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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.
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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/m3
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 ofthe 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 ofthe reservoir, the method requires two wells with electrodes (figure 1).
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Figure 1- Plan of subterranean heating method

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

Q(t) = J>(<0I(t)dt =f*~idt, (1)

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

The specific electrical resistance of coal is 1010-10120hm 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 10-1020hmcm [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 ofthe 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 ofcoal without access o fexternal 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. Attemperatures above 550°C, secondary reactions of liquid and gaseous hydrocarbons with solid
carbon occur. The products ofthese reactions are hydrogen and carbon monoxide.

Initial datafor 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 ofthe 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 = Qh + Qch + Qs (2)
where Qr_is released heating energy, Qh_is the energy spent on the heating ofthe rock, Qd_is the energy
spent on thermochemical transformations, Qs-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:

R=1d="d_, 3)
as (tttD

where R - is channel electrical resistance, d - is the channel length, a - 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 fi-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:

Wr = 0E2, (4)
E2= E2+E2+ E2, (5)

where E - is modulus ofthe electric field vector, Ex, Ey, Ez- 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:

A =T M > X ) +T "~ S) AW (E) (6)

where T - is temperature, t - is time, x, y, z - are spatial coordinates; ¢ - is the heat capacity, p - is the
density, X - is the heat conductivity, W(E) - is a source of heat.

We used a coefficient n 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 T0O=0 M=0.

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

p = 1900 kg/m3, the values of thermal conductivity and heat capacity are defined analytically in the
form of a polynomial approximation with the temperature:

18



ISSN 2224-5278 Series ofGeology and Technical Sciences. 3. 2020

X= kKO0O+kJ + k2T2 + k3T3 + k4T4 + k5T5 ©)
c= KO+ kIT + k2T2 + k3T 3 (8)
The values ofthe coefficients are given in the following table:

The value of the coefficients for heat capacity and thermal conductivity

K0 ki k2 K3 k4 K5
c 1,379 103 -11,763 0,145 -3,964 104 - -
I 1,566 -0,064 1,21510-3 -1,062 105 4,39108 -6,927-t0'1

The dependence of resistivity on temperature is approximated by the function:
p = kKoexp(koT 9)

where k0= 1,73968-1011, 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.
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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 ofthe 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.

a) b) 0
Figure 3- Thermal field in the calculation plane at time points: (a) 5 minutes, (b) 30 minutes, (c) 10 hours.

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 ofthe 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.
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Figure 4 -
Interelectrode Resistance (a), voltage on the electrodes (b)
and current through the channel (c) at heating with
a constant power of 3 kW of 0.5 m interelectrode gap

0)

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 ofthe 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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No. IRN BR05236359 “Scientific and technological support for coal processing and production of high-
value coal products” and project No. IRN AP05131004 "Development of technology for underground
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SNEKTPOXbINY bl TECY APHACBIHAA KOM1PA1 TOKMEH YXEP
ACTbIHAA UblI3blPY bl MOAENLIAEY

AHHOTauma. KeMipgiH >ep acTbl KabaTbIHbIH 3/1EKTP XKbINYbIH TECY apHachl apKblfibl eTeTL 31eKTP TOrbIMeH
KbI3AbIpYy bl CUNATTaTbIH MaTeMaTuKanbLy Yri xxacanraH. Xbiy Kesi 601aTbiH TECY apHaChl Xep acTbl KabaTbIHbIH
iWwiHge “HroiManapfa opHanackaH ekl afeKTpoATbIL, apacbiHAa KanbinTacafbl. DNEKTPOATAp Xep GeTwiaen 3neKTp
XababIrbiHa KabenbAepMeH KOCbINraH. JNEKTPXbINY/blK TeCy KaHanbl Kanbintacy KesiHAe AuameTpi a3 6onagpl
YK3HE KaHan MauaiiblHaarbl KeMipfiH Kbldybl MEH KapboHM3aLMsChl Ke3iHae KeHelTinedi. dnekTpoaTap apacbiHAar.l
KaLBIKTBIKTBIH Wamackl 0,5 meTpre TeH. AunaneKTpAik X3He XbINy(u3nkanbik KacmeTTepuw, MaHaepi KasakctaH
PecnybnuKacbiHbIL, KeEMipiHe apHanraH 3KCMepUMEHTaNAbl XX3He 34ebu AepekTep HeridiHge anbiHraH. KabatTbiH
KbI3[bIpblNaTblH YYacKeCiHiH opTacbiHAarbl TemnepaTypaHbiH 3pTYPAi Kbi3fblpy KyaTblHAA YaKbITTbIH Tayenginiri
anbiHabl. XKbInbITy aiMarbiHAa X3He OHbIH JXKaKblH MaHaiblHAarbl Xbly epiciHiH 6eiHeci anblHAbl. InekTp
XababIKTapAblH Kbi3ablpy YLiH Tanan eTweTw 37eKTpAiK napameTpiepaiH ecenTey M3HAEpi X3HEe OCbl NapameTp-
NepAiH Kbi3Ablpy LWaMacbliHa Kapai yakbITTbIH €3repy H3TMXKenepi KenripinreH. bactankbiga xepacTbl KabaTbIHbIH
e3iHfiK TemnepaTypacbl 6onagpbl. Erep 6i3 nnacT aiMarbiH XbINbITaTblH 60NCAK, Xbly 3HEPTUACBIHbIH 6ip Geniri
XbIly eTKI3FiWTiri MeH mMacca TacMangay ecebiHeH asblpak Kbi3AblpbliraH KopLiaraH aliMakTapra tapaiigbl. Kemip
NHMpPaKbI3bIN Anana3oHbiHAA Mengip emec 6onraHAbIKTaH, CayneneHy eceblUeH Xbiny Gepy 6onmaigbl. Herisri
XbIly 6epy Xblay eTKI3riWTiri ecebiHeH Xypn3wenHAKTeH, MoAe/bAeri Macca TacMangay eckepinmereH. Kemipgi
KbI3AbIpY Ke3iHfe OopraHuKanblK Macca TeMmrepaTypaHbiH 3cepLieH 60naTbiH e3repicTepre “Wwblpaiigbl. bacTankebl
TemnepaTypagaH 120 °C-ka feltiHri gnanasonga 60c KYWinge xaHe MOHAbI-6aiinaHbickaH TYPge kemipae 60naTbiH
blArangbiH WeIrybl OpbliH anagbl. OpaH 3pi 120 °C-taH 300 °C-ka AeliiH Kbi3gblpraHaa, Kebipek voHgbl-6aiina-
HbICKaH XK3He nuporeHai 6onbin weiragbl. OaaH api 300 °C-TaH 550 °C-Ka AeliiHri gnanasoHga cblK X3He ras
TIpi3gi KemipcyTekTepfiH nainga 6ona XYPeTiH KaTTbl OpraHuWKanblK KOCbIMbICTapbl biAblpaigsl. blasipay peak-
UMANapbiHbIH Kanabirbl - KOKC-aMmopdThbl KeMipTeK. KOKCTbIH naiija 60nybl ecebiHeH KeMipAiH aneKTpnik Kegepna
TemeHgengi. 550 °C-ka >orapbl TemnepaTypanapga KaTTbl KeMipAiH CMAbIK XX3He ra3 Tapisgi kemipcyTekTepgeri
eKiHWIiNiK peakumanapbl Xypear bAn peakuymsanapgblH eHiMAepi - ras3 Tapi3fi CyTeK )K3He KemipTeK MOHookcuah
XKbinynblk 6anaHc TeHAEYiHEH, Xbly WbIFbIHbI KEMIP 3aTbIHbIH KbI3yblHa, COHAa-ak TePMOXUMUAMBLIK aliHanyra
X McanaTblHAbIFbIH Kepe anambi3. TepMOXUMMUAMBLIK aiHanynap XblayblHa XayanTbl KOMMAOHEHT 3K30TepMUANbIK
X3He SHAOTEPMUANBbIK peakuusnapAbliH 6anaHcbiHa 6aiinaHbICTbl OH  Aa, Tepic Te 60nybl MYMKiH. B”™n
TepMOrpaBUMETPUSABLIK aHANMN3AIH XbIy arbiHbIHbIH KUCbITbIHAH Gaiikanagbl. OpTY pAi Temnepatypa AnanasoHbiHAa
MMPONN3ALL, XbIy arbiHbl OH HeMece Tepro 601ybl MYMKIH. [lereHMeH, opTa ecenreH 3HLOTEPMUANbIK peakuuanap
6acbiMblpaK, COHAbIKTaH Xbly 6eniri XyTblnagbl. TepMOXMMUANLIK peakuusanapabl ecenke anmaraHga, KemipgiH
(hM3MKanbIK Xbly CbIibIMAbINLITEI Aa Temnepatypara 6aiinaHbiCTbl. TepMOXMMUAABLIK aiHanynap 3HeprusicbiH
ecerke ajMai, KemipAiH XXblay CblAbIMAbIIbITbIHBIH TeMNepaTypanblK T3ayenALWNH aHblikTay MYMKIH eMec.
COHAbIKTaH TUIMAI XbIY CblIAbIMAbLINLITBIH, ATHU TEPMOXMMUANBIK aliHanyfa CiHipinreH aHeprus ecenke ajblHraH
Kby CbIAbIMABINLITBIH XL KofAaHadbl. Ecentepfe aHanUTUKanblK hopMackl MONMHOMUAaNAbl yHKLUMS 60ibIHLWA
TeMnepaTypaiblK AuanasoHAa annpokKcuMauusiiaHraH TUIMAI dKbly CbIAbIMAbIALITEI  KOMAAHbUIAbI.  DNEKTpoa
apanblK KeHICTiK TemnepaTypacblHaH 6acka, TEXHOMOrMs TWiMAiNiriHe 3neKTPoATapAblH MauaiblH-garbl Xblay
3HEPrUsChbIHbIH Tapanysl acep eteg” 3 KBT KbI3fblpy KyaTbiHAa 3pTYPAi yakbIT Me3eTiHAe ecenTik aiMaKTarbl Xblny
epiciHiH 6eliHenepi KepceTinreH. Keneci epekllemKTep eH Xakcbl cunatTamaHbl 6epedi. Kbi3ablpy 6actanraHga,
anekTpoaTapra Tikenel >KakblH aimakTapga TemnepaTypa KYpT ecefi. OfaH 3pi 3neKTpog apanblK KeHICTIKTiH
KbI3ybl OpbIH anagbl, an KoplwaraH alimakTap 3na3 Kbi3afbl. bipa3 yakblT €TKEHHeH KeLllH >XXbly 3Hepruscebl
3NeKTPOATapAbIH 6arbiThl 60MbIHILA Tapana 6acTaigbl. Ocbinaiilua, 6ipHelwe MeTp paguycTarbl aiMak Kbl3agbl.

TexHONornsHbl Taburnm CcbiHakTapra faiiblHAay KbI3gblpyra KaxeTri >KabablKTapfblH Tanan eTweTw
TeXHWKa/bIK MapaMeTpnepw 6inyai miHgeTreigi. KemipgiH 6acTankbl )X3He COHIbl (MMPONU3re AeiiH XXaHe ofaH
KelH) Kegepriiepwiy 6enrini wamanapbl 60libIHILIA, COHAa-aK aliHany A3peXeciH ecenTeil OTbIpbIM, 31eKTPOA
apanblK KeJeprnHLY Kbi3fblpyra Kapail e3repyiH aHblKTai anambl3. 3NeKTpog apanblK KawblKTelk 0,5 M 601raHaarb!
H3TWXXenep cypeTTe KepCeTinreH.

TYWiH cesgep: kemip, Tecy, Kbi3bipy, KapboHM3aLys, ras.
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MOJENVNPOBAHWE MOA3EMHOIO HATPEBA YT /IEN TOKOM
B KAHAJE 3/1IEKTPOTENMJIOBOI O NMrPOBOA

AHHOTauma. MNMocTpoeHa MaTeMaTyecKas MOAeNb, OMUCbIBaOLLAA HarpeB NOA3EMHOr0 nnacta yris aneKkTpu-
YeCKMM TOKOM, MPOTEKaloLWMM Yepes3 KaHan 3NeKTpoTen0Boro npobos. KaHan npo6os, ABAAIOWNACA UCTOUHUKOM
Tenna, (opMupyeTca Mexay ABYMS 3/1eKTpoAamMu, pacnofoXeHHbIMU B CKBaXMHAX BHYTPW MOA3EMHOr0 nnacta.
AneKTpodbl NOAKMOYEHbI KabensiMu K Ha3eMHOMY 3MeKTpoo6opyfoBaHMI0. KaHan 3nekTpoTensnosoro npobos B
MOMEHT (DOPMMUPOBaHWUA WMEeT Manblii AuameTp M pacLUMpseTcs NO Mepe Harpesa M KapboHusauuu yrns B
OKPEeCTHOCTM KaHana. BenunuuHa pacCcTosHUSA MeXAy 3neKTpoamu 3afaHa paBHOi 0,5 MeTpa. 3HauyeHWs SU3NeKT-
prvYecKMX 1 Tenao(u3M4eckKux CBOMCTB B3ATbl HA OCHOBAHWW 3KCMEPUMEHTANbHbIX U NUTEPaTyPHbIX AaHHbIX ANS
yrneii KasaxctaHa. MosyyeHbl 3aBUCMMOCTY TeMNepaTypbl B LIEHTPe HarpeBaeMoro y4acTka niacra oT BpeMeHW npu
pa3Hoi MOLLHOCTW HarpeBa. MonyyeHbl U306paXKeHWs1 TEMIOBOrO MO/SA B HarpeBaemoi 061acTi U ee GamxKaliLlel
OKpecTHOCTU. lMpuBeAeHbl pe3ynbTaTbl PacYeTOB 3M1EKTPUYECKUX NapaMeTpoB 3/1ieKTpoobopyoBaHus, Tpebyemoro
[19 HAarpeBsa, M U3MEHeHUs 3TMX NapameTpOB BO BPEMEHV MO Mepe Harpesa. /3HayanbHO NOA3EMHbIA NAAcT MMeeT
HEKOTOPYHD WCXOAHYI0 TemnepaTypy. EciM Mbl HarpeBaeM y4yacTOK nfacta, 4acTb TEeMnjoBOW 3Hepruu OygeT
pacnpocTpaHATbC B MeHee HarpeTble OKpyXkatouine 061acTu 3a cyeT TenjonpoBOAHOCTM WM MacconepeHoca.
MMockonbKy Yrofb He npo3paveH B MH(paKpacHOM [uana3oHe, Tenjonepegaya 3a CYeT M3/yUYeHUs OTCYTCTBYeT.
MpeanonoXnTensHO, OCHOBHOI TeMn00TBOA OyAeT MPOMCXOAWTL 3a CUET TemaomnpoBOAHOCTM, MO3TOMY Maccone-
peHocC B Mofenu He yyTeH. lpu Harpese yrns opraHuMyeckas macca npeteprieBaeT U3MeHeHUs, Npoucxogawme nog
LeincTBreM TemnepaTypbl. B ananasoHe OT MCXOAHOW TemnepaTypbl 40 120°C npoucxoauT BbIXOA Bnaru, Kotopas
COAEPXUTCS B yrne Kak B CBOGOAHOM, TaK U B MOHHO-CBSi3aHHOM Bufae. MNpu ganbHellwem Harpese oT 1207a0
300°C BbIXOAUT NMPEMMYLLECTBEHHO MOHHO-CBA3aHHAA W NuporeHeTnyeckas snara. Janee B gnanasoHe ot 300°C g0
550°CnponcxoauT pasnoXKeHue TBEPAbIX OPraHUYecKMX COeAMHEHW ¢ 06pa3oBaHMEM XWUAKUX U Fa3006pasHbIxX
yrnesogopofoB. OCTaTKOM OT peakuuii pacnaja ABAsSeTCA KOKC - aMOPMHbIA yrnepof. 3a cYeT MOsBAEHUA KOKca
CHWMXAeTCsH 3NeKTpUYecKoe conpoTueneHune yras. lMpu Temnepatypax Bbllwe 550°C NpoOMCXOAAT BTOPUYHbIE
peakL M XNLKNX 1 ra3006pasHbIX Yr1eBoA0pOA0B C TBEpPAbIM YrnepofoM. MpofyKTaMu 3TUX peakuuin ABnsTCs
rasoobpasHblii BOAOPOL M MOHOOKCWA yrnepofa. Kak BWAHO M3 ypaBHeHWs TemnnoBoro 6anaHca, pacxofoBaHue
Tenna NPOMUCXOAMT Ha HarpeB YrofibHOMO BELLECTBa, a TakXKe Ha TepMOXMMUYEecKMe npespalieHns. KOMMOHEHT,
OTBEYaloLLNiA 3a TENIOTY TEPMOXUMUYECKUX MPEBPALLEeHNIA, MOXET ObITb Kak MOMOXUTE/IbHbIM, TaK U OTpULaTe b-
HbIM B 3aBMCUMOCTU OT GanaHca 3K30TEPMUYECKUX M 3HAOTEPMUYECKUX peakunid. 3TO BUAHO MO KPUBOI TEMIOBOrO
NoTOKa TEPMOrPaBUMETPUYECKOr0 aHanu3a. B pasHbix fuana3oHax Temnepatyp TenaoBOW NOTOK MUPOM3a MOXeT
6bITb MOMNOXUTENbHLIM UMW OTpUUATe/bHbIM. B cpefiHeM, OfHAKO e, LOMUHUPYIOT 3HA0TEPMUYECKUE peakuuu,
Takum 06pa3oM, YacTb Tenna noraowaercs. dusmyeckas Tenn0eMKOCTb YA 6e3 yueTa TEPMOXUMUYECKUX peakLuii
TaKXe 3aBUCUT OT TemnepaTypbl. OnpefennTb TemnepaTypHYH 3aBUCUMMOCTb TEMJ0eMKOCTM yrna 6e3 ydeTa
3HeprumM TepMOXUMMUYECKUX MpPeBpaLLEHNA He NpeACTaBAAeTCH BO3MOXHbLIM. [103TOMY Yalle MCMOMb3yT aggek-
TUBHYIO TEMNI0EMKOCTb, T.e. TENJ0EMKOCTb C YYETOM MOr/OLLEHNS SHEPTMN Ha TEPMOXMMUYECKNE NpeBpaLLe-Hus. B
pacyeTax MCMonb3oBaHa 3(P(EKTUBHAA TENIOEMKOCTb, aHalMTU4Yeckas (opMa KOTOpPOW amnmpoKCUMMMpOBaHa B
TemMnepaTypHOM Avana3oHe Mo NOJMHOMUaNbLHOW (yHKUMM. Kpome TemnepaTypbl B MEX3/EeKTPOLHOM NpPOCTpaH-
CTBE, Ha 3(h(heKTUBHOCTb TEXHONOTMUM BAUSET TaKXKe pacnpesesieHne TeNI0BON 3HEPrUM B OKPECTHOCTH 3M1EKTPOLOB.
Moka3aHbl M300paXKeHWUs TEMI0OBOro Moas B pacyeTHOW 0061acTWM B pasHble MOMEHTbl BPEMEHM NpW MOLLHOCTU
Harpesa 3kBT.

Hanbonee xapakTepHbIMWU SBAAIOTCA Cregylolie ocobeHHOCTW. B Havane Harpeea Temmnepatypa pes3ko
BO3pacTaeT B HeMOCPeACTBEHHOW 61M30CcTM C 3nekTpofamu. [lanee MpPOMCXOAMT TMPOFPeB MEX3NEKTPOAHOro
MPOCTPaHCTBa, MPU 3TOM OKpyXKaroline 061acTu HarpeealoTca cnabo. Cnycts 60nee NPOLOMKUTENbHOE BpeMs
TEennoBas 3Heprus HauMHaeT pacnpefensiTbCA N0 HaNpPaB/leHNIO OT 3NeKTPOA0B, Mporpesas Takum o6pa3om 061acTb
B pafMyce HECKO/IbKMX MeTpoB. [MOAroToBKa HATYPHbLIX WUCMbITAHWIA TeXHOMOrMuM TpebyeT 3HaHus Tpebyembix
TeXHUYECKMX NapameTpoB 060pya0BaHUs AN Harpesa. M0 M3BECTHLIM BEAMUYMHAM Ha4a/bHOI0 U KOHEYHOro (40 U
nocne NMpPonn3a) CONPOTMBAEHWI YIS, a TakKXKe pacCUMTaB CTENeHb NPEBPaLLEHUS, MOXEM OMNpeseuTb U3MEHEeHMe
MEeX3/IeKTPOLHOTO CONPOTMBAEHWUS MO Mepe Harpesa. Pe3ynbTaTbhl A8 MEX3NeKTPOLHOro pacctosHus 0,5 M
npuBeLeHbl Ha PUCYHKaX.

Kntouesble cnosa: yronb, Npoboii, Harpes, KapboHM3aLus, ras.
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