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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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SIMULATION OF SUBTERRANEAN HEATING OF COAL
BY PASSING ELECTRICAL CURRENT THROUGH
ELECTROTHERMAL BREAKDOWN CHANNEL

Abstract. The paper describes a mathematical model that simulates the heating of an underground coal bed by
passing electrical current through electrothermal breakdown channel. The breakdown channel, which is a heat
source, is formed between two electrodes located in the wells inside the subterranean formation. The electrodes are
connected by cables to the aboveground electrical equipment. The diameter of electrothermal breakdown channel at
the time of formation is small, and it expands as the coal is heated and carbonized in the vicinity of the channel. The
distance between the electrodes is set to 0.5 meters. The values of dielectric and thermal properties are taken on the
basis of experimental and literature data for the coals of the Republic of Kazakhstan. The time dependences of the
temperature in the center of the heated part of the reservoir at different heating powers are obtained. The images of
the thermal field in the heated region and its immediate vicinity are shown. The results of calculations of electrical
parameters of required for heating electrical equipment, and changes in these parameters over time as heating, is given.

Key words: Coal, breakdown, heating, carbonization, gas.

Introduction. Researchers offer a number of ways for heating the coal directly underground. The
most common is the underground gasification due to incomplete combustion of coal [1-3]. According to
this technology, an oxidant, which is mainly air or a vapor-air mixture, is injected into the underground
reactor. A set of oxidative and reducing reactions produce a gas with a calorific value of 4-8 MJ/m’,
which contains the hydrogen and carbon monoxide as main combustible components [1].

The limitations of this method include the high content of non-combustible components in the gas,
mainly nitrogen and carbon dioxide. As a result, the gas produced has a low calorific value, and thus a
narrow field of application. The main product of this technology is gas. Coal tar is formed in small
quantities and is not used as a product.

Another approach is the heating using the outside heat, for example, from an electric heater. If we
place the heaters directly in the wells, it will be possible to heat only that part of the coal that is removed
from the well by no more than 2-3 meters. Heating of a more remote zone requires more time (more than
six months) due to the low thermal conductivity of coal.

To eliminate this drawback, the heating element should be extended along the length of the bed. One
of the known solutions is as follows. A fracture channel should be created between two wells and filled
with granules of an electrically conductive substance, for example, graphite. Further, the formed current
path is used as an electric heater [4,5].

Research methodology. We propose a method that is similar to the one described above, however, it
eliminates a large number of expensive and complex preparatory operations. To pass a current through a
section of the reservoir, the method requires two wells with electrodes (figure 1).

— 16 ——
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Figure 1 — Plan of subterranean heating method

An electric current causes the release of Joule heat in the coal:

o = [Lu®I®adt = [ 294, (1)

0 R(t)

where Q - is the thermal energy, / - is the current, U - is the voltage on the electrodes, R - is the resistivity
of interelectrode space, ¢ - is exposure time.

The specific electrical resistance of coal is 10'°-10'*Ohm-cm that is relatively large [6-10]. Thus, a
very high voltage will be required to provide the power release enough for heating. However, a decrease
in the interelectrode resistance can be achieved by creating a breakdown channel. The breakdown channel
is formed from the substance of coal modified by plasma of electrical discharges. As a result of pyrolysis
under the action of high plasma temperature, the resistance of the coal decreases. It is known that in the
temperature range of 350-500°C without air access, the coal substance carbonizes, as a result, its electrical
resistance decreases to 10-10°0Ohm-cm [6-9]. Due to this, the channel has a low resistance that is sufficient
to pass current at a technically feasible voltage value.

To assess the effectiveness of the method, it is necessary to calculate the required voltage and power
of the aboveground electrical equipment, as well as the achievable heating rate. The article describes
mathematical simulation in order to determine the temperature dynamic in the vicinity of the channel, and
to calculate the required technical characteristics of the aboveground power supply.

Thermochemical conversion of coal without access of external reagents

When coal is heated, the organic mass undergoes changes occurring under the action of temperature.
In the range from the initial temperature to 120°C, the moisture is released, which is contained in the coal
in both free and ion-bound form. Upon further heating from 120°C to 300°C, predominantly ion-bound
and pyrogenic moisture is released. Further, in the range from 300°C to 550°C, solid organic compounds
decompose with the formation of liquid and gaseous hydrocarbons. The residue from the decomposition
reactions is coke or amorphous carbon. Due to the appearance of coke, the electrical resistance of coal is
reduced. At temperatures above 550°C, secondary reactions of liquid and gaseous hydrocarbons with solid
carbon occur. The products of these reactions are hydrogen and carbon monoxide.

Initial data for the heating calculation

Suppose that there are two wells drilled from the surface to the underground coal seam and located at
a distance d from each other. The wells contain an electrodes placed at the bottom and connected by
cables to an aboveground source of electrical energy. Electrodes are electrically connected to each other
due to an electrothermal breakdown channel. The channel will operate as an electrical heating element,
heating the subterranean formation. Let us consider the heating process.

The power of electric heating released in the reservoir will be spent on the heating of the surrounding
space and thermochemical reactions. In addition, part of the thermal energy will be dispersed into the
surrounding space. Thus, the heat balance of heating is as follows:

Qr =Qp+ Qcp + Qs (2

where Q, _is released heating energy, Oy, _is the energy spent on the heating of the rock, Q. _is the energy
spent on thermochemical transformations, Q; _ is the energy dispersed into the surrounding space due to
thermal conductivity.

Heat source

The heat source is an electrothermal breakdown channel. Heating starts from the moment when the
electric discharge structures developing in the coal close the interelectrode gap [11]. At the time of the
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formation of the through conductive channel, its diameter is very small compared with the interelectrode
distance. Usually, it is not more than 0.1 mm [12,13]. The channel can be simply represented as a straight
line connecting the electrodes. In this case, the heating source is a cylinder having electrical resistance:

_1d _ 4d
oS onD?2’

)

where R - is channel electrical resistance, d - is the channel length, o — is electrical conductivity of
carbonized coal, D - is the channel diameter. The channel consists of a coal substance after pyrolysis. The
resistivity of this substance is about 100 Q-cm for the considered coal. As the area around the channel
heats up, the coal in it also undergoes pyrolysis. Its resistance also decreases, thus conductive channel
expands (figure 1).

The power released during heating can be mathematically written with the expression:

W, = oE?, )
E? = E; + Ej + EZ, (5)

where E - is modulus of the electric field vector, Ey, Ey, E, - are its projections in three dimensions.

Heat absorption

As we can see from the heat balance equation (1), heat is used to heat the coal substance, as well as to
thermochemical transformations. The component responsible for the heat of thermochemical
transformations can be either positive or negative, depending on the balance of exothermic and
endothermic reactions. In different temperature ranges, the pyrolysis heat flux can be positive or negative.
On average, however, endothermic reactions dominate, so part of the heat is absorbed. The physical heat
capacity of coal, without taking into account thermochemical reactions, also depends on temperature. It is
not possible to determine the temperature dependence of the heat capacity of coal without taking into
account the energy of thermochemical transformations. Therefore, the researchers more often use the
effective heat capacity, i.e. heat capacity taking into account energy absorption at thermochemical
transformations. Our calculations used the temperature dependence of the effective heat capacity, the
analytical form of which is approximated in the temperature range according to a polynomial function.

Heat dispersion

Initially, the subterranean formation has some initial temperature. If we heat a part of the reservoir,
some of the heat will be distributed to less heated surrounding areas due to heat conduction and mass
transfer. Since coal is not transparent in the infrared, there is no heat transfer due to radiation. Presumably,
the main heat sink will occur due to thermal conductivity, therefore mass transfer in the model is not taken
into account.

The evolution of the temperature field is taken from the solution of the three-dimensional heat
conduction task, which includes the heat conduction equation:

oT 0 aT d aT 0 oT
05 =5 (25) +5,(05) +5 (45) +w® (©)
where T - is temperature, ¢ - is time, x, y, z - are spatial coordinates; ¢ - is the heat capacity, p - is the
density, /4 - is the heat conductivity, W(E) - is a source of heat.

We used a coefficient 7 as a measure of the change in the electrophysical and thermal characteristics
of coal that occur as it heats. It is called the degree of conversion, and changing from 0 to las the coal
heats up. A value of 1 means that the coal in this area is fully pyrolyzed and has the highest electrical
conductivity.

Heating conditions

The initial heating conditions are defined as follows:

t=0: Tp=0, n=0.

Taking into account the experimental and literature data for the coals of Kazakhstan, the following
averaged parameter values were adopted:

p = 1900 kg/m’, the values of thermal conductivity and heat capacity are defined analytically in the
form of a polynomial approximation with the temperature:

— 18 ——
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A= ko+ kT +k,T? + k3T3 + kyT* + kTS (7
c=ko+ kT +k,T?+k3T3 ®)
The values of the coefficients are given in the following table:
The value of the coefficients for heat capacity and thermal conductivity
ko k, k ks ky ks
c 1,379-10° -11,763 0,145 -3,964-10" - -
A 1,566 -0,064 1,215-10° -1,062-10° 4,39-10°* -6,927-10™"
The dependence of resistivity on temperature is approximated by the function:
(€)]

p = ko exp(koT)

where ko = 1,73968-10"", k; = -0,04647.
The calculation was carried out using an implicit splitting scheme and coordinate-wise marching.

Results and its discussion. The calculations were carried out for an interelectrode distance of 0.5 m.
Figure 2 shows the dependence of the temperature at the center of the interelectrode gap on the heating

time. In this case, the constant heating power mode was used.

T°C
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Figure 2 — Temperature in the center of the interelectrode gap at different values of the released power

Initially, the heating is intense, then, when the temperature near the electrodes becomes high, the

heating slows down due to the outflow of heat into the surrounding space.
In addition to temperature in the interelectrode space, the efficiency of the technology is also affected

by the distribution of thermal energy in the vicinity of the electrodes. Figure 3 shows images of the
thermal field in the computational domain at different times with a heating power of 3 kW.
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Figure 3 — Thermal field in the calculation plane at time points: (a) 5 minutes, (b) 30 minutes, (c) 10 hours.
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The most notable are the following features. At the beginning of heating, the temperature increases
sharply in close proximity to the electrodes. Next, the interelectrode space is heated, while the surrounding
areas are weakly heated. After a longer time, the thermal energy begins to be distributed in the direction
away from the electrodes, heating the area within a radius of several meters.
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Preparation of technology field tests requires the values of the technical parameters of aboveground
electrical equipment. Using the values of the initial and final (before and after pyrolysis) resistances of
coal and calculation of the conversion degree, we can determine the change in interelectrode resistance as
it heats up. Results for the interelectrode distance of 0.5 m are shown in figure 4a. Using the known
resistance value, we can determine the required values of voltage and current. The calculation results for
the fixed power mode of 3 kW are shown in figure 4b and c.

R, Ohm
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100 | :
10 \ t, min o 1'-.,_
1 —
0,1 )] \ 10 20 30 40 50 60 7IE| e
0,01 1
a) b)
1000
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Ji/ Figure 4 —
10 I Interelectrode Resistance (a), voltage on the electrodes (b)
: and current through the channel (c) at heating with
4 a constant power of 3 kW of 0.5 m interelectrode gap
I i A d . h
¥ o & U U SU = u"u. -
L

<)

Thus, the results obtained can be used as a guide for the field equipment development. According to
calculations, a voltage of about 22 kV will be required to initiate heating. As interelectrode gap is heated,
the resistance will decrease. In accordance with the decrease in resistance, the voltage should be reduced
and the current should be increased in order to maintain the power at a constant level [14,15]. Within an
hour, the resistance decreases to less than 1 Ohm, so the given heating mode requires the current of about
500 A.

The considered model has a number of limitations. The model does not take into account the
following factors that occur when a real underground formation is heated:

— the change in thermal conductivity due to cracking;

— the mass transfer;

— the dielectric and thermal properties of coal are assumed to be isotropic, although due to the layered
structure, the thermal conductivity and electrical conductivity are likely anisotropic.

However, since the purpose of modeling is to estimate the first approximation of heating parameters,
we suppose that these assumptions are justified.

Conclusion. The results of the calculations show the possibility of reaching of the pyrolysis
temperature in the vicinity of the electrodes over a period of one hour, with heating power in few kilowatt
and an interelectrode distance of 0.5 m. At the initial stage of heating, the temperature increases only in
the immediate vicinity of the electrodes. In the next few hours, the area that is several meters away from
the electrodes is heated. The initial resistance of the interelectrode area is large; it requires the voltage of
tens of kilovolts to release the power enough for heating. During the first hour of heating, the resistance of
the channel is significantly reduced, and maintaining heating requires passing a current of hundreds of
amperes.
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IEKTPOKBLIYJIBIK TECY APHACBIHIA KOMIPII TOKITEH 'KEP
ACTBIHJIA KbI3ABIPYIBI MOJEJIBJIEY

Annotanusi. KeMipiH kep acTbl KaOaThIHBIH AJICKTP XKBUTYBIH TECY apHAChl apKbUIbI OTETIH JIEKTP TOTBIMEH
KBI3JBIPYAbl CHIIATTAWTHIH MATEMaTHKAIBIK YIIri xacainraH. JKeury ke3i 00osaThlH TeCy apHACHI JKep acThl KabaThIHBIH
imiHIe YHFRIMaNlapJa OpHATACKaH €Ki AIIEKTPOATHIH apachblHa KaJBINTAcaIbl. DJIEKTPOATAp Kep OeTiHIeri 3JIeKTp
JKaOpIFpIHA KabenpIepMeH KOCBUIFaH. DIEKTPXKBUIYNBIK TECy KaHANBI KANBINTACy Ke3iHAe TuaMeTpi a3 Oomaisl
’KOHE KaHaJl MaHAHbIHAAFEl KOMIPZiH KbI3ybl MEH KapOOHM3aLMACH Ke3iHae KeHeHTineai. DIeKTpoATap apachIHAAFbl
KAIIBIKTBIKTHIH Inamackl 0,5 merpre TeH. JMamekTpilik skoHe KbUTypH3MKaJIbIK KacueTTepiHiH MoHnepi Kazakcran
PecnyOnukachIiHBIH KOMipiHE apHajFaH dKCIEPUMEHTANbI JKOHE o/1e0u aepekTep HerisiHne ajibiHFaH. KabaTThiH
KbI3/IBIPBUIATBIH YYaCKECIHIH OpPTAaChIHAAFbl TEMIIEpaTypaHblH SPTYPJI KbI3JbIPY KyaThIHIA YaKbITTBIH TOYEJALIIri
anbiHabpl. JKBUIBITY aiiMarbIHIA OHE OHBIH JKAaKbIH MaHAWBIHIAFbl JKBUTy OpICIHIH OCiHeci ajblHABL JJIEeKTp
KaOIBIKTAPbIH KbI3JBIPY YILIIH TaJlal eTieTIiH JIEKTPIIK NapaMeTpiIepIiH ecenTey MOH/Epl KoHEe OChI Mapamerp-
JIep/iiH KbI3JbIpY IIaMachlHa Kapad YakKbITTBIH ©3Trepy HOTHXKelepi KenripiiareH. bacrankpiia xepacTbl KaOaThIHBIH
e3iHIiK TeMneparypachkl Oonaipl. Erep Oi3 muract aifMarbIH JKbUIBITATHIH 0OJICaK, JKbUIy HEPrHACBIHBIH Oip Oediri
JKBITY OTKI3TIIITITI MEH Macca TacMalfay ece0iHeH a3bIpak KbI3OBIPBUIFaH KopllaraH aiiMakTapra Tapaiinel. Kemip
WHOPAKBI3BUI AWANa30HBIHIA MOJIIp eMec OONFaHABIKTaH, CoyJeleHy ecebiHeH Kpury Oepy Oonmainsl. Herisri
JKBITY Oepy JKBUTYy ©TKI3TIIITITi ece0iHeH KYPri3UIeTIHIIKTEeH, MOAETBICTi Macca TacMainaay eckepinMereH. Kemipai
KBI3IBIPY KE3iHAE OpPTaHMKaJbIK Macca TeMIIepaTypaHbIH oCepiHEeH OONaThIH e3repicrepre yuibipaiapl. bactamker
temrnepartypanan 120 °C-ka neifinri auamnasonna 60c KyiiHze )kKoHEe HOH/IbI-0aillaHbICKaH Typ/e Kemipje 0oaThiH
BUTFAJIIBIH MIBIFYBl OpbIH anafgsl. Oman opi 120 °C-tam 300 °C-xa meiiH KbI3AbIpraHia, KeOipek noHAbI-Oaiima-
HBICKaH joHe nuporesai oounein mbiFansl. Onan opi 300 °C-tan 550 °C-ka nediHri quana3oHia CYHbIK KoHE ra3
TOpI3l KOMipCyTeKTepiH naiia 0oJia )KYpPEeTiH KaTThl OpraHMKaJbIK KOCBUIBICTAphl blAbIpaiabl. blueipay peak-
LUSUIAPBIHBIH KAJIBIFBl — KOKC-aMOp(ThI KeMipTek. KokcThIH nmaiina 6oimysl eceOiHeH KOMIPAIH AIIEKTPIIIK Keaeprici
teMenzeini. 550 °C-ka orapbl TeMmIeparypaiapia KaTThl KOMIpIiH CYHMbIK JKOHE Ta3 Topi3li KeMipcyTeKTepneri
eKIHIIUIIK peakUysuIapsl xKypeai. by peakumsuiapaplH eHIMAEpl — ra3 Topi3/l CyTeK KoHEe KOMIPTEeK MOHOOKCHII.
JKputyneik OanaHc TeHJIEYiHEH, KbUTY LIBIFBIHBI KOMIpP 3aTHIHBIH KbI3ybIHA, COH/AH-aK TEPMOXMMILUIBIK alfHaIyFa
JKYMCAJIATBIHIBIFBIH KOpe alaMbl3. TepMOXUMHSUIIBIK alHaIyJIap JKbUTybIHA )KayalThl KOMIIOHEHT SK30TSPMUSIIBIK
JKOHE SHIOTEPMISUIBIK peaKIUsUIapIblH OamaHCHIHA OaiilaHBICTBI OH J11a, Tepic Te OOMybl MyMKiH. by
TEpMOrPAaBUMETPHUSIIBIK aHATIM3.IH JKbUTY aFbIHBIHBIH KHCHIFBIHAH OaiiKanampl. OpTYpil TeMieparypa JIruana3oHbIHAA
IHUPOJIM3/IIH JKBUTY aFbIHBI OH HeMece Tepic 00JIybl MyMKiH. JlereHMeH, opTa ecenmeH SHAOTePMISIIBIK peakuusap
0acBIMBIPAK, COHIBIKTAaH JKbLTy Oiri KyThUIaabl. TepMOXHMMSUIIBIK peaKkIUsIApAbl ecerke alMaraHna, KOMipIiH
(M3HKAIBIK KBULy CHIMBIMIBUIBIFBI [a TeMIleparypara OaiimaHbICThl. TepMOXMMUSIIBIK alfHaIyJIap SHEPrHsChbIH
ecerke ajMail, KeMIpIiH >KbUIy ChIMBIMABUIBIFBIHBIH TEMIIEPATYPAIbIK TOYESIAUIriH aHBIKTAy MYMKIH eMmec.
COHJIBIKTaH THIM/I KbUTY CHIMBIMIBUIBIFBIH, SSFHU TEPMOXHUMISUIBIK aifHaIyja CIHIPUIT€H SHEeprusi €cernke alblHFaH
JKBUTY CHIMBIMIIBIIBIFBIH KH1 KosigaHanel. Ecentepie aHanmuTuKanbslK GopMackl HONMMHOMHUAILIB QYHKIMS OOWBIHIIA
TEMIIEpaTypalblK JAWana3oHja arnnpoKCHUMAalMsUIaHFaH THIMII JKbUTY CBHIHBIMABIIBIFBl KOJNJAHBUIIBL JJIEKTPOJ
apanplK KEHICTIK TeMIiepaTypachlHaH 0acKa, TEXHOJOTHS THIMIUTITIHE 3JICKTPOATAPIBIH MaHANBIH-TAFbl JKBLTY
9HEPIHACHIHBIH Tapalybl acep eteli. 3 KBT KpI3AbIpy KyaTblHIa SPTYPIIl yaKbIT ME3ETIHIE eCeNTiK aiiMaKTarbl JKbLTY
epiciHiH OeitHenepi kepcerinren. Kemeci epekmmenikrep eH Xakchl cumarramMansl Oepeni. Kemgpipy Oacranranna,
AIIEKTPOATApFa TiKeJeW >KaKbIH aiiMakTapia TeMmieparypa KypT eceni. OmaH opi DJEKTPOI apaliblK KEHICTIKTIH
KbI3ybl OpBIH anafbl, ajl KOpIIaraH aiMakrap oici3 KpI3aasl. bipa3 yakpIT ©TKEHHEH KeHiH JKbUIy SHEPIHACHI
ANEKTPOATAPABIH OaFBITHI OOMBIHIIIA Tapana OacTakasl. Ocklnaiimia, GipHeme MeTp pagnycTarbl alMakK KbI3a bl

TexHONOTUsIHBL TAaOWFU CHIHAKTApFa JalblHOAy KbI3ABIpYFa KaXeTTi >KaOIBIKTApAbIH Talal eTUIeTiH
TEXHUKaJBIK Mapamerpiepin Ouryni mingerrerai. KemipaiH 0acTarkbl KoHE COHFBI (MUPOJIM3Te JISiiH KoHE OJjaH
KeHiH) KezxepruiepiHiH Oeirini Imamanapsl OOMBIHINA, COHNAM-aK aliHAy A9PEXKECIH €cenTeil OTHIPBIM, 3JIEKTPO.
apasblK KeAepriHiH KbI3ABIpyFa Kapail e3repyiH aHbIKTal ajaMbl3. DJICKTPOJ apaliblK KAIIBIKTHIK 0,5 M OOJFaHIarbl
HOTHKENEP CYpeTTe KOPCETIITeH.

Tyiiin ce3nep: KeMip, Tecy, KbI3AbIpY, KapOOHU3AIMS, ras3.
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MOJIEJINPOBAHUE MOJ3EMHOI'O HATPEBA YIJIEH TOKOM
B KAHAJIE 3JIEKTPOTEIIJIOBOI'O ITPOBOSI

Annoranus. [Toctpoena MatemMaTHyeckasi MOJIeIb, ONKCHIBAIOIIAS HArPEB MMOJ3EMHOTO IIJIacTa YIilsl JJIEKTPH-
YECKUM TOKOM, ITPOTEKAIOIINM Yepe3 KaHajl AJIEKTPOTerIoBoro npobos. Kanan npobost, sIBISIOIUICS HCTOYHUKOM
Tera, (GOPMUPYETCST MEKAY JABYMsI SJIEKTPOJAMH, PACIOJIOKEHHBIMH B CKBaKMHAX BHYTPH MOI3EMHOIO IIIACTA.
DNEeKTPOIBl MOAKIIOYCHBI Ka0eIsIMH K Ha3eMHOMY 3JIEKTpoOoOOpymoBaHHI0. KaHan 3nmekTpoTersioBoro mpobos B
MOMEHT (HOpMHpPOBaHHS HMEET MaJblii AMAMETP M PpacIIMpsieTcss MO Mepe HarpeBa M KapOOHM3alMH YT B
OKPECTHOCTH KaHajia. BemudnHa paccTOSHUS MEXIY AJIEKTpoIdaMHu 3amaHa paBHoU 0,5 meTpa. 3HAUEHUS AMAICKT-
PHYECKHX M TEIUIO(U3HIECKUX CBOWCTB B3SATHl HA OCHOBAHUM JKCIEPHMEHTAIBHBIX M JIUTEPAaTYPHBIX AAHHBIX IJIA
yrneit Kazaxcrana. [TomydeHs! 3aBUCHMOCTH TEMIIEPATyphl B LIEHTPE HATPEBAEMOI0 YJaCTKa IJ1acTa OT BPEMEHH IIpU
pa3HOi MOUTHOCTH Harpesa. llomydeHsl n300pakeHHs TEIUIOBOTO TIOJI B HAarpeBaeMoil 00acT U ee OmKanmiei
okpecTHOCTH. IIpuBeeHBI PE3yNIbTaThl PACUETOB AIEKTPHUECKHUX MapaMeTpoB 3JIEKTPOOOOpyI0BaHHs, TpeOyeMoro
JJI1 Harpe€Ba, 1 IBMEHCHHA 3TUX NapaMETpPOB BO BPEMCHH IO MEPE HArpeBa. H3nauanbHO HOL[3€MHI)II71 J1aCT UMECT
HEKOTOPYI0 HMCXOAHYIO TeMmIeparypy. Ecim Mbl HarpeBaeM ydYacTOK IUIacTa, 4acTh TEIJIOBOW SHEPrHH Oyaer
pacIpocTpaHsIThCsl B MEHEE HarpeTble OKpY’Karollue o0JacTH 3a CYeT TEIUIONPOBOJHOCTH W MaccollepeHoca.
[TockonbKy yroyib He Mpo3padeH B MH(PAKpacHOM JHarna3oHe, TeIUIoNepeaada 3a CUET M3JIYyYEHUs] OTCYTCTBYET.
[TpeanonoxnuTenbHO, OCHOBHOM TEIUIOOTBOA OYyIET MPOMCXOAWTH 3a CUET TEIUIONPOBOJHOCTH, IIO3TOMY MAacCCOIe-
peHoc B MOJenH He yuTeH. [Ipu HarpeBe yrist opraHndeckasl Macca MpeTepreBaeT N3MEHEHUs, IIPOUCXOISIITIE 110
neiicTBreM TeMmepaTypsl. B nuamazone ot mcxomHod Temrepatypsl 10 120°C mpouCXOMUT BBIXOJ BIArH, KOTOpas
COJICPXKUTCSL B yIJie Kak B CBOOOJHOM, TaKk W B MOHHO-CBsi3aHHOM Buje. [Ipu panpHeiiiem Harpese ot 120°Cao
300°C BBIXOIUT MPEUMYIIECTBEHHO HOHHO-CBSI3aHHAsI M MPOTeHeTHYecKas Biara. [lanee B quanazone ot 300°C mo
550°CrpoucxoIuT pa3ioXKeHne TBEPIAbIX OPTraHMYECKHX COCIWHEHWH ¢ 00pa3oBaHUEM KHIKHX U Ta3000pa3HBIX
yrieBoopoioB. OCTaTKOM OT peaklMi pacraja sBJsSeTcss KOKC — aMOp(dHBIN yriaepoa. 3a cHeT MOsBICHUS KOKca
CHIDKaeTcs 3JeKTpuueckoe compotuBieHue yriud. [lpu temnepatypax Bbime 550°C mpoHCXOAST BTOpPUYHBIE
peaKLUK KUIKUX U Ta3000pa3HbIX YIIIEBOAOPOJOB C TBEPIBIM yriepoJoM. [Ipomykramu 3THX peakuuil sBISIOTCS
ra3000pa3HbIil BOZOPOJA M MOHOOKCHI yriepona. Kak BHIHO M3 ypaBHEHHS TEIUIOBOTO OanaHca, pacxoJOBaHHE
TEeIIa MPOMCXOANT HA HarpeB yrojbHOTO BEIECTBA, a TaK)Ke HAa TEPMOXHMMHYECKHE NpeBpaieHus. KommoneHT,
OTBEYAIOIINH 32 TEIJIOTY TEPMOXUMHUYECKHX IPEBPAILCHUH, MOKET OBITh KaK IOJIOKHUTEIBHBIM, TaK U OTPHLIATEIb-
HBIM B 3aBHCHMOCTH OT OaiaHca 5K30TepPMHUYECKUX M YHAOTEPMHUYECKNX PEAKIMA. DTO BHIHO MO KPUBOH TEIJIOBOTO
MOTOKA TEPMOTPAaBUMETPHUUECKOTO aHaIKM3a. B pasHbIX IuanazoHax TEMIEpaTyp TEIIOBOW IOTOK MUPOJIH3a MOXKET
OBITH TOJIOKUTENFHBIM WIIM OTPHLATENbHBIM. B cpemHeM, oIHAKO K€, JOMUHHUPYIOT HJOTEPMHUECKHE PEaKIVH,
TaKuM 00pa3oM, 4acThb TeIula noriomaercsi. Pu3ndeckas TEIIOEMKOCTh YT 0e3 yueTa TEepPMOXUMHUIECKUX PEeaKIui
TaKK€ 3aBUCUT OT Temieparypsl. OnpenenuTbh TEMIEPATYpHYIO 3aBUCHMOCTb TEIUIOEMKOCTH yIiisi 0e3 yudera
SHEPriuH TEPMOXMMHUYECKHX NPEBpAILEHUN HE MPECTaBiIsIeTcs BO3MOXKHBIM. [loaToMy Haie ucnonb3yroTr addek-
TUBHYIO TCIIJIOEMKOCTD, T.€. TCINIOEMKOCTb C YYE€TOM IOTJIOHICHHUA SHCPIMU HAa TCPMOXUMUYCCKUC NTPEBpallIC-HUA. B
pacderax wucrojib3oBaHa 3((eKTHBHAs TEIMIOEMKOCTh, aHAIUTHYEcKas Qopma KOTOpOW ammpoKCHMHpOBaHa B
TEMIIEpaTypHOM JHara3oHe IO MOJIMHOMHAIbHOW (QyHKunU. KpoMe TemriepaTypbl B MEX3JIEKTPOJHOM MPOCTPaH-
cTBE, Ha 3(PEKTUBHOCTH TEXHOJIOTHHU BIIMSET TAKXKE paclpe/ieieHHe TEIUIOBOH SHEPTUH B OKPECTHOCTH HJIEKTPOIOB.
ITokazaHbl M300pak€HHs TEIUIOBOTO IIOJII B pacyeTHOW OOJIaCTH B pa3Hble MOMEHTHI BPEMEHM IIPH MOIIHOCTH
Harpesa 3kBT.

Haubonee xapakTepHbIMH SIBISIOTCS Clexylomme ocobeHHocTH. B Hauame HarpeBa Temiieparypa pes3Ko
BO3pPAacTaeT B HEMOCPEICTBEHHOM OJIM30CTH € 3ieKTpoiaMu. Jlamee HpOHUCXOOUT MPOTPEB MEKIIEKTPOIHOTO
IPOCTPAHCTBA, NPU 3TOM OKpY’)Karolue o0JacTu HarpeBaroTcsi ciabo. CmycTs 0ojiee IPORODKUTEIBHOE BpeMs
TETIOBAsl SHEPTHsl HAUMHAET PACIIPECIISITECS 110 HAIPABIEHHUIO OT 3JEKTPOIOB, IPOrpeBast TaKUM 00pa3oM 001acTh
B pajuyce HECKOJbKHX MeTpoB. IIoAroToBKa HATYpHBIX MCIBITAHHUH TEXHOJOTHHM TpeOyeT 3HaHHsA TpeOyeMbIX
TEXHHYECKHUX TapaMeTpoB 000pyJ0oBaHMs Uit HarpeBa. 10 M3BECTHBIM BeNMYMHAM HAa4YaJIbHOTO M KOHEYHOTO (110 U
MOCJIe MUPOJIN3a) COMPOTHBRIICHUH YIJIs, @ TAK)KE PACCUNUTAB CTENEHb MPEBPALICHUS, MOXKEM OIPEICIUTh U3MEHEHNE
MEXDJIEKTPOAHOTO COINPOTUBIIEHHST MO Mepe HarpeBa. Pe3ynbTaThl uisi MexaJieKTpoxHoro paccrosiHus 0,5 m
NIPUBEICHBI HA PUCYHKaX.

KoueBsie c1oBa: yrois, npo0oii, HarpeB, KapOOHHU3aLK, Ta3.
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