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Interpreting and predicting the saturation of tight sandstone gas reservoirs are the key task to improve the reservoir development.
The role of gas diffusion dynamics is stronger than that of buoyancy during the gas accumulation of tight sandstone reservoirs. In
this study, a saturation height model that takes gas diffusion dynamics into account is proposed, which can complement logging
saturation interpretation and provide a better practice in saturation prediction. Taking the study of the Sulige tight sandstone gas
reservoir in China as an example, the saturation height model compares the controlling factors and uncertainties affecting the
saturation distribution, characterizes the complex gas-water distribution, and determines the lower gas charging limits. This
study concludes that the configuration between gas diffusion dynamics and reservoir capillary pressure controls the
distribution of saturation. The buoyancy effect only serves to improve the saturation at regional uplifts with good petrophysical
properties. The different saturation characteristics in the central, western, and eastern parts of the Sulige gas field are precisely
caused by the different configurations of source rock quality and reservoir quality. This study provides a key reference for

static model and development deployment.

1. Introduction

The tight sandstone gas reservoirs (the gas flow permeabil-
ity is expected to be less than 0.1 mD under reservoir con-
ditions) are the rapid growth of unconventional gas
reservoirs in China [1, 2]. In 2020, the tight gas produc-
tion in China was beyond 450 x 108 m® per year [3], tens
of times more than 20 years ago. With the deepening of
exploration and development, tight sandstone gas reser-
voirs show complex gas-water distribution characteristics.
Compared to conventional gas reservoirs, tight sandstone
gas reservoirs generally do not have uniform gas-water
contacts [4], and large-scale gas-water transition zones

generally appear [5], and even the phenomenon of water
above the gas often appears. These geological features
cause production problems in the development of tight
gas reservoirs, and the production performance was greatly
restricted by the water block [6, 7]. Therefore, the predic-
tion of saturation becomes the key to the characterization
of tight gas reservoirs. This study contributes to the inte-
gration of geology and engineering in the exploration
and development of tight gas reservoirs [8].

At present, there are two main aspects in the prediction
of tight gas reservoir saturation and the optimization of
enrichment areas, namely, reservoir petrophysical character-
ization [9-13] and gas accumulation characteristics [14-18].
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Firstly, the reservoir petrophysical characterization is
carried out from core to logging interpretation and then to
seismic characterization. The research content ranges from
microscale pore throat and fluid characteristics [4, 19] to
macroscale reservoir distribution. Special core testing, spe-
cial logging series, seismic attribute fusion, and seismic
inversion methods have continuously improved the quanti-
tative degree of research. However, the complexity of tight
sandstone gas reservoirs is reflected in the fact that the
enrichment areas and petrophysical characteristics of gas
reservoirs are not simply correspondences [20]. A large
number of high-resistivity intervals produce water, while
low-resistivity pay zones produce gas [21]. These features
often contradict production performance.

The second is the research on the characteristics of gas accu-
mulation, which mainly covers the type of source rock, the
intensity of hydrocarbon generation, the process of gas accumu-
lation [22], and the distribution characteristics of the source
rock [23]. The enrichment area is characterized by the relation-
ship between these characteristics and the distribution of the
reservoir. Through geochemical experimental analysis, logging
interpretation, and seismic prediction, the quality of source
rocks, hydrocarbon generation and expulsion process, source-
reservoir configuration, and gas migration are described and
summarized [24-26]. However, this type of research is usually
noticed during the exploration stage. For research purposes
and economic benefits, there is usually no further detailed
description of gas accumulation characteristics in the develop-
ment stage, and even the description of source rocks in the static
model is usually very brief. This makes the study of gas accumu-
lation characteristics lack quantitative research and the correla-
tion with reservoir characterization. As a result, it is difficult to
apply the gas accumulation research work directly to the devel-
opment practice of tight sandstone gas reservoirs.

In the above research papers, some of the researchers have
made attempts to study the saturation height model about low
permeability and tight reservoirs [4, 9]. Capillary pressure
characteristics, permeability characteristics, and logging inter-
pretation are the research components that have been focused
on in these studies. These studies reveal the complexity of low-
permeability and tight reservoirs in the spatial distribution of
saturation. The saturation height model, a common reservoir
characterization method, has much practice in characterizing
saturation based on the height above free water level and cap-
illary pressure [27, 28]. In the study of tight sandstone gas res-
ervoirs, further integration of petrophysical characteristics and
gas accumulation characteristics is needed to improve the
application of the saturation height model.

The above scientific research problems are particularly
prominent in the Sulige tight sandstone gas reservoir in the
Ordos Basin in northern China, which has been in explora-
tion and development for 20 years. The Sulige tight sand-
stone gas field belongs to the middle-lower Permian
fluvial-delta facies tight sandstone associated with the
coalbed [29]. This gas field is currently the largest natural
gas field in China [30]. In the long-term production process,
the gas-water distribution is complex and the prediction of
gas saturation is difficult. These difficulties restrict efficient
development in the process of enhanced gas recovery. There
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is still a lack of quantitative understanding of the differences
in saturation distribution and production water cut in the
central, eastern, and western parts of the Sulige gas field.
Therefore, this paper attempts to quantitatively analyze the
key controlling factors of the saturation distribution charac-
teristics of tight sandstone gas reservoirs by starting with the
gas diffusion dynamics and saturation height model and to
provide a quantitative interpretation for the gas enrichment
areas prediction of Sulige tight sandstone gas reservoir. This
is also an attempt to provide a regional approach to geologic
modelling to overcome the challenges of spatial prediction of
saturation in tight sandstone reservoirs.

2. Geological Background

2.1. Regional Geological Conditions. Sulige gas field is mainly
located in Inner Mongolia and Shaanxi Province, China. It is
a giant gas field in China with gas initial in place (GIIP)
exceeding one trillion cubic meters [3]. It has the character-
istics of a large-scale continuous distribution of tight sand-
stone gas reservoirs. The effective sand body is small in
scale, and the sand body distribution and reservoir petro-
physical properties show strong heterogeneity. After 20
years of exploration and development, it is still in the stage
of increasing production.

2.2. Stratigraphic and Structural Characteristics. The Upper
Paleozoic formation in the Sulige gas field is divided from
bottom to top into the Carboniferous Benxi Formation, the
Permian Taiyuan Formation, Shanxi Formation, Lower Shi-
hezi Formation, Upper Shihezi Formation, and the Shigian-
feng Formation. Among them, the coalbed sets at the top of
the Benxi Formation and middle of the Shanxi Formation
are widely distributed in the Sulige area and constitute a
good regional source rock [31]. The He 8 Member of the
Lower Shihezi Formation and the Shan 1 Member of the
Shanxi Formation are the main production zones.

The Ordos Basin can be divided into six structural units,
the Yimeng uplift, the Weibei uplift, the western Shanxi flex-
ural fold belt, the Yishan slope, the Tianhuan depression,
and the western margin thrust belt [32, 33]. The main body
of the Sulige gas field is located in the northwest of the
Yishan slope (Figure 1). The gas field as a whole is a mono-
clinal sloping to the southwest, with an inclination angle of
less than 1°. Several nose-shaped NE trending uplifts is
developed, with a width of 5-8km, a length of 10-35km,
and an uplift range of 10-25m.

2.3. Sedimentary Characteristics. The Shanxi stage to Shi-
gianfeng stage in the Ordos Basin belongs to the sedimen-
tary evolution stage dominated by continental facies. In the
late Shanxi and early Shihezi stages, the fluvial facies and
delta plains were dominant, and the northern margin of
the basin had strong tectonic activities and a sufficient sup-
ply of debris. Alluvial fan-alluvial plain-delta sedimentary
facies developed from north to south, reaching the central
and southern parts of the basin (Figure 2). The upper sub-
member of He 8 and Shan 1 Member are meandering river
delta deposits [32-37]. The lower submember of He 8 is
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F1GURE 1: The geographical location of research region.

braided river delta [36]. There are three sets of braided river
sedimentary systems of northern provenance, which are
widely distributed.

2.4. Geological Characteristics of Sulige Tight Sandstone
Gas Reservoir

2.4.1. Low GIIP Abundance. The GIIP abundance in differ-
ent segments of the gas reservoir varies greatly. The single
flow units are constrained by the multistage fluvial channel
lithologic interfaces, which results in poor interwell connec-
tivity and a low single-well controlled GIIP [38].

2.4.2. Low Porosity and Extralow Permeability. In general,
porosity is distributed in the range of 1% to 15%, with an
average of 7%, and air permeability is distributed in the
range of 0.01 to 12mD, with an average of 0.37 mD [39].
The study of reservoir diagenesis, combined with gas migra-
tion and accumulation characteristics [22], reflects the “tight
earlier and accumulation later” feature of the reservoirs [40].

2.4.3. Low Formation Pressure Coefficient. The formation
pressure coefficient in the Sulige tight gas reservoir is gener-
ally between 0.66 and 0.99 [41].

2.4.4. The Small Scale of the Effective Sand Body. The sand-
stone in the Sulige gas reservoir is distributed throughout the
area, controlled by compaction, and the sandstone is generally
tight. Effective reservoirs are mainly formed by coarse sand-
stone and gravel-bearing coarse sandstone. The coarse sand-
stone is mainly developed in the central bar and the lower
part of the channel, and the effective sand body accounts for
about 30% of the total thickness of the sandstone. The effective
sand bodies are thin in thickness, small in scale, poor in con-
nectivity, developed in multiple stages vertically, staggered

and superimposed, and combined laterally [42]. The effective
sand bodies are vertically distributed in each interval, and
there is no absolute main pay zone.

2.4.5. Small Pore Size. The main pore types in the reservoir
include intergranular pores, dissolution pores, and intercrys-
talline pores, among which dissolution pores develop in
debris and matrix. The pore size distribution represents the
complexity of mineral composition and its corresponding
micropore shape [43].

2.4.6. Complex Characteristics of Gas Saturation. Affected by
factors such as regional structure, hydrocarbon generation
intensity, and reservoir heterogeneity, the gas-bearing prop-
erties of different zones are significantly different (Figure 3).
The western zone and the northeastern zone have more
severe water production and low gas saturation, which are
gas-water transition zones. The gas intervals, the gas-water
transitional zones, and the water intervals are distributed
across each other, with poor continuity and lack of a uni-
form gas-water contact [44].

3. Methods

3.1. Saturation Height Model of Tight Sandstone Gas
Reservoirs. The saturation height model is generally recom-
mended as the best practice method for saturation character-
ization and modelling because it describes the hydrocarbon
accumulation process with good spatial predictability. Based
on the data obtained from the core and logging interpreta-
tion, researchers have proposed a number of saturation
height models to quantify the characteristics of the satura-
tion distribution. Common methods include the Brooks
and Corey method, the Leverett | method, and the Skelt-
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FIGURE 2: Stratigraphic column of the research region (modified
from [34]).

Harrison method. Common to these methods is that they
are used to characterize the buoyancy-driven hydrocarbon
charging process that overcomes capillary pressure, trans-
forming the saturation characteristics of the reservoir as a
function of rock type, pore size, fluid properties, and hydro-
carbon column height, to realize the calculation and predic-
tion of saturation.

3.1.1. Brooks and Corey Method [45]. The basic data of this
method is the reservoir capillary curve data, which is usually
obtained by using the mercury injection capillary pressure
(MICP). We need to obtain the irreducible water saturation
(Syirp)> the entry capillary pressure (PC,), the capillary pres-
sure (PC), and a parameter N that describes the shape of the
capillary pressure carve. The function for the Brooks and

Corey method is

PC,

(1/N)
i

Sw = Swirr + (1 - Swirr) : |:
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The method has wide applicability and a clear petrophy-
sical definition. In the process of obtaining saturation, the
capillary curve characteristics obtained by the special core
analysis (SCAL) are converted into capillary pressure under
reservoir conditions by the interfacial tension (o) and wet-
ting angle (cos 6) conversion.

O'res - COS eres
(PC)res = (PC) gy -

res

(2)

Olap * €08 Oy,

The irreducible water saturation, the entry capillary
pressure, and the parameter N of different rock types of
reservoirs can be obtained by curve fitting, and these three
parameters can be converted into functions related to
porosity. Then, under the condition of equal charging
pressure and resistance, the capillary pressure is calculated,
so that the corresponding water saturation can be
calculated.

3.1.2. Leverett ] Method [46]. The basic data of this method
is the reservoir capillary curve data, which is usually
obtained by MICP. We need to obtain the capillary pressure
and porosity and permeability data. The function of Leverett
J’s method is expressed as

J(S,)=PC- \/g (3)

This method has simple and convenient operation, but
the disadvantage is that the calculation error of permeability
(K) will lead to the calculation error of saturation. Corre-
sponding to tight reservoirs, permeability calculation is
always a difficult problem. The limitations of test accuracy
and logging interpretation methods make the uncertainty
of permeability interpretation far greater than that of poros-
ity interpretation. Therefore, the Leverett ] method is disad-
vantaged relative to the Brooks and Corey method in tight
reservoirs.

3.1.3. Skelt-Harrison Method [47]. The basic data of this
method is the reservoir capillary curve data, which is usually
obtained by using the MICP. We need to obtain the hydro-
carbon column height (H,) and the four coeflicients of A, B,
C, and D. The function of the Skelt-Harrison method is
expressed as

Sy=1-A-e®BEHAD)" (4)

The biggest advantage of this method is that it can use a
nonlinear way to characterize the heterogeneity of the capil-
lary curve. This method is mostly suitable for carbonate res-
ervoirs with complex pore throat characteristics and
significant differences, but not suitable for tight sandstone
reservoirs.

3.2. Gas Diffusion Dynamics in Tight Sandstone Gas
Reservoirs. The mathematical model of gas diffusion dynam-
ics in tight sandstone gas reservoirs is used to describe the
nonbuoyancy driving of the gas accumulation process. This



Geofluids

Upper
Shihezi

Lower
Shihezi

Shanxi

] Gas—bearing reservoir
[0 Tight sandstone

[ Gas-water transitional zone

[ Light mudstone
[ Dark mudstone
B Coal-bed

FIGURE 3: Reservoir and source rock distribution section of the research region (modified from [32, 42]).

study is simplified to the diffusion pressure of gas from the
source rock, which is used to characterize the hydrocarbon
charging process driven by the diffusion pressure to over-
come the hydrostatic pressure and capillary pressure. The
function is

p z-n-R-T (5)
diffusion = — 1, °
Vg

where z is the deviation factor of gas, n is the amount of
substance (mol), R is the molar gas constant (8.314]/
(mol'K)), T is the thermodynamic temperature (K), and

V, is the gas volume (m’). The parameter n describes

the ratio of the gas mass to the molar mass (M, kg/mol),
and the gas mass is equal to the gas expulsion intensity
(4, 10°m’/km”) multiplied by the area of gas expulsion
area (S, km®) and the gas density (py kg/m”). V, equals
the product of the gas expulsion area (S, km?), the thick-
ness of the source rocks (h,, m), and the porosity of the
source rocks (¢, dimensionless).

Sw=S

PCe o

Therefore, the gas diffusion dynamics function is as fol-
lows:

z.qe.S.Pg.R.T

M-S-h, - D, ()

P diffusion —

In the case where the hydrocarbon source rock and the
reservoir are widely and closely connected, the gas charging
pressure is the sum of diffusion and buoyancy, while the gas
charging resistance is the sum of hydrostatic pressure and
capillary pressure. The function is expressed as

z- qe . Pg R-T
TMh, D, + (Pw_Pg) g-H,=PC+p,-g-H. (7)
where p,, is water density (kg/m®), g is the gravitational
acceleration (m/s?), H, is gas column height in the reservoir
(m), and H is hydrostatic column height (m).

When the Brooks and Corey method is used to charac-
terize the relationship between capillary pressure and satura-
tion under reservoir conditions, the function is the
following:

(1/N)

res - COS O

w wirr + (1 - Swirr) :

4. Results

4.1. Selection of Research Subjects. The cored wells A, B, and
C in the central, western, and eastern regions of the Sulige

(= depy R-T)M b @) + (py=py) g Hempy g H b 05 B

res . (8)

tight sandstone gas field were selected correspondingly for
the obvious differences in saturation distribution and pro-
duction water cut. These wells have routine core analysis,
mercury injection capillary pressure, hydrocarbon source
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rock quality experiment, pressure volume temperature
(PVT) test of gas and formation water, and conventional
logging interpretation. The information from these wells
can be used for saturation height model and comparison.

In order to verify the effectiveness of the saturation
height model for noncoring wells, an additional newly
drilled well was selected for model application.

4.2. Parameter Determination of Saturation Height Model.
The parameters involved in the saturation height model
mainly include irreducible water saturation (S,,,), entry
capillary pressure (PC,), shape parameter of capillary pres-
sure carve (N), formation water density under gas reservoir
conditions (p, ), natural gas density under gas reservoir con-
ditions (pg), gravitational acceleration (g), and gas column

height (H,). The parameters are as follows:

(1) The irreducible water saturation parameter is
obtained from the experimental results of MICP,
nuclear magnetic resonance movable fluid test,
and relative permeability endpoint test. Based on
the difference in sample porosity, the linear rela-
tionship between S, and reservoir porosity is
established

wirr

(2) The entry capillary pressure parameter is derived
from MICP. According to the difference of sample
porosity, the exponential relationship between PC,
and reservoir porosity is established

(3) The shape parameter of the capillary pressure carve
is derived from MICP. On the basis of the difference
in sample porosity, the linear relationship between N
and reservoir porosity is established

(4) The formation water density under gas reservoir
conditions is obtained from PVT tests of forma-
tion water. According to the difference between
salinity, formation pressure, and temperature in
the study area, the value is between 0.96 and
1.05 x 10° kg/m?

(5) The gas density under gas reservoir conditions is
derived from the PVT tests of natural gas samples,

and the value is between 0.45 and 0.60 x 10° kg/m?
according to the difference in the gas components,
formation pressure, and temperature in the study
area

(6) The acceleration of gravity is 9.8 m/s”

(7) The gas column height is obtained from the regional
structural characteristics and reservoir thickness

When these three parameters of S;,,, PC,, and N are
determined, the fit between the capillary pressure and the
mercury saturation for the experimental conditions can be
completed (Figure 4). By converting the interfacial tension
of air-mercury to that of gas-brine, the capillary curve and
the fitting result under experimental conditions can be con-
verted to that under gas reservoir conditions (Figure 5), and

the saturation height model is carried out.

4.3. Determination of Parameters of Gas Diffusion Dynamics.
The parameters involved in gas diffusion dynamics mainly
include the natural gas deviation factor (z), the gas expulsion
intensity (g,), the molar gas constant (R), the thermody-
namic temperature (T), the natural gas molar mass (M),
source rock thickness (h,), and source rock porosity (¢,).
The parameters for obtaining the parameters are as follows:

(1) The parameter of the natural gas deviation coeffi-
cient is derived from the analysis of natural gas com-
ponents, and the value is between 0.90 and 1.00
according to the Standing-Katz chart analysis

(2) The gas expulsion intensity is derived from the
experiment results of the hydrocarbon generation
and expulsion of the source rocks, and its value
ranges from 12 to 26 x 10® m’/km?, which is related
to the coalbed, dark mudstone, and their maturity

(3) The molar gas constant is 8.314J/(mol-K)

(4) The thermodynamic temperature parameter is
obtained from the results of the formation tempera-
ture test, and the value is between 353 and 398 K

(5) The molar mass of natural gas is 16 kg/mol
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TaBLE 1: Table of gas diffusion parameters obtained from cored wells.

Well z . (10°m’*/km?) R (J/(molK)) T (K) Py (kg/m3) M (kg/mol)  h, (m) [ox H(m) p, (kg/m3)
A 0.960 18.2 8.314 380 492 16 145 0.0352 3330 1000
B 0.975 14.3 8.314 389 541 16 125 0.0340 3550 990
C 0.950 20.9 8.314 363 540 16 115 0.0436 2900 1100

(6) The source rock thickness parameter is obtained
from the results of the logging interpretation, which
are the sum of dark mudstone and the coalbed thick-
nesses, and the value is between 70 and 180 m

(7) The source rock average porosity parameter is
obtained from the core test and logging interpreta-
tion results which are the weighted average porosity
of dark mudstone and coalbed, and the value is
between 0.02 and 0.05

Furthermore, the hydrostatic column pressure, which is
the resistance, is obtained by calculating the hydrostatic col-
umn height (H) based on the vertical depth.

The parameters of the two cored wells in the study area
are shown in Table 1.

4.4. Calculation Results and Data Verification. According to
the results of the log interpretation and experimental results,
the saturation of the wells is calculated, which is compared
to the logging interpretation results of the log interpretation
of the Archie’s law. The comparison results show that the
calculation results of the new model are consistent with the
trend of Archie’s interpretation (Figures 6, 7, and 8), and
the gas-water identification is accurate by production
performance.

The saturation height model 1 (orange line) in Figures 6
and 7 converts the parameters into a function of porosity,
and a comparison of the saturation height model and
Archie’s interpretation shows that the error is mainly within
+4%. For the analysis of reservoir intervals outside this range
(Figure 8), two main reasons can be found. The first is that
in reservoir intervals with relatively high shale volumes, the
relationship between porosity and saturation changes due
to the rock type, which in turn causes differences in the sat-
uration height model and Archie’s interpretation. By con-

verting the parameters of the SHM into a function of
porosity and rock type to form the saturation height model
2 (green line), the fitting effect is significantly improved.
However, the presence of calcareous cement at the top and
bottom of some reservoir intervals leads to unusually high
resistivity, which in turn leads to deviations in the saturation
interpretation.

A newly drilled noncoring well around well B was
selected as an example (Figure 9). The well has two sets of
logging sequences, lateral resistivity and array-induced resis-
tivity. The saturation height model (SHM) predictions are
mostly within the range of the two sets of resistivity interpre-
tation results. This indicates that the saturation height model
can be reliable on noncoring wells and can be extended to
the entire study area in terms of saturation prediction.

4.5. Uncertainty Analysis and Quality Control. There are
numerous parameters in the saturation height model pre-
sented in the current study. Different data sources lead to
differences in the uncertainty ranges of the parameters.
The uncertainties may arise from experimental errors, sam-
ple representativeness, logging interpretation, etc. For exam-
ple, the deviation factor of gas (z) and gas density (p,) are

controlled by the formation pressure (P), the temperature
(T), and the gas components; then, z is collinear with Py

In the following figure, the parameters are listed in order
according to their collinearity and correlation, and the
sources and ranges of uncertainty for different parameters
are analyzed, respectively (Figure 10).

Based on the tornado plot analysis, the source rock
parameters are the most dominant uncertainty factor, such
as gas expulsion intensity, source rock thickness, and source
rock porosity. The uncertainty of this factor mainly comes
from three aspects: (1) the data of gas expulsion intensity
are obtained from core experiments with the limited number
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of coring wells; (2) the calculation method of source
parameters by noncoring wells is to discriminate the
thickness of coalbed and dark mudstone by logging
lithology interpretation; and (3) the spatial prediction is
mainly based on seismic data and geostatistical simula-
tion. Errors in the core-log calibration process may lead
to an increase in uncertainty. In particular, it is very dif-
ficult to predict the thickness of the thinner coalbed
based on seismic data alone.

To cope with the uncertainty in the estimation of gas
expulsion intensity and other related parameters related to
gas accumulation, quality control is carried out from three
aspects: (1) relying on a large amount of well data in the
study area, based on logging and mud-logging interpretation
to improve the characterization accuracy [48]; (2) referring
to other characterization methods of gas expulsion to
improve the calculation accuracy, such as mudstone com-
paction regression by logging acoustic curves to calculate
the excess formation pressure. In a tight gas reservoir, the
value of under pressure is quantitatively related to gas satu-
ration [49]; and (3) with abundant data available, statistical
simulation methods such as Monte Carlo are used to esti-
mate the parameters [50].

5. Discussion

5.1. Determination of the Lower Limit of Gas Charging.
Based on the results of the saturation height model, the the-
oretical lower limit of charging is whether the charging pres-
sure can exceed the entry capillary pressure. Under the
condition of the average entry capillary pressure in different
part of studying area, the gas expulsion intensity should
reach approximately 13 x 10® m*/km? in central and western
area before the charging can be started. In the east, it should
reach more than 17 x 10 m®/km?.

However, this lower limit is not directly applicable to
actual geological design and production, because the
impact on production performance is severe if hydraulic
fracturing perforated into the transition zone with move-
able formation water. For example, a poor gas formation
with high entry capillary pressure and high gas expulsion
intensity may be numerically similar to a poor gas forma-
tion with low entry capillary pressure and low gas expul-
sion intensity, but the production performances are
completely different. Such detailed work must be inte-
grated with theoretical results and specific development
scenarios.
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5.2. Controlling Factors of Saturation in Tight Sandstone.
The tight gas reservoirs in the study area have the character-
istics of wide and gentle structure, which lead to lower gas
column height and higher capillary resistance, making it
impossible to displace formation water only by buoyancy,
thus forming a large area gas-water transition zone. The spa-
tial distribution of the saturation features is complex.

The tight gas reservoirs in the study area are in close
contact with the source rock. During the structural evolution
of the basin, the gas migration paths such as faults and high-
permeability layers are not developed. Gas migration
depends mainly on vertical and lateral gas diffusion in short
distances. The gas diffusion pressure directly controls
whether natural gas can overcome capillary pressure to
charge into the reservoir.

The geological characteristics and production performances
show that there is an obvious correlation between the intensity
of hydrocarbon generation and the gas saturation, and the hor-
izontal difference of the hydrocarbon generation controls the
horizontal difference of the gas-water distribution.

The sedimentary characteristics of fluvial facies make the
spatial distribution of sand bodies complex, and the differ-
ences in reservoir architecture mainly control the reservoir

heterogeneity. The gas-water distribution is controlled by
these features. The sand bodies under the control of the
two main types of sedimentary facies, the central bar and
the fluvial channel, have the characteristics of coarsening
upward and finer grain size, respectively. The reservoir het-
erogeneity in the central bar is relatively weak, and the pore
size is better than the fluvial channel, which makes the gas
saturation higher in larger-scale or multistage superimposed
central bar, while the channel sand body generally has the
characteristics of a gas-water transition, or the bottom is
gas and the top is water.

The regional tiny uplift structure can improve gas satu-
ration. The high part of the uplift with the good quality sand
body will further improve the gas saturation characteristics.

Differences in sedimentary sources and diagenesis in the
study area lead to differences in the content and composition
of rock minerals and clay minerals. These differences affect
reservoir quality in the first place, with high clay mineral
content and poor particle sorting generally corresponding
to poorer reservoir quality, which in turn reduces gas satura-
tion. More importantly, the difference in the content and
composition of rock and clay minerals will significantly
affect the wettability of the reservoir, and stronger



10

Geofluids

Well C

v
(=]

0.2

0.1 0 0.5 1

©| S

Depth

=

2890

TTTT T T =

2900

2910

2920

Poré)sity Z

—— Archie interpretation —— Porosity interpretation

—— Saturation height model 1 —— Shale volume interpretation

—— Saturation height model 2

F1GUre 8: Comparison of the results of the saturation height model and Archie’s interpretation in well C.

AT 10

i ohmm 100

LLS AT 30

Depth

I ohmm 100

Formation
>

;_]

.

S

=

LLD a ohmm 100
AT 50

T~ ohmm 100 DEN Total hydrocarbon

S, by
lateral log

1 of
S, by
induction log

1

Resul

0| .
Porosity
0.25 0

1 ohmm 100

35010

3560

Lower Shihezi

3570

Water | Gas-waterr transition

F1GURE 9: Column of saturation height interpretation results for noncored well.

hydrophilicity will increase the resistance of gas charging,
resulting in a decrease in gas saturation.

These characteristics mentioned above explain why there
is a significant difference in saturation distribution and pro-
duction water cut in the central, western, and eastern parts

of the Sulige gas field. As shown in well A geological charac-
teristics and saturation interpretation results, the source
rocks in the central region are high in expulsion intensity,
the coalbed especially is in close contact with the reservoir,
and the reservoir quality is generally good, so the production
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performance is good without water cut. As shown in well B,
the source rocks in the western region are low in expulsion
intensity, and the reservoir quality is heterogeneity, so a
large gas-water transition zone is formed, and the local uplift
or the area with good reservoir properties is prone to good
production performance but high water cut. As shown in
well C, the source rocks in the eastern region are high in
expulsion intensity, and the sands are thick but mostly tight,
making the production performance generally poor.

The consistency of the saturation calculation results with
the logging interpretation confirmed the accuracy of the gas
diffusion dynamics and the saturation height model and
provided a basis for saturation modelling and prediction.

5.3. Application of the New Saturation Height Model to Static
Models. The application of the new function in the static
model presumes that the structural model, rock type (facies)
model, and porosity model are reliably established. The
quality control requirements for these three types of models
are as follows:

The structural model grid is valid, the structural inter-
pretation of the horizons is accurate, the well tops and seis-
mic interpretation are consistent, and the “bull eye” of
structural errors is avoided. The grid height of the source
rock formation can be set finer, because it is not involved
in the numerical simulation and does not worry about the
computational rate. This can make the thin layers in the
source rock modelling more detailed.

The requirements for rock type (facies) modelling are
divided into reservoir facies modelling and source rock facies
modelling. Geometric morphological characterization of
sand bodies of different genesis is performed in reservoir
facies modelling. Based on the differences in their petrophy-
sical characteristics, they are classified into rock types with
significant differences in porosity, permeability, and capil-
lary characteristics, and the precision of saturation calcula-

tion can be improved by modifying the function proposed
in this paper in different rock types. It is necessary to con-
sider the facies and rock type modelling of the source rock.
As described in Section 4.5, to improve the modelling accu-
racy of source rock facies and rock types, the focus is on
integrated characterization using multidisciplinary data such
as cores, logs, mud logs, and seismic, under geostatistical and
neural network learning methods.

The porosity model mainly relies on the data from core
calibration logging interpretation. In this study area, the
seismic inversion data only play a trend constraint role for
the porosity model due to the limitation of seismic data res-
olution and reservoir thickness. Quality control of log inter-
pretation, especially porosity correction of mudstone and
borehole anomaly sections, can greatly improve the progress
of porosity modelling.

After completing quality control of the structural model,
rock type (facies) model, and porosity model, the new satu-
ration height model is conveniently applied. The saturation
model can be obtained by bringing the above models into
the function and using geometric model calculations, and
then, model corrections are made to achieve a better fit
based on feedback from uncertainty analysis and numerical
simulation work.

6. Conclusions

Taking gas diffusion dynamics into account, this study
extends a saturation height model to calculate and discrimi-
nate the saturation of tight sandstone gas reservoirs. Using
this model, the saturation distribution of gas-bearing sand-
stones can be quantitatively interpreted when studying tight
reservoirs with complex saturation distributions and reser-
voir capillary resistance much greater than buoyancy.

By applying this model to the Sulige tight gas reservoir,
this study concludes that the configuration between gas
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diffusion dynamics and reservoir capillary pressure controls
the distribution of saturation. The buoyancy effect only
serves to improve the saturation at regional uplifts with good
petrophysical properties. The different saturation character-
istics in the central, western, and eastern parts of the Sulige
area are precisely caused by the different configurations of
source rock quality and reservoir quality. This is reflected
in the difference between two key parameters, gas expulsion
intensity and the entry capillary pressure. Other source rock
parameters and reservoir parameters also play a part in the
impact. This saturation height model can provide critical
information to guide the geologic design of the development
plan and calculations of tight sandstone gas saturation in the
static model.
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