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ABSTRACT

Purpose. Based on the technology by which methane drainage is strengthened under gas injection, to examine the
process of gas injection and the mechanism of action.

Methods. Physical simulation experiment method, using the self-built coal seam and gas injection displacement
experimental device, the experiment of layered pre-compression forming coal samples under vertical stress loading
conditions and under the conditions of different gas injection pressures.

Findings. The experiment on N>-ECBM is a dynamic process and has time effects. In the overall process, the rate of
replacement was more than 60%, and the rate of displacement was less than 40%.

Originality. According to the behavior of nitrogen injection in the coalbed, an assessment of displacement effects
under gas injection and a quantitative evaluation of the replacement effect were presented. In every stage of the pro-
cess, the replacement effect is dominant, while the role of displacement is of secondary importance.

Practical implications. The experimental results have great guiding significance for optimization of gas parameters
and gas source selection for gas injection flooding in underground coal seams.

Keywords: mechanism of N>-ECBM, timeliness, displacement effect, replacement effect, quantitative study, coal mine

1. INTRODUCTION

Coal mine gas injection is used to promote coalbed
methane drainage with such technologies as Enhanced
Oil Recovery (EOR) and Carbon Capture, Utilization and
Storage (CCUS). In particular, CO, geological storage
technology not only reduces greenhouse gas emissions
but also improves the recovery rate of CBM.

At the end of the 20" century, CO, was injected for
increasing coalbed methane (CO,-ECBM) in the United
States’ San Juan Basin; this approach was the prelude to
CBM coalbed gas injection in the field driving the tech-
nology for methane (Reeves, 2005). In subsequent years,
the United States, Canada, Japan, EU and China have
started research and conducted ECBM field trials of
various scale (Van Bergeb et al., 2002; Gunter, Mavor, &
Robinson, 2005; Reeves, 2005; China United Coal...,
2007; Shi, Durucan, & Fujioka, 2008; Hong-min, 2010;
Zhi-ming, Xiao-chun, & Hong, 2010; Oudinot et al.,
2011; Godec, Koperna, & Gale, 2014; Masoudian, Airey,
& El-Zein, 2014). The US carried out CO,-ECBM field
test in San Juan Basin, Black Warrior Basin, Illinois
Basin, and Central Appalachian Basin. In Hokkaido
(Japan), Poland, and Alberta (Canada), field trials of

different sizes were also carried out. China United Coal-
bed Methane Co. Ltd. was the first mine that conducted
CO; injection into the ground in Jin-Cheng, China. Next,
Zhi-ming, Xiao-chun, & Hong (2010) carried out the
low-pressure (< 0.6 MPa) N,-ECBM test in Ping
Dingshan Coal Mine, Yangquan Coal Mine.

To make this technology more practical and applica-
ble to production, scientists have conducted considerable
theoretical research, especially regarding the mechanisms
of enhanced coalbed methane recovery under gas injec-
tion (Busch, Krooss, Gensterblum, van Bergen, & Pag-
nier, 2003; Fitzgerald et al., 2005) have suggested that
the adsorption capacity of coal to N, CHs and CO; be-
comes stronger (Katayama, 1995) suggested that the
mechanism by which CO, can displace CH, is based on
the fact that coal adsorption energy to CO,is better than
that to CH4, because of what the seam CHjy recovery is
improved. N, can replace CH4 due to the changes in the
partial pressures of the two gases, thereby forming a new
adsorption equilibrium (Clarkson & Bustin, 2000) as-
sumed that when a non-CHj4 gas is injected into the coal
seam, it will compete for adsorption space with CH4 or
reduce the partial pressure of CHy in the free gas, thus
contributing to CH,4 desorption from the coal seam and

©2018. L. Chen, T. Yang, H. Yang, L. Wang. Published by the Dnipro University of Technology on behalf of Mining of Mineral Deposits.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

90


https://core.ac.uk/display/288814813?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

L. Chen, T. Yang, H. Yang, L. Wang. (2018). Mining of Mineral Deposits, 12(4), 90-99

increasing the gas production rate of CH4 (Shi-yue &
Yong-yi, 2000) studied the stimulation mechanism of
exploitation of coalbed methane by gas injection based
on the diffusion, percolation and multicomponent adsorp-
tion equilibrium theory. He claimed that there are three
components to such mechanism of action: first, by in-
creasing the energy of seam CH,4 flow through gas injec-
tion; second, by increasing desorption rate and desorp-
tion through the competitive adsorption and displacement
effect; and third, by increasing permeability through
changes in the pore structure of the coal seam (Long-jun,
Cheng-lun, & Xue-fu, 2000) stated that this approach
reduces the CH,4 partial pressure in the coal seam after
injecting N», CO, or flue gas into coal seam and adds
impetus to the flow of CH4 to overcome the flow re-
sistance of a coal seam with low permeability (Shu-heng,
Qi, & Da-zhen, 2002) established that this technology
essence is to inject energy into the coal seam, change the
pressure transmission characteristics and increase or
maintain the diffusion rate. In addition, the injection of
gas will produce competitive adsorption, which, under
high pressure, will induce the formation of new cracks,
thereby increasing permeability (Xing-zhou, Yong-yi, &
Shi-yue, 2000; Jian-guang & Xiao-guang,2004; Xiao-
guang & Zhan-jun, 2004; Xi-jian, Li-yong, & Hao, 2007;
Wen-ming & Sui-an, 2008) have suggested that N, re-
duces the partial pressure of CH4 when it is injected into
coal seam and that almost all of the CH4 can be extracted
or expelled by the N,. When CO, was injected into the
coal seam, because of its strong adsorptive force, it pro-
duced competitive adsorption with the CHs, which was
adsorbed in coal matrix micro pore, and, after a period of
time, CO; could displace the CH4 (Shang-chao & Zhi-xu,
2008; Guo-ting, 2009) supposed that ECBM increase is
due to the following mechanism: first, the injection of
gas reduces the partial pressure of CHs that promotes
CHj4 desorption; second, the flow of gas expels CH4 to
production wells; third, the injected gas is maintained at
a higher pressure gradient than simply pumping and this
increases the effect of flow rate; and fourthly, the injec-
tion gas maintains a higher pore pressure, which increa-
ses the permeability of the coal seam (Zhi-ming, Xiao-
chun, & Hong, 2010) considers that there are two me-
chanisms of CO; flooding coalbed methane: the first is
replacement, by which there is adsorption competition
between the displacement gas (CO,) and CHa, replacing
CH; molecules and promoting CH4 desorption, while
reducing the partial pressure of CH4 and promoting CHs4
desorption further; the second is expulsion, wherein the
injected gas is maintained at a higher pressure gradient
than simply pumping and this increases the effect of flow
rate and expels CHj to production wells (Hong-min, 2010)
proposed the following mechanisms by which injection
gas replaces seam CHs: the replacement adsorption — de-
sorption effect of injection gas, the contained porta-
ble/displacement effect of airflow, dilution and diffusion
and the AR expansion effect of injection gas. The carrier
of gas stream and flooding effects play a dominant role,
while the replaced CH4 occupies a smaller proportion.

In summary, scholars have conducted considerable re-
search on the mechanism of enhancing coalbed methane
recovery by gas injection. These theories provide great
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support for the application and development of the tech-
nology, but coal seam gas injection is a dynamic process
in which the contributions of a variety of mechanisms of
action can also change. In engineering applications, it is
important to know whether it is the choice of a different
gas to increase its replacement of coalbed CHs4 or the
choice of the right pressure and gas injection flow rate to
improve gas flow conditions in the coal seam, which can
improve the airflow displacement effect. Therefore, the
roles of and quantitative research related to coal seam gas
injection mechanisms are still theoretical problems to be
solved. This paper aims to determine these roles through
laboratory simulation experiments to analyze the re-
placement and displacement effect of the gas injection
process and carry up quantitative research to reveal the
leading mechanisms of the seam gas injection process,
thereby providing an experimental and theoretical basis
for the engineering application of coal seam gas injection.

2. EXPERIMENTAL METHODS

2.1. Experimental devices

The experimental platform includes the following:
experimental chamber, stress loading system, gas injec-
tion system, vacuum pumping system, pressure moni-
toring system, gas flow monitoring and quantitative
analysis systems (Fig. 1).

1. Experimental chamber. For safety purposes, the ex-
perimental chamber was milled from a single piece of rolled
steel; the size of the chamber is 400x300x300 mm; the wall
thickness is 40 mm, and it is fitted with a double “O” ring.

2. Stress loading system. This experimental device is a
one-dimensional displacement experimental device, load-
ing only the vertical stress by a backpressure stand and
jack whose maximum force is 200KN. There is a sensor
between the jack and the backpressure stand which allows
for computerized control of the applied pressure.

3. Gas injection system. The gas injection system con-
sists of cylinders, control valves, and injection gas line. The
controls include a main valve and a pressure relief valve
whose ranges are 0 ~ 25 MPa and 0 ~ 6 MPa, respectively.
The former controls the main valve display tank pressure,
while the latter can control the injection pressure.

4. Vacuum pumping system. The experimental de-
vice is connected to a vacuum pump after it passes a
tightness check and is safeguarded against leaking, then
the pump is started, using a gauge to monitor the system
vacuum in real-time.

5. Pressure monitoring system. The chamber has test
holes in the side and by varying the position of the hol-
low tube inserted into coal with pressure sensors, it is
possible to monitor the internal pressure of coal, using
computer acquisition of the pressure data.

6. Gas flow monitoring system. This system quanti-
fies the gas injection and discharge. Injection gas was
metered by a mass flow controller with a maximum of
5 1/min, and the instantaneous flow and total flow were
monitored through the monitor.

7. Gas composition analysis system. During the dis-
placement process, small gas samples were collected
using 11 sample bags at certain times from the outlet on
the gas meter, while composition and concentration of the
gas samples were determined by gas chromatography.
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(a)

(b)

Figure 1.

Experimental system: (a) general view; (b) schema-
tic diagram; 1 — gas chromatograph; 2 — gas collec-
ting mouth; 3 — low pressure flow meter; 4 — coun-
terforce frame; 5 — hydraulic jack; 6— chamber;
7 — high pressure flow meter; 8 —vacuum pump;
9 — pressure steel bottle; 10— pressure controller;
11 — pressure monitoring computer; 12 — pressure
sensor

2.2. Experimental coal sample

An experimental coal loading method was used to
take granular coal-like layered loading and conduct pre-
compression molding, as shown in Table 1. The charac-
teristics of the experimental coal samples are 4.54%
water, 14.66% ash, 8.43% volatile matter, 1.76 t/m> true
density, 1.68 t/m* apparent density and 0.15 solidity.

2.3. Experimental procedure

1. Vacuum pumping. The system is connected to a
vacuum pump and held under vacuum at 500 Pa.

2. Filling with CH4 to adsorption equilibrium. CHy
was provided by high-pressure cylinders; the outlet of a
cylinder was connected with valve, and the coal sample
was filled with CH4 until adsorption equilibrium was
achieved at 0.7 MPa. To ensure complete adsorption of
methane, this process requires no less than 48 h.

3. Deflation. After achieving adsorption equilibrium, the
gas injection outlet was opened, and the high-pressure free
gas was released until the pressure dropped to 0.1 MPa. The
volume of gas emitted was measured with a gas meter.

4. Gas injection. Upon completion of step (3), N> was
immediately injected into the chamber using the valve to
control the injection pressure, while the gas input and
output were measured with a flow meter and a gas meter.

5. Outlet gas collection. Gas was collected regularly
from the outlet during the displacement process, gas
meter and flow readings were recorded at the time of
each gas collection; these gas samples were analyzed by
gas chromatography to determine the end time of the
displacement process.

6. Relief of pressure. Once the concentration of me-
thane in outlet was approximately 15%, the gas injection
port was closed, stopping the gas injection. Next, the gas
in the chamber was allowed to escape.

7. End of the experiment. When the gas pressure of
the chamber was down to 0.1 MPa, the outlet was closed,
ending the experiment. Steps (1) to (7) were then repeat-
ed for the next set of experiments.

Table 1. Experimental coal sample collection and loading method

L . Loading Loading Stratified Preliminary ~ Preload
Coal sample collection site Coal Granularity method level thickness pressure time
No. 2 coal seam in Huatai Layered
. . . . +80+ 80+ .
Coal Mine, Dayugou River,  Anthracite <1 mm loading 4 layers 40+80+80 120 kN 2 min
> . + 120 mm
Henan Province preloading

3. EXPERIMENTAL RESULTS AND ANALYSIS

We carried out the experimental displacement of coal
methane by N, injection according to the above steps.
We obtained information regarding the process by moni-
toring the flow of N pressure, pore pressure of the ex-
periment chamber, and the flow of produced gas and by
determining the gas composition.

3.1. Dependence of N2 injection
and gas discharge on the flow change

It can be seen in Figure 2 that initially, the flow of N,
injection is larger and continues to decline. The flow of
the produced gas increases rapidly and evenly across the
coal seam. The higher the pressure of injection, the
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greater the steady state flow rates of N, injection and gas
production. Under the same gas injection pressure, the
steady state flow of the produced mixed gas is greater
than that of gas injection. When the pressure of gas injec-
tion is 0.6 MPa, the steady state flow of N, injection is
0.33 I/min and the steady state flow of the produced
mixed gas is 0.5 I/min.

When the pressure of gas injection is 1.0 MPa, the
steady state flow of N» injection is 1.0 I/min, and the
steady state flow of the produced mixed gas is 1.2 I/min.
When the pressure of gas injection is 1.4 MPa, the
steady state flow of Ny injection is 2.3 I/min and the
steady state flow of the produced mixed gas
is 2.5 /min.
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Figure 2. Dependence of N: injection and mixed gas dis-
charge on the flow change with injection time
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3.2. Discharge gas concentration changes
the dependence and N2 breakthrough time

The change in the discharge mixed gas concentration
throughout the experiment is shown in Figure 3.

It can be seen from Figure 3 that the initial period of
gas injection can only be detected in the outlet CHy dis-
charge, N, is not discharged but retained in the coal with
the continuous injection of N», CH4 concentration and N»
concentration. As the rate of change gradually slows, we
will refer to the elapsed time to this point from the start
of the gas injection as the N, breakthrough time.

When the gas injection pressure is 0.6 MPa, the
breakthrough time of N> is 15 min. When the gas is in-
jected for 120 min, the concentration of CHjy is reduced
to 50% and the N, concentration is increased to 50%. At
the end of gas injection (1210 min), the concentration of
CH4 decreased to 12.27% and the N, concentration in-
creased to 87.73%.

(b)
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Figure 3. Dependence of discharged mixed gas concentration on the injection time: (a) 0.6 MPa; (b) 1.0 MPa; (c) 1.4 MPa; (d) 0.6 — 1.4 MPa

When the gas pressure was 1.0 MPa, the break-
through time of N> was 12 min. When the gas injection
time was 55 min, the concentration of CH4 decreased to
50% and the concentration of N; increased to 50%. At
the end of gas injection (784 min), the concentration of
CHy decreased to 13.36% while that of N, increased to
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86.64%. When the gas pressure was 1.4 MPa, the break-
through time of N, was 6 min. When the gas was injected
for 27 min, the concentration of CHy4 decreased to 50%
and the concentration of N increased to 50%. At the end
of gas injection (340 min), the concentration of CHs4
decreased to 9.12% and that of N, increased to 90.88%.
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3.3. Changes in the flow and volume
of discharged CH4 with injection time

The change of CH4 flow rate over the course of the
experiment is shown in Figure 4; the change of CHy
volume is shown in Figure 5.

—a—(0.6MPa
—e— 1.0MPa
—A&— 1.4MPa

CH4 flow, L/min

T
400
time, minutes

Figure 4. Dependence of flow change on CHydischarge with
injection time
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Figure 5. Dependence of volume change on CHy discharge
with time

It can be seen from Figure 4 that the flow rate of dis-
charged CH4 increases at first and then declines. Under
different gas pressures, the discharged CH4 flow behaved
differently. When the gas pressure was 0.6 MPa, the flow
rate of CHy increased rapidly over 35 min from 0.25 to
0.46 I/min. Then, with the continued injection of N», CHa
flow decreased slowly, and the flow rate became steady
at 0.15 /min. When the gas pressure was 1.0 MPa, the
flow rate of CH,4 increased rapidly over 28 min from 0.14
to 0.64 I/min, and the flow rate became steady at appro-
ximately 0.15 I/min. When the gas pressure was 1.4 MPa,
the flow rate of CH,4 increased rapidly over 28 min from
0.33 to 1.07 I/min, and the flow rate became steady at
0.22 I/min by the end of gas injection. In the initial phase
of the gas injection, the higher the gas injection pressure,
the higher the CHs4 flow rate. But with increased gas
injection time, the CHy4 flows with various gas injection,
gas pressures gradually converged to 0.2 1/min or less.
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It can be seen from Figure 5, that under different gas
injection pressures, the total volume of discharged CH,4
showed obvious differences. The higher the gas injection
pressure, the greater the total amount of CH4 discharged
in the same time, indicating that there is a positive corre-
lation between the injection pressure and the effect of
flooding. The total volumes of discharged CHs4 were
92.5, 120.8 and 160.9 | when the gas injection pressures
were 0.6, 1.0 and 1.4 MPa, respectively.

3.4. Change over time in the N2
volume retained in coal

Under the experimental conditions, the time of gas in-
jection in nitrogen gas, discharge of nitrogen and its
retention in coal are shown in Figure 6.

It can be seen from Figure 6 that before N, breaking
through the chamber, all the nitrogen injected into the
coal (the initial gas injection) is retained in the coal. At
the beginning of gas injection, the volume trapped in coal
rises sharply, and then tends to be stable. The greater the
pressure of gas, the greater the volume of gas retention.
When the gas pressure is 0.6 MPa, and before N, break-
ing through (the 15" minute), the N, volume trapped in
the coal is 12.211, and then the gas injection time is
120 mins, the N, volume trapped in coal is 50 1, in the
end, the N, volume trapped in the coal is 71.10 1 at the
end of the gas filling (the 1210™ minute).When the gas
pressure is 1.0 MPa, and before N, breaking through the
chamber (the 12% minute), the N, volume trapped in the
coal is 29.761, and then the gas injection time is
120 mins, the N, volume trapped in the coal is 1201, in
the end, the N, volume trapped in the coal is 165.69 1 at
the end of gas filling (the 784" minute). When the gas
pressure is 1.4 MPa, and before N, broking through the
chamber (the 6™ minute), the N, volume trapped in the
coal is 37.68 1 and then the gas injection is 120 mins, the
N, volume trapped in the coal is 190 1, in the end, the N
volume trapped in the coal is 221.32 1 at the end of gas
filling (the 340" minute).

4. ANALYSIS OF THE PRINCIPAL
EFFECT PRODUCED BY COAL
SEAM GAS DISPLACEMENT

4.1. Quantitative determination of CH4
in coal injection

The result of the experiment shows that the re-
placement of coal methane through gas injection is a
dynamic process. The concentration and flow of CH,
produced changes in N, injection pressure, flow and
time, which shows that the process of replacement of
coal seam methane by N injection is time dependent.
To more clearly study the mechanism of the dynamic
process of coal seam methane displacement by gas
injection, this paper employs two definitions. Dis-
placement effect: when injecting gas into coal, depend-
ing on the adsorption strength, a change in the CH4
partial pressure can turn the CH4 adsorption state into a
free state. Replacement effect: when a new gas is in-
jected into coal, the coal seam methane will discharge
even with a low gas flow rate.
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Figure 6. Cumulative volume change of injection of nitrogen, out of nitrogen, retention nitrogen in coal with time: (a) 0.6 MPa;

(b) 1.0 MPa; (c) 1.4 MPa; (d) 0.6 — 1.4 MPa

This occurs because the gas injection will upset the CHy
adsorption equilibrium, which leads to a phenomenon in
which CH4 will continue to desorb and discharge. The
diagram of CO,-ECBM mechanism is shown in Figure 7,
the diagram of N>-ECBM mechanism is shown in Figure 8.

Figure 7. Diagram of CO2>-ECBM mechanism

It can be seen that initially the flow rate of N, injec-
tion is the same as the rate of N retention in the coal. N»
can upset the CH4 adsorption equilibrium and CH4 will
desorb because of the partial pressure gradient, following
Dalton’s law during this process. The volume of N> re-
tained in the coal will displace the coal methane due to
the displacement effect; as the available adsorptive ca-
pacity is reduced in the coal, the volume of N, retained in
coal also decreases rapidly.
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Figure 8. Diagram of N>-ECBM mechanism

As the injection time goes on, the flow rate of N injec-
tion reaches its steady state, and the CHs desorbs conti-
nuously. A small quantity of N, remains in the coal and
occupies the remaining available adsorptive capacity. At
this point, most of N> is discharged with the flow of mixed
gas. The volume of N, discharged with the flow of gas
which has replaced the coal methane can be thought of as
the quantitative representation of the replacement effect.

We use the rates of displacement and replacement to
quantitatively describe the changes in the balance be-
tween displacement and replacement. The rate of dis-
placement is the ratio of N retained in the coal to N»
injected. The rate of replacement is the ratio of N, dis-
charged with the flow of mixed gas to N, injected.
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vV
R; =-L-100%, (1)
Vi
where:
R, = the rates of displacement;
V.= 1 min volume of N, remained in coal,;
Vi =1 min volume of N, injection.
v
R, =—4.100%, ()
Vi
where:

R, = the rates of replacement;
V4= 1 min volume of N, discharged in coal;
Vi=1 min volume of N> injection.

4.2. Analysis of CH4 conversion process
mechanism in N displacement coal

According to the physical simulation experiment re-
sults treated above, it can be seen that at the initial stage
of N, injection, before the N, breaks through the chamber
(0.6, 1.0 and 1.4 MPa correspond to 15, 12 and 6 min),
the CH4 concentration is 100%, and the N, concentration
is 0%. Since a large amount of free CHs4 was pre-
discharged before the experiment, the original adsorption
equilibrium was broken, resulting in more desorption of
CHa. At this time, there was a large amount of free ad-
sorption sites in the coal. After N, is injected into the
coal, the N, first occupies these adsorption sites, and
there is some free space in the coal into which N, contin-
ues to infuse. Meanwhile, the free space N» partial pres-
sure and the system total pressure both show an upward
trend. At this point, N, reaches the partial pressure at
which it begins to sustain CH4 desorption, but on the
other hand, from the molecular motion theory applied to
the coal, a large amount of N, adsorbs, exerting a certain
hindrance on the adsorption of CH4. During this period, it
is mainly the replacement effect of N, which is manifest.

In the middle of the gas injection period, and N,
having recently broken through the chamber, CH,4 and N,
gas can be detected together. The CHs concentration
decreases and the rate of this decrease lessens over time.
On the other hand, the N, concentration rises from 0,
rapidly at first and more slowly over time. The greater
the pressure, the faster the change in gas pressure. In this
process, the amount of methane adsorbed in the coal is
the largest initially and the rate of desorption decreases
rapidly. With the desorption, the amount of methane
adsorbed in the coal decreases, and as the amount of
methane available to desorb is decreasing, the amount of
methane carried by N, is also decreasing, and the rate of
this decrease is gradually reduced. The overall increase
in N concentration slows down over time. During this
period, both the amount of N, adsorbed and the amount
of free N, in the chamber are increasing. At the same
time, part of the injected N, will replace and desorb the
CH,4 which is discharged from the chamber. The carrying
effect of N, injection becomes evident, and part of the
injected N> begins to produce a flooding effect. As the
gas injection progresses, the amount of N, retained in the
chamber is gradually increased, during which time the
concentration of each component decreases, the gas flow
rate gradually stabilizes, and the pressure rise in the
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chamber slows as the pressure reaches its steady state.
The driving effect is gradually increased. At this time, N,
is injected, most of which carries CH4 out of the cham-
ber; only a small part of N is adsorbed by the coal or is
absorbed into the chamber free space; the cumulative
retention of N in the chamber is now only slowly in-
creased. Thus, the phase replacement effect is weakened,
and the flooding effect is enhanced.

At the end of the gas injection period, changes in the
concentrations of the two gases are getting less and less
pronounced. With the increase of the gas injection time,
N, is gradually approaching its adsorption equilibrium
state; the adsorption of N, is gradually slowing; gas flow
at the outlet is basically stable and the chamber pressure
tends to be stable. At this time, N, in the chamber has
reached an adsorption balance, i.e., the difference be-
tween the amounts of N, injected and expelled is essen-
tially constant, and the performance of the total retention
of N, tends to be stable. Since the CH4 partial pressure
reduction rate is slowed and the total pressure in the
chamber is constant, the replacement effect of N, is al-
ready weaker than before, and the continuous displace-
ment effect is maintained so that the weak displacement
desorption is maintained and most of CHy is now out of
the chamber. From the three experimental sets, changes
in the flow can also be observed in the late gas injection.
Injection flow and discharge flow are very close to the
two curves and close to the trend, and a large portion of
the injected N, subsequently exercises a flooding effect,
and in the last part of the experiment, the main effect of
N is observed through flooding.

4.3. Analysis of CH4 dominant function and
contribution degree in N2-ECBM experiment

In the above section, we analyzed the mechanism of
the CH4 transformation process in N, flooded coal at
different times of the gas injection. What are the respec-
tive contributions of replacement and displacement in the
overall gas injection experiment? In this section, we will
conduct a whole analysis of this subject.

Under the experimental conditions, the cumulative
replacement ratio, volume and displacement ratio,
volume changes with time are shown in Figures 9 — 11.

When gas injection pressure is 0.6 MPa, the whole
test duration is 580 min. The replacement percentage
decreased from 100% to 36.70%, while the displace-
ment percentage increased from 0% to 63.31%.
The volume of accumulated replaced gas is 47.111,
while that of accumulated displaced gas is 87.21 1. The
replacement percentage is equal to displacement per-
centage at 310 min. Therefore, displacement is domi-
nant during the whole test of CH,replacement and dis-
placement by No.

When gas injection pressure is 1.0 MPa, the whole
test duration is 784 min. The replacement percentage
decreased from 100% to 24.44%, while the displace-
ment percentage increased from 0% to 75.56%. The
volume of accumulated replaced gas is 46.21 1, while
that of accumulated displaced gas is 142.84 1. The
replacement percentage is equal to displacement per-
centage at 180 min. Therefore, displacement is domi-
nant during the whole test of CHs replacement and
displacement by N,.
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Figure 9. Change of displacement and replacement rate
and volume with time: (a) 0.6 MPa; (b) 1.0 MPa;
(c) 1.4 MPa

When gas injection pressure is 1.4 MPa, the whole
test duration is 340 min. The replacement percentage
decreased from 100 to 27.32%, while the displacement
percentage increased from 0 to 72.68%. The volume of
accumulated replaced gas is 43.95 1, while that of accu-
mulated displaced gas is 116.91 1. The replacement per-
centage is equal to displacement percentage at 91 min.
Therefore, displacement is dominant during the whole
test of CH4 replacement and displacement by N».
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Figure 11. Change of displacement and replacement volume
with time

5. CONCLUSIONS

Under the assumption of ideal gases, N> can upset
the adsorption balance of CH4 because of a partial
pressure gradient based on Dalton’s law of partial
pressures. The volume of N, which remains in the coal
and displaces methane can be seen as the quantitative
contribution of the displacement effect. If the coal
seam methane discharged with the gas flow because of
carrying of or driving the gas injection, then the vol-
ume of N, discharged which will replace the coal me-
thane can be seen as the quantitative contribution of
replacement effect.

N>-ECBM experiment is a time-dependent process.
Initially, all the injected N, remains in the coal. This
part of nitrogen only shows the replacement effect. As
the time goes on, some of the injected N, gradually
begins to discharge. The displacement effect is de-
creasing, and the replacement effect is increasing. The
rate of the replacement function is over 60%, and the
displacement function is 40%, so the replacement
plays a dominant role and the displacement plays a
secondary role.
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IMAPAMETPH 3ACTOCYBAHHS N2-ECBM TEXHOJIOTTi

JI. Uen, T. Sur, X. dur, JI. Baar

Mera. BuBunTtH mporiec BIPUCKYBaHHS ra3y y BYTUIBHHH IDIAacT W MeXaHi3M HOro BIUIMBY Ha OCHOBI TEXHOJIIOTII,
sIKa JTO3BOJISIE 3a0€3MEUUTH APEHAK METaHy, iIHTeHCH(PiKOBaHUIT 32 paXyHOK HAarHITaHHS ra3y.

MeToauka. BUKOpHCTaHO eKCIIEpUMEHTANbHUA MeTo[ (i3MYHOrO MOZENTIOBaHH:: Oyila 3MOHTOBAaHA YCTaHOBKa 3
MOZEILIIO BYTJICHOCHOTO IIIACTa IS AOCHIIKEHHS BIIPUCKYBAaHHA ra3y 3 METOIO BUTICHEHHS MeTaHy. B excnepumeHTi
MOTIEPEIHBO CTUCHEHI 3pa3Ky MIapyBaTOro BYTULIA IMiJIaBAIUCS BEPTHKAIbHOMY HaBaHTaXEHHIO npu THckax 200 kH,
AHAJIOTIYHUX THUCKY BIPHUCHYTOTO ra3y. ['a3 jusi iH’eKiiii BUMIpIOBABCS KOHTPOJIEPOM MAacOBOI BUTPATH 3 MaKCHMallb-
HOIO LIBHJKICTIO 5 JI/XB, 1 4epe3 MOHITOpP KOHTPOJIIOBAJIMCS MUTTEBHH 1 3arajibHUI OTOKU. B excrniepuMeHTi BUKOpHC-
TaHO aHTPALMUT BYTUIbHOT maxTH Xyaraii.

PesyabraTu. EKciepuMeHTaNbHUMH JOCIIKEHHSIMHA BCTAHOBIICHO, III0 KOHLIEHTPAL(is 1 00’€M MeTaHy IPH3BOAATH
JI0 3MiH THCKY, BUTPATH 1 4acy BIPUCKYBaHHS a30Ty, IO CBIAYUTH NPO T€, IO MPOIEC 3aMillleHHS METaHy BYT1JIbHOTO
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IUIacTa LUISIXOM 3aKadyBaHHS a30Ty 3aJISKUTh Bix 4acy. JloBeieHO, 1110 eKCIIEpUMEHT 3 BHKOPUCTAHHSM TEXHOJIOTIT
N,-ECBM (iHTEHCHMBHOTO BWIJIyYE€HHS BYT'JIbBHOTO METaHy) — Lie¢ JUHAMIYHHU Tpolec, B SIKOMY (akTop dacy Biairpae
BUpilIaNbHy posib. O0’€M a30Ty, KU 3aJMIIAEThCS y BYTULIL i BUTICHSIE METaH, MOXKHA PO3MIISLAATH SIK KUIbKICHUH
BKJIa]l epeKTy 3MilleHHs. BusBieHo, 1110 B pe3ynbTaTi BAKOPUCTAHHS JaHOI TEXHOJIOTII, piBeHb 3aMillleHHS METaHy 3pic
OineIr, Hixk Ha 60%; a piBeHb Horo BUTiCHeHHS — Ha 40%.

HayxoBa HoBH3Ha. BuBueHO eekT BUTICHEHHS MEeTaHy IpW HarHiTaHHI a30Ty Y BYTUIBHHUH IUIACT 3 ypaxyBaHHAM
MOBENIIHKK Ta3y y BYTJICHOCHIA TOBIIi, a TaKOXK JaHa KiTbKICHA OIiHKAa e(eKTy 3aMillleHHs, M0 YHMHUTH KIIFOYOBUH
BIUIMB Ha BCiX CTaisX MPOIECy, B TOM Yac SK POJIb BUTICHEHHS — APYTOPSAHA.

IpakTHyHa 3HAYUMICTh. Pe3ynpTaTi eKcriepuMEeHTIB MalOTh MPUHIIUIIOBE 3HAYECHHS JUIS ONTHMI3alii mapamMeTpis
ra3y Ta Juid BUOOpY [Kepelia BIPUCKYBAaHHS rasy y BYT'UIbHI IJIacTH.

Knwwuosi cnosa: mexanizm Nr-ECBM, ¢paxmop uacy, epexm eumicnenns, eghpexm samiwgennsi, KilbKiCHULL anauis,
8Y2INbHA WAXma

MEXAHUW3M ITPOLECCA JETABALIMM U BPEMEHHBIE
IMAPAMETPBI IPUMEHEHUS N:-ECBM TEXHOJIOT'N

JI. Uen, T. dur, X. Adur, JI. Banr

Hens. M3yunTs nponecc BIPHICKUBAHUS Ia3a B yTOJIBHBIN IUIACT U MEXAHU3M €r0 BO3IECHUCTBUS HA OCHOBE TEXHOJIO-
T, KOTOpasd NOo3BOJIACT 06CCHC‘II/ITI) JApCHaX ME€TaHa, l/IHTeHCl/Iq)I/IIJ,I/IpOBaHHMﬁ 3a CYCT HAaru€TtaHus rasa.

MeToauka. Vcnonp30BaH SKCIEPUMEHTANIBHBIA METO (PU3UUECKOr0 MOJENUPOBaHUs: OblIa CMOHTHPOBaHA YCTa-
HOBKA C MOJIENBIO YITIEHOCHOT'O IUIACTa JUIsl UCCIIEN0BaHU BIIPHICKUBAHMS ra3a C LENbI0 BEITECHEHHS MeTaHa. B akcrme-
PUMEHTE NpeABapUTEIHbHO CXKAaThle 00paslibl CIOMCTOTO YIJIS HOABEPralliCh BEPTHKAJIBHOW HarpysKke IpH JaBICHUSIX
200 xH, aHamorMuYHBIX NABIEHUIO BIOPBICKMBAEMOro rasa. ['a3 s MHBEKIMH U3MEpACS KOHTPOJUIEPOM MacCOBOTrO
pacxona ¢ MAaKCHMAIIEHOW CKOPOCTBIO 5 JI/MUH, B 4epe3 MOHUTOP KOHTPOIHUPOBAINCH MTHOBEHHEIH 1 00mmii moToku. B
SKCIIEPUMEHTE HUCIIOJIb30BAH aHTPALUT YroJIbHOM axThl XyaTail.

Pe3ysabTaThl. DKCIIEPIMEHTAFHBIMHI UCCIIEAOBAHUSIMHA YCTAHOBJICHO, YTO KOHIIGHTPAIUs U 00bEeM MeTaHa MPHUBO-
JIT K U3BMEHEHUSIM JIaBJICHUS, PACX0/la U BPEMEHU BIPBICKA a30Ta, YTO CBUAETEILCTBYET O TOM, YTO IIPOLIECC 3aMelle-
HUS METaHa yTOJIBHOIO IIJIacTa IyTEM 3aKauKM a30Ta 3aBUCUT OT BpeMeHU. [[0ka3aHo, UTO 3KCIEPUMEHT C UCIIOJIb30Ba-
HueM TexHosoruu No-ECBM (MHTEHCHBHOTO M3BJICYCHHUS YTOJIBHOTO METaHa) — 3TO TUHAMHUYECKHHN MPoIecc, B KOTO-
poM (akTop BpEMEHHU UIpaeT pelarolryto poib. O0beM a30Ta, KOTOPBIA OCTAeTCsl B YIJI€ M BBHITECHSIET METaH, MOXKHO
paccMaTpuBaTh KaKk KOJMYECTBEHHBIN BKIad 3ddekra cMmemenus. BoisiBIEHO, 4TO B pe3yJbTaTe UCIOJIb30BAHUS JTaH-
HOW TEXHOJIOTHH, YPOBEHB 3aMEIICHUS MeTaHa BO3poc Ooiee, yeM Ha 60%; a ypoBeHb ero BeiTecHeHUs — Ha 40%.

Hayuynas HoBH3HAa. I3ydeH 3QdeKT BHITECHEHUs] MeTaHa IPH HarHeTaHWH a30Ta B YIOJBHBIN IUIACT C TOYKH 3pe-
HUSI TTOBEJICHUS ra3a B YIJICHOCHOW TOJIIE, a TaKXKe JaHa KOJIWYECTBEHHAas OLEHKA 3(QQeKTy 3aMeleHus], OKa3bIBaro-
LIEMY KIIFOUEBOE BIMSHHUE HA BCEX CTAAMSIX IPOLECCA, B TO BpEMs KaK pOJIb BEITECHEHUSI — BTOPUYHA.

IpakTHyeckasi 3HAYUMOCTb. Pe3ynbTaThl SKCIEPUMEHTOB UMEIOT NPUHIUINAIBHOE 3HAYEHUE JJIs1 ONITUMHU3ALNN
MapaMeTpoB ra3a u i BEIOOpa HCTOYHHKA BIPBICKIBAHUS T'a3a B YTOJIbHBIC TUTACTHL.

Knrwoueeswvie cnosa: mexanusm N,-ECBM, ¢paxmop epemenu, spghexm evimecnenus, s¢ghpexm 3amewenus, xoaude-
CMBEHHbII AHATU3, Y20IbHAS WAXMA
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