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AxkmyanbHocmb uccrnedosaHusi 0bycragnueaemes NOUCKOM HOBbIX meepdbix monsug Ons pacwupeHusi MonIUBHO-3HEP2EMUYECK020
Komnnekca u cosepuweHcmeogaHus pecypcocbepezatouiell U akonoauyecku beaonacHol aHepaemuKu.

Llens: komnnekcHoe uccnedosaHue npoyecca 20peHUs KapmoHa U KaMeHHO20 yens, 8KIoyarowee onpederneHue 0CHO8HbIX Xapakmepu-
cmuk 2opeHusi mgepdomoniiugHbix cmecel, onpedeneHue 0CHOBHbIX KUHEMUYECKUX nNapamempog U yCmaHo8IeHue poru KOMNOHEHMO8
npu 20peHuUU cMecu.

06bexkm: meepO0omonusHasi CMECb Ha OCHO8E Kaa-XeMCK020 KaMEHHO20 yerisi U KapmoHa.

MemodbI. TennomexHuyeckue xapakmepucmuku monsug onpedesneHbl coenacHo; enaza aHanumudeckas FOCT P 33503-2015; 30mb-
Hocmb FOCT P 55661-2013; 8bix00 nemy4ux komnoHeHmos 'OCT P 55660-2013; mennoma caopanusi FOCT P 147-2013; codepxaHue
yenepoda, sodopoda, asoma [OCT P 32979-2014;, kucriopod FOCT P 27313-2015; cepa FOCT 8606-2015. UccnedosaHue npouecca 20-
PEHUsi monnug OCyWeCmsieHo ¢ nomowbio OuchgheperyuanbHo20-mepmudeckoeo aHanusamopa SDT Q600 (TA Instruments-Waters
LLC, CLLUA). Temnepamypsl, npu KOMopbIX NPoUcXo0um 80ocnIaMeHeHuUe KOKCo8020 0OCmamka monsuga U 3asepuiaemcs npouyecc 20pe-
Husl, 611U onpedenieHbl N0 MemoQy NepeceyeHus Kpusbix. Lnis onpedeneHust KUHEMUYECKUX Xapakmepucmuk UHOUSUOYabHbIX monue
U monnueHbIx cmecell npumeHsnca Memod Ha ocHose mModesnu Koymca-PedgepHa.

Pe3ynbmambI. Tennoma ceopaHusi Kaa-XxeMcKko20 yeris 8 0sa pa3a 8bIWe, YeM y kapmoHa, npu 3mom codepxaHue iemyyux y kKapmoHa
6 1,8 pasa ebiwe, yem y yens, Yymo Oesraem KapmoH NepCnekmugHbIM 006ag04HbIM MONIUBOM. YeenudeHue maccogoll 00U kapmoHa 8
CMecu He efiusem Ha memnepamypy gocnnameHeHus cmecu u Haxodumcs okono 300 <C. [JobasneHue 25 % kapmoHa K yaiiko nomoxu-
MeNbHO 8IUsSiem Ha 20peHUE yenepo0H020 OCmamKa yens, y8enuyueasi MakcuMarbHylo ckopocms peakyuu Ha 30 % no cpasHeHuto ¢
pacyemHbiMu OaHHbIMU. OHEepausi akmugayuu npu 3mom cHuxaemcs Ha 39 %, uHOeKc 2opeHus cHuxaemcs 8 2,5 pasa. Pesynbmamel
0aHH020 uccnedogaHusi Mo2ym 6bimb NPUMEHEHbI NPU NPOEKMUPOBaHUU HOB020 MenoaHepeemu4eckoao 0bopydosaHusi nubo bbimb
y4meHbl npu nepegode KOMII08, CKU2AIOWUX KaMeHHbIU yeorb, Ha CKu2aHue meepdomonsugHbIx cmeced.

Knroyesnie cnosa:
KameHHbIli y20rib, kapmoH, 6uomMacca, CUHXPOHHbIL MepMuUYecKull aHanus, kuHemuka, Koymc—PedghepH, cosmecmHoe 20peHue.

BBeaeHue

Teepaoe mcKomaeMoe TOIUIMBO OCTACTCS OCHOBHBIM
JHEPreTHIECKUM TOILIMBOM IIPU BBIPAaOOTKE TEIIOBON U
9NEKTPUYECKON 3HEpruy, MO3TOMy IMepexo] K pecypco-
cOeperaronieii 1 3KOJOTHYECKH 0€30MacHON TEemIo3Hep-
TeTHKE — OJHA M3 OCHOBHBIX 3a1ay M YYEHBIX BCETO
mupa [1]. CHU3UTH mOTpedIeHue YIiis Ha 00OBEKTaX Terl-
JIO3HEPTETHKN MOJKHO ITyTEM IOMCKAa HOBBIX IEpCIICK-
THUBHBIX TOIUINB, KaK MHIUBUIYAIbHbIX, TAK U KOMOMHHU-
POBAHHBIX, COCTOSIIIMX W3 HECKOJIbKHX BHJIOB TOIUIMB,
PA3TIIAIONINXCS MEXKIY COOO0H MO TEITOTEXHUYECKUM U
(M3UKO-XUMIIECKUM  CBOMCTBaM. HIMBHIyanbHBIMH
TOIUTMBAMH MOTYT OBITh HOBBIC HEPOCKTHBIE YIIH [2, 3],

DOI 10.18799/24131830/2023/3/3882

pasHble BUIBI OHOMAcCHI, KApOOHHU3AThI, OTXOAB! PA3HbBIX
BUIOB [POMBIIUIEHHBIX TIPOM3BOJCTB C BBICOKOH TEIIo-
TOW CTOpaHWs M HU3KOH 30J1bHOCTBIO. KoMOMHMpOBaH-
Hble TOIUTHBA MOTYT OBITh IONY4YEHBI Ha OCHOBE YIVICH,
Topa, Guomaccel, TBepabIX ObITOBBIX 0TX0H0B (THO),
WJIOBBIX OCTAaTKOB CTOYHBIX BOJ, THAPOJIM3HOIO JIMTHUHA
[4-6]. Kak mpaBuio, TBO cocTosT M3 OTXOIOB, TAKHX
KaK MakKynaTypa, IIacTHK, TeKCTHIb. Hanbonee pacmpo-
CTpPaHEHHBIM KOMIIOHEHTOM, BXOIIIMM B cocTaB TbO,
ABIAETCA MaKyJaTypa, KOTopas He Bcs MOJaeTcs mepe-
paboTKe M3-32 CBOETO XMMHYECKOTO COCTaBa, H CHOCOD
s ee yrammsanun — 910 cxuradue [7]. Cocra ThO B
KaXI0ll CTpaHe MMEET pa3iudus 10 KOMIOHEHTaM, BXO-
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nanmM B Hero. KonmnuecTBo copepxaHus OyMaXHBIX OT-
XOJIOB (B TOM UHCIIE W KaPTOHA) B KAXION CTpaHE MOXKET
CYIIECTBEHHO Pa3IMUaThCsl, HApuMep, B ABCTpanuu 0y-
MaXKHBIC OTXOZBI COCTABUIH 25 % OT 00IIero KoJMuecTBa
o0OpazoBaBmmxcs otxo0B 3a 2020 r.; B [Takucrane Bcero
2,18 % 3a 2020 r.; 8 Kurae 3a 2019 1. 16,13 %; 8 CIIIA
3a 2018 1. 18,1 % [8]. OTH naHHbBIE CBUIETEILCTBYIOT O
BHYIINTENEHOM KONHYECTBE 00pasylommxcsi OyMaKHBIX
OTXOJIOB B MHUpE.

HccnenoBath mporece CKMTaHus pa3HbIX BHAOB TOII-
JMBA MOXHO HECKONBKMME crocobamu. OpHEM U3
Haubolee MPHONMKEHHBIX K MPAKTHYECKOMY MpUMEHe-
HUIO SIBISIETCS CTIIOCO0 MPOBEIECHHS HCCIEIOBAHIN HETIO-
CPEIICTBEHHO B pabo4eM KOTIE, HO B 3TOM CIy4ae MOmy-
YeHHbIe JaHHble OyIyT MPUBA3aHbI HEMOCPEACTBEHHO K
nanHoM Mapke kxoria [9-11]. Crnemyromuit cnoco6 uc-
CIIEIOBAHMS TIpOIlecca TOPEHHS OCYIIECTBISIOT Ha JKC-
TIepUMEHTANBHOH YCTAaHOBKE WM CTEHIE, MaKCHMAJBHO
IPUOIMIKEHHBIX K BHYTPHTOIIOYHBIM YCIOBUSM, 3TO M03-
BOJISIET YCTAHOBUTh HEKOTOPbIE XapaKTEPUCTUKHU MPOLIEC-
ca TOpEHHS, HApUMep, BPeMsl 3aKHTaHUSA TOIUTMBHBIX
vactur [12-15]. Illupokoe pacmpocTpaHeHHEe B MUPOBOH
IPaKTHKE MCCIICOBAHMUS TPOLIECCOB TOPESHHUS Pa3HBIX BU-
JIOB TBEPJIBIX TOIUIHB TONYYHI TEPMOTPABUMETPHICCKHIT
anamiz (TT'A) [16-18]. C nomoms TT'A MoxHO pasino-
KHUTh BECh MPOIECC TOPECHIS TOILUIMBA HA OCHOBHBIE €TI0
CTa/IUH, HAYMHAS C CYIIKU TOILUINBA, BEICNCHUS U TOpe-
HUS JIETYYHX BEIIECTB M 3aKaHYMBAS TOPEHUEM KOKCOBO-
r0 OCTaTKa. YCJIOBHS, MPOTEKAIOIINE IPU TOPEHUH TOTI-
JWBa, B JTOM Ciy4ae OTIMYHBI OT BHYTPHTOMOYHBIX
YCIOBHH, HO TIONY4YEHHbIE PE3YJbTaThl, TAKUE KaK TeMIIe-
paTypsl, IpU KOTOPBIX MPOMCXOAUT BOCIIAMEHEHHE yT-
JIepoJia WM 3aBEPIIACTCS TOPEHHE TOTIINBA, MAKCHMATb-
Hasi CKOPOCTb PEaKIi, M3MEHEHHe MacChl 00pasia, Ter-
70BBIe 3)(EKTHI, HEOOXOAUMBI IS ONPEIEICHHS OCHOB-
HBIX KHHETHMYECKHX XapaKTepUCTHK TOIUIMBA, IJIA pac-
MIUPEHUST HAYYHOW TEOPETHUECKOM 0a3bl, a TaKkKe s
IPOSKTHPOBAHMS HOBBIX SHEPTETHYESCKUX YCTAHOBOK.

Kunerndeckue mapamMeTphl, Takue Kak SHEprusi akTu-
BAllUM U NPEIIKCIOHEHIUANbHBIA MHOXKHUTENb, MOTYT
OBITH OTpe/IeNeHB! KOMMYECTBEHHBIMI METOIaMH 0 KPH-
BeIM TI'A. KuHetnueckue mapameTpsl 3aBUCST OT YCIIO-
BHIl MPOBENICHUS SKCIIECPUMEHTA, BEIMYMHBI U JUCTIEPC-
HOTO COCTaBa HABECKH, CONEP)KaHUS BJIArd U CKOPOCTH
HarpeBa U Ipyrux (pakTopos, MO3TOMY B JUTEPAType KH-
HETHYECKIE MapaMeTpsl OJHUX M TeX KE TOIIHB MOTYT
paznuyaThCs, YTO 3aTpyAHSAET MX cpaBHeHue. OpHON H3
CaMbIX PACTPOCTPAHEHHBIX MOJIENCH 110 ONpPEICICHUI0
KMHETHYECKHX MapaMeTpoB sBiseTcs Mmoaenb Koytca—
Pendepua [19-21], no3Bossronias onpenensTs napaMeT-
BI TIPH OZTHO! CKOPOCTH HATPEBA.

I. Boumanchar u ap. [22] uccnenoBamu ropeHue Kap-
TOHa ¢ BbIcmed TemtoToi cropanns 13,81 MJ/Lx/kr ¢
Ouomaccoit B MaccoBoM otHomeHun 50/50 %, ucnonb3ys
TEPMOTPaBUMETPUYECKHIl aHamu3. YCTAHOBJEHO, YTO
KapTOH IIPH TOPCHHUH pPEearnpoBaj aHAJOTHYHO JHTHO-
IE/UTIONIO3HBIM MaTepHaiaM. TeMmepaTypHble 00JacTH,
COOTBETCTBYIOIINE PA3HBIM CTa UM TOPEHHUS TOILTUBHON
CMECH, COCTOSIIEH U3 KapTOHa U OMOMAcChl, OBLIN UACH-
THUYHBI TEM K€ TeMIepaTypHbIM 00JIaCTAM, YTO U MPH TO-
PCHHH OTAETHHEIX KOMIIOHEHTOB. TeMIepaTypHBIH JTam
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ropeHust kaptoHa coctasii ot 270 mo 440 °C. S.D. Gun-
asee u mp. [23] ycraHOBUIH, YTO TIMKOBAS TEMIEpaTypa
npu ropeHnn kaptona coctaBuwia 340 °C, temmeparypa
saxuranus — 327 °C. Ilpu uccienoBaHUY TOpEHUs Kap-
TOHA B CMECH C ONMIKAMH W BOJOH Ha CIELHATbHOM
CTCHJIE, OCHAILICHHOM BBICOKOCKOPOCTHOI BHAEOKaMepoii,
YCTaHOBJIEHO, YTO 32 CYET HU3KOH 30JbHOCTH KOMIIOHEH-
TOB M BBICOKOTO COAEPHKAHHS JIETYYHX BELIECTB BpeMs
3a[IEPKKU 3KUTAHUS MHHHMATBHOE IO CPaBHEHUIO C
JPYTHMH cMecsaMu [24].

Taxkum 00pa3oM, MOXKHO cIieNaTh BBIBOJ, YTO KapTOH
ABIAETCSA MEPCIEKTUBHON TOIUIMBHOM 100aBKOH K pas-
HBIM BHJaM TOIUIMBA 32 CYET BBICOKOTO COIEpIKaHUSA Jie-
Tyuux BemecTB. Llenp paHHON pabOTHI — KOMIUIEKCHOE
HCCIIEI0BAHUE MPOLECCa TOPEHUS KapTOHA U KaMEHHOTO
YIJIA, ONpeeNeHne OCHOBHBIX MOKa3aTeNell U KMHETHKH
TOPEHUS CMECeH, YCTaHOBJICHHE POJIM KOMIIOHEHTOB NPH
TOPEHHUHU CMECEHL.

MeToauka uccnegoBaHus

Obvexm uccredosanus. B pabote mccnemyroTes Ka-
MeHHBIH yronb Kaa-Xemckoro yronsHOro paspesa (Pec-
nybomika TeiBa, Poccust), ymakoBOYHBIA KapTOH M UX
cmecn. Kaa-XeMmckuii KaMEHHBIH YTONb HCIOJNB3YETCS
KaK OCHOBHOE JHEPTeTHYECKOE TOIUTHBO Ha KBI3BUIBCKOM
TOL. Kapron siBnseTcs pacrpocTpaHEHHBIM HPEICTaBU-
TeneM OBITOBBIX 0TX010B. M300paxeHus oOBEKTOB HC-
CIIeIOBAaHMS TpencTaBneHsl Ha puc. 1. Jlms ymoOcra
0003HaueHHMs Kaa-XeMCKuil yromb obozHaummi «100 %
KHp, kapton — «100 % K». Cmecu roToBIIM B CIIELYIO-
meit maccoBoit nponopimu 75 % KH + 25 % K; 50 %
KH +50 % K u 25 % KH + 75 % K. H3mepenne maccht
IPU CMELIEHNH KOMIIOHEHTOB TOIUTUBHOW CMECH, MPOH3-
Bomk ¢ momoinpo MS105du (Mettler Toledo, IBei-
napus).

Iloozomoexa monnug. TomnMBa U3y4aiuch TMOCie J0-
CTIKEHHS MU BO3JIYIIHO-CYXOTO COCTOSHHS. YTONb |
KapTOH M0 OTJENBHOCTH u3Menbuanich B Retsch DM200
(Cepmanns), manee ¢ momorpio Retsch AS200 (I'epmanns)
TOJTy4eHa IUCTIEPCHOCTh TOTUTMBHBIX YacTuI] 53200 MKMm.

Tennomexnuueckue xapaxmepucmuxy moniug. Jls
OIpeNeNneHns TEIIOThl CTOPaHHs HCIONIb30BANCA Kallo-
pumetp C6000 (IKA, 'epmanus); 1 omnpeneneHus co-
JIepKaHus yriepojia, BOJIOpoa, a3oTa — npubop Vario
MACRO cube (Elementar Analysensysteme GmbH,
[epmanus); Ans ompeeneHns BIAXHOCTH — aHATU3aTOP
BraxxHoctd MA-150 (Sartorius, ['epmanus); ans onpene-
JICHHS BBIXOJ JIETYUMX BENIECTB U 30JbHOCTH — My(enb-
Hast meub Snol 7.2/1300 (AB «Umegay», Jlutpa); cepa
ompexnemsuack mo 'OCT 8606-2015; kucnopon paccuu-
ThIBaJICS 110 pasHocTH cornacHo 'OCT P 27313-2015.

Cunxponnvili  mepmuueckuli ananus. ViccnenoBaHue
Tporecca TOPEHHS TOIUIHB OCYIIECTBILUIOCH ¢ TIPHMEHe-
HUEM CHHXPOHHOTO TepMuueckoro asammsaropa SDT
Q600 (CILA). DkcriepuMeHTHI TPOBOAINCH B TIOTOKE
BO3yXa ¢ pacxoioM 50 MJI/MHH TpH CKOPOCTH HArpeBa
20 °C/muH, Macca HABECKH COCTaBIILIA OT 5 10 6 mr. s
00pabotkn pesynbratoB TepmorpaBumerpun (TT), mud-
(epenmuanbHOi TepMorpasumerpur (JITT) u muddepen-
nuanbHoi ckanupyromeit kamopumerpun (JCK) mpume-
Hsu1ack nporpamma Universal Analysis 2000 (CLLIA).
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Puc. 1. H306padicenus moniug: a) Kaa-xeMcKutl y2oiv, 6) Kapmon

Fig. 1. Images of fuels: a) kaa-khem coal; b) cardboard

Memoouxa obpabomku pe3yrbmamos mepmocpasu-
mempuu. Pezynprate TI' mcmonp3oBanucy s ompene-
JICHUSI OCHOBHBIX XapaKTEPUCTHK TOPEHNUS, B TOM UHCIE U
uHekca roperust tomtusa (S) [25-27], koropsiit ompe-
nensca o ¢opmyne (1). JlaHHas xonuuecTBeHHas Xa-
PaKTEpHUCTUKA TPHMEHSCTCS TPH aHATN3e TOPHYECTH
Pa3HBIX BHOB TOIUTMB M YYHTHIBAET TEMIIEPaTypy, IPU
KOTOPO! MPOMCXOAHUT BOCILIAMEHEHHE, CKOPOCTH YOBUIH
Macchl U TEMIepaTypy BhIropaHus. Beicokoe 3HaueHwue
MHJIEKCa TOPSHHS CBHACTEIBCTBYET O TOM, YTO TOILIHBO
3aropaercs B o0JacTH Ooiee HU3KHX TeMIlepatyp U 00-
nagaer Oonee BHICOKOM CKOPOCTBIO TOPEHHS, UTO B CBOIO
ouepesb BIHMAET HA YCIOBHS 3aBEpIICHHMS Iporecca ro-
peHus B obnacty Oosee HU3KKX Temmneparyp. [Ipu pacue-
T€ WHJEKCA TOPEHHS IPUMEHSITICH 3HAYCHHUS TEMIIEPaTy-
DB, IpU KOTOPBIX BocIuiaMmensercs yraepos (Ting), U 3Ha-
YeHHS TEMIIEPATYPHI, IPU KOTOPOH 3aBepmiacTcsl TOpeHue
yraepona (Tpo). Temmeparypbl, pU KOTOPBIX MPOUCKO-
JUT BOCIUIAMEHEHHE TOILIMBA M 3aBEpIUAETCs MPOLEece
TOPEHHs], ONPEIeNIINCh ¢ TIOMOIIBI0 METOa Iepecede-
Hust KpuBbix [28-30].

WHaexc TopeHns pacCUnTHIBALTCS MO (pOpMyIIe:

RDTG i Rmean ( 1)

§ = ~ore " e
Ting 'Tbo

rae Rpre — MakcuManbHas CKOPOCTh YOBUTH MAacchl TOTI-
nuBa, %/MUH; Rmean — CPEIOHSASA CKOPOCTH YOBLTH MACCHI
TOIUTMBA OT BOCIUTAMEHEHHS JIO TOJHOTO BHITOPAHHUS €ro
YIJIIEPOIHOTO OCTaTKa, Yo/MUH; Ting U Tho — TEMIIEPATYPBI,
COOTBETCTBYIOIHE BOCIUIAMEHEHMIO M BHITOPAHUIO YTIIC-
poza, °C, S — niekc roperns, M - °C,

Ananuz enusnus KOMROHEHMOB 8 Hpoyecce 20peHus
cmecu. JInst pOBECHUS aHANM3a BIUSHHUS KOMIIOHEHTOB
TPU TOPEHHUH CMECH CPAaBHUBAIOTCS IKCIICPHMEHTAIBHEIE
(exp) u pacuernbie (est) nannbre. PacyeTHsie JaHHBIE T10-
JyJajy ¢ ipuMeHeHreM dpopmyisl (2) [31, 32]:

HTrpacqleI[Trl'l'xZHTrZ: (2)
rae ATy m JTI; — 3Ha4eHHs MaKCHMAaJIbHONH CKOPOCTH
yOBUTH Macchl Tt Kaxkgoro Tormmsa (ATI — yroms; ATT

— KapTOH), %/MHH; X1 ¥ X7 — 3HAUCHHS COICPIKAHHS TOILTHB
B CMECH, X CyMMaXx J0JDKHA OBITh paBHA CMHAIIE.

Memoouka onpedenenus snepeuy akmusayuu u npeo-
IKCHOHEHYUATbHO20 MHOJICUMENs. JHEPTUs aKTHBALMH 1
MPEAIKCIIOHEHIIMANBHBIN MHOXHTENb IPH TOPEHUU YIIId,
KapTOHA U MX cMeceil ObLIN ompesieneHsl MeTogoM KoyT-
ca-Pendepna [19-21] ucnions3ys ypasuenue (3):

[~ = () - ©)

e A — TIPEIIKCIIOHCHIMATGHBIA MHOXKHTE]Tb, c’l; S — cxo-
POCTB Harpesa, rpaji/MuH; E4 — SHepTriis aKTUBAIH, KJ[K/MOJTb;
R — ynuBepcanbHast razosast nocrosHHas, Jhx/(Mons-K); T -

m
Temneparypa, K. CrerneHb peBpariieH s BEILECTBa O = - " —
U

rjie Mo 1 My — UCXO/IHAS U KOHEYHAs MACCa BEILIeCTBA, MT; M —
Macca BeLIECTBA B TOUKE H3MEPEHHS, MT.

JlocTOBEpHOCTh BHIOPAHHOTO METOJa MPHU Ompejelie-
HUH KHHETHCCKHX XApAKTCPHCTHK OLCHHMBANACE C TO-
MOIIBI0 KO3 dUIMEeHTa KOppeNsnn (R ), KOTOpBIi
OMpeJieNsieT CTEeleHb JMHEHHON B3aMMOCBS3U BBIOpAH-
HBIX mapameTpoB. Ero 3HaueHHe DOIKHO OBbITH MaKCH-
MaJIbHO MPHONIKEHO K CIUHHUIIE.

Pesyn bTaTbl UCCNEAOBAHUA

Kaa-xemcrkuit KaMCHHBII/I YTOJIb MIMEET BBICOKOE CO-
JepIKaHHE JIETydHX (V =46 %) U BBICOKYIO TEILIOTY
cropanns (Q'i=29,5 MJx/Kr), y KapTOHa TemioTa cropa-
HUS BIBOC MEHBIIE, a COACPIKAHHE JETYYHX BEIIECTB
BbIe B 1,8 pa3 (tabm. 1).

Tabnuua 1. Pe3ynomamuvl mexHuueckozo u 31eMeHMHO20
ananuza yens u Kapmona

Table 1.  Results of technical and elemental analysis of
coal and cardboard
DJIEMEHTHBIH COCTaB,
mac. % na daf r
Tormsa| W* | A | v Elemental composition, Qv
Fuels wt. % on daf MULx/xr
CTH[N]sS] o] Wk
%
KX 15|/71(462810(58| 1503|114 29,5
K 21]1110(832] 453 | 55| — [ 02]490] 143

Ha puc. 2 npexncrasnenst TI/ATT/ACK — npodumn
TOPEHHS TOILIHB.
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Fig. 2. Combustion of coal, cardboard and their mixtures: a) TG; b) DTG; c¢) DSC
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Topenue yena. B mponecce Harpesa yriis B HHTEpBaJe
temmepatyp 30-110 °C mpoucXoIuT yaalcHWE BArw,
COTIPOBOXKIaEMOE HEOONBIINM SHIOTEPMHUUCCKIM -
¢extoM (puc. 2, ), IPH ITOM Macca TOIIIMBA CHIKACTCS
Bcero Ha 1,5 % (puc. 2, a) u3-3a HU3KOTO COJCPIKAHHS
Brnard B yrie (tabm. 1). [Ipu nanpHeiimem HarpeBe 10
300 °C naumHaeTCs peakIys OKHCIECHHUS, TIPH ITOM Mpo-
UCXOMUT yBenudeHue macchl yrid Ha 0,3 % 4to Moxer
OBITh CBSI3aHO ¢ copOIHMelt Kuciopoja JMbo ¢ XUMHUYe-
CKAM  CBSI3BIBAHMEM ¢  00pasOBaHMEM  KHUCIOPO.-
COZIepKaIUX coeAUHEHHH. DTOT 3 (eKT XapakTepeH A
KaMeHHbIX yrined [33]. BwimeneHue neTyumx BeImiecTs
HaunHaeTcs B uHTepBane Temmeparyp 300-430 °C, mpu
9TOM TIPOUCXOIUT YBEIMUCHHE CKOPOCTH YOBUIH MAacCHI
(puc. 2, 6). YObUIb MacChl Ha JAaHHOM 3Talle TOPCHHS
pasHa 6 % (puc. 2, a). JansHeHumit HarpeB yIiisd Compo-
BOXKJIA€TCSl BOCIUIAMEHEHHEM W TOPEHHEM JIeTYYuX Be-
ImecTB, YObUTh Macchkl mpu 3ToM jgocturaer 33 %. Boc-
IUTAMEHCHHE YIJIeposia HAYMHACTCS HPU TeMIeparype
450 °C. MakcumanbHasi CKOpPOCTh YOBUIH MAcChl COCTa-
Buna 19,3 %/mun npu Temnepatype 470 °C (puc. 2, 6), a
MaKCHMalbHas WHTEHCUBHOCTh  TEIUIOBOTO  IOTOKA
32 MBt/mr (puc. 2, 6). Hanbonblinee CHMKEHHE MACCHI
TOIUTMBA IPOMCXOJINT TIPH CTOPAHUHU YIJIEPOAa U COCTaB-
nstet 46 % (puc. 2, a), Ipu 3TOM MakCHMaibHas CKOPOCTh
BbITOpaHus coctaBmna 12,1 %/MuH Tpu Temmeparype
545 °C (puc. 2, 6) COBMECTHO C IK30TEPMUUYECKUM 3(-
(exToM Mpu MaKCHMAJbHOH WHTEHCUBHOCTH TETIOBOTO
notoka 65 MBT/Mr (puc. 2, ). ['opeHue yris 3akaHuHBa-
eTcsl JIOrOpaHheM 0co00 IUIOTHOTO  YIJIEPOAKMCTOrO
ocrarka npu temreparype 723 °C (puc. 2, 6).

Topenue xapmona. lpn HarpeBe KapTOHA yJaleHHe
BIIATH TIPOUCXOHUT C HEOOJNBIIMM SHAOTEPMHUUECKUAM (-
(exToM B TOM XKe TeMNEepaTypHOM HHTEpBAJe, 4TO U Y
yriis, yobuis Macchl coctaBuna 3,5 % (puc. 2, a, ). ['o-
PEHHE MEIUTIONO03b], TeMHIIEIUTIONO03bl M YacTH JIMTHHHA
IpU JalbHEHIIeM HarpeBe KapTOHa HAYMHACTCS MPH
260 °C u npomomxaercs 1o 360 °C. OToT 3Tan ropeHus
COIPOBOX/IAETCSA MHTEHCUBHBIM CHIXKEHHEM TOIUTUBHON
MacChl 32 CYET BBICOKOTO COAEPHKAHUS JIETYUHX BEIECTB
y kapToHa (1abn. 1) u mocturaer 67 %. MakcumanbHas
CKOpOCTh ropenns coctaBuna 39,1 %/MuH mpu Temmepa-
type 340 °C (puc. 2, 6), a MaKCUMAIIbHAs HHTCHCHBHOCTb
TeIIoBoro noroka — 38 MBt/mr (puc. 2, 6). Bocrmamene-
HHUE YIIEPOJUCTOTO OCTaTKa Y KApTOHA, POUCXOAUT MPU
temmepatype 300 °C. MakcuMaiibHas CKOPOCTh YObLTH
Macchl Ha 3Tale rOpeHus YIIepoAHOr0 OCTaTKa COCTaBH-
na 5,6 %/mun mpu temmeparype 405 °C (puc. 2, 6),
yOBUTH Macchl TIpH 3ToM coctaBmia 22,5 %. B mporecce
TOPeHHs YIIIEPOJTHOTO OCTATKa KAPTOHA MaKCHMallbHas
MHTEHCHBHOCTh TEIUIOBOTO TOTOKA TMpPH SK30TEpMHYE-
ckoM 3ddekre cocraButa 13 MBt/mr (puc. 2, 8). 3aBep-
IICHIE TOPEHUs KapTOHA 3a(UKCUPOBAHO TIPH TEMIIEpa-
Type 692 °C.

T'openue monnusnvix cmeceti. KpuBsie ropeHnst Tom-
JMBHBIX cMecell MpeacTaBlIeHbl Ha puc. 2. JTan ynane-
HUSL BJIATH y BCEX TPEX CMeceH MPaKTH4YeCKH WIECHTHYEH
M3-32 HU3KOH BIAKHOCTH KOMIIOHEHTOB CMECH YOBLTb
Macchl TIpH 3TOM MUHUMalbHa (puc. 2, a). [Ipomecc ro-
pEHHS cMeceil COCTOUT U3 IBYX OCHOBHBIX cTaimil. [lep-

Bas CTajus INPOXOAUT B TEMIEPATYpHOM KHTEpBANe
200420 °C, mpu 3TOM CropaeT HEJLTHN03a, TEMHUIICILTIO-
J103a ¥ 4acTbh JIMTHUHA. BTopas cramus, cBi3aHHas ¢ rope-
HUEM JIETYUYHX BELIECTB U KOKCOBOTO OCTATKa, IPOXOIUT B
MIMpOKOM TeMnepaTypHoM wuHTepBane — 420-720 °C
(puc. 2, 6). Temmeparypa BOCIIAMEHEHHs CMECEH MpH-
MEpHO COOTBETCTBYET TEMIEPAType BOCILIAMEHEHHUS YT-
JepoaHoro ocraTka kaproHa (oxono 300 °C).

[Tpu nobasnenuu 25 % KapToHA K YIJIO MOSABIAETCSA
HeOONBINOW THK ¢ MAaKCHMAIBHOH CKOPOCTBIO YOBUIH
Macchl, paBHOH 6 Y%/MuH, ipu Temmeparype 336 °C, co-
OTBETCTBYIOIIWH TOPEHHUIO IIEIUTI0N03b], TEMHIICILTIONO3BI
U JIMrHUHA (puc. 2, 6). MakcuManbHas CKOpOCTh yOBLIH
Macchbl, COOTBETCTBYIOLIAS TOPEHUIO JIETYYHX BELIECTB
YL, CHIDKaeTcs Ha 58 % 10 CpaBHEHHIO ¢ MAKCUMYMOM
NP MHAMBHAYAILHOM TopeHnu yris (puc. 2, 6). B Tpe-
TbheM Ike JTT', COOTBETCTBYIOLIEM TOPEHUIO KOKCOBOTO
ocTaTka yris mpu Temmepatype 544 °C, makcuManbHas
CKOpOCTb yOBUTH Macchl CHU3MIAch Bcero Ha 2,5 %. Ilpu
YBEJIUYEHUHU JONH KapTOHA B CMECH HPOUCXOAUT YBEIH-
YEHIE MAKCUMAITBHOM CKOPOCTH YOBLTH Macchl Ha TIEPBON
CTAJIMH, @ MAaKCHMAaJlbHAsl CKOPOCTh YOBUIM MAacchl HpH
TOPEHNU KOKCOBOIO OCTAaTKa YIJI CHIDKAeTCs, TaKxke
HPOUCXOIUT CHUKEHHUE TEMIIEPATYPhI BHITOPAHHUSL.

MakcumanbHO€e TeIUIOBBIENICHHIE IPU TOPEHUH CMECU
IPONCXOAUT B 0o0JacTé Ooyiee BBHICOKHX TEMIEPaTyp B
TpoIecce TOPEHHS! YIIEPOIHOT0 OCTaTKa YIJI MPH TeM-
nepatype okono 545 °C (puc. 2, ). YBenuueHue Macco-
BOM JJ0JIM KapTOHA B CMECH BIIMSET Ha Tepepacnpesese-
HHUE YK30TePMUYECKHX (Q(PEKTOB, TEIUIOBBIICICHHE TPH
TOPEHHH yIiepona CHikaetcs ¢ 57 no 4 MBt/mr, a ten-
JIOBBIZICTICHNE TIPH TOPEHNH ILEIUTIONO3B], TEMHIIELTIONO-
3B ¥ 4ACTH JIUTHUHA yBenu4uBaercs ¢ 3 1o 12 MBt/mr.

Bsaumoceasvy nokazameneti 20penus KOMHOHEHMOB
monausnoti cmecu. Ha puc. 3. npencraBieHo cpaBHEHHE
SKCIIEPUMEHTANIbHBIX M PAaCUETHBIX 3HAUEHHH NpH rope-
HUAM cMeceil. [l ymoOHOTO BOCTIPHSTHS JKCIEPUMEH-
TalNbHbIE 3HAYCHHS CMeceid 0003HAaYamuch eXP, pacyer-
Hble 3HaueHUs cMmecell obo3Hauamuch est. CpaBHeHue
SKCTIEPUMEHTANIbHBIX M PACUETHBIX 3HAUEHUH MPOBOAMUT-
Csl C IIEJBI0 aHAIN3a B3AUMOCBS3U JIBYX TOILIHB, OTIIHYA-
FOIIUXCS APYT OT JPyra MO XUMHIECKOMY U TETUIOTEXHH-
4eCKOMY COCTaBy. B cimyuae ecnu kpuBbie €Xp u est cos-
NaJal0T, TPOLECC COBMECTHOTO TOPEHMs [BYX pa3HBIX
TOILUIMB MOJYMHAETCS NPUHLMIY AJJUTUBHOCTH. AIJU-
THBHYIO B3aHMOCBS3b MOXHO HAOJIFO/IaTh B 00JIACTH HII3-
kux Temmeparyp ot 30 1o 200 °C (puc. 3), B 3TOM TeMme-
parypHoM unTepBaie npodumn kpusbix JATI y Bcex Tpex
CMECEBBIX MpOMopLui coBMajaT. PacxoxneHue npo-
¢reit kpusbix [ITT exp u eSt cBHAETENbCTBYET O CIOXK-
HBIX B3aHMOCBS3SX HIIH CHHEPTeTHUCCKOM d(QeKTe mpu
TOPEHUHN JIBYX PasHBIX TOIUTHB. CIIOXHBIC B3aHMMOCBSI3H
BIUSIOT B NEPBYIO OUYEpeib HA M3MEHEHHE MaKCHUMallb-
HOH yObLIM MaccChl M TEMIEPaTypbl, COOTBETCTBYIOLIUX
skcrpemymoB JITI. MakcuMainbHas CKOpOCTh yOBLTH
Macchl SBIAETCH OJHUM M3 OCHOBHBIX IIOKa3aTene,
OTPENETMOMIX PEAKIIOHHYI0 CIOCOOHOCTD TOTLIHBA,
IpY YMEHBIICHAN MaKCUMAIBHOH CKOPOCTH YOBLIH Mac-
Cbl TIPOMCXOJUT CHIDKCHHE PEaKIUOHHON CIOCOOHOCTH
TorumBa [34].
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[Tpu nobaemneHny KapToHa K YOO (pHC. 3, &) MPOUCXOIMT
CHIDKCHHC 3HAUCHHH MAKCHMATBHOH CKOPOCTH YOBUTH MACCHI Ha
66 % 1O CpaBHEHHIO C PACUETHBIMY B HHTEPBAIE TEMIIEPATyp
260-360 °C, 310 CBUIETENBCTBYET O CIIOXKHBIX B3AUMOCBSI3SIX Jie-
TY4HX BEIIECTB KAPTOHA U YT B TIPOLIECCE MX COBMECTHOTO IO~
permst. Y Broporo Makcumyma JITT, B nHTepBare Temmepatyp
430-495 °C, Taroke IPOM30NUIO CHIDKEHAE Ha 22 % TI0 CpaBHe-
HUIO C PacieTHBIMU JaHHBIMA (puc. 3, @). [Ipu pacueTHbIX 3Ha-
YEeHHSIX PEAKIMOHHAs criocoOHocTh cMech 75 % KH + 25 % K
Obi1a ObI BBILIIE, YeM MOTYUHIIOCh B SKCTIEPUMEHTE.

JobaBneHne KapToHa MOJOKUTENBHO CKa3bIBACTCS Ha
TOPEHUHU YTICPOJHOTO OCTATKA YIIIs, YBEIHUMBAS KCIIe-

PUMEHTAJIBHbIC 3HAYCHUS MAKCUMAILHOH CKOPOCTh YOBI-
7 Maccsl ¢ 9 10 12 Y%/muH (puc. 3, &) mpu Temmeparype
544 °C, mo cpaBHEHHIO ¢ pacueTHbIME. [Ipn mob6aBneHnH
50 % xapToHa B cMeCh 3TOT ke 3(P(PEKT MOBTOPSETCS TIPH
temnepatype 541 °C, yBenuuuBasi 3KCTEpUMEHTAIbHBIC
3HAQUEHUS MaKCHMAJbHOM CKOPOCTH YOBUTH MAcchl MpH
TOPEHHH YIIEPOJHOrO OcTaTka yris ¢ 5,5 1o 8,5 Y%/mMun
(puc. 3, 0). Hob6asnenue 25 % yras x 75 % kapToHa mo-
JIOXKUTENBHO BIHSAET HA TOPEHHE YTIEPOIUCTOTO OCTATKA
YIS, YBEAMYUBAsT KCTICPHMMEHTANBHBIC 3HAYCHHS MaK-
CHMAJIBHOM CKOpOCTH YObUTH Macchl ¢ 3 10 4,5 Y%/Mun
(puc. 3, 6) 3a cuet cuHepreTHueckux 3pQexTos.
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Puc. 3. Cpasnenue sKCnepumMenmanbHblx U pacuemuuvlx 3Hauenul npu copenuu cmecei: a) 715 % KH + 25 % K; 6) 50 % KH +

50 % K; 6) 25 % KH + 75 % K

Fig. 3. Comparison of experimental and calculated values during combustion of mixtures: a) 75 % KH + 25 % K;

b) 50 % KH + 50 % K; c) 25 % KH + 75 % K

124



M3BecTns TomMckoro nonmTeXHUYeckoro yHueepeuteta. HxuHupuHr reopecypcos. 2023. T. 334. Ne 3. 119-129
Kyiikos A.B. 1 ip. DHepreTnyeckoe NPUMEHEHNE KapToHa B CMECH C KaMEHHBIM YITeM

Kunemuuecxue napamempul. 3Ha4eHUS SHEPIUM aK-
THBAIMA M TPEIPKCIIOHEHIINATBHOTO MHOXHTEIS Ha 3Ta-
e Hayana BOCIUIAMEHEHHUS YTJIIEPOJHOTO OCTATKA Ipej-
craBieHsl B Ta0u. 2. Cy/s 0 JaHHBIM TaONHUIBL, TIPH TO-
PEHUM KapTOHA DHEPrus aKTUBALMK JTOCTHIAeT Camoro
BBICOKOTO 3HAYEHHS, MO CPABHEHHIO C APYTUMH TOIUIH-
BaMmu, — 73 kJI/MOJb, YTroJb MMEET SHEPTHIO aKTUBAIUH
pasayto 61 x/[x/Monb. [obaBka 25 % KapToHa K yIIO
CHIDKAeT OSHEPIUI0 AKTHBAL[MM BO3TOPAHUSA CMECH JIO
44 x]lx/Monb.  JlanpHelilnee yBeTUYEHHE KOJNHYECTBA
KapTOHA B CMECH MPHUBOJUT K YBEIMYCHHUIO SHEPTHH aK-
tuBauy 10 60 KJIK/MOIIb.

40

30

o
(=]

S§x107, mun 2°C 3
(I’IllIl_zoC_;)

o

Tabnuua 2. Kunemuueckuii ananus 2opeHus Mmoniue u ux

cmecell
Table 2. Kinetic analysis of combustion of fuels and their
mixtures
PacueTHbIit
TorumBo HWHTEpBaJ Ea, xJx/Moi1b A, R?
Fuels Estimated kJ/mol clst
interval, °C
100 % KH 400441 61 14-10° [0,9990
75 % KH + 25 % K 250-370 44 27-10° [0,9722
50 % KH +50 % K | 250-370 54 2-10° [0,9782
25% KH+75%K | 250-345 60 4-10° ]0,9681
100 % K 250-360 73 3-10° 10,9820

T T

50 75 100

Jons xkapTona B cmecH, %
Cardboard ratio, %

Puc. 4. 3asucumocmo unoexca eopenus om 001U KapmoHa 6 MONIUSHOU cmecu
Fig. 4. Dependence of the combustion index on the proportion of cardboard in the fuel mixture

Hnoexc zopenus. 3aBUCUMOCTb MHJEKCA TOPEHHS OT
TIPOLICHTHOTO COEP)KAaHMs KapTOHA B TOIUIMBHON CMECH
IpeJcTaBiIeHa Ha puC. 4.

Pacuer KOnMMYECTBEHHOTO MOKa3arels (MHIeKca rope-
HHUS) TO3BOJISIET OLEHUTh MHTEHCHBHOCTH IpolLiecca Io-
PEHHS TOILIHBA M TOIUIMBHON cMecH. Bricokoe 3Hade-
HHUE MHJIEKCA TOPEHHS CBUJCTENBCTBYET O BOCIIAMEHE-
HUM TOIUMBA B 00JacTh Oojiee HU3KHX TEMIEparyp, O
BBICOKOH MaKCHMAaNbHON CKOPOCTH yOBIIM Macchl, KOTO-
past 0TOOpakaeT peaKklHOHHBIE CBOMCTBA TOILINBA, M BEI-
TOpaHNH TOILIHBA B 00JacTH OoJee HU3KHMX TEMIEpaTyp.
Wnnexc ropenus yris paseH 7,2:10" w2 °C, unzexc
TOpeHus KapToHa Oosiee ueM B 5 pa3 BBIIIE, YeM Y YIIIf
(puc. 4), Ipu 3TOM MaKcHUMallbHas CKOPOCTh YObLIM Mac-
Chl y YIUISl B IBa pa3a MEHbllle, YeM y KapTOHa, TeMIepa-
Typa BOCIUTAMEHEHHS YTJIEPOJUCTOTO OCTaTKa Y KapTOHA
Ha 50 % MeHble, yeM Y yris. Bolcokuii HHAEKC ropeHus
KapTOHA ¥ OCHOBHBIC XapaKTEPUCTHKU TOPEHUs CBUJE-
TENbCTBYIOT O 00Nee MHTEHCHBHOM TOPEHMH B 00JacTH
Oonee HU3KUX TeMIeparyp 1o cpaBHEHHUIO ¢ yriem. [Ipu
nobapienuu 10 50 % KapToHA K YIIIIO MPOMCXOIUT CHHU-
’KCHUE MHJEKCA TOPEHHUS 33 CUET CHIDKCHUS MaKCHMalb-
HOH ckopocTH peakuud. IIponcxomuT mepepacmpenene-
Hue 3kcTpeMyMoB JITT, 310 TOBOPHUT O TOM, YTO WHTEH-
CHUBHOCTh TOPEHMSI CMECH YXYALIUTCA MO CPAaBHEHUIO C

yIyIeM, HO B CIydae, €clii He0OX0IUMO IOHH3UTH TeMIIe-
parypy, Ipu KOTOPOH MPOMCXOJUT BOCTLIAMEHEHHE YTJIs,
3TO MOXHO CcienaTh myTeM jAobaBneHus He Oonee 25 %
KapTOHa, TaK Kak Mocieylollee yBEeIUYEHHE MaccOBOH
JIONTH KapTOHA B CMECH HE BIIHSCT HA CHIDKEHHE TeMIIepa-
TypHl BoctuiameHeHns. Jlo6aBnenne 25 % yris K KapToHy
CHIDKAeT MHJEKC TOPEHHs MO CPABHEHHIO C KapTOHOM
TOYTH B 3 pa3a, HO MPU 3TOM MOBBIIIAET TEMIOTY Cropa-
Hus cMecd Ha 27 % (puc. 4, Tabn. 1), 4o MoXkeT ObITh
HE0OXOIMMBIM TIPH OIPEIENEHHBIX YCIOBHSX.

3aknoyeHue

B pabore wccnemoBaH Tporecc TOpEHHS —Kaa-
XEMCKOI'0 YT, KapTOHa W UX cMmecel ¢ OPpUMEHCHUEM
TEPMOTPAaBUMETPUUYECKOTO aHAIN3a B OKHCIUTEIHHOM
cpeze co ckopocthio Harpesa 20 °C/mun. Temmeparypa
BOCILTAMEHEHHS YTIEPOJHOTO OCTAaTKa TN COCTaBHIA
450 °C, y xaprtona — 300 °C. Temneparypa BocIuIaMeHe-
HUs TOTUTMBHBIX cMeceld Haxomunachk B paione 300 °C u
HE 3aBHCENa OT JI0NH KapToHa B cMecH. [Ipu 3ToM 110 Me-
pe YBEIMYCHHUS JIOTM KApPTOHA TOBBIIIANCS HHACKC rope-
HUS M JHEPrUs aKTHBAINK W CHIDKANAach TEMIIEpaTypa
Bhiropanus cMecr (¢ 720 go 700 °C). JlobaBnenue kap-
TOHA K YTJIF0 OKa3bIBACT MOJOKUTENBHOE BIMSIHUE HA TO-
PCHHE KOKCOBOTO OCTATKA YIJISL.
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Ilo pe3yiibTaTaM IPOBEACHHOIO0 MCCICAOBAHUA CHEC-
JIaH BBIBOJ, YTO KapTOH I.ICJ'ICCOO6p213H0 NPpUMCHATL B BU-
A€ SQHCPTECTUYCCKOT'0 TOIUIMBA B CMECH C YIJIEM Ha 00BEK-
TaX TCIUIOOHCPTC€TUKH, HAMPUMED, I CHUIKCHUA TEMIIC-
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The relevance of the study is determined by the search for new solid fuels to expand the fuel and energy complex and improve resource-
saving and environmentally friendly energy.

The main aim: a comprehensive study of cardboard and coal combustion, including the determination of the main characteristics of the
combustion of solid fuel mixtures, the determination of the main kinetic parameters and the establishment of the role of the components in
the mixture combustion.

Object: solid fuel mixture based on Kaa-Khem coal and cardboard.

Methods. Thermal characteristics of fuels are determined according to: analytical moisture — SS R 33503-2015; ash content —
SS R 55661-2013; yield of volatile components — SS R 55660-2013; calorific value — SS R 147-2013; content of carbon, hydrogen, nitrogen —
SS R 32979-2014; oxygen — SS R 27313-2015; sulfur — SS 8606-2015. The fuel combustion was studied using an SDT Q600 differential ther-
mal analyzer (TA Instruments-Waters LLC, USA). Ignition and burnout temperatures were determined using the curve crossing method. To de-
termine the kinetic characteristics of individual fuels and fuel mixtures, a method based on the Coates—Redfern model was used.

Results. The heat of combustion of Kaa-Khem coal is twice that of cardboard, while the volatile content of cardboard is 1,8 times higher
than that of coal, which makes cardboard a promising additional fuel. An increase in the mass fraction of cardboard in the mixture does not
affect the ignition temperature of the mixture and is about 300 °C. The addition of 25 % cardboard to coal has a positive effect on coal car-
bon residue combustion, increasing the maximum reaction rate by 30 % compared fo the calculated data. The activation energy in this
case is reduced by 3,9 %, the combustion index is reduced by 2,5 times. The results of this study can be applied in the design of new heat
and power equipment, or be taken into account when converting coal-burning boilers to burning solid fuel mixtures.

Key words:
Hard coal, cardboard, biomass, thermogravimetric analysis, kinetics, Coates—Redfern, co-combustion.

The research was carried out using the equipment of the Krasnoyarsk Regional Center for Collective Use of the Krasnoyarsk
Scientific Center, Siberian Branch of the Russian Academy of Sciences.
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