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Changqing tight gas field has been on fashion among China in recent years. Figuring out gas and water seepage behaviors matters
a lot for maximizing gas reservoir recovery. One tool for that is to conduct two-phase seepage experiment and reveal seepage
features. Experiments show that gas or water’s flowing capacity has a directly positive relationship with its saturation. The
larger saturation, the higher permeability. Thus, one method of determining whether a gas well produces water or not is to
compare the initial water saturation with its starting-flowing saturation. If the initial gas or water saturation is larger than its
critical saturation, it starts to flow. Meanwhile, this critical saturation ranges hugely. For reservoirs with high porosity,
permeability, and pore structure like type I, the starting-flowing saturation is 15.6% for gas and 36.6% for water, meaning that
it is easily for gas or water to reach the critical saturation and make the seepage happen. The critical saturation in reservoir of
type III which has low porosity, permeability, and pore structure is as high as 28.8% for gas and 58.1% for water, indicating
that high fluid saturation is needed to have it flow. Finally, four horizontal wells in Sudongnan block are analyzed to verify the
method. The prediction that two of them will produce water in the beginning and the other two will not is highly in line with
their production data. This method has been proved effective in the prediction of gas wells.

1. Introduction

Tight gas reservoir is known for its perplexed micro features
such as small pore radius, bad pore connection, strong seep-
age disturbance, and serious reservoir heterogeneity [1–4].
These unfavorable features have huge negative impacts on
the development of gas field [5, 6]. As an iconic of Sulige
gas field, Sudongnan block has established a horizontal-
well-featured demonstration area which adopts diverse
advanced technologies to further improve the gas field devel-
opment. During the three years practice, the area has
achieved an expected and satisfied success on the develop-
ment [7–10]. However, some problems still remain unsolved
in the gas production [11]. The significant one is that once
water flows out of reservoir it is becoming more difficult
for horizontal wells to bring water out of well hole than ver-
tical or directional ones. Some wells may see small up and
downs of gas production, while others suffer serious drop
in production and pressure. Thus, it is vital to figure out

the essence of these problems before tackling them. In fact,
the output of gas or water results from its microseepage
within reservoir [12, 13]. So the idea is to reveal micro prop-
erties of the reservoir firstly, then to study the gas-water
seepage features, and finally to analyze the production of
gas wells.

2. Reservoir Features of Sudongnan

2.1. Reservoir Features of Sudongnan. Located in the south-
east of Sulige gas field which belongs to Shaanbei slope,
one of five basic units in Ordos basin, Sudongnan is famous
for high quality of He8 formation, a favorable gas-bearing
reservoir in upper Paleozoic [14]. In Sudongnan, He8 has
three main kinds of rock: lithic-quartz sandstone which is
dominant, lithic sandstone, and quartz sandstone (see
Figure 1). Its porosity changes between 6% and 12%, with
the average of 8.7%. The permeability ranges between
0:1 × 10−3μm2 and 1:4 × 10−3μm2 with the average of
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0:55 × 10−3μm2. He8 has been buried as deeply as about
3080m where strong diagenesis have taken place and formed
very complex pore structure [15]. The current pore types of
He8 consist of dissolved pores, residual intergranular pores,
intercrystalline pores, and microfissures occasionally (see
Figure 2).

3. Experiments and Samples

3.1. Mercury Injection Experiment. In order to obtain pore
structure data, mercury is injected into samples at a low
and stable speed. The experiment is done by a device called
ASPE-730 which is produced by Coretest Systems company
[16]. Samples are made with the diameter of 2.5 cm. During
the experiment, mercury is injected into samples at the speed
of 0.00005ml/min. Pores are the first space where mercury
goes as they are larger than throat in size. With more mer-
cury continuing entering the sample, the injection pressure
rises. When it is larger than the capillary pressure, mercury
will go through throat and into surrounding pores. At the
same time, the injection pressure drops [17]. This is one
round of mercury injection, during which the volume of
mercury and pressure is recorded to compute parameters
of pores and throats: number, radius, and saturation. After
rounds and rounds of rise and drop, the parameters of every
pore and throat are obtained.

3.2. Gas and Water Seepage Experiment. Gas-water seepage
is one kind of multiple-fluid flow which commonly exists
in the development of gas field. To make sure experiment
data have good representative meanings, 23 samples are
selected from gas-producing layers which have been devel-
oped by horizontal wells. The experiment is carried out
under unstable state. Firstly, samples are fully saturated by
water under the surface condition of pressure and tempera-
ture. Then, nitrogen is injected into samples to drive water
out with a stable speed until no more water flows out. Sec-
ondly, nitrogen and water saturation are tested together with
their permeability. Thirdly, water is injected to drive nitro-
gen, during which another set of saturation and permeability
data is gained (see Figure 3).

4. Experiment Results

4.1. Pore and Throat. According to the data of 11 samples
(see Table 1), the difference between pore and throat is
apparent. For all samples, there is little difference in pore size
mainly ranging from 100μm to 200μm (see Figure 4). The
major difference may be the peak proportion of pore size.
Some samples’ pore size peaks at 120μm, while others at
170μm. No matter what size the pore proportion peaks,
the top proportion is from 11% to 27%. Small difference in
pore size and proportion among these 11 samples implies
that the dominant factor of defining reservoir quality may
not be pore size.

According to throat radius distribution curves (see
Figure 5), throat size mainly ranges from 0.2μm to 1.8μm.
Unlikely to pores, throats show obvious differences. Major
throat size varies hugely from one sample to another. For
samples with low porosity and permeability, throats are
made up of smaller ones with radius between 0.2μm and
0.5μm. However, other samples which are higher in porosity
and permeability have a wide range of throats scattering
from 0.6μm to 1.6μm. The dominant proportion of throat
radius changes largely, from 11% to 53%. The big difference
in prime proportion suggests that throat size plays a domi-
nant role reservoir quality (see Table 1).

4.2. Gas and Water Seepage. It is obvious that gas or water’s
seepage capability has a positive trend with saturation. With
gas flowing out, the saturation decreases for gas and
increases for water. When water saturation rises up beyond
its critical saturation, water will come out too. As more
and more gas flows out of samples, relative permeability
decreases rapidly for gas and increases for water. The focus
of these experiments is on the critical saturation where gas
or water starts flowing. Gas critical saturation (hereinafter
referred to as “Sg (gf)”) is the diving saturation, beyond
which gas starts flowing and within which gas stops flowing.
Water critical saturation (hereinafter referred to as “Sw(gf)”)
is the dividing saturation, beyond which water starts flowing
and within which water stops flowing [18]. Thus, whether a
gas-bearing layer produces water or not can be determined
by comparing its initial saturation with critical saturation.

Lithic sandstone
(37%)

Quartz sandstone
(10%)

Lithic-quartz sandstone
(53%)

Figure 1: Proportion of three types of rock in He8.
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Figure 2: Plane porosity of four types of pores in He8.
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Figure 3: Diagram of nitrogen and water seepage experiment. (i) Air source, (ii) injection pump, (iii) adjusting valve, (iv) buffer bottle, (v)
water bottle, (vi) nitrogen bottle, (vii) injection pressure gauge, (viii) sample, (ix) separator, (x) surrounding pressure gauge, and (xi)
surrounding pump.

Table 1: Porosity, permeability, pore, and throat of 11 samples.

Samples Depth (m) Porosity (%) Permeability (×10-3μm2) Main pore radius (μm) Main throat radius (μm)

1# 3137.56 9.1 0.112 145.9 0.791

2# 3051.60 12.8 0.521 152.4 1.263

3# 3082.46 11.2 0.312 156.2 0.857

4# 3141.50 10.9 0.453 149.6 1.329

5# 3097.84 9.8 0.212 142.8 0.613

6# 3069.18 7.9 0.147 139.8 0.733

7# 3098.21 7.3 0.129 159.2 0.665

8# 3113.21 12.5 0.853 134.9 1.681

9# 3097.12 12.7 0.359 117.8 0.729

10# 3133.25 8.1 0.219 121.3 0.541

11# 3107.93 6.2 0.115 142.8 0.368
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Figure 4: Probability curves of pore radius from 11 samples of He8.
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This is basic principle of applying gas and water seepage
experiment in gas well production prediction.

In order to clearly understand gas and water seepage fea-
tures of He8, all samples are classified into three types according
to the saturation range where water and gas can flow together
(see Figures 6(a)–6(c)). Type I has the wide range of saturation
while Type III has the narrow range. The wide range means the
small critical saturation and high common flow possibility.

Gas or water’s seepage capability has a close relationship
with porosity, permeability, and pore size (see Table 2).
The larger these parameters are, the lower fluid critical
saturation is. Thus, reservoirs with better qualities have a
lower critical saturation, indicating that higher gas satura-
tion is required to ensure production without water. Thus,
high porosity and permeability are double swords for nor-
mal production.
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Figure 5: Probability curves of throat radius from 11 samples of He8.
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(a) Seepage curves of type I
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Figure 6: Three kinds of seepage curves in He8. (a) Seepage curves of type I. (b) Seepage curves of type II. (c) Seepage curves of type III.
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Table 2: Reservoir parameters and critical saturation of three different types of seepage curves.

Type
Average
Porosity

Average
Permeability

Throat size Critical saturation
Main range Peak range Sg(gf) Sw(wf)

I 9.3% 0:53 × 10−3μm2 0.2-4.4 μm 1.24 μm 15.6% 36.6%

II 8.7% 0:47 × 10−3μm2 0.2-0.8 μm 0.32 μm 21.4% 49.5%

III 7.6% 0:33 × 10−3 μm2 0.1-0.3μm 0.24 μm 28.8% 58.1%

(a) He8’s electrical logging interpretation of Shaan2∗1

0.2

0.4

0.6

0.8

1.0

0 20 40 60 80 100
Kr

g 
&

 K
rw

Water saturation (%)

Krg
Krw

(b) Seepage curve of sample 4#

Figure 7: He8’s electrical logging interpretation and seepage curve of Shaan2∗1. (a) He8’s electrical logging interpretation of Shaan2∗1.
(b) Seepage curve of sample 4#.

(a) Production curve of J∗6H0

(b) Production curve of J∗6H3

Figure 8: Production curves of two horizontal wells on Shaan2∗1 well group. (a) Production curve of J∗6H0. (b) Production curve of J∗6H3.
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Figure 9: He8’s electrical logging interpretation and seepage curve of Shaan2∗6. (a) He8’s electrical logging interpretation of Shaan2∗6.
(b) Seepage curve of sample 2#.

(a) Production curve of J∗3H1

(b) Production curve of J∗3H2

Figure 10: Production curves of two horizontal wells on Shaan2∗6 well group. (a) Production curve of J∗3H1. (b) Production curve of J∗3H2.
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5. Application in Production Analysis

5.1. Brief Introduction of Horizontal Wells. Because of having
only one gas-bearing layer developed, horizontal wells are the
best choice to verify experiment results. Generally speaking,
horizontal wells in Sudongnan have two directions: northward
and southward. So one target layer often has two horizontal
wells drilled. Here, four horizontal wells at two well groups
which have two samples tested are discussed.

5.2. Horizontal Wells: J∗6H0 and J∗6H3. Two wells stand on
the well group: Shaan2∗1 which has sample 4# tested at the
depth of 3141.5m. Around the sample depth, He8 develops
a gas layer of 3.5m thick (see Figure 7(a)). Electrical logging
interprets that the gas saturation ranges between 15.4% and
62.9%, with the average of 46.8%, and the average water sat-
uration is 53.2%. From the seepage curve of Sample 4#, the
water critical saturation is 47.9%, and the curve shape is alike
type II (see Figure 7(b)). It is expected that two wells are
about to produce water at early stage because the initial
water saturation is larger than its critical saturation. In fact,
two horizontal wells produced about 5.0m3 water every day
since the first day of opening, and the output of water rose to
10.0m3/d one month later (see Figures 8(a) and 8(b)). The
production feature responds well with the expectation. The
suggestion for gas wells of this kind is that the formation
pressure should be controlled and utilized to bring water
out of well hole.

5.3. Horizontal Wells: J∗3H1 and J∗3H2. Two wells stand on
the well group: Shaan2∗6 which has sample 2# tested at
depth of 3051.6m. Around the sample depth, there develops
a gas layer of 12.4m thick (see Figure 9(a)). Electrical log-
ging interpretation shows that gas saturation mainly
ranges between 61.9% and 80.2%, with the average of
71.6%, and the average water initial saturation is about
28.4%. From the seepage curve of sample 2# which is type I,
the water critical saturation is around 32.1% (see Figure 9(b)).
Thus, there is an expectation that no water will show at early
stage because the initial water saturation is lower than its criti-
cal saturation. Two horizontal wells produced natural gas with-
out water at early sage. About one half year later, they start
seeing water flowing out of well hole with output of 1.0 and
0.5m3 every day (see Figures 10(a) and 10(b)).

6. Conclusions

(1) The permeability of tight sandstone is subject to
throats while not pores. The larger the throat, the
higher the permeability. Constant mercury injection
experiments demonstrate that throat radius ranges
from 0.2μm to 1.8μm, and pore radius mainly
ranges from 100μm to 200μm

(2) Gas and water seepage experiment is an effective
method of obtaining the critical saturation. If the ini-
tial water saturation is larger than its critical satura-
tion, gas wells will see water in early production. The
idea has been proved reliable by four horizontal
wells. The critical saturation is mainly dependent

on pore structures and varies hugely. The better res-
ervoir parameters are, the higher seepage capability
gas or water has. Higher gas saturation is necessary
to prevent gas wells from producing water when res-
ervoir has high permeability and large pores. If the
initial gas saturation is less than its critical point, res-
ervoir formation pressure should be highly utilized
to keep gas wells production normal and longer

(3) Complexity and heterogeneity of pore structure and
fluid seepage are severe in tight gas reservoir. One
set of sandstone can be divided into several subsec-
tions where differences are obvious in pore, throat,
and initial saturation. Some subsection may not pro-
duce while others are bound to see water at early
stage. If one of subsections has the large possibility
of producing water, the whole sandstone should be
seen as highly risk. All subsections should be
included in the calculation of the initial water satura-
tion. At the same time, fracturing design should take
full consideration of those important differences
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