Ha npasax pykonucu

bess

PYXOB Aprtem BuktopoBu4

PA3P ABOTKAU MOAEJIMPOBAHUE ITPOLUECCA CUHTE3A
YI'JIEPOJHBIXHAHOMATEPHUAJIOB C UHAYKIIMOHHBIM
HATPEBOM

05.17.08 — I1powecch! 1 anmapaThl XAMHYECKUX TEXHOJIOT A

ABTOPE®EPAT

AUCCEePTALlMU HA COUCKAHUEC y‘IeHOﬁ CTCIICHU
KaHauJgaTa TCXHUYCCKHUX HaYK

Tam6oB
2009



2

Pa6ota BemonHena B OY BIIO «Tam00BCKHit rocy qapcTBEHHBIN TEXHIY e
ckuil yHUBepcuTe™ Ha Kadeape «TexHHKa U TEXHOJIOTHH MAITMHOCTPOUTEIBHBIX
MIPOU3BOJICTR».

HayuHblii pykoBOANTENE  JOKTOP TEXHHUECKHX HAYK, Ipodeccop
Tyroaykos Eerennii HuxkonaeBuu

Od¢unyansHble ONMOHEHTHL  3aCiTy K eHHBIN fiesiTelb Hayku P,
JIOKTOP (PU3NKO-MaTEMaTHIECKUX Ha YK,
pocdeccop
I'ostoBun I0puii UBanoBn4

JIOKTOP TEXHUYECKUX HayK, Ipodeccop
Baponnn I'ennaguii CepreeBnu

Benymias opranuzanus HHcTHTYT METAJLTypruu 1
MaTepuajioBeieHus nM. A.A. baiikosa
Poccuiickoii akagemun Hayk, MockBa

3ammra nuccepranuu coctoutes « 15 » mas 2009 r. B 16:00 waco Ha 3acena-
HUU JucceprarmoHHoro coeta J[212.260.02 Tam00OBCKOro rocyaapCTBEHHOT O
TEXHHYECKOT0 YHUBEPCUTETa 0 aapecy: T. TamboB, yin Jlenunrpaackas, 1, ayn
60.

Or3piBEI Ha aBTOpedepaT B MBYX 3K3EeMIUIIpaX, 3aBEPCHHBIC T'epOOBOU
mevaThio, HampaiaTh 1o anpecy: 392000, r. TamboB, yin Cosetckas, 106, TI'TY,
YYCHOMY CEKpETapIo JJUCCePTAMOHHOT0 coBeTa J] 212.260.02.

dakc: (4752) 635-522; caiit: www .tstu.ru
C nuccepTanueil MOKHO 03HAKOMHTHCS B OMOJINOTEKE YHUBEPCUTETA.

AsTopedepart pazocnan « 14 » anpens 2009 .

VY4eHslii cexpeTapb
JIUCCEPTALIMOHHOI O COBETA, JOLIEHT B.M. HeuaeB


http://www.tstu.ru

3
OBIIASA XAPAKTEPUCTUKAP ABOTHI

AKTYaJIbHOCTb PagoThL B HacTosIIee BpeMs yriiepoIHbIe HAHOMATEPHAIBI
(YHM) HaxomsaT Bce OoJiee MIUPOKOe MPHUMEHEHHE B CAMBIX Pa3IHUYHBIX 00JIaCTSX.
Do obycnoBaeHocnenupuueckumu cBoiictBaMmu YHM (cmocoOHOCTB K X 0JI0AHO#M
SMHCCHH 3JIEKTPOHOB, XOpPOIIas 3JIEKTPOIPOBOAHOCTE COPOIIMOHHBIE CBONCTBA,
XUMHYECKasi ¥ TePMHUYECKasi CTAOUITbHOCTD, BBICOKAs IPOYHOCTE). [10CTOSHHO BO3-
pacTaeT KOJIMYEeCTBO U3EIUI U MaTepHaJIoB, MTOJYYEHHBIX ¢ IpuMeHeHneM Y HM:
MOJIMMEPHBIC KOMITO3UTHL, CMA30YHBIC BEIECTBA, OCTOHBI CIIEIMAIBLHOI0 Ha3HAYE-
HHS, QHTHCTATHYECKUE, (POTOYCTOHYMBBICH PATUOIOTIIONIAFOIINE TOKPBITHS, KOM-
MOHEHTHI AJIEKTPOHHOM anmapaTypbl, CEHCOPBI U MHOTOe Apyroe. COOTBETCTBEHHO,
pa3paboTKa COBPEMEHHBIX TEXHOJIOTUN MPOMBIIIIICHHOT0 ciHTe3a Y HM siBisietcst
BEChbMa aKTYyaJIbHOIL

Hawubosee npueMeMbIiM JUTs MPOMBIIUICHHOW PeaU3aliy SIBISETCS METOT
razodazoBoro xuMuueckoro ocaxaeHus ('®XO0) HaHOpa3MEPHOT'O KPUCTAILIAYE-
CKOT'0 yTiepo/iaHa MOBEPXHOCTH METAITMYECK OT'0 KaTanu3aTopa. JlaHHbIil MeTo/ B
3apybexHoit nureparype wusBecteH kak CVD-npomecc (chemical vapour
deposition). CVD-nporecc peanusyercs npu BBICOKHX
(550 — 950 °C) temnepaTypax, puyeM ONpeaesoliee 3HAUCHUE UMEET TeMITEpa-
Typa 4acTHUIl KATaIM3aTOPa, Ha MOBEPXHOCTH KOTOPBIX MPOTEKACT KATATUTHICCKHUIT
MTUPOJIU3 YTIIEPOA0CO IEPKALTIXTA30B.

B Hacrosimee BpeMsi, Kak MpaBHIO, TPeOYEMBIH TeMIepaTypHBIH PEXUM
obecreYrnBaeTcsi HArpeBOM UCX OIHBIX YTIIEPOA0COACPKALNIMKTA30B, YTO IPUBOJUT
K UX TEPMUYECKOMY 00BEMHOMY MMUPOJIU3Y U 00Pa30BAHUIO HECTPYKTYPUPOBAHHG
r'o yriieposa 100 HarpeBOM IT0JJIOKKH, Ha KOTOPOIi pacriosiaraercs cJoi KaTaiu-
3aTOpa, YTO MPHUBOIUT K MPEKPAICHUIO TpoIiecca MPH OXJIAKICHUN YaCTHIIBI Ka-
TanM3aTopa, MOTEpsBIICi HENOCPEACTBEHHBIH TEIUIOBOM KOHTAKT C IMOJIOXKKON
Takue cxembl He 00eCIeYnBalOT BO3MOKHOCTH KaYeCTBEHHOTO yIIPABIICHHS ITPO-
neccoM cuHTe3a YHM U He J0myCKaloT CHUKEHHUS BRICOK OTEMIIepaTypHOHHATDY-
’KEHHOCTH KOHCTPYKIIMOHHBIXAJIEMEHTOB PEAKIIHOHHOT 0 000pY TOBaHHS

B HacTosmiei pabote uccnenoBan crnocod cuareza YHM meromom 'OXO
yriepojaHa HOBEPXHOCTH METAJUIMIECKOT 0 KaTaIn3aTopa, N30MpaTeIbHbIH HarpeB
KOTOpOroJ10 paboueil TeMIepaTypsl OCYIIECTBISETCS TPU UCIOJIb30BAHUU HHIY K-
[HOHHOT O HArPeBa.

Paborta BbIMONIHEHA B COOTBETCTBUH C IIPHOPUTETHBIM HAIMIPABJICHHEM Pa3BU-
THUsI HAYYHO-TEXHHUYECKOTro KoMiuiekca PO «HAyCTpHs HAHOCHCTEM U MaTepua-
NbI», TOJAJepKaHa rpaHTamu  Poccuiickoro ¢oHga  (yHIaMEHTaIbHBIX
uccinenoBannii Ne 06-08-00730, Ne 06-08-96354 p, mucmoyib3yeTcsi PU BBIMOTHE-
Huu rpanta PepepanbHOil eraeBoi nporpaMMsel «lccnenoBanus 1 pa3paboTKH MO
MPUOPUTETHBIM HAMPABJICHUSAM Pa3BUTHS HAaYYHO-TEXHOJIOTHYECKOTO KOMILIEKCa
Poccun na 2007 — 2012 rr.» (I"ocy napctBenHblii KoHTpakT Ne 02.523.11.3001 ot
16 mas 2007 r.), rpanta ® AHU (I" ocy napctBennbiiik ontpakT Ne 02.438.11.7012
ot 19 aprycrta 2005 r.), mporpammbl MuHoOpHayku PO «Pa3BuTie Hay4yHOTO IO-
TEHIIHaJIa BBICIIEN LIKOJIBD> (xon 2.2.11.5355),
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rocy napcrBeHHBIHK oHTpakT Ne 02.523.12.3020 ot 10 centsiopst 2008 r. «Texnono-
rus W 0o0OpyJoBaHWE JUIS TOJIYYEHHS OIHOCIOMHBIX M MHOTOCIIOMHBIX
YIJIEpOIHBIX HAHOTPY OOK BEICOK O CTETIEHH YUCTOTHD.

Hean padoTsl — pa3paboTka HAyIHO 00OCHOBAHHOMN TEXHOJIOTHH CHHTE3a YT~
JIepOAHBIX HaHOMaTepHaaoB MeTooM ['@X O yrneposa Ha MOBEPXHOCTH METaJUIU-
YeCKOTr'0 KaTaJu3aTopa IIPH IUPOJIN3E YTIIeBOJOPOI0BC HHAYKIIMOHHBIM HATPEBOM.

Hayunas HoBu3Ha padorsl. ChopmynnpoBaHa pusmyeckas MOIeIb IpoLec-
COB BOCCTaHOBJICHHUS! OKCUAHON (OPMBI KaTaau3aTopa U (POpMHUPOBAHUS HAHOCT-
PYKTYpPBINIPH CHHTE3€ YIJIEpOIHOTr0 HAHOMATEprasa METOJIOM ra3o(pa3HOro XMMH-
YEeCKOI'0 0CaXK/IEHHS yrilepoiaHa MOBEPXHOCTH METANIMYECKOT 0 KaTaIn3aTopa.

BriepBble BBITIOJSTHEHBI 3KCIEPUMEHTAIBHBIE HCCIIEIOBAHUS KHMHETHUECKUX
0CcOoOEHHOCTEH ITpoliecca CHHTE3a YIIIEpOJHOIOHAHOMATEpUIIa C yU4eTOM crierudu-
KH MHAYKIIMOHHOT OHArpeBa cjos METAIIMYECK 0T 0 KaTaIn3aTopa.

BriepBrle pa3paboTaHa MaTeMaTH4ecKasi MOJIENb MPOLIECCOB IIEPEHOCA MacChl
W DHEPTUH IPHU CHHTE3E YrJIEpOJHOTI0 HAHOMATepHalla METOI0M ra3o(hasHoro Xu-
MHUYECKOT'0 OCaXK/ICHHS YTJIepo/ia Ha TOBEPXHOCTH METAIUTMYECKOTO KaTallu3aTopa ¢
WHTyKIIHOHHBIM HarPEBOM.

IIpakTHyeckas 3HAYUMOCTD U peaIn3anus pe3yJbTaToB padoTsl Paspa-
6oTana TexHojorus cuareza Y HM meronom '@XO yriieposia Ha MOBEpXHOCTH Me-
TAJUTMYECKOT0 KaTajJu3aTopa C MHAYKIMOHHBIM HarpeBoM. HOBHM3HA MOITyYeHHBIX
Ppe3yJIbTaTOB IOATBEP)KICHA YETHIPHMSI ITATEHTAMU M OJHUM I10JIOKUTEILHBIM pe-
IIEHUEM Ha NIOJIy4YeHH e TaTeHTa.

ITo pe3ynbTataM KOMIUIEKCHBIX 3KCIIEPUMEHTAIBHBIX HCCIIEIOBAHUI ycTa-
HOBJICHBl MaKcHMalbHas HadvajipHas Temrepatypa (460 °C) u MakcHManbHBINA
y nenbHbIH 00BbeMubI pacxox (0,16 M%/c Ha KHmOrpaMM KaTamm3aTopa) IpOIaH-
0yTaHoBoit cMecu nipu ucnonb3oBaHud NiO-MgO kaTtanuzaTopa, COOTBETCTBYIO-
IIMe COCTOSHHUIO TEPMOJIMHAMHYECKOT'0 3a1peTa KaTaUTHYECKOH peakuy MHpo-
JIM3a U JIMMUTUPOBAHMIO CTANMH MAaCCOOTAauy, YTO MUHUMH3HPY €T JI0JII0 HECTPYK-
TYPUPOBAaHHOTOyTJIEpOaa

Pazpabotana MeToaMKa WH)XXEHEPHOTO pacuera M PpEeKOMEHJAIMH I10
KOHCTPYUPOBAHHIO EMKOCTHBIX peakTopoB cuHTe3a YHM. PesynbraTsl paboThl
npuaatel K peamm3aim B OAQO «TamboBckmii  3aBoa  "Komcomouerd
uMm. H.C. ApremoBa» u OOO «HanorexueHTp», T. Tam60B. OxugaeMblii 5KOHOMIF
yeckuil 2P PeKT 3a cYeT CHIDKEHUs ce0EeCTONMOCTH IPOTyKTa OT pean3aliy pas-
paboTtanHo# TexHonornu cuHreza YHM cocrasisier 226,7 Thic. p. B rof (B ieHax
2007 r.).

Pa3paboTanHble 1a00paTOpHBIE YCTAaHOBKH HCIIOJB3YIOTCS B Y4€OHOM IIpo-
ecce MmpH moarotToBkecty nentoncnenuansaocteir 080500, 240800 u GakamaBpoB
o HampasienusM noarorosku 150400, 220600, 210600 (aucuuminHa «Y npasJie-
HHE TeXHUYECKUMH CHCTEMaMm»).

AnpoOanust padoTel. OCHOBHBIE PE3yJIbTaThl U BBIBOJBI JUCCEPTALIOHHON
paboThI TOKJIAABIBAIUCH U 00CYXIAIMCh HA 3acelaHiH CEKLIUH YYEHOrO COBETa
HOII xoprniopanmu «Pocxum3zamura» 2005 1., Hay4yHOH KOH(QEPEHIIN MaruCTpaH-
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toB TI'TY 15— 17 deppans 2005 r., uatepreT-hopyme MaruCcTpaHTOB BY30B Poc-
cuu «MHHOBaIms B Mupe Poccuiickoitnayku XX| Beka» (r. Tam6os, 2005 r.), BTO-
poM HHTepHeT-(hopyMe MarucTpantoB By30B Poccun «CoBpeMeHHBbIE TIPOOIIEMEI
HayKH TyazaMu Oyaymux yueHbix» (r. Tamb6os, 2006 r.), TpeTbeM HHTEpHET-
¢dopyme maructpanToB By30B Poccnn «HoBble uieM MOJO/ABIX YYEHBIX B HayKe
XXI Beka» (r. Tambos, 2006 r.), Beepoccuiickoit ik osie-cemunape «MHHOBaIH-
OHHBIN MEHE/DKMEHT B cepe BBICOKHX TEXHOJIOT Ui
(r. TamboB, 2008 r.), XV MeXAYyHAPOIHOH HAyYHO-TEXHHYECK O KOH(DEPEHIINH B
r. CeBacromnoue 15 — 20 cenrsi6ps 2008 r. «MammHocTpoenue u Texnocgepa X X|
Beka» (Y kpauna, 1. Jonenk, 2008 r.), XXI| MexayHapoaHoit HAy4HOH KOHDEpeH
K «MaTeMaTuueckrue MeTO/Ibl B TEXHHKE U TexHoorusx» (r. Tambos, 2008 r.),
5-if MexxayHapoaHOH 3a04HONM HAaYYHO-NIPAKTHUECKOH KOoHpepeHInH «KadyecTBo
HAayKH — Ka4ecTBO Ku3HW» 26 — 27 derpains 2009 r. (r. Tambos, 2009 r.), a Takxke
Ha Hay4HBIX ceMuHapax xageapsl TTMII TI'TY.

My6aukanun. [lo Teme aucceptanuu onyoaukoBanol4 pabot (U3 HUX TpH B
KypHanax u3 nepeuns BAK) u o1HO MeTOHUYEeCKOE TTOCOOHE, MONTYUEHO YEThIPE
MAaTeHTa M OJIHO MTOJIOKUTEIFHOE PEIICHUE Ha BhIady raTenTa PO.

O0Bem padoThl [luccepranys BKIIOYAET BBEJEHHE, ISTH IJIaB, OCHOBHBIC
BBIBOJIBI M PE3YJIbTATHL CUCOK MuTepatypbl (173 HanMeHOBaHUs) U PHIOKESHUE
PaboTa n3noxkena Ha 159 cTpaHumax OoCHOBHOTO TEKCTa, COAEPKUT 62 pHUCYHKA U
20 tabunui.

OCHOBHOE COJEPXAHUWE PABOTbBI

Bo BBemeHnHM 000CHOBaHa aKTyalbHOCTh TEMBI JIHCCEPTALIMOHHON paboTHl,
cOpMYITUPOBAHBI LIENIN U 3a/1a4H UCCIIEJOBAHNUS, IIPE/ICTaBIIeHa HayYHasi HOBU3HA
W TIpaKTHYeCKasi 3HAYMMOCTb, IPUBEJIEHA CTPYKTYpapaboThL.

B nepgoii raase nan 0030p 1 KilaccuuKanus METOZ0B U CIIOCOOOB MOTyde-
Hus YHM u npuBesieH aHalu3 COBPEMEHHBIX MPEJCTaBICHUN O MPUPOJIe Mexa-
HU3MOB ()OPMHUPOBAHUS YTIIEPO THBIX HAHOCTPYKTY ]

CrenaH BBIBOJ O TOM, 4TO ToiyueHre Y HM crmoco0oM KaTaTUuTHYECK OT O TTH-
poiusa yriieroaopoaoB (Meroq ['®XO) sBnsercs Hanboee NEPCIEKTUBHBIM IS
CO3/1aHUS MPOMBIIIJIEHHBIX TEXHOJIOT Ml

Bropasi rimaBa nocssieHa aHaIM3y MEXaHHU3MOB IPOIECCOB, COMYTCTBYIO-
[UX CUHTE3Y YIIE€POAHBIX HAHOCTPYKTY]

B HacTosmiee BpeMsi TeMnepaTypHbIi pexxuM npu cuHtese YHM 3anaercs
100 HarpeBOM MCXOJHBIX YIIIEBOAOPOIOB JIMOO MyTEM HarpeBa MoJUIOKKH C Ka-
TaJIM3aTOPOM. DTU CIIOCOOBI 00ECIIeYEeHHsI TEMIIEPATYPHOT O PEKUMA UMEIOT PSiJT
CYIIECTBEHHBIX HEJOCTATK OB

— Hayn4ue 00BEMHOI 0 TEPMHUECKOT0 MMPOJIN3a U, KaK CIeACTBUE, 00pa3o-
BaHHE aMOP(HOT0 yTIIepoAan APYTHX IO APUIECKUX HAHOCTPYKTY[

— OoJbIIas TEIUIoBasi MHEPIMOHHOCTh PEaKIMOHHOTO 000pY JOBaHUS YycC-
JIO’KHSIOIIAs! yIIpaBJIeHUE IPOLIECCOM,
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— TpeKpaiieHie npolecca CHHTe3a MPH OXJIAKACHUH YaCTHIbI KATATH3aTO-
pa, MOTepSBIIICH TEMIOBOI KOHTAKT C TIOTTOKKOH

— BBICOKHE Y ICNbHBIC SHEPro3aTPaThl B YCIOBHAX MPOMBIIIICHHOTO IPOU3-
BOJICTBA.

[Mpennaraetcsi cnocob ocylIecTBICHU mpoliecca ciuHTe3a YHM npu komOwr
HUPOBAHHOM HATPEBE YACTHI[ METAJUTMYECKOTr0 KATaM3aToOPa, BKIFOYAIOIIEM HH-
JIYKIMOHHYIO COCTABJISIOILYFO.

LlenecooOpa3HbIM MPE/ICTABISIETCS OCYIIECTBICHHE KOMOMHUPOBAHHOT O Ha-
rpeBa peakIMOHHON 00JaCTH, BKIFOYAIOIIEr0 HHAYKIMOHHBIA HATPEB KaTalnu3aTo-
pa ¥ IpeBapUTENbHbII HArPEB UCX OJIHBIX YTIEPOICOACPKANIMKTa30B 0 IPEANu-
POJIN3HOM TEMIIEPATYPBL

HarpeB yacTll METAJUIMYECKOTO KAaTaNW3aTOpa HWHIYKIMOHHBIMH TOKaMH
OCYIIECTBIIACTCS 38 CUET OOIIel MPOBOAUMOCTH BCETO CII0S KATANIU3aTOpa, IPOBO-
JUMOCTH HOCUTEJISI KATATU3aTopa, U, BO3MOYKHO, 38 CYET HABEICHUSI CTOSUMX JJICK-
TPOMArHUTHBIX BOJIH, 0Opa30BaHHBIX OE3MHEPIIMOHHBIMH 3apsAaMHi B CAMHX dac-
THUIIAX KaTalnu3aTopa.

PaccMOTpeHbI yCoBUsI aKTHBALIUH KaTaIH3aTOPOB, HAX OJISIIUXCS B OKCUTHOM
dopme (NiO, NiyOs, Fe;Os u np.). [pemioxena pusndeckas MOAeIb MEXaHH3Ma
BOCCTAHOBJICHHS METAJITMYECK OO KATaTH3aTOPa.

Eciu peakTop MMeeT KOHCTPYKIMOHHBICYIIEMEHTBI, IEPErPEThIC BBIIIE TEM-
nepatypbl Hayajna TEPMHUYECKOr0 MUPOJIN3a, HCXOTHBIH yTIIeBOI0OPOAHA HUX pa3-
naraeTcsi ¢ oOpa3oBaHueM 0oJiee IErKuX MpeeNbHbIX H HEMPeAebHbIX YTIeBOA0-
POJIOB, paJHKaoB, HECTPYKTYPHPOBAaHHOTO yriepoaa (caxu) u Bomopona Ilo-
CIIC/IHUI BBICTYTMAET B KAUECTBE «3aMaa» MEeXaHH3Ma BOCCTAHOBIICHUS KaTalli3a-
Topa. [Ipy OTCYTCTBHH MeperpeThix dJIEMEHTOB CaM KaTAIHU3aTOP MOXET UMETh
KBa3HWaKTHBHbIC [IEHTPBI, CIOCOOHBIE aAKTUBHPOBATD MPOIIECC PA3I0KEHUSI YTICBO-
JIOPOJIOB ¢ 0Opa3oBaHUEM HECTPYKTYPUPOBAHHOIO yriiepoja u Bojopoaa. Ilpu
9TOM KBa3WaKTHBHBIMU IEHTPAMH MOTYT BBICTYNATh YACTHI[bI HEBOCCTAHOBJICHHO-
ro MeTaula-KaTanu3aTopa u/uin HHepTHAsI MATPHUIIA.

Bogopon, moiy4eHHbIi B Ipoliecce MUPOJIH3a, B OCHOBHOM YHOCHTCS MOTO-
KOM raza u, B HeOOJIBIIOM K OJIMYECTBE, PACXOAYETCS HA BOCCTAHOBJICHHUE CIICIYHO-
niero oobema karanusaropa Takoil mporecc MOXKHO paccMaTpUBaTh KaK <IIaBHH-
HBII» MEXaHH3M BOCCTAHOBJICHUSI KATATTH3aTOPA.

[pennoxena ¢usnueckas MoleNnb MeXaHH3Ma (OPMHUPOBAHUS YIIIEPOAHOU
HAHOCTPYKTYphI [Ipenmnonaraercs, uro mporecc GopmupoBanus YHM mnpoucxo
JIAT TI0 MEXAHU3MY KapOHTHOTO IIMKJIA, HO He B KBa3UITUHAMHUYECK OM PEXKUME, a B
KBa3UIMKIMIECKOM, T.€. TPOIECC (OPMUPOBAHHS YTIASPOTHON CTPYKTYPBI COCTOUT
U3 psjia MOCNeI0BATENbHBIX POLIECCOB, COCTABIIAIONIMX IIUKIL PA3IOKEHUE YIIie
BOJIOPO/Ia, HAKOIJICHUE YIJIepoja Ha MOBEPXHOCTH <«I00O0BOI» TpaHH YaCTHIIBI
Katanu3aTopa, 1uddys3us yriepoaap 00beM 4aCTUIIbL, 00pa30BaHUE HEYCTOHYHBO
ro kapbuga MesC, cHiKeHHe TeMIepaTypbl YacTHIBI (32 CUET M3MEHEHHS TeIIo-
(bHU3MYECKUX CBOWCTB), pa3pylieHHe KapOWIOB U KPUCTAIUTM3AIMS YIiIepoja Ha
9HEPreTUYECKH BHITOTHOM (CTHUIOBOI») TPaHH YaCTHUIIBL
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B cooTBeTcTBUM C BBIIIECKa3aHHBIM, GopmupoBanne YHM moxHO paccMat-
pHUBaTh KaK KBa3UIIMKIMIECKHUH ITpoILIece, a MPeKpalieHne pocTa — «CPhIB» Koyeda
HUH, NPUYMHBI KOTOPOI'O MOXKHO OLICHHUTB, HMCIOJIB3Ys TEOPUIO KOJeOaTeTbHbBIX
siBrieHnd. CorjlacHO NpeaIoKeHHOH GU3HYeCcK 0if Moieny B mporecce pocta YHM,
cKkopocTh 1uddy3uu yriaepoja B yacTHIE KaTaIu3aTOPa HE MOCTOSHHA, a 3aBUCUT
OT TeKyIleH CTaiuu MUKINYecKoro npoiecca. Kapbunnas cIpykrypa B mpejenax
nuKina (GopMHUpyeTcs M pazpymaercs. MOXKHO NPearoyiokKHUT, 4TO B Ipejenax
LUKJIa METAJUTMYECKasi YaCTHIA TPOX OJUT Yepe3 BSA3KOTEKYUeeCOCTOSHUE U OTIATh
IPUHUMAET KPUCTAIMYECKYIO CTPYKTYPY, IOITOMY B IIPOLECCE POCTa BOJOKHU-
CTOW HAaHOCTPYKTYPhI BHOBb CO3/1aBacMasi KpHCTaJUTMUEcKasi CTpYKTypa KaTaju3a-
TOopa 0y /IETTIOCTOSHHO U3MEHSITHCS 101 ieicTBHEM AU dy3MOHHOTOTOKA yriepo-
Jla, ¥ BO3MOKHO M3MEHEHHE OPHEHTAIINH CTaphIX WIN CO3JaHNE HOBBIX SHEPIeTH-
YEeCKHU BBITOJHBIX THUIOBBIX» MOBEPXHOCTEH. B pe3ynbTaTe nepekpucTain3anim
Ha rpaHsIX KaTATUTHYECK O YaCTUIBI MOTYT OTCYTCTBOBATHHEOOX OIUMBIEY CIIOBHS
JULS TIPO0JDKEHUS IIPOLiecca POCTa — 3TO YaCTHBIN Cilyuyail «cpbIBay» KosedaHuil

PaccmoTpens! apyrue npuanuHbI npekpamienns pocta YHM, cBszaHHble ¢ 0T
paBJIeHHEM KaTaln3aTopa IIpy JIMMUTHPOBAHUH CTaIMM POCTa HAHOCTPYKTYPB] YTO
MO3BOJIMIIO CPOPMYIIPOBAHTH YCIOBHS ()YHKIIMOHUPOBAHHS PEaKIIHOHHOTO 000-
pynoBanusicuaTe3a YHM B nud ¢ y3noHHOM peximMe.

Tperbsi ri1aBa nocasieHa pa3paboTKe MaTEMaTHIECK Oif MOJIEH MIPOIIECCOB
TiepeHoca Ha MaKpOypOBHE MacChl M SHEprHH Npu cuHTe3e YHM ¢ HHAYKIMOHHBIM
HarpeBoM.

[Ipn MaTemMaTHUeCKOM MOJEIMPOBAHWU NPEACTABIISETCS IIEIeCO00pa3HbIM
UCII0JIb30BAHHE METO10JI0T UM CHCTEMHOI 0 aHAJTH 3.

[Ipennaraercss qByXypOBHEBas IEKOMITO3HUINSL BepxHHU YpOBEHb COJIEPKHUT
0JIOK, OCYIIECTBIISIONINH yBs3KY OJIOKOB HHKHET'0 YPOBHS, MpHEM MH(OpMaIoH-
HbIX (I;) 1 BeIpaboTKy KoOpauHHpYOmUX(K]) cHTHANOB, a TakkKe ydeT OalaHCHBIX
COOTHOIIEHUH HEJIMMHUTHPYIOIMX cTaauil. HmKHUH ypOBEHb CONEPKUT UeThIpe
070K, MOJETUPYIONINX MACCOOOMEHHBIE, TEIUIOBBIC, JJICKTPOMArHUTHbIC (B IUa-
na3oHe MPUMEHUMOCTH HHYKIIMOHHOT' O HATPEeBa) U THAPOIMHAMUYECKUE MPOIIeC-
csl (puc. 1).

L» Ipouecc cuareza YHM I S

MaccooOMeHHbIE TermnoBbie SHCKT]I)OMHFHI/ITHLIC rPIZ[pOE[I/[HaMI/I‘leCKPIe
TIPOIECChI TIPOILECChI TIPOIECChI TIPOIECCHI

Puc. 1. lekoMno3nius 3a1a Y MaTeMaTHI€CKOT 0 MOAeTHPOBAHNS POLIECCOB
nepeHoca npu cunreze YHM

Y ={m(x,y,z,7)}; 1
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X =fo.c.Rd,. 1.0 F}; @)
F ={toe: Pues Kem(®), K, (0} 5 )
u :{chHy vVHZ Narstyrsvis i} (4)
K= {ta (%Y, 27),6(% ¥, 2.1),0(% Y, 2,7), By, Kem(1), Keyw (2, DG RE S (9)
Il:{cn (Xv yv Z,T),C‘K (Xv yv th)} ; (6)
KZ:{Cn (Xv yv Z, T)vcx (Xv yv Z,T),(,O(X, yv th)vq(xv yv th)v PaTM1t01 KCXHy (T)vbv C, R} ; (7)
I ={t,(x ¥,2,7),t.(x ¥, 2,7)} ; ®
Ka={t.(x y,27), b,c,R d; I,y vy, 1} ©)
I3 ={q(x y,20}; (10)
Ka={t;(x ¥, 20),t(x ¥,2,7),¢, (X, ¥,2.7), b, R di. I, m, Ve iy, Viark s (11)
I, ={o(x,y,z1)}. (12)

Hcnonb30BaH NOIX 0], pean3yONIHi PeACTaBICHHE MTOJIEH ONpeesIoIInX
MapaMeTpoB KaK COBOKYITHOCTB MOJICH JIOKAIBHBIX 00JIacTel, MOIeNnpyeMbIX pe-
LIEHUSIMH CUCTEM JIMHEHHBIX quddepeHInanbHbIX ypaBHEHHH.

JonymeHust:

1. 3navenust puzndyeckux M (PU3MKO-XMMHUUECKHX XapaKTEPUCTHK BHYTPHU
JIOKaJIbHOM 00J1aCTH ITOCTO SIHHBL

2. Tlpouecchl nmepeHoca — KBa3UCTAIIMOHAPHBIE C paclpe/ie]ICHHBIMU Iapa-
METpaMHu.

3. T'a30BblIil HOTOK IBMKETCS B ITOPITHEBOM PEXKHME.

4. Karanu3aTop BCTyIaeT B Peakifio B aKTHBHOU (opMe.

5. Tlorepu Teruia B OKpy Karollyio cpeay NpeHeOpe:KUMO MaTbI.

y$ 6. UuaykTop BBINIOJNHEH B BHJIC COJIC-
R HOMJ]Aa W HMeeT KOHEUYHOE KOJUYECTBO
I T s Con [chp—— en(X) BUTKOB.
z ta(X)

7. Crnoii katanu3zaTopa paccMaTpHBaeTCs
Kak CIUIOIIHAS CpeJia C UHTETPaIbHBIMU 3Haye-
HUSAMU (PU3HUECKUX TAPaMETPOB.

MaTtemaTHueckasi MOJI€Ib MPOIIECCOB Iie-
peHoca nipu cuHTese YHM ¢ MHAYKIMOHHBIM
HarpeBoM, 3alKCaHHas JUIi JOKaJIbHOM oOuac-
i (pucC. 2), BKIIIOYAET PAJ] B3AUMOCBSI3aHHBIX
3a1au.

ITone xoHIIEHTpanKii ra30BOr 0 NOTOKA

Puc. 2. JIokajbHasi 00J1aCTh
peaKkuoHHO 30HbI
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de, (%)

; +Ke, () =Kc' (X); 0<x<AX (13)
X
C, (O) =Cy; K :Bpr—KKF . (14)
G,
Tlome TEMIIEPATyP ra30BOr0 NOTOKA
dtd”—(x)+Kltn (X =Kite (x); 0<x<AX (15)
X
. olly -
t,(0)=ty; Ky=——; I =KgpHb. (16)
GHCFH
TTome TEMIIEpATyp B CI0€ KaTaau3aTropa
2
LM, & _o; ogyeH; (17)
dy’ pK CK
&0 _g. 5 M) Lk H)- 1) =0. (18)
dy dy

MarHuTHBIN TOTSHIMAI MATHUTHOT O TIOJIs B pabodeil 30He peakTopa:
ETAXZY | TPAX 2D IAX 2
x? 122 & Te
ﬂA(XOt) ﬂA(X Dart) .]_ﬂA(O,Z,t) — _]_ﬂA(D(,Z,t)
ayt =-u
fix fix iz z

=0; 0£ExXEDxO£z£D,; (19

=s; Axz0)=0.
(20)

Hns perienus ypaBHenuit (19), (20) ucnonb30Bancst METOT KOHEYHBIX dJIe-
MEHTOB, peaJM30BaHHBI B uMHTerpupoBanHoiu cucteme Elcut 5.5 (Copyright ©
ITK «TOP»), mo3BoJisitoIIe TakKe paccuuTaTh U APyrue napaMmeTpbl MArHUTHOTO
MOJIS ¥ BELIECTB, HAX OJISAIIMXCSA B HEM.

PacuetHbie momnst 3Ha‘-IeHI/II/I MarHuTHO# nHnyKiuy (Tn) U y aeapHON MOIITHO-
cu temosinerneHns (Br/m®) B cioe katanmsaTopa npeacraBieHs Ha puc. 3. Kak
BUJIHO M3 PUCYHKa, BOJU3U MCTOUYHHKA moys (MHAyKTOpa) obpasyercs 06sacTh
TIOBBIIIEHHOT' O TEIUIOBBIIEeHNs. B Ooubliel yacTu ciiosi Kataau3aTropa yaeiabHas
MOIITHOCTh TeHJ‘IOBLII[eJ‘IeHI/II/I paBHOMEpHa, a ee cpejHee 3Ha4YeHHE COCTaBJISIET
2,810" Br/m®.

B 4eTBepTOIi ri1aBe NpeICTaBICHBI METOIMKH IPOBEICHHS, 000pY T0BaHHEH
pe3yIbTaThl SKCIIEPUMEHTAIBHOTO HCCIIeI0OBaHMs nporiecca cuHresa YHM ¢ uH-
JyKIIMOHHBIM HarpeBoM. Orpe/ieNieH epedeHb NapaMeTpoB Ipoliecca, Tped YIomIX
9KCIEPUMEHTAIILHOT O HCclieJoBaHus. BBeena nomnpaska Ha 3¢pdekt BoccTaHOBIIE-
HUSI KaTaln3aTopa IpH pacueTe Y AeIbHOTO BBIX0J[a HaHOMaTepHaia Mo KaTaju3a-

Topy, Kg.
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Br/m>107°

387

Tn

0030

00397 3303
o.0se4 203

0.0m31 2569

002588 o

oo0z168 183

oo fue

001209 1101

0.0 o734

00043

_—

0.00000

a) ] 6) L]

Puc. 3. PacueTHslie moJist:
a — MarHATHOW WHAYKITUY, 6 — yIeTbHAS MOIHOCTD TETUIOBBIICICHHS

B pa6oTe ucnosnn3oBaiuce katanuzatopsl (NiO-MgO; Fe,Co-Al,Oz; NiyOs),
yrieBoaopoaei(C3Hg — C4Hyg, CoH,), unepTHbiii ras (Ar), BoccranoButens (Hy).

Pa3paboTaHbl KOHCTPYKIMH JABYX 3KCIIEPUMEHTANBHBIX YCTaHOBOK. [lepBas,
peann3zoBaHHas Ha 0a3e BEPTHKAILHOTO ITPOTOYHOTO PEAKTOPa, MCHOJIb30Baach
JUTS TPOBEPKH MPUHIIMITHATEHON BO3MOXKHOCTH ciHTe3a Y HM mpu HHIYKIIMOHHOM
HarpeBe KaTaju3aTopa M OnpeiesieHHst MAaKCUMAaJIbHO JIOMYCTUMOT O Pacx 0/1a yTiie-
BOJIOpO/Ia.

Bropas, cxema koTOpoli mpencTaBieHa Ha puc. 4, MO3BOJIMIIA ONPEAEIHUThH
Maccy cuHTesupoBaHHbix YHM, uzmenenune maccel YHM Bo BpemeHH, Temiiepa-
TYpy B PEaKIMOHHOW 30HE, TeMIEepaTypy ra3zoo0pa3HbIX INPOJYKTOB IHPOJIH3A
no/Tiocsie peakIMOHHOM 30HBI B 3aBUCUMOCTH OT 00BEMHBIX PACX0JIOB KOMITOHEH
TOB ra30BOi CMECH, HaYaJIbHOI TeMIIepaTyphl ra30BOH CMECH, JHUCIIEPCHOTO COCTa-
Ba HOCHTEJNS KaTaln3aTopa, MacChl KaTajau3aTopa, YacTOTHI IIEPEMEHHOI0 TOKa
HHIYKTOP3, CHJIBI TOKA B HHIYKTOPE

VY cTaHOBJNIEHQ UYTO NPHU 3HAYEHUH 00BEMHOTO Pacxoa yriieBo10poa BhIIIe
0,16 M%c na 1 xr NiO-MgO katanusaTopa HagaeT y AelbHEIH BEIXO/ HAHO YT Iepo
Jla ¥ BO3pAcTaeT co/iepKaHne HECTPYKTYPHUPOBAHHOT OyTiIepoja DTO 00bsCHSeTCS
Mepex 0/10M JIMMHTHPYIOIIEH CTaJui BHEIIHEH MaccOoOTIayd Ha CTaJUI0 pOCTa
YHM BBHUAY yBEIUUEHHUS KOJIUYECTBA YTIIEBO0PO4 NOCTYMAIOIIETOK TOBEPXHO-
CTH KaTaJu3aTopa.

Hns xatamuzatopa NiO-MgO skcniepriMeHTaIbHO ONpe/elieHa TeMIepaTypa
Hayaja MMpoJin3a ¥ yCTaHOBJIEHAa MaKCUMallbHasl TEMIIEPATypa NCX O/THOM ra30BoH
cmecu (460 °C), COOTBETCTBYIOIIAS COCTOSHHIO TEPMOJIUHAMUYECKOTO 3ampera
peakuy THpoJIn3a.

[pencTaBieHHbIe HA PUC. 5 pe3yJIbTATHI JUATHOCTHKH, MMOJTYYCHHBIC METOIa-
MU CKaHUP YIOLIEH 3JIEKTPOHHOM MUKPOCK OTINH, MOKa3bIBAIOT, YTO pa3paboTaHHbIH
croco0 IMO3BOJISIET CHHTE3UPOBAThH YIIIEPOHBIE HAaHOMACIITAOHbIE, HUTEBUIHBIC
00pa3oBaHKs MPEUMYIIECTBEHHO [IJIMHAPHISCKON (GOPMBI ¢ BHYTPCHHHM KaHa-
JIOM — MHOT'OCJIOMHBIE yTJIEPOAHBIEHAHOTPY OKIL
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17

2’z 20 19 18

Puc. 4. Cxema 3KCriepHMEHTAIBLHO YCTAHOBKH /151 H3yUeHHUs Mpoiecca
cunre3a YHM B moJie uHAyKTOpA:
1 — GayuIoH ¢ yriepoacoaepKalumMrazoM; 2 — 6ayioH C HHEPTHBIM ra3oM;
3 —reHepatop BOI0po1a; 4 — 3amopHas apMaTypa; 5 — aacopOunoHHbIH QHIBTD;

6 — angcopOunoHHBI Aemmibep; 7 — MHANKATOP YPOBHS BIAXKHOCTH; 8 — MEXaHUYECKHUIH
¢bunbTp; 9 — perynsarop nasnenus; 10 — hopMupoBaTesb ra30BbIX MOTOKOE 11— ra3oBblit
cmecuTens; 12 — 6110k mpeobpazoBaHus 1 cornacoBanus 13 — reneparop;

14 — u3mepuTenbHAs sTUeHKa, HHAYKTOP U ITOUT0XKKE, 15 — ycTpoiicTBo 0T60pa mpob rasa;
16 — mpOTOYHBIH JATYMK KOHIEHTPALIUK BOAOPOAE 17 — KopIyc peakTopa;

18 — onrruveckuit UK nupomerp; 19 — repmonapa; 20 — U3MEpUTENb-PEryJISITOp
temnepatypsl, 21 — |BM-coBmectumbiii [TK; 22 — anekTprdeckuii HarpeBaresb

a) 0)

Puc. 5. M3o06paxenus YHM, nosy4yennbie MeToJaMu
NPOCBEYHBAKOLIEH 3JICKTPOHHONH MHKPOCKOIUM:
a —o0muii Buz;, 6 — oAMHOYHAS MHOT'OCIIOIHAs HAHOTPY OKa
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HccnenoBanock BAUSHUE AUCIIEPCHOTO COCTaBa YacTHUI] HOCUTENs KaTaln3a-
topa NiO-MgO, a Takke KOHIIEHTpAIUH BOJOPOa U yrieBOA0POAaB HCX OTHON
ra30BOH CMeCH Ha Ka4YeCTBECHHBIC U KOJUYCCTBECHHBIC XaPaKTCPUCTUKHU MPOIlecca
cunreza YHM.

VY CTaHOBJICHQ YTO M3MEHEHHE JUCTICPCHOTO COCTaBa YACTHI[ HOCUTEIS KaTa-
nmu3aropa B auamnazoHe oT 0,2 no 0,04 MM mpakTUYECKH HE BJIMSACT Ha XapaKTepu-
CTUKH TIpoIlecca CUHTE3a HAHOCTPYKTYp Kak BBIACHWIOCH, YaCTHUI[I HOCHTEIS
KaTajau3aTopa MpH MPEABAPUTEIEHOM BOCCTAHOBJICHHH BOJJIOPOJIOM MCHSIOT CBOM
JIUCTICPCHBIA COCTaB, MPUYEM KOHEYHBIN UX pa3Mep MPAKTHYCCKU HE 3aBUCHT OT
HaYaapHOTO (B MCCiie Iy eMOi 001acTn).

3aBUCUMOCTH Y JIEIbHOTOBBIX 014 K’; OT KOHIEHTpAI1i BOJOPOAa U yTIIEBO-

JIOpOJia B HCX OJTHOMTa30BOM CMECH MPEICTABIICHBI HA pHUC. 6

Y MeHbIIIeHUE Yy JeTEHOT0 BhIX01a YHM npu yBeTndeHUH K OHIEHTPAITIH BO-
JIOpOJia MOYKHO OOBSCHUTH, BO-IIEPBBIX, TACCHBAIIMEH KATAIMTHICCK O IIOBEPXHO-
CTH aTOMaMH BOJIOPOJI3, BO-BTOPHIX, YMEHBIIICHHEM CKOPOCTH PEAKIIUU Pa3ioKe-
HUS YTJIEBOJIOPOJOB B CBSI3H CO CMCIICHHUEM TEPMOIUHAMHYECCK OTO PABHOBECHS
pu pa30aBIICHUY ra3000pa3HBIMU MPOTYKTAMH PEAKITHH UCX OTHBIX KOMIIOHECHT OB
Y, B-TPEThUX, YMEHBIIICHHEM HHTEHCUBHOCTH Y TAJICHUSI Ta3000pa3HbIX MPOTyKTOB
MUPOJIH3a.

Jns ucciaegoBaHusi KUHETUKHM TMpollecca cuHTe3a YHM wucnosb3oBaivuch
3IEKTPOUH/TYKIIMOHHBINA U SHEPTeTHUECKH T (CO cTabMIM3anuel TeMnepaTyphl Hiu
MOII[HOCTH) METO/IbL

DJIEKTPOUH Ty KITMOHHBIN METO/T MTO3BOJIHII KOCBEHHO OMPEICIUTh U3MECHCHUS
maccel YHM Bo Bpemenu. CyTh MeTO/1a 3aKilI0yaeTcs B u3mMepenuu 3HaueHus 3 J1C
BTOPUYHOHN 00OMOTKH Mu(depeHIIHATBHOT0 TpaHCPOopMaTopa, 0Opa3oBaHHOTO CO-
JICHOUJIOM HHIYKTOP3, U3MEPUTEIHLHOW OOMOTKOW M CHHTE3UPYEMBIM HaHOMATeE-
pHUAJIOM, UTPAFOIIIUM POJIh CEPICTHHKA.

Macca nosy4aeMoroHaHOMaTepHaia OIpeAeNsach Ce Iy OIIM 00pa3oM:

AT

b €% - u
m(r):a+4—§1c;(t)dt/(nln2u0rl S)- 1. (21

Teo ¢!

10 8
a) 7 0)
8 T 6
s, .t\i\I\ £s
= N 24
o4 3
4
l 2
2 1
0 ; ; ‘ ‘ 0
0 02 04 06 08 01 11 21 31 41 51 6/1 7/1
KoHuUeHTpauus Boaopoaa, M/m° CooTHoweHue pacxoaos Ar/C,H,

Puc. 6. Y nejbHbIi BLIX0T K; B 3aBUCHMOCTH OT.

a — KOHICHTPALM BOJIOPO 13, 60— KOHICHTPpalUu yrii€eBOA0pOJ1aB ITOTOKE ra3oBOi cMecH
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Koahdunuentst a u b sBIAIOTCS rpalyHpOBOYHBIME U OTIPEIICIISIOT B3aUMO-
CB$I3b MAaCChl U MATHUTHO# BOCITPUUMYHBOCTH BEILIECTBA B CTATHCTHYECK O hopMe,
YTO MMO3BOJISIET UCKITIOYUTH U3 PACCMOTPEHHU S 0COOCHHOCTH CTPOCHHUS TIOTY4aeMOTO
MaTepuana.

H3menenune Maccol cuHTe3upyemoroY HM Bo BpeMeHH Ipe/ICTaBIICHO Ha PHC.
7.

DHepreTHYecKuii crocod co CTabun3aluei TeMIepaTypsl O3BOJIUI PACCUH-
TaTh 3HAYCHHE SHEPTHH aKTHBAIMHU mpoliecca cuHTe3a Y HM. DHeprusi akTHBauu
paccUUTHIBATIACH [0 YPABHEHHIO APPEHHYCa U YPABHEHUIO IEMEHTAPHOMN TeopHu
COy IapeHusl

3HaYeHHs SHEPTHU aKTUBAIMH JJIs HCIIOIB3Y eMbIX YTIIEBOOPOI0BH KATaH-
3aropa NiO-MgO, npeacraBiensi B Ta0I. 1.

[Mony4eHHbIe 3HAYCHUSI SHEPTHH aKTHBAIIUH MPOIIecca CHHTE3a HAHOCTPYKTYP
MOATBEPKIAIOT, YTO JTaOOPATOPHEIN peakTop paboTaeT B TpedyeMoM mud ¢ y3uoH
HOM PEXHME.

DHepreTuveckuii MeTo] (co cTabuiiM3anuell MOIHOCTH) MO3BOJIMIT ONpe/ie-
JUTH TeruoBol ekt mponecca cuaTeza YHM kak QyHKIINIO BpeMeHH.

3aBUCHMOCTh TEMIIEPATYPhI PEAKIIMOHHOW 30HBI OT BPEMEHH MpPECTaBJICHA
Ha pwuc. 8.

B nnanazone Bpemenu ot 680 10 1120 ¢ Habiio0 1asicst 0 TpUIATEIbHBIN TEILIo-
Boli 3¢ ekt mporiecca cuaTe3sa YHM.

0,10
0,09
0,08
-0,07
Z006
E 0,05
goos
=0,03

0,02

0,01 Bpewms, c

0,00

8 3
~ N~

800
850
900
950
00
50
00
50
00
50
00
50
00
50
00

Puc. 7. Kunetuka npouecca cunresa YHM

1. 3navyeHus JHepPruM aKTUBANMM TTponecca cuHTe3a Y HM

Dnepeus akmusayuu npoyecca

0 YPaBHEHHUIO dJIEMEHTApHOI
TEOPHH COY IAPEHHUS

E, xIlx/mons | AE, kJlxx/mons | E, xJ[x/Mons | AE, xIx/Mons
C3Hg — C4Hyg 20,95 13,00 28,68 19,60
CoH, 12,09 6,80 29,30 19,70

Yenesooopoo 10 ypaBHEHHIO AppeHnyca
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Temnepartypa, °C

400 —
350
300 b

(=] o o o (=] (=] o (=] (=] (=] o o o o
o (=] (=) [=] o o o = (=] L] o o o
o < @O =] o o~ et @O & o o = w
-— - - - - o™~ o™ o~ o™
Bpewmn, ¢

Puc. 8. TemnepaTypa peakiiHOHHOIi 30HBL
1 —c kaTanu3aTopoM, 2 — 6e3 KaTanu3aTropa

IIaTas raaBa nmocBsmieHa pa3pabOTKe HHXEHEPHOI METOTUKY pacueTa peak-
Topa cunte3a YHM, peanu3oBaHHOI HA OCHOBE MATEMATUYECKOTOMOACIMPOBAHUS
KBa3UCTAIIMOHAPHBIX TOJICH OMpe/IeTIONINX MapaMeTpoB mpoiecca (KOHIEHTpa-
[[UH, TEMIIEPATYPhl, MATHUTHON HHITYKIIUHU U JIP.).

Jlnst yaeTa HemocTosHCTBaK03(h(YUIMEHTa AKTHBHOCTH MTOBEPXHOCTH KaTaJIH-
3aTopa (YMCIICHHO PAaBHOTO J10JIC MOBEPXHOCTH, YYACTBYIOIIEH B IPOIecce), B pac-
YETHBIN alTOPUTM BBOJIUTCS TUCKPETU3AIHS 10 BPEMCHH.

I[lo pe3ynbTaTaM SKCHEPUMEHTAIBHOTO HCCIENOBaHMS IIpejsiaraercs
pacdeTHasi 3aBUCUMOCTh KO3 HUIIMEHTa aKTUBHOCTH ITOBEPXHOCTH KaTaau3aTopa

(Kem)
L
KB

y max

KFm:]'

, (22)

rae KB, I(;ma(-—TeKyIHCeH MAaKCUMAJIbHOC 3HAYCHUEC Y ICJIbHOI' O BBIXO/JIa HAHO-

YIJIepoaro KaTtaiu3aTopy, COOTBETCTBEHHO

WmxeHepHas METOIMKA pacyera peaju30BaHa HAa alrOPUTMUYECKOM S3bIKE
nporpammupoBanus Free Pascal (Copyright © 1998 — 2005 by BBrczi Gabor, Pi-
erre Muller and Peter Vreman). PacueTHbIil alrOpUTM peau30BaH B BHJE MPO-
IPaMMHOTO MTPOAYKTA.

IIpoBepka afeKBaTHOCTH MaTEMATHYECKON MOJICTH, MOJOXKCEHHOW B OCHOBY
pa3paboTaHHOW MHKCHEPHOW METOJUKH pacueTa OCHOBHBIX KOHCTPYKTHUBHBIX H
PEKUMHBIX TTAPAMETPOB PEAKIIMOHHOT0 000py noBaHuscuHTe3a YHM ¢ uHIyKIU-
OHHBIM HAarpeBOM, BBIMIOJIHEHHAs METOJOM CPaBHEHHs pEe3yJbTaTOB pacuera H
MIPSIMOTO SKCIIEPUMEHTA, TTOoKa3ana pacxoxaeHues npenenax 20 %.

BrinonneH TexHonornuecKkuii pacuer peaktopa cuateza YHM ¢ uHayKInow
HBIM HarpeBoM mpou3BoauTebHOCcTH0 300 Kr/ro,
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c, KKK
1

0,250

0,200
£ a)
= 0,150 -
I
>
8 0100
o
©
= /
0,050
Bpewmsi, ¢
0,000 T
o o o o o (=] (=] (=] (=] o
R§ 8 828§ 88
Puc. 9. I3menenune maccol cunte3upyemoro YHM Bo Bpemenu (a) u
10Jie KOHIIEHTPALUHU YTJI€BOA0POAaB ra30BoM NoToKe (6)
2. Pe3yJabTaThI TEXHOJIOTHYECKOT O pacieTa
[Tapamerp 3HaueHne
JImuHa MO II0KKH, M 0,75
[[IuprHa MOUTOKKH, M 0,25
BrIcoTa peakiMOHHOM 30HBI HAJT TIOIJI0KK O M 0,30
JliimHa coneHona HHAYKTOPa, M 0,75
JlnameTp cosneHOMIa MHAYKTOPa, M 0,28
KonnyecTBo BUTKOB MHAYKTOpa 25
-
Pacxonyrinesonopona Mlc 210
-2
Macca kaTtanuzatopa, Kr 1,510
Tok uagykTOpa, A 102
Hamnpsoxenue na unaykrope B 22
Yacrora renepanuy, K[ 't 33
Bpemst 1ukia (3K OHOMHYECKH 000CHOBAHHOE), Yac 0,5
IIpou3BOANTEJIBLHOCTH 32 HUKJI, KT 0,2

PacueTrHple ©3MeHeHHE Macchl cHTe3upyemMoro Y HM 3a BpeMst 1MKIIa U 1oJie
KOHIIEHTPALIUH yTIIEBOI0OPO/IaB Ta30BOM ITOTOKE IIPEICTaBIICHHI HA puC. 9.

Pe3ynbTaThl TEXHOJOTMYECKOTO pacyeTa peakTopa IpeJCTaBIeHbl B
Tabi. 2.

Pe3ynbTaThl TEXHOJIOTMUECKOI0 pacyeTra NPUHATH K peanmzauun B OAO
«Tamb6oBckuii 3aBon "Komcomonerd mm. H.C. Apremoa» u OOO «HanHoTex-
ueHTp». Okunaemplii SkoHOMHYeCKH 2P eKT 3a cueT yMeHbIIeHus cebecTonMo-
CTH TIPOJIyKTa OT pealn3aly pa3paboTaHHON TexHoJoruu cuaTe3a Y HM cocras-
nsiet 226,7 toic. p. B roa (B uenax 2007 r.).
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OCHOBHBIE BbBIBOJbI U PE3Y JIbTA ThIP ABOTbI

1. Pa3zpaboTaHa Hay4HO OOOCHOBAHHAs TEXHOJIOTHS CHHTE3A YTJIEPOIHBIX Ha-
HoMaTtepuanoB MetogoM ['@XO yrieposia Ha TOBEPXHOCTU METAIIMUECKOTO KaTa-
JIM3aTopa ¢ UHAYKIMOHHBIM HArPEBOM, PEATM30BaHHAs TP Pa3pad0TKe MPUHIIUAIIH-
aJbHOM CXeMBbl OpraHM3aluu mpolecca cuateza Y HM.

2. CdopmynupoBaHa huzndeckass MOJIENb MMPOIECCOB BOCCTAHOBIICHUS OK-
cUHOW (OpMBI KaTanuzatopa U (OPMHUPOBAHHMS HAHOCTPYKTYpPb} NPH CHHTE3E
YHM metogom I'dXO yraepoaa Ha NOBEPXHOCTH METAUTMUECKOTO KAaTaIU3aTOpa,
WCIIOJIB30BaHHAS ITPY NIPOESKTHPOBAHUH TPOMBIIIIEHHOT0 000pY IOBaHUS

3. Pazpabotano j1abopaTopHOE 00OPYIOBAHKE U BBITIOJHEHBI HCCICIOBAHHUS
KHHETHYECKUX 0coOeHHOCTeH nporecca cuaTe3a YHM merogom X0 yriepona
Ha MOBEPXHOCTH METANIUYECKOT0 KATAIN3aTOPa ¢ MHIYKIIMOHHBIM HarpeBoM (mart.
PO No 78489, 78491). DxcriepuMEHTANBHO OMpe/ieNieHa 3aBUCUMOCTh K03 durim-
eHta akTHBHOCTH MoBepxHocTH NiO-MQO KkaTtanuzaTopa OT yAENbHOIrO BBIX0/1a
YHM no katanuzatopy. Y CTaHOBJICHBI MaKCUMajibHasi HadaJlbHas TEMIIEpaTypa
(460 °C) 1 MakcHManbHBIH y aeTbHbIH 00beMHbIiT pacx 01 (0,16 m%/c Ha kutorpamm
KaTanu3aTopa) MponaH-0yTaHoBo# cMecHu nipu ucnoib3oBanui NiO-MgO katanu-
3aTOpa, COOTBETCTBYIOUIME COCTOSHHUIO TEPMOJINHAMUYECKOTO 3alpeTa peakiuu
MTUPOJIN3a u JIUMUATHPOBAHUIO cTagun
MaccooTa4yy, YTO MUHUMH3HPY T I0JII0 HECTPYKTYPHPOBAHHOT OyTJIEpoJa

4. PazpaboTaHa MaTeMaTHuecKas MOJEJb IPOIECCOB IEpeHOoca Macchl U
sHepruu npu cunteze YHM merogom 'O@XO yriaepona Ha MOBEpXHOCTU METAILIHU-
YEeCKOI'0 KaTaIn3aTopa C MHAYKIIMOHHBIM HATPEBOM.

5. Pa3paboTana MeTO¥Ka HH)KEHEPHOT O pacuyeTa ¥ PeKOMEH IAIMY M0 KOH-
CTPYHUPOBAHHUIO EMK OCTHBIX peakTOpoB cuHTe3a Y HM ¢ HHAyKIIMOHHBIM HarpeBoOM.

6. Orxumaemblil 5KOHOMHUECKHH 3PPEKT 3a CUET CHMXKEHUS ce0eCTOMMOCTH
MIPOAYKTa OT peanu3aniu pa3paboTaHHOH TexHoJornu cuaTe3a YHM cocraBiser
226,7 thic. p. B ron (B 1ienax 2007 r.).

OCHOBHBIE OBO3HA YEHUA

X, Y, Z— IPOCTPaHCTBEHHBIE KOOP/IMHATEL T — BpeMsi; M, M, —macca YHM u kaTanu3a-
TOPA; Cy, ¢ — KOHIIEHTPAIUH YTIJIEBOAOPO/IaB ra30BOM IOTOKE U CJIOE KaTanu3aropa; t,, t, —
TEeMIepaTypbl B ra30BOM ITOTOKE U CJIOE KaTalINu3aTopa, W — CKOPOCTh Ta30BOT'0 MMOTOKE; (, Oy
— MOIIHOCTB U Yy AIeNbHAsl MOIIIHOCTh TETUIOBBIICNICHUH B CJIoe KaTanu3aropa; b, ¢ — mmpuna
U JUTHHA NOJIOXKKH ¢ KaTtanu3atopod, R — Beicota Hax moioxkoii d;, Ij, Ny — cpenunit nua-
METp HABHBKH, JUIHHA W KOJMYECTBO BUTKOB COJCHOMIA HHIYKTOPE F — BEKTOD (pu3ide-
CKHX, (U3UKO-XUMHUYECKHX U XUMHYECKHX XapaKTEPUCTHK BEIECTBA U CPEIBI; o, tr — TEM-
TepaTypbl OKPYKAFOIIEH Cpe/Ibl M TIOBEPXHOCTH TBepAOH daswr; P,,,, — aTMOcdepHOE naBie-
HUE; Kem - K03 dunueHT aKTUBHOCTHU KaTaau3aTropa;

KCXH v — COOTHOLICHHUEC KOHHGHTpaHI/Iﬁ npeaACIbHBIX YTJIEBOAOPOAOBB PICXOE[HOﬁ ra3oBOM

CMeECH; VCxHy , VH2 , V5, — 00BeMHBIE PacX0/Ibl CMECH HPEJIENBHBIX YTIIEBOJA0POJIOE BO-



17

J0poJa U UHEPTHOIO rasa, Gn — MacCOBBIA pacxon ra3oBOM CMeEcH; a — TEMIIEPATYPOIIPO-

BOJHOCTH;, & — Kodddurmment Ttemrootnauy, [ — KOdQGUINEHT MaccooTnady
to, co — HavanpHas TeMIEepaTypa U KOHIEHTPAIMS UCXOIHOM ra30BOil CMecH; N — 4acToTa
MEPEMEHHOT0 HATIPSDKEHHS, OAaBaeMOro Ha HHAYKTOP; |; — Tok B mHAyKTOpE H — BBICOTA

ciost TBepaoit dasel; Kr, Kg; — yaenpHas OBEpXHOCTh MacCOOOMEHa U TEINIOOOMEHa; ¢ —
PAaBHOBECHAs KOHLEHTPALWsl YIIIEBOAOPO/A HA IOBEPXHOCTH KATAIM3ATOPE, [, — CpejHss

TeMIIepaTypa ra30Boro MOToKa, A — MarHUTHBIN MOTEHINAT, M— MarHWTHAs IPOHUIIAEMOCTh
TBep0ii (a3bl; § — AIEKTPHIECcKasi IPOBOIUMOCTE.
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