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most relevant and influential content of geology and engineering sciences to our community.

KaszakcmaH Pecniybnukacel ¥immbiK fbliibiM akademusicbl "KP ¥FA Xabapnapbi. [eonozausi xoHe
MmexHUKarbIK FbiribiMOap cepusicbl” fbinbIMU XKypHanbiHbiH Web of Science-miH xaHanaHfFaH Hyckachl
Emerging Sources Citation Index-me uHOekcmernyze KabbindaHraHblH xabapsaldel. byn uHdekcmerny
b6apbiceiHOa Clarivate Analytics komnaHusicel XypHandel odaH opi the Science Citation Index Expanded,
the Social Sciences Citation Index xeHe the Arts & Humanities Citation Index-ke kabbinday maceneciH
Kapacmbipyda. Webof Science sepmmeywinep, aesmopnap, 6acnawhbinap MeH MekeMmesriepee KOHmMeHm
mepeHdiei MeH canacbiH ycbiHalbl. KP YFA Xabapnapbi. [eonoeusi XeHe MeXHUKasbIK fblibiMOap
cepusicbl Emerging Sources Citation Index-ke eryi 6i30iH KoramOacmbiK YWiH eH e3ekmi xoHe 6edesnodi
2e0/102Us1 XKoHe mexHUKarbIK FbliibiMOap 6olbiHWa KoHmeHmke adanobifbiMbi30bi 6indipedi.

HAH PK coobuwaem, 4mo HayuyHbll xypHan «Mseecmuss HAH PK. Cepusi 2eonoauu U mexHu4eckux
Hayk» 6bin npuHsam 0ns uHlekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcsi 8 cmaduu pacCMOMmpeHUs: KoMmrnaHuel
Clarivate Analytics Ons OanbHelweao npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kadyecmeo u eanybuHy KoHmeHma Ons uccriedosamesiel, asmopos, u3damesiell U y4pexoeHudl.
BkriroueHue Uzsecmusi HAH PK. Cepusi eeonozuu u mexHudeckux Hayk 8 Emerging Sources Citation
Index demoHCmMpupyem Hawy rnpueepXxeHHoCcMb K Hauboriee akmyarnbHOMY U 8/IUSIMEsIbHOMY KOHMeHmy
10 2e0/102UU U MeXHU4YeCKUM Haykam Oris Hauleeo coobwecmsa.
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PARTIAL DISCHARGES AND ELECTRIC BREAKDOWN
IN COALS OF MAIKUBEN, EKIBASTUZ
AND KORZHUNKOL BASINS

Abstract. The paper is devoted to the study of the possibility of underground pyrolytic conversion of coal from
Kazakhstan into combustible gases and tar by heating with electric current. The purpose of this work is to study the
patterns of electrical breakdown of coal as a result of long partial discharges action. The breakdown between the
electrodes leads to the forming of a low-resistance channel which is supposed to be used as a resistive heating
element for heating and pyrolysis of a part of the underground formation. The paper presents the dependences of the
voltage of occurrence of partial discharges and the voltage of breakdown of coal. Coals of Maykubensky,
Ekibastuzsky and Korzhunkolsky basins were used for research. Steel rods were used as electrodes, the intere-
lectrode distance ranged from 5 to 30 cm. It was found that the average field of the occurrence of partial discharges
and the average breakdown field decrease with increasing the electrode distance. It can be assumed that this tendency
will be valid in the field conditions, which makes it possible to use electrothermal breakdown for underground
heating and conversion of coal. Moreover, these dependences correlate with each other, which can be used to predict
the breakdown voltage at a known voltage of the occurrence of partial discharges.

Key words: coal, partial discharges, electric breakdown, subterranean gasification, heating element, voltage,
electric field.

Introduction. Recently, there has been a significant increase in attention to technologies for efficient
processing of solid fossil fuels (black and brown coals, oil shale) and metamorphism research [1].
Underground conversion can claim to be one of the most efficient processing technologies. It does not
require the extraction of rock to the surface, as well as the subsequent disposal of slag.

To date, a large number of different methods of underground conversion have been proposed.
A number of them offer oxidative gasification by incomplete combustion of coal directly in the reservoir
[2-4], heating of the reservoir with heat-transfer agent [5, 6], electromagnetic heating using radio
frequency [7-9] or microwaves [10], heating with electric heaters [11, 12], heating with fuel cells [13],
heating by electric current [14, 15].

The use of electric discharge technologies can give a new approach in the development of
underground conversion methods. We have previously found that electric discharge processes, such as
partial discharges and the electrical treeing caused by them, can lead to the breakdown of certain types of
solid fuels at relatively low voltages. This effect can be used for electrical breakdown and subsequent
heating of a part of a subterranean formation by using the breakdown channel as a resistive heating
element [16].

In order to study the applicability of Kazakhstan coal for conversion in this way, we studied the
characteristics of partial discharges and breakdowns in coal taken from the coal mines Maykuben
(Maykuben basin), Bogatyr (Ekibastuz basin) and Saryadyr (Korzhunkol basin).
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Partial discharges (PD) occur in dielectrics under the action of an applied external high voltage. PD is
an incomplete breakdown of the dielectric, leading to the electric locking of the part of the interelectrode
distance by discharge channel. The cause of partial discharges is the uneven distribution of the electric
field inside the material. For an inhomogeneous substance having inclusions of different materials, the
electric field in the interelectrode space will be distributed inversely proportional to the dielectric constant
of materials [17]:

Ep _ €1

Eq D

b

where Ep, E; — electric field in main part of dielectric material and in inclusion correspondingly,
&p, & — permittivity of dielectric material and matter of inclusion correspondingly. Thus, the greatest field
strength will be on elements with the lowest dielectric constant. As a rule, such are gas inclusions and
pores. Moreover, the field on them will be the greater, the higher the dielectric constant of the rest of the
dielectric.

PDs are characterized by a number of characteristics, the main of which are the voltage and field
of occurrence, intensity, apparent charge. The voltage and field of occurrence reflect the threshold value of
the applied field, at which the recorded partial discharges appear. This value characterizes the dielectric
inhomogeneity of the material under study. The intensity of partial discharges is the number of PDs
occurring in a dielectric per unit time. In the case of coal, the voltage of occurrence and the dependence of
intensity on voltage reflect the dynamics of electric discharge processes in coals and can be used as
indicators of the treeing beginning and the treeing breakdown. The apparent charge is the amount of
charge that passed through the external electrical circuit at the moment of PD. Thus, this is the amount of
charge that can be fixed by the measuring device, in contrast to the true charge, which passed inside the
inclusion at the moment of PD. The name "apparent” is associated with the assumption that this charac-
teristic is not equal to the true charge neutralized by a partial discharge. However, it is considered that this
value indirectly reflects the value of the true charge.

In homogeneous insulating materials the apparent charge can be used as an indicator of critical PDs
that lead to dielectric failure [18, 19]. To do this, calibration measurements for each specific material are
carried out. In the case of coals, this approach is not applicable, as a large dispersion of the apparent
charge of critical PDs can be expected because of a sharp material heterogeneity. So we have investigated
the voltage of PDs occurrence and the breakdown voltage of the interelectrode gap in coals as a function
of interelectrode distance.

Method of experiments. Measurement of the characteristics of partial discharges and voltage of the
treeing breakdown is necessary to estimate the potential of applying these phenomena to develop
underground pyrolysis technology. Thus, the low intensity of the PDs occurrence and the low voltage of
the treeing breakdown indicate the possibility of producing a breakdown of a significant interelectrode
distance at a technically realizable voltage value.

Samples for measuring of the PDs characteristics were made in the form of bars (figure 1) by cutting
out from a solid fragment of coal on a stone-cutting machine with an abrasive-cutting disc with a diamond
coating. The length of the bar was selected on the basis of the required interelectrode distance so that from
the electrode to the edge of the bar remained at least 30 mm. Samples with an interelectrode distance from
5 cm to 30 cm were made from the target deposits coals. The width and height of the bar were selected in
the range of 30-50% of the length.

Rod electrodes were used to supply voltage, since such an electrode configuration is a reduced model
of the proposed technology for the breakdown and heating of an underground coal bed. The electrodes
were rods of carbon steel with a 10 mm diameter, which are tightly inserted into the pre-drilled holes. The
electrodes were deepened into the sample at 60-80% of the sample height.

The methods of measuring of the partial discharges characteristics are regulated by a number of
normative documents [20, 21]. The measurement was carried out by applying a high voltage of industrial
frequency to the sample and registering current pulses in an external circuit. Since the PD pulses have a
higher frequency spectrum, in order to close PD current, a so-called coupling capacitor is switched on in
parallel with the sample under test. Also in the circuit includes a recording device. The simplified elec-
trical circuit diagram of the power and measuring parts of the equipment is shown in figure 2.
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Figure 1 — A sample of coal for measuring of the characteristics of PD

Z;

TV2

Figure 2 — The electrical circuit of the laboratory equipment for investigation of the characteristics of partial discharges

The equipment is supplied from an electrical network of alternating voltage of 220 V, which is fed to
the regulating transformer TV 1. This regulator with a rated power of 100 kW works as a variable magnetic
coupling transformer. The voltage at its output can vary from 10 V to 220 V by moving the carriage
placed inside the transformer. The voltage from the regulator output feed the step-up transformer TV2.
This transformer with a rated power of 100 kW produces a voltage of 100 kV at an input voltage of 220 V.
The voltage at the output of the TV2 transformer is monitored using a digital kilovoltmeter.

The element Z; is used as a blocking impedance, which does not allow to high-frequency interference
from the supplying network and transformers to flow into the measuring circuit. It also helps to ensure that
the PD current pulses are closed in the circuit between the sample and the coupling capacitor. A highly
inductive wire-wound resistor with a nominal resistance of 1 kQ is used as Z. The resistor has the shape of
a tube, and a set of ferrite washers was placed inside of them to increase its inductance.

Capacity C, performs the function of a coupling capacitor in the circuit. The high-frequency current
pulse of partial discharges closes through this capacitance. Cy was made from 5 220 pF ceramic capacitors
connected in series. The total rated battery capacity is 44 pF, the maximum allowable voltage is 112 kV.
According to international standard IEC 60270, the capacitance of the coupling capacitor was chosen
close to the interelectrode capacitance of the sample under study.

The element Z, is a test sample. Two resistors, designated in the circuit as R, work as current
sensors, which are used for registration of partial discharge pulses. Physically measuring device (oscil-
loscope) removed a few meters from the sample under high voltage. The signal source is connected to the
receiver by a shielded cable. To prevent interference, the cable line is matched by connecting resistors at
both ends with a resistance equal to the cable impedance. In this case, these resistors simultaneously work
as a shunt. Resistance of each R, is 150 Ohms.
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The signal from the output of the measuring shunt passes through a high-pass filter, in order to
separate the low-frequency volume conductivity current from the current of partial discharges, whose
frequency spectrum lies in the range of tens to hundreds of megahertz. Two signals come to the measuring
device - directly from the shunt and from the output of the filter. The kilovoltmeter kV is a high-voltage
resistive frequency-compensated divider, which is also connected to the oscilloscope.

The voltage applied to the sample during the experiment was gradually increased from zero to the
moment of sample breakdown at a rate of 100 V/min. Using an oscilloscope, the presence of partial
discharges was recorded and the voltage applied to the sample was measured.

Results and discussion. Samples of coal under the action of high voltage exhibit a capacitive-
resistive reaction with a predominance of the resistive component (figure 3). The phase shift between
current and voltage is 15-20 degrees. The phase of the PD at the moment of their appearance corresponds
to the amplitude of the flowing current. As the voltage increases, the PD phase range expands.

FAN - | V0|t|age, 58|0 v,fdw||
J 1 \N

/ \X/ /\ Current, 0.3 mA/div |
.\ 1/
\ N\ 7/
\ A\ /

Current after filter, 0.3 mA/div

o

Figure 3 — Diagrams of voltage and current through the sample (horizontal scale 2 ms / div)

The pulses of partial discharges current have a front duration of 5-10 ns (figure 4). This is the time of
discharge plasma action in the gas pore. Then the pulse has an exponential decay, indicating the process of
recharging pore capacity.

r N’\k'“\,m’m_u
MWWMMMMW

EL1 n.h:l
i

Figure 4 — Diagrams of a single PD current. The scale of the horizontal axis is 100 ns / div, the vertical axis is 27 pA/div

The voltage of occurrence of partial discharges U, is the smallest voltage at which the partial dis-
charges appear. It can be assumed that the lower the voltage required for the occurrence of PDs, the lower
the voltage cause the treeing and breakdown. Therefore, the voltage of PDs occurrence can be used as
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indirect indicator of the breakdown voltage. When a voltage is applied to a real subterranean formation,
knowledge of such a correlation may be highly helpful.

Figure 5,a shows the dependence of the voltage of the PDs occurrence U,. on the distance between
the electrodes /. For the coals under study, the U, varies up to 2 times, which is due to the different
porosity and different composition of the mineral component of the coal.
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Figure 5 — Voltage (a) and field intensity (b) of the occurrence of the PD in coals depending on the distance

Curves show that increasing of interelectrode distance leads to increasing of the occurrence voltage.
This is due to the fact that with the same voltage, but a greater interelectrode distance, the average field
strength will be lower. However, it is also of interest how the average intensity of the occurrence of £,
(figure 5,b), which was determined as follows, depends on the interelectrode distance:

__Uyc
Eoc =2
It can be seen that the average intensity of partial discharges occurrence decreases with an increasing
of the interelectrode distance. This suggests that the voltage of occurrence depends on the distance
nonlinearly. Extrapolating the graphs to large distances, it can be assumed that E,. will continue to decline
further, that is, U, will increase more slowly with increasing of interelectrode distance.
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The voltage Uy, and the field Ey, (figure 6) of the breakdown characterize the magnitude of the
electromagnetic action at which the electrical resistance of the inter-electrode gap of the sample abruptly
decreases in several hundred or thousand times. The reason for this is the forming of a through-channel
breakdown between the electrodes, consisting of discharge plasma. The high temperature of this plasma
causes thermal destruction and carbonization of the coal substance, so the resistance of the interelectrode
gap retains its low value even after the voltage is turned off.
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Figure 6 — Voltage (a) and field intensity (b) of coal breakdown versus distance

The behavior of the curves Uy, = f{/) and Ey,, = f{I) is very similar to the dependencies U,. = f (/) and
Eo. = f (), respectively, however, the breakdown occurs at voltages several times higher than the partial
discharge voltage. It also shows that, in contrast to homogeneous dielectrics, in coals, the average
breakdown voltage significantly decreases with an increasing of the interelectrode distance. The behavior
of the curves suggests that a further increasing of the interelectrode distance will lead to slight increasing
of the breakdown voltage. As a result, the breakdown of interelectrode distances of tens of meters in the
conditions of a real underground reservoir may require technically realizable in field conditions voltage.

The correlation between the voltage of PD occurrence and the breakdown voltage may also be useful
in the field. Knowing how many times the breakdown voltage exceeds the PD occurrence voltage for these
coals, by fixing Uoc, we can predict Ubr at a given interelectrode distance.
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Findings. The use of electric heating of underground coal beds may make it possible to create a new
highly efficient technology for the processing of coal. Studies have shown the possibility of coal
breakdown for using the breakdown channel as a heating element. The behavior of the dependence of the
breakdown voltage on the interelectrode distance suggests that in field conditions the technically
achievable voltage will allow to breakdown the interelectrode distance of tens of meters.
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B.T. EpMafamﬁeT', I'. E. PeMHeBZ, C. M. MapTeMLﬂHOBZ,
A. A. Byxapkun’, ). M. Kacenosa', H. Y. Hypraines'

'«KeMmip XxumusicsI sxoHe TexHomorus uactutyTs» JKIIC, Acrana, Kasakcran,
*Tomck ¥ITThIK 3eprrey xone [lomnrexankansik MaCTHTYTHL, ToMCK, Peceit

MAMKOBEH, EKIBACTY3 )KOHE KOPKBIHKOJI KOMIPJIEPIHJIETT
IINTHAPA PA3SPAATTAP MEH 2JIEKTPJIIK BY3bLIIYJIAP

Annotanusi. Makana KazakcTaH KeMipiH 3J€KTp TOTBIMEH KbI3IBIPY apKbUIBI JKaHFBII ra3/lap MEH IIabIp-
JIap/ibl XKepacThl MUPOJIUTTIK 9IICIIEH KalTa eHJeYACYiH 3epTTeyre apHallaibl. ByJl *KYMBICTBIH MaKcaThl y3apThUIFaH
ilmiHapa IIBFapBIHABUIAD HOTIDKECIHAE KOMIpAiH JIEKTPIIK OOJiKTepiHiH YITiIepiH 3epTTey OONBIT TaOBLIAIBL.
DJNeKTpoaTap apachIHAAFBl OY3BUTYIBIH HOTW)KECIHAE TOMEHOMIBI apHa maiaa Ooxamsl, Oy Kep acTel TY3UIIMiH
KBI3OBIPYFa, MAPONIM3TE apHAJFaH PE3UCTHUBTI KBI3IBIPY DIEMEHTI peTiHIe KOJNaHBUIamel. Byn Makamama imriHapa
paspsaTapAbIH maiiga 601y KepHEYiHiH JkKoHe KeMipAiH Oy3bUly KepHEYiHIH TOyenaiIiri KelTipiireH. 3eprreyiep
yurin Maiike6en, ExibacTy3 sxone KopxbiHken OacceitHaepiHiy keMipiepi naiganaHbuiagbl. DIEKTPOATAP PETIHAC
6oxat KyObIpiap HaiJalaHBUIIBI YKOHE 3JIEKTPOTKI3YKAIIBIKTHIKApalIbsiFel S-TeH 30 cMm-re meiiin Oongsl. ImriHapa
paspsaaTapAblH KalIbIKTbIFbI YﬂKeH}IeyiHeH opTala KapKbIHABLUIBIFBI )KOHE JJICKTPOATHIH apajibIK KeHe}OiMeH, opTaiia
CBIHY KapKbIHJBUIBIFBIHBIH TOMEH/CY1 aHBIKTaIABI. Bys ypaic »kepacThl XKBUIBITY MEH KOMIpJl Kaita eHaey YIIiH
IIEKTPOTEPMaIbJIbl OY3bUTY Bl KOJIAHYFa MYMKIHIIK OepeTiH epic YIIiH »apaMsl Jen 6oinkayra 6omanpl. COHBI-
MeH KaTap, OyJ1 Toyenautikrepain Oip-OipiMeH OaliaHBICYBI, illiHAapa 3apsAATapAbIH Hakiaa 007y KapKbIHABUIBIFBIH-
Jla Oy3bITy KepHeYyiH 00ipKay YIIiH HaiaanaHbuIaibl.

Tyiiin ce3mep: keMmip, immiHapa pa3psil, HEKTP TOTHIHBIH OY3BUTYHI, JKE€PACThl Ta3JaHIbIPY, KbI3ABIPY 3JIEMEHTI,
KepHeY, KapKbIHABUIBIK.

B.T. EpMaraM6eT', I'. E. PeMHeBZ, C. M. MapTeMLﬂHOBZ,
A. A. Byxapkun’, ). M. Kacenosa', H. Y. Hypraines'

'TOO «MHCTHTYT XMMHH YIJIs M TEXHONOTHI», AcTtaHa, KasaxcraH,
* HaupoHanbHBIH MccienoBaTenbckuii TOMCKHiT MONMMTEXHUYeCK i yHuBepeuTeT, ToMck, Poccust

YACTUYHBIE PA3PS/IbI U JEKTPUHYECKHI ITPOBOM B YIJIAX IV{AﬁKYBEHCKOFO,
IKHUBACTY3CKOI'O 1 KOPKYHKOJIbCKOI'O BACCEMHOB

Annotanusi. CtaThs TOCBSIIEHA HCCIEIOBAHHIO BO3MOXKHOCTH II0/I3EMHOHM HHPOJIUTHYECKOH KOHBEPCHUH
yrieit KasaxcraHa B roproumie ra3bl M CMOJIBI IIyT€M HarpeBa 3JIEKTPUYECKHM TOKOM. Llenmb mpoBeneHHOH paboThl
COCTOHT B UCCJIEOBAaHUN 3aKOHOMEPHOCTEW 3JIEKTPUYECKOro Mpo0os yriiel B pe3ysbTare Mpoa0DKUTEIBHOTO JIeH-
CTBUS YACTHYHBIX pa3psnoB. B pesyiprare npobos MexIy JIeKTpoaaMu o0pasyeTcsi HU3KOOMHBIH KaHall, KOTOPBIH
npenronaraeTcss UCIoNb30BaTh B KAUeCTBE PE3UCTUBHOIO HArPEBATENBHOrO JJIEMEHTa Ul HarpeBa M MHPOJIU3a
ydacTKa IOA3eMHOTr0 IulacTa. B cTaThe npuBeieHb! 3aBUCHMOCTH HaNPsHKEHNS BOSHUKHOBEHHS YaCTHYHBIX Pa3psaoB
U HanpspKeHUs npobost yrimei. /s uccnenoBanuii OBUTH MCIIONB30BaHbl yriu MaiikyOeHCcKoro, DKnbacTy3cKoro 1
KopsxyHkossckoro GacceliHOB. B kauecTBe 3J1€KTPOIOB HCIONB30BAINCH CTANBHBIE CTEPIKHH, MEXIJIEKTPOAHOE
paccrosiHue cocTaBsuio oT 5 mo 30 cM. OOHapYXKEHO, YTO CPEAHSS HANPSHKEHHOCTh BO3HMKHOBEHHUS YaCTHYHBIX
Pa3ps0B U CPEIHSSL HAMPSHKEHHOCTh MPO00S CHIDKAIOTCS TMPY YBEIHMUEHUU MEXAIIEKTPOIHOTO paccTOsIHUS. MOXKHO
MMPEANOJI0XKUTL, YTO 3Ta TCHACHIIUA 6y;[eT CIIpaBCJInBa U B MOJIEBBIX YCJIOBUAX, YTO AACT BO3MOKHOCTL HCIIOJIb30-
BaTh JIEKTPOTEIJIOBOH MPOOOl /Ul IOA3EMHOT0 HarpeBa M KOHBepcuH yrieil. Ilpum 3ToM naHHBIE 3aBHCHMOCTH
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KOPPENHUPYIOT MEXIy COO0OH, YTO MOXET OBITh HCIIOIB30BAHO IJISi NPOTHO3MPOBAHMS HANpPsDKCHHS MpoOos Ipu
M3BECTHON HANPSHKEHHOCTH BO3HUKHOBEHUS YACTHYHBIX Pa3psIoB.

Ki1roueBble c10Ba: yroib, 9aCTUYHBIC pa3psAAbl, JIEKTPUIECKUI NpoOOH, MoA3eMHast Ta3nuKanus, HarpeBa-
TEJIbHBIH JIEMEHT, HAIIPSKEHHUE, 2JIEKTPUIECKOE TIO0JIE.
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