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NIEPETPEB B TIOBEPXHOCTHOM CTOE MIPH TOPEHWA
TNABSIUXCH SHEPTETHYECKHX BENECTB
Tlew K. Tycauenko, Bramwmap E. Japko
Hncmumym xuwuueckod xuwemury u zopenus
Pocculckas akadewus wayk, Cubupcroe omdenenue
Hovocubupex, 630090, Poccus

Tlpi FOpeHMA HEKOTODHY DIPMBYATHX BERECTD A HOMIOHEWTOS COBpE
MEHHMX PAKETHHX TOMIMD WA NOBOPXMOCTH CYHECTBYET XWmKWH CTIO

HOTOPOM NPOTEKAWT XMMAECKNE POAHUMM, COMPOBONIACHNE CNAPeHAEM
bemecTsa, TeOpeTAMECHOR OMMCAHME TOPEHMA TAKWX BemECTS OBHNMO
5a0MpyeTch Ha MPENCTABAEHMAX O KWNEWAH NMIKOTO KOMMONEWT2 Wa no-
BEPXHOCTM, CQOPMYNWPOBAHHMX B PaHWMX PasoTaX A. 0. Benmesa, nocan-
eHHMX WayueHAD TOPeNMA HWTPOT/MKONA (11, NlpW STOM eABWO npemno
MAraeTCR MOHOTOHHOCTS MPOGMIIA TEWNEPATYPH B HOMISHCHPOBaHHOR 9ade
W OTCYTCTBHE NeEpErpepa B NORSPXHOCTHOM Coe. B WacTHOCTH, B OCHO
pononarawmell pasote no ropewmw nopoxos A B 3emsioswsa (21 mawa
oUeHKa Meperpepa B MOBEDXHOCTHON CMlOR 33 CHET C/lAGOr0 MosMmenns
HaBMEHMA Y MOBEPXHOCTH WO-9a IMKGMAKW OTTOKA NPONYKTOB FacWemia-
uMn. OKaONBaeTCA, HTO NOGABKA RO JaBMEWMR MW GTHOCOEpHOM W G-
hee BMCOKWX AGBNIGWMAX COCTABNAET NOMM NPOUSHTA W CTACO BAMRET W3
enmanny TeMnepaTyps Kanewsn. B CBAOM C MOCTYAMpYewoll WesogHow
HoCTbD CYmECTBOBAHMA TEMNEpATYPH O FMYOWHe BemecTsa, npesumsxaed
reNnepATYPY MOBEPKHOCTA, IOCTWNEHHE HYMEDOPO [POEHTa TeNnepa
£ypH HA MOBEPXHOCTH NPHHAMAETCA B HAHECTBS MPERena CYRECTSOSRNMA
craumonaporo pewsina ropenns (31

Boonuaer, OmMAKO, BOMPOC, HACKOMbKO OGOCHOBANO KATErOPMIECHOS
yrBepNTeHN O HEBOWOWHOCTH CYNECTBODANAN MAKCHMYNR TENTEPSTYEN

& nomnosepxHocTHON crioe XmKocTH. HoecTHO [4], NTO XMIKOCTs Mo"

BE o oaars » reucks NopoTKpro, MO MoesHagO [ESHSSIESS
HpeNeHN B WeracraSunbwon COCTOMNAN NP TENNEPATYPS DUYTRR MTSR
Tara GaoRsns - crwomsnb. MMeno STa pauRects TENNFATIR PHAR
oyexch ® Bas MPemembHOTO NEpErpess WWINOCTH NP KarPese remnon
e Mporpena BOTNN COPENNA
noepxNOCTHORS.

10° K/c w oume [4]. OtweTaN, uTO B 00!
smnusssx BB W TDEpAMX TOMAMS CHOPOCTe HATPEBS
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TemMnepaTypy, npeBHEAKRHYR TEeMNepaTypy KUNeHWA MUOKOCTH.

Mosto npepmonaraTb, YTO Ha/lMYME MAKCHUMyMa TeMnepaTyph B nose-
PXHOCTHOM CJI0e pearupyomero semecTsa Syger ofycroBnupaTh 0Ccob6eH-
HoCcTH nopepeHnA ropame#l cucrem, B YaCTHOCTW, NpPU HecTauMnoHap-
HbIX pexuMax. IT0 Tpe6yeT cnenManbHHX uccrnenopaHull. B HacToAmeN
pa6oTe npuBedeHb  YC/IOBMA DPABHOBECHA HA MNOBEDXHOCTH MUOKOCTH R
BOBMOMHbLIE BAapMaHTH nNeperpepa MNOBEePXHOCTHOI'O MWHUIOKOIO CIHOA Npw
COpeHnn.

PapHOBECHEe HE NOBEPXHOCTH.

PaccMoTpuM ropeHme roMOreHHOro cocTaBa ¢ wMOKOM OBE PXHOC-
Tbio. [IyCTb H2 MOBEPXHOCTH HET reTeporeHHLX peaxkiuil, a uMewT Mec-
TO TOMbHO MCMapeHne M KOHO@eHcauuA. W rapopoll ¢a23b KOHOEHCUpyeT-
CA NOTOK BemecTBa m_ ¥ MCTNapREeTCA o6paTHO m_ OBpaTHHM noTok
6onbme napaowero Ha BeJIMYMHY m Maccopolt CHOPOCTW fOPEHNMA BemecTBa
m o= m - mc.ﬂpuHﬂTO CYNTATDL, YTO ONA OGHYHLIX pPEeHMMOB TODEeHMA
m/me;« 1, Tar 4TO cymecTByeT NpubIMMEeHHOe paBHOBecHe B MaccooBMe-
He Mexly NpurnoBepPXHOCTHOW 4YacTbl rasoBoll ¢aspi ¥ TOHKUM (OT OQHO-
'O [0 HEeCHOJIbKMX MOTNIeKYIIAPHBIX CII0eB) ClI0eM NMOKOCTH. ITO yTBepAC
feHne CNpapennnBoO, eCiM YCIIOBUA HA TPaHMUAX YNOMAHYTOrO CII0OA He
MEHALTCA 3aMeTHO 33 XapaHTepHOe BpPEeMA M3MEeHeHMA ero napaMeTpos
{BpeMA HEeCKO/NIbKNX MONEKYNAPHHX B3aumogeNcTBuM). JHanee BTOT crioM
HaBbiBaeM MoBepXHOCTb $as30BOroO nepexoja.

IlnA MHOr OHOMMOHEHTHOW CMecn H3 TNMOBEPXHOCTW BHMNOMHAGTCA pPaBeH-
CTBO XUMUYECHUX MNOTEHUWANIOB WM PABEHCTBO QYFUTUBHOCTeN f, o6enx
®a3 ONA KaMOOro KOMMoOHeHTa [5, 6]

0
= = = by X =
- Y LI Px; P £, % LI P x, 21, 2, 51 (1)
3mech x, , X, |- MOMbHHE [OMM i FO KOMMOHEHTa y NOBEPXHOCTH CO
, g ,

CTODOHH ra3a M NUAKOCTH, @, Y - HOBPOMUMEHTH QPYLMTHBHOCTH M aK-
TUBHOCTH, YYATHBakIlMe HEWOeaslbHOCTb ra3oBuX cmece#l W pacTBOpPOB.
OTHNOHEHMe p, Yy OT 1 MOMeT O6HTb CYHECTBEHHbIM NPH BHCOKWUX Haphe-
HUAX WU NP HUBHUX TeMneparypax. Mo nanee nonaraem ¢ = y = 1.
Bxogaman B (1) BenuuunHa f?,Lech NaBfieHNe HICHUWEHHOr'O Napa 4YKuC-

TOro i-I'0 HOMIMOHEHTA, O6hYHO sapgapaemoe (06paboTKOW HAaHHBIX onbiTa)

B BHIOE f? = Bieprdﬂ/RT). llaBnieHne y nOBEpPXHOCTH CO CTODOHH

L
HAOKOCTH OTNNYaeTCA OT NaBlleHUA p B rase Ha Majiyr nOodne, B3aBUCARYIR

-+
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rasosux 3aponbimel. [IpeHe6GpemeM 2TUM OT/IMYNEM, KaAK M péaHTuéHon
cunogrreKapEMX OT MOBEpPXHOCTH rasoB. U3 (1) crenyeT ypaBHeHme
MEeXaHWYeCKOro paBHOBECHMA TIOBEPXHOCTH
¥xi,gB;1exp(+Li/RT‘) = 1/p (2)

CunbHaA B33aBACHMMOCTb OKCNOHEHT OT TeMnepaTypbo MPUBORAAT H TOMY,
4TO QONA CMecn »maKocTefl ¢ CymecTBeHHO DaBITMYHbLIMU Li' HaK npaBn-
no, MOWHO NpeHefpeuyb NMON BHAKOM CYMMH BCEMU YIIEHEMU MO CPABHEHMUD
C rapHBHM, OTHOCAMMUMCA K caMol TpyaHonmeryuyel MUOHOCTH.

1A HEKOTOPHX HOMNOHEHTOB Ts MO¥ET OKaBaTbLCA BHle KX Temnepa
TYPH KWUNEHUA. B OTOM ciiyyae OHM NPUCYTCTBYOT B MUOKOCTU B Buge
PAaCTBOPEHHOro rasa, a cMbcil (M cnoco6 NONy4YeHUA) KODPPUIMEHTOB B
M L cneaywT n3 (1) U COOTBETCTBYOT CHUTYAHMK C DPACTBODEHMEM i-ToO
(eguHCTBEHHOr0) razo0o6pa3sHOr0 KOMIOHEHTa B WHMIOKOCTH, pPaBHOBECHHM
napeHueM napos Koropoll npum naHHoOR TeunepaType MOXHO NpeHe6peub.
i Bexp( -L,/RT) = p,
annpoxcuMupyomnh snnupuqecuyn B3aBUCUMOCTD Monbnon nonu uwecrnenye-

B 2ToM cnyuae x, = 1 ¥ (1) npumer BUO X

MOPO KOMMOHEHTa B pPacTBOPe OT COBHAHHOIO OTUM KOMIMNOHEMTOM HaBle-
HUA Hapn nOBerHOCTbD (npn BamaHHLHIX TeMnepaTtype M npupone pacTBO-
puTenA). '

MipuBeneM NpuMepH WCNoONbBOBaHUA (1) INIA OBYXKOMIOHE@HTHMX CHC
TeM. Ecnm 3aKpHTH COCYHN YaCTHUYHO BANOAHMUTL CMECbI ABYX MMGKOC-
Ted Npu sagaHHOW TemnepaType T C MOMbHHMH HONAMA B D3TOR CMecH

X, M X, = 1 - X, TO rasopad ¢apa Hag HUMU OCHCTPO NpUaeT kK
papHOBecuw corpacHo (1):
t
P X4% %41 IL{T)’ P X6 x2Lf21(T)’ (1%)
OTHKYAa Jlerko BHpPasuTbh p, S ngz 1 - X1q° Tenepb paccMOTpPUM

NpoTOYHbI BapuaHT STOMN éanaqu. ByneM nNpoKauyuBaTbh 4Yepe@ YMOMAHY-
THH cocyn (Hapg MNOBEPXHOCTb MMIOKOCTU) HOCTATOYHO GONbIROR NOTOK
‘Ta30BOM cMeCM C 3anaHHLIMA napaneTpamu Pr Xy00 Xuo0 He YHOOBNEeTBO-
DAOEMMK COOTHOMEHMAM (1 ') C MCXOOQHLIMU napaMeTpamMm MMHAKOM cMech.

NocnienHue npoMXHL Tenepb NONCTPAUBATLCA K YCNOBMAM, SanaBaeMbiM
rasom, #u nepeCTponHa MomET GhITb noaonbﬂo nnuTeanon flpr 23TOM
npaRTuqecuu Mruoaeuno K napameTpaM rasa m noaepxuocru coriiacHo

(1) noncrpanaacha napaMeTpHl OYeHb TOHKOFO CI/IOA »MOKOCTW. B na-

nbHellmeM nepepacnpefefeHue HKOHUEHTPauu# u TeMnepaTyps pacnpocT-
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PaHAETCA B riy6b: NOBONMbHO MEOMIEHHO 3a cyer anddysun U Tennonpo-
BOOHOCTH B MMIOKOCTH M. BHAUYNUTElIbHO 6LICTPee, eCcilu WUMeeT MecTo W
HOHBEHUMA. «UB6HITOYHLIN® KOMNOHEHT NOCTABNAGTCA H MOBEPXHOCTH W
ncnapAeTcAa, a «HepgocTalmul» KOHOEHCHPYETCA M3 rasa ¥ OTBONWUTCA B
rnyéb.

B [7] nmorazaHo, YTO N0 TaKOMY MEXaHUSMY CHH¥BETCA HONA NeTy-
YMX HOMMOHEHTOB B MOBEPXHOCTHHIX CJIOAX HalerneK MHOTOHOMINOHEeHTHOM
MMOKOCTH B NOTOKe ropAavYero rasa. [Ipy OTOM HeHTPanbHAA 4YacTb Kax
ool KHane/lbKM OKAa3bIBAETCA NeperpeTofl, YTO MOXET GLITh NPUUYMHON
HAabNoOO2WMUXCA B DKCNEDPUMMEHTE BBPHBOB YacCTW Hanenek.

lloxoxme ABNEHUA MOT'YT MPOUCXONWTL M NP FOPEHUM «OHEpreTuye
CHUX MaTepuarnoB» ¢ ¥HUAKOU NOBEepPXHOCTbLI, HO aﬁer BOBMOWEH CTauu-
OHapHbM pesuM pPacnpoCTpPaHeHMA NC HMOKOCTW BOITHH MIMEHeHMA napa-
MeTpoB. BMecTo npomyBkm (BAonb AMOKOW nNOBepXHOCTHM) raBa nNpUYK-
HOM OTANYMA ero napaMeTpeB (MOMbLHOIC COCTaBa M TeMnepaTypo) oT
TaHOBHX B I'ly0MHe ¥HMOKOCTH ABMACTCA B HAaHHOM cAydyae nogBog Tenda
M NPOOYHTOB CrOPaHMA K MOBEePXHOCTM M3 BOHHW peakumM rasopod ¢ash.
B #mnoxoN ¢ase npu ACCTATOYHO TOHKOM MHMHOKOM croe (NpM ropeHun TRep-
noro TOININBA, KOTOPOE FMNIABUTCA TOJMbKO BONM3EM NOBEePXHOCTH) HOHBEK-
HUA MOMET OTCYTCTBOBATh, XOTA B TOMNCTHX CAOAX (ropeHue nerwkonna-
BHUX BemecTB NpUM HU3IKOM HaBlieHMu) oHa HabGmopanacb [81.. Twunuuuan
CTPYKTYPa BO/IHb I'OPEHMA CXeMaTunyHo uM3obpameHa Ha puc. 1.

O6paTum BHUMaAHMe HA oTnuuue (2) oT npepnomeHHoro B [5] coor-
HOMEeHUA '
p = %I xi,LBlexp(-Li/RT), (3)
TaKwe cnepywmero na (1). HenombeoBaHue (2) BMecTto (3) gaer npe-
¢« 2z, @ TOUYHee - ec/M eCcTh OCHOBaHWA npeHeBpeuyb
pesynbTaToM peaKuumP B SoHe 0 < z < z, sungopasHod nuedysun. B
ATOM cCily4Yae, eciny eme MO¥HO CUYNTATbh BOHY MMIOKOPaZHON OuePysum
BBUAY Ma/lOCTH ee BpeMeHM nepecTpolkmu tdz zd/u KBasWuCTallMOHAPHOMN,
oHa BooGme MoWeT OHTb MCHIVYEHA W3 PaCCMOTPEHMA, NOCHOJNbKY He
BAWAET HA OCTanbHbie 30HH ( .Npewgde BCcero Ha ragosyw z > 0). B
ras’opoll ¢ase BelIMUMHL xi(O)MOPYT 6biTb HalljeHbH WMB pEeWeHUA 3aAaum
nna xi(z, t), Tlz, t), onuchBabmeN pearuuu, OuPpPysuie M Tenonpo-
BOOHOCTb B rafoBofl cmecu. lnAa TemnepaTypol I'paHUYHbIMN YCITOBMAMM Ha

MMyHieCcTBO nNpn z

NOBEPXHOCTH CiiywaT ypabBHeHne (2) (cBAsnBapmee Bce xi(-O), P
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T{(0)) n BanaHC Ternaa HaWMOBEepPXHOCTH

BT oy = 22T
-2 B0 (-0) = -2 3y (x,) +m ¥ xi(xd) Q o (4)
a WA x - fanaHC BemecTBa HAa MNOBEPXHOCTH, KOTOpPHM MMeeT BRI
Oxi
- m xi(—O) - Dg F (-0) = - m xi(xd) (5)

B [4] Qi - TennoBoM B0PeHT rasupuranmm, OGLMHO K HeMy GI/IMBKA OM-
MMpUYeCKaA KOHCTaHTa Li. YpaBHeHMA paBHOBecuA (1) ANA HAWOOro KOM-
fOHEeHTa He WCNOMb3YITCA, NOCKOMbKY OHM HYWHM TOJIbHO [/IA ONKCAHUA
He WuHTepecypmel H3IC S3OHH M¥MOKOPABHONM aAmMOdyamn, B KOTOpoH He
MEHASTCA CYMMapHHM MOTOK i-I'0 HOMIMOHEHTa ‘

axi _ -
- mx(z) -D 32 (z) = const = - m x (x)
.Il B ypaBHeHMAX (4, 5) He YydYTeHbH BOBMONHbe TeTeporeHHble peaKuun

H3 NOBEPXHOCTH K MHOMOKOMNOHEHTHLl xapakTep OnPPyosny, KOTOPbil
MO¥ET CTaTb CYMECTBEHHLHIM O/IA CMECH C KOMMOHEHTaMHW, pasnuyaummu-
CA NO MOJIADHOMY BeCy HAa MNOPAAOK u Gonbme.
B »makoM ¢ase npu -® < z < -z  PpeliaeTCA AHAJIOTWYHAA papaya,
HO 6e3 nu¢oysuu. [paHUYHbEe YC/IOBHA MO TeMneparype npu z = -z,
COBMNagapT C TaKOBHMM 1OnA rasopol ¢asuw npu z = 0. HnAa X, rpaHuny-
HOrO YCI/IOBMR Npu z = -z  He rpe6vercA (BBUOY OTCYTCTBMA NPpU z <
T2, nuooysumn).
ECnu we OH3aweTCA, 4YTO HefbdA npeHeGpedyb pe3ylbTaTOM peakuuil
.Hi' B DOHe MMAKOPasHOM Nuodysuum Wi BpemeHeM ee nepecTpollku, TO 2Ta
B0H3 [O/IKHA 6bLTbL BHALYEHa B o6muM pacueT s»maxol ¢asu. Ilpu 3TOM
nopbimeHue (38a cdyeT yuveTa OMOPYy3MM) NOPANK3E YpPaBHEHUH KOMNEHCHMpY-
eTCA WMCNONb30BaHMEM B HayecCTBe I PAHUUYHBIX yciosull ypapHeHu# paB-
HopecuAa (1) mIA HAKOOro KOMIOHeHTa, a B 6anance (5) npapaAa 4acTb
NpUHUMAET BUO - m x1(+0) - D, g§3(+0).
BOo3MOXHOCTSH NePerreBsa, AHaXMTHUECKHEe PeBeHMuN.
B pame TeopeTWYeCHUX paboT COOPMY/IMPOBaHH MOOEIH, Y4UThHBaK-
.qp wue SHepreTHUYECKHe B3aTpaTh HA KCMapeHue, u B Kamgo! wn3 HUX npen-
nonaraeTcA MOHOTOHHOCTb npodunAa Temneparypw T(x) B k-¢ase. Boas-
MO¥HOCTbL MaKcuMyMa T B nonnosepxu6CTHou CrIoe HameTCA QUINYECKH
HepeanbHoW. [looTOoMYy, Hanpumep, HOOCTUNEHMWE HYNeBOro rpanneHTta T

H3a MNOBEDPXHOCTH CFOpeHus QQpMY”V]pOBaﬂOCb B {31 B KauyecTbBe Nnpepgeina

CymeCTBOBAaHMA DPEMMMOB CTANMOHAPHOTO POPeHMA. AHasmorwywo B [9]
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M3 BOB3MOXHOCTM npeHebpeub MNOCTYIVIEHWEM TefJia HA TMOBEpPXHOCTb CO
CTOPOHH raBa chenaH (BO BCAKOM Crfiyuyae, MCMONbBOBaH B Mogenn)
BbHBOJ O HYNIeBOM I'pPafjMEeHTE H3 MNOBEPXHOCTM CO CTOPOHBI K- 0aBbi

Mewny Tewm, ABNeHUe neperpeBa MUOKOCTH OO TEMNEpPaTypu, npepbmaomeh
TeMNepaTypy KUMNEeHWA npu HOAaHHOM HOaBleHMW, [OBOJIbHO YaCTO BCTPEY3ETCA
B NPWIOHMEHUAX, MCNOMb3YETCA B TEXHUWUECHKUX YyCcTpofcTBAX W MHTEHCUBHO
uccnenyerca [41. O6cynum BOSMOXKHOCTbL Neperpepa NpuM ropeHUWM TBEpPHOro
TONMMBA C DHOOTEPMUYECHUM 20PeKTOM TrafMPUKaANMM HA NOBEPXHOCTM L
{kan/r). Ha noBepxXHOCTW K- ¢a3bl BHIONHAETCA COOTHOWEHue

q= Lm + q_ (8)
3nechb 1, 9. Te[NIoBbie NOTOKW W3 razopoll ¢asuw HAa MOBEPXHOCTbL W
OT Hee B K- $agay, kan/(cmc). Ecnm K- $ada noJg NOoBepPXHOCTbl nepe-
rpera, TEeIJI0 OT Hee OTBOAUTCA K 6onee XONMOOHON NOBEpPXHOCTH, TaK —
uTo g < 0O urmm ¢ yueToMm (6) '
qg( Lm (7)

llp 2TOM A NOOOepMaHMA NOBLIeHHON TemnepaTyps NPUNoBe pXHOCTHOMN
yacTu K- ¢a3bl B Hell JOmKkHO MMeTb MeCTO TenopbieneHue. JlerHo npe-
acraBuTh cefe neperpes B HOBYX CHy4Yanx.
1. CKBO3b MNOBEPXHOCTL «MNONYNPO3PayYHOro» feTydero BemecTBa, KOTO-
poe HCnapAeTCA NpaKTU4YecKM 6e3 paBNIOMEeHMA B K- ¢a3e U TOPUT B
rasosocll ¢asge (Hanpumep, HUTPOLIMKOMNDL), nNOJaeTCA CBeTOBOW NOTOK
q - NIpr 2TOoM NOO NOBEPXHOCTLI K- ¢adb BOIHMKAET TEMIOBOM MCTOY-
HUK C MNIOTHOCTLI Wr=(qr/k)exp(—kz), Han/(cmac), rge k - HKOHCTaH-
Ta W3 3aKoHa Byrepa. Ha camy »e noBepxXHOCTb M3 rasosofl ¢asw noc-
TyrnaeT 5a CUYeT MOMEeKYNAPHON TenronpoBORHOCTHA TMNOTOH a B oToM
criyyae W3 pemeHuMA CTauuoHApHOW TervioBOR B3apgaum chegyer, 4YTO B
o t L/c)1 pacnpocTpaHA-
eTCA TEeMNepaTYPHAA BOJMIHA, B HOTOpPOW Ha PAaCCTOAHMM OT NOBEPXHOCTH
z * (1/k) 1n(1 +1/a) uMeeT MecTO neperpes

T - T~ (g /Ak) (1 ~a In(1 + 1/a))/(1 + a) (8)
3pnech g = C(Ts— TO)/(L - qg/pu); P, ¢ =~ MNAOTHOCTb M TEINIOEMKOCTb
K- §asu. B pemeHWM MCHOMbBOBAHO MNpPennoloweHue © TOM, UYTO pasmep

K- pase CO CHOPOCTbI u =(q + qg)/fcp(Ta- T

SOHH TOrfICHIEHMA Majl MO CPaBHeHWI ¢ TONMMMHOM nporpetoro Ccrof..

2. TensoBupeneHue non MNOBEPXHOCTh pPealin3yeTCcA 38 CUYEeT DHIOTEp
MuuecHux pearunui. [pn cnaGom TenyionogBone M3 rasa MoweT Habiona-

TbCA nNeperpeB B NOBEPXHOCTHOM Crioe, YHTC noarpepxnaeT 3aHANWG Tep-
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MOMNapHLIX M3BMePeHu ONA pAna BewlecTs.

WepecTHo [101], uTO ONA 6GalNiINCTUTOB B CpPEOHEM qglmuf 5...30
kan/r. lycty TT Ha 40% COCTOAT M3 HUTPOr/IMUEPHHA, HAA KOTOPOro no
[111TervioTa WUCNAapeHUWA NpU Temnepartype, 6nMUBKOW K TeMmnepaTtype
NOBepXHOCTN TIopeHuA, cocrapiaer 80.5 wan/r. Ecnu pawe nosopuHa
HATPOrVIMNEePUHE pasnaraeTcA B K-@ade ¥ Barem 6ed BarTpaT BHEDPruM
nokungaeT ee, nNUOPYHOUDPYA Yepes MNOBEepPXHOCTb, TO BCe PABHO BHOOR-
deKT TaM cocTaBuT L & 80,5+0,4x0,5 = 16 wan/r m CoOrylacHoO ypaBHe-
HuR (7) B YACTW ONWCAHHHX B [13] BHCNEDHMMEHTOB UMell MECTO nepe-
rpes.

AHATIOr MYHbIe MBMEepeHUA 6LIIM NpopeneHb A OHToreHa [12). [ipn
BOZpacTaHupU paslfieHuna ot 1 go 70 arem qg/m »# 100...35 wan/r. Illpn-
HUMAA OMA OKToreHa Is 100 kamn/r, TOMe nNOJIy4aeM BO3MOXHOCTL BHNO-
nHeuna (7).

Ina cnyuyaA, Korga B K- ¢aBe MOeT PeaKUMUA HYNeBOro MOPARKa CO
CHKOPOCTbI W = koexp(-E/RT), P/(cnac), METONOM CpamMBaeMHX aCHUMN-
TOTUYECKUX pPaBiOMeHUN NONyyYeHO ypaBHeHMe NOJIA MAaKCHMAJILHOIO nepe-
rpepa 99 (cM. npunomexue) :

qg/(kfiﬁ) = a ! 4exp(6,) - iexp(es) -1 (9)

3nece D = D(T,) = (RT:/E)(kQ/\) exp(-E/RT ), © ~ (T -T ) E/RTZ.
BuipaseHune HONA CHOPOCTHM POPeHUA

mL/A = &' {2D(T,) exp(0,) (10)
lonw npopearmpoBaBmerc BemMeCcTBa /IerKo MONy4YWTb U3 TennoBux 6Gana-

Hcop (4acTb ero - pacTBOPeHHbH ras, 4YTO [HIA neperpeTofl MAJFKOCTH
BeCbMa CyHWeCTBEeHHO)

on = c(T - T ), @n = (T - T ) + L - q_/m (11)

BO2MOXHOCTEL BCEMNAHUN .
CornacHo {41 neperpeTaA WMOKOCTb B HOHKpeTHOM obbvemMe

W CYWecCcTBYET HKOHEeUYHOe BpPeMA T, N0 MUCTeUYeHUM KOTOPOro HAOCTATOUHO

HpynHana ¢nyHTyéuun coangaeT <«wumaHecnocobHuM» (c pasmepoM 6onbme
KPUTHYECHOrO) 3aponbil HOBOW @asb, M NPOUCXOOMT MNOYTH MIHOBEHHoe
[13] BcKUNaHMe BCcero ofrema W. OummaeMmoe BPEeMA XUDHM MneperperToro
o6vbeMa o6paTHO NponopuMoHanbHo W, t=1/{(wJ), rpme J(p, T) - cpen-
HAA 4YacTOoTa B3aponbmeoBpaloBaHUMA B eOuHUNe obbeMma, cu’gc't Tunu-
uuni? B J(T) npm p = const NOKABAaH Ha puec. 2. [lpa ydyacTHA DPesKo-

ro nopvema HKpuBoll coorpBercTBYRT nepexony T uyepes SHAYEHMA T,(P)

.
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{ paBHOBECHAaA TEeMNepaTypa MNOBEPXHOCTH $a30BOrO nepexona uim 6uHO-
nans, npn T < Ts ¢nyHTYauui HeT, HUIKOCTbL TepMOANHAMUYECKH aGco-
moTHO ycTolympBa) 0 T*(p) (cnuHopanb, rpauuina aGconorHoll HeycToR-
YMBOCTM MMIOKOM ¢ash). PasyMeeTcA, /I MHOI OKOMMNOHEHTHDLIX suprocTell
IOMKHA CYWeCTBOBAaTb B33BUCHUMOCTb OT COCTaBa.

3Han T*tp) u J(p, T), a Takwe (M3 pemeHuA 3anayu B HNUIKOM
crioe) Tlz) n nlz), MO¥HO OUEHUTL OMA CTANMOHAPHOI'O DPeXUM3 ropeHnAa
BpeMA npe6GbHBaHUA NMMAKOCTA B BOHe neperpeba W, CpaBHUB C oXxmupae-
MbIM BpeMeHeM QNnyKTyauuu T, BHIACHUTD BO3MONMHOCTb BCHUMNAaHUA.

[pu oToM cnefgyeT MWMeTb B BUOY OBa YC/IORHAKIMX 3apady o6CcTOA-
TenbcTBa. Bo- NepBHX, TeMnepartypa M OYeHb CWIbHO OT Hee 3aBUCAMAA
J(p, T) MEHAWTCA MO TOMMMHe BOHH Neperpena. Bo- BTOpHIX, crnenuon-
yecKaa (nneHouHaa) ¢opMma neperpetoro of6bema 3acTap/IAeT YYATHBATD
Wi, BO BCAKOM Cilydyae, OUHEHUBaTh OnGdys3ul gaponpme HOBOW @asH B
o6e cTopoHH OT Makcumyma T. CymecCTBEHHO B aroll Bapgavye, 4YTO 3apo-
opimy ( coapaBaeMbie QITYKTY3aUWAMA MUKDONYSHPbLKU) PACTYT Wik yGnBawT
p osasucuMoctu oT T. Juppy3MOHHHIM BHBONOM O3aponniiell U3 TOHKMX
NeHOK npaBOonofoGHO O6bLACHAWTCA PeByNbTaTh sxcnepumeHron [141].

H cowaneHul®, TWNWYHbBE B3aBUCHUMOCTU XA J{p, T) n T*(p)
[4, 151 conepwaT napaMeTpbl (HanpuMep, KpUTHUYECKHe), HOTOpHEe
oyeHb TPYHAHO HaNTH AMA BemecTB, OGHICTPO pas3liaraviuxcAa Npu BhICOKMX
TeMnepaTypax. Bbixom COCTOMT B M3MEDEHMA J(p, T) n T*(p) B Ccneun-
anbHO OPraHMBOBAHHOM GHCTPOM npouecce Harpesa, HOrna BEemecTBO He
ycnespaeT B3aMETHO DPaBiIOMATLCA. 210 Mo¥eT OniTb, B YACTHOCTH, NMIYy-
NbCHHM HArpep BemeCTBa OKO/IO pasorpepaeMol 2/I@KTPUHECHUM TOHOM
npoBonioYyKM [41 unmu GbcTpoe HaHeCeHne NnnNeHKW BemecTBa HAa MpenBa-
pUTENTbHO HarpeTyio MOANnoXHY [167. [pm npuMeHeHUA MeTOnOAa [41 wena-
TenbHa ONEeHKa NeWCTBMA HArpeBapmero NPOBOMIOYKY NIEKTPOMAarHWTHOr O
AMNYNbCa HA npuierapiee pearupyomee BEMECTBO. Cnoco6 [161 paspa-
60TaH cChenMasnbHO QOMA pPasnarapWuxXCA BeWecTB, HO B HEM OCTAeTCA
HeACHMM, KaKNOBIMAKT H3 QUIMKO- XUMUUYECKHE XAaPaHTEepUCTUKH pemecT-
pa Go/bliMe KacaTeflbHHe HATPANSHWA W COBUL NpU HAHECEHWM TNIEHKRM C

} SpicTpPO BpamapmerocH gucka ( NpMHUWINATIbHAA BOBMOKHOCTDL BIIMAHNA

cOABura HeCOMHeHHa, 2TOT BONpoC uayqae'rcﬁ MexaHoxumMnell).
BexkunaHue osHadyaeT, UYTO OnegdysnAa He ycnesaeT OTBOOUTb npony-

KTbhl rapugnHannm (pearuuMu HUAW nucnapeHuA neryyero HOMNOHEeHTa) Wu3
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HanpuMep, anAa nopoxa H oxcnepuMeHT [17] (CHOPOCTHAA KUHOCLEM-
Ka, aHa/U3 CpeBOB NorameHHHX Oo6pasnoB) MOKaBan, YTO NPU H3BIICHUM
130 Nla nog noBepXHOCTLK TOPEHUA MNPAKTUYECKM HMEEeT MeCTO MeHHEA
goHa. TeMmneparypa B IJIOCKOCTH Hayana 06paBoOBaHMA MYILIPbHOB CoOC-
Tapuia okono 150 °C, 4TO npuMepHo COOTBETCTBYeT TeMnepatype Ku-
NeHWA HUTPOTI/IMUEPUHE U OUHUTDPOTONYONAa npu 190 Ma.

Bume coofmanioch M O NEHHOM pe¥MMe TOopeHUA OUWHH NpU aTMocdep-
HoM gpaBsienuu [81]. IlyshpbKM U neHa HaGNOOaNKCh HA POPEeBHMX NpU P
= 20...50 aTM um norameHHbX HpucTannax [IXA [181].

OnHaKo eCcTb OCHOBAHMA noflaraTb, YTO NEHa AOI/PKHA MCYEBHYTb
C NOBbHMEeHWEM NABITeHWA, KO3 YMEeHbNIARTCA CHOPOCTb pPOCTa nysspel,
TOMOMHAE MMIOKOW NMNeHKn M BpeMA npe6hiBaHWA B Hell BemecTBa, a pacT-
BOPUMOCTDL 'al®3a YBeJINUYUBICTCH.

3araouexue
lloragaHo, UYTO B HEKOTOPHX CIIYYaAX IMAaPAmMEECA MNPHW IOPEeHUM BHe-

preTuyecKoe BEWIeCTBO MOMET UMeTb BOHY neperpeBa nog NOBePXHOCTL®
mnngord cnoA. llpmBefieHb HeoGxXoOwMoe YCIIOBME CYHIECTBOBaHMA TaHOI O
nepebpesa M aHalMTUYEeCHUEe BbIpaMeHUA ONA ero BefINYMHH Npu Honosn-
HUTENbHOM JIYYACTOM Harpese K-$aBbh U NPN TEIVIOBHOENEeHMM B Hel Bsa
cyeT XWMHUYECHUX peakuunil.
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IPHNOXEHME: BMUHCAGHNE NEPErPesa,BM3IPAHHOrO PEAXUNNMH.
CTaunoHapHoe YypaBHEeHWe TeINIONPOBOAHOCTH NJA K- a3k B CHCTe-
Me HOOPHAMHAT, CBABAHHOW C MOBEPXHOCTbI rasuguKaULKUUN, UMeeT BUR
cm dT/dz + A d°T/dz°+ QW(T) = 0 (1)
3gech z>0 - KoopouHata, W = k exp(-E/RT), m - M3accoBaA CHOPOCTDL
ropeHna, CTeneHb paBl/IOMEHMA BemecThBa B K-Qaze CUYATAIEeM Majion #n
BpacCcMaTpMBaeMoM npuGiinxeHNN He YUYNTHBaeM ee BIIMAHKUA Ha W, npo-
OYKTHPAaBNOMeHMA CYATAEeM TrrnaBHbM o6pasom wxmaxuMmn. [lpegnonaraem
TaKwe, YTOBHOENALWMIACA B MarfioM HOMWYECTBE ras OCTaeTCA B K- ¢ase
B pacTBOpeHHOMBAOe 6es o6pa30BaHMA MNysbipell WM BHBOOUTCA OUPOY-
suelh. T'paunuHbeycnioBua K (I):
T(®) = Ty» T(0) =T, g = Lm - 1 (0) (11)
Temnepatypa ¢asoBoro nepexopna Ts BaBUCHUT OT naBneHnﬂ n MNpUponn
BemecTBa K- $a8h, B TOM 4YMCTie OT CTEeneHm ero pasnoxeHumA C ydeTom
npennosioweHHoW marnocty 2TOMN cTeneHu MO¥HO CUYUTATDL Ts n3BecTHON.
L - Tenmo,noTpeGHOe A CaBWOUKALNK eOuUHMUbL MACCh K- a8k, g -
TerHioBOR NOTOKN3 rasosoll ¢asy, BBefeHHbHW agecbh ¢opmalibHO B Haue-
CTBe napameTpa.
3ameHoll dT/dz = p, dzT/dzz= p dp/dT us (1, II) nonyumm
(cm/A)p + pdp/dT + (Q/A)W(T) = O, (I11)
p(T,) = 0, cm/A = (ps+ qs/l)c/L. (IV)
3pech 1 BHaYeHHe p Y MNOBepxXxHocTH rasupuraunu. O6odHaveHme
p(Ts)Hevucnonbaoaauo Bo nobGewaHue nyrauunb: ecnu T(z) umeer Mak-
cuMyM, p(T)nBysHauHa (cwm. puc, 3). Ha croike aByx BerBefl p(T) BumO-
NHAETCA yCilOBMe
p(T ) =0 (V)
T - WCHOM3A BeiIMuMHa, onpenernALman neperpes.
MpuSnmxe HHoe pemleHNne HIleM MeTONoM cpamuaaeuux acuMmMntornuec-
KuX pasnoxeHu#t. Ecnu BuNONHAETCA
(RTZ/E) / (T~ Tp) « 1, (VI)
sagauy (III-V) MO¥HO paBHerinTb Ha <«BHeIHK» (111, 1IV), ¢ npeo6-
nagapmel poifibl Tervionepenayum N ¢ XaPaKTEPHLIM WHTEPBAIOM TeMmnepa-
TyPpbl T T U Ha <«BHyTpeuHww®» (III, V), ¢ npeoﬁnanabmen poTibo
peauuuﬂ W TeMnepaTypHHM MHTepBasioM nopanka RT 2/E. TocKombKY ne-
perpeB BH@BaH neflcTBMeM peaKuui m peanmayeTcA B obGlacTy onpepe-
fIeHMA «BHYTDeHHeHM» 3anaum, ero BeJIM4nHa Tm- Te uMeeT MNOPANOK
RT:/E 7] (Tm‘ Ts)/(Ts' To) « 1, TAaK 4YTO AMA OTHOWEHWA MacuTaboB

41
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BbINOJTHAE TC A
2
€ = (RT_/E) / (T - T,) «1 - tvin
Ucnonbayem B (III) nna W(T) pasrnowmeHue OpaHK- HAMEHELHOT O OKOJIO Tm s
W ~ k exp(-E/RT,) expl-(T _-T) E/RT’1. (VIII)

NMna «pHy?PpeHHeN» sanmaum (II11I, V) BBegeM nepeMeHHyD
@ = (T -T) E/RT?,
] m
€a(ps +q/r) p-pdp/dé + D(T ) exp(- 8) (IX)
p = p(€), p(0) =0 (X)
a = c(T - T )/L, D(T ) = (RT./E)(kQ/A) exp(-E/RT ).  (XI)

C TOYHOCTDLI OO YNEHOB NOPAOHA € MO¥HO NPeOCcTaBUTh D(Tn) B BMJe
D(T_) = D(Ts)exp(es), rorpga e (IX, X) crnenyer npm € — 0
1/2

p=p, = (2D(T,) exp(8,) 1 - exp(-0)1) (XIT)

IlnA «BHemueN» sagaum (III-IV) BBegem T = (T 'To)/(Tn'To)’
a (ps + q_/)) p + p dp/dT + (D/€) exp(- 1 ; Ty =0 (X111)
p = p(t), p(0) =0 (XIV)

ACMMATOTHYECKOE pasfioKeHue nocnepHero 4neHa (XIII) npu €¢— O #u
npm M06OM KOHEYHOM T HOMXHO GHTb OTGPOMEHO KaK Majloe No cpabBHe-
HuKw ¢ mebol crenenbi ¢ Torga ma (XIII, XIV) cnegyerT

Pp=p,=-Ta (ps + q /) + Olexp(-1/¢)) (XV)

«CpomleHHOEe» pemeHue umeeT Bug (cMm. puc. 36)
p=p (T) +p (T) - p, (XVI)

3neco P, «BHYTPEeHHUH npefneryl HAapyXHOI'0 PpemeHVA, KOTOPHNH HDOoMmkeH
6bTh paBeH HApYWHOMY fnpeneny BHYTpPeHHero pemexua». [lpenen p‘x(T)
npp T — Tm ecth - af(ps + qs/XL rge ps HaxoguM no (XII) co
BHaKOM + M nNpu 6 = es. Npenen P, (T) npu T — T0 {utTo oOGHauaeT
88— 1/¢ » 1) ectTb ~'(2D(Ts) exp(es))ilg MIpupaBHuBan, MNONYYAM
YPaBHeHne n/A neperpepa QL,
2+ q,/M) = (20(1,) exp(o,))"*

(XVII)
3aMeTHUM, 4YTO C pPOCTOM qs MaKCUMYM TeMNeEpP2aTypb JOMKeH COBAraTbCA

a (r2p(T,) (exp(o)) - 1)1"

H NOBEepXHOCTH, YMEHbWATbLCA M, HQKOHEeN, WCYe3HYTb, Nocne uero,

eCTeCTBeHHO, ClleflyeT MWOMEeHUTb CXeMy BhuuciieHnfl. 3pech rpuBeneM
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6 & (T -T ) E/RT® = 1n S (XVIII)
| ] m ] 8 1 -Lz/fc(Ts - To)]z
' 1/2
Jm =% pe =2 ( R ) (XIX)
c (Ts - To) - L

HeBOBMOWHOCTDbL CT3HMOHAPHOrO pexvMa Npu a = 1 aHanorunyHa BCNbiEKE
B M3BecTHON 3apaue 0 32aXNN3HWNA HaKaNeHHOW NOBepxXHOCTLE.

- floAnuCH ¥ PHCYHKEM.
Puc. 1. T{z) - TteMmneparypa, X(z) - HKOHHEHTPaUNWA NPOMENYTOYHOI'O

NpogyKTa, BHAENAVNErOCH B K- ¢aze; z, - TOHMHA nNpunoBe pxHOC THOM
BOHH NMOKOQABHOM NMPPYaHMH, z - BOHH peakuuil B »unoxoll ¢ase, z -
nporpeToro cyioA H- ¢asy, z*- &OXNaWOEeHHOr Q» CJI0A rasoBoM ¢asm; u,
v - JIMHefHbe CHOPOCTM T OpPEeHWA (rasupmkanum) K-¢asH M OTTOKa
rasa.

Puc. 2. XapakTep 3aBUCMMOCTM YacTOTH J B3apoabmeobpa3oBaHMA B
enuHniue obvema OT TeMnepaType. T, T - 6uHOomanb M CrMHOQAlDb
Puc.3. K pemeHuo Bapgauum (I-V)., a: «ob6pameHHaA» TeMnepaTypHanA
@aBucumMocTs. T, T, T - TeMnepaTypH HayaflbHaA, M3BHCHMARIIbHAA W
Ha MOBepXHOCTH. 6: BaBUCUMOCTb FpafumeHTa OT TeMnepatypol. p_ ,
P+ P - «Hapy#HOe», «BHYTPeHHee» i «CpOmeHHOe» peWeHMA; p -

«npegernbHuft» rpagMeHT U3 YCNIOBMA CPaRAB3HUA, ps' Ha NOPBEPXHOCTH.
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