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Abstract

Tight sandstone gas (hereafter “tight gas”) has become a subject of unconventional gas exploration globally. The large-scale
development and use of tight gas resources in the USA, in particular, facilitated the rapid rebound of natural gas produc-
tion in the USA, in addition to driving the rapid development of tight gas worldwide. In the eastern Ordos Basin, the Upper
Paleozoic feature includes multiple layers of gas, a shallow depth, and notable potential for exploration and development.
However, the reservoirs in the area are relatively tight, exhibit strong heterogeneity, and possess a complex micropore struc-
ture, thus restricting the effective economic development of oil and gas. Thus, research on the primary parameters controlling
pore throat structure and the seepage capability of low-permeability reservoirs will be beneficial for the efficient exploration
and development of natural gas in the eastern Ordos Basin. The parameters of reservoir porosity and percolation ability, as
well as permeability, were analyzed using systematic sampling of the of the Upper Paleozoic Benxi, Taiyuan, and Shanxi
Formations in the eastern Ordos Basin, constant-rate mercury injection experiments, nuclear magnetic resonance analysis,
and gas—water-phase experimental studies. The results indicate that reservoir porosity is controlled by the effective pore
volume and number, whereas permeability is controlled by the largest throat radius, rather than the average. The effective
pore volume controls the movable fluid saturation, while reservoir percolation capability is controlled by the effective pore
volume, irreducible water saturation, and size of the gas—water two-phase seepage zone.

Keywords Porosity and permeability - Largest throat radius - Movable fluid saturation - Effective pore throat volume - The
range of gas—water two-phase seepage zone

1 Introduction

In recent years, oil and gas researchers have shifted their
focus from high-quality reservoir to tight reservoirs and from
local trap exploration to large-area exploration and the whole
basin. Therefore, the exploitation of unconventional energy
has become critical in current explorations (Liu et al. 2013;
Zou et al. 2013a, b, 2015a, b; Jia et al. 2014; Cao et al. 2017;

Edited by Jie Hao

> Bo Yang
yangb_nwu@ 163.com

State Key Laboratory of Continental Dynamics, Department
of Geology, Northwest University, Xi’an 710069, Shaanxi,
China

2 Changqing Oilfield Company, PetroChina, Xi’an 710018,
Shaanxi, China

@ Springer

Yang et al. 2017; Song et al. 2018; Zhang et al. 2018). Tight
gas and tight oil are the most realistic pending exploitation
of unconventional oil and gas resources in China (Ma 2004;
Jiang et al. 2015). Because of the flow of gas and water
among the connected pores in the reservoir, the pore struc-
ture characteristics of the reservoir (the geometry, size, dis-
tribution, and interconnectivity of pores and throats) affect
the flow of fluids in the reservoir significantly. Conventional
gas reservoirs generally exhibit a clear gas—water interface,
and porosity and permeability values are the primary physi-
cal parameters of conventional reservoir evaluation. The
most remarkable characteristic of unconventional gas res-
ervoirs is the absence of a clear gas—water interface, pri-
marily non-Darcy seepage, complex seepage characteristics,
strong reservoir heterogeneity, small pore throat, and diverse
types. Some limitations exist in evaluating the reservoir per-
formance and seepage ability of unconventional reservoirs
using conventional porosity and permeability parameters.
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A large number of exploration and development practices
and research results have indicated that the complex seep-
age characteristics of tight sandstone gas reservoirs are the
primary factors affecting the productivity and development
of gas wells, and the difference in microscopic pore struc-
ture will result in differences in fluid flow state and dis-
tribution. Even if the porosity and permeability are close
to each other, the seepage characteristics may be different
because of the difference in pore structure, which may affect
the productivity and development effect of gas reservoirs
and ultimately affect oil recovery. Therefore, studies on the
pore and throat structures and oil and gas seepage mecha-
nism of ultralow porosity and ultralow-permeability tight
reservoirs in the Ordos Basin are important and must be
performed in gas exploration and exploitation. Predecessors
performed considerable research and achieved remarkable
progress in this area. Such achievements include identify-
ing the different types of reservoir petrologic features (Fu
et al. 2013; Luo et al. 2014), microscopic pore structures,
evolution characteristics (Liu et al. 2006; Sakhaee-Pour and
Bryant 2014), seepage characteristics, and controlling fac-
tors (He et al. 2008; Christopher et al. 2012). Generally,
the current research on micropore characteristics is only a
simple description of the experimental phenomena and does
not effectively combine the differences in micropore struc-
ture to analyze its seepage characteristics; thus, systematic
analysis of the primary characterization parameters of the
pore permeability and seepage capacity of tight gas reser-
voirs is lacking.

Therefore, this paper taking the Upper Paleozoic in east-
ern Ordos Basin as the research object, the samples of Benxi
Formation, Taiyuan Formation, and Shanxi Formation of
Upper Paleozoic are collected systematically. On the basis
of constant-rate mercury injection experiments (CRMI)
and nuclear magnetic resonance (NMR) experiment, the
micropore structure of reservoir is studied. Combined with
gas—water relative seepage experiment, the controlling fac-
tors of different sandstone porosities and permeabilities are
discussed and the pore structure’s influence on reservoir per-
meability is analyzed comprehensively. The research results
have important theoretical significance for understanding the
seepage mechanism of ultra-low porosity and ultralow-per-
meability reservoirs and provide scientific basis for efficient
development of the study area.

2 Regional geological outline

The Ordos Basin is the second largest sedimentary basin in
China, with an area of about 3.7 x 10° km?; it is located in
Midwest China and spans from the Lvliang Mountains in
the east to the Tengger Desert in the west, respectively, with
Yinshan and Qinling Mountains at its north and south ends.

Across the five provinces of Shaanxi, Gansu, Ningxia, Inner
Mongolia, and Shanxi, the Ordos Basin appears as a large,
multicycle cratonic basin with a simple structure. A number
of tight gas fields have been found in the basin. These gas
fields include the Sulige, Wushenqi, Daniudi, Shenmu, and
Yulin gas fields, which account for 84% of the total natural
gas reserves found in the basin, showing its rich and tight
gas resources (Fu et al.2004; Yang et al. 2012, 2014; Zou
et al. 2015a, b; Yang et al. 2016; Lv et al. 2017). The study
area is located in the eastern part of the basin with an area
of 45,000 km? (Fig. 1), lying north from Yijinhuoluo, south
of Ansai, west of Hengshan, and east of Fugu. The main
research strata comprise the Upper Paleozoic Benxi Forma-
tion, Taiyuan Formation, and Shanxi Formation, of which
Shanxi Formation can be divided into Shan 1 member and
Shan 2 member from the top to bottom.

3 Samples and experimental measurements
3.1 Samples

The primary rock types of the sandstone reservoir in study
area are lithic quartz sandstone, and quartz sandstone. To
ensure the representativeness of the core samples, 40 sam-
ples with different granule sizes and lithology were collected
from the Benxi, Taiyuan, and Shanxi Formations, of which
10 were used for a constant-rate mercury injection (CRMI),
10 for the gas—water relative seepage experiment, and 10 for
nuclear magnetic resonance (NMR) analysis.

3.2 Experimental measurements

The CRMI experiment presses the non-wetting phase of
mercury into the sample at a low constant velocity. In quasi-
static mercury injection, mercury will cause an increase in
capillary pressure as it enters a relatively narrow space (such
as a throat); when it enters a relatively large space (such as
pores), the capillary pressure decreases. By measuring the
fluctuation of the mercury intrusion pressure, the pores can
be separated from the throats to achieve the measurement
of the throats (Wang et al. 2018a, b). As an important rock
test method, NMR analysis uses the frequency distribution
of the transverse relaxation time T, of the sample to reflect
the volumes of the pore and throat. Generally, the smaller
the pore and throat spaces are, the larger the specific surface
of the rock and the shorter the transverse relaxation time.

To ensure the comparability of experimental results
among different measurements, each sample was cut into
plugs and followed a specially designed experimental pro-
cess. The core plugs were used for NMR and CRMI analyses
and the gas—water relative seepage experiment.
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Fig. 1 Tight reservoir distributions in China and structural sketch map in the study area. a Tight reservoir distributions in China (after Jia et al.
2012). b Structural unit subdivision map of Ordos Basin and periphery. ¢ Structural sketch map in the study area

3.2.1 NMR experiments

Before the experiments, the two sides of all samples were
polished and cleaned to remove the remnants of the reservoir
fluids or drilling mud inside the core samples. Subsequently,
the samples were dried at 110 °C for at least 24 h until the
weight of the core samples was constant. The weight of
the core was subsequently measured, weighted, and vacu-
umed in simulated formation water (with a total salinity of
10,000 mg/L). After the full saturation of the core samples,
the T2 spectra and NMR porosities were obtained. Subse-
quently, all movable water inside the pores were fully centri-
fuged, in which state another T2 spectra and NMR porosities
were obtained. The NMR experiment was conducted by the
National Development and Reform Commission Standard
(SY/T)6490-2014. To achieve a good signal-to-noise ratio,
the pulse sequence was set with the following parameters.
The number of scan was set as 128, and the number of ech-
oes was fixed as 4096 or 8192. The echo time and waiting
time were chosen as 0.2 ms and 6 s, respectively. The experi-
ment temperature was 35 °C.

3.2.2 CRMI experiments
The apparatus used for the CRMI experiments was the

ASPE-730 Automated Pore System Examination. The CRMI
experiment was conducted by the National Development and

@ Springer

Reform Commission Standard (SY/T) 5346-2005. The maxi-
mum intrusion pressure was 6.2 MPa (900 psi), correspond-
ing to the minimum value of the throat radius (0.12 pm). The
contact angle is 140°, and the interfacial tension is 485 dyn/
cm. The temperature is 25 °C.

3.2.3 Gas-—water relative seepage experiment

The gas—water relative seepage experiment was conducted
according to the National Development and Reform Com-
mission Standard (SY/T) 5345-2007. Nitrogen and water
were used at normal temperature and normal pressure condi-
tions. The temperature was 28 °C. The salinity of the forma-
tion water was 142,000 mg/L.

4 Results

4.1 Reservoir porosity-permeability characteristics
by casting thin section

According to the statistical analysis of numerous casting
thin sections (Table 1, Fig. 2), the reservoir porosity of
Shanxi Formation, Taiyuan Formation, and Benxi Forma-
tion in the Upper Paleozoic of the eastern Ordos Basin is
primarily distributed between 3.06% and 16.29%. The res-
ervoir permeability is primarily distributed between 0.001
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Table 1 Reservoir physical property statistical table in the research
area

Formation Number Number of Porosity, % Perme-
of wells  samples ability,
mD
Shanxi Formation
Shanl Member 108 3408 5.08 0.37
Shan2 Member 263 8610 5.05 0.51
Taiyuan Formation 113 5018 6.24 0.36
Benxi Formation 50 968 5.31 0.41

and 58.82 mD, with an average porosity of approximately
5%, except for Taiyuan Formation, whose permeability is
slightly higher than those of the other strata at an average
permeability of approximately 0.4 mD. The permeability of
the Shan 2 member is slightly higher than those of the other
formations. According to the oil and gas industry standards
of Zhao et al. (1998), the reservoirs in the study area are
typically ultralow-porosity and ultralow-permeability res-
ervoirs. However, tight gas reservoirs present difficulties in
the complete identification of the stand or the fall of reser-
voirs through porosity—permeability and the study methods
of conventional reservoirs.

4.2 Reservoir pore throat structure characterized
by CRMI experiment

The conventional mercury injection method cannot accu-
rately distinguish the pore and throat structures. However,
the constant-rate mercury injection technique can directly
measure the distribution of the pore and throat, throat radius,
pore radius, and the ratio of pore and throat radius, which
can reflect the pore and throat characteristics of the rock
samples (Zhao et al. 2015; Xi et al. 2016; Wu et al. 2017,
Xiao et al. 2018; Zhang et al. 2017; Wang et al. 2018a, b).
Ten samples from the eastern Upper Paleozoic reservoirs in
the Ordos Basin were tested by the CRMI technique. Table 2
lists the physical parameters of the experiment.

4.3 Reservoir seepage characteristics by gas-water
relative seepage experiment

The tight gas reservoir is characterized by poor physical
properties, a complex micropore structure, and high water
saturation, stress sensitivity, and capillary pressure, all of
affect the flow of gas, causing differences between the seep-
age characteristics of tight gas reservoirs and conventional
gas. Under a high-speed flow, the gas seepage follows a non-
Darcy binomial seepage law. The primary expression param-
eters of the seepage capability of tight gas reservoirs include
irreducible water saturation and movable fluid saturation.

Twenty cores of reservoir rocks in the research area were
tested by the gas—water relative seepage test (Table 3). The
results indicated that the irreducible water saturation of the
sample in the study area was primarily distributed between
17.50% and 78.63%, with an average of 50.65%. The con-
ventional reservoirs generally exhibit a low irreducible water
saturation, high movable fluid saturation, and remarkable
reservoir seepage capability. However, the reservoirs in the
study area are characterized by high irreducible water satura-
tion, low movable fluid saturation, and poor seepage capabil-
ity, which are properties of typical tight reservoirs.

4.4 Reservoir seepage characteristics by NMR
experiment

Movable fluid saturation is another intuitive controlling fac-
tor of reservoir seepage capability, and it can be obtained by
NMR experiments. Thus, the influencing factors of movable
fluid saturation can be analyzed. Ten samples of reservoir
rocks in the research area were tested in the NMR experi-
ments (Table 4). The results indicated that the movable fluid
saturation of the sample in study area was primarily distrib-
uted from 34.23% to 87.94%, and each stratum demonstrated
no significant difference. According to the movable fluid
saturation,the study area samples can be divided into four
types. No significant correlation is observed between the
movable fluid saturation and reservoir porosity—permeabil-
ity, indicating that the reservoir seepage capability is not
controlled by conventional physical parameters.

5 Discussion

5.1 Primary controlling parameters of porosity
and permeability

CRMI can measure the pores and throats separately. Thus,
the intrusion curves of the total, pore, and throat are recorded
simultaneously. The pore radius distribution of the samples
in the study area is 0—400 um with the primary range of
100-200 pm. No significant difference is observed in the
pore radius of samples of different permeabilities (Fig. 3),
indicating that the difference in pore throat structure in low-
permeability sandstone is primarily reflected in the throat.
Meanwhile, the throat controls the reservoir properties and
seepage capability. Figures 4 and 5 show that the reservoir
porosity is controlled by a unit volume of the effective pore
throat volume and number.

The throat radius of the samples in the research area
ranged from 0.4 to 4.5 um. The throat radii of the samples
with different permeabilities differed significantly, and
the throat distribution widened with increasing perme-
ability (Fig. 6). The correlation between the maximum

@ Springer
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Table 2 Constant-rate mercury injection sample physical property parameter table
Well Depth, m Formation Porosity, % Permeability, Density, g/cm3 Volume, cm? Pore
mD volume,
cm’
Fu4 2305.30 Shan 1 12.60 2.77 2.33 2.62 0.33
Shaan394 2901.36 Shan 1 3.5 0.39 2.57 4.86 0.17
Shuang3 2778.32 Shan 2 8.8 0.66 2.40 3.65 0.32
Mi9 2651.68 Shan 2 9.6 0.73 2.41 3.54 0.34
Yu86 2619.62 Shan 2 6.4 1.23 2.47 3.35 0.21
Shuang95 2472.69 Taiyuan 8.5 0.33 2.47 3.54 0.30
Shuang3 2824.98 Taiyuan 10.7 1.09 2.38 3.06 0.33
ZhenChuan8 2282.50 Taiyuan 9.7 1.73 2.43 3.17 0.31
Tongl2 2977.96 Benxi 8.8 2.55 2.40 3.07 0.27
Shaan247 3266.11 Benxi 5.4 1.38 2.55 4.48 0.24

throat radius and permeability is better than that between
the average throat radius and permeability, implying that
the reservoir permeability is controlled by the maximum
throat radius (Fig. 7).

In addition, the concept of injection mercury coeffi-
cient S is proposed herein; it can be used to quantitatively
characterize the relationship between the pore and throat
configurations of reservoirs. The injection mercury coef-
ficient is computed as follows:

St =%
52 ey

total

S =

In the equation above, S, refers to the injection mercury
saturability of the throat, S, denotes the injection mercury
saturability of the pore, and S, represents the final injec-
tion mercury saturability. Reservoirs can be divided into
pore-type and throat-type reservoirs based on the injection
mercury coefficient and mercury injection curve character-
istic, respectively. A pore-type reservoir is observed when
§ <0, and the total pore injection mercury saturability is
higher than the total throat injection mercury saturability.
The reservoir is a throat type when S > 0, with the total
throat mercury saturability being higher than the total pore
mercury saturability. A larger S value results in a more
notable control effect of the throat and poorer reservoir
conditions. In the research area, Taiyuan Formation is a
pore type, Shan 1 member is a throat type, and Shan 2
member and Benxi Formation exhibit both reservoir types
(Table 5). Figure 8 shows the poor correlation between the
total injection mercury saturability of the throat and the
total injection mercury saturability, and the high correla-
tion between the total injection mercury saturability of the
pore and the total injection mercury saturability, indicating
that the reservoirs are primarily the pore type.

According to the experimental parameters of CRMI, the
combination of the injection mercury coefficient and mer-
cury injection curve characteristics can be used for the spe-
cific quantitative characterization of pore-type and throat-
type reservoirs. As shown in Fig. 9, when the throat is large,
the injection mercury amount is primarily controlled by the
throat; on the contrary, it is controlled by the pore. However,
given the small number of large throats, this parameter fea-
tures minimal contribution to the injection mercury amount,
implying that the injection mercury amount is primarily con-
trolled by the pore.

Pore-type reservoirs are primarily controlled by the throat
when the throat radius >3 um but jointly controlled by the
pore and throats between 1.8 and 3 um. The reservoir is
controlled by the pore when the throat radius < 1.8 um. The
figure presents the small contribution of the throat; that is,
the injection mercury amount is primarily controlled by the
pore. Meanwhile, the throat-type reservoirs are primarily
controlled by the throat when the throat radius > 1.5 pm,
but they are controlled by the pore and throat between 0.8
and 1.5 pm. The throat-type reservoir is controlled by the
pore when the throat radius < 0.8 um. The figure shows the
small contribution of the pores. Thus, the injection mercury
amount is primarily controlled by the throat (Table 6).

In summary, the reservoir is a pore type when the injec-
tion mercury coefficient < 0. Meanwhile, the reservoir is
controlled by the pore when the throat radius < 1.8 pm.
When the injection mercury coefficient > 0, the reservoir is
a throat type. Meanwhile, the reservoir is controlled by the
throat when the throat radius > 1.5 um. Thus, according to
the analysis of the correlation between the constant-rate mer-
cury injection experiment parameters and the porosity and
permeability (Table 7), the porosity is controlled by the per
unit volume of the effective pore throat volume and number,

@ Springer
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Table 4 Nuclear magnetic resonance data and the results of the analysis in the research area

Well Formation Depth, m NMR poros- Gas-meas- Water- The movable The movable The irreduc- The clas-
ity, % ured perme- measured fluid satura-  fluid poros-  ible water sification of
ability, mD porosity, % tion, % ity, % saturation, % movable fluid
saturation
Shuang3 Shan 2 2778.32 898 0.66 8.68 68.19 6.13 31.81 1
Yu86 Shan 2 2617.68  7.74 1.23 7.29 87.94 6.81 12.06 1
Tong12 Benxi 2979.28  7.66 2.55 7.54 87.66 6.72 12.34 I
Shuang95 Taiyuan 247193  7.40 0.33 7.25 50.49 373 49.51 1I
Shuang3 Taiyuan  2824.76 11.10 1.09 11.03 61.65 6.84 38.35 1I
ZhenChuan8 Taiyuan  2280.03 8.42 1.73 8.21 61.30 5.16 38.70 1I
Fu4 Shan 1 2305.10 12.16 1.77 11.87 42.31 5.15 57.69 1
Shaan394 Shan 1 2898.85 5.26 0.39 5.24 36.05 1.90 63.95 1I
Mi9 Shan 2 2652.08 10.62 0.48 10.41 34.29 3.64 65.71 v
Shaan247 Benxi 3266.11 7.77 1.38 7.60 34.23 2.66 65.77 v
25 whereas the reservoir permeability is controlled by the larg-

Frequency, %
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Fig. 3 Pore radius distribution frequency diagram in the research area
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5.2 Primary controlling parameters of reservoir
seepage capability

The experimental methods used in this study are the
gas—water relative seepage experiment and NMR analy-
ses. The former can reflect the interference degree of the
gas—water phase, while the latter can quantitatively reflect
the movable fluid saturation and movable interval.

5.2.1 Characterization of the reservoir seepage capability
by the gas—water relative seepage experiment

Given the complex two-phase gas—water seepage of tight
gas reservoirs, the study on the rule of reservoir fluid seep-
age is important (Zeng et al. 2010). Intuitively, gas—water
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Fig.4 Per unit volume of the number of effective pore-throat and porosity diagram in the research area
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Fig. 7 Average throat radius and permeability relationship diagram in
the research area

relative seepage curves can provide reference for the
microcosmic seepage characteristics of reservoirs in the
research area (Zeng et al. 2005; Gharbi and Blunt 2012;
Li et al. 2012).

@ Springer

The gas—water relative seepage curves of 20 cores were
measured in this study, and the results are shown in Table 3.
The range of irreducible water saturation of the sample in the
study area is 17.50%—78.63%, with an average of 50.65%.
Meanwhile, the irreducible water saturation of 20 samples
is higher than the residual gas saturation, indicating hydro-
philia. The isotonic point saturation ranges from 38.6% to
87.7%, with an average of 65.6%, indicating that the water
phase must reach a higher rock porosity to reach the level
of gas-phase seepage capability when S,,, > 50%, implying
rock hydrophilicity.

For the gas—water relative seepage curves, the three char-
acteristics endpoints were as follows: S,,; was the irreducible
water saturation point (A point), S, was point of residual
gas saturation (C point), and an isotonic point (B point) was
observed, indicating the intersection of two curves (Zhang
2014). These endpoints can be connected to form a triangle
referred to as a seepage triangle (Fig. 10a). The different
characteristics of tight gas reservoir seepage often appeared,
to a certain extent, as changes in the relative position and
shape of the seepage triangle. In general, the seepage trian-
gle was positioned more to the right of the same coordinate
axis, and reservoirs with poor conditions were observed. The
lengths of AB and BC represent the interference degrees of
the gas—water phase. Typically, a shorter AB length indicates
a stronger degree of water-phase interference. The length of
AC represents the two-phase seepage range. Thus, a longer
length denotes a greater seepage range. BD refers to the
height of the triangular, whereas the length represents the
level of the isotonic point. A higher point signifies a stronger
gas—water seepage. By comparing the triangle shape of the
gas—water relative seepage curves in the research area, four
primary types of seepage triangles were identified (Fig. 10b).

Considering the endpoints of the curves (the charac-
teristics of seepage triangle, relative permeability ratio,
and slope of water saturation ratio curve), the gas—water
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Table 5 Constant-rate mercury injection capillary pressure curve characteristic parameters

Pore throat characteristic parameter ~ Shan 1 Formation Shan 2 Formation Taiyuan Formation Benxi Formation

Fu4  Shaan394 Shuang3 Mi9 Yu86 Shuang95 Shuang3 ZhenChuan8 Tongl2 Shaan247

Displacement pressure, MPa 031 0.67 0.47 057 031 055 0.47 0.21 0.33 0.27
Permeability, mD 277 0.39 0.66 073 123 0.33 1.09 1.73 2.55 1.38
Pore throat volume ratio 034 0.19 1.31 0.64 1.6 1.55 1.93 1.37 2.45 0.82
Final mercury saturation S, % 61.9 3443 81.59 60.54 76.11 64.57 65.34 65.45 77.78  52.66
Total pore mercury saturation S, %  15.77  5.56 46.35 23.55 46.86 39.20 43.00 37.78 55.21 23.70
Total throat mercury saturation S, % 46.08 28.87 35.25 37.00 29.25 25.36 22.34 27.67 22.56 28.96
Mercury coefficient S 0.79 197 -0.17 0.37 -0.30 -0.33 —-0.48 —-0.24 —0.54 0.19

100

B Total throat mercury saturation
— Total throat mercury saturation
80 1 .

B Total pore mercury saturation
—— Total pore mercury saturation
[ ] ]

601 =20.764x0%"

Total mercury saturation, %

water), and class IV (higher irreducible water saturation,
narrower two-phase region, and stronger interference level
of gas and water) (Fig. 11, Table 8).

The ratio of relative permeability of gas to water

R?=0.8566 reflects their seepage ability and interference degree in a
40 two-phase fluid. It is exponentially related to water satura-
n | ] y=0.0326x2 - 2.2955x + 102.14 . . . .
R2=0.021 tion (S,,) (Fig. 12). The correlation formula is as follows:
20 1
KI‘
g -
= ae . )
0 ; ; ; ; ; K.,
0 10 20 30 40 50 60

Total pore and throat mercury saturation, %

Fig.8 Diagram between total pore throat mercury intrusion satura-
tion and total mercury saturation

relative seepage curves can be classified from good to
poor into class I (low irreducible water saturation, wide
two-phase zone, and poor interference level of gas and
water), class II (lower irreducible water saturation, wider
two-phase region, and poorer interference level of gas and
water), class III (high irreducible water saturation, narrow
two-phase region, and strong interference level of gas and

'
|
|
|
|
|
|

0.5 |

|

25 (b) 25
—&— Total mercury saturation increment —&— Total mercury saturation increment
—a— Total pore mercury saturation increment —a=— Total pore mercury saturation increment
2.0 4 —a— Total throat mercury saturation increment 2.0 —a— Total throat mercury saturation increment
a b c a b c
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Mercury saturation increment, % &

Throat type Throat radius, um

In the equation, a and b are constants related to reser-
voir and fluid properties, respectively. Therefore, in gas
reservoir exploitation, with the decrease in production
pressure, the water cut begins to rise, and the seepage law
changes. The theory of seepage in medium- and high-per-
meability gas reservoirs is no longer applicable because
of the inflection point in the water flooding gas curve and
the “discontinuous phase” seepage in the underground gas
reservoir. For different samples, when S, increases by the
same percentage, the decrease in relative permeability
ratio is different. The faster the decline, the worse the gas
seepage capacity, and the larger the slope of the curve. On

Mercury saturation increment, %
5

Pore type Pore radius, ym

Fig. 9 The relation between pore/throat radius and the mercury saturation in the research area
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Table 6 Constant-rate mercury injection experiment microscopic pore structure partition

Types Throat type

Pore type

The scope of  <0.8 0.8—1.5 >1.5
pore throat
radius (pm)
Pore throat master

area (b area)

Constant-rate ~ Pore master area (a
mercury area)
injection
experiment

(c area)

Throat master area

<1.8 1.8-3 >3

Throat master area
(c area)

Pore master area (a  Pore throat master
area) area (b area)

Table 7 Correlation between constant-rate mercury injection experiment parameters and porosity and permeability tables

Constant-rate mercury injection experiment parameters Porosity, % Permeability, mD
R? Correlation R? Correlation
Microcosmic pore throat characteristic parameters
The mean pore radius 0.066 Power 0.254 Logarithmic
The mean throat radius —0.101 Power 0.248 Power
The largest throat radius 0.071 Power 0.643 Power
The mean pore throat radius ratio 0.144 Power —0.007 Exponential
Per unit volume of effective pore 0.636 Power 0.094 Exponential
Per unit volume of effective throat 0.825 Logarithmic 0.240 Linear
Per unit volume of the number of effective throat 0.680 Power 0.081 Power
Per unit volume of the number of effective pore 0.679 Power 0.077 Power
The total pore throat parameters
The total pore mercury intrusion saturation 0.311 Power 0.081 Power
The total throat mercury intrusion saturation 0.136 Linear 0.056 Linear
The total mercury intrusion saturation 0.476 Power 0.154 Power
(a) (b)
- Type |
s el
3
X
K Type Il
Seepage triangle T
< Aﬂ'pe v
A 9]
0 5'0 b T(;O 0 50 1 (')O

Su, %

Fig. 10 Classification based on relative seepage (Zhang 2014)

the contrary, the smaller the slope, the stronger the gas
seepage capacity (Fig. 12).

Considering that a wider reservoir two-phase gas—water
seepage zone indicates a lower irreducible water saturation, a
better seepage capability of reservoirs can be achieved. To a
certain extent, the reservoir seepage capability is controlled

@ Springer

Sw, %

by irreducible water saturation and the range of the two-
phase gas—water seepage zone. The gas—water permeability
curves of tight sandstone reservoirs in the study area are
classified as type I and type II. The original water saturation
varies widely, and the ratio of gas to water relative perme-
ability decreases slowly with the increase in water saturation.
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Fig. 11 Classification chart of gas—water-phase permeability curve
Table 8 Relative seepage analysis data
Classify Bound water Intersection point Residual gas Permeation
A 3 - area range, %
Water satura- Gas relative per- ~ Water satura- Gas relative per- ~ Water satura- Gas relative per-
tion, % meability tion, % meability tion, % meability
1 28.79 2.82 50.88 0.245 70.41 0.61 41.62
11 57.79 1.63 70.7 0.294 84.16 0.56 29.37
111 73.76 0.01 85.2 0.191 88.73 0.35 26.78
v 62.46 0.007 87.8 0.154 91.32 0.33 14.97

5.2.2 Characterization of reservoir seepage capability
by movable fluid saturation

The ultralow-permeability sandstone reservoirs are jointly
affected by the deposition and diagenesis, and feature com-
plex microscopic pore structures and different fluid occur-
rences compared with the high-permeability reservoirs
(Huyan et al. 2018; Lai et al. 2018a, b). Therefore, the
quantitative evaluation of movable fluid saturation can rep-
resent the reservoir seepage capability to a certain degree
and is crucial for the evaluation of ultralow-permeability

reservoirs (Gao and Sun 2010; Gao et al. 2010, 2014; Xie
and Xiao 2011; Yang et al. 2016; Lai et al. 2018a, b).

To better evaluate the reservoir seepage capability, the
microscopic pore structure parameters and the movable fluid
saturation of the reservoirs were combined to analyze the
primary controlling parameters of movable fluid saturation.
Thereby, the fundamental control parameters of reservoir
seepage capability can be ascertained (Table 9).

The results indicate the better correlation between the
unit volume of the effective pore volume and movable fluid
saturation than that between the unit volume of the effective

@ Springer
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1000 S Zao12630 of the effective pore and throat, whereas the permeabil-
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Fig. 12 Curves of relative permeability and S|,

throat volume and movable fluid saturation (Fig. 13), indi-
cating that movable fluid saturation is controlled by the unit
volume of the effective pore volume, whereas the unit vol-
ume of the effective throat volume is negligible. Therefore,
the unit volume of the effective pore volume is a primary
controlling parameter for the tight gas reservoir seepage
capability.

6 Conclusions

1. According to the analysis of the characteristic param-
eters of microscopic pore throat by CRMI tests and the
correlation between porosity and permeability, the reser-
voir porosity was controlled by the number and volume

2. As determined by the NMR experiment and gas—water

relative seepage experiment data and redefining the gas—
water relative seepage curve, the movable fluid satura-
tion was controlled by the unit volume of the effective
pore volume, indicating that reservoir seepage capability
was controlled by the unit volume of the effective pore
volume, irreducible water saturation, and the range of
the two-phase gas—water seepage zone.

0.06
¥=0.0321In(x) - 0.100
R2=0.636
o 0051 -
85
L35 004 L
SE o
S & u
o g 003 ™
ES
38 0.02 -
> o) .
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D2 001
0 . LI . .
0 20 40 60 80 100

Movable fluid saturation, %

Fig. 13 Correlation between unit volume of effective pore volume
and movable fluid saturation graph

Table 9 Linear correlation coefficient R? between movable fluid saturation and CRMI parameters

CRMI experimental parameters

Correlation coefficient
between movable fluid

saturation
R?
Microcosmic pore throat characteristic parameters
The mean pore radius 0.328
The mean throat radius 0.101
The largest throat radius 0.005
The mean pore throat radius ratio 0.001
Per unit volume of effective pore 0.636
Per unit volume of effective throat —0.033
Per unit volume of the number of effective throat 0.081
Per unit volume of the number of effective pore 0.080
The total pore throat parameters
The total pore mercury intrusion saturation 0.761
The total throat mercury intrusion saturation -0.170
The total mercuryintrusion saturation 0.626
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