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Abstract: Threshold pressure gradient (TPG) is a key parameter determining the pore-scale fluid
dynamics. In tight gas reservoirs, both gas and water exist in the porous rock, and the existing
water can be divided into irreducible and movable water. However, how movable water saturation
will influence TPG has not yet been investigated. Therefore herein, nuclear magnetic resonance
(NMR) and high-pressure mercury intrusion (HPMI) experiments were performed to determine
pore-scale water distribution, movable water saturation, and pore throat distribution in the core
plugs. Subsequently, the air bubble method was used to measure TPG as a function of movable
water saturation and permeability inside tight gas core plugs, finding that TPG increased from
0.01 MPa/m to 0.25 MPa/m with the movable saturation increased from 2% to 35%. Finally, a semi-
empirical model was derived to describe the correlation between TPG, movable water saturation,
and permeability, which performed better than previous models in the literature. These insights will
advance the fundamental understanding of TPG in tight gas reservoirs and provide useful guidance
on tight gas reservoirs development.

Keywords: tight gas reservoirs; threshold pressure gradient; water saturation; movable water;
prediction model

1. Introduction

As an unconventional gas resource, tight gas is widely distributed in major gas-
bearing basins worldwide and has become a major focus in global unconventional gas
exploration [1,2]. There is an abundance of tight gas in China, mostly in the Ordos Basin,
Sichuan Basin, Qaidam Basin, and other basins, and production nowadays is increasing
rapidly [3]. In recent years, the increasing development of tight gas reservoirs has promoted
fundamental research into the flow characteristics of such reservoirs. It is well known that
tight reservoirs are characterized by low porosity, ultra-low permeability, and high water
saturation (The fraction of water in a given pore space), and the flow characteristics of tight
reservoirs are very different from those of conventional reservoirs [4,5].

When gas flows in a tight reservoir, additional momentum is added due to the slip
effect, while as gas flows in a water-bearing reservoir, additional resistance is created
because of the Jamin effect (The presence of bubbles can retard the flow of water as it
progresses through the pore throat of small diameter. The Jamin effect is defined as the
resistance to flow under pressure through the smaller pore throat [6]). The two together
make gas flow deviate from Darcy’s law and show non-Darcy flow characteristics [7].
During the water-driven development of tight gas reservoirs, the gas—water two-phase flow
area continues to expand as the edge-bottom water gradually invades [8]. Compared with
dry cores or low water saturation cores, the gas phase permeability of cores under high
water saturation will be much smaller, with a difference of 10-1000 times, and the water
saturation has a significant influence on the reservoir flow characteristics [9]. Tight gas
reservoirs generally have a high water saturation, and gas-water interactions can cause the

Energies 2022, 15, 5309. https:/ /doi.org/10.3390/en15145309

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15145309
https://doi.org/10.3390/en15145309
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/en15145309
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15145309?type=check_update&version=1

Energies 2022, 15, 5309

20f12

threshold pressure gradient (TPG) effect. The gas-phase TPG is the critical pressure gradient
for gas flow when the two phases coexist [10,11], and the accurate description of TPG is an
important prerequisite to understanding the gas-water two-phase flow characteristics in
tight gas reservoirs.

Recent studies on TPG have shown that TPG increases with permeability decrease
or water saturation increase [12]. Liu et al. [13] have pointed out that the minimal TPG of
low-permeability tight gas reservoirs is a power function of flow rate in the gas-water two-
phase case. Several scholars have studied the relationship between TPG and permeability
and water saturation, proposing different models for predicting gas-phase TPG, which are
broadly divided into two categories: single-factor variables and two-factor variables, as
shown in Table 1.

Table 1. The TPG prediction models.

Scholar Gas Field Permeability (mD) Prediction Formula
Wang et al. [14] Daniudi 0.080-1.500 A = 0.0008¢=71775Ks , A = 0.0002¢ 223885
Yi et al. [15] Uxin Qi 0.010-0.580 A = 0.0002S, — 0.0037
Fuetal. [16] Guang’an 0.048-7.410 A = 0004 4+ 0.0028
F-Civan et al. [17] / / A=a (K b
Lietal. [18] Sulige 0.001-0.144 A = 1.563 x 10~ 10,26.6325, g (3.6925,—~2.996)
Huang et al. [19] / 0.011-0.470 A= e 4061 —035760.521 _ 0,027833
Yang et al. [20] Sulige 0.010-0.150 A = 2234.48,, 18411 k018795, %%
Tian et al. [21] Sulige 0.040-1.900 A = 0.0036K—1-239 5%3431@-0436
Lietal. [22] Puguang 0.0188-5.7304 A= 0.05421«0-41165;});5038“2““

Where A is the gas-phase TPG, Sy, is the water saturation, S, is the dimensionless water saturation, S¢y, is the
relative moveable gas saturation.

Although the TPG effect has been extensively studied, there is still room for improve-
ment. Current TPG prediction formulas, such as those listed in Table 1, mainly consider
the effect of permeability or water saturation. However, the continuity of the gas phase
is directly related to the TPG; the water saturation is the same, but the irreducible water
saturation (S,,;) and the moveable water saturation (Su;) are not necessarily the same.
Therefore, the continuity of the gas phase in the reservoir cannot be accurately character-
ized by using the water saturation alone. Several studies show that the main source of
water production is movable water trapped in reservoir pores, which will turn the gas
single-phase flow into a gas—water two-phase flow [23,24]. Consequently, the objective of
this work is to study the influence of movable water saturation on TPG experimentally and
theoretically. These insights will advance the fundamental understanding of gas—water
storage and transport mechanisms in tight gas reservoirs.

2. Materials and Methods
2.1. Experimental Materials

Core plugs used in this work were selected from the Daniudi gas field, located in the
northern-eastern part of the Ordos Basin, China, which is a typical tight sandstone gas
reservoir. The basic properties of the used core plugs are given in Table 2. The synthesized
formation water was prepared to mimic the in situ water chemistry in the Daniudi gas field.
As is shown in Table 3, the water type was CaCl,. Nitrogen (with a purity of 99.999%) was
used to represent methane in this work.
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Table 2. The properties of the used core plugs in this work.
Core Plug Number Diameter (cm) Length (cm) Porosity (%) Permeability (mD)
D-1 2.54 6.28 6.31 0.13
D-2 2.52 5.32 9.03 0.16
D-3 2.54 6.18 8.72 0.36
D-4 2.54 4.40 11.61 0.56
D-5 2.53 4.74 13.04 0.85
Table 3. The properties of the formation water from Daniudi gas field.
- Ion Concentration (mg/L) Total
P K* + Na* CaZ* Mg2* Total Cation Cl- Total Anion  Salinity (g/L)
6.08 6038.76 4174.73 464.13 10,677.62 17,982.9 18,092.74 28.77036

2.2. Movable Water Saturation Measurement

NMR is a powerful, nondestructive technique for obtaining reservoir parameters,
including porosity, permeability, irreducible water saturation, etc. [25-27]. Herein, NMR
is used to determine the movable water saturation inside the tight sandstone core plugs,
according to the following procedures:

(1) Heat the selected core plug in a vacuum oven at 65 °C until the mass reaches constant,
then record the final core plug weight;

(2) Vacuum the heated core plug for over 12 h, and saturate it with the synthesized
formation water until the core plug weight maintained constant. Subsequently, the
saturated core plug is placed in the NMR instrument to obtain the T, spectrum curve;

(3) After the NMR measurement, weigh the core plug to make sure the water saturation
does not change. Then transfer the saturated core plug into a core holder immediately
for gas flooding under specific flowrates and confining pressure conditions until the
prescribed water saturation is achieved. In order to achieve a relatively uniform
distribution of irreducible water, the gas flooding direction is shifted periodically;

(4) After gas flooding, the core plug is taken out of the core holder and weighed; then,
repeat the NMR test.

2.3. TPG Measurement

The experiment is carried out using the air bubble method [21]. Briefly, increase the
upstream pressure gradually; the injected gas enters the pore when the pressure exceeds
a certain value. Due to the transfer of pressure, the gas in the pore will flow slowly and
transfer to the outlet end of the core plug. Record the pressure at the moment a bubble
appears; that is, the threshold pressure.

The schematic of the TPG experimental setup is shown in Figure 1. The specific
experimental procedures are demonstrated as follows:

(1) After the NMR test, the core plug is ready for further gas displacement experiments
under various displacement pressures depending on different core plug permeabilities;

(2) Calibrate the instrument, and then synchronously increase the confining pressure and
back pressure at an incremental of 2 MPa pressure and 30 min duration, the back
pressure is increased to 18 MPa, and the confining pressure is increased to 22 MPa;

(38) The pressure difference is started at 0.001 MPa and increased to the maximum set
value. At each pressure, the pressure is stabilized for 5 h until the bubble in the beaker
appears. Then the pressure gradient at the moment is regarded as the TPG. Otherwise,
gradually increase the pressure difference until a bubble appears.

(4) Release the system pressure, take out the core plug and measure the weight. If the
difference in water saturation is less than 2%, then these experimental data are considered
reliable. Otherwise, adjust the pressure difference, and repeat steps (1) to (3).
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Figure 1. Schematic of the threshold pressure gradient experiment.

In order to match the actual formation conditions and ensure that there is only one
single gas phase flow in the core plug, the water saturation should be kept at a constant
value during the experiment. The injection pressure is gradually increased to avoid exces-
sive pressure differences between the two ends of the core plug, which could cause water
to start flowing in the pores. After the TPG experiment, if the difference in water saturation
is less than 2%, then we consider that there is only one single gas phase flow during the
experiment. Otherwise, there might be gas—water two-phase flow in the core plug, and the
experiment must be restarted.

3. Results and Discussions
3.1. Movable Water Saturation

In order to study the TPG effect in tight gas reservoirs under certain water saturation,
five core plugs at different water saturation levels were selected for the NMR test. The
NMR test is a more effective method to look into the pore structure of porous media and
the flow characteristics of the fluids in them [24].

The T, spectrum curve and cumulative curve of core plug D-4 are shown in
Figures 2 and 3. When the core plug is fully saturated (5, = 100%), as shown in Figure 2,
the curve reflects the total volume of water in the pore space, while the area enclosed
by the curve and the horizontal axis represents the total pore volume of the core plug.
Meanwhile, the enclosed area of different T, spectral curves in Figure 2 represents the
pore space filled by water in that state [22].
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Figure 2. T, spectrum curve of core plug D-4 under different water saturation.
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Figure 3. T) spectrum accumulation curve of core plug D-4 under different water saturation.

The T, cutoff time of the core plugs from the Daniudi gas field is between 12 to
16 ms. The area surrounded by the right side of the T, cutoff calibration line and the
T, spectral line is the movable water saturation, and the rest is the irreducible water
saturation [28]. In Figure 3, the difference between the final cumulative amplitude value
and the corresponding cumulative amplitude value of the T, cutoff time is the movable
water saturation value of the core plug [29].

The T, spectrum curve in Figure 2 has a bimodal shape, and according to the principles
of the NMR test, the area of the left peak represents the irreducible water content, and the
area of the right peak represents the movable water content. The area between adjacent T,
spectra curves represents the amount of water change in the core plug [29], which can be
analyzed to determine which part of the water accounts for the greater percentage. The
water saturation and moveable water saturation of the five core plugs are shown in Table 4.

Table 4. The water saturation and the movable water saturation of core plugs.

Movable Water
- .o
Core Plug Number Permeability (mD) Water Saturation (%) Saturation (%)
73.65 12.41
D-1 0.13 80.22 20.69
95.78 33.16
70.93 10.75
D-2 0.16 81.62 20.09
97.46 32.44
60.18 1.88
63.73 6.59
D-3 0.36 73.15 13.74
82.66 21.71
95.63 33.18
57.73 5.07
64.12 10.74
D-4 0.56 72.35 16.35
82.27 24.09
95.64 36.57
54.77 9.28
64.05 14.28
D-5 0.85 73.28 17.35
82.39 23.89

96.03 35.04
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For example, in Figure 2, as the water saturation changes from 100% to 57.73% in the
core plug D-4, the enclosed area of the left peak decreases by a small margin, while that of
the right peak decreases more significantly. This indicates that there is little change in the
irreducible water, and it is mainly the moveable water that changes as the water saturation
of the core plug decreases. The gas in the tight reservoir is mainly stored in the large pores,
and the dominant channel for gas flow consists of the large pore throat, which is much
more influenced by the moveable water. Thus, compared to irreducible water, movable
water dominates the gas—water two-phase flowing in tight reservoirs.

To further investigate the effect of movable water on the TPG, two core plugs were
selected for the high-pressure mercury intrusion (HPMI) test to obtain the microscopic pore
structure. The HPMI is a powerful technique for the evaluation of capillary pressure, porosity,
pore size distribution, and throat size in 0il and gas reservoirs [30]. The porosity of core plug
D-4 and D-5 is 11.61% and 13.04%, respectively, indicating that they are more porous, and
as shown in Figures 4 and 5, the pore throat radii for core plug D-4 and D-5 are mainly
distributed in the range of 0.0003-1.0 um, and over 60% of them are greater than 0.5 um.
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Figure 4. T, accumulative curve under different water saturation and accumulative distribution
curve of core plug D-4.
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Figure 5. T, accumulative curve under different water saturation and accumulative distribution
curve of core plug D-5.

In order to explore the distribution of water in the core plug, the T2 spectrum ac-
cumulation curve and pore throat distribution accumulation curve were combined for
analysis [31]. Each Ty spectrum accumulation curve is extended horizontally to the right
to form a set of horizontal lines with various water saturations. Then superimpose the T,
spectrum accumulation curve on the pore throat distribution accumulation curve (inverted),
with the line of 100% water saturation coinciding with the horizontal axis, and the two
curves have the same vertical axis, as shown in Figures 4 and 5. The intersection of the
horizontal lines and the pore throat distribution accumulation curve is the critical pore
throat radius, and water in pore spaces with a radius less than this critical value will not be
driven out under the corresponding pressure difference.
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Figure 6 shows the relationship between TPG and critical pore throat radius. A linear
fit was made to the points to obtain the intersection point with the horizontal axis. The
points on the same line represent different water saturation. As the gas drive pressure
increases, the water in the large pore space is driven out first, followed by the water in the
small pore space. In Figures 4 and 5, high water saturation corresponds to a large critical
pore throat, and low water saturation corresponds to a small critical pore throat, and for
the various scales of pore spaces, there is a minimum radius at which water in pore spaces
with a radius less than this value will not be driven out. The intersection point value is the
minimal critical pore throat radius.

035 r o D-4, K =0.56 mD

020 | —* D5,K=085mD

0.10 /
0.05 /
0.00 . .

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60
critical pore throat radius (pm)

gas threshold pressure gradient (MPa/m)

Figure 6. TPG versus critical pore throat radius.

In the T; spectrum curve of core plugs D-4 and D-5, the T; cutoff time is between 12 ms
and 16 ms, and the corresponding pore radius values are approximately the same as the
intersection values in Figure 6. In the core plug D-4, for example, this value is approximately
0.24 um. Pores with a radius greater than 0.24 um are considered the large pores in the core
plug D-4, and the movable water is in large pores. The gas-phase TPG in tight reservoirs is
closely related to movable water.

Water is one of the main factors affecting TPG [32]. As shown in Figure 7, when the
water saturation of the core plug is less than a certain value, TPG drops to zero and does
not exist. When the water saturation increases and the critical pore throat radius exceeds
the intersection value, TPG is generated. As the water saturation continues increasing, the
critical pore throat radius increases, i.e., the pore space for water flowing decreases further.
Thus gas in the core plug is difficult to form a continuous phase but is divided into small
bubbles, which causes an increase in TPG. The lower the permeability of the core plug, the
more pronounced this phenomenon becomes.

3.2. TPG Discussion

Figure 8 shows the relationship curve between TPG and water saturation, and Figure 9
shows the relationship curve between TPG and movable water saturation. According to
Figure 8, a decrease in core plug permeability or an increase in water saturation leads to
an increase in TPG. It is observed that TPG in the lower permeability core plugs is not
necessarily greater than that in the higher permeability core plugs, even at the same water
saturation. As shown in Figures 8 and 9, the TPG values are nearly zero when the movable
water saturation is approximately close to zero. This indicates that the influences caused
by movable water and irreducible water on TPG are different; it is further concluded that
movable water plays a more important role in TPG than irreducible water [21].
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(b)
. Water . Matrix . Gas

Figure 7. Schematic of gas and water microscopic distribution in tight gas reservoirs: (a) gas flows in
the dominant channel; (b) gas forms discontinuous phase; (c) gas is divided into small bubbles.
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Figure 8. The relationship between TPG and water saturation.
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Figure 9. The relationship between TPG and movable water saturation.

Figure 9 shows the relationship curve between TPG and movable water saturation
(Swm). After fitting, it was determined that the power function would work well. Thus, the
fitting formulas of different core plugs were obtained as follows in Table 5.
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Table 5. The fitting formulas between TPG and Syy;.

Core Plug Number Permeability (mD) Fitting Formula A B
D-1 0.13 A = 0.00335};2409 0.0033 1.2409
D-2 0.16 A = 0.0024513165 0.0024 1.3165
D-3 0.36 A = 0.008289,774 0.0082 0.7945
D-4 0.56 A = 0.003551;,1016 0.0035 1.1016
D-5 0.85 A = 0.001351;2349 0.0013 1.2349

The power coefficients A and B were obtained by fitting and statistically related to
the permeability [22]. The fitting formulas between power coefficients A and B and the
permeability were obtained as follows:

A = 0.0025K 0212, 1)

B = 1.0451K 0062, 2)

The mathematical formula that accounts for movable water saturation and permeabil-
ity is as follows:

A = A(Swm)® = 0.0025K0212(5,,,, ) 45K 3)

where A is the gas-phase TPG, MPa/m; Sy, is the movable water saturation, %; K is the
permeability, mD.

Equation (3) takes into account the influence of permeability and movable water
saturation on the TPG. Based on Equation (3), the accurate TPG can be calculated for
actual reservoirs.

The prediction model of gas-phase TPG by Tian [21] and Li [22] is similar to the
model in this study;, as it takes into account both permeability and water saturation. It is
advisable to adopt the modeling idea of Tian and Li et al. to establish the TPG prediction
mathematical formula that considers water saturation and permeability, which is as follows:

A= A(Sw)B -2 x 1078K2.8672(Sw)3,33741<—o.195 W

where A is the gas-phase TPG, MPa/m; S, is the water saturation, %; K is the permeability, mD.

For the core plug D-4, the predicted values of TPG based on movable water saturation,
the predicted values of TPG based on water saturation, and the experimental values were
compared, as shown in Figure 10. The predicted values of TPG based on water saturation
deviated significantly from the experimental values, while the predicted values of TPG
based on movable water saturation were in good agreement with the experimental values.
Meanwhile, the correlation coefficient R? of the TPG prediction formulas based on movable
water saturation and water saturation are 0.9591 and 0.5415, respectively, and the former is
a better fit and more accurate.

Based on Equations (3) and (4), the predicted values of gas-phase TPG for all experi-
mental groups were obtained, and the mean absolute errors between predicted values and
experimental values were then calculated. As shown in Figure 11, the mean absolute errors
calculated by the prediction model based on movable water saturation are in the range of
0.009 to 0.023 MPa/m, and the mean absolute errors calculated by the prediction model
based on water saturation are in the range of 0.012 to 0.066 MPa/m.

As the water saturation increases, the gas phase changes from continuous to discontin-
uous, and the TPG rises sharply, resulting in large deviations between the predicted and
experimental values. In the case of ultra-high water saturation, the TPG predicted values
are not meaningful; while the prediction range is limited to the gas—water two-phase flow
area, the prediction results can be more effectively applied.
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Figure 10. TPG predicted values versus experimental values of core plug D-4.
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Figure 11. Mean absolute errors between experimental values and predicted values of the TPG.

As a semi-empirical formula, the gas-phase TPG prediction model based on movable
water saturation is more accurate and thus provides a theoretical basis for the development
plan. At the same time, the statistical method of the TPG prediction in this study can
be used for other similar tight gas reservoirs. The prediction model is applicable to the
gas—water two-phase flow, not to the oil-water two-phase flow [33]. In the follow-up study,
the impact of movable water on TPG in the oil-water system will be explored.

4. Conclusions

TPG is important in tight gas reservoirs. However, the influence of movable water
saturation on TPG is unclear, which has limited production capacity prediction, etc. Thus,
in this study, impacts of movable water saturation on gas-phase TPG are investigated
experimentally and theoretically, and the following conclusions can be drawn:

(1) Inwater-bearing tight gas reservoirs, the gas flow shows non-linear characteristics,
which result in the TPG effect. There is an overlap between the dominant channel for
gas flow and the movable water distribution areas. The movable water dominates the
gas—water two-phase flowing in tight gas reservoirs.

(2) The gas-phase TPG increases with either an increase in movable water saturation or a
decrease in core plug permeability. Movable water is an important cause of gas-phase
TPG. Compared to water saturation, movable water saturation describes the variation
of gas-phase TPG more accurately.

(3) Considering permeability and movable water saturation, a new gas-phase TPG pre-
diction model was established. Compared to the prediction model based on water
saturation, the mean absolute errors calculated by the new model are lower. This
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study will improve the fundamental understanding of gas—water two-phase flow
characteristics in tight gas reservoirs.
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