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C npuMeHeHUEeM COBPEMEHHBIX METOINK, AHATUTUYECKOTO U SKCIIEpUMEHTAIbHOTO 000PYAOBaHUSI OTIpe-
JTeJICHBI XapaKTePUCTHUKH TTPOLIECCOB TEPMUUECKOTO Pa3I0KEeHUs U TOPEHMST, BKITIOUYast KOHIIEHTPALIMU OC-
HOBHBIX KOMIIOHEHTOB JbIMOBBIX ra3os (CO, CO,, NO,, H,S + SO,), npu Harpese MeIKOAMCIEPCHBIX Ya-
ctuil (100—200 MKM) 4epHOTOPCKOTO KAMEHHOTO YIJISl, APEBECUHbBI JIMCTBEHHUIIBI U CMECei Ha MX OCHOBE.
ConepkaHue 6MoMacchl B COCTaBe TOIUIMBHBIX cMeceit Ha ocHoBe yriist coctaiisuio 10, 20 u 30 mac. %. Me-
TOIOM CHMHXPOHHOTO TEPMUYECKOTO aHaIu3a IJIsi MHIUBUIYAJTbHBIX TBEPIbIX TOILUTMB U X CMeceil ycTa-
HOBJIEHBI TeMIIepaTyphl, TP KOTOPBIX MPOMCXOAUT BOCIUIAMEHEHWE KOKCOBOTO OCTaTKa M 3aBeplleHue
nporecca ropeHust. OMWIKY JTUCTBEHHUIIBI 60Jiee peaKIIMOHHO CITIOCOOHEBIE 0 CPAaBHEHUIO C YEPHOTOP-
CKMM KaMeHHBIM yTJIeM, Giaroaapsi Haubosiee HU3KOI TeMIiepaType, Mpu KOTOPOii MPOUCXOAUT 3aXKura-
HUE YIJIEPOTHOrO OCTaTKa, MO3ToMy nmobasieHue gaxe 10% 6GnoMacchl K IO OKa3bIBAET MOJIOKUTETHLHOE
BJIMSTHUE Ha PEAKIIMOHHYIO CMTOCOOHOCTh CMecH. B ycioBUsiX HarpeBa TOIJIUB B TTOTOKE BO3IyXa MPU TeM-
nepatypax 500—800°C ¢ rmomMoIIbio MporpaMMHO-aInapaTHOIO KOMILIEKCa BEICOKOCKOPOCTHOM BUIEOpe-
TMCTpalMY OBICTPOMPOTEKAIOIINX ITPOIIECCOB OMpeneSieHbl BpeMeHa 3a1ep:kKku 3axkuranus. [To pe3ynbra-
TaM TPOBEIEHHBIX MCCIeNOBaHUI YCTAHOBJIIEHO, UTO BpeMeHa 3alepKKU 3aKUTaHUsI pacCMaTPpUBAeMbIX
TOIUIMB B IIOTOKE pa30orpeToro Bo3myxa BapbupyloTcsa B nuamna3zoHe ot 0.02 mo 0.22 ¢, a no6aBnenue 10—
30 mac. % GromMacchl K yIJII0 CHIKAeT BpeMeHa 3aIep>KKHU 3aKUTaHUsI TOTUTMBHBIX cMeceit 1o 50%. AHanus
IIBIMOBBIX Ta30B IPU TOPEHU U TBEPIABIX TOTUIMB ITO3BOJIMJI YCTAHOBUTH KOHIIEHTPAIIMA OCHOBHBIX aHTPOITO-
TEeHHBIX BEIOPOCOB, UCITOJIb30BaHEe OMOMACCHI B Ka4eCTBE T00aBKM K YIJIFO CHUXKAET BHIOPOCHI TUOKCHIA
yriiepoaa, OKCUIOB a30Ta u coenuHeHuit cepbl (H,S + SO,) Ha 2.2—13.5%; 6.2—28.9% u 18.2—33.3% pacrtet
COOTBETCTBEHHO.

KimoueBrie cioBa: yeons, 6LIOMGCC(Z, MONAUBHAA CMeCb, NONMOK pa30epemoco 3030yxa, coperue, mepmozpasu-
Memputtecxud anaaus
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1. BBEAEHUE

B Hacrosmee BpeMs pacTteT moTpeOHOCTh pa3BH-
THsI TOIUIMBHO-3HEPIeTUYECKOTO KOMIUIEKCA ITyTEM
BOBJICYCHMUSI TTEPCIEKTUBHBLIX BUIOB TBEPAOrO TOII-
JIMBa, TaK KaK 3HAYMUTeIbHAsI, 3 BO MHOTMX PETMOHAX
OCHOBHasI, BEIpaOOTKa TEIJIOBOM M BJIEKTPUICSCKOMN
SHEPIUM IIPOUCXOOUT IMyTEM CKMTAaHUSI TBEPIOTO MC-
KONaeMOTO TOIUIMBA, IMPOAYKTHI TOPEHUSI KOTOPOTO
(razoo0pasHble ¥ TBEpAbIE) OKa3bIBAIOT HEraTUBHOE
BO3JIEMCTBUE Ha OKPYKAIOIIYIO CpPely, B TOM YHCIE
Ha 370poBbe denoBeka [1]. K mepcrneKTuBHBIM TOTI-
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JIMBaM MOXHO OTHECTU IBYXKOMIIOHEHTHBIE CMECU
Ha OCHOBE TBepAblx Troprounx. CocTaB TOIIMBHBIX
cMmeceit GOopMUPYIOT B 3aBUCMMOCTU OT pelllaeMbIX
3a/1a4, HaIpuMep JJIsl yTUIN3allMu OTXOI0B JIEPEeBO-
00pabaThIBaIOLIMX NPEANPUSITU; THTEHCU(UKALIUU
Mpoliecca BOCIUIaMEHEHUs YIyieit cpenHeit u BbICO-
KO cTenmeHu MeTamMopduiMa, CHUXKEHUS YPOBHS
BBIOPOCOB 3arpsI3HSIIOIINX BEIIECTB, CHUXKEHUS yT-
JieponHoro ciena. B ciayyae, eciiv peakliuoHHasi CIo-
COOHOCTB yrJieli (HarpuMep, HU3KOM CTeleHU MeTa-
Mopdur3mMa) OTHOCUTEILHO BBICOKAa, TO OHoMaccy
MOXHO J00aBJISATh 11 CHUXKEHUS 30JIbHOCTU U CO-
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Ta6muna 1. Pe3yabpTaThl TEXHUYECKOTO M 3JIEMEHTHOTO aHAJIU30B YIJI 1 OMOMAacCChl

DJIeMeHTHBII cocTaB, Mac. % Ha daf
we Al yraf daf
Tormso C H N S 0 o,
MJIx/Kr
%
vy 4.5 3.5 44.0 53.6 3.5 1.4 0.4 41.1 31.0
b 4.1 0.2 80.0 50.4 5.9 0.3 — 43.3 19.6

JIep>KaHUsl BPEIHBIX Ta3000pa3HbIX KOMIIOHEHTOB B
JIBIMOBBIX Ta3ax [2—4].

IIpu hopMuUpoBaHUM TOIIMBHBIX CMECE BaXKHO
000CHOBaHME COOTHOILLIEHUS TBEPIbIX TOPIOYNX KOM-
MMOHEHTOB (HampuMep, yrisi 1 ouomacchr). Kak mpa-
BUJIO, OlOMacca MMeeT OTHOCUTEbHO HUBKYIO TeTl-
JIOTY CrOpaHus TIPU BBICOKOM COJEP>XKaHUU JIETYIUX
KOMITOHEHTOB, YTO XapaKTepu3yeT €€ BBICOKYIO pe-
aKIIMOHHOCTb 10 CPAaBHEHUIO C TBEPAbIMU MCKOTIae-
MBIMM TOTUIMBAMU, JISI KOTOPBIX XapaKTepHa OTHO-
CUTEJIbHO BBICOKAasi TEIIOTa CrOpaHUs MPU HU3KOM
COIEpKaHUM JIETYYMX KOMIIOHEHTOB [5]. B ycioBusx
¢akesbHOro CXXUTraHUs TBEPIOrO TOIIMBA BbICOKOE
colepxkaHue OoMacchl B CMECH MOXKET OKa3aTh Hera-
THUBHOE BJIMSHME Ha MHTCHCU(UKALMIO IIIJIAKOBAHUS
MOBEPXHOCTE HarpeBa M3-3a BbICOKOTO CONEPXKaHMS
COEMMHEHMI IEJTOYHBIX U IETOYHO3EMETbHBIX METaI-
JI0B [6, 7]. Ellle omyH HeraTUBHBIN (haKTop MpaKTUYE-
CKOTO IpUMEHEHUSI OMoMacchl — ee TuapoduiIbHas
MOBEpPXHOCTh. [Ipy XpaHEeHUN Ha cKJane Ouomacca
BIIUTBIBAET BJIary U3 OKpyXKalolllel cpelibl, YTO BIMSI -
€T Ha CHUKEHUE TEeTJIOThl CTOpaHusl, MO3TOMY HEOO-
XOIMMO MpeaycMaTpuBaTh JOMOIHUTEIbHBIE MEPO-
nmpusTus 1o ee cyuike [8, 9]. [Ipu ucrnonbzoBaHuu
JIpeBeCHOI 0MoMacChl TaKXKe HEOOXOIUMO YUUTHI-
BaTh cCaMy CTPYKTYPY TOIUIMBHBIX YaCTHUILl, COCTOSI -
IIUX M3 BOJIOKOH, KOTOpbIE NOCTATOYHO TPYIHO
MOAAAI0TCS U3MEIBbUYEHUIO B OTJIMUME OT Y. AHa-
JIU3UPYS TIepEeUUCIICHHbIE JOCTOMHCTBA U HEelIOoCTaT-
K1 OMoMaccChl, HEOOXOAUMO BCECTOPOHHE OOOCHO-
BBIBaThb NIOJIIO0 €€ COAEpXaHUsSl B TOIUIMBHON cMecHu
IIpU COBMECTHOM CxXKUTaHUU ¢ yriaeM [10—13].

Ilenb maHHOM pabOTHI — YyCTAHOBJICHUE XapaKTe-
PUCTUK MHTeHCUDUKALMU Tpoliecca BocIlaMeHe-
HUS KAMEHHOTO yIJIsl IMyTeM 100aBieHNs1 GuoMacchl B
yCJIOBUSIX (DAKeIbHOIO CXKUTaHUSI C OLIEHKOI cocTaBa
IBIMOBBIX Ta30B. Pe3ysibTaThl MccienoBaHUs MOXHO
KCIIOJIb30BaTh MPU MNPOEKTUPOBAHUU IHEPreTuye-
CKHMX YCTAaHOBOK, pabOTaOIIMX HA TBEPAOM TOIIJIMBE.

2. MATEPUAJIBI 1 METO/1bI

2.1. Tonausa. Tlpm TIpOoBeneHWU SKCIIEPUMEH-
TaTbHBIX NCCIIeIOBAaHUI NCITOIb30BAHbI CIEAYIONINE
TBepAble TOILJINBA:

1) yepHOrOopcKUit KaMeHHBII yroab Mapku 1 (ma-

Jlee yCIoBHOe oOo3HaueHue Y), YepHoropckmii
YTONBHBIN pa3pe3, Pecrryomka Xakacus, Poccns;

2) ONMUJIKY JUCTBEHHUIIBI (J1ajiee YCIOBHOE 000-
3HaueHue Bb), mepeBoobpabarwiBalolliee MpeaIIpusi-
tre KpacHospcka, Poccns.

YepHOropCcKuil IMHHOIUIAMEHHBIII KaMEHHBI
YIoab JOOBIBAeTCS Ha TeppuTopun YepHOropckoro
YIOJIbHOI'O MECTOPOXIEHUS (OKPECTHOCTU I. YepHO-
ropcka, Pecnyonmka Xakacusi, Poccus), siBistionie-
rocsi OHHUM U3 OCHOBHBIX MPOMBIIIIEHHBIX MECTO-
poxneHnit MWHYCUHCKOTO YTOJbHOTO OacceifHa.
YepHoropckuii yrojb WCIIOJBb3YETCS B KayeCTBE
SHEPreTUYECKOTO TOTUIMBA KAaK MPU MPOU3BONCTBE
TETUIOBOW PHEPTUU B KOTEJIBbHBIX MaJIOl MOIITHOCTH,
Tak 1 Ha KpyrnHbix TOLI.

JlucrBeHHuua Ha teppuropuu Cubupu — pac-
MPOCTPaHEHHBI BUJ ApEeBECUHBI XBOMHBIX ITOPOI,
KOTOpas UCITOJIb3YETCS B KAYECTBE ChIPhs Ha JIECO-
nepepadaThBalOIIUX IPEANPUATUIX TJISI IPOU3-
BOJCTBA pas3IMYHBIX U3AeAUi. TUITMYHBIE OTXOIbI
STUX NPEANPUITUIA B BUJIE OIMJIOK ITOIJIEXKAT YTH-
JIM3allMM, TaK KaK OHU IPEACTABIISIIOT 3KOJIOTHYE-
CKYIO U TIOXXAPHYIO ONTACHOCTH B YCIIOBUSIX CKITAINPO-
BaHUSI Ha IPOMBIIIIEHHBIX IDIOMAAKax B OOJIbIINX
oObeMax.

OCHOBHBIE XapaKTePUCTUKHU TBEPIBIX TOTLIUB (YyT-
JISl U ApeBECUHBI) TIpUBEACHBI B Ta0I. 1.

TexHudeckuit ¥ 3J€MEHTHBII aHAIU3bl TBEPIBIX
TOIUIVB MIPOBOIMINCH B paMKaX CTaHIAPTHBIX METO-
nuK: Biara anamutndeckass mo 'OCT P 33503-2015;
3ombHOCTh O 'OCT P 55661-2013; BBIXOI JIETy4HX
komioHeHTOB 110 'OCT P 55660-2013; TeruioTa cro-
panus o 'OCT P 147-2013; comepkaHue yriepona,
Boxopoza, azora o 'OCT P 32979-2014, kucnopoaa
nmo 'OCT P 27313-2015, cepst 'OCT 8606-2015.
IIpu nmpoBeAeHUM aHANUTUYECKUX HWCCIACAOBAHUI
KCIIOJIb30BAJIIOCH 00OpyAoBaHUE: MydenabHas MNeyb
Snol 7.2/1300 (AB “Umega”, JIutrBa) njs onpenese-
HUSI COICPKAHUS JICTYUUX BEIIECTB U 30JIbHOCTH, Ka-
snopumerp C6000 (IKA, T'epmaHus); 3JI€eMEHTHBIM
ananusartop Vario MACRO cube (Elementar Analysen-
systeme GmbH, I'epmaHus); aHaIU3aTOP BIAXKHOCTU
MA-150 (Sartorius, I'epmanus).

ITpu noaroToBKe TBEPABIX TOTLJIUB K MPOBEACHUIO
HCCIIeMOBAaHUI IPUMEHSIIOCH CIIeayollee 000pymo-
BaHwue. JluckoBoit menbHuLe Retsch DM 200 (Retsch
GmbH, TepmaHusi) u3Meb4yaauCh TOILUIMBHBIEC Ya-
crunpl. IIpoceusatoneit mamuHoit RETSCH AS 200
BASIC (Retsch GmbH, I'epmaHust) OTOEISJIMCH TOII-
JIMBHbIe yacTulbl pa3zmepamu 100—200 mMxMm. Yka-
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3aHHBII IUANa30H pa3MepOB TOTIMBHBIX YaCTHII CO-
OTBETCTBYET pa3MepaM IbUIEYTOJIbHOIO TOIUIMBA,
MIPUMEHSIEMOTO IpU (PaKeTbHOM CXKUTaHUK Ha 00b-
eKTaxX TeIIOPHEePreTuKu [ 14].

BcnencrBre moCTaTOYHO CYIMIECTBEHHOTO OTIIH-
YUSI CTPYKTYPBI YACTUII TBEPIABIX TOTIIUB (YTJIsSI U 61O~
Macchl), KOTOpasi MOXET OKa3bIBaTh BIMSHUE Ha
MPOIIECC TOPEHUsI, aHAJIU3 WX TMMOBEPXHOCTEH OCy-
IIECTBIISIJICS C TOMOIIBIO CKAHUPYIOIIETO DJIEKTPOH-
Horo wukpockona 7TM4000 (Hitachi, Stnionus)
(ycxkopsitoniee HarpsikeHue 20 kaB), obopynoBaH-
HOTO 9HEePTOAUCITIEPCUOHHBIM CIIEKTPOMETPOM U CH-
CTeMOI PEeHTIeHOBCKOro MUKpoaHanusa Quantax 75
(Bruker, I'epmanusi), B pexXmMe HMU3KOIO BaKyyMa
(6e3 HanbLIEHUS TUIATUHBI).

OIHUM U3 aCIIEKTOB YaCTUYHOM 3aMEHBI yIJis Ha
6uomaccy (B OTIMYKE OT MOJTHOTO Mepexoaa Ha TBep-
Joe OWOTOIIMBO) B YCIOBUSX IPOMBIIIJICHHOM
SHEpProreHepaluy SIBISIETCS OTCYTCTBUE BBICOKUX
KanuTaJabHBIX 3aTPaT Ha PeKOHCTPYKIMIO ACHCTBYIO-
LIero TeXHoJorn4eckoro obopynosanus. Kpome to-
ro, Ha OCHOBaHMU OIIbITa SKCIUIyaTalluu SHEProre-
HEepUPYIOUINX OOBEKTOB Ha TOIIMBHBIX CMECSIX CIe-
JIaH BBIBOJ, YTO OCHOBHBIM HETraTUBHBLIM (DaKTOPOM
CYIIIECTBEHHOIO YBEJIMUEHUS HOAU OuoMacchl B
TBEPAOTOILUIMBHON CMeCH SBIISIETCSI CHUKEHUE TEIl-
JIOTBI cropaHus (IIpU UASHTUIHOM PacXojie TOIINBa
WIN YBEJIUUYEHUU pacxoia TBEPIOTOIJIMBHOM cMecHu
PpY UASHTUIHOM DHEPTOBBIIECICHNN). TenoTra cro-
paHust 6oMacchl Ha 63% HUKe, yeM y yriis (Taour. 1),
COOTBETCTBEHHO, 1o0asneHue 10% 61moMacchl K YIJIio
CHIIXAET TEIUIOTY CropaHus cMecu Ha 4%; yBennde-
HUe€ 10JIM OruoMacchl B cMecu 10 20% BeneT K CHUKeE-
HUIO TEIJIOTHI cropaHus Ha 8%, a yBeJIMYEeHUE NOJIU
6uomaccel 10 30% CHMXAeT TEIUIOTY CTOPaHUsI TOII-
nuBa Ha 12% mo cpaBHEeHMIO ¢ yrieM. JocTaTo4HO
CYIIECTBEHHOE CHIKEHUE TEIUIOThI CTOPaHUsI TBEp-
JOTOIUTMBHOM CMECH BeIeT K YXYIIIEHUIO TEXHUKO-
SKOHOMUWYECKHUX TToKa3aTesiei Tpoliecca SHeprore-
Hepamuu.

AHaJN3 pe3ylIbTAaTOB BKCIIEPUMEHTAIbLHBIX MC-
ciaenoBaHuil [15—18] no3Boaui coenatb BBIBOI, YTO
IOJisT OMoMacchl B TBEPAOTOIUIMBHBIX CMECSX, KakK
npasuio, coctanisgeT oT 10 1o 30%. D10 0OBSICHSIET-
CSl CIIeIYIOIIMMU TEXHOJIOIMYECKUMU acleKTaMu:

* OTHOCHUTEJIbHO HU3Kas TeMIleparypa IjiakoBa-
Hus 30J1b1 Ouomacchl (MeHee 1000°C) MoxXeT oka3aThb
CEPHLE3HOC BIIMAHME HAa MHTCHCUBHOCTD 3arps3HCHU S
MOBEPXHOCTEI HarpeBa M U3MeHEeHUe TETJI0BOTO pe-
JKMMa TOTIKM KOTJIa, YTO MOTpeOyeT peKOHCTPYKLIMU
CHUCTEeMBbI OUMCTKM MOBEPXHOCTEM HarpeBa uiu orpa-
HUYeHUS HOMHUHAJIBbHOM MOIITHOCTH KOTJIA;

* yBeJIMYEHME J10JIM OMOMACChI B TOIIMBHOM CMe-
CU BelleT K HEOOXOAMMOCTHU NIyOOKOM MOIepHU3a-
LIMM CUCTEMBI TOTIJIMBONPUTOTOBJIEHUSI, CYILIECTBYIO-
e CUCTEMBI ITOATOTOBKM YIJISI K CXUTAaHUIO He
obecrneynBalOT pa3MoJ OMoMacchl 10 pPa3sMeEpPOB

XUMUA TBEPOAOI'O TOIINIMBA  Ne 5 2023

YTOJIBHBIX YAaCTUIL BCIEACTBUE BOJIOKHUCTOI CTPYK-
TYpPHI IPEBECUHBI;

* IIJIST XpaHEeHUsI 0MoMacchl HA TEPPUTOPUN O0B-
€KTOB TEIUIOHEPIeTUKU HEOOXOAMMO COOpPYXKaTh
HaBEChI JId 3allIUThI OT BJarv nm3-3a pa331/1T0171 IMMopHn-
CTOIi CTPYKTYPHI YaCTHII, YTO B CBOIO OUYE€PEAb BIIMSICT
Ha orpaHMYeHUe 0ObeMa ee MOTPEOICHNUS;

* 3((PEeKTUBHOCTb ITHEBMATUYE€CKOIO TPaHCIIOP-
TUPOBAHUSI TBEPAOTOIUIMBHBIX CMECEid C OTHOCH-
TEJIbHO BBICOKOI moJjieii OMoMacchl CHIKaercs (I1o
CpaBHEHUIO C YIJIeM) 13-3a BBICOKOI IIaCTUYHOCTU
1 BapMaTUBHOCTU (pOPM YacTUL] OMOMACCHI C BOJIOK-
HUCTOI CTPYKTYPOW;

* OTVIMYMS B HACKHIITHOM IUIOTHOCTU YIJis U OHO-
Macchl 00yCIaBIMBAIOT CJIOXHOCTU MpU MpeaBapu-
TEAbHOM MNEpeMEUIMBAaHUNW KOMIIOHEHTOB TOILIMB-
HOM CMeCH;

* YBCJIMYECHUE BJIA>KHOCTHU TOIUIMBA ITPUBOAUT K PO-
CTy pacxoga ObIMOBBIX Ira30B, ITOBBIIICHWIO HAarpy3ku
Ha 30J10yJ1aB/JIMBarOIMe YCTAHOBKHM U JbIMOCOCHI.

B pabote paccMOTpeHB MHINBUIYaJTbHEIE TBEP-
Ible TOTIMBA MU CMECH Ha UX OCHOBE CJICTYIOIIETO
KOMIIOHEHTHOro coctaBa (mo Macce): Y 100%;
Y90% + b 10%; Y 20% + b 80%; Y 30% + b 70%;
b 100%.

2.2. Cunxponuuiii mepmuveckuit anaaus. IlpoBene-
HUE CUHXPOHHOIO TEPMUYECKOIO aHa/IM3a B paMKax
JaHHOTO MCCIIENOBaHUSI OOYCIIOBJIEHO ITOJYYEHUEM
JaHHBIX IJISI OLIEHKU PEaKIIMOHHOM CIIOCOOHOCTH yT-
JIsT, GMOMAacCChl U UX CMeCel IIpY HarpeBe, a TAaK3Ke ISt
omnpeAecacHUS KMHETUYECKUX XapaKTePUCTUK MPO-
LIECCOB UX ropeHus. [Jis mpoBeAcHUs aHallu3a UC-
MOJb30BaJICd TepMudeckuii aHanusatop SDT Q600
(TA Instruments-Waters LLC, CIIIA): nipeneasl n0-
IMycKaeMoOi aOCOJIOTHOU TOTPENIHOCTU U3MEPEHUS
temreparypbl +1°C, npeaenbl 1omycKaeMoil OTHO-
CUTEIBLHOM MOrPEIIHOCTU U3MEPEHMUSI TETNIOBOIO IO~
ToKa 5%, mpenmelbl OOITyCKAeMOU NpPUBEICHHOM
MOTPEITHOCTH u3MepeHus Macchl +1%. Tepmuue-
CKUIi aHAJIU3 TIPOBOIUIICS B MOTOKE BO3IyXa C PacXxo-
goM 50 MJI/MUH TIpu cKopocTu Harpea 20°C/MuH,
HavaJIbHBIE MAaCChl HABECOK TOTUIMB COCTABJISLIN OKO-
J10 6 Mr. O6paboTKa JaHHBIX NPOBOIUIACH C TIOMO-
wbto 1O Universal Analysis 2000 (TA Instruments-
Waters LLC, CI1IA).

s aHanu3a XxapakTepUCTUK MPOIIECCOB MPU Ha-
rpeBe TOIUIMB B OKUCIUTEIBbHOM Cpelie UCTIOIb30Ba-
JIUCh Tipodunu KpuBbix Tepmorpasumerpun (TT —
yOBLIb Macchl HaBeCKM), nubdepeHIInaIbHON Tep-
morpaBuMeTpuu (JITT — ckopocTh yObUIM MacChl Ha-
BecKu) U nuddepeHIMaIbHON -CKaHUPYIOIIE Kao-
pumetpun (JICK — TermioBbie 3(p¢heKThI).

DHeprus akKTUBALUU U TIPEIdKCIIOHeHIIUATbHBII
MHOXUTEIb 11 ONIMCAHUSI TIPOLECCOB TOPEeHUST yT-
JIst, OMoMacchl M UX CMecell ornpeacacHbl METOI0M
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Puc. 1. BHeurHuii BUI 3KCIEPUMEHTAIBHOTO CTeHIa: / — BO3MYIIHBIM BEHTWISITOP; 2 — BO3MyXOHArpeBarelib; 3 — MydelibHast
Meyb ¢ KBapleBOil Tpy0oii; 4 — BO3MYXOOXJIAIUTENb; 5 — BBITSIKHAS BEHTWISILIUSA, 6 — CUCTEMa PELMPKYJISIIIUN Pa30rpeToro
BO3/Iyxa; 7 — MEXaHM3M BBOJA MEJIKOAMCIIEPCHBIX YaCTULL TOIUIMBA B IIOTOK Pa30rpeToro Bo3myxa; § — TepMoIiapbl; 9 — MHOroka-
HaJIBHBIN peructpatop; /0 — T ynpasiieHust; /1 — IuT 31eKTponuTaHys; /2 — GJIOK yIpaBieHUs BbITSDKHOM BEHTUJISILIUCTA.

Koyrca—Pendepna [19, 20] ¢ ucmoib30BaHUEM BBI-
PaXeHUM:

In(d — o) AR E,
[-Ls] (45 £,
T BE,) RT
o= M—m ’

my —my
rne A — NpPenIdKCIOHEHIUMATBLHBIA MHOXUTEND, C';
B — ckopocth HarpeBa, rpaa/MuH.; E, — Heprust akTH-
BauuH, /I>k/MoJib; R — yHUBEpcaIbHasl ra30Basi II0CTO-
sHHas, Ix/(monb K); T — temneparypa, K; oo — cre-
TIeHb NPEBPALIEHUS BEILECTBA; My U My — UCXOIHASA 1
KOHEYHasT MacChl TOIUTMBA, MT; 1 — Macca TOILIMBA B
TOYKE U3MEPEHUST TEMIIEPATYPHI, MT.

PeakiinoHHast criocOOGHOCTD TOIJIMBA B YCIOBUSIX
OTHOCUTEJILHO MeIJIEHHOTO HarpeBa o0paTHO Mpo-
nopuuoHanbHa remmeparype (Tyrr), COOTBETCTBY-
JOIllei MaKCHUMaJIbHOM CKOPOCTH YOBIJIM MacChl
(ATT ), T.e. ¢ yMeHbieHUEM Ty peaKUMOHHAA
CIOCOOHOCTh TOIUIMBA YyBeauuuBaetrcs [21, 22].
Temnepatypa, mpyu KOTOpPOH MPOUCXOOUT 3axKUTa-
HUe yriieponuctoro ocrarka (7;), onpenensuiach Mo
metony nepecedyenus kpusbix TT u JITT, a Temnepa-
Typa, TIpU KOTOPOI MpPOLIECC FOPEeHUs 3aBepliaics
(T},), cooTBETCTBOBaJIa CKOPOCTH YOBbLIIA MacChl, paB-
HoIt 1%/MuH, Tiociie KpaitHero akcTpemyma JATT B
00J1acTu BBICOKMX Temmepatyp [23, 24].

2.3. DKxcnepumeHmanbHulii CmeHo CoucueaHus mon-
AUB 8 NOMOKe pazoepemoeo 603dyxa. OnpenesieHue xa-
pakTepUCTUK TIpoliecca 3aXXUTaHUsl KaK WHINBHITY-
aJIbHBIX TOTIUB, TaK U TOTUTMBHBIX CMeCeit ITPOBOIV-

Jocb Ha JabopaTopHoM cTeHae (puc. 1) 1o
anmpobupoBaHHOI MeToaukKe [25]. OCHOBHBIMY KOM-
IMOHEHTAMM CTEHA SIBJISIIOTCSI: BO3AYIIHBIA BEHTU-
JsiTop Bhicokoro nasieHuss I ROBUST (LEISTER,
I'epmanwus): momHocTh 0.25 kBT, MakcMMalabHBIN
pacxon Bo3zmyxa 1200 1/MuH, MaKCUMAaJIbHOE CTaTH-
yeckoe pnasieHue 8 klla; BosmyxoHarpeBaTenb 2
LEISTER LE 5000 HT (LEISTER, I'epmanus): Mol -
HocTb 11 kBTt, MakcuManbHast TeMIiepaTypa BO3ayxa
Ha Bxone 100°C, MakcuMaibHasi TeMIepaTypa BO3Iy-
xa Ha BbIxone 900°C, MUHMMAJIbHBINA pacXo/ BO3ayxa
635 n/MuH; Tpybuatas MydenbHas nedb 3 General
Therm RT 1000.1100 SP (Nevaterm, Poccus): MolII-
HOCTh 13 kBT, KBapueBblii IMJIWMHAP AJIUHON | M 1
BHyTpeHHUM nuameTrpoM 0.1 M, oborpeBaemMast IimHa
0.9 M, MakcuMalibHast Temieparypa 900°C.

BosayurHeiit BeHTUIISTOP I COBMECTHO C BO3IAYXO-
HarpeBaTejieM 2 HarHETAIOT ITOTOK pa30TrpeToro BO3-
nyxa (Co CKOpPOCTBIO 5 M/cC) B KBapLEBbI LIMJIMHIP
IrHOI 1 M, a Tpy6uaTast MydebHas redb 3 Moaaep-
JKMBaeT paBHOMEPHOE paclipeieieHue TeMIlepaTypbl
(rapanTupoBaHHoO B nquana3oHe 20—850°C) no Bceit
JUTMHE KBaplieBOTO LIMJIMH/pA 34 CUeT MUHUMU3ALUN
TETJIO0TBO/Ia B OKpYXalollylo cpeay. Temmeparypa
BO3IYIIHOTO TIOTOKA MOCJe BO3ayXoHarpesartenst 2,
Ha BXOJie B KBaplleBblii HUJIWHApP, B CpedHeil ero
YaCcTU M Ha BBIXOJE PETrMCTPUPOBANACH YETHIPbMS
TepMoIapamMu § (HOMUHAIbLHAS CTaTUHYECKAsT XapaKTe-
puctrka XA, IuarasoH n3MepsieMbIX Temieparyp 0—
1100°C, To4HOCTh IPU U3MEPEHUH TeMIlepaTyp Oosee
400°C cocransier +0.0047, MHEPLIMOHHOCTh MEHEe
3 c). Paboune criam TepMmoriap pacriojarajiicb BIOJb
OCU CUMMETPUM BO3AYIIHOro mortoka. ITokazaHust
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TepMOIIapkl, PACITOJIOKEHHOI Ha BEIXOMHOM MaTpyo-
Ke BO3JyXOHarpeBartessi 2, UCIOJIb30BaIMCh B Kave-
CTBe OOpaTHOI CBSI3U IIPU PETYJIMPOBAHUM TEMIIEpa-
TYphI IOTOKA pa30rpeToro Bo3ayxa. IlokazaHus Tpex
TepMoIIap, PacIiojOKeHHbIE B KBAPLIEBOM LIMJIUHIPE
MydenbHON TIedn 3, peruCTPUPOBAINCh MHOIOKA-
HaJIbHBIM peructparopom 9 PMT-59 (Dnemep, Poc-
cusl): 12 M3MepuTeNIbHBIX KaHaJoB, IIMKJ OIpoca
BCEeX KaHaJIoB MeHee 1 c, muara3oH M3MepsSieMBIX
temmeparyp oT —50 go 1100°C (mpu MOAKITIOUYEHUN
TepMonap ¢ HOMMHaJbHOM CTaTUYECKOI XapaKTepu-
cTuKoit XA), KJ1acC TOUHOCTHU A, TIpeae)ibl AOITycKae-
MOi1 OCHOBHOM NpuBeneHHOI rorpeirHocty £0.25%.

Bosznyxooxmagurens 4 (KOMIUIEKTHO C TpyO4aTOit
mydenbHoi nieubto General Therm RT 1000.1100 SP)
MpeaHa3HayeH IS CHIDKEHUs TeMrepaTypbl 10
150°C BO3ayIIHOrO MOTOKA M ABIMOBEIX T'a30B, yaa-
JIIEMBIX B aTMocdepy MOCPEACTBOM BBITSKHOI BEH-
Tisiuuu 5. CucreMa peLUpKyISIUA Pa3orpeToro
BO3Ayxa 6 CIIyXKWT IUISI OTBOJA TEIUIOTHI, aKKyMYJIM-
pyeMOI1 BO3OyXOOXJIaAUTEIEM, W TIOBBILIEHUS 3(-
¢$EeKTUBHOCTHU J1aGOPaTOPHOTO CTEHA 3a CUeT ToJa-
YK pas3orpeToro BO3ayxa ¢ TeMIEepaTypoil He Gojee
100°C Ha BXOO BO3AYILIHOTO BEeHTUIISITOpa 1.

C MoMOIIIbI0 aBTOMAaTU3UPOBAHHOTO MeXaHu3Ma 7
MOP1MS TOIIMBA MacCcoii OKOJIO 5 MT Uuepe3 KepaMu-
YeCKMil KaHajl auaMeTpoM 6 MM, MPOXOISIINii
CKBO3b BEpXHIOIO KpBIINIKY MydenbHO#t meyun I
(puc. 1) 1 COOTBETCTBYIOILIEE OTBEPCTHE B CTEHKE
KBapleBoit TpyObl, BBOAWJIACH B BO3MYIIHBII TTOTOK.
[Tpoliecchl, MpoTeKawIllue Mpyu ABMXKEHUN MEIKO-
JNIMCTIEPCHBIX TBEPABIX YACTHUI] B BO3MYITHOM TTOTOKE
(BHYTpM KBaplleBOro LMJIMHApA) Ha MPOTSLKEHUU
0.9 M, perucTpupoBaJiuCh Uepe3 CMOTPOBYIO IIEb
mydenbHOn Teun 3 (puc. 1) BBICOKOCKOPOCTHOM
1IBETHOI Bupeokamepoiut Phantom V411 (Vision Re-
search, CIIIA): ckopocTb cheMku 4000 KaapoB B ce-
KyHOy Tipu paspetieHun 1008 X 56 mukceseit, nryou-
Ha n3ob0paxkeHus 12 6ut, pazMep MUKCEJIST MaTPULILI
20 MKM, MUHUMAaJIbHOE BpeMsl 3KCITO3ULIMU 1 MKC.
KomruiekTHO ¢ BuaeokaMepoit UCIoNb30BaJICS M-
POKOYToibHbIt 00beKTUB Distagon 1.4/35 ZF2 T*
(Carl Zeiss, I'epmanus): nuacdparma npy¥ MUHUMAaTb-
HOM (POKYCHOM paccTosTHUM 1.4, MUHNMaIIbHOE (PO~
KycHoe paccTostHue 35 MM. Buneokamepa pacmoia-
rajach TepNEeHAUKYISIPHO TpyoOuaToii MydelbHOit
rneyu 3 Ha pacCTOSTHUM OKOJIO 2 M OT CMOTPOBOIA 111€JTH.

ABTOMaTH3MpOBaHHAasI 00paboTKa BUAEO3aIIMCEeH
BBITIOJIHSLIACH C TTIOMOIIIbIO cTaHaapTHoro [10 Phan-
tom Camera Control (Vision Research, CIIIA). LIBer-
Hble BUAEO3aMrCcy UCCIEayeMOro npoliecca KOHBep-
TUPOBAJIMUCh B MOHOXPOMHBIN ¢opmar. lanee 3Tu
BUIEO3aINUCU TOCJIEA0BaTEIbHO 00padaThIBaIUCh
aJITOPUTMOM, KOTOPBIN MOKaAPOBO KOHTPOJIMPOBAJ
3Ha4YeHUs OTTeHKOB ceporo (ot 0 mo 4095 — ot uep-
HOTO 0 0€JIoro 1BeTa, COOTBETCTBEHHO) B KaXKIOM
Touke (Tukcesie) o00OJacTU BUACOPETUCTPALIUU.
B yepHO-6esoit 1IBETOBOK ramMme WHTepBajl MHTEH-
cuBHocTU cBeueHUsI 3520—4095 cooTBETCTBYET MH-
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TEHCUBHOMY 3K30T€PMHUYECKOMY pPEarupoBaHUIO,
T.€. TIpolLlecCY TOpeHUsl TOILUIMBAa. MOMEHT 3axkura-
HUSI pETUCTPUPOBAJICS aBTOMATUYECKU O TOCTHXKE-
HUIO (MU TPEBBIINIEHUIO) IOPOrOBOTO 3HAYEHUS
(3520 B oTTeHKaX ceporo) MHTEHCUBHOCTU CBEYCHMUS
B KaKoi-JIMOO Touke B 00JIaCT BUAECOPETrMCTpallvH.
Taknm o6pa3om orpenensiachk KOOpANHATA TNIOCKO-
CTU, TIEPIICHAUKY/SIPHAs HAIlpaBJICHUIO JIBUXCHUS
BOB3IYIITHOTO MOTOKA, B KOTOPOI 3aXkurajach 4acTu-
na ToruimBa. Cucremaruyeckass W ciiydyaiiHas Mo-
IPELIHOCTU OMpeNesieHUs] BpeMEH ?;, 0OyCIOBJIEH-
Hble CKOPOCTBIO BUACOPETUCTpallUd U Ppa3dbpocom
9KCIIepUMEHTAIbHBIX JaHHbIX, He MpeBbimanu 0.5 u
15% cOOTBETCTBEHHO.

st yrosi, GuoMacchl U TOTUIMBHBIX cMeceit Ha oc-
HOBE 3TUX KOMIIOHEHTOB MPOBOJMINCH CEPUU DKC-
nepruMeHTOoB (0T 5 10 10) MpU MOCTOSTHHBIX 3HAYEHU -
sx Temneparypbl (7,) MOTOKa pa3orpeToro Bo3ayxa
(muramnaszon 500—800°C ¢ marom 50°C) B KBapleBOM
nuauHape MmydenbHoit ieuu 3 (puc. 1). Kontponu-
pyeMasi 00JacTb BUICOPETMCTPALIMU COCTaBJIsiIa
L=09 M. D10 paccTosiHMEe IIPOXOAWIA YaCTUIIBI
TOIUIMBA OT IJIOCKOCTH TTOMNEPEYHOro ceueHUsI KBap-
LIEBOTO LIMJMHIApPA C KoopauHaToi x = 0, rime oHu
BBOJWJIMCh B BO3IYIIIHBI TOTOK, 10 €r0 BBIXOAHOTO
ceyeHus1 x = L.

JocToBepHO yCTaHOBUTDL BpeMsl 3aIepXKKU 3aXKura-
HUSI TIyTEeM JeJIeHUs] 3HAUCHUsI YCTAHOBJIEHHOM KOOp-
JIMHAThl HA MTHOBEHHOE 3HauYe€HUE CKOPOCTH JBUKE-
HUSI YacCTHII TOTUIMBA B MOTOKE BO3[IyXa HEBO3MOXKHO.
DTO 0OBSCHSIETCS TEM, UTO YaCTHUIIbI pa3HBIX pa3MEPOB
(100—200 MKM) BBOAMJIMCH C Ha4aJlbHOII CKOPOCThIO
V, = 0 B BO3yIIIHBIiA TOTOK, CKOPOCTb KOTOpOTO V, =
= 5 M/c HOCTOSIHHA BAOJb BCEI IJIMHBI KBaplEBOTO
IMHApa MydenbHoii neun 3 (puc. 1). ITpu nBuke-
HUM TaKUX YacTUI] B BO3IYIITHOM IOTOKE B YCJIOBUSIX
poCTa CKOPOCTH (YacTulbl pasroustores ¢ V, = 0 no
V, = V,) ee 3HaueHUs TOCTATOYHO CYIIECTBEHHO OT-
JINYAIOTCS IJIs1 YaCTULL Pa3HbIX pa3MepOB U MJIOTHO-
creii [26].

Hns onpeneneHusi 3HaYeHUH 7; ObUIO MOJy4YEHO
anmnpoKCUMAalMOHHOE BhIpaxeHue ¢, = f{x) 115 TBep-
IBIX JacTuil gucrepcHocTthio 100—200 MKM 1yTeMm
peuIeHus 3a1auu B paMKax TEOPUU TMAPOAUHAMUKHA
reTEPOreHHbBIX Cpell, OCHOBHBIE TTOJIOKEHUST KOTOPOIt
JIOCTAaTOYHO MoapoOHOo onncaHbl B [27]. [1penmonara-
JIOCh, YTO TBEP/IBIE YACTULIBI ITIOTHOCTBIO P, Chepuye-
cKoit (opMbl (pasmMepbl COOTBETCTBOBAIM CPEIHUM
pasMepaM yKasaHHOro nuanasoHa D, = =150 MKM)
BBOJIMJIMCH C HAYaJIbHOM CKOPOCThIO V), = 0 B TOPU3OH-
TAIbHBbIA BOZMYIIHBIA IMOTOK C XapaKTEpUCTUKAMU
V,=5wMm/c, p,= 0.383 kr/m3, u, = 40.5 X 10¢ITac.
BbUIM pUHATHI cpeaHUE 3HAYEHUS TJIOTHOCTU U
JTUHAMWUYECKO! BSI3KOCTU BO3IyXa B Avaria3oHe TeM-
nepatyp 500—800°C, T.K. UX 3HaYE€HUSI B 3TOM JMa-
Mma3oHe u3MeHstioTcss MeHee 4yeM Ha 30 u 20% coor-
BeTcTBeHHO. [lociie BBoAa MopuMU TOIJIMBA B BO3-
IYIIHBIA MOTOK 0ObeMHasi KOHILIEHTpaLlMs YacTUIL B
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YCIOBUSIX UX NBMXKEHUS B LWIMHAPUYECKON TpyGe
nuameTpoM 0.1 m coctaisiiia MmeHee 0.02 (pa3peskeH-
Hasl JUCHepCHasl CUCTeMa), IIO3TOMY IIpU pellcHUN
chopMyJIMPOBAHHOI 3a7a41 pacCMaTPpUBaIOCh IBU-
KEeHUEe OAWMHOYHOI YaCTUIIBI, XapaKTePUCTUKU KOTO-
poii He 3aBHMCSAT OT COCEIHMX YacTuil. B pamkax
KUCITOJIb3yeMOTO YIIPOIIEHHOTro MOIXoaa He YUYUTHI-
BaJIOCh BIUSIHUE AWHAMUYECKOTO W TEIUIOBOTO 3a-
Ma3gbIBAHMS YACTULL Ha XapaKTEPUCTUKHU BO3TYIITHO-
ro moroka. Ilpennonaranoch, 4To Ha YacTUILy HIeii-
CTBYET TOJIBKO CUJIa COIIPOTUBIICHUSI (Hecyllasi cuia
BO3AYIIIHOTO MOTOKA). JleiicTBUE CUJIBI TSKECTU HeE
YYUTBIBAJIOCH, TAK KaK IIPU aHAJIU3e BUICOIPaMM 3a-
PETUCTPUPOBAHO NPSIMOJHUHEHOEe IBUKEHUE 4Ya-
CTHUI B TOPU30HTAJIbHOM HaIlpaBJICHUN.

YCcTaHOBIEHO, YTO TIPU YKAa3aHHBIX BHIIIE HC-
XOIHBIX JAHHBIX PEXUM TEYEHMS YaCTHUIl Pa3HBIX
pa3MepoB B BO3AYIIHOM ITOTOKE XapaKTepeH st
MepexoaHoii obacTu, Tak Kak Re = 7.09 (mpome-
KYTOYHBIM pPEXUM OOTeKaHUST YaCTHUIIbI AUCIIEPC-
HOM (ha3wl peaausyeTcs B AuartazoHe ducell Peii-
Hosbaca Re = 0.015—700 [28]). B takux ycioBusax
3aBUCUMOCTb 6e3pa3MepHOl CKOPOCTH YaCTUIIBI OT
6Ge3pa3MepHOro BpeMeH! uMeeT BUI [29]:

-3/2

y=1-06J6 +—2C  lexp(m-1|
Re (Re |l —vy))
ResPID _Du, Y,
Mo p,D; Ve

rae v — 6e3pasmepHasi cKkopocTtb; Re — uncio Peii-
HOJIBACA; V, — HadallbHasi Ge3pa3MepHasi CKOPOCTh;
T — 6e3pa3MepHOe BpeMs; P, — IUIOTHOCTh BO3AyXa,
Kr/M?; ¥, — CKOPOCTb [TOTOKA BO3/yXa, M/C; D,— nna-
METp YaCTHIIbI, M; |, — TUHAMUYeCcKas BI3KOCTh BO3-
nyxa, Ila c; p, — MJIOTHOCTbH YaCTUIIBI, KI/M3; v, —
CKOPOCTb IBUXKEHUSI YaCTUIIBI, M/C.

Takum 06pa3oM, COITIaCHO MPUBEICHHBIM BHIpa-
>KEHUSIM, 4yeM OOoJbllie pa3Mep 4acTUIl M UX TLIOT-
HOCTb, TeM OOJIbIIIe BpeMEHU U PaCCTOSTHHS (KOTOPOE
OTPAaHMYEHO KOHCTPYKIIMEH 3KCIIepUMEHTaTLHOTO
creHga L = 0.9 M) TpeOyeTcs i1 pocTa UX CKOPOCTU
IO 3HAYEHWUS V,, UTO COOTBETCTBYET Pe3yIbTaTaM UC-
cinenoBaHud [26, 30] 1 peadbHBIM YCIIOBUSIM MPOTE-
KaHUs adpOIMHAMUYECKHX ITPOIIECCOB B TOITKAX KOT-
JIOB TIpU (haKeJIbHOM CKUTAaHUU TBEPIOTO HATypalb-
Horo TormumBa [31, 32]. B Takux yclaoBUSIX B
9KCTIIEPUMEHTAX CKOPOCTh YACTHIL C OOJIBIIEH TIIOT-
HOCTBIO (yrosb p, = 800 KI/M3) OyJeT HUXE 110 CpaB-
HEHMIO C YacTULIaM1 MEHbIIIeH MI0THOCTH (OroMac-
ca p, = 540 kr/m?) ipu L = 0.9 M, D, = 150 MKM 1
MPOYUX UACHTUYHBIX YCIIOBUSIX.

YcaoBus TIpOBEAEHUST KCIIEPUMEHTA COOTBET-
CTBYIOT YCJIOBUSIM (paKeJbHOTO CKUTaHUSI TBEPAOTO
HaTypaJbHOTO TOIUIMBA B TOTIKAX KOTJIOB B OTJINYHE
OT YCJIOBHI IITMPOKO PaCcIPOCTPAHEHHOTO TepMOTpa-

BUMETPUYECKOr0 aHajM3a TBEPOOro TOIUIMBA IIPU
HarpeBe B OKHUCJIUTEIbHOM cpeae. B mociaenHem ciy-
yae peajqmu3yeTcs HU3KOTEeMIIepaTypHOE 3aXKHUTraHUe
torimBa. Ilpy TUOMYHBIX CKOPOCTSIX HarpeBa S5—
20°C/MUH KaMepbl TepMOrpaBUMETPUYECKOIO aHa-
JIM3aTopa TOIUIMBO IIPOrpeBacTCsI OTHOCUTEIHLHO
PaBHOMEPHO C ITOCTEIEHHBIM BBIXOAOM BJIaru W Jie-
TYYUX KOMIIOHEHTOB. MTHTEHCUBHOCTb 3TUX DHJIO-
TEPMUYECKMX IIPOLIECCOB IIPU YMEPEHHOM IMOABOJIE
TEIUIOTHI OTHOCHUTEJIFHO HEBBICOKA, I OHU HE OKa3hI-
BalOT CYIIECTBEHHOE BIUSIHME HA MPOLECCHI TEILJIO-
MaccoIepeHoca KaK B CaMOil IOPUCTOM 4YacTHUIle
TBEPIOTO TOILUINBA, TaK 1 B €€ OKPECTHOCTHU. B Takmx
YCJIOBUSIX BOCIUIaMeHeHUue (hopMUpYIOlIeiics: ropro-
Yyeil Ta30BOM CMECH ITPOMCXOMUT IIPU OTHOCUTEIILHO
HEBBICOKHX TEMIIepaTypax, a BhLICISIONIASICS TeTLIO-
Ta CIIOCOOCTBYET IIPOrpeBy U BOCILIAMEHEHUIO KOK-
coBoro ocrtatka. [Ipu pearm3anuy MexaHU3Ma BbICO-
KOTeMIEPaTypHOIO 3a>KMraHWS 4YacTHUIl TOILIMBA
TeMIIepaTypHbIE TPaIMEeHTHI Ha TpaHUIIe “YacTUlla—
pa3orpeThliii BO3ayx” MOCTUTAIOT HECKOJBbKUX COTEH
rpagycoB (Kak mpaBuiio, He MeHee 500°C). T1pu no-
CTaTOYHO OBICTPOM HarpeBe TOIUIMBA MHTEHCUBHBIC
HecTallMOHApHBIE IIPOLICCCHl MCIIApEeHMs BjIard u
TEPMUUYECKOTO Pa3I0KEeHMsI OKa3bIBalOT JOCTATOYHO
CyILIECTBEHHOE BIIMSIHME Ha TIPOLIECCHI TeTIonepeaa-
Y1 Y TUAPOAMHAMMKM B CUCTEME “YacTuila — pas3o-
rpeTeiii Bo3myx”’. Bplmensionirecs: XOJIOmHbIE Mapbl
BOJBI U JIETy4Yre KOMITOHEHTHI (OPMUPYIOT ra3oByIO
000JIOYKY B OKPECTHOCTHM YaCTUIIbI, TeM CaMBbIM
MPENsSITCTBYSI HEIIOCPEACTBEHHOMY B3aMMOJICH-
CTBUIO YIJIEPOAUCTOTO OCTATKa C Pa30rpeThIM BO3-
nyxoM. B 1ie1omM 3Tu ycinoBust OBICTPOTEYHBI, a 60-
Jiee BBICOKME 3HAYeHUSI MOPOTOBBIX TeMIIEpaTyp,
HEOOXOAMMBIX JJISI 3aXXKMraHusl 4acTHUIl TOIJIMBa
IIpU BEICOKOTEMIIEpaTypHOM MeXaHu3Me (I10 CcpaB-
HEHUIO C HU3KOTEMIEpPaTYPHBIM MEXaHU3MOM),
XapaKTEPU3YIOTCS KECTKMMU OrpaHUYEHUSIMU IO
JUINTEJIbHOCTU IIPOTEeKaHUs IIpoliecca BOCILIaMe-
HeHUsI, 00YCIOBICHHBIMU KOHCTPYKIIMEN 1 rabda-
pUTaMU TEXHOJIOTMYECKOT0 000pYI0BaHMSI.

2.4. Dxcnepumenmanwvhoblii cmeHo 0431 aAHAAU3A CO-
cmaga dvimosbix 2azoe. Ha puc. 2 nipeacTtaBiieHa cxe-
Ma 3KCIIEPUMEHTATBHOTO CTeHIA IUTS OIpeaeieHUs
cOoCTaBa IBIMOBBIX Ta30B MPU CKUTAHWM WHIUBUITY-
aJIbHBIX TBEPAbIX TOTLUIUB U CMeceil Ha UX OCHOBE.

CxxuraHue McClieTyeMbIX TOTLIUB TPOBOIUIOCH B
aJIeKTpUYECcKoil Tpyduatoit MydenbHoii neuu I Na-
bertherm R 50/250/13 (Nabertherm, I'epmanmus):
BHYTPEHHU M nruaMeTp Kepamuuyeckoii Tpyoku 0.04 M,
nnvHa 0.45 M; nuana3oH BapbUpPOBaHUS TeMIIEpaTy-
pbl 20—1200°C; TeMmnepaTypa peryaupyercs Mo Io-
Ka3aHUSIM BCTPOCHHOM TepMONapbl C HOMUHAJIbHOM
craTudyeckoil xapakrtepuctukoit ITIl. ns aHanmuza
cocTaBa JbIMOBBIX Ia30B MIPUMEHSJICS ra3oaHajinia-
top Test 1 (OO0 “Bbomnap”, Poccust), oCHalllEeHHBI
9JIEKTPOXUMUYECKUMU ceHcopamu: O, (nuarna3zoH
0—25%, abcomoTHass TmorpemHocTs +0.2%), CO
(muamazon 0—40000 ppm, oTHOCUTEJIbHAsI MOTPEI-
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Puc. 2. CxeMa 3KCIIepUMEHTAIBHOTO CTeHaa: [ — 3jieKTpudecKas TpyodaTtast MydenbHast Tieub; 2 — KOOPAWHATHBIN MEXaHU3M;
3 — HoyTOYK ¢ [10; 4 — razoaHanu3aTop; 5 — 30HA IJ1s1 3a60pa rasa; 6 — TOILIUBO.

HocTh £5%), SO, (mnanazon 0—1000 ppm, oTHOCU-
TeJdbHas TorperrHocTb +5%), NO (muamason 0—
2000 ppm, oTHOCHUTENIBHAS TTOTPeTHOCTh +5%), NO,
(muanma3zon 0—500 ppm, OTHOCUTENIbLHasl IIOTPEIII-
Hocth +7%), H,S (mmanazon 0—500 ppm, oTHOCHU-
TeabHast morpemHocts +5%), HCl (mmamazon 0—
2000 ppm, oTHOCHUTEIbHAS TTOTPeITHOCT +5%). Jlo-
MOJHUTEJIbHO Ta30aHaju3aToOp OCHAIleH OIThYe-
cknmu ceHcopamu CO, (mmuamazon 0—30%, mpuse-
neHHas morpermHoctsh +2%), CH, (mmamason 0—
30%, npuBeneHHas morpemHocTs £5%), CO (mna-
nazoH 0—30%, npuBeneHHas MorpemHocTs £5%) u
nonasiporpapuueckum ceHcopom H, (nuamazon 0—
5%, abcomoTHasl morpeHocTh +5%). B cocras npu-
0Oopa BXOISIT MOAYIbHBIN 30H]I, KOHICHCATOCOOPHHUK
¥ cucTeMa (GIIbTPAIINH I OCYIICHUST U OYUIICHUS
ra3oBoi npoOwl. CrienuaibHOE MporpaMMHOe obec-
reyeHue razoaHaausaropa Test I I03BOJISIIIO B PEXKU-
M€ peaJbHOTO BpeMEeHH KOHTPOJIMPOBaTh U3MEHEHNE
KOHIIEHTpaIlMii aHTPOITOTEHHBIX Ta30B B IIpoOIlecce
rOpeHUsl TBEPOTro TOIUIMBA.

Ilpu TpoBemeHNU 3SKCHEPUMEHTOB My(deabHas
rneyb / IpeaBapUTENIbHO MPOrpeBagach A0 3adaHHOM
Temneparypsl 7,. HaBecka TormBa 6 Maccoii OKoJIo
0.2 r mpy mOMOIIY KOOPAUHATHOTO MeXaHn3Ma 2 o~
JaBajiach B Kamepy cropanusi. C IpOTUBOITOJIOKHOIA
OT KOOpPAMHATHOIO MeXaHMU3Ma CTOPOHBI B TPYOKY
MydelIbHOM Neyn BBOAUICS 30H Ta30aHaIU3aTo-
pa 5. Ha BpeMst mpoBeaeHUS 9KCIIEpMMEHTa 00a OTBep-
CcTUsI TPYOKU MyQebHOM Meuu 3aKphIBAJINCh T'epMe-
TUYHO TETUIOU30IUPYIOIIUM MaTepuanioM. B xozne mpo-
TeKaHUsI POLECCOB 3aKUTAHUSI Y TOPEHUSI TBIMOBbBIC
rasbl Uepe3 MOIYJIbHBIIA 30H1 5 IOCTYIIaIM B KOPITYC ra-
30aHaM3aropa 4 (IIpoxoAs CTaauy OCYILIeHUS U (PUIIb-
TpaLun), B KOTOPOM U3MEPSUINCh KOHLIEHTPALIU KOM-
IMOHEHTOB ra3oBoii cMecH. [Tocie OKOHYaHMST KaXKI0TO
SKCIIEPMMEHTA ra3oBble KaHAaIbl Ta30aHaIu3aToOpa 1
TTOJIOCTB TPYOKM My eJTbHOM IeUH ITPOIYyBaJINCh BO3-
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JIYXOM JUISI yOaJleHWsI OCTATKOB JIHIMOBBLIX TIa30B.
B paMkax omHOIi ceprH BBIITOIHSIIOCH OT 5 10 10 aKc-
NEePUMEHTOB NPU UICHTUYHBIX HAaYaIbHBIX YCIIOBU-
sax. OnpenesieHUe CPeIHUX 10 BpeMEHU KOHIICHTpa-
Ui Ta30B OCYILIECTBISUIOCH C IIOMOIIBIO METO/Ia Tpa-
TIe1nit, IToApOOHO ONMMCAHHOTO aBTOpamu [33].

3. PESVIIBTATBI U OBCYXIEHHUE

3. 1. Xapakxmepucmuxu 3axcueanus u eopeHus mon-
AUB 8 YCAOBUSAX MEPpMOPABUMEMPUYECK020 AHAAU3A.
IIpoiiecchl TopeHUsT MHANMBUAYAJIbHBIX TOILIUB WJI-
JroctpupytoT npodunu Kpusbix TI' u ITT, npuse-
JIEHHbIC Ha puC. 3. 31ech YCIOBHO BbIIEJICHEI OCHOB-
HbI€ CTaAuU, NPOTEKaIOIIUe MPU HarpeBe TOIUIUB B
nuamaszoHe temnepatyp 30—800°C. Ha HavajibHOM
aTare nporpesa TBepabix Torwus (1o 130°C) mpoucxo-
JIUT YcTapeHue Biaaru (puc. 3, a; craaus 1), COmpoBoXK-
Jaroleecsl yBeJIM4eHUEM CKOPOCTU YObIJIM MacChl Ha-
Becku (puc. 3, 0; cragus 1). JambHEHIImMii ITporpes TOII-
JIUB BEAET K MX TEPMUUYECKOMY pa3jioxkeHuio (puc. 3;
cTagus 2), COMPOBOXIAIOIIEMYCSI BBIXOJIOM JIETYUUX
BEIECTB C NaJlbHEHIINM X BOCIUIAMEHEHHEM U TO-
peHueM. ¥ 6MoMacchl U3-3a OTHOCUTEIBHO BBICOKO-
T'o CoJIepKaHMUsI JIETYYUX BelllecTB (TabJ1. 1) aToT mpo-
LecC MHTeHCU(UIUPYETCsI B 00JIacTU 0ojiee HU3KUX
temneparyp 130—185°C (puc. 3, 6) nportuB 130—
420°C (puc. 3, 6) y yris. JleTydyue BelliecTBa BbIropa-
IOT B OKPECTHOCTHU IIOBEPXHOCTHU TOIUIMBHBIX YACTHII,
YTO CITOCOOCTBYeT MHTEHCU(PUKAIINU BOCIIJIaMEHE-
HUSI KOKCOBOTO ocTatka. Temneparypa, Ipu KOTOpOit
IIPOMCXOAUT BOCIJIAMEHEHME KOKCOBOTO OCTaTKa
6uomacchl, coctabisietT 294°C, yris — 421°C.

Hdnsa mpoliecca TOpeHUsT GMOMAcChl XapaKTepHBI
IIBa SIBHO BBIPaKEHHBIX IKCTpeMyMa Ha MPOGWIISIX
kpuBbIx JITT, a my1s1 yriiss — onyH 3KcTpeMyM (puc. 3, 0).
B cnydae 6umomacchl nepBblii MakcuMyM (puc. 3, 0;
cranus 3) nipu Ttemreparypax 200—380°C cooTBeT-
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Puc. 3. Kpussie TT (a), ATT (6) npu Harpese yris (Y) u 6uomaccsel (B) u ux cmeceii (Y 90% + b 10%; Y 80% + b 20%;

Y 70% + b 30%).

CTBYET TOPEHUIO JIETYYNX BEIIECTB MPOMAYKTOB Tep-
MUYECKOTO pas3fiokeHus1 (LeJI0ji03a, TeMULIEUTIO-
JIo3a W YacTh JUTHWUHA), MIPU 3TOM MaKCHMabHasl
CKOpPOCTh YOBUIM Macchl coctaBisieT 24.3%/MuH
(puc. 3, 6). Bropoii akctpemyM I TT (puc. 3, 0; cranus 3)
HaXomuTcs B oOOJacTM ©o0jiee BBICOKHMX TeMITepaTyp
(380—484°C) M COOTBETCTBYeT TOPEHMIO KOKCOBOTO
ocTaTKa O0MoMacchl ¢ MaKCUMaJlbHOM CKOPOCTBIO
yOBIIM Macchl HaBecku 23.2%/MuH. M3-3a oTHOCHU-
TEJIBHO BBICOKOTO CONEpPKaHUS JIETYIMX BEIIEeCTB B
ouomacce (Tabia. 1) MakcuMaabHasi CKOPOCTh YObUIU
MacChl HaBECKH B TIEPBOM MaKCUMYyMe BEIIIIE, YeM BO
BTOPOM.

st yriisi OCHOBHOM MakcumyM Ha Kpuoit ITT
(puc. 3, 6) ipu temneparypax 280—570°C wumo-
CTpUpPYET MpPOLIeCChl TOPEHUST JIETYYUX BEIIECTB U
WHTEHCUBHOTO BBITOPAHUSI YIJIEPOINCTOrO OCTATKa,
MpPU 3TOM MaKCHMaJlbHasi CKOPOCTb YOBUIM MAacCChI
cocrasisger 20.2%/mun (puc. 3, 6). B ciyyae xe
YCJIOBHOTO paslelieHUsi OCHOBHOIO 3KCTpeMyMa Ha
CTaIuU BBITOPAHUS JICTYUYUX BEIIECTB M YIJIEPOAU-
cTtoro octatka (craguu 2 U 3) MakCUMalibHasl CKO-
POCTb YOBUTY MACCHI 151 JIETYYUX BEILIECTB COCTABJISI-
er 2.7%/MUH, IJs YIJIIEpOAMCTOTO OCTaTKa IpUBe-

IeHHble BbIe 3HaueHust — 20.2%/mun. Tlponecc
TOpEeHUsT KOKCOBOTO OCTaTKa OGMOMACCHI 3aBeplIaeT-
cs 1ipu TeMItepatype 484°C, yriist — pu TeMIiepatype
570°C (pwuc. 3).

IMpu nmoGaenenum 10 mac. % GUOMAacCHl K YIITIO
cTagus 2 IpoTeKaeT B AMamna3oHe Temiieparyp 130—
407°C ¢ MakCUMaJIbHOI CKOPOCThIO YOBLIM MacChl
4.4% /muH (puc. 3). Cranus 3 (puc. 3), COmpoBOXIa-
folasicsl 3aKUraHueM W TOPEHUEM YIJIEPOAXCTOrO
ocTaTKa, MpoTeKaeT B Auana3zoHe TeMiiepatyp 408—
567°C ¢ MakCHUMAaJIbHOM CKOPOCTbIO YOBUIM MaCChl
17.1%/mun. Temnieparypa, Mpu KOTOPOM MPOUCXO-
JIUT 3aKUTaHUE YTJIepOJUCTOrO0 OCTaTKa, COCTaBIIsIeT
408°C. 3aBeplaeTcs Ipolecc TOPEHUsT P TEMIIE-
parype 567°C.

B cMecu ¢ moGaBienuem 20 mac. % OGuomacchl K
yrimo ctagus 2 (puc. 3) COOTBETCTBYET AUAIla30HY
temreparyp 130—393°C ¢ makcuManbHO CKOpO-
cThio yobuTn Maccwl 6.0%/mMun (tabm. 2). Cragus 3
(puc. 3) mmpoTekaeT B nuaria3oHe Temmeparyp 394—
563°C ¢ MakKCUMaJIbHOU CKOPOCTBIO YOBUIM MAacCChI
16.5%/vMuH. 3aBepiiaeTcsi MPOIECC TOPEHUS IIPU
temmeparype 563°C.
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Taﬁ.lmua 2. XapaKTCpI/ICTHKI/I IIpOLIECCOB, MPOTEKAIOIIUX ITPU HArp€BaHMM MHIAWBUAYaJbHBIX TOIIJIMB U TOIIJIMBHBIX

cmeceit
Toruuso
XapaKTepucTuka
100% Y 90%Y+10% b | 80%Y+20%b | 70% Y + 30% b 100% b

AOTT x> %/MuH 1.3 1.2 1.2 1.3 1.3
Tqrry, °C 63 63 64 65 55
ATT 00, %/MuH 2.7 4.4 6.0 7.7 24.3
Ty, °C 350 344 344 343 344
T, °C 421 408 394 378 294
ATT hax3s %/MUH 20.2 17.1 16.5 15.0 23.2
Thrrs, °C 492 488 486 484 471
Ty, °C 570 567 563 556 484

IIpumeuanue. ATT .| — MakcuMalbHasl CKOPOCTb yObUIM MacChl B AMANa3oHe TeMIIepaTyp, COOTBETCTBYIOIIEM MCIIApEHUIO Blar,

%/mun; Tprry — Temneparypa, cootserctsytomast AT ., °C; ATl 1,40 — MakcMManbHast CKOPOCTh yOBLIM MacChl B MANa3oHe

TEMIIEPATYP, COOTBETCTBYIOLIEM BHIFOPAHUIO JIETYYUX BEWIECTB, %/MUH; Ty, — TeMnepatypa, cootBetctytomast AT ., °C; T; —
TeMmIepaTypa, COOTBETCTBYIOIIAsl BOCIUIAMEHEHUIO KoKcoBoro octatka, °C; ATT .3 — MaKCuMalbHast CKOPOCTb YOBUIM MAcCChl B IUa-
Ma30HE TEMIEPATYP, COOTBETCTBYIOLIEM BBITOPAHMIO KOKCOBOTO OCTaTKa, %/MuH; Thrrz — TeMIeparypa, COOTBETCTBYIOLIAs

ATT a3, °C; T, — Temnepatypa, COOTBETCTBYIOILAS 3aBEPILIEHUIO NTPoliecca FopeHust ToruBa, °C.

ITpu yBenuueHuU O0JuM OHMOMAcChl B CMeCU OO
30% cramus 2 (puc. 3) mpoTeKaeT B AUara30He TeM-
nepatyp 130—377°C. MakcuManbHas yObLUIb MacChl B
3TOM JuamnazoHe gocturaer 7.7%/mun. Cragus 3
(puc. 3) COOTBETCTBYET AMAaIla30Hy TemnepaTryp 378—
556°C, nipu 3TOM MaKcuUMaJibHas yObUIb MaccChl JO-
cturaet 15%/MuH.

OCHOBHbIE YCTAHOBJICHHbBIE XapaKTepPUCTUKU
MPOLIECCOB HarpeBa WHAWBUIYAIbHBIX TOIUIUB U
TOTUTMBHBIX CMecei TIpeacTaBIeHbl B Ta0JI. 2. AHaIu3
MOJIyYEHHBIX XapaKTepUCTUK TropeHus: (tabi. 2)
TBEPIAOTOILUIMBHBIX CMECEli 1 UHAWBUAYATIbHOIO YIJIs
(PHEPreTUYECKOTo TOIUIMBA) ITO3BOJUI YCTaHOBUTH
cleaylline KoJIu4ecTBeHHble oTinuus. nsa ouo-
Macchl 10 CpaBHEHUIO C YIJIEeM XapaKTepHbI Oosee
HU3KUE TEeMIEPATypbl, MPU KOTOPBIX MPOUCXOAUT
BOCILIAMEHEHUE YIJIEPOAUCTOrO OcTaTka, Iyrr cOoT-
BETCTBYIOLIEH cTaguu 3 U TeMIiepaTyphbl, IIpU KOTO-
POl MPOUCXOAWUT 3aBEPLICHUE Mpoliecca TOPEeHUs
(294; 471 n 484°C nipotuB 421; 492 1 570°C cooTBeT-
cTBeHHO). [lo6asiaeHue x yrmo 10; 20 u 30 mac. %
Ouomacchl CHMXaeT TeMIeparypy, Npu KOTOpOii
MPOMCXOAUT 3axuraHue, Ha 3; 7 u 11%, cooTBeT-
CTBEHHO, T10 CPaBHEHUIO C yIjieM. AHaJIOTMYHO MpPO-
WCXOJUT CHUXEHUE TeMIEpaTypbl, COOTBETCTBYIO-
1eii MakCUMajbHOM CKOPOCTU YOBLIM MaccChl IpU
TOPEHMU YIJIEPOINCTOTO OCTaTKa, Ha 1; 1 1 2%, coot-
BETCTBEHHO, 110 CPaBHEHUIO C yriaeM. TemImepaTypa,
MpU KOTOPOU MPOUCXOAUT 3aBepllieHuEe Ipoliecca
ropeHwust, cHrkaetcst Ha 1; 1 1 3%, COOTBETCTBEHHO,
O CpaBHEHUIO C yrjieM (Tadn. 2). CHUKEeHHE 3TUX
TeMIIEPaTYPHBIX XapaKTepPUCTUK CBUACTEIBCTBYET O
TOM, 4YTO Ho0OaBiieHue maxe 10 mac. % GuoMacchl K
YIJIIO TIOJIOKUTENBHO BIIUSIET HA OCHOBHBIE XapaKTe-
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PUCTUKHU BOCIUIaMEeHEeHU s yIuisi. OmHaKO yBeIMYEHUE
colepKaHue GuoMacchl B CMECU MOXET MOBJIUSTh Ha
YXYALIEHUE TEXHUKO-3KOHOMMYECKHMX ITOKa3aTeJen
9HEPreTUYECKON YCTAaHOBKHM (CM. T1. 2.3).

OCHOBHbIE KUHETUYECKUE TTapaMeTphbl BKJIIOUAIOT
B cebsl cpemHe-UHTerpajibHble 3HAUEHUSI DHEPTruu
aKTUBALIMM U TIPEAIKCIIOHSHIIMATILHOTO MHOXUTEIS
(Tabn. 3).

Koaddunment xoppensauu (tadia. 3) o Bcex
toruiuB coctaBuwia oT 0.9924 mo 0.9991, uyto cBuue-
TEJbCTBYET O TIPUEMJIEMOI TOCTOBEPHOCTU BhIOpaH-
Horo metona Koyrca-Pendepna mist onmcanust 3¢g-
(EKTUBHBIX KUHETUYECKUX XapaKTEPUCTUK HCCIe-
JlyeMOTro Tipolecca.

Ilpu HarpeBaHUM TOIUIMBA MPOTEKAIOT KaK dHOO-
TEPMUYECKUE MPOLIECCHI, COMTPOBOXKIAIOIIMECS MOIIO-
IIEHWEM TEIUTIOThI (HallpuMep, UCITapeHUs Baru), Tak
U 9K30TEpMUUECKHE TPOLIECCHI, TIPU KOTOPBIX BbIACIISI-
eTcsl TeruioTa (HanpuMmep, TopeHue JeTyYrX BELECTB U
yriaepoaucToro octatka). I1pu aHaiau3e KpUBbIX U@ -

Taomuna 3. Kunetnueckue xapakTepucTUKY Mpoliiecca ro-
pPeHUsI TBEPIABIX TOTUIMB U UX CMeceit

Tornuso E, A ¢! R
kJIX/MoJb ’
Y 100% 51.0 3 x 107 0.9955
Y90% + b 10% 36.7 2 x 108 0.9924
vV 80% + b 20% 43.9 5% 107 0.9991
Y 70% + b 30% 44.8 3 x 107 0.9953
b 100% 64.0 4 x 10° 0.9979
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Tabomuna 4. TenioBbie 2 eKTH PO1ECCOB MPU HArpeBaHUM YTIJis, 0MOMACCHI M UX CMeceil

TerutoBoii a¢pdexkt, Mx/Kr
Toruinso
Cranus 1 (3H10) Cranus 2 (3K30) Cranus 3 (3K30)
YV 100% 1.4 1.4 28.2
Y 90% + B 10% 1.5 1.8 26.6
Y 80% + b 20% 1.6 2.2 24.9
Y 70% + b 30% 1.3 2.5 23.8
b 100% 1.5 3.1 14.8
depeHIMaIbHOII CKAHUPYIOILIEH KaJOpUMETPUM  HHUM MEIKOIMCIEePCHBIX YaCTUI] TOIUIMBA B IIOTOKE

MOXXHO KOJMYECTBEHHO OLICHUTh 3HAYEHUS 3TUX
TEIUIOBBIX 3(MdekToB. Pe3yabTaThl aHaIM3a Tpen-
CTaBJICHBI B TaOII. 4.

OCHOBHOE TEeIUIOBBIAEEHE TPOUCXOAUT B MPO-
ecce TOpeHUsI YIJIEpOAMCTOTO ocraTtka (Tadi. 4).
Heb6osnpImoe TeruionomiomeHne CBA3aHO C UCIape-
HueM Biaru Ha ctaguu 1. Ilpu mobasieHun 6muomMac-
ChI K YIUIIO HA CTaAuu 2 TETUIOBbIAEeHE YBEINUYMBa-
eTcd 3a cYeT OOJBIIero ComepKaHHWs JIETy4dnX Be-
1mecTB B apeBecuHe (tabjy. 1). Ha cramum 3 mipu
BBITOPAHUU YTJIEPOAUCTOrO OCTaTKa YAeJbHOE Tell-
JIOBBIZIEJICHNE CHUKAETCSI M3-32 MEHBIIICH TOJTH YTIIs
B CMECH, TeIUIoTa CropaHusl KOTOPOTO BhBIIIE, YEM Y
O6uromacchl U3-3a OOJIBIIErO COAEPXKAHUS YIJIEPOIU-
CTOI cocTaBJsoleii (Tada. 1).

3.2. Xapaxmepucmuku 3axcueanus moniue 6 Nomo-
Ke pazoepemoeo 6o3dyxa. Ha puc. 4 mpencraBiieHbI
KpMBBIC 3aBUCUMOCTEN BpeMEH 3aJICPKKU 3a3KNTa-
Husg vactul (pazmepamu 100—200 MxM) yriasg u
OumoMacchl, a TaKXKe UX CMeceil OoT TeMIlepaTyphl
okucyguteasa B nuanazoHe 500—800°C npu nBuxe-

BpeMst 3a0epKKH 3a3KUTaHUS, C
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Puc. 4. 3aBUCMMOCTH BpeMEH 3a[ePXKM 3a>KUTaHUS Ya-
crull yrist, ouomaccel U ux cmeceit (Y 90% + b 10%;
Y 80% + b20%;Y 70% + b 30%) ot Temniepatyphl pa3o-
IPETOTrO BO3MyXa.

pa3orpeToro Bo3ayxa co CKOpocThio V, = 5 m/c. An-
MPOKCUMAILIMOHHbIE KPUBbIE IMPOBEACHBI Yepe3 TOU-
KW, XapaKTepu3yollne CpeaHUe 3HAaUYeHUsI BpeMeH
3aJepKKU 3aXuraHus (7;), yCTAaHOBJIEHHbBIE B CEPUSIX
u3 5—10 3KCIepuMeHTOB TIPU UASHTUYHBIX Hadyajlb-
HBIX ycJIOBUSIX. JIeBOil rpaHuleil TeMmepaTypHOIo
nraria3oHa SBISIETCS MUHUMalTbHOe 3HayeHue 1, =
= 500°C, 11pu KOTOPOM B YCJIOBUSIX ITPOBEACHUSI IKC-
TepuMeHTa BOCIUIaMEHsIeTCsT Oromacca (3a ImpoMe-
XyToK BpemeHH MeHee 0.2 ¢). [IpaBas rpaHuiia cooT-
BETCTBYET MAKCHMMaJIbHOMY 3HAUYECHMIO TeMIIepPaTyphl
Bo3ayiHoro noroka 7, = 800°C, KoTopoe rapaHTu-
pOBaHHO TTOAJEPXUBAETCSI Ha KOHTPOJIUPYEMOM
yJacTKe KBaplieBoit TpyObwl (puc. 1). Bpemena 3a-
JEep>KKU 3aKWUTAaHUSI BO3PACTAIOT B CIIEOYIONICH TMO-
canenoBaTeabHocTH: 6uomacca (b 100%), cmech yriis
u 6uomaccel (Y 70% + b 30%), cmech yrist 1 Guo-
Macchl (Y 80% + b 20%), cMech yIiist 1 6MoMacchl
(Y90% + B 10%, Y 100%), yroab (Y 100%).

Haumenbime 3Ha4eHUST BpeMeH 3aIepPoKKU 3aK1-
raHus t; OMoMacchl 110 CPaBHEHMUIO C YIJIEM OObSICHSI -
I0TCSI HAUMEHBIIIUM CoepXXaHWeM Bjlaru, HauboJb-
UM COAepXXaHUEM JIETYyIMX KOMIIOHEHTOB B €€ CO-
craBe (CM. TaGa. 1) u OOJIBLIMM KOJMYECTBOM IIOD,
TPELIMH U KaHAJI0B Ha MOBepXHOCTU yacTtull. Ha puc. 5
npenacTaBieHbl cHUMKU COM yacTull yrisg u 0uo-
Macchl. Yactna yriasg nMmeeT cheprudeckyio popmy,
Ha TTOBEPXHOCTM KOTOPOIl pacmojioXeHO OOoJbliioe
KOJIMYECTBO Y3KMX IIOp M TPEIIMH, 4epe3 KOTOphIe
OKMCJIMTEJIb MOXET IMPOHUKATh B IIIyOMHHEIC CIIOU
(puc. 5, a). Yactuua 6romMacchl UMeeT MPOAO0JIrOBa-
TYIO HWIMHAPUYIECKYIO (hopMy, BHYTPU €€ PacIioIo-
XKEHbl OTHOCHUTEJIILHO KpyITHbIe KaHaubl. IloBepx-
HOCTb IPEBECUHBI TTIOKPBITA OOJIBIIIMM KOJIUYECTBOM
OTBEPCTUIi, YTO XapaKTepHO [JISI €€ CTPYKTYpHL.
I1pu xkayecTBEHHOM CpaBHEHWU YIJISI M OMOMACCHI
YacTUIbl MOCeAHeil UMeIT OoJiblliee YHUCIO KaHa-
JIOB Y TIOp KPYITHOTO pa3Mepa, YTO CBUIETEIbLCTBYET
O BBICOKOM yAeJIbHOM MJIOLLAA1 TOBEPXHOCTH YACTHLI
(puc. 5, 6).

ITocne BBOmA MCJIKOOUCIICPCHBIX YaCTULl YIJId B
IIOTOK pa3orperoro Bo3ayxa npakTudeCkKum BCA ITOA-
BoauMad TCIjI0Ta OT BHECIIHETO MCTOYHMKA pacxXonay-
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U
100um

Puc. 5. COM-u3o6paxkeHusI TOIUIMBHBIX YACTULI: YePHOTOPCKMIT KAMEHHBIH yroJjib; yBenundeHue 250 (a); OmWIKY JTMCTBEHHU -

1e1; yBenmmuenue 300 (6).

Puc. 6. Kanpbl BumeorpaMMbl 3aKUTaHUsI M TOPEHUST YACTUIL YePHOTOPCKOTO KaMeHHoro yrist pasmepamu 100—200 MKM B
YCJIOBUSIX IBUXKEHMSI B TOTOKe pazorperoro Bosayxa npu 7, = 700°C (A= 0.01c): ;= 0.095 c (a); t =t,+ At (6); t =1,+2At (B);

1= 1,+3M1 ().

€Tcsl Ha MPOTEKaHWE IHIOTEPMUYECKUX MPOIIECCOB
¢dazoBoro mpeBpaiiecHUs (MCIIapeHue BjIard) U Tep-
MUUYECKOTO PasJIOKEeHMSsI, COMPOBOXIAIOIIMXCS T10-
mIoleHreM TerIoThl (Tabi. 4). Kpome Toro, yroib
UMEET JOCTATOYHO TIJIOTHYIO CTPYKTYpPY MpeuMylie-
CTBEHHO C 3aKpbITBIMU MOpPaMU OTHOCHUTEIbHO
BHELIHEN ra30B0ii cpenbl. Yem Bbille 3HaueHue V%,
T€M MEHbLIE BpeMs 3a1epPKKU 3aXKWUTaHUsI COOTBET-
CTBYIOLIETO TOTLJIMBA MPU MPOUYMX UAEHTUYHBIX YCIIO-
BUSX, MMO3TOMY Uil YIJISI B OTJIMYME OT OMOMACCHI
TpeOyeTcsi 00JIbIle IHEPTUU (M COOTBETCTBEHHO Bpe-
MmeHu nipu 7, = const) Ha pa3BUTHUE T€TEPOTEHHOTO
ropeHusi. CTOUT OTMETUTb, UTO YEM OOJIbIIIE COAEP-
>KaHue OuoMacchl B TOTUIMBHOW CMECHU, TEM WHTEH-
CMBHEU IMpoTeKaeT Mpoliiecc ee BocruiaMeHeHus. OT-
JINYMS BpeMEH 3alepXKU 3aKUTaHWS TOTUIMBHBIX
cMeceil M YepHOTOPCKOTO KaMeHHOro yris (puc. 4)
cocraBigioT 20—48% (ripu temriepatype 600°C).

TunmmaHbIe Kagphl BUACOTPAMM BBICOKOCKOPOCT-
HOW BUIEOPETHUCTPALIMU MPOLIECCOB 3aKUTaHUS U TO-
PEHUS YacCTUIL YIJIsd 1 OMOMAacChl, a TakKXKe UX CMeceil
npuseneHbl Ha puc. 6—10. C marom A7 = 0.10 ¢ or
MOMEHTAa BOCIUIAMEHEHMS TOTIJIMBA IToKa3aHa Iv-
HaMWKa pa3sBUTHS Mpollecca TOPEHUS MEIKOIMC-
MepCHbBIX YacTull TorauB pazMepamu 100—200 MKkm
B MOTOKe pazorperoro Bo3ayxa npu 7, = 700°C.
Ha paccTosHusx, mpoliaeHHBIX TOPIOYUMU YaCTH-
IIaMHM OT Havajia X IporpeBa 10 MOMEHTa BocTIaMe-

XUMUA TBEPOAOI'O TOIINIMBA  Ne 5 2023

HEHMsI, I UHTEHCUBHOCTHU MPOILECCOB FOPESHUS IIPU
WICHTUYHBIX HaYaJIbHBIX YCIOBUSIX. Y3 MOTy4eHHBIX
Pe3yJIbTaTOB BUIHO, YTO IIMPOKO HUCIIOIb3yeMbI Ha
MPaKTUKE YEPHOTOPCKUI KAMEHHBII YroJjib HE TOJIb-
KO BOCIUIAMEHSIETCSI TOJIbIIE€ OCTAIBHBIX COCTaBOB,
HO M 00JIalacT HaMMEHBIIIEH ITOJTHOTOM BBITOPpAHUS
(puc. 6). IpeBecrHa JIMCTBEHHULILI, HAOOOPOT, Xa-
paKTepu3yeTCsl HAMMEHBIIIMMU BpeMeHaMU 3aJ1epXK-
KU 3axuraHus. Takum obpazom, Gromacca MOXET
HCIIOJIb30BAaThCS B KaueCTBE MOOABKU IJIsI MHTEHCHU-
¢duKalMM MPOIIECCOB 3a>KUTaHUS U TOPEHUST TBEPABIX
MCKOITAEMBIX TOIUIMB (YEPHOTOPCKOTO KaMEHHOTO
yruist). JIaHHBII BBIBOM ITOATBEPXKAACTCS pe3yJibTara-
MU, TIPEACTaBIEHHBIMU Ha puc. 6—10.

VnenbHas miomanb IIOBEPXHOCTU TOILIMBHBIX Ya-
CTUII UTPAET BaXXHYIO POJIb B TIPOLIeCCe 3aKUTaHUS U
ropeHusi TorauB. YeM OoJibllle yrjiepoaa BCTyIaeT B
peaKkliIvio ¢ OKUCIUTeNEM (BO3ILYXOM), TeM TOILIUB-
Hasl YaCTHUIIa BBITOpaeT ObIcTpee u nmojiHee. OKNCIIN-
TeJIb MOXET IMPOHUKATD BIVTyOb TOIUIMBHOM YaCTUIIBI
yepe3 MOphl, KaHaJIbl, TPEIIMHEI U B3aMMOIEIICTBO-
BaTh C YIJIEPOAOM, HO MOBBIIIIEHHOE COIEpKaAHUE JIe-
TYYMX BEIIESCTB B TOIUIMBE MOXET IPEISITCTBOBATh
5TOMY B YCIOBHUSIX WHTEHCUBHOIO TEPMHYECKOIO
pasnoxeHust. Yem BbIllIe comepKaHUE JICTYYUX Be-
LLIECTB B TOILIMBE, TEM JOJIbIIIE II0 BpeMEH! MPOTeKaeT
MpPOLIECC TOPEHUS YaCTULIbI, TaK KaK MX MHTEHCUBHOE
BBIIEIEHUE B YCIIOBUSIX TEPMMYECKOTO Pa3JIOKCHMS
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Puc. 7. Kaapsl BUueorpaMMbl 3aKUTaHUSI U TOPEHMS YaCTULL JPEBECUHBI TUCTBEHHUIILI padMepamMu 100—200 MKM B ycJio-
BMSIX JABMXKEHUS B IOTOKe pasorperoro Bosayxa npu 7, = 700°C (At = 0.01 ¢): 1, = 0.043 ¢ (a); t = t;+At (6); t = t,+2At (B);

t=t,+3A1(r).

~
QO
~

(6)

—_ —_
= =
~ ~

Puc. 8. Kanpsl BumeorpaMmbl 3aXKUraHusi U ropeHust yactuil cmecu Y 90% + b 10% pasmepamu 100—200 MKM B yCITOBUSIX TBH-
>KeHHUs B [TOTOKe pasorperoro Bosayxa rnpu 1, = 700°C (Ar= 0.01 c¢): £;= 0.079 c (a); t = t,+ At (6); t = t ;7 42At (B); t = t;43At (7).
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Puc. 9. Kanpbl BumeorpaMmbl 3ackuranust ¥ roperust yactuir cmecu Y 80% + b 20% pasmepamu 100—200 MKM B yCJIOBUSIX IBU -
>KeHHUs B TOTOKe pazorperoro Bosnyxa rpu 7, = 700°C (Ar=0.01 ¢): 1;=0.063 c (a); t =t,+ At (6); t = t;742A¢t (B); t = t;+3At (7).

MPEIATCTBYET IIPOHMKHOBCHUIO PA30TPETOro OKMCIIN-
TEJIA B ITIOPbI YaCTUIIbI.

3.3. Cocmas dbimosuix eazos. Ha puc. 11 nmpencraB-
JIEHbI CpeAHUE 3HAUCHUs KOHLEHTPALU aHTPOMO-
TEHHBIX ra30B MIPU MTPOTEKAHUU TTPOLIECCOB TOPEHUS
yIJIsI, OMOMAacCChl M UX CMeceil B TpyOUYaToil Mydenb-
Hoit meuu nipu 800°C. VYBeluyeHre KOHUEHTpaLUU
6uomaccel B coctaBe cMmecu (ot 10 1o 30%) Benmer K
cHxeHnio comepxanusg CO, (Ha 2.2—13.5%) u 1mo-
BoIIIeHIO conepskanus CO (Ha 9.3—52.3%) B mbIMO-
BbIX razax (puc. 11, a) Mo cpaBHEHMIO C aHAJIOTUYHBIM
MPOIIECCOM CXKUTaHMS yTIJisl 0e3 mo0aBieHrsI Ouomac-
cbl. MakcumainbHoe cpeaHee 3HaueHue CO, 3aperu-
ctpupoBaHo wis yrist (2.30%), tak kak CO, siBjsieT-
Cs1 OCHOBHBIM YIJIEPOIOCONEPKAIIIMM Ta30M B TIPO-
IYKTaX CTOpaHWs IJisd YTOJABHBIX TOIUIMB. JIMOKCHUI
yriaepoaa o0pa3oBbIBaJCS MPU pacllelUIeHUU U
npeoOpa3oBaHUM TEPMHUUYECKU HECTAOMIIbHBIX
kapookcunbHoM (COOH) 1 kxapoonunsHoit (=CO)
GYHKIIMOHAJIILHBIX TpyIII. Takxke pa3ioxeHue op-
raHUYeCKUX (MOTUIMKINIECKUX apoOMaTUYECKUX
YIJIEBOTOPOIOB, OPTaHMYECKUX KUCJIOT) U Heopra-

Huueckux Beuects (CaCO;) npuBoawio K Gopmu-
poBaHuio maHHoro raza. Konmenrpamus CO mpu
CXKUTaHMU Guomacchl MakcumanbHa (2.10%), yto
00yCJIOBJIEHO MUPOJM30M JIMTHUHA WU BTOPUYHBI-
MU peakUMsIMU pa3jIoxXeHus. Beicokoe comgepxkaHue
BJIarM B 6uoMacce (cM. TabJi. 1) cHUXXaeT SHepreTu-
YecKne XapaKTepUCTUKU TOpPeHMs, KaJOPUMHOCTb
TOIUIMBA M YBEJIMYMBAET OOBEM IPOIYKTOB Cropa-
Hus. B pesynbrate obpasyercss 0oJiblile NPOAyKTOB
HETIOJIHOTO cropaHusi, B yactHoctu CO.

CpenHue 3HaYeHNSI KOHIEHTPalli1 OKCUIOB a30-
Ta, OOpa3yIOIIMXCS IMpPU CXKMUIaHUU HCCICTYyEMBbIX
TOIUIUB, MpeacTaBiaeHbl HA puc. 11, 6. HaumeHsblinue
KOHIIEHTpAllUM 3apeTUCTPUPOBAHbBI MPU CKUTAHUU
TOILJIMB C HU3KUM COAEp>KaHMEM TOILUIMBHOIO a30Ta,
B 4YaCTHOCTHU, buomacchl (comepxxaHue NO, cocTaB-
qgser 11.3 ppm). Yroab B cBOeM cOCTaBe COAEPXKUT
0oJIbllle a30TUCTHIX coenquHeHui (Tadi. 1), 4To 00B-
sicHseT OoJiee BBICOKHME 3HaueHUs BblOpocoB NO,,
00pa3ylolIuXCcsl PU €ro TOPEHUU BCJIENCTBUE peak-
nuii [34]:

O+ N, - NO + N;
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Puc. 10. Kagpsl BueorpaMMbl 3aXKUraHust 1 ropeHust yactuir cmecu Y 70% + b 30% pasmepamu 100—200 MKM B YCITOBUSIX
IBUXXEHMS B MOTOKE pazorpeTtoro Bosayxa npu 7, = 700°C (At = 0.01 ¢): t; = 0.052 ¢ (a); t = t;+ At (06); t = t;4+2At (B);

1= 1,+3A1 ().

N+ 0, - NO + 0;
N +OH — NO + H.

CpaBHeHue KoHIeHTpauuit NO, nmokasauo, 4To
YBEJIMUEHUE J10JIM OMOMacChl B COCTaBE CMECU T103-
BOJISIET CHU3UTH BHIOPOCHI OKCHIOB a3oTa Ha 6.2—
28.9% no cpaBHeHMIO ¢ yrieM. HanbGoibinass KOH-
HeHTtpauus coequHenuii cepol (H,S+S0O,) B mponyk-
Tax cropaHusl xapakrTepHa misd yrusa (3.3 ppm), 4to
TMIPOUCXOIUT BCJIEACTBUE BBIACICHUS HaMOOJBIIETO

3r () co,
I [Cco
2.30 2.25
8 N N 2.11 199 2.10
: 21 N N ]
g 1.64
g L N
= L1 L
(0] .
%‘ 1+ 0.86 0.94
4
0
1 2 3 4 5
60
54.7 © ESNO«
_ s = 513 [JH,S + SO,
s — — 43.9
— — — 38.9
< 405 H — — —
= — — — —
el — — — —
a, 30 — — —] —]
= ] 1 | [
5 — — — —
= 20 5 — — —
S — — — — 1.3
10F H — — — —
3.3 27 25 22 120
Y e O = s O == . .
1 2 3 4 5
CocraB

Puc. 11. CocTaB IbIMOBBIX Ta30B IIPU TOPEHUU TBEPIbIX
TOIUIMB U TOILUIMBHBIX cMeceil rmpu TemiepaTtype 800°C:
CO, n CO (a); NO, nu H,S+SO, (6). Cocrassr: 1 —
Y 100%;2 — Y 90% + b 10%; 3 — Y 80% + b 20%; 4 —
YV 70% + b 30%; 5 — b 100%.
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KOJIMYECTBA CePHI IIpU ee ckuranuu (puc. 11, B), aTot
pe3yabTaT MOATBEPXKIAETCS pe3yabTaTaMU dJie-
MEHTHOTIO aHaJin3a ToIuiuB (Tabi. 1). OTHOCUTEIb-
HO HU3KOE CoJlepKaHNe CEpOBOIOPOAA B IPOMAYKTaX
CropaHusi GMOMAacChl, MO CPABHEHUIO C IPYTUMM COCTA-
BaMM, MOXET ObITh CBSI3aHO C COBMECTHBIM IpOTEKa-
HUEM IIPOLIECCOB OKUCICHMS CYIb(MUIOB U XUMUYE-
CKOTO B3aMMOJICUCTBUSI OKUCJIOB CEPbl ¢ TUIPOKCUIA-
MU XeJie3a U aJlOMUHMS, a TaKXkKe C COeNMHEHUSIMU
aktuBHBIX MeTaJLIOB (Me: K, Ca, Ba, Mg, Na), koTo-
pbie comepKarcsl B 00OJIBIIIOM KOJIMYECTBE B OMoMac-
ce: MeO + SO, + 1/20, - MeSO,; MeOH + SO, +
+1/20, > MeSO, [35, 36]. [1pu 3TOM TMAaITa30H Ba-
pBUPOBaHMS KOHILIEHTPAIIN BEIOPOCOB COSAMHEHMI
cepbl (H,S+S0,) n1s pa3HbIX TOIUIMBHBIX COCTaBOB
OTHOCUTENILHO Hebobliioi (2.0—3.3 ppm).

Takum obpa3zom, nobaBiieHNEe OMOMACChI K YIJIIO
COCOOCTBYET CHUKEHUIO KOHLIEHTpaLUii BHIOPOCOB
IMOKCHUIA yrIjepoda, OKCUIOB a30Ta, COCIMHEHMIA
cepbl. Pe3ynbTaThl MO3BOJISIIOT CASIATh BHIBOI, 00 3KO-
JIOTMYECKOI MepCeKTUBHOCTU Pa3BUTUST TEXHOJIOTUIA
CXKUTAaHUS TOIUIMBHBIX CMECE Ha OCHOBE IIIMPOKO pac-
MPOCTpAaHEHHBIX YIJIeH C JoOaBjeHMEM OMOMAacCHl B
HEOOJIBIINX KOJTMYECTBAX.

SAKJIIOYEHHUE

B pesynbTaTe 3KCIIepUMEHTATBHBIX HCCIEIOBA-
HUI JJ1s1 4aCTULl YepPHOTOPCKOTO KaMEHHOTO YTJis,
IPEeBECHHBI JIMCTBEHHUIIBI ¥ CMeceil Ha X OCHOBE
Y 90% + b 10%; Y 80% + b 20%; Y 70% + b 30%)
ornpeaesaeHbl XapakKTepUCTUKU TTPOLIECCOB TEpMUYE-
CKOTO Pa3JIoXKeHUs M TOPEeHUs, a TaKXKe COCTaB JIbI-
MOBBIX razoB. I1o pe3ynbraTaM CUHXpOHHOIO TEPMU-
YeCKOTO aHajiu3a ycTaHOBJIeHa TeMrmeparypa, Mnpu
KOTOpPOI TIPOMCXOMUT BOCIUIAMEHEHHE KOKCOBOTO
ocratka (ms yrs 421 u 294°C mist 6uomaccel), 1
TeMmIieparypa, Ipu KOTOPOU MPOUCXOAUT 3aBepliie-
HUe mpoiecca ropenus (mist yrias 570 u 484°C msg
ouomacchl). BpemeHa 3anepXKuy 3a’KuraHusi TOTUIUB
B YCJIOBMSIX KOHBEKTMBHOTO HarpeBa IMpu BapbUpO-
BaHMU TeMIIepaTypbl OKMCIUTENA B nuamna3one 500—
800°C uamenstiorcst ot 0.02 mo 0.22 ¢. AHanu3 cocTa-
Ba TMPOJYKTOB CTOPaHUsI MO3BOJIWI BBISIBUTh COJEP-
xkanue CO, CO,, NO,, H,S+S0O, njst yepHOropckoro
kamennoro yris (0.86; 2.30%; 54.70; 3.30 ppm coor-
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BETCTBEHHO) 1 OpeBEeCHHBI JIMCTBeHHUIBI (2.10;
1.64%, 11.30; 2.00 ppm COOTBETCTBEHHO).

JlobaBieHue OMoMacChl K VIO CIIOCOOCTBYET
VIYYIIEHUIO 3KOJOTMYECKMX XapaKTePUCTUK IIPO-
lecca TOpeHHUsI 0e3 CYIIECTBEHHOIO VYXYIIICHUS
SHEPreTUYCCKUX XapakTepucTuk. Ilo pesynbraTam
CKaHUPYIOILIEH 3JIEKTPOHHON MHMKPOCKOIIMU yCTa-
HOBJICHO HaJIMUMeE B YacTUIllaX OMomMacchl OOJBIIOTO
KOJIMYECTBAa KPYITHBIX IIOP M KAaHAJIOB B OTJIMYME OT
YIJISI, YTO OKa3bIBAET MOJOXMTEIbHOE BIMWSHHE Ha
MHTEeHCU((DUKALIUIO TPOLIECCOB €€ 3a3KUTraHusI U rope-
Hus1. Cpeay pacCMOTPEHHBIX TOIUIMBHEIX CMECei CO-
craB ¢ nooasieHueM 20 mac. % O0MoOMaccChl SIBIISIETCS
HaubOoJjiee TIEePCNEKTUBHLIM [UIS IPaKTUYECKOTo
MIPUMEHEHUS Hapsay C IIMPOKO PaCIIPOCTPaHEHHBI-
MU TBEPALIMU HATypaJbHBIMU TOIIMBaMu. Ero Ter-
JIOTa CropaHusl He3HAYUTEIbHO HMXKE aHaJIOTMYHOMN
XapaKTEePUCTUKU II0 CPAaBHEHUIO C YIVIEM, a JAJIbHEI -
IIee yBeJIMYEHE MAaCCOBOM JOJIM B CMECH IPUBOIUT
K CHIDKEHMIO TEIUIOTHI cropaHus 6osee yeM Ha 10%.
Ho6Gapnenue 20 Mac. % GMOMAaCCHI K YIITIO TTO3BOJIVIIO
CHM3UTH TEMIIEpaTypy, IpU KOTOPOM ITPOMCXOIUT
BOCITJIaMEHEHEe KOKCOBOIo ocTaTKa, Ha 7%; TeMIie-
paTypy, IIp1 KOTOPOI 3aBeplllaeTcs IIPOLECC Tope-
HU, Ha 1%; sHepruto akTuBauu Ha 16%; BpeMs 3a-
JEPXKKU 3aXKMTaHUs 4acTUIl B IOTOKE Pa3orpeToro
Bosayxa Ha 38—43%; comep:kaHue JUOKCUIA YIJIEPO-
Jla, OKCUJOB a3oTa U coenquHeHuii cepnl (H,S+S0O,) B
IBIMOBBIX ra3ax Ha 8.3; 19.7 u 24.2% cOOTBETCTBEHHO.

OPMHAHCUPOBAHUE PABOThHI

HccrenoBaHue BBIITOJIHEHO 3a cyeT rpaHTta Poccwmii-
ckoro HayyHoro ¢onma Ne 23-23-00280, https://rscf.ru/
project/23-23-00280/.

CIITMCOK JTUTEPATYPHI

1. Yang W., Pudasainee D., Gupta R., Li W., Wang B.,
Sun L. // Fuel Process. Technol. 2021. V. 213.
P. 106657.

2. Xia Y., Zhang J., Tang C., Pan W. // J. Energy Inst.
2023. P. 101191.

3. Ashraf A., Sattar H., Munir S. // J. Energy Inst. 2022.
V. 100. P. 55.

4. Roni M.S., Chowdhury S., Mamun S., Marufuz-
zaman M., Lein W., Johnson S. // Renew. Sust. Energ.
Rev. 2017. V. 78. P. 1089.

5. Vassilev S.V., Vassileva C.G., Vassilev V.S. // Fuel. 2015.
V. 158. P. 330.

6. Madanayake B.N., Gan S., Eastwick C., Ng H.K. // Fuel
Process. Technol. 2017. V. 159 P. 287.

7. Teixeira P., Lopes H., Gulyurtlu I., Lapa N.,
Abelha P. // Biomass & Bioenergy. 2012. V. 39. P. 203.

8. Agbor E., Zhang X., Kumar A. // Renew Sustain Energy
Rev. 2014. V. 40. P. 930.

9. Sahu S.G., Chakraborty N., Sarkar P. // Renew. Sust.
Energ. Rev. 2014. V. 39. P. 575.

10. Tillman D.A. Biomass & Bioenergy. 2000. V. 19. Ne 6.
P. 365.

11. Ashraf A., Sattar H., Munir S. // Fuel. 2019. V. 235.
P. 504.

12. Idris S.S., Rahman N.A., Ismail K. // Bioresour Tech-
nol. 2012. V. 123. P. 581.

13. Chen C., Qin S., Chen E, Lu Z., Cheng Z. // J. Energy
Inst. 2019. V. 92. P. 364.

14. Glushkov D.O., Kuznetsov G.V., Chebochakova D.A.,
Lyakhovskaya O.FE., Anufriev 1.S., Shadrin E.Yu. //
Appl. Therm. Eng. 2018. V. 142. P. 371.

15. Bhuiyan A.A., Blicblau A.S., Islam A.K.M.S., NaserJ. //
J. Energy Inst. 2018. V. 91. Ne 1. P. 1.

16. Gil M. V., Rubiera F. // New Trends Coal Convers. 2019.
P. 117.

17. Ps6oe I'A. // DHepreTuka 3a pyoexom. [Ipuoxenue
K XypHany “DHepretuk”. 2022. Ne 3. C. 2.

18. Paboe I'A. // TemmosHepretuka. 2022. Ne 6. C. 17.
[Thermal Engineering, 2022, vol. 69, no. 6. p. 405.
https://doi.org/10.1134/S0040601522060052]
https://doi.org/10.1134/S0040363622060054

19. Coats A.W., Redfern J.P. // Nature. 1964. V. 201. P. 68.

20. Guo F, He Y., Hassanpour A., Gardy J., Zhong Z. // En-
ergy. 2020. V. 197. P. 117147.

21. Yuan Y., Zuo H., Wang J., Gao Y., Xue Q., Wang J. //
Fuel. 2022. V. 324. P. 124727.

22. Armakan S., Civan M., Yurdakul S. // J. Therm. Anal.
Calorim. 2022. V. 147. Ne 22. P. 12855.

23. Liu Y., Tan W, Liang S., Bi X., Sun R., Pan X. // Bio-
mass Conv. Bioref. 2022.

24. Chen L., Wen C., Wang W., Liu T., Liu E., Liu H.,
Li Z. // Renew. Energ. 2020. V. 161. P. 867.

25. Glushkov D.O., Matiushenko A.Il., Nurpeiis A.E., Zhui-
kov A.V. // Fuel Process. Technol. 2021. V. 223.
P. 106986.

26. Volkov R.S., Strizhak P.A. // Exp. Therm. Fluid Sci.
2018. V. 97. P. 392—407.

27. Antonov D.V., Kuznetsov G.V., Strizhak PA. // J. Eng.
Phys. Thermophys. 2020. V. 93. Ne 2. P. 1055.

28. Arkhipov V.A., Vasenin I.M., Trofimov V.E, Usanina A.S. //
Fluid Dyn. 2013. V. 48. Ne 2. P. 143.

29. Arkhipov V.A., Boiko V.M., Goldin V.D., Maslov E.A.,
Orlov S.E., Poplavskiy S.V., Usanina A.S., Zharova L.K. //
IOP Conf. Ser.: Mater. Sci. Eng. 2016. V. 124. Ne 1. Ar-
ticle number 012076.

30. Head A.J., Novara M., Gallo M., Schrijer F,, Colonna P. //
Exp. Therm. Fluid Sci. 2019. V. 102. P. 589.

31. Alekseenko S.V., Anufriev LS., Dekterev A.A., Shadrin E.Y.,
Kuznetsov V.A., Sharypov O.V., Boyko E.E., Naumov L.V,
Kabardin 1.K. // Int. J. Therm. Sci. 2021. V. 161. Article
number 106715.

32. Anufriev LS., Kuibin PA., Shadrin E.Y., Sharaborin D.K.,
Sharypov O.V. // Thermophys. Aeromech. 2016. V. 23.
Ne 4. P. 621.

33. Akhmetshin M.R., Nyashina G.S., Strizhak PA. // Fuel.
2021. V. 313. Article number 122653.

34. Zeldvich Y.B. // Acta Physicochimica. 1946. V. 21.
P. 577.

35. Zhang Z., Chen D., Li Z., Cai N., Imada J. // Energy &
Fuels. 2017. V. 31. Ne 2. P. 1383.

36. Guo FE, Zhong Z. // Journal of Cleaner Production.
2018. V. 185. P. 399.

37. Zhao J., Wang T., Deng J., Shu C.M., Zeng Q., Guo T,
Zhang Y. // Energy. 2020. V. 209. Article number
118494.

XUMUA TBEPOOTO TOIIVIMBA  Ne 5 2023



