4yeM HHTPOIVIMIIEPHHA, a MOCJeJHero B Ba C JIUIIHUM Dasa BhIllle, YeM HHTPO-
[JIHKOJISl. DPUTPUTTETPAHHTPAT HAXOAUTCS MeXAy HHTDOMAHHHUTOM H HHT-
porauuepuHoM. TemnepaTypa ropeHusl BcexX 3THX BellleCTB IPAKTHYECKH OJH-
HakoBa. DTOT BONPOC 3arparuBajcs paHee [8], u Tpebyer GoJsee meTalbHO-
TO pacCMOTpEHHS.
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YOK 541.124

BJIMAHHUE 3TAHA
HA BTOPOM NPEJEJI BOCIIJIAMEHEHHUS BOOOPOJA

B. B. Azaran M. A. Hamopadse
(Mocksa)

Hccnenosanue BJAHAHHA HMHTHOMTOPOB Ha IOJIOXKEHHE IOJYOCTPOBA
BOCIJIAMEHEHHs] BOAOPOJA SABJAETCS BAXKHBIM HCTOYHHKOM HH(OPMALUH
0 MeXaHH3Me M 3aKOHOMEepPHOCTAX HHTrubHpoBaHHsA. B Hacrosimieii pa6ore
paccMaTpHBaeTcsl CMellleHHe BTOPOTO IOPSIAKA BOCIJIAMEHEHHSI CTeXHOMeT-
PHYECKONi CMeCH BOAOPOJa M KHCJIOPOAA B IPUCYTCTBHH Pa3jHYHBIX J0GaBOK
sTaHa. B 4acTHOCTH, HaXOAWJACh KOHCTAHTA CKOPOCTH pPeakIUH

H+CoHs=H;-+CyHs,
KOTOpasi paHee OIpeleJsiiach pasjuyHbiMu crnoco6amu [1—3] u B Hacros-
1Ilee BpeMsl XOpOIIo H3BecTHa. Ee 3HaueHHe, nosiydeHHOe M3 NAHHLIX O BJIH-

SIHHIO 3TaHa Ha BTOPOH IpejeJl, NO/KHO CJAYXKHTb II0OKa3aTesleM IPaBHJIbHO-
CTH MeXaHH3Ma HHrHGHPOBAHHS
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IIpeneGperas B 1nepBOM NpPHOJHXKEHHH peaKUHAMH IPOMEXYTOUHBIX
IPOJAYKTOB MeXJy COOOI Ha Ipefesax BOCIJIaMeHEHHs, MeXaHH3M mpollec-
ca Ha TpaHuliax MoJyoCTPOBA MOXKHO NPeACTaBUTh CJAEAYIUHMH OCHOBHBIMH
craguamu [4—8]:

Hy; 4+ Oy = 20H, (0) H + cresika — o6pwiB, (4)
OH+Hy,=H,0+H, (1) H+CoHg=H,+C;Hs, (5)
H+4 0, =0H + O, (2) H+4+0,4+M=HO,+M, (6)
O+H,=O0H-+H, (3) . CoHs+0,=HOy+C:H,,

HO; 4 crenka — o6phIB.

PaccmarpuBaercsi 06/1aCTh OTHOCHTEJILHO HEBBICOKHX TEMIEepaTtyp, B KO-
topoi#t posb peakuun HOy + Hy = Hy0, -- H Hecymecrsenna.

QueBuano, uto TmpuU ropeHnH Hy K HHrHOHPOBAHMIO IIPHBOJAT TaKxke
pPeakldd aKTHBHBIX [EHTPOB LeNed C NPOAYKTAMH YaCTHYHOIO OKHCJEHHS
srana. OnHako Ha mpefesnax BOCIJIaMeHEHHUs IJy6uHa mpeBpalleHus H, 3Ha-
UHT, KOHIEHTPALUHH 3THX IMPOMEXKYTOUHEIX MPOAYKTOB O4eHb MaJibl, II03TOMY
MOKHO ¢ XOPOILIEH TOYHOCTBIO NpeHeOpeub HX PeaKUHAMH.

Ha ocnoBe mpuBeleHHO!N CXeMBbl TPaHHUIILl [EITHOTO BOCIJIaMEeHEHHsT MOXK-
HO ONHKCATh ypaBHeHHeM, MPeICTAaBJSIOUINM CO00H paBEHCTBO CKOPOCTEH pas-
BETBJIEHHS U OOpbiBa Illelel:

2k3(02) = ks + ks(02) (M) + k5(RH), (1)
rie k; — KOHCTAHTBl CKOPOCTH COOTBeTCTBYlomuX peakuuit; (Og) u (RH) —
kouuenrpauun O, u 3TaHa; (M) — cymmapHas KOHIEHTpALHUsA ra30BOH cMe-
cH. 3aMeHHM [ yMOGCTBA KOHIEHTPAUHH HCXOIHBIX BelleCTB HX MOJSAD-
HBIMH H0JaMH (f;) U KOHIEHTpauuei cMecu

(02) = fo,M); (RH) = fru-(M).
Torna, 0603HauuB

=1 o I
MoxKHO ypaBHenue (I) mpeicraBuTh B BHAE
2k k:
(M)? — 22 (M) + o +— = 0. (111)
Pemenne ypasuenus (III) otaocurensno (M) [9, 10]:
M)y, =22 (1 T Y4 — (Iv)
Orcioma Buano, uto (M) mMeeT peasbHBle 3HaueHHS TOJLKO MPH
kaks
N>
V o

uan, yuuteiBasi (II), Tospko mpu

— V)

Taxkum o6pasom, mpu KaxKAoH AaHHON TeMIepaType BOCIJaMeHeHHe MO-
JKeT HMeTb MECTO JIHIIb TPH TeX MOJSPHBIX NOJSX HHTHOUTOpA, KOTOpHIE
ynosjaersopsitor yeaosuio (V). M3 (IV) u (V) BuIHO TaK¥Ke, 4TO BJIHAHHE
HHTHOHTOpPA JOJIXKHO MPOSIBJSITBCS TEM CHJIbHEe, YeM MeHbIIe fo,, T. €. ueM
cMecb 6oraye BOJOPOJOM.

Ecnu

1, (VI)
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TO KBaApaTHbI KopeHb B (IV) MOXHO pasioXHuTb B psAJ, OTPaHHYMBASACDh
nepBbLIMH YJeHaMH pasjoxeHHs. Toraa B ciyyae 3HAKOB IUIIOC M MUHYC
puMeeM JJI BTOPOTO W NMEPBOTO NOPSAKA COOTBETCTBEHHO:

(M), =222 L. = (VID)
ky/2ksf

(M), = : : ;’;H ) (VIII)
2ky " o,

Coranacuo (VII), npu moctaTouHO BBEICOKHX TeMIlepaTypax M MaJjoM cojep-
JKaHUK 3TaHa, KOraa BhinmoJHsercs yciaosue (VI), BeanunHa BTOpOro mpeje-
Jla OoJI’KHA 3aBHCeTb OT fru/fo, JIMHEHHO NpH Ka)KJIOi LaHHOH TeMIeparype.
B sTolt 3aBUCHMOCTH CBOOOAHBIH uJjieH

b=, (IX)

4TO COBNAjaeT C BBIPa’KEHHEM BTOPOro IpeJesia HEHHrHOMPOBAHHOIO BOC-
niameHeHus sogopona [10, 11].

Bennunusl k; W rRs H3BECTHBl U3 JHUTepaTyphl. TakuM o6pa3oM, coIo-
CTaBJIeHHe

(X)

CO 3HAYeHUSIMH ks/2ke, pacCUNTAHHBIMH MO H3BECTHBIM BeJHYHHAM Ry U ks
NPH Pa3NHYHBIX TeMIeparypax, AOJXKHO CJYXKHUTb POBEPKOIl COryacusi Mex-
Iy 3KCIlepMMeHTaJbHBIMH AaHHBIMH M ypaBHenueM (VII). Taxoe comocras-
JIEHHe, B YAaCTHOCTH, NOJI’KHO yKa3blBaThb HAa TOYHOCTb ONHUCAHHUS Ipolecca
NpUBeJIeHHBIM Bbllle MeXaHH3MaM B YCJOBUSIX BTOPOrO Ipefesa, a TaKxkKe
Ha TOYHOCTb dKCIEPUMEHTA.

OnbITH ¢ HCNONB30BAHHEM 3JEKTPOJIHTHYECKHX BOLOPOAA H KHCJIOPOIA
NPOBOAMJINCL B HHTepBase Temnepatyp 422—486° C. CoxepxaHue 3TaHA
B cTexnomeTpuueckoit cmecu Hy u O, Bappuposajoch ot 0 no 0,59%, a mpu-
MeCH B MCXOZHOM 3TaHe He mpeBbiwianu 0,5%. BocnnameHenue nmpousBogu-
JIOCh B IIMJIMHAPHYECKOM KBapLEBOM COCYZe, NPOMBITOM IJIaBUKOBOI KHCJO-
TOM, nuaMeTpoM 3 cM. Ilpeznes BocmiiaMeHeHHUs! onpeneJisiicsi METOLOM BHycC-
Ka. MeToaMKa 3KCNepUMeHTa U cTaTHYecKasi BAKYyMHasi yCTAHOBKA ONHMCAHBI
B [12].

B HemocpencTBeHHOH O6J1M30CTH Tpejesa MEpPHOA HHAYKIHH BOCIJIaMme-
HEeHHsl COCTaBJseT 2--3 ¢, YTO 3HAUUTEJNbHO IpEBHLILIAET BpeMsl BIyCKa rasa
U3 IepenycKioro obbeMa B pPEaKUHOHHBIH cOCyA. 3aBUCHMOCTb INpeIeJOB
BOCIJIaMEHEHHs] OT TeMIepaTyphl IIPH Pas3JHYHBIX COIepKaHHUSIX 3TaHa NpH-
BelleHa Ha puc. 1. OTHOCHTe/IbHO pe3KHil 3aru6 BHU3 HAa KPHUBLIX 6 U 7 mpu
T << 430°C o6yc/ioBleH 3aMeTHOH pOJbIO TeTePOreHHOTo O6GpbiBa Lemneil
B cMmecax, cogepxkamux 0,50 u 0,599% srana.

ITockoabKy cofep:KaHHe 3TaHAa HaMHOrO MeHblle, yeM conep:xanue O,
TO NPH BAapbUPOBAHUM fRH BeJHUYMHA fo, NpaKTHUYeCKH He MeHseTcs. I103-
ToMy, cormacHo (VII), Besnunna (M), mosKHaA 3aBHCETb OT frm JIHHEHHO.
Kak BUAHO u3 puc. 2, 3Ta 3aBHCHMOCTb HOCHT JIMHEHHBIl Xapakrep, 38 HCK-
JioyeHdeM 006J1aCTH caMoro OOJbIIOrO coAep:KaHusi uHruburopa npu T <<
<C 430° C. BenuuuHbl npepena Bocmiaamenedus cmecd 2H, 4+ O, 6e3 uHru-
0MTOpa MaJo OTJIHYAIOTCS OT OTPE3KOB, OTCEeKaeMbIX Ha OCH OpPAHHAT INps-
MBIMH, YTO HaXOJHTCS B coryacuu ¢ BelpaxenueMm (IX).

Ilpu GosblINX cOmep:KAaHHUSX 3TaHa B pe3yJbTaTe 3HAYUTEJbHOTO CHH-
’KEeHHSl IpeJlesia NIPH HU3KUX TeMIlepaTypax CTAHOBHUTCS 3aMeTHLIM BJHSHHE
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410 430 450 40 1, L

Puc. 1. 3aBHCHMOCTbL BTOPHYHOTO Ipefea Puc. 2. 3aBHCHMOCTb BTOPOTO mNpefena
Bocniamenenus: cmeceii 2C0+0,+CoHg ot oT Ry -
TEMIIEPATY PhIL. 1—695°K; 2—708°K; 3—T72°K; 4 —T43° K;
5 —758° K.

n, %: 1—0; 2—0,1; 3—0,2; 4—03; 5—0,4-
6 —0,5; 7—0,59.

reTeporeHHoro oOpbiBa Leneil, YyTo MPUBOAUT K HAPYLIEHHIO yC/IO0BUS (VD).
B pesyibTaTe 3aBACHMOCTb ps OT [RH OTKJIOHsIeTCS OT JHHEHHOCTH.

B Ta6auue npeacTaBieHbl BeJduddHH fo, - tg /b, onpeneneHHbe U3 1aH-
HBIX pHC. 2, a TakxKe 3HaueHHs Rs/2ky, paccudTaHHBIE IO BEJHYHHE

9300
ky = 2,2 - 10Mexp (—— M;LTOO) [13] u k;=281-10%exp (——
[2, 3].

W3 tabauubl BHAHO, YTO 3HaueHHs fo, - tga/b HeckoJabKO MeHbIle, ueM
ks/2ky, ipHuEM OTK/IOHEHHE MeXKIy 3THMH Be-

T'> cm3/Modb - ¢

JMYHHAMH pacTeT C NOHHKEHHEM TeMIepary- ¢ -tgafo
pol. IlpH HCNONBb30BAaHHH BEJHYHHBI Ry=1,6- T,°R 0y kes/ 2R
16730

.10 exp (_W> cM3/MOJb-C U3 paBoThHl
695 27,8 45,0
[1] sT0 pacxoxjenue moaydaercs: HECKOJBLKO 705 26,5 40,2
GOJIBIIHM. 723 26,4 36,5
OTmeTHM, 4T - 743 25,8 31,8
, 4TO IIPU ONpeleJieHHH Ry MeTo 755 94’1 58’4

JIOM IIpefieioB BoclaMeHeHHs: B paborax [14,
15] ucmosip3oBasach HECKOJIbLKO 3aHMIKEeHHast
BeJMunHA Koa(p¢uuuenta auddysun aromoB H B H,. IMoabsysch HOBOI,
GoJlee NpaBUWJIbHONH BeJHUHHOH 3Toro kosddummenta [16, 17], noayuaem

=1,6-104 exp(— —1 cM3/Moab - c.

B paGore [18] ykaselBasoch, 4TO Ha BTOPOM I[peJese BOCIJaMeHEHHs
Bojopona panukanbl HO. He TOMpKO morufawT Ha CTEHKax, KaK 3TO CUHTa-
JIOCh 10 HepxaBHero BpeMeHu [10, 19], HO B 3aMeTHO! Mepe MOTYT BCTYNaTh
TaKXke B PeaKIUH C aTOMapHBIM BOJOPOAOM:

H + HO, = 20H, (7)
H + HO; = H; + Oy, (8)
H+HO,=H,0+0. (9)
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3rto osnauaer, yro peaxkuuu (5) um (6) sABAdIOTCA OODLIBOM Lelell JHIIb
B TOM cJaydae, korma panukann HO, Bcrymaior B peakuuio (8) wiam pe-
KOMOHHHPYIOT Ha CTeHKe ':

HOgy-}crenka— o6phiB. (10)

C yuerom peaxuuit (7)—(9) seipaxenue (VII) mMoxHO ¢ xopouell Tou-
HOCTbIO IIPEACTaBUTL B BHJIE:

rae
= TThTA

OtMmeTrnM, uTO B3aUMOMAEHCTBHE IleNell B BHIPAXKEHHUAX MPENEJOB BOCIJIA-
MeHeHMs YUHTHIBAJOCh Takxke B pa6ore [18], B KoTOpoil mpuBefeHbl ypas-
HEHUs] HeMHTHOMPOBAHHOTO BOCIJIAMEHEHHS. YpaBHEeHHE K€ NMEepPBOro mpeje-
Jla BOCILJIaMeHEeHUs] B [IPUCYTCTBUM UHTUOUTOPA COMEPKUT KOHIIEHTP allHIO aTO-
MoB H u Tpebyer yrouneHwus.

k
]co2 . tg alb = --Q-ké; [3

Hepagenctso fo, - tg a/b<ks/2k, (cM. Taba. 1) MOXKHO OOBACHHTL TEM, YT
BeJMYMHA [} HECKOJbKO MEHbIle €IHHULLI. DTO 03HAUAET,

k< ki-tko. © (XTI

JleficTBUTEJbHO, COIIACHO JUTEPATYPHBIM AaHHBIM [22—24], cymMa k;+-7%e
npubJau3uTeNbHO BABOe GoJiblie ks. Kak W cjefoBajio 0XKHAAaTh, BEJHUHHBI
k7, Rs M Ra OT TeMIepaTypHl 3aBUCAT OYeHb caa6o. Besanunna ks/2k,, ompe-
JeneHHass B paGoTe [4] MmO cMelieHWIO BTOPOrO Mpejesa BOCHJIAMEHEHHs
BOJOpOZAA B IpHCYTCTBUM 3TaHa npu 540°C Ges yuera peaxuuit (7) — (9),
TaKKe HECKOJbKO MeHbllle 3HaueHHWs 3TOH ApOOH, pAcCUHTAHHOH M3 IpHU-
BeJIEHHBIX BbIIllE BEJTUUUH Ry H

YactuuHblM npoTekanueM peakuuit (7) — (9) u HepasenctBoMm (XI)
MOXXHO OODBACHUTb TaK¥Ke HECKOJbKO 3aHHXKEHHOe 3HaueHue KOHCTAHTHI
ckopoctu peakuun H-+C3Hg=C;H;+H,, onpenesenHoe 13 maHHHIX 10
BJIUSAHHIO [IPONaHa Ha BTOPOMH IIpefieJ BOCIVIaMEHEHHs BOAOPOIA.

B nnddysuonHoil obaactu o6pbiBa Ileledl Ha MepBOM Mpejesae BOC-
nJaMeHeHHs BCJAeACTBHE OOJBINHMX 3HAUeHHH Rjp poab peakuuil (7)—(9)
3HAYMTENbHO MeHblle. [loaToMy sHaueHus ks/2R;, onpeneneHHble IyTeM H3Y-
YeHHsl IepBOTO Ipejesa MHrHOUPOBAHHOTO BOCIJIaMeHEHHs BOJOpoAa B Aub-
(dysuoHHOl oOJacTu oOpHIBa lleneil, NIpakTHYeCKH He 3aHmKeHbl [2, 7, 25].

B cBere ckaszaHHOrO Bblllle 0 peakuuax paxukanos HO,, Beauuuny
B Boipaxenusax (II), (V) u (VI) moxHO paccmarpuBath Kak 5(hdeKTHs-
HYI0 KOHCTAHTYy CKODOCTH OOpBHIBA Ieneid, IPOHCXOJSLIEr0 B pe3yJabTaTe
peaknuu atomos H ¢ MoJsekynamu HHTHGHTOpA.

Ha BTOpOM mnpepese BOCIJIaMeHEHHS HEKOTOPYIO POJIb MOXKET HIPaTh
peaxnus

9HO,=H,0,+H,, (11)

BKJIIOUEHHAs] B MeXaHH3M IIpollecca B 3THX YCJIOBHSIX, Halpumep, B paborax
[8, 20]. OueBuano, uto 5Ta peakuus yMeHbllaer poab craauil (7)—(9).

1 Peakuun (7)—(9) cnpaBenJuBo BKJIKOUeHH B OOILIYI0 CXEMY mpomecca TakK¥ke B pa-
6orax [20, 21]. Tlpu 3TOM, OLHAKO. aBTOPLI NPHHHUMAIOT Ra< Ko, UTO IPAKTHUECKH PaBHO-
CHJIBHO NIPeHeGpeXKeHHI OODBIBOM lieneil no peaknuu (8). Taxkoe cOOTHOUIEHHE NPOTHBOpE-
YAT HCTHHHBIM 3HadeHHsM Rg u kg [1, 22—24].
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K HexoTopoMy yMeHbllieHHIO 3(¢ekTa HHTUOHPOBAHHS MOMKET IIpH-
BECTH peaklusi ajJKUIbHOTO paaukana ¢ O,y IpoTeKarolllas IIPpH HEBLICO-
KHX TeMIepaTypax YacTHYHO N0 NyTH 00pas3oBaHust ajbIeruja H aKTHBHO-
ro menrtpa uneneit — paaukanos OH. Opnako, corsacHo JaHHBIM padoT
[5, 8], peakmus CoHs+0;=CyHsO+4OH B ycaoBusx, noJo0HBIX paccMoT-
PEHHBIM B HacTosillell paboTe, IpaKTHYeCKH He NPOTEKaeT.
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YIK 662.58

YUCJEHHBIX AHAJIU3
KHHETHYECKUX MOIEJEW BOCNJIAMEHEHUS BOOOPOIA

B. H. I'onosuues B. H. Jumurpos, P. H. Coroyxun
(Hosocubupck)

MexaHu3M BBICOKOTEMIIEDATYPHOTO OKHCJIEHHSI ¥ TOpEeHHs BOAOPOJIA
HCCENOBaH JOCTATOYHO MoApoOHO [1], BK/IIOWAsi MHOTHE KOJHYECTBEHHBIE
JaHHBle O CKOPOCTSIX 3JeMeHTapHBX cramguil npouecca [2]. Cymecrsyer
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