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Abstract. The article presents the designed schemes and compressor plants for degassing coal
beds and utilizing coal mine methane (CMM) and automatic system for controlling their operation.
Interdependence between methane-bearing coal structure, permeability and absorption properties
are analyzed. A model of influence of gases, which differ by their sorption energy, on the coal bed
and possible schemes for intensifying methane recovery from the coal beds are described. A plant
was designed for degassing the underground beds, in which rotary compressor pumps out the gas
mixtures and degases the beds without characteristic formation of crystalline hydrate with methane.
A station was designed for mine gas utilization. A method is proposed for methane recovery, which
assumes pumping of carbon dioxide into the coal bed, which, due to the higher sorption capacity
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than that of methane, displaces methane adsorbed by the coal. Plants YKI" (Compressor Gas-
Utilizing Plant — CGUP) were designed for methane utilization and combustion in special chamber
and for preventing methane from escaping into atmosphere, or for feeding it to the equipment for
use in energy sector (production of electricity and heat). The experience on using this technology
and equipment with the view to increase the coalbed methane (CBM) recovery from the coal beds is
presented.

Keywords: compressors, CMM (coal mine methane), recovery, utilization, cogeneration.

Gas contamination of the mine tunnels and emergence of endogenous and ex-
ogenous fires in underground roadways and goafs are the main factors which threaten
safety of human life and health and require immediate operational analysis and deci-
sion making. Large reserves of coal bed methane (CBM) is a good reason for devel-
oping new, highly efficient technologies for the CBM recovery [1-3]. In this view, it
Is a vital need to create a compressor plant which could utilize coal mine methane
, (CMM) from operating or closed mines, and,

methane for analysis

F— consequently, decrease greenhouse gas emissions.
— X Today, a lot of schemes and compressor
methane is incitin =
compressor * plants for draining CMM away from the coal beds

\ fast fill valve
\

with its further utilization (Fig. 1) and automatic
system for controlling their operation have been
designed [4], in which devices for explosion pri-
flame wal Dol mary protection prevent formation of explosive
condensate gas mixtures: in case of their excessive concentra-
methane for burning
&ﬂamewaﬂ

tions, the system, which continuously monitors
.. methane concentrations and oxygen presence in
S S e the CMM, switches off the plant in order to pre-
Figure 1 — Scheme of the plant VKI' yant formation of explosive gas mixtures.
5/8 for draining CBM away from the The compressor gas-utilizing plant (CGUP)
coal seams with its further utilization . . .
YKI'-5/8 of container type was designed for uti-
lizing CMM from operating and closed mines by burning it in a special chamber and
for preventing the harmful greenhouse gas - methane (CH,) from escaping into at-
mosphere. These plants can pump gas directly from the methane drainage boreholes.
Explosion protection is ensured by continuous monitoring of methane concentration.
When the concentration is 1%, the plant is switched off. The plant is equipped with
explosion-proof equipment and flame walls. The YKI'-5/8 technical performance is
limited by 8 MW of heat energy and optimal continuous capacity of 5 MW. The plant
provides continuous automatic analysis of arriving gas by content of CH,4, CO, and
Oy in it. It is well-known that methane is 21 times more harmful than carbon dioxide,
which is formed when it burns in the plant.

Interdependence between structure, permeability and absorption properties of the
methane-bearing coal was analyzed (Fig. 2). The coal samples are characterized by
the developed surface and porous structure with macro-, micro- and nanopores. Such
surface absorbs methane well. Peculiarities of the coal structure lie in the fact that it
represents a natural polymer material in the amorphous state with a developed porous
structure, completely or partially filled with fluids which are also present in intermo-
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lecular space of polydisperse self-regulating multi-component mass, which can
change its structure under the effect of external stresses and adsorbed gases.
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Figure 2 - Structure of coal-surface cleavage (a) and dependence between sorption capacity of dif-
ferent gases (b) and pressure: 1 - nitrogen, 2 - methane 3 - carbon dioxide

Fig. 3 shows a model of impact of gases with different sorption energy on the coal
beds and possible schemes for intensifying methane recovery from the coal beds.
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Figure 3 - Model of gas impact on the coal beds (a) and p053|ble scheme for intensifying methane
recovery from the coal beds (b) by using membrane nitrogen plants

Plant for draining methane away from the underground beds. Fig. 4 presents
the designed plant for draining methane away from the underground beds [5], which
operates in the following way. The platforms 12 and 13 are separately delivered to
the working area in the mine and are connected by flexible sleeves 14: inlet fitting 1
Is connected to the bridging line with the borehole (is not shown), through which the
gas is drained away from the bed, and fitting 9 is connected to the line for gas with-
drawal (is not shown). When the drive 7 of the rotary compressor 6, which is con-
nected with the return valve 3, suction muffler 4 and suction filter 5, is switched on,
the rotary compressor 6 pumps the gas mixture out from the underworked seam and,
consequently, degases the seams without traditional formation of crystalline methane
which blocks the flow channels in the equipment of conventional plants and, there-
fore, reduces the equipment life.
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b)
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Figure 4 - Plant for gas drainage from the underground beds:
a) front view; b) top view; c) side view

A method for methane recovery.
The method [6] is realized through the
9 following chain of equipment (Fig. 5):
8 discharge pump 1, which creates hydrau-
£ 3 lic shocks and simultaneously accumu-
| L/;J 6 lates hydraulic energy flow; accumulator
S

I
l H | | 2, which is used after the hydraulic shock
in order to feed, under high pressure,

i working fluid to the bed; cylinders 3 with

carbon dioxide, or unit 5 for producing
carbon dioxide, which further is
pumped into the coal bed and, due to
its higher sorption capacity than that of methane, displaces methane adsorbed by the
coal; cylinders 4 with nitrogen or nitrous station (with a device for gas heating, for
example, up to temperature 160-170°C for the best absorption of methane) where ni-
trogen displaces methane, prevents spontaneous combustion of coal and reduces risk
of explosive process occurrence while recovering methane; gas-gathering collector 5,
which connects the boreholes in area of the coal bed; ejector 6, which increases pres-
sure of low-grade gas for its further displacement; system 7 for cleaning and drying
methane mixture to be used as an energy fuel; systems 8 for methane mixture enrich-
ing and improving the fuel energy potential; compressors 9, which compress methane
in the tanks, feed it to the power plants into the containers 10 used for methane sto-
rage; power plants 12 such as, for example, gas-electric generators; and utilization
plants 13 such as, for example, methane combustion plants.

110 4 2 13

2 3

Figure 5 - Technological chain for the methane
recovery method
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Plants YKI for methane utilization. The plant [7] is developed for mine gas uti-
lization. Fig. 6 illustrates scheme of the block for the mine gas burning and utiliza-
tion.

The mine gas burning block operates as follows. Mine gas flows from the com-
pressor machine through the pipeline 8, passes the valve, which regulates the gas
flow and which is automatically opened when power is supplied to the distribution
cabinet in the mine gas burning block, then passes the emergency valve 2, which is
required for manual cutting the pipeline off in case of emergency and should be al-
ways opened when the block works. Further, the mine gas passes through the device
3 for flame extinguishing, which consists of a set strips made of high-grade stainless
steel, and enters the unit 4 for measuring the mine gas pressure and temperature, by
indications of which the mine gas flow is adjusted. Then, the mine gas passes the re-
lay unit 5 with two pressure switches (max / min), which monitors the output pressure
in the burners. Then the mine gas enters the magnetic system 6, which consists of a
set of ring magnets (are not shown) made, for example, of barium ferrite, with resi-
dual induction of at least 0.1 T and is installed in the pipeline made of weakly mag-
netic steel located in the entrance into the distribution pipeline with igniting burner
and four main burners 7 (burner holes have, for example, a spiral shape for twisting
the combustible gas flow and its more efficient mixing with air in the torch); the ring
magnets have alternating location of their poles, and channels for gas-mixture flow-
ing are laid through individual tubes with no direct contact between gas and magnets.
Finally, the mine gas enters the combustion chamber 10 consisting of a combustion
chamber table 11 and combustion chamber roof 12, which is equipped with an inside
protective heat insulation in order to avoid destruction due to high combustion tem-
perature. The combustion chamber is equipped with outflowing gas analyzer 9 and
probe 13 in order to control and optimize the combust;gn process.
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Figure 6 — Mine gas burning block

The main design stages of the compressor gas-utilizing plant YKI" include:

1. To develop Technical Task for the gas-utilizing compressor plant YKI" 5/8,
which shall be approved by JSC "Krasnodonvugillya" .

2. To develop a program of and methods for preliminary and acceptance tests.
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3. To obtain from the Donetsk Technical Expert Centre an expert’s conclusion on
the equipment compliance with requirements of regulations on labor protection and
industrial safety.

4. To conduct acceptance tests of the plant prototype at the Komsomolets Donba-
su Mine.

5. To develop and approve Technical Specifications.

6. To obtain from the Donetsk Technical Expert Centre an expert’s conclusion on
the high-risk equipment compliance with requirements of regulations on health pro-
tection and industrial safety.

7. To put into operation the compressor gas-utilizing plant YKI" with further its
widespread implementation in the Ukrainian mines.

Over the last decade, the NIKMAS Concern has designed and mastered manufac-

ture of the plants for methane utilizing technology,
(5= 30) which recover, compress and prepare methane to be
P~ used in energetic industry. In 2008, the first lot of
Ukrainian gas-utilizing compressor plants YKI" 5/8 was
manufactured for the CMM recovery and utilization in
operating and closed mines. The YKI' 5/8 is designed
for methane combustion in special chamber and for
preventing methane from escaping into atmosphere, or
for feeding it to the equipment for use in energy sector
(production of electricity and heat). The plants were
tested and implemented in the Ukrainian mines (Fig. 7).

The plant equipment is arranged in a 20-foot noises-

top isothermal steel container. The container protects

the equipment against mechanical damage and envi-

Figure 7 - The exterior of the gas-  ronmental influences. _
utilizing compressor plant VKT The plant can be transported to the object by road,

5/8 and its putting it into operation on the coal deposit
territory does not require significant capital expendi-
tures.

The plant is equipped with remote monitoring system for remote monitoring the
network in the mine.

Special interest presents usage of the technology for purifying gas from the com-
ponents which do not burn. The NIKMAS Concern is in the process of developing
the manufacture of the plants for gas-components separation by advanced membrane
technologies. Design of the equipment for the methane enrichment is based on the
latest scientific and technological achievements thank to which the equipment fea-
tures technical characteristics similar to the advanced foreign analogues. The tech-
nology for methane denitrification and enrichment on the polymer membranes allows
to get gas that meets all exacting requirements for the fuels. The gas-component sepa-
ration scheme in the process of methane enrichment is shown in Fig. 8.
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Figure 8 - Scheme of gas-component separation on the membrane unit

Today, the main method for separating nitrogen from methane is cryogenic tech-
nology (division into fractions at low temperatures). Recently, a method for gas deni-
trification (methane enrichment) by separation on the membranes is being actively
implemented. As nitrogen and methane molecules are much the same by their size,
conventional polymer membranes can not separate them. To solve this problem,
membranes were designed with silicone separation layer in which components are
separated depending on different rate of absorption (sorption) and not depending on
the velocity of nitrogen and methane molecule penetration (diffusion).

The pressured gas flows to the silicone layer, is dissolved here and penetrates to
the opposite surface layer, where it re-releases and flows further in gaseous state.
Both gases (nitrogen and methane) penetrate through the separation layer very quick-
ly, but they have different rate of dissolution (absorption) in silicone, so this mem-
brane is able to separate them effectively.

Area of membrane surface in each module is from 20 m? to 50 m?. Fig. 9 shows
the membrane layer in section. The thinnest layer is the silicone separation layer be-
low which is chemically stable porous base, which does not prevent mass transfer.
And the lower layer is polyester, which shall ensure mechanical strength. As an ex-
ample of such membrane use, let’s consider a scheme of the plant for natural gas de-
nitrification. Block diagram of membrane plant is shown in Fig. 10.

Specification of the plant: gas performance - 50 000 nm*/day (2083 m*/hour); gas
input pressure - 1.8 MPa; needed nitrogen volume in the exit from the membrane -
10%. In the plant under the consideration, two membrane blocks are used. Gas stream
1 containing about 38 % of nitrogen is mixed with gas stream 2 (permeate from the
first membrane block). The permeate (filtrate) is a mixture of gases formed when gas
has passed through the membrane. Before the mixing, the stream 2 is compressed by
the compressor 1 to the working pressure of 1.8 MPa. The stream 3, which is a mix-
ture of streams 1, 2, 20 (retentat is a stream, which fails to pass through the mem-
brane), flows to the first membrane block. This stream contains already 35.3 % of ni-
trogen and 62 % of methane. The stream 3 is divided in the membrane block into the
stream 2 (retentat returns to the first membrane block), stream 15 (retentat containing
> 78% of nitrogen is regarded as unsuitable gas and is removed away from the sys-
tem) and stream 7 (which is one of the components, which is used in the second
membrane block). The stream 7 and stream 16 (permeate from the second membrane
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block) are again compressed from the pressure 0.17 MPa up to 1.93 MPa with the
help of the compressor 2. The resulting gas stream 12 contains >76% of methane and
<19% of nitrogen. As a result, three gas flows are formed on the second separation
membrane block: stream 16, which returns to the second membrane block; stream 20,
which returns to the first membrane block; and stream 18 is consumer gas, which is
produced by the plant and which contains >82% of hydrocarbons and <10% nitrogen.

separation +
g 7 7 0.5-5 microns
Ul I = L.
(i L 3
|
|

layer X
| I 1 ‘ | |
porous _/"L ‘ I ‘i’ ‘ ““l (it

70-100 microns
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Figure 9 — Block diagram of the membrane and general view of the membrane modules
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Figure 10 - Block diagram of the membrane block

Table. 1 demonstrates a detailed balance of derived
gas flows with operating temperature, pressure, con-
sumption and volume content of the components: nitro-
gen, methane, ethane and others.

Fig. 11 shows an example of membrane module of
denitrification arranged on the common frame. Capital

Figure 11 - Methane enrichment ~ €XPenditures for the plant, which include cost of the

membrane module compressor plant, membrane modules, drying sys-

tems and gas cleaning, can be compensated within

2.3 - 3 years in average. The membrane separation systems can be used in different

spheres, including gas-fuel preparation for generators and motors; separation of accompa-
nying gas; denitrification of gases; cleaning gas from CO, and H,S .
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Table 1 - Characteristics of gas streams

Stream No. 1 3 2 15 9 12 16 20 18
Operation Supply Input  [Absorption Absorption| Input Return | Return | Product

membrane | compres- compres- | mem-

sor sor brane Il

Mass flow, kg | 2018,68 | 6740,87 | 3711,38 | 971,061 | 241511 | 2415,11 | 356,681 | 1011,03 | 1047,36
per hour
Temperature, | 25,0000 | 40,8304 | 34,3200 | 30,4951 | 40,1002 | 48,8889 | 43,4361 | 42,3242 | 46,7187
°C
Prezssure, kgf /| 18,3549 | 18,3549 1,758 17,4409 17,58 19,686 1,758 19,334 1,758
cm
Mole fraction 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
of steam
Rate of heat-
ing (15 °C)
Total kJ (kg 5,927 5,955 5,894 1,909 7,604 7,604 8,008 6,238 8,718
mol) E+005 E+005 E+005 E+005 E+005 E+005 E+005 E+005 E+005
Working kJ 5,350 5,368 5,31 1,719 6,859 6,859 7,222 5,620 7,874
(kg mol) E+005 E+005 E+005 E+005 E+005 E+005 E+005 E+005 E+005
Volumetric | 3010,3447 [ 111,17206 | 64202,378 | 1346,248 | 45042,539 | 4059,561 | 7027,423 | 1650,852 | 20229,988
stream, m* / 1 9 9 1 0 3 4 3
day
Liquid, m*/ 4,4376 154,163 8,549 1,4762 6,3872 6,3872 | 1,0021 | 2,4258 2,9593
hour
Steam, m>/  [49999,996 | 174338,81 | 97191,585 | 20517,49 | 66967,750 | 66967,75 | 10338,17 | 27163,77 | 29465,810
day
Compo-
nents,%
Methane 57,441002 | 62,398046 | 63,507915 | 21,35917 | 76,427758 | 76,42776 | 82,27282 | 67,61168 | 82,504302
Dimethyl 2,156000 | 1,273435 | 0,913640 |0,032968 | 2,355045 | 2,355045 | 2,435469 | 0,936469 | 3,634576
Propane 1,045000 | 0,488764 | 0,273830 | 0,002850 | 1,009876 |1,009876 |0,879392|0,233890 | 1,771017
N-Butane 0,259000 | 0,097362 | 0,036212 |0,000059 | 0,219474 |0,219474|0,120381 | 0,018596 | 0,439425
1-butane 0,225000 | 0,084581 | 0,031459 |0,000052 | 0,190663 |0,190663 |0,104578 | 0,016155 | 0,381740
N-pentane 0,061000 | 0,021578 | 0,007009 |0,000006 | 0,050403 | 0,050403|0,023456 | 0,003061 | 0,103501
1-pentane 0,082000 | 0,029936 | 0,010179 |0,000011 | 0,068440 |0,068440|0,034221 | 0,004783| 0,139130
Neopentane 0,003000 | 0,001095 | 0,000372 |0,000000 | 0,002504 |0,002504 |0,001252 | 0,000175 | 0,005090
N-Hexane 0,116000 | 0,040363 | 0,011493 |0,000006 | 0,094334 |0,094334|0,038461 | 0,004419 | 0,196827
Nitrogen 38,040000 | 35,253853 | 34,997559 | 78,59614 | 18,995459 | 18,99546 | 13,53832 | 30,98195 | 9,860071
Carbon dio- | 0,562000 | 0,300012 | 0,199531 |0,005313| 0,572762 |0,572762|0,537301 | 0,177309 | 0,949763
xide
Oxygen 0,010000 | 0,010680 | 0,010802 |0,003443| 0,013284 |0,013284|0,014344 | 0,011503 | 0,014555

The technology and equipment used for increasing methane recovery from
the coal beds. Ensuring of energy efficiency and improvement of competitiveness of
commodities produced by mining enterprises with simultaneous reduce of anthropo-
genic impact on the environment are the most important challenges. It is well-known
that the CBM world reserves exceed reserves of natural gas and are estimated at the
range of 260 trillion m®. Share of Ukraine accounts for about 12-25 trillion m® [8].

In the CBM production, leadership belongs to the USA, which in 1980th began to
drill boreholes into the coal beds in the "San Juan" and "Black" basins. In the next
decade, Canada is going to implement 10 projects, which assume exploitation of gas
deposits in the coal beds of British Columbia. In the USA, coalbed gas is considered
an unconventional source of natural gas, though in China the situation is opposite:
here, the largest five gas fields are comparable with coal deposit resources in the
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western part of China: proven reserves are 67.8% of the total gas resources of the
country. It should be noted that during the last years, coefficient of methane recovery
from the coal deposits by methane-draining methods does not exceed 0.25. Volume
of methane output essentially depends on the applied method of recovery.

It is believed that the most effective way to reduce methane escaping into the
mine tunnels is methane drainage from the coal bed and collecting the natural free-
gas accumulations through the boreholes drilled from the earth's surface or from the
underground tunnels. Technical characteristics of the common methods for intensify-
ing methane recovery from the coal beds are presented in Table. 2.

Table 2 - Common traditional methods for intensification of methane recovery from the coal beds

Methods of intensifi- Conditions of applicability Frequency
cation of use

Hydraulic fracturing In different geological conditions > 85%

of the coal beds

Cavitation (air- Coal beds with total thickness of more than 20 m with interval <10%

hydrodynamic ef- of occurrence up to 100 m, with permeability more than 30 mD.

fect) Seam pressure is higher than hydrostatic pressure

Extending of the Coal beds with high rate of penetration and with permeability of <5%

open bottom hole 100 mD and more

Directional and hori- | Coal beds with low rate of penetration and with thickness of > 2 1%

zontal drilling meters

It is obvious that knowledge of CBM and dynamic and gas-dynamic phenomena
require further clarification. Some scientists state that the coal seams bedded below
floor of zone with gas weathering are impermeable for filtering mode. It should be
mentioned that methane in the coal beds is presented in various forms: 10% - in the
free state, that is natural gas state, and 90% - in the state associated with coal ad-
sorbed by surface of coal, cracks or pores, or as a solid solution.

Coal can be present as a polydisperse self-regulating multi-component formation,
which is able to change its structure under the ef-

Tfl *’*'CJ fect of external stresses and adsorbed gases, and
which is a kind of natural macromolecular polymer

»\1 N with developed porosity and with molecules of me-
Ll A \; i 1 1.~ thane and other gases adsorbed by the surface of
T 1)‘ B ek ) ~ and dissolved in the intermolecular space. At the
s Jl faU‘ L« .} same time, it should be taken into account that me-
M K ,J;l/.:{‘ T/A{-{-  thane can be dissolved in water. For example, wa-
2 il """ ter from depth of 700 m can contain dissolved me-

Figure 12 - One of possible struc-  thane jn volume 1.5 times greater than volume of
tures of carbon molecules the water itself. Molecular structure of the coal is
shown in Fig. 12.
A model of the coal blocks building and coal fractured structure are shown in Fig. 13.
The proposed technology is based on the use of binary gas, including CO, and ni-
trogen, pumped into the coal beds in certain amounts, proportions, sequence, given
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values of pressure, exposure time, and with further use of the pumped-out gases.
Physical factor of the proposed technology efficiency lies on the coal energy sorption
which differs for different gases. It should be mentioned that injection of CO, can
cause swelling of the coal. But this problem can be overcome by standard methods,
such as a hydraulic fracturing.

Figure 13 — The known model of coal blocks building and gas flowing in it (a); coal fractured struc-
ture (b)

vy e W T The United States of America, Great Britain, Ger-
ST s ) many, China, Canada, Australia, Japan and other coun-
Shsslems Sseee s tries show great interest to these technologies. One of
metane  the reasons why the field projects have not become
profit-proved yet is relatively high cost of CO. There-
fore, as a variant, it is proposed to use CO, from the
power plants. Some other details about using of the new

% pors syston &\
Figure 14 — Model of methane ~ Method are presented in Table. 3.
displacement by nitrogen A model of methane displacement by nitrogen is
shown in Fig. 14. Pumping of nitrogen reduces par-
tial pressure of methane in the free space (in the borehole or mine), and methane is
released from the porous coal. Energy of CO, molecule sorption by coal is higher
than sorption of CH, molecules, therefore, with the lapse of time, CO, is adsorbed by
surface of coal, while methane is desorbed, released into the free space and flows
with the stream of nitrogen.

Pumping of gases displaces methane, forcing it moving in the blocks, cracks and
porous media, and causes diffusion of the coal. Methane molecules are adsorbed by
the coal surface, on which a layer of water can be present. The molecules can be de-
sorbed due to heating, pressure reducing, adding of other gases with higher energy
sorption into the gas environment. Pressure changed after the gas pumping provokes
occurrence of diffusion flow. Density of diffusion flow can be expressed by the

known ratio:
-of5)
dx

where p is diffusion coefficient; % IS concentration gradient.
X
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Table 3 - Information about the technology of increasing methane recovery by way of pumping CO,

and nitrogen

Characteristics of publication Country Source
Development of partnership project between Japan and | Japan, |Project. CFE-06-13: CO, Enhanced Coal Bed Me-
Australia on use of CO pumping with the aim to in- | Australia [thane (CSIRO-JCOAL-ECBM)
crease the methane recovery from the coal beds
The project of pumping greenhouse gas CO, into deep | Canada [Shannon D. Phelps and all.//Coal bed methane
coal beds and simultaneous increase the methane re- ownership and responsibility: a summary of sur-
covery face, mineral, and split-estate rights
Project on utilization of C, from thermal power plants USA |-
operating on coal (cost - 1.3 million dollars).
Project on using Canadian technology with the aimto | China |Project No. A-030841. Development of china's
increase methane recovery by way of pumping CO, and coalbed methane technology/ CO, sequestration
nitrogen project
Economic and technical aspects of pumping CO, ex- USA [Economics of using enhanced recovery of coalbed
amined in the pilot project in San Juan basin (USA) as methane for carbon management.//Coal-Seq 11
an example Forum. Washington -2003.
Information about the US program on use of technolo- USA |http://lwww.adv-res.com/Research. asp#Outreach
gies that reduce methane emissions by 20 times
Feasibility of CO, pumping in order to increase me- USA |Topical report January 1, 2004-march 31, 2004
thane recovery /IU.S. Department of Energy. DE-FC26-
O00NT40924.
Computer simulation of pumping of CO, and nitrogen USA |Wo, Shaochangl University of Wyoming, Laramie,
into the coal beds WY . //Simulation of N2/CO, Injection in Coal
Beds: Lessons Learned from Tiffany Field Case
Study .
Computer simulation of pumping of CO, and nitrogen USA [U.S. Department of Energy. Award Number DE-
into the coal beds in Poland. The conclusion was made FC26-O0NT40924.
that it is needed to pump 10* tons per 1 year. The re-
sults can be expected in 18 months after pumping of
CO,
Modeling of enhanced methane recovery by pumping | Canada |New development on coalbed methane simulators
of nitrogen and CO, for enhanced coalbed methane recovery and CO2
storage. //2002 Denver Annual Meeting (October
27-30, 2002)
Economic analysis and modeling of CO, pumping and USA |The Allison Unit CO;,-ECBM Pilot — A Reservoir
increase of methane recovery. After CO, is injected and Economic Analysis. // International coal bed
volume of coal bed is increased. methane symposium, 2005.
It is shown that the gas desorption changes the coal USA [Influence of gas production induced volumetric

permeability and porosity . The change of permeability
associated with matrix shrinkage is linearly proportion-
al to the volumetric stress or volume of desorbed gas

strain on permeability of coal. // Geotechnical and
Geological Engineering. Volume 15, Number 4 /
December, 1997, p. 303-325.

It should be noted that diffusion coefficient of coals has considerable variation,
and depends on the size of diffusing molecules, their specific interaction with frag-
ments of macromolecules, mobility of polymer chains, free volume and heterogeneity

of the coal structure.

Space-time distribution of concentrations is:

de_d
dx dx

(-9)-

d
X

de
dx

The three-dimensional diffusion [c[x,y,z,t] is described by equations:
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J=-Dgradc;

o (o), dpk) 4 pd)
dx dx\ dx) dyl dy) dz\ dz

Let’s consider gas transfer through the coal through-pores. At relatively low pres-
sures or small gas-pore size (r,) when frequency of collisions of gas molecules with

the pore walls far exceeds the frequency of mutual collisions of the molecules, i.e.
when average length of the molecule free path is 1>>r,, a so-called Knudsen diffu-

sion can be observed. The gas flow is proportional to the average molecule velocity,
and permeability constant is determined by the equation:

_ 8r0NZ7[(

b4 27mkT) /2,

A

where 77 is surface density of the pores in the coal.
Since average molecule velocity is inversely proportional to the square root of the
molecule masses (77 = /J/ \/ﬁ)’ components of the divided gas mixture penetrate the

pores at different speeds; as a result, the mixture, which has passed through the mem-
brane, is enriched by the lighter components. With increased gas pressure in such
porous systems, surface concentration of molecules adsorbed by the pore walls also
increases. The formed adsorption layer can be mobile and moves along the surface of
the pores, therefore, a surface diffusion of gas can occur in parallel with volumetric
diffusion transfer.

Let’s consider the most common models (Fig. 15) and equations of adsorption
isotherms.

2) b) c)

d

o g‘o g

: :
1 9 O/?O cx(i;/mum M

Figure 15 - Model for representatibn of molecule distribution on the surface of coal, a - model in-
terpreted by the Henry equation ; b — the Langmuir model; ¢ — the BET model

Oﬂ'\oo/

The Langmuir model. According to the Langmuir model, basic provisions for
building an adsorption isotherm, are as follows: surface of the adsorbent is homoge-
neous, i.e. heat of adsorption is the same on different parts of the surface; heat of ad-
sorption does not depend on the presence of other adsorbed molecules, therefore, in-
teraction of adsorbed molecules with each other can be ignored; the molecules can
not be adsorbed by molecules of the first layer, and maximal adsorption occurs at the
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hogh-density packing of molecules adsorbed by the surface of the layer with thick-
ness of one molecule. The adsorbed molecules are in the state of dynamic equilibrium
with molecules of the gaseous phase. This model leads to the known Langmuir iso-
therm equation:

where k is constant adsorption equilibrium; a, is maximal adsorption.

In the low pressure equation, the Langmuir isotherm transfers to the Henry equa-
tion:
a=K,p,where K, =Ka,.

The BET model. The known Brunauer, Emmett and Teller (BET) molecular ad-
sorption theory is based on the model of adsorption process proposed by Langmuir.
The BET model takes into account possible polymolecular adsorption.

It is assumed that in order to implement the proposed technology, the mobile ni-
trogen-membrane compressor stations and gas-utilizing compressor plants of con-
tainer type designed by the NIKMAS Concern can be used. Drive of the compressor
station with capacity of 1000 nm®hour receives power from electric motor with ca-
pacity 315 kW. The advantages of membrane process used for nitrogen production
are explained by low costs and greater resource of the gas-separation membrane sta-
tions.

The designed gas-utilizing compressor plant YKI" was integrated into the complex
of equipment for methane recovery from the coal beds in the Molodogvardeiskaya
Mine. Parameters of the plant are shown in Table. 4. The gas-utilizing compressor
plant YKI" of container type (Fig. 16) is designed for the CMM utilization by way of
its burning and, consequently, for preventing emission of the harmful greenhouse gas
— methane - into atmosphere.

Table 4 - Specification of the gas-utilizing compressor plant YKI" of container type

Operating environment Mine gas (CH, is 25% or more )
Productivity, m*/hour 570-1551
Differential pressure, kgf / cm?, not higher 0,1
Rated power consumption, KW 60
Supply voltage, V, not higher 400
Thermal nominal power, mW, not less 5
Gas combustion temperature, not higher than °C 1200
Dimensions of container, mm, not more
length - width - height 6000-2650-2750
The weight of the container with equipment, kg, not more 11 000
Dimensions of pipe, mm, not more - diameter - height 2100-5400
Pipe weight kg, not more 2000
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The known findings of foreign authors, which illustrate effectiveness of the me-
thod are presented in Fig. 17. The occurred diffusion processes are accompanied by
substitution of methane by molecules of the pumped-in gases, and, thereby, increase
methane recovery during its drainage from the coal beds.

—— 1

—=— 2

0 2 4 6 8 T.years
Figure 17 - Dependence of coalbed methane recov-

Figure 16 — The gas-utilizing compressor  €ry on the time period following the gas pumping: 1
plant of container type - without pumping; 2 - pumping of nitrogen; 3 -
pumping of CO;

Economic feasibility of the large-scale industrial recovery of methane from the
coal deposits was confirmed by successful progress of the coal and gas industries in
the USA and obtained results of mining operations in Australia, China and other
countries. For example, basing on the USA Department of Energy orders, scientific
and research projects (2004) began to use nitrogen to increase methane recovery from
the coal beds. Besides, feasibility of using binary gases, one of which was nitrogen,
was studied. The Petromin Resources Corporation and the China United Coalbed Me-
thane Co planned to conduct a five-year study of CO, injection used for increasing
coalbed methane recovery.

Successful solution of these problems increases coal production and reduces its
cost, as well as improves completeness and comprehensiveness of power-plant fuel
use, safety of the coal underground mining in conditions of growing natural content
of methane in the coal beds, and improves environment by limiting methane emis-
sions [9]. The proposed design of compressor machinery and equipment contributes
to the implementation of combined technical, technological and economic approach
to the improvement of mining industry efficiency.
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AHoTauisg. Po3po6iieHo cxeMu 1 YyCTaHOBKHM JJIsl Jlerasaiii BYTriIbHHUX IUIACTIB Ta YTHIII3allii
[IAXTHOTO METaHy, a TaKOXX CHUCTEMH aBTOMATUYHOIO KepyBaHHS iX pobororo. IIpoananizoBano
B32€MO3B'SI30K CTPYKTYPH, POHUKHOCTI Ta COPOI[iiiHI BIACTUBOCTI BYTULIs, IO BMIMIAIOTh METaH.
3anponoHOBaHO MOJIENb BILUTUBY HA BYTUIbHI TUIACTH Ta3iB, IO PI3HATHCS €HEPriero copOIii, 1 MOXK-
JUBI cXeMH iHTeHcH(DiKaIlii MEeTaHOBiIja4i BYTUIBHUX TUTACTIB. PO3p00JICHO YCTaHOBKY IS Jiera-
3amii MmiJ3eMHUX TUIACTIB, B SIKIH POTOPHUN KOMIpecop 3abe3ledye BiJKadyyBaHHS CyMIillli rasis,
YHACHIIOK YOTo 3a0e3MevyeThes Jerasallisl 1miactiB 0e3 TpajuIifHUX sl [bOTO IMPOLECY SIBHII
YTBOPEHHS KPUCTAJIOTIIPaTiB 3 METaHOM. Po3po0iieHo cTaHIlito uisl yThiIi3allii maxTHoro rasy. 3a-
MIPOIIOHOBAHO CIIOCI0 BUIOOYTKY METaHy, B SIKOMY pealli3yeThCs HaKauyBaHHs y BYTUIbHHM IUIaCT
BYTJIEKUCJIOTO Ta3y, [0 YHACTIIOK OUIIIOi cCOpOLiiHOT 3AaTHOCTI, YUM Y METaHi, BUTICHSIE a/Icop-
OoBaHmii ByrunisiM MetaH. Po3poOiieHo ycranoBku [uis yrwiizanii merany YKI, mo nmpusHaueHi
JUIS CHAJIFOBAHHS HOTO B CHeIialibHINA Kamepi, 3ano0iraHHs UM BHALIEHHS B aTMochepy abo Horo
MoJ1a4yi Ha YCTaTKYBAaHHS JUIsl CHEPTeTUIHOTO 3aCTOCYBaHHS (OJepKaHHS NEKTPUKH 1 Tera). Bu-
KJIQZICHO JIOCBiJl 3aCTOCYBAaHHSI TEXHOJIOTIN 1 YCTaTKyBaHHS JJIsl MiABUIICHHS METAaHOBIIAayi BYTi-
JIbHUX TIACTIB.

Kuro4oBi ciioBa: KOMIIpecOpHi YCTAaHOBKH, MAXTHUN MeTaH, TOOyBaHHS, yTHIIi3allis, KOTeHe-
partis.

AnHoTauus. Pa3paboTaHbl CXeMBbl M YCTAaHOBKH JIJIS JIETa3allMy YTOJBHBIX TUIACTOB U yTHJIH3a-
IIUM [IaXTHOTO METaHa, a TaK)Ke CUCTEeMbl aBTOMATUYECKOIo ynpaBieHus ux paboroil. [Ipoananu-
3MpOBaHa B3aMMOCBSI3b CTPYKTYPBI, IPOHUIIAEMOCTH U COPOIIMOHHBIE CBOWCTBA YIJIsl, BMEUIAIOIINE
MmetaH. [IpeanoskeHa Mosieb BIUSHUS HA YTOJIbHBIE TJIACTOB I'a30B, KOTOPBIE pa3inyaroTcs SHEpru-
el copOunu, ¥ BOZMOXKHBIE CXEMbl HHTEHCU(DHUKAIIMK METAaHOOTAAYM YTOJbHBIX TUTacToB. Pazpabo-
TaHa YCTaHOBKA JJIS JIera3allly MOJ3eMHBIX MJIACTOB, B KOTOPOH POTOPHBIM KOMIIpeccop obecreun-
BaeT OTKaUYMBAaHHE CMECH Ta30B, BCIIECJICTBHE YETO OOECIIEYMBACTCS JIeTa3alus MIacToB 0e3 Tpaau-
LIMOHHBIX ISl 3TOTO Mpoliecca SBICHUH 00pa30BaHUs KPUCTAJIOTHAPATOB ¢ MeTaHOM. Pa3paboTana
CTaHIUS JUIs YTHIIM3AIMH axTHOTo ra3a. [Ipemioxken cnocobd 1o0kaM MeTaHa, B KOTOPOM pealiv-
3yeTcs 3aKauyka B yrojbHBIN IJIacTa YIJIeKUCIIOro ra3a, KOTOpPbIM BeieacTBHe Ooubliei copOLuoH-
HOM CIIOCOOHOCTH, YeM B METaHE, BHITECHSET aIcOpOMPOBaHHbIN yriem meraH. PazpaboTansl ycTa-
HOBKH Ui yruiu3anuu Metana YKI', npennazHaueHHbIe JUIsl COKUTAHUS €T0 B CHEIMAIbHON KaMe-
pe, IPeIOTBpAIEHHs €r0 BRIJICIECHHU B aTMOC(epy WIN ero mojiaun Ha 000pyIoBaHUe JUIsl dHEpre-
TUYECKOTO IMPUMEHEHHUs (TIOTydeHUe IeKTPpUUecTBa U Tera). M3m0keH onbIT NpUMEHEHHs TEXHO-
JIOTHIA ¥ 000PYAOBAHUS [UISI TOBBIIICHUST METAHOOT/IA4X YTOJIBHBIX TUIACTOB.

KiroueBble cJ10Ba: KOMIIPECCOPHbIE YCTAHOBKH, IIAXTHBIA MeTaH, J00bIYa, YyTUIM3AIHs, KOTe-
Heparusl.
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