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KaszakcmaH Pecrniybnukacbl ¥nmmbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonoausi xoHe
MeXxHUKarbIK FbifibIMOap Cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfaH HyckKachbl
Emerging Sources Citation Index-me uHOekcmernyze kKabbindaHraHblH xabapnaldbl. byn uHdekcmerny
b6apbicbiHOa Clarivate Analytics kommnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke Kabbinday moceneciH
Kapacmbipyda. Webof Science sepmmeywinep, asmopnap, 6acnawhbinap MeH MeKemesiep2e KOHmMeHm
mepeHOiei meH canacblH ycbiHadbl. KP YFA Xabapnapbi. [eonoeusi xoHe mexHUKasblK fblibiMOap
cepusicel Emerging Sources Citation Index-ke eHyi 6i30iH KoramdacmbiK yWiH eH e3ekmi xoHe 6edesndi
2eo0rs102usl XoHe mexHuKarnbIK fblribiMOap 6olbiHWa KoHMeHmke adandblfbiMbi30b! 6ir1dipedi.

HAH PK coobwaem, 4ymo Hay4HbIl xypHan «3gecmusi HAH PK. Cepusi 2eonoauu U mexHu4eCcKux
Hayk» bbln npuHsam O uHOekcuposaHusi 8 Emerging Sources Citation Index, obHoeneHHoul sepcuu Web
of Science. CodepxaHue 8 amomMm uHOeKkcuposaHuU Haxodumcsi 8 cmaduu paccMompeHuUsi KomnaHueul
Clarivate Analytics Ons OanbHeliweao npuHsamus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadecmeo u enybuHy KoHmeHma Ons uccriedosameriel, asmopos, u3damernel U y4dpexoeHud.
BknoyeHue Usesecmusi HAH PK. Cepusi eeonoeuu u mexHudeckux Hayk e Emerging Sources Citation
Index demMoHCmMpuUpyem Hawy nNpueepXeHHOCMb K Haubosee akmyarbHOMY U 8/1USIMEIbHOMY KOHMEHMY
10 2e0/102UU U MEXHUYECKUM Haykam O5isi Hawezo coobujecmea.
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MODELING OF SUBTERRANEAN HEATING OF COALS
OF MAYKUBEN AND EKIBASTUZ BASINS

Abstract. The paper describes experimental studies of the pyrolytic decomposition of coals from the Maikuben
and Ekibastuz basins with analysis of the gases. Heating of coal samples was carried out by the industrial frequency
current after preliminary breakdown of the interelectrode distance. The samples were heated in conditions that
simulate the subterranean reservoir to simulate the process of underground pyrolytic conversion into combustible
gases and fluids. Experiments were carried out on the samples of coal weighing about 5 kg with the interelectrode
distance 150 mm.

Keywords: conversion, coal seam, gas, electric heating, pyrolysis.

Introduction. The technologies of intralayer development of solid fossil fuels are currently attracting
the attention of many researchers, with the physical and mechanical properties of rocks being one of the
main criteria for mining works

[1]. There are significant prerequisites for the creation of various methods of in-situ processing- over
the past decade significant advances have been made in drilling technologies, three-dimensional geo-
modelling methods, methods of chemical, thermal and electrical treatment of a subterranean formation and
other breakthrough directions. A number of technologies based on pyrolytic processing are proposed.
These include above-ground and underground pyrolytic conversion and gasification. Above-ground
gasification of coal has a long history with periods of rapid development and recessions [2, 3], and to date,
besides traditional and industrially developed, more promising, such as plasma, catalytic, layer gasifi-
cation with reversed blast, have been developed [4, 5].

Underground conversion is realized by heating the coal seam in situ and accumulation the pyrolysis
products through the wells. This path to the recovery of coal deposits seems to be the most promising and
environmentally friendly [6]. Access to the reservoir is through wells, and heating can be realized by
incomplete oxidation of the coal itself [7], heat conduction heating [8,9], electric heating [10-12], etc. In
our opinion, one of the most effective ways to heat coal is electrophysical heating, based on exposure to
high voltage electromagnetic field [13, 14].

The method consists in the following. Along the edges of the heated part of the reservoir, two wells
are drilled, in which electrodes are placed. First, a high voltage is applied to the electrodes, sufficient to
initiate electrical discharge processes in the pores of the subterranean formation. Further, the action of
partial discharges leads to the formation of a channel of electrothermal breakdown. The breakdown
channel has a significantly lower resistance than the original coal. Passing a current through the channel
leads to its heating. Thus, the use of the channel as a resistive heater will allow heating of the subterranean
formation to the pyrolysis temperature.

— 70 ==
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The composition and ratio of pyrolysis products — combustible gas and tar — depend on the compo-
sition of the original coal and the heating rate. In addition, presumably, the composition of the products
can be affected by electrochemical and electrokinetic processes occurring under the action of the current
flowing through the coal. The composition of the pyrolysis products in turn affects the areas of their pos-
sible use. For example, depending on the ratio of hydrogen and carbon monoxide, pyrolysis gas can be
used as follows:

- to produce liquid hydrocarbon fractions by Fischer-Tropsch synthesis [15];

- to separate pure hydrogen as a commercial product or as an intermediate product for the subsequent
synthesis [16-18];

- to generate heat or electrical energy by direct gas combustion in gas piston or gas turbine generators
[19, 20].

The paper describes the method and results of laboratory heating of coal with an electric current
under conditions close to intralayer. The composition of the resulting pyrolysis gas is determined. Coals
taken from the Maikuben, Bogatyr and Saryadyr mines were used for study.

Research methodology. In-situ conversion of solid fuels involves heating the rock directly in the
conditions of occurrence. The laboratory studies were carried out in conditions similar to the underground
reservoir for a sample of solid fuel. Such similarity criteria as reservoir pressure and electric field intensity
were simulated. The block diagram of the laboratory equipment is shown in figure 1.

Electric supply
system

Gas

system H Electric parameters measurement |

Figure 1 — Chamber Pressure measurement |

Block diagram = |
f the laborat i t emperature measurement
of the laboratory equipmen Vacuum
system Gas
sampling
v
Chromatograph
Agilent 7890

The reservoir pressure is the pressure of the fluid phase of
the reservoir and, as a rule, for a certain depth is equal to the
hydrostatic pressure of the column of the corresponding
height. Imitation of reservoir pressure was carried out by
increasing the pressure of the buffer gas in the chamber of the
laboratory unit (figure 2). Nitrogen was used as a buffer gas.
The chamber has a volume of 0.06 m® and a maximum
pressure of 10 kgf/cm® which makes it possible to simulate
reservoir pressure at a depth of 100 m. Gas was supplied to the
chamber from cylinders through a reducer. Previously, air was
pumped out of the chamber by a backing pump. This elimi-
nates the ignition of pyrolysis gases in the chamber during the
experiment. A rotary lamellar foreline vacuum pump LB 60
with a residual pressure of 0.005 mbar was used.

The power supply system of the laboratory equipment is
represented by a set of high-current and high-voltage electro-
nic and electrical devices combined into a common circuit and
controlled from a single control unit (figure 3). Figure 2 — Laboratory chamber
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Figure 3 — Blockdiagramof laboratory equipment

The maximum output voltage is 100 kV of industrial frequency, the maximum output current is
240 A of industrial frequency. The output voltage is regulated smoothly in three ranges: 0..220 V,
0..10kV, 0..100 kV.

During the experiment, the temperature dynamics at certain points of the sample is measured. For this
purpose, a multichannel thermoconverterThermodat 25M5 and a set of chromel-copel thermocouple were
used.

During and after the experiment, gas samples were taken from the chamber and analyzed. Gas is sam-
pled directly from the chamber and through the air tubing enters the filter regulator LFR-1/4-D-5M-MINI.
This device allows taking a sample of gas, without affecting the pressure in the chamber, and also removes
the aerosol phase and dust particles from the gas. After the filter regulator, the gas was fed to an Agilent
7890 chromatograph, which was used to analyze the resulting pyrolysis gas. Pneumatic hoses, valves and
gas fittings manufactured by Festo (Germany) were used.

The chromatograph is equipped with a ShinCarbon ST 100/120 capillary column, 2 m long and 1 mm
internal diameter. This column is designed to separate the following gases: hydrogen, oxygen, nitrogen,
carbon monoxide and carbon dioxide, methane and heavier hydrocarbons. The column uses a thermal
conductivity detector.

Samples of coal were in the shape of a parallelepiped 300x200%200 mm in size, cut from a solid coal
fragment on a stone-cutting machine with an abrasive-cutting disc with a diamond coating.

Electrode system was presented by two rods of carbon steel 10 mm thick, spaced 150 mm from each
other and recessed into the specimen by about 100 mm. The temperature was measured at 3 points. The
first point was located in the center of the interelectrode distance. The second and third points were 30 mm
and 60 mm from the axis drawn between the electrodes, respectively (figure 4).

The experimental procedure was as follows. A sample with mounted electrodes and thermocouples
was placed in the chamber. Electrodes and thermocouples are connected by conductors to the electrical
inputs of the chamber, which are isolated from the body of the chamber by ceramic insulating tubes.
After sealing and vacuuming, the chamber was filled with nitrogen to the working pressure, which in
the experiment was 2 kgf/cm® and was kept constant. Outside the electrical inputs of the chamber were

— 70 ——
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Electrodes

Figure 4 — Layout of thermocouples in the sample:
1, 2, 3 — thermocouple placement points

connected to the electrical equipment. By applying a high voltage, the sample was first electrically broken.
Next, the electric circuit switches from high-voltage to high-current mode of operation and coal sample
heats. During the heating produced gas is mixed with nitrogen. For keeping the pressure in the chamber
constant, an overpressure is allocated through the gas inlet of the chamber. Thus, the released pyrolysis
gas gradually replaces nitrogen. At the end of the experiment, gas was sampled from the chamber for ana-
lysis. Sampling was carried out through a straight hose connecting the chamber and the chromatograph.

Figure 5 shows the temperature dependences on time for the Bogatyr coal specimen. Curves of the
other coals are identical.
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Figure 5 — Temperature versus heating time
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Results and discussion. The average heating power was 800 W, although a change in the resistance
of the sample sometimes caused deviations. As the sample heats up, its resistance decreases, and in order
to maintain a given power it is necessary to increase the current. The sample was heated until the current
required for heating exceeded 130 A.

Before and after heating, the sample mass was measured to calculate the mass loss. The volume of
released gas was determined using a membrane gas meter with automatic thermal compensation. The
amount of released liquid products cannot be directly determined, since gummy substances settle on the
entire inner surface of the chamber. Thus, the mass of liquid products was determined by subtracting the
mass of gas from the total mass loss of the sample. The mass of gas was determined by calculation from a
known composition and volume.

Summary of the results of the research are shown in table 1.

Table 1 — Summary data on physical modeling of underground coal heating

Sample
Parameter
Bogatyr Maykuben (nadzil?r]l?;d/}iarlyer) (pyatir?ligg\?iyyr layer)
Initial sample weight, kg 5,590 5,067 4,199 4316
Weight after heating, kg 5,022 4,155 3,993 3,842
Weight loss, g 568 912 206 474
Gas volume under normal conditions, m? 0,764 1,066 0,175 0,432
The average molar mass of gas, g/mol 7,65 10,85 9,34 9,09
Specific calorific value of gas, MJ/m? 13,89 11,93 14,18 19,16
Specific calorific value of gas, kcal/m? 3320 2851 3389 4577
Calculated mass of gas, g 261 516 73 175
Calculated mass of liquid products, g 307 396 133 299
Electricity spent on heating, kW-h 4,54 1,94 0,78 3,39

The mass loss of the samples during the heating time was from 5 to 20% of the initial mass. In
experiments, a small part of the sample interelectrode space is heated. It is impossible to heat the entire
sample with this experimental technique due to the fact that at a certain stage there will be a mechanical
destruction of the sample and the heating process will stop.

The ratio of the mass of the gas to the mass of the liquid products in the heating mode used was from
35:65 to 55:45 for the used coal. This ratio is influenced by the composition of the coal and the heating
rate. In industrial use, this ratio can be changed by varying the heating power. If it is necessary to obtain
more liquid products, heating should be carried out with less power. In this case, the conversion of the
same amount of coal will take more time.

The calorific value of the gas produced for the used coal was from 13 to 19 MJ/m’, which is a high
value in comparison with the gas produced by UCG-gasification with partial oxidation of coal [21, 22].

The calorific value and the calculated mass of the gas were determined on the basis of the known
composition. The results of the analysis of the composition of the obtained gas and its calorific value are
shown in table 2.

The main component of the gas is hydrogen, the concentration of which exceeds 60% for all the coals
under study. It also shows that methane concentration is very high. The high calorific value of the gas is
achieved mainly due to the high concentration of methane. There are also hydrocarbons C,—Cs, also
having a very high calorific value. Unlike UCG-gasification, which is characterized by a high content of
carbon dioxide in a gas, the gas in our experiments contains from 1.7 to 6.41% CO,.

— 7y ——
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Table 2 — Composition and calorific value of pyrolysis gas obtained from coal

Component Bogatyr Maykuben Saryadyr (nadezhniy layer) Saryadyr (pyatimetroviy layer)
H 73,15 66,99 67,44 63,97
CO 13,29 21,35 16,61 9,89
CHa4 10,64 4,81 10,80 19,90
CO2 2,13 6,41 3,58 1,70
C2H> 0 0 0,14 0,03
C2Ha 0,26 0,12 0,69 1,15
C:>He 0,44 0,29 0,55 1,20
CsHs 0,03 0,01 0,09 0,12
CsHs 0,01 0,02 0,07 0,14
CsHio 0,04 0 0 1,88
Calorificvalue, 13,89 11,93 14,18 19,15
MIJ/m? (kcal/m?) (3320) (2851) (3389) (4577)

Findings. In-layer pyrolytic conversion of solid fuels by electric heating, in our opinion, is
promising. With its help, it is possible to process fuels of unprofitable fields: low-thickness formations,
high-ash fuels, formations with complex mining and geological conditions. One of the main positive
properties of electric heating is the high quality of the product gas - high calorific value, high content of
hydrocarbons, low content of carbon dioxide and absence of nitrogen. Such gas can be used as a raw
material for further processing to produce a large number of products.
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KOMIP KABATBIH KABATIIIIJIIK KbI3JABIPY JIbl ®U3UKAJIBIK MOJEJIBJAEY

Annoranusi. Makanana MaiikyOeH xoHe Ekibacty3 GacceliHnepiHaeri KoMip/iH MUPOIUTUKAIBIK bIIBIPAYBI-
HBIH TOXipUOeINiK 3epTTeyiepi ’KoHe TazaapiblH aHaiuu3l KentipinreH. KeMip chlHamanapblH KbI3ABIPY ajIbIH-ana
ANEKTPOAAPAIIBIK, KAIIBIKTHIKTa OHEPKACINTIK TOK JKUUTITIHIH aFbIMBI apKBLIBI XKY3ere achIpbuInbl. Kemip KaOaThIHBIH
JKEp acThl MUPOJIMTUKAIIBIK KOHBEPCUSACHI KE31HIE MKAHFBIII ra3 O¢H MaWBIPABIH TY3UTy MPOIECIH MOJENBICY YIIiH,
CBIHAMAJIap WMMHTAIMANAYIIBl KOHABIPFRUIApAa KeI3ABIPHUINEL. CanMarel ~ 5 KT KeMip YITijepi maigaJaHbUIIb,
AIEKTPOAAPAIBIK KAITBIKTHIK ~ 150 MM Kypasbl.
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PU3NYECKOE MOJAEJIMPOBAHUE BHYTPHUIIVIACTOBOI'O HAT'PEBA YI'OJIBHOI'O IIVTACTA

AHHoTamusi. B craThe OmMMCaHBI SKCIIEPHMEHTAIBHBIC HCCIIEAOBAHUS MUPOIUTHYECKOTO PA3IOKEHHS YTIIieit
MaiikyOHHCKOro 1 DKHOACTY3CKOro 0ACCeHOB C aHAIM30M IMOJYYHBIIUXCSA ra3oB. HarpeB o0pa3noB yriied mpous-
BOJIJICS. TOKOM MPOMBIIUICHHONH YacTOTHI MOCIE MPEABAPUTEIBHOTO MPO0OS MEXKINIEKTPOAHOIO PACCTOSHHS.
OO0pasipl MOJBEPraluch HATPEBY B YCJIOBUAX, MMHUTHPYIOLIMX YCJIOBHS 3alieraHHs IUIACTa, Ui MOJCITHPOBAHUS
nporecca MOA3EMHONW MHUPOJIMTHYESCON KOHBEPCHH B TOpHOYME Ta3bl U cMOubL Mcronb3oBanuch oOpasipl yrieit
Maccoi ~5 Kr, MEX3JIEKTPOIHOE PacCTOSIHUE COCTaBIIsUIO ~150 MM.

KJioueBble ¢j10Ba: KOHBEPCHs, YTOJIbHBIN IUIACT, I'a3, SIEKTPOHAIPEB, THUPOIIU3.
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