be effectively avoided.
Currently, other gases or solvents such as CO,, N,, C;Hg, and
liquefied natural gas can be used as fracturing fluids to avoid
formation damage. However, fracturing fluids with less formation
damage (such as LNG) still need to be studied [31].

The result of the gas—water relative permeability experiment
shows that the water saturation influences the gas-phase
permeability, which is the critical parameter of gas-phase
permeability. The water saturation and the thickness of the water
film decrease (equivalent to increasing the effective pore radius) by
decreasing the abandonment pressure, increasing the formation
pressure, heating and evaporation, and changing the rock
wettability, which helps recover the gas permeability.

4 Conclusion

In this study, four aspects, namely, pressure, salt content, gas
slippage effect, and determination of initial water saturation,
were considered to establish the gas—water phase permeability
measurement process. Considering a typical tight sandstone as
an example, the proposed method was used to expand the
measurement range of gas-water relative permeability and
observe the permeability jail range, laying an experimental
foundation for accurately determining the permeability jail
range. Moreover, this method is highly consistent with the
gas—water relative permeability curve calculated using the
Byrnes model.

(1) Simulating formation pressure conditions and the gradual
increase of water saturation is a more accurate and reliable
method to obtain the range of the permeability jail.

(2) Under the condition of native stress, the gas—water relative

permeability of a tight core was measured with the limit

pressure, and the actual waste pressure as the back pressure.

The experimental result proves that the gas slip effect can be

effectively reduced when the pressure is higher than the limit

pressure.

(3) The measurement process established in this study agrees

with the calculated results of the Byrnes model and the

general law of the gas—water relative permeability curve. The

Byrnes model can be used when accurate irreducible water
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0.0540 )
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saturation and residual gas saturation can be obtained, and
the method used herein can be considered to obtain broader
data when establishing the model.
(4) The permeability jail phenomenon is found in the tight
sandstone of Ordos Basin by the proposed method,
indicating that the larger the permeability, the smaller the
permeability area, whereas the larger the porosity, the
smaller is the permeability area.
(5) During drilling, completion, and exploitation, the focus should
be on the formation protection ability of the working fluids.
When the formation falls into permeability jail, the water
saturation and the thickness of the water film can be

decreased to recover the gas’s relative permeability.
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