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Abstract

It is necessary to know the reservoir property and the isothermal adsorption characteristics of shale
for the exploratory development of shale gas. Aimed at the shale reservoir in lower section of Shahejie
3 Group in Shengli Oilfield, total mineral composition and relative content of clay mineral are analyzed
by X-ray diffraction, porosity and specific surface area are tested by nitrogen adsorption method,
ultra-low permeability are measured by differential pressure pulse decay and the pore structures are
evaluated by using 3H-2000PS1 full automatic aperture analyzer of shale. Results show that the average
content of fragile mineral (quartz, feldspar, calcite) is up to 65%, the average content of clay mineral
mainly composed of illite is 27%, porosity distribution of this shale is from 0.62% to 2.68%, the average
Langmuir specific surface area is 0.94m2/g, the permeability is in range of 0.008mD-0.022mD, the
aperture is between 1.7nm and 77nm. The isothermal adsorption experimental results indicate that the
adsorption of methane gas on this shale surface accords with Langmuir isothermal adsorption equation,
increasing pressure and decreasing temperature are beneficial for shale to adsorb methane gas, and the

adsorption of methane gas are in positive correlation with TOC content and specific surface area of shale.
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Introduction

The exploration and development of shale gas in China is in its initial stage, but the
geological conditions in our country are very beneficial to the enrichment of shale gas, and
many basins have the geological conditions of shale gas reservoir formation [1]. Compared
with conventional gas reservoirs, shale gas reservoirs are self-generated reservoirs [2,3].
Because shale has the characteristics of low pore and low permeability, it is both a source
rock of shale gas and a reservoir and caprock [4,5]. According to the genesis of shale gas, it can
be divided into thermogenic type, biogenic type and mixed genetic type gas reservoir [6,7].
There are two main ways of shale gas occurrence in the reservoir, one is that shale gas exists
in the adsorbed state on the surface of organic matter and clay mineral particles, the other is
in the free state in the natural fractures, macro pores, and matrix pores [8]. The storage and
seepage space in shale is mainly pore and fracture [9]. Therefore, the description of shale
reservoir characteristics and adsorption characteristics is of great significance to the efficient
drilling and development of shale gas and shale oil in China.

Characteristics of Shale Gas Reservoir

Characteristics of shale minerals

X-ray diffraction was used to analyze the whole rock minerals and clay minerals of the
shale reservoir in the lower Shahejie Section 3 of Shengli Oilfield. It can be seen from Table
1 that the average quartz content in the shale reservoir is 27%, the total average content of
potassium feldspar and plagioclase is 16%, the average content of calcite is 22%, and the
average content of clay mineral is 27%. The brittle mineral reaches 65%, indicating that the
reservoir has strong jointing capacity, especially suitable for increasing production measures
such as hydraulic fracturing, and it is easy to produce fracture network [10]. The clay mineral
is mainly water-bearing aluminosilicate with large surface area and a large amount of charge,
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and its content is high, then the reservoir has a strong ability to

as illite montmorillonite mixture is low, and the content of weakly

adsorb shale gas. It can be seen from Table 2 that among the clay hydrated or difficultly hydrated illite is close to 70%, which is

minerals of rock samples, the content of kaolinite, chlorite as well

favorable for later reservoir fracturing and jointing [11].

Table 1: Results of mineral composition analysis by X-ray diffraction.

Sample Depth/m | Quartz /% Post;:l; /P;old- Ano/rto/f)lose Ca/l:/‘i) te Anl/(; ite Si(}e‘:;;ite Common Pyrite/% | Clay Mineral/%
3528 25 6 15 22 3 1 4 24
3529 28 7 15 11 3 1 4 31
3532 29 0 7 32 0 4 3 25

Table 2: Results of the relative contents analysis of clay minerals by X-ray diffraction.

Sample Depth/m | Kaolinite /% | Chlorite /% | Illite /% | E/Mongolia Interlayer(I/S)/% I/Mongolia Interlayer Ratio (% S)/%
3528 2 2 67 29 20
3529 2 2 69 27 20
3532 2 1 69 28 20

Test results of shale porosity and true density

Based on the Archimedes principle-gas expansion displacement
method and the Boer’s law of inert gas with small molecular
diameter under certain conditions (PV = ZnRT), the porosity of the
core sample is obtained through measuring the reduction of the gas
capacity of the sample test cavity caused by placing the sample into

the test cavity of the sample [12]. The porosity of the core of shale
reservoir in the lower section 3 of Shahejie Group of Shengli Oilfield
was analyzed by using the 3H-2000TD2 automatic true density
tester of Bethesda Corporation. The test results Table 3 showed
that the porosity of the shale was between 0.62% and 2.68%, the
true density was between 2.44g/cm? and 2.50g/cm?.

Table 3: Results of true density and porosity measurement of shale core samples.

Sample Depth/m Weight /g Volume /mL Pore Volume/mL TRUE density/(g/cm,) Porosity /%
3528 51.1571 20.9049 0.5763 2.4471 2.68
3529 48.2067 20.1339 0.1261 2.3943 0.62
3532 49.2745 19.736 0.4399 2.4967 2.18

Testresultsofshaleporesizedistributionandsurfacearea

According to the capillary condensation and the principle
of volume equivalent exchange, the pore size of rock samples is
measured, in which capillary condensation is the phenomenon
that the vapor adsorbed by the adsorbent condenses in its micro
pores at a certain temperature. The specific surface area and pore
size distribution of the core of shale reservoir in the lower section
3 of Shahejie Group of Shengli Oilfield were analyzed by using the

automatic surface area and pore size analyzer of type 3H-2000PS1
from Bethesda Corporation. The specific surface area of powdered
rock samples was analyzed by methylene blue method. It can be
seen from Table 4 and Figure 1 that the Langmuir surface area of
this shale reservoir is range from 0.15m?/g to 1.3m?/g and the
bet surface area is between 0.093m?/g and 0.615m?/g; the pore
diameter is mainly in the range of 2nm-5nm and the pore size range
is in the range of 1.7nm-77nm.

Table 4: Results of specific surface area of shale core samples.

Sample Depth/m Langmuir Surface Area (/m?/g) BET Surface Area /(m?/g) Methylene Blue Method Surface Area /(m?/g)
3528 0.15 0.093 59.9176
3529 0.55 0.265 63.6074
3532 1.3 0.615 61.6707
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(1) Shale cores [1520m)

[3] Shake cores [1529m )

(3] Shals corse [ 35 EDm)

Figure 1: Differential integral pore volume and pore size distribution curve tested by BJH method.

Analysis of permeability characteristics of shale

Using the PDP-200 Gas Permeability Meter of the American
core company, the Kirschner permeability of the core sample was
measured under the condition of simulated formation overburden
(maximum pressure 70MPa) by pulse decay subtraction according
to the requirements of the American petroleum society standard
(API RP-40). The experimental results show that the permeability
distribution of the shale is between 0.0001 and 0.2mD. The
common method cannot accurately measure the permeability of
shale gas reservoir rock samples, it is necessary to use the unsteady
state method (pressure pulse decay subtraction) to measure the
permeability. This method is suitable for measuring the ultra-low
permeability core, and the stability time is short and so testing
speed is fast. In this study, a PDP-200 gas permeability measuring
instrument was used to measure the Kernel permeability of core
samples according to the requirements of the American petroleum
society standard (APIRP-40) under simulated formation overburden
(maximum pressure 70MPa). The formula for calculating Kirschner
permeability is as follows:

K = c~[upLVVy | AW} +V)Lln(p; = p o)1) 1

where: K is gas-measured permeability, um? p, is the upper and
lower flow pressure of the rock sample, MPa; V,, V, is the upper and
lower flow vessel volume, m?; P is the equilibrium pressure value of

V,and V,, MPa; A is the cross section area of the sample, m?; L is the
sample length, m; B is the compression ratio of the flow medium,
1/MPa; p is the viscosity coefficient, Pa.s; c is the integral constant;
tis the pressure decay time of V,, s. The test results show that the
permeability distribution of the core of the shale reservoir in the
lower section 3 of Shahejie Group of Shengli Oilfield is between
0.008mD and 0.022mD. The permeability of the 3528m, 3529m and
3532m cores are 0.014mD, 0.022mD and 0.008mD, respectively.

Analysis of Total Organic Carbon Content in Shale Gas
Reservoir

The total organic carbon content of shale samples with different
depths in the lower section 3 shale reservoir of the of Shahejie
Group of Shengli Oilfield is analyzed using the CS-230 carbon-sulfur
analyzer from the America LECO company. From the test results
in Table 5, the total organic carbon content minimum of the shale
reservoir is 2.61%, the highest is 4.92%, the average is 3.19%. The
organic matter content is high, which is beneficial to produce and
adsorb more shale gas, and the reservoir has high hydrocarbon
potential. The reason is that organic matter in shale reservoirs,
on the one hand, is the material basis for producing shale gas and
the main controlling factor of shale gas content; on the other hand,
the higher the organic carbon content, the larger the pore space of
shale, the more natural gas can be adsorbed, and the larger the free
gas content of the reservoir [9,10].

Table 5: Results of total organic carbon ¢ and total sulfur content measurement test.

Depth of Samples/m Total organic Carbon Content /% Total Sulfur /%
3528 2.61 7.21
3529 4.92 6.5
3532 2.63 4.87
3568 2.82 6.29
3574 2.96 7.93
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Isothermal adsorption characteristics of shale

The isothermal adsorption curve of shale is the curve to
describe the gas storage capacity of shale gas reservoir, and the gas
adsorption capacity of shale is a function of pressure at constant
temperature. There are two ways of shale gas occurrence in the
reservoir, one is free state, the other is adsorption state [13]. The
free shale gas is mainly stored in the micro fracture of shale, which
can be described by the real gas state equation:

PV = ZnRT (2)

The adsorbed state is an important state of shale gas, which
is mainly stored on the inner surface of shale matrix pore. By
measuring the adsorption capacity of shale on methane under
a series of relative pressures and analyzing the relationship
curves between adsorption capacity and pressure under different
isothermal conditions of rock samples. It can be found from
the results that the adsorption of methane by shale follows the
Langmuir isothermal adsorption relationship [14], which can be
described by Langmuir isothermal adsorption equation:

o- L (3)
pL+p

Where: Q is adsorption capacity, m3/kg; p is shale gas
reservoir pressure, MPa; v is Langmuir volume, m3/kg; p,is
Langmuir pressure, MPa. v, is the adsorption capacity per gram
of adsorbent when the surface is covered with a single molecular
layer, representing the maximum adsorption capacity of the shale;
p, is the ratio of the desorption rate constant to the adsorption
constant, indicating the pressure when the adsorption capacity
of the shale is half its maximum adsorption capacity. According
to this principle, a shale-methane gas high temperature and high
pressure isothermal adsorption tester (Figure 2) is designed, which
mainly includes buffer vessel chamber, sample chamber, pressure
gauge to measure the pressure of each vessel, six-way valve return
valve, high pressure methane gas cylinder, vacuum pump, constant
temperature chamber, etc. The core of the shale reservoir in the
lower section 3 of Shahejie Group of Shengli Oilfield was selected.
The equipment was used to test the curve of their adsorption
capacity of methane with pressure under isothermal conditions,
and the curve was fitted by Langmuir equation. The effects of
pressure, temperature, shale toc content and specific surface area
on the adsorption capacity of methane were further tested.

Figure 2: The scheme of shale gas adsorption
analytical evaluation device.

Effects of temperature and pressure on methane ad-
sorption

Figure 3 & 4 are the isothermal adsorption curves of 3528m
and 3529m shale samples at different temperatures and pressures,
respectively. The points in the figure are the experimentally
measured data points and the solid lines are the fitted curves
calculated by the Langmuir formula (the same below). As can be
seen from Figures 3 & 4, the experimental data are very consistent
with the data calculated by the Langmuir formula; with the
increase of pressure, the adsorption of methane on the shale core
increases rapidly with the increase of pressure at low pressure,
and the increase of adsorption increases slowly when the pressure
increases to a certain value. At different temperatures, the higher
the temperature, the adsorption of methane is smaller, and the
higher temperature is beneficial to the desorption of methane.
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Figure 3: Experimental curves of isothermal
adsorption of 3,528m shale samples at different

temperatures.
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Figure 4: Experimental curves of isothermal
adsorption of 3,529m shale samples at different
temperatures.

Effect of total organic carbon content on methane ad-
sorption

Figure 5 & 6 are isothermal adsorption curves of 3528m,
3529m, 3532m and 3574m shale samples with similar surface area
size and different to total organic carbon (TOC) content at 25 °C. It
can be seen from Figures 5 & 6 that for shale with similar surface
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Figure 5: Experimental curves of isothermal
adsorption of 3528m and 3529m shale samples.
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Figure 6: Experimental curves of isothermal
adsorption of 3532m and 3574m shale samples.

Effect of surface area on methane adsorption

Figure 7 & 8 are isothermal adsorption curves of 3529m and
3532m shale samples with like toc content and different specific
surface area at 25 °C. As can be seen from Figures 7 & 8, for shale
with equal TOC content but different specific surface area, the
adsorption gas content not only increases with the increase of
pressure, but also the larger the specific surface area of rock sample,
the more methane adsorbed [15].
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Figure 7: Experimental curves of isothermal
adsorption of 3529m shale samples (1# and 2#).

Conclusion

A.  The brittle mineral of the lower section 3 shale reservoir of the
of Shahejie Group of Shengli Oilfield is 65%, the clay mineral
is mainly Illite, the porosity is less than 3%, the permeability
is generally less than 0.03mD, and the pore diameter is mainly
distributed between 2nm and 5nm, indicating the shale gas
reservoirs in target blocks was characterized of low porosity
and low permeability reservoirs.

B. The Langmuir surface area of target shale reservoir is between
0.15m?/g and 1.3m?/g, the total organic carbon content is
range of 2.61%-4.92%, showing that the studied formation is a
potential source rock shale gas reservoir.

The isothermal adsorption of methane gas by the core of the
lower section 3 of Shahejie Group in Shengli Oilfield conforms to the
law of Langmuir adsorption, and the higher the pressure and lower
the temperature, the more favorable the adsorption of methane is,
and there is a significant positive correlation with the TOC content
and specific surface area of shale.
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