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O0Inast XapakTepucTuKa padboThI

AxTtyasibHOCTH paboThl. B nuccepranyu BBIIOIHEHO YUCIEHHOE HCCIIe-
JIOBAHVE MATEMATUIECKUX MOJENEH IBYX CJIOXKHBIX (DU3MYECKHUX IIPOLECCOB.
PaccMOTpeHB! ClIeLyolye MaTeMaTHIECKUe MOZIEIN:

o Heyuneiinas TpexmMepHast MOIEIIb TEPMUYECKOTO MK JIJIs OUCAHHUS TeIl-

JIOBBIX IIPOIECCOB ¥ M3ydeHns Hu3ndecKux 3pHeKToB B MaTEepUaIax Mpu

OOJIyUeHNH UX TAXKEJIHIMU MOHAME BBICOKUX SHEPTHif;

o JluHamMmdecKas MOZENb IOJSPOHA JJIs U3y IeHUs SBOIONUN BO30YXKIEH-

HBIX COCTOSIHWIA IIOJISIPOHA.

Ot Mozen 00beIUHEe bl B JUCCEPTAUE 00bEKTOM YHCIEHHOTO UCCIIe-
JIOBaHWs, KOTOPBIM SIBJIAIOTCS HEJMHEHHbIE 33J[a9i I cucTeM JuddepeHim-
aJIbHBIX yPABHEHUN B YaCTHBIX IIPOU3BOMIHBIX.

OHO# U3 IEPCIIEKTUBHBIX 1 OBICTPO Pa3BUBAIOIIUXCS 0BJIacTel IpuMeHe-
HUS MaTEeMATHYIECKOTO MOJEIUPOBAHUS SIBJISIETCS PaJAUAIMOHHas (DU3UKa KaK
o6sacTh (PU3MUYECKOM HAyKH, BO3HUKINAS HA CTHIKE (DU3UKH TBEPIOrO Teja,
sifiepHO¥t DU3UKY U (DUSUKY BHICOKUX SHEPrUii. SHAUEHHUE PAUAIMOHHON hu-
3UKU HEIIPEPHIBHO PACTET B CBA3U C €€ MHOTOUNCJIEHHBIMY IPUIOXKEHUIMHE 15
KOCMHYECKUX UCCJIeIOBAHMI, SIePHOI SHEPreTUKY U T.J. Pe3yJIbTaTsl paauany-
OHHOM (DU3UKH [IPEJCTABIAIOT He TOJIbKO MIPUKJIAIHOM, HO U 00uiedusmdecKuit
HHTEPEC, II03BOJIsAsl, B YACTHOCTH, 0ObSICHUTH HEKOTOPHIE BOIIPOCHI TEOPUU KOH-
JIEHCUPOBAHHOTO COCTOSAHUS U (ha30BBIX [EPEXOJIOB.

AkTuBHBIE HCCIEZOBaHNS B OOJACTH DPAJUAIMOHHON (DUSHKY IIOKA3aJIH,
YTO PaAMAIMOHHO-CTHMYJINPOBAHHEIE IIPOIECCHl IIPUBOLAT K KaYECTBEHHOMY
U3MEHEHUIO CBOMUCTB OOJIyYaeMbIX MaTepuaJioB. JlaHHOE O0GCTOSITENBCTBO IIO-
MHMO YHCTO HAYYHOI'O HMHTEPEeca MTOPOAUJIO 3HAYUTEIbHBIE HAJEXKIHI Ha BO3-
MOXKHOCTb TE€XHOJIOTHYECKOr0 IIPUMEHEHHs YCKOPUTEJIE 3apsizKeHHbIX YaCTHI]
st MojubuKaryy (OUSHKO-XUMUIECKIX CBOUCTB MaTepuasioB u uamemmit. Q-
Ha U3 HauboJlee BaXKHBIX 3a7a4 B PaspaboTKe PaIUalMOHHBIX TEXHOJIOTHH —
[IPOTHO3 U3MEHEHUsI CTPYKTYPHO-(Da30BOr0 COCTOSIHUSA O0JIy4aeMOil TOBEPXHO-
CTH, KOTOPOE 3aBUCHT KaK OT (DU3MYECKUX [IaPAMETPOB BEILECTBA, TaK ¥ OT
HMHTEHCUBHOCTY UCTOYHUKA U3JIyUeHUS.

B ocHoBe MoaudUIUPYIOMIEro BO3AEHCTBUS 3aPAIKEHHBIX YaCTHI] Ha TBED-
JI0€ TEJIO JIEXKAT TeILIOBbIe IPOoLeccHl. TBepoe Teo mpu 061y YeHrH LIaBUTCH,
HcHapsieTcs, B HeM 06pa3yioTcs TEPMOMEXAHUIECKHE HATIPAXKEHNS, YCHIUBAET-
Csl MUTDAIUs ATOMOB.

SHAYUTENbHBIA UHTEPEC TAKXKE IPEICTABIISIOT MCCIEI0BAHNS IPOLIECCOB
[ePEMEIIBAHS KOMIIOHEHT IIP¥ 00Ty YeHUH TSKeJIBIMA HOHAMY BHICOKUX SHED-
ruii ABYXCJIOMHBIX CTPYKTYP B BAJE OTHOCUTEJIHHO TOHKOIO CJIOs, HAHECEHHOTO
Ha 60JTee MaCCUBHYIO ITOJJIOKKY. B aTOM cily4dae ymaercs HOIyduTh JOCTATOYHO




XOPOIIYIO @JIe3UI0, TO €CTh IIePEeMEIINBaHNe MaTEPUAJIOB IBYXCIOMHONU CTPYK-
Typhl Ha TDaHUIE pa3feya, & TaKXKe JOCTUTHYTb IEPEMEIINBAHUS B3aHNMHO
HEPaCTBOPUMEBIX CTPYKTYp. VccienoBanue mporieccoB 06pa30BaHus TPEKOB Tsi-
YKeJIbIX MOHOB B PA3/INYHBIX MATEPHUAIaX, OTIHYAIONTAXCA TeII0MDUSNICCKIMHI
U CTPYKTYPHBIMK CBOHCTBaMH, JAET BO3MOXKHOCTDH 0OOjiee JIETAIbHO H3YUUTh
MEXaHU3MBI B3aMMOJEUCTBUS HAJIETAIOMUX YaCTUIL C MATEPHUAIAMU.

Bosbimoit uHTEpec MpencTaBiIsgeT UCCIeJOBaHNE TUHAMUYECKON MOJIeIH
IIOJISIPOHA,, ITO3BOJISIONIEN BEISIBUTD OOIIUE YCI0BUA 0OPa30BaHUs JTOKAJIN30BAH-
HBIX CTPYKTYP B KOHIEHCHPOBAHHBIX CPeNaX. TakK, CDABHUTEIHLHO HEIABHO ObLI
0oOHapyKeH MepeX0]], HOBEPXHOCTY OKCHUIHBIX JIDJIEKTPUKOB B BHICOKOIIPOBO/IS-
11iee COCTOSIHUE IO, AeUCTBHEM MOHHOT'O 00Ty YeH s, IPY KOTOPOM UMEET MECTO
POCT ITOBEPXHOCTHOI 3JIEKTPOIPOBOAUMOCTE Oosiee ueM B 5-6 pas. Oxmoit u3
TIOILYJIAPHBIX MOJeJiell ONMUCAHUS STUX U3MEHEHUH B KPUCTAJIAX SBJIAETCS MO-
JIeJIb TIOJIAPOHOB (IIOJIAPOHBL MAJIOTO PaJiyca, MOHO- 1 Gunossipons!). TlomMumo
3TOr0, IOJIIPOHHBIE COCTOSHUS UCIIOIB3YIOTCS B COBPEMEHHOM HAHOIJIEKTPOHN-
Ke IIPY ONKMCAHUN IIEPEXOA0B B KBAHTOBBIX TOUKaX. [10/sIpOHHBIME 3 heKTaMu
00BSCHSIIOTCS TIOJIOCH! IIOTJIONMIEHUSI IIEHTPOB OKPACKH B MOHHBIX KPHCTAJIIAX.
B monspHbBIX cpemax COTBBATUPOBAHHBIE COCTOSHUS SJIEKTPOHOB IIPEICTABIIS-
10T €000l TOJISIDOHHBIE COCTOSHUS M OIPENENSIOT XUMUYECKUE PEeaKIuu, Ur-
pasi POJib CHJILHEHIIIETO BOCCTAHOBUTEIS. B MOIMMEDPaX MOJISIPOHBI SBIISIOTCS
OCHOBHBIMHK HOCHUTEJIIMU TOKa. VIX TIPOBOJSIIIIE CBOUCTBA HUCIOJB3YIOTCH IIPU
CO3[IaHWN CBEPXJIETKUX IIPOBOMHUKOB M aKKyMYJISATOPOB. B GuoJoruu moJisipo-
HbI 00'bSICHSIIOT BO3SMOXKHOCTD MIEPEHOCA SHEPIUK Ha 0OJIbINoe paccTodnue. Mx
U3ydeHUe JaeT OCHOBY JJIs CO3TAHUS TaKUX KadeCTBEHHO HOBBIX YCTPOMCTB
HAHOOMOD/IEKTPOHUKH, KK HAHOOHMOYHIIBI M 9JIEKTPOHHbIE HAHODOMOCEHCOPHI.

B cBs3u ¢ TeM, YTO MPOBELEHNE HATYPHBIX SKCIIEPHMEHTOB B 9TUX 00J1a-
CTSIX COIPSI?KEHO C GOJIBIIMMHI TPYIHOCTAMHE, OCOOEHHO BaXKHYIO POJIb IpUOO-
peTaeT mpoBeneHne MATEMATUIECKOrO MOAEIUpoBaHud. s sToro Tpedyercs
paspaboTka 3PPEKTUBHBIX BBHIYUCIUTEIbHBIX CXEM U aJTOPUTMOB, & TaKXKe
IIPOBEIEHUE JOCTATOYHO TPYZOEMKUX BbIUMCINTENBHBIX SKCIIEPHMEHTOB, HO B
page cilydaeB 3TOT IIyThb HAMHOI'O BBIMOJIHEE, YEM IIPOBEIEHNE HATYPHBIX 3KC-
[IEPIMEHTOB.

Ilenpio muccepranmoHHO pabOTHI SABJISETCH

1. Pa3BuTie MeTOIOB MATEMATHYIECKOrO MOAEIUPOBAHIS B3aMMOIEHCTBIM
YCKOPEHHbBIX 3aPSKeHHBIX YaCTHUIL C BEMIECTBOM. JIJIs HOCTUXKEHUS 3TO
1eJIA OBLIM TTOCTABJIEHBI CIIENYIOIINE 3T H:

e O0600IIEHNE TPEXMEPHON MOJIEN TEPMUYECKOTO MUKA, YIUTHIBAIO-
Iee HeJUHENHYIO 3aBUCHMOCTD TEILTO(MU3NIECKUX IaPAMETPOB MO-
JIeJIM OT TEMIIEPATYPHI;



e IlocTpoeHne MaTeMaTHIECKIX MOJEIIEH MIPOIECCOB, NMEIOIINX IIPaK-
TUYECKYIO IIEHHOCTh, TAKUX KAK BO3MIEHCTBUE TSIXKEJIBIX 3apPsiKEH-
HBIX YaCTHUL, HA OTHOCJIOMHBIE, IBYXCIIONHbBIE M QHU30TPOIHLIE MaTe-
pHAJIBL;

e Pa3paboTka 3pDEKTUBHBIX BHIYMCIUTEILHBIX CXEM, aJIfOPUTMOB 1
IIPOTPaMM [iJisI PENIeHUs BhIIIeEePEYNCICHHBIX 3a,1a4;

e B paMKax NpeIJIOXKEeHHBIX MOJeJIell N3y4eHue BIUSHUS TEILIOBBIX
[IPOIIeCCOB Ha (DOPMUPOBAHKE TPEKOB B PA3IMIHBIX MATEPUAJIAX.

2. IlpoBenenvie JIHCIIEHHOIO SKCIEPUMEHTA, [0 U3YYEHUIO AUHAMHUKHA II0JIf-
POHHBIX COCTOAHUIH:

e PazpaboTka ajropur™Ma d MPOrpaMMbl I MOIEIMPOBAHKS IBOJIIO-
UMK IOJIPOHA C YIETOM TPEHUSA B CHUCTEME;

e ll3ydeHue SBOMIOIMHA MOJAPOHA C Pa3IMIHBIMEU HAYAJLHBIME Dac-
IPEIEIEHISAME 3aPATIA.

Hayuynas HOBU3HA.

1. BoepBble MPOBEIEHO IHCAEHHOE MCCIENOBAHNE TPEXMEPHOU MOMIEINH Tep-
MUYECKOTO ITHMKa € YYETOM HEJUHENHOCTH TeIIODU3NIECKIX I1apaMer-
poB. IIpoBeneHb! YKCIEHHBIE 9KCIIEPUMEHTHI JJIs1 MCCEIOBAHNS TEMITEPa-
TYPHBIX IPOIECCOB B MATEPUAJIAX IIPU OOIyUEHUN UX TAXKEIBIMUA HOHAMHA
BBICOKUX SHEPIUil ¥ WX BJIUSHUSA Ha 00PA30BAHME TPEKOB.

a) ITokasaHO, YTO B HEJMHEHHOU MOJE/U TEIUIOBEIE TIPOIECCHl B KpH-
CTAJLJIMYECKOHA pellleTKe IMPOUCXOIAT 3HAYUTENHLHO MeIJIeHHee, YeM
[IPU TIOCTOSIHHBIX TEIUIOPU3NIECKUX [apaMeTpax.

6) B mpoBeIEHHBIX YHCIEHHBIX SKCIIEDUMEHTAX ONPEIETCHbI MaKCH-
MaJIbHbIE pasMepH! 00j1acTeit, B KOTOPBIX TEMIIEPATYPa KPUCTAJLIA-
YeCKOM pEeIIeTKY MOCTUTaeT TEMIIEPATYPHI ILIABJIEHUS MaTEPUAIIA.

B) UcciienoBano BiMsIHEE TEIIOBBIX IPOIECCOB HA YIIyUIIEHHUE B3auM-
HOT'O CMEIINBAHUS CJOEB B IBYXCIOWHBIX CTPYKTYpax Ipu 00JIyde-
HUU TSXKEJIBIMA MOHAMU.

2. BrepBble IIPOBENEHO YHCJICHHOE HCCJIENOBAHNE IUHAMUYECKON MOIEH
IIOJIAPOHA C YyYETOM TPEHUS B CUCTEME.

a) YucieHHbBIE 9KCIIEPUMEHTHI IIOKa3aJIu, YTO €CJIA B HA4YaJIbHBIA MO-
MEHT BPEMEHH IOJIAPDOH HaXOIWUJICA B (OCHOBHOM nin B036y}K,JI€H—
HOM) CTallTUOHAaPHOM COCTOAHNH, TO OH COXPaHACTCA B 3TOM COCTOA-
HUY HE3aBUCHMO OT HaJIU4YUA MJIA OTCYTCTBUA TPEHHUA B CUCTEME.
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6) ITokazano, 94TO HaYAIBLHOE PACIPEETICHAE 3aPsia, 3aIaHHOE Cymep-
MMO3UIUSIMU CTAIMOHAPHBIX COCTOSIHUM IOJISIPOHA, HPU HAJIUYUU B
CHCTEME TPEHWs SBOJIOIMOHUPYET B OCHOBHOE cocrosuue. [Ipu ot-
CYTCTBUY TPEHMsI SBOJIOLMS B OCHOBHOE COCTOSHIE He HaOII0naeTCs
B TeueHue (PU3NIECKY 3HAUUMOTO IPOMEXKYTKS BPEMEHH.

IIpakTHyeckass 3HaYUMOCTb. B juccepTanuy BIEpBLIE B paMKaX TPeX-
MEPHOW HEeJMHEHHON MOIMMOUINPOBAHHON MOAENIA TEPMUYECKOrO IINKa HCCIIe-
JI0BaHbl TEIJIOBBIE MIPOLIECCH B PA3JIMYHBIX MATEPHAJIaX IIPYU OOJIyIeHUN TsxKe-
JILIMYM MOHAMU BBICOKHX SHEDIHi, YTO IO3BOJISET MOJIYYUTH HOBYIO MHMDOpPMA-
LU0 O MPOIECCaX U3MEHEHHs CBONCTB O0IyIaeMbIX MATEPUAJIOB.

VccnenoBanust OOIYYeHIS HIKEIEBON MUIIIEHN MOHAMY YPaHa C SHEpruei
700 MsB mokaszajim, 4TO MOJyUEHHbIE OLEHKM [apaMeTPOB TPEKOB (IuaMeTp
230A) KaueCTBEHHO OIHCHIBAIOT SKCIEPUMEHTAIBHEIE JAHHDIE.

IIpu obryvennn JBYXCIONHBIX 00pa3ios Ha npumepe Ni(2 mxm)/W nona-
Mu BucMyTa ¢ sHeprueit 710 MaB omenens! pasmeps! 001aCTH BIOIb TPAEKTO-
PUM HOHA, I/l IIPOUCXOIAT IIPOIECCH! IIABIEHNUS. DTO IPUBOAUT K yBEIMICHHUIO
K03 DULMEHTS aIT€3UH, T.€. B3AUMHOIO [IEPEMENIUBAHYS KOMIIOHEHT IBYX Ma-
TEPHAJIOB, YTO SIBJISETCS BECHMA BaXKHBIM IIPU CO3IAHUM JBYXCJOWHBIX CTPYK-
TYp U3 MATEPUAJIOB C PA3JIMIHBIMI CBOHCTBAMH.

BrINoNIHEHHbIE YHCIEHHBIE UCC/IE0BAHNS TEIJIOBHIX IIPOIECCOB IPU 00-
JIyYeHHY BBICOKO-OPUEHTHPOBAHHOrO muposmTrieckoro rpadura (BOIIT) mo-
Kazayu, 9To npu obaydennu nonamu 2°°Bi (710 MsB) remmeparypa BOIIT
[IPEBBINIAET TEMIIEPATYPY CyONUMAaIyy ¥ HPUBOAUT K HeDEKTHHIM CTPYKTY-
paM THII& KPaTepPOB Ha IOBEPXHOCTH, KOTOPBIE OTCYTCTBYIOT ITpH OOJIydYeHuu
nonamu SKr (253 MaB), 4TO MOATBEPKAAETCSA SKCIEPUMEHTAIBHBIMY JAHHbI-
MH.

PaszpaboranHble B AuCCEPTANMN BLIYUCIUTEIbHBIE CXEMBI, aJITOPUTMBL U
KOMILJIEKCHI IPOTPaMM JJIs KCCIEA0BAHNS MOJEIN TEPMUIECKOrO TUKa B HACTO-
siniee BpeMs ucnosib3yorest B OUAN s ucciieoBanns TEIUIOBBIX IIPOIECCOB
U OLIEHOK IapaMeTPOB TPEKOB IIPY OOIYYeHIN PA3IUIHbIX KOHIEHCHPOBAHHBIX
CpeJI, TSKEJIBIMI MOHAMH BBICOKUX SHEPruil.

AJIropuTM ¥ MporpaMMa IIjist pelleHusi JUHAMIYECKON MO IOJIIPOHA,
ucnosns3ytores B OUAN, a rakxe B IMIIB PAH r. Ilymuso.

Anpobamus paGorsi. OCHOBHBIE ITOJIOXKEHHS U PE3YJIBTATHI IIPEICTAB-
JIGHBI ¥ JOKJIAIBIBAJIMCH HA MEXIYHAPOLHBIX M POCCHUCKHX KOH(EPEHIUAX:
XV MexayHapomHas HaydHas KOH(EPEHIIUs CTYIEHTOB, aCIUPAHTOB M MO-
noapx y4aensrx «JIomonocos»” (MI'Y um. M. B. Jlomonocosa, Mocksa, 2008);
IT Mexnynaponnas Kondepenius ,Maremaruueckas Buosorus u Bruonrdop-
maruka” (ITymuso, Poccus, 2008); X u XII HayuHble KOH(MDEPEHIH MOIOIBIX
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yuaensix u cuernmasucros OVAN (dy6ra, 2006, 2008); ,V u VI Hannonamsubie
KOH(DEPEHIINY 10 IPUMeHEHNIO0 PeHTTeHOBCKOT0, CHEXPOTPOHHOIO U3JIyYeHUH,
He#TpoHOB 1 DJIEKTPOHOB JJIsI UCCIICAOBAHNS HAHOMATEPHAJIOB U HAHOCUCTEM
(PCHS HAHO-2005 u 2007, K PAH, Mocksa), a Tak»e Ha CEMHHApax II0
BBIYMCJINTENbHOM pusuke JlabopaTopun MHGOPMAIHOHHLIX TeXHOorui Oob-
€MHEHHOr0 MHCTUTYTA SAEPHBIX MCCIEHOBAHNY U HA 3aCEIaHNHN IPOrPAMMHO-
KoHCy/bTanuorHoro kKoMutera OV AN no dusrke KOHIEHCUPOBAHHBIX CPE.

ITy6aukamuu. Matepuasibl JUCCEPTAINY OMyOJIHKOBAHbI B 14 eIaTHBIX
paboTax, 13 KOTOPLIX 6 cTaTeil B peneH3upyeMsIx xKypHauax [M1-M6] pekomen-
nyembrx BAK, u 8 paGor B Marepuanax koudeperumit [M7-M14] .

JInunbiii BKJIan aBTopa. QOpMyJIUPOBKH DENIEHHBIX B JIUCCEPTAIAN
3a1a4, pa3paboTKa MATEMATIYECKUX MOJEel, AJITOPUTMOB ¥ KOMILJIEKCOB IIPO-
rpamMM, & TaKXKe KOMIIBIOTEPHBIE PACUEThl U AHAJIU3 PE3YJIBTATOB BHIIOJHEHHI
COMCKATEIEM CaMOCTOATEIbHO. DoJjiee 00InMe TOCTAHOBKA 331a4, (PU3HIEcKast
UHTEPIIPETAINS], AHAJIN3 TOYHOCTH U JOCTOBEPHOCTH IIOJIyYEHHBIX PE3Y/IbTATOB
IIPOBOIVJIACH COMCKATEJEM COBMECTHO C HAYYIHBIMU PYKOBOIMTENSIMU U COAB-
TOPaMHU.

CreneHb AOCTOBEPHOCTU pPe3yJIbTaToB. Jl0CTOBEpHOCTH De3YJIbTa-
TOB YMCJIEHHOI'0 MOJEIMPOBAHMS IIOATBEPXKIAETCS TECTHPOBAHUEM DPa3pabo-
TaHHBIX KOMILJIEKCOB IPOrPaMM M COTIOCTABJIEHUEM PE3YIBTATOB, IOJIYYEHHBIX C
HCIIOTb30BaHUEM PA3/INYHBIX BHIYMC/IUTEILHBIX CXeM (SIBHAS CXeMa U CXeMa ITe-
PEMEHHBIX HAIIPABJIEHNH ), pACIeTaMHU Ha TIOCJIEI0BATENLHOCTAX CrYAIOMIINXCS
CeTOK, Ha MOJETbHBIX 33Ja4aX, 8 TaKXKe CDABHEHUEM C SKCIIEPHMEHTAIbHBIMA
JaHHBLIMHU U YNCJIEHHBIMU PE3YJILTATAMHU JIPYTHUX aBTOPOB.

OLIEHKHY TIOJyYEHHBIX B JUCCEPTAIMN TAapPaMeTPOB TPEKOB KAYECTBEHHO
MOATBEPKIAIOTCS SKCIEPUMEHTAIBHBIMYA JaHHBIMHU, MOJydeHHbIMU B JISAP
ONAN npu 06yIeHNN PA3IHIHBIX MATEPUAIOB TIXKEJIBIMU MOHAME BBICOKHMX
SHEpruu.

CrpyKTypa u 06'beM guccepTaniuu. JlyccepTaliyis COCTOUT U3 BBeIe-
HHSsI, YE€THIPEX IJIaB, 3aK/I0YeHns u npuioxkenus. CIMcoK JIUTepaTyphl COIED-
x)ut 95 HauMeHoBaHud. IlosHBIN 00beM muccepraimu 105 cTpaHUI] MAIIMHO-
IIICHOTO TEKCTA, BKJIo4Yas 4 Tabauiel 1 23 pUCYHKA.

Copep:kanue paboThI

Bo BBeziennu 060CHOBBIBAETCH aKTYAIbHOCTh TEMBI AuCCEpTanuy, pop-
MYJIHPYIOTCS 11 paboThl, 0OOCHOBHIBAIOTCS HOBU3HA U HAYJHAS 3HAYNMOCTD
HOJIy YeHHBIX Pe3YJIbTATOB, IPECTABIEHbI BEIHOCHMbIE Ha 3aIIUTY HAYYHEIE II0-
soxkenusi. OMUCHBAETCA CTPYKTYPa JUCCEPTAINY U €e KPATKOE COZEPKAHUE TI0
[JIABAM.



IlepBas ryiaBa [auccepTanyy MOCBAIIEHA ODIIEH MOCTAHOBKE 33034 U
YHCJIEHHBIM METOZAaM WX perneHus. I1ogpobHO mpHUBOIAATCS KOHEYHO-PA3HOCT-
Hble METOJBI YUCJIEHHOT'O PEIIeHns CUCTeM HEJIMHEMHBIX AuddepeHInaIbHbIX
yPaBHEHUI BTOPOTO MOPAIKA.

B mepBoM maparpade paccMaTpUBalOTCH OCHOBHBIE MOJEJIM B3aMMOJEH-
CTBUSI TSIPKEJIBIX 3aPSIKEHHBIX YACTHUIL C BEIIECTBOM. B 4acTHOCTH, PacCMOTpPe-
HbI MOZEJIN TEPMUYIECKOr0 UK ¥ KYJIOHOBCKOI'O B3pEIBa. lIpuBemnen ocHOBHOM
MaTeMaTUIEeCKIH alnmnapaT UCCAEHOBAHNS MOIEM TEPMUYECKOTO MUK C IIOMO-
IO YHCJEHHBIX MeTOnOB. Ocob0e BHUMAHME YIEISIETCs KOHEUHO-PA3HOCTHBIM
METOJAM: SIBHbIE, HEsABHBIE M SKOHOMMIYHBIE YUCJIEHHbIE CXEMBI, X IPEUMYIIe-
CTBA W HENOCTATKU JJIsI DEIIEHWs] CUCTEM YPABHEHWI MOIENN TEPMUYIECKOTO
UK.

B mepBoM IyHKTe IEPBOro Iaparpada chOpMyJIHPOBAHA CHCTEMA YPaB-
HEHUi1, ONKUCHIBAIOIIAS HEJIMHEHHYIO TPEXMEPHYIO MOIEIh TEPMUIECKOTO [IUKA.
Ora cuCTEMa B IMUIMHIPUYECKOH CHCTEME KOODAUHAT (C yIETOM 3aBHCUMOCTH
YZAEIIbHOM TEIJIOEMKOCTH ¥ TEIJIONPOBOAHOCTH OT TEMIIEPATYPhI) MMEET BHL;:

aTe . 1 a aTe 8 8Te
CT G =T ar (”e‘Te) or ) " 52 (MTJ@:) - W

_g(Te)(Te - Tz) + A(T7 Z, t):

T, T, -
o =12 (m@E) + 2 (%) - -1). @
Ocpb 2z HampaBJIeHa MEePIEHIVKYJIAPHO 00JIy9aeMOil MOBEPXHOCTH MUIIE-
HHU, T.¢. [0 HANPABJIECHUIO JBIKEHUS THAXKEJIOrO MOHA. IIpousBomHad IO yIiry
OTCYTCTBYeT BBULY IUIUHIPUIECKON CUMMETPUH YIEIbHBIX MOHU3AIMOHHBIX
HOTEPD TAXKEJIOro noHa. 3xech 1. (r, 2,t) u T;(r, z,t) — TeMIepaTypEl SJIeKTPOH-
HOro rasa u Kpucrajumdeckoit pemerku, C,(T,), Ci(T;) u Ae(Te), Mi(T;) — cooT-
BETCTBEHHO y/e/IbHBIE TEILIOEMKOCTHA U TEILIONPOBOIHOCTH 3JIEKTPOHHOTO T'a3a
U DEIeTKHU, 3aBUCAIINE OT TEMIEPATYPhI, ¢ — KO3 OMUIMEHT, XapaKTepU3yIo-
nuil B3aNMOIEACTBIE 9JIEKTPOHHON MOJCHCTEMBI C PerneTkoil (B obmem ciry-
Yae, 3aBUCANMI OT TEMIIEPATyDPhl SJEKTPOHHOrO rasa). Oyukmua A(r, z,t) —
00beMHAsI IUIOTHOCTH BHOCHMO¥ MOHOM MOIIHOCTH (SHEPIUM), UMEET B

A(r, 2,t) = bSima(2) exp (—@:—t"—)f> exp (--’i> , (3)

2
20% 70

rae GYHKIUA Sipe(2) — MpobUIL HOHUBAIMOHHEIX NOTEPh MOHA, 0 = fo =
~ (1 -5)-1071¢, rg ~ 1 HM, b — HODMUDYIOIHH MHOKHTED.
Cucrema ypapuenuit (1)—(2) mononHsercs HaUaILHEIME

T.(r, 2,0) = Tp = 300K, (4)
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u I‘paHI/I‘{HbIMI/I yCHOBI/IHMH:
0T (7, z,t) —0 OTei(r, 2,t) —0
8T r=0 ’ 8z z2=0 ’ (5)
Te,i(Rmax, Z,t) = Te,i(Ty Zmaxa t) = TO-

B rpasuusbx ycnoBusix (5) Rmax — PaIUyC yHAJEHHsS OT TPAEeKTOPUM
VOHA, & Zmax — IVIyOUHA, ITPEBBIMIAOIIAS JUINHY IPOEKTHUBHOIO Ipobera HoHa,
[IPY KOTOPBIX PEIIETKY MOXKHO CYATATH HEBO3MYIIEHHOM, 8 ee TeMIepaTypy
IPU T > Ryax U 2 > Zayx paBHoit Tp. Cucrema (1)—(2) HasbiBaeTcst MoJIeIbIo
TEPMUYECKOTO ITHKA.

Bropoi# myHEKT mepBOro naparpada IOCBSIIEH YHCIEHHBIM METONAM pe-
meHus audGepeHIuaJbHbIX YPAaBHEHN! B YaCTHBIX IIPOM3BOIHBLIX MapadoJIi-
YeCcKOro Tuia. PaccMaTpUBaeTCs ypaBHEHUE TEILIOIPOBOIHOCTH

C(T)%% = % (A(T)%) + % (A(T)Z—Z) + f(r,2,) (6)

B psamoyroibauke ) = {0 < 7 < Ryax, 0 < 2 < Zpax }, 1pu t > 0. YpapHenue
(6) momomHsieTCsl yCIOBUAMME

T(r, 2,0) = Ty = const,
AT (r, z,t) ~0 T (r, z,t)
or 0 o 0z =0
T(Rmax; 2,t) = T(7, Zmax,t) = To.

=0, (7)

O6cyxmersl mpobaeMbl HAXOXKIEHUS IPUOINXKEHHOTO PELIeHNs 330991
(6)—(7) KOHeYHO-PA3HOCTHBIME MeTolaMU. KOHEYHO-PA3HOCTHBIE (CETOUYHBIE)
METOIbI OCHOBAHBI Ha [TEPEXOE OT (DYHKIMIA HEIIPEPHIBHOT'O apryMEHTa K (DyHK-
I[UAM JUCKPETHOTO apryMeHTa. B Hamem ciyyae, Ha () BBOAATCA TOUKH (y3JIbi)

rizihre(oyRmax); i=1;2a"',M—’1a ro =0, TM=Rmax;
ijjhze(07zmax)> j=1,2,--.,N‘“1, 20=0, zN=Zmax,
tk:=kht€(0;Tmax)7 k=1,2,...,L—1, t0=0, tL::Tmax;

0bpasyIomye CeTky Wy, = wp, + Owy, Tle Wy, — MHOXKECTBO BHYTPEHHUX, & Owy,
— IPaHUYHBIX y37I0B. [lapaMerpsl h,, h,, hy XapakTepusyroT 5Ty CeTKy (maru
cerkn). [Ipubmkennoe pernenue HerpepbiBHON 3axa4u (6)—(7) umercs B ys-
JIaX CeTKU U 0003HAYAETCS Ti’fj ~ T(ri, zj, t,). PaccMOTpEHbI KOHCEPBATHBHbIE
CXEMBI: IBHAs, YMCTO HeSIBHAS U CX€Ma, METO/a IePEMEHHBIX HalpaBJienuil. Juc-
JIeHHAs CXeMa MeTOJa IIePEeMEHHBIX HalpaBJeHuil [jis ypasHenus (6) cocTour
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U3 IBYyX LIaros. CuagaJta 1mo HU3BECTHOMY T’” HaXOOUTCA BCIIOMOraTeJIbHad Ce-

k+1/2)

TouHasa QYHKIHUA (KOTOPYIO 0603HAYNM depes T, U3 ypaBHEHUS

k Zhj _ A +1/2 Ak 8
Cm 0, 5ht h ( ) + ( ) +f,]’ ( )
rge
TE, . —TF Tk — Tk
At (af) = o= gp ST
Tk T’“ — Tk
k(. kY _ k_%J+1 k ,J—1
Af (af) = af % m aj—l——_hz M=,
u
a]; )‘z+1,] + >‘k G,I? )‘z ,j+1 + Aﬁj
(1 2 ! J 2 ?

Ciy = C(Tig)s Mg = NTiy), £ = £ (13 2, te).

n Tk+1/2 " _
urepnperupys T ; KaK pellleHNe Ha MOMEHT BPeMEHH tgy1/2 =

= tx + hy/2, MOXKHO 3aMeTHTb, 9TO (8) COOTBETCTBYET ONPEIEJICHUIO Pelle-
HHAY COIVIACHO HESBHOI CXeMe IO IepeMeHOU 7T U COIVIACHO ABHOM CXeMe II0
IIEPEMEHO z.

Bropoit mar MeTosia mepeMeHHbIX HAIpaBIeHH OyIeT COOTBETCTBOBATD
HCIIOJIL30BAHUIO YPABHEHUS

k+1/2 T — T k+1/2 (k+1/2 1 k+1/2 k+1/2.
7y,
Cis 0 5ht] ~ A (aF2) + AR (77) + 257 )

Tem cambIM, BTOPO#t IIar COOTBETCTBYET WCIOJIb30BAHUIO SBHON CXEMBI IIO Iie-
peMeHOI h, ¥ HESBHOH 10 MepeMeHHOM h,.

Bo BTOpOM maparpacde NpUBOAATCA IAUHAMUYECKas U CTAIMOHAPHAs CH-
CTeMBbl YPABHEHM MTOJIIPOHA, OAPOOHOE ONKMCAHNEe TUX 33434, [luHaMudecKas
MOJIEJIb IIOJIIPOHA C YYETOM TPEHUs B CHCTEME OIIMCBHIBAETCS ClIeAYyIONIei CH-
creMoli ypaBHeHH# (B Ge3pa3MEPHBIX eIUHUIAX):

([._8 0
7,2m8t+a 5 +2m§]¢=0,
0 ‘

\ 92~ O (10)
i o) w? [y

\ atﬁ’yaﬁ‘”]o "o
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rme ¢ — BoJiHOBast GYHKIMS, © — MOoTeHIman, O, m, v, w, € — 6e3pasMepHbIe
napamerps! Mogesn. Cucrema (10) gomosHsETCs CGAYOMUMA HAYaTbLHBIMA I
FPaHUYHBIMA yCJIOBUAMHU:!

Y(z,t)|,mg = Wr(cos \eT + i sin \gT),
192 9
("‘)(Z',t)'t=0 —,, y 8t@($ t) i = 0, (11)
¥(0,t) =0, ¢®mﬂ=& (OD—O ¢'(00,t) = 0.

3neck Ay 1 Uy — coOCTBEHHBle 3HAUEHUS U COOCTBEHHBIE (DYHKIIMM COOT-
BETCTBYIOIIEH CTAIlMOHaPHON 3aJa4u:

[ T om A+2m®(x)] T(z) =0,

dz 2
@ 10%(z) (12)
EZE—2 (I)——-E,:'-—x—, 0<z<oo,

C TPAHUYHBIMU YCJIOBUSIMU U C YCJIOBUEM HOPMHUPOBKU:

[ee]

T(0) =0, &(0)=0, J U (z)dz =1, (13)

U(oo) =0, ¥(c0)=0.

B TpeTheM myHKTe BTOPOro mHaparpada MPHUBEIEHa YHCICHHAsS CXeMa
1uist epBoro ypapHeHusi cucteMs! (10) — muHaMwmueckoro ypasrenus Lllpe-
muETepa. Jljig 3TOro BBEIEHa DaBHOMEPHAS CEeTKa II0 IIEPeMEHHBIM B ypaBHe-
HUM, T.€.. W = W X Wy, Wy = {Tm = mh,m = 0,1,...,M,hAM = Xy},
Wy = {t, =n7,n=0,1,2,...}, ome h u T — COOTBETCTBEHHO IIATH IO [IePEMEH-
HBIM T U t.

TocTpouM IBYXCJIORHYIO KOHETHO-PA3HOCTHYIO CXeMy C BecaMi L.

n+1 ¢n _id, 7/};214:'_11 2¢n+1 + ,l/}n—tll N S0nm+1 1/)n+1 N
T 2mh? mh
+(1 _ 0_) ;nn+1 B 2¢m + 10772—1 + %zpn
2mh? mh’™™
m=1,2... . M~-1, n=1,23,...

ATa cxeMa HMeeT HOPAI0K TOYHOCTH

O(t2+h?) mpuo=0,5,
1 iR?
O(m>+h*) mpuo==——
(r+ R mpno=g -9
O (1 + h?) npu o # 0,5 u o # o,.

= 0‘*,

! Camapckmit A. A. Teopus passocTHBIX cxem. M.: Hayxka, 1989. c. 296-300
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s mpoBeneHNs pacyeTa IO 9TON CXeMe Ha KaXKJIOM BDEMEHHOM CJIOe
HEOOXOJUMO pellaTh CUCTEMY JIMHEHHBIX airedpandecKux ypaBHEHHH C TPEX-
JMaroHaJbHON MaTpuiie. [Ijis 9Toro ucmoas30BaH METO IIPOrOHKH.

Bo Bropoii riiaBe uccieyoTCs TEILUIOBBIE MPOIECCH MPH OBy YeHHM
HUKeJIsI HOoHaMu ypaHa ¢ sHeprueit 700 MsB B pamMkax Momesy TepMUYECKOTO
IIMKa C yIEeTOM 3aBUCHMOCTHU TeIUIOMDU3MIECKUX IApaMETPOB (ymesbHas Tell-
JIOEMKOCTB ¥ TEIUIOIPOBOJHOCTD) OT TEMIIEPATYPBL. AKTYAJIbHOCTD HCCIIEI0Ba-
HUS 9THX IIPOIIECCOB CBS3aHA C HCCIIEIOBAHUIMHU BO3IEHCTBUS BHICOKOMOHMSHU-
DYIOIIMX 3apSI?KEHHBIX YACTHUL HA MATEPHUAJBI B CBAZK C CO3MAHUEM YCKOPUTE-
Jiefl ¥ HaKOMUTEJbHBIX KOJIEIT TSKEJIbIX HOHOB BBICOKOI sHepruii. Ha ocmHoe
MIPOBEIEHHBIX BBIYUC/IEHHBIX SKCIIEPMMEHTOB CIIEJIAH BBIBOJ, YTO B CIydae 06-
JIy9eHUsI HUKeJs MoHaMmu ypaHna ¢ sHeprueit 700 MsB Temmepartypa mumenu
IPEBBIIIAET TEMIEPATYPY ILJIABICHNsI (T.€. MOTYT IIPOUCXOMUTE (ha30BhIE HEpe-
x0/bl). Beramciensl MakcHMaJbHbIE Da3MeEpH OOJACTH B HUKENe, [Ie TeMIle-
paTypa IpEBHIIIAET TEMIEPATYPY IIaBICHAS. [IpOBEIEHHBIN CPABHUTEIBHBIN
QHAJIU3 C JIMHEHHOH MOJIENIbIO (He yIUTHIBAIOmE!H 32BUCUMOCTD YIeIbHON TEILIo-
€MKOCTH U TEILIONPOBOJHOCTH OT TEMIIEPATYPhI) TEPMUIECKOTO TIMKA IIOKA3AJ,
YTO IPH y4eTe 3aBUCUMOCTU TEIIOMUINIECKUX TaPAMETPOB OT TEMIIEPATYPHI
TEILJIOBBIE IIPOIECCHI B KPUCTAJIINYECKOU DElIeTKe MPOUCXOAAT 3HAUUTEIHHO
MeJJIEHHEE, YeM IIPY HOCTOSHHBIX TEMIODU3NIECKUX TapaMeTpPax.

Bo BTOpOM maparpade C IeJIbi0 U3y YeHNs TEIJIOBbIX IIPOLIECCOB B HUKEJIE
mpu o0JydeHun woHaMmu ypaHa ¢ sueprueir 700 MaB chopmynupoBana HelU-
HelfHasg MOJIeJib TEPMUYECKOr0 IHMKa B IUIHHIPUYECKON CHCTEME KOOPIMHAT,
OITHCHIBAIOIIAS SBOJIIOLMIO TEMIIEPATYPHI B 00pa3lie Ha OCHOBE CHCTEMBI ypaB-
Heruit (1)—(2).

B TpeTbem maparpacde NpUBEIEH METON YMCIEHHOTO PEIIEHUS HEJIUHEH-
HOM MOJENIM TEPMUYECKOr0 IHKa ¢ OMOIIBI0 YHC/IeHHON cxeMbl (8)—(9). dus
IIPOBEPKHU CXOAMMOCTH UKCJICHHOM CXeMBI HMPOBOIWJICH YHUC/IEHHBIN 3IKCIEpHU-
MEHT IPU PUKCUPOBAHHBIX marax h,, h; ¥ Ha CIYIIAOIIENCs CETKE 110 z, T.e. h,,
h./2, h,/4 (h, = 1073, h, = 41072, h; = 107%). Kax moxasaJu IpoBeieHHbIe
YHCJIEHHBIE 9KCIEPUMEHTHI, Hali/IeHHble OTHOCUTEJIbHBIE PA3HOCTH MpOoduiIe
TEMIIEPATYDP Ha CIYITAIOMENCs CeTKe YMEHBINAIOTCH COIVIACHO TEOPETHYECKUM
omenkaM?3,

B weTBepToM naparpade IpUBeIEHbI PEIYILTATEL YUCIEHHOTO MOIEIAPO-
Banusa. Ha puc. I qj1s CpaBHUTEIHHOrO aHAJIN3a MIPEACTABIEHB 3aBUCUMOCTH
OT BPEMEHU TEMIEPATYPhI SJEKTPOHHOrO Ta3a (a) ¥ KPUCTAJINIECKON PeleT-
ku (6) HA IOBEPXHOCTH HUKEJs, 0OIy4aeMOro HOHAMY yPaHa Ha Pa3IUYHBIX
paccrosiHmsIX oT ocu Tpeka r = 0;50;100;150 A B pamkax JuHeiiHOI (cBep-

2 Typuak JI. WI. OcHoBEI uncTenusx MeTomos. M.: Hayxka, 1987, c. 251
3 Kanurkur H. H. Yncnenssie MeTonsr. M.: Hayka, 1978, c. 74-78
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T (r,0,8) (x300K) T(r,0,1) (x300K)

1ener=0
1en 2---r=50A
10004 2-- 1---r=0 A 3---r=100A
3emm §'“’:ng 4 104 4-r=150A
100{ 4~ 4-r=150A Tt

10+

14

1E3 001 04 1 10 100 001 01 1. 10 100
t (x10™¢) t (x10"c)
a) 6)
T,(r,0,8) (x300K) T(r,0,9) (x300K)
104
1 eer=0
100 2---r=50A 0 I !
- mel
3---r=100A Jomr=0
4---f'=150A 2-'-f=50A
3--r=100A 4
104 4---r=150A
1- T T T T 1 1- T T T N
€3 001 01 1 10 100 001 0.1 1. 100
t(x10"°¢c) t(x10"¢c)
a) 6)

Puc. 1. 3aBucumMocTs OT BPEMEHH TEMIEPATYDLI SJIEKTPOHHOrO ra3a (&) U PemeTKa
(6) upu z = 0 0biryuaeMoro MOHAMH yPaHa HUKEJNS JIsl PA3INuHbIX PACCTOSHUM 0T
OCH TpeKa B PaMKax JIMHeHnoi (cBepxy) w HenmueiHOH (CHU3Y) Mozeseil TepMuye-
CKOTO IHKa (IITPUXOBOM IIPSMOii BHIAEJIEHA TEMIIEPATYPa [UIABJICHUS HUKEJIs ).

Xy) ¥ HeJMHEHHOH (CHH3Y) ABYXTEMIIEPATYPHOH! MOJEIHM TEPMUIECKOTO IUKA.
U3 cpaBHeHUs 9THX rPabUKOB BUAHO, YTO IIPHU yIEeTE 3aBUCUMOCTH TeILIodu-
3MYECKUX IIapaMeTPOB OT TeMIIepaTyphbl TEMIEPaTypa 3JEKTPOHHOI'O rasa MU
KPUCTAJJIMYECKON PEelIeTK! 3HAYUTEJIbHO MEHbIIle, YeM B CIy4ae IOCTOAHHBIX
TertoU3NIECKIX IapaMeTPOB, B3ATHIX NPH KOMHATHOM Temmeparype. Oco-
OGEHHOCTD HEJIMHENHOM MONENN XapaKTEePU3YeTCS T€M, YTO TEIJIOBBIE IIPOIECCH
B KPUCTAJIJINIECKOH pelleTKe MPOUCXONAT SHAYUTEILHO MeIJIeHHee, YeM B JIU-
HEHHOM CIIyd4ae.

B Tperneii ri1aBe B paMKax HEJMHEAHON MOAEIN TEPMUIECKOrO [IUKA B
TPEXMEPHOM CIIy4ae PaCCUYUTaHbl TEMIIEPATYPhl B ABYXCJIOUHBIX CTPYKTYPax 1
AHU30TPOIHBIX MATEpUAIaX IPU UX OOJIyHYeHUM TSXKEIBIMA HOHAMU BBICOKIX
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35001, = T

104 Tow ~ Tomi

1 3000 -
6x10° 2 2

0 2500 ~
5x10°

" 2000 |
4x10° 3

ax10° 1500

2x10° 1000
1x10° 4 500

) .13
t(x 10™%c) t (x 10™c)

o T T T T T T 0 v T T T T T T 1

0,00 0,05 0,10 0,16 0,20 0,25 0,30 0,00 0,05 0,10 015 0,20 0,25 0,30 0,35

Puc. 2. Bpememnas 3aBUCHMOCTb Pa3HOCTH TEMIIEPATYD (B aGCOMOTHLIX SHAUEHUSIX )
B CJIOSIX HA TPAHHULE PA3LeNa OByX MATEPUAJOB IJis SJIEKTPOHHON MOACUCTEMEL (a)
U KPUCTAJUINYIECKOH permerku (6) B Ciiyvae HEUIEAILHOTO KONTAKTA IJIsT PA3IAIHBIX
snavenuit Koabunumenra § (1 — 0 =104 2 — =105,3 — 9 =105, 4 — 6 = 107).

SHEPruu.

JByxcrofiHas CTPYKTYpa IPeICTABIIsIeT COO0M MACCUBHYIO MOAJIOXKKY U3
BonbpaMa ¥ HAHECEHHBIN Ha Hee OTHOCUTEIBHO TOHKHUU CJIOd HuKens (ToJ-
wuHOH 2 MKM). JIeTanbHO UCCIeOBaHbl U3MEHEHNS TEMIEPATYD Ha TDAHMIE
pasfiesia TaKOM CTPYKTYPBI B 3aBHCHMOCTH OT 3HAYEHHS KOI(DDUIMEHTa KOH-
BEKTUBHOI'O TEIIOOOMEHA, §, XapaKTepU3yIONero N3MeHe e IPaIueHTa TeMITe-
paTyp Ha I'DAHUIE Pa3fena, & CJIeI0BATeIbHO, I ONPEIEISIONIErO THIL TEIJIOBO-
ro koHTakTa. CpaBHUTE IbHEIM aHAJIN3 IMHERHON 1 HeJIMHEHHOK MoIesIei oKa-
3aJ1, 4TO IIPY y4YeTe TeMIIEPATyPHOM 3aBUCUMOCTH TEIIOMDU3NIECKIX ITapaMeT-
POB IIPOIIECC U3MEHEHUS TEMIIEPATYPHI JJIEKTPOHHOTO I'a3a U KPUCTAJIINIECKO
pelIeTKY IPOUCXOAUT 3HAMUTEIHHO ME/JICHHEE, 8 JOCTUIaeMbli MAKCHMYM TeM-
[epATyPHI CYIECTBEHHO MEHbIIE, Y€M B CJIY4a€ OCTOSHHBIX TEILIO(MUIUIECKAK
IapaMeTpOB, B3ATBIX IIPU KOMHATHOI Temmeparype. [lokasaso, uro mpu yBe-
Jnrdenyn Ko uImenTa f uMeeT MECTO MEPEXO]] OT HEUAEATbHOIO KOHTAKTA
K WIeaJbHOMY KOHTakKTy (puc. 2).

B pamkax MoJenn TepMUYECKOrO [MUKA IIPOBEIEHBI UCCIIEOBAHNS TEMIIE-
paTypHbx 3¢ dexTos npu obayuernu BOTIL moramu sucmyTa 2°°Bi ¢ sHeprueit
710 MsB u xpunrona 8Kr ¢ smeprueit 253 MsB B 3aBucumocTu oT K03(bbu-
[MIEHTa 3JIEKTPOH-(DOHOHHOrO B3auMOeicTBus g. Vlcxoms U3 SKCIepruMeHTaIb-
HBIX JAHHBIX IO U3YYEHUIO U3MEHEHWH CTPYKTYPHI IOBEPXHOCTH MOHOKPUCTAJI-
sia BOIIT, obityyennoro nonaMu BucMyTa ¢ sueprueit 710 MsB u xpurmrona ¢
sueprueil 263 MsB u Ha 0CHOBaHHHU PaCUeTOB CIENaH BBIBOZ, YTO PACCMATPHU-
BaeMas B paboTe MOJEb TEPMUIECKOTO IIHKA ITO3BOJIIET O0bACHUTD HaJWINe
CTPYKTYP THIa KpaTepos (¢ rrybunoit H, > 1 HM U JuaMeTpoM Ha MIOBEPXHO-
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ctu Do =~ 5 — 7 um) Ha mosepxaocTu BOIIT npu ofydeHnn nOHAME BUCMYTA
U MX OTCYTCTBUE B CJIydae OOJIydeHUs] MOHAMY KPUITOHA.

B mepsouM maparpade paccMaTpUBAETCs NPUMEHEHWE MOJEIM TepMuYe-
CKOTO TIMKa B TPEXMEPHOM CJIydae JJIs BHIYMCJIEHNS] TEMIIEPATYDHI PEIIETKY I
SJIEKTPOHOB B [IBYXCJIOWHOM MaTepHaJe Ha npuMepe cTpyKTypsl Ni(2 mxm)/W
mpu obrydennu nonamu 2°°Bi ¢ smeprueit 710 MsB mpu HemmeambHOM TeILIo-
BOM KOHTAKTE HA T'DaHUIE Paslesia MaTepuasoB. PaccMaTpusaercs cucreMa
ypaBreHu#t (1)—(2) gyst o6onx cy0eB, ¢ HAYAIBHBIMEA U IPAHWYIHLIMU YCIOBUI-
mu (4)—(5) u ycnoBUAMY CONPSKeHNS Ha IPAHULIE Pa3lelia JBYX MaTepuaJIoB:

OTna(r,z=H—0,t) 0T, 2(r,z=H +0,1t)
5 = A 2(Th2) £ )

O, (r,z=H—0,t) (14)
0z B
= 0[Th1(r,z=H —0,t) — Tpo(r,z = H+0,t)].

/\n,l (Tn,l)

)\n,l (Tn,l)

B zammcu (14) A, , HEIEKC N = €,% COOTBETCTBYET JIEKTPOHHOI OACHCTe-
Mée U KPUCTAJUIMIECKOM DEITIeTKE, & UHIEKC ¥ = 1, 2 MEPBOMY ¥ BTOPOMY CJIOSIM
coorsercrerro. H = 2-10*A rpanuua pasmena asyx Marepuaios. IIpeamomna-
raercd, 9T0 Ry < Zmax < lp, H < R, rie R, — nyuna IPOeKTHBHOTO IIpobera
HOHA; [, — TOJIIIMHA BTOPOI'O CJIOS.

Bo BTopoM maparpade B paMKax MOJEIN TEPMHYECKOTO ITHKa, IHUCIEHHO
ucciaexoBanbl TerioBbie mporecckl B BOIID mpu obiyyeHun WOHAME BUCMYTa,
¢ sueprueii 710 MsB u kpuntona ¢ sueprueir 2563 MsB. Cucrema ypaBHeHuMit
MOJIEJIM TEPMUYECKOTO ITHUKE B 9TOM CJIyYae 3allUIIETCA B BUIE:

oT, 198 L OT, 3 (1 OTe
o ~ror G“ ( +5;(%“925
—g(Te)(Te - T;) + A(T7 Z, t)!

ci(Ti)%? :«aa (H(T) )+§<A”(

CumBoist " 1" u ”||” o3HaYaIoOT, YTO TEILIONPOBOAHOCTH 3aBHCUT OT Ha-
[IPABJIEHNUS, & UMEHHO: [IEPIeHUKYIAPHO U BAOIb OOJIy4aeMoil IIOBEPXHOCTH.
Cucrema ypasrenuit (15) JONOJHAETCS HAYATPHBIMU U IPAHUYHBIME YCIOBHSI-
mu (4)-(5), a dbyuxuus A(r, z,t) nuveer Buz (3).

Cucrema ypasuenuii (15) pemrajiach YHCIEHHO C HCIOJIb30BAHHEM KO-
HOMIYHOTO KOHEYHO-PA3HOCTHOIO MeToxa (MeTO [IEPEMEHHBIX HAIPaBJICHHUIT).
IIpoBomuiICa YUC/IEHHBIH SKCIIEPHIMEHT /I MCCIEIOBAHNSA CXOMUMOCTH BBIMHC-
JIUTEJIbHOM CXeMBbl Ha CTYIIAIOMUXCA CeTKaX. B KoHIe maparpada crenaHo 3a-

Ce(Te)—=—

(15)

)—mnxu—n»
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KJIIOYeHHe, TIEe, B YaCTHOCTH, [0 Pe3y/IbTaTaM CPABHUTEIbHOTO aHAIN3a IONTy-
YEHHBIX DEICHUM 1 SKCIIEPUMEHTAIBHBIX TAHHBIX, YKa3hIBAETCs JUAIa30H 3Ha-
YyeHnit KoapHUIUEHTa 3JIeKTPOH-(DOHOHHOTO BlauMoaeiicTBus aius BOIIL, ymo-
BJIETBODSIONIHIL ABOKHOMY HepasencTBy 4009, < g < 103g, e g, = 3, 12-1012
Br/(cm3-K).

B uyerBepTOii riaBe WCCENOBaHA YUCIEHHAS CXeMa JJIS DelleHus CH-
cTeMBI HeJUHEHHBIX nudGbepeHINaIbHEIX yPaBHEHN, OMICHIBAIOMINX 3BOJIIO-
IUIO TOJIIPOHA. BHIOJIHEH aHAJM3 TOYHOCTH CXeMbI BeraucieHuit. [1o pesyms-
TaTaM BBIYMC/IMTEIbHBIX SKCIIEPUMEHTOB CIEJIaH BEIBOJ, YTO €CITH B HAYAILHBII
MOMEHT BPEMEHU HOJIPOH HAXOAW/ICH B CTAIIMOHADHOM COCTOSHUM (OCHOBHOM
Wi Bo30YKIEHHOM), TO OH COXPAHSIETCS B 9TOM COCTOSHAU HE3aBUCUMO OT Ha-
JIM9Hs WM OTCyTCTBHS TPEHHUs B cucTeMe. 110Ka3aHo, 9TO HadaJbHEIe PACIIPe-
JleJICHUST 3apsifia, 3aJaHHbIE CyTEePHOSHIUIME CTAIIMOHAPHEIX COCTOSHUIA IPH
HAJIMYAM B CUCTEME TDEHUSI C TEYCHHEM BDEMEHH SBOJIONUOHUPYIOT B OCHOB-
HOe cocTosiHue. [Ipy OTCYTCTBMHE TPEHHS SBOJIFONUS B OCHOBHOE COCTOSTHKE He
HabJIIOTaeTCs.

B mepsonM maparpadye ONuCHBAETCS AKTYAJbHOCTD U IIeJIb HCCIIETOBAHNS,
06OCHOBBIBAETCSI HEOOXOAUMOCTh IIPOBEIEHUS BHIYUCAMTEILHEIX SKCIIEPHMEH-
TOB B PAMKaX JAHAMUYECKOU MOJIENH TOJISPOHA.

Bo BTOpoM maparpade dopMmynupyercs: cucTema ypasrenuit (10)—(11),
OIUCHIBAIOIIAX JUHAMAYIECKYIO MOJEb HOIApoHa. IIpeicTaBIens! IepBLle TPK
cobcTBeHHbIe (DYHKIUM U COOCTBEHHBIE 3HAYEHHUS CTAMOHADHON CHCTEMBI MO~
asipora (12).

B TperbemM maparpade MPUBOAATCH YUCACHHAS CXEMa M QATOPUTM JIJIst
DEIeHNs] CUCTEMBl YPABHEHUN JUHAMIIECKOR MOJENH TOJSPOHA, IPOBOIATCS
TECTUPOBAHUE BBIYMC/IUTEIBHON CXeMBI C MOMOMBIO MOMEIBHBIX PacyeToB U
Ha [10CJIe[0BaTeNbHOCTH Crymmaomuxcs ceTok. 3amada (10)—-(11) pemaercs ¢
UCTIOJIb30BAHUEM CJIEIYIOMEH HesBHOM KOHEYHO-DA3HOCTHOH CXeMbI MOPSIKA,
anmpokcumarma O(h; + h2):

(Un = _ [ [ = 200 + Yt sofn“ ] +
+(1 _ 0_) ’(/)7?1+1 - 2,‘/"?11, + w;nr'z.—l (pm n
) 2mh2 mh (16)
Pripy — 200 ot — @ntl
h2 m
@n+1 — 20" + en—l @n+1 — e ) 2 hb |
m m m m m ®n+1 — _
72 LA e e

14



'!.
¥, e = Wl 110y = Wl
1.2x10°

1.4x10°4

1.2x10°
1.0x10°

1.0x10°4
6
8.0x10° 8.0x10
5
6.0x10° 6.0x10
4.0x10°- 4.0x10°4
2.0x10° 2.0x10°
0.0 : ; ; ; 13 0.0 . . : x .
20 40 60 80 100 20 40 60 80 100
a) 6)

Puc. 3. Pe3y/bTaThl CPABHUTEIHHOIO QHAIN3a YUCAEHHOTO M TOYHOIO PEIIeHUH ypas-
nenus Lpenuarepa ¢ KyJIOHOBCKUM MOTEHIIMANIOM: &) — JJIsi OCHOBHOI'O COCTOSIHU,
6) — IS 11epBOT0 BO30YKJIEHHOI'O COCTOSIHMUS.

0 . ) 1|0
Y0, = Ui (cos \gT + isin \y7); Ot = —= 2
€ mhy
6%, =0, ¢f =0; of = y;
m=12...1:n=012,...
rae 0 =0,5.

st perenns sagaqu (10)-(11) mo cxeme (16) Ha KaxK10M CJ10€ ¢ HOMEPOM
N IPeJJIaraeTCs CJIELYIOMUA alrOPHTM:

1. Pemaercsa TpeThe ypaBHEHHE DA H3BECTHOM 9" OTHOCHTENbHO O™,
2. Pemaetca BTOpoe ypaBHeHue yia Haiinenrnoro O™ ! ompenenserca ™ t;

3. PemaeTca nepsoe ypaBHeHMe W BhIamcisercs Y™ ! Ha ciemyiomeM Bpe-
MEHHOM CJIOE;

4. TloBTOpSsieTCS BECh AJITOPUTM.

ITpoBOAMIOCH TECTUPOBAHME BBHIUMCIATENbHON cxeMbl (16) ¢ moMompio
MOJIEJIbHBIX Pac4YeTOB AJIid YPaBHCHHUA H_Ipe,u;I/IHrepa C KYJIOHOBCKHUM IIOTE€HIIU-
aJIoM, KOTOPOe COBIAJAeT C MepBbIM ypasHeHneM cucreMsl (10) mpu ¢ = 1.
Takoit mogxo/, 06yCIOBJIEH TeM, ITO B 9TOM Ciydae Ajis ypasHerus 1llpenunre-
Pa MOXKHO HAITHCATh TOYHBIE AHAJIUTUYECKHE PEIIEHNs] U IIPOBECTH MX CPABHU-
TeJLHBIN aHAIN3 C YUCIIEHHBIME Pe3yJIbTaTaMu. 110 pe3yibTaTaM IpoBeIeHHOTO
CPaBHUTEJJIbHOTO aHaJIN3a YUCJIEHHBbIX U TOYHbIX pemeHI/Iﬁ YPpaBHEHUA mpe,[[I/IH-

repa BbIOMPAJIUCH 3HAYEHNUS [IIAr0B CETKU hy U hy IS MOCIIEAYIOIIAX PACIETOB
(puc. 3).
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r)

Puc. 4. DBosmonus nonapora u3 cocTosHus (17) ¥ COOTBETCTBYIOMAs! SHEPIHUs dJIEK-
tpoua W (t) npn koaddunuenTax Tperus v =4 (a, 6) u vy =0 (8, r).

B ueTBepToM maparpade 06CyXKIaloTea IOTyYeHHbIe Pe3yabTaThl. [l
BU3YaJIM3aI[ANA YUCICHHBIX Pe3Y/IbTATOB ObLIM BBIYKMCIIEHBI ,BEIMYMHBL SHED-
run” (B Ge3pasmepHbIX exuHunax) W(t) mo dopmyse:

W(t) = LJ aiﬁ(x,t) ’ do — J (p(l‘,t) tb(z7t)|2 dz.

T om

ox

Ha puc. 4 moxazaHa 3BOJIONHKS TOJAPOHA B CIydae, KOIJa HAYAJIbHbIE
YCJIOBUST BBIOMPAJIMCH B BUJIe KOMOWMHAIMM ABYX CTAIMOHAPHBIX COCTOSHIN

Uz, t)|,g = N [\po exp (Mf) + Uy exp <m541)] , (17)

roe N — HOpMHPOBOYHAS KOHCTaHTa, Wy — BOIHOBas (PYHKINSI OCHOBHOIO CO-
crostaus, Wy — BOJHOBasA (PYHKIIUS IIEPBOrO BO3OYKIEHHOTO COCTOSHMUS, TIPH
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3HaveHuaX mapamerpoB m = 1, w = 1, € = 1, v = 0 u 4. I3 pucyska cie-
JIlyeT, 4TO HadaJIbHOe PacIpeiesieHne 3apsaja, 3aaHHoe cyneprosunueit (17), ¢
TEYEHUEM BPEeMEHY SBOJIIOUOHUPYET B OCHOBHOE COCTOSIHAE. DTOT BLIBOJ, SIBJIs-
eTcs obmMM npy Haamuuu B cucreme tperud (y # 0). Ilpu v = 0 gnciennsie
HCCJIEIOBAHMS TIOKA3hIBAIOT, YTO SBOJIIONUS B OCHOBHOE JINOO BO30Y:KIEHHOE
COCTOSIHHE He HabJII0IaeTCs.

B BakmoueHun chopMyInpOBaHbI 0CHOBHBIE PE3YJIBTATHI IUCCEPTALIMY
KOTOPbIe BBIHOCSATCS Ha 3aIUTY:

1. PazpaboTaHbl aJropuTMbl, CO3JaHbI, IPOTECTUPOBAHBI M IPUMEHEHbI (-
(PEeKTUBHbIE BBIUUCIUTEIbHbIE CXEMBI X MPOrPAMMBI C HCIIOJIb30BAHHEM
SKOHOMHWYHBIX KOHCEPBATHUBHBIX DA3HOCTHBIX CXEM IJIsl PEIeHUs HeJU-
HEMHBIX cHCTEM ANQdEpPEHIINATBHBIX YPABHEHUI B JACTHBIX [IPOM3BOJ-
HBIX JJIsI MOZEIN TEPMUYIECKOro NuKa. IIpoBeIeHo YHCIeHHOE HCCIe0Ba-
HU€ ¥ TIOJIYYeHbl CJeIyIONie Pe3yIbTaThl:

a)

6)

IIpoBenieH CpaBHUTEILHBIH aHAJIN3 PE3YJIbTATOB HCCIEIOBAHMUS JIU-
HEHOU 1 HeMMHENHON Moiesiell TepMuYecKoro muka. Ilokazano, 4To
y4eT HeJMHEHHOCTU IIPUBOAUT K TOMY, YTO MOAEIUDPYEMBIE TEILIO-
BBIE IIPOLIECCHI B KPUCTAJVIMYECKOH PEIIeTKe IIPOUCXONAT 3HAYNTEb-
HO MEJJIEHHee, YeM IIPH IMTOCTOSIHHBIX TEIIO(PU3NYECKUX HapaMeT-
pax. OueHeHbl MAKCHMAJIbHBIE 00JIACTH B MaTEPHUAJIAX, INe MOIyT

00paz0BaTHCH TPEKI.

B ciyuae obiydyenns HuKeJis MOHaMu ypaHa ¢ sHeprueir 700 MasB
MaKCHMaJIbHbIE pa3Mephbl 00JIaCTH B HUKEJE, TIe TEMIIEPATYPa [Ipe-
BEIINIAET TEeMIepaTypy ILIaBjieHus, pasubl DT ~ 230A; Zmelt ~
140 - 10°A (D% — omenka MakcuMaTBHOrO nEaMerpa u Z7Te —
OLIeHKa MAaKCHMAJbHOM [VIyOHMHEI, [ie MOXKET [IPOUCXOAUTH IIJIaBJIe-
HUEE);

IIpu obiryuernu NByXC/IOHHON CTpyKTypsl Ni(2mkMm)/W wonamu
BucMyTa ¢ dHeprueii 710 M»sB u npu HenIeabHBIX YCIOBUSAX TeIl-
Jjonepesiadan (TEMIOBOIO KOHTAKTa) B ILUIOCKOCTH CTHIKOBKH MATe-
PHAJTOB MaKCUMAJbHBIE Pa3MepHI, e MOXKeT IPOUCXOAUTH ILJIaB-
nemne, pasEbl D7e(z = 0) ~ 222A (ma moBepxHOCTH HuKens);

Drélt(z = H) ~ 219A (2 = H — rparmma pas/ie/ia MaTepHaios);

2. Monens TepMuyeckoro muka 000OIIeHA JJIs HCCAEJOBAHUS O00JIydeHNA
IBYXCJIOMHBIX MaTepuaJjoB. Vcc/ieJoBaHO BIIMSHIE TEMIIEPATYPHBIX -
deKTOB 00Ty UeH ST IBYXCIOMHBIX CTPYKTYD TSXKEIBIMA HOHAMH BBICOKHIX
SHEPruil Ha YJIydIIeHNe aare3uy Ha IPAaHWIE AByX MATEPHAJIOB.

3. MO}J;GJII: TEPMHUYECKOr'0 IMUKa aJdallTUPOBaHa OJId UCCIIEIOBAHUA TEILJIO-
BBIX IIPOILIECCOB B aHU3OTPOIIHBIX MaTepHuaJiax, 06J1yqaeM1>1x TAXKEJIbIMH
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noHaMu. Ha OCHOBaHUM YHCIEHHOTO MOJIEINPOBAHNS OATBEDK IeHbI SKC-
IIepIMeHTaIbHbIE JaHHble O HAJMYUA CTPYKTYD THIIA KPATEPOB Ha IO-
Bepxuoctr BOIIT mpu obmygennu nonamu 2°°Bi u ©X OTCyTCTBHE B CIIy-
gae 06Iydenus voramu SCKr. '

PaspaboTanbl aaropuTMbl, CO3AaHO TPOrPaMMHOE 0DECIedeHHe U IPOBe-
JIEHO YHCJIEHHOE MCCJIEI0BAHNIE YPABHEHUH, OMUCHIBAIOMINX JUHAMUKY II0-
JIIPOHHBIX COCTOSIHHU C YI€TOM TPEHUS B CUCTEME.

a) JIJisl YUCIIEHHOrO PeIeH s ¥ BU3YAIU3alMH IPOLECCa SBOJIIOHH I0-
JISPOHHBIX COCTOSIHWN paspabOTaH KOMILIEKC MPOrPAMM C HUCIIOJIb-
soBanmeM rpadudeckux cpeacrs Compaq Visual Fortran gjia OC
Windows.

6) Tlokazano, YTO HAYANLHOE PACIPEIE/IEHNE 3aPsia, 38IaHHOE CyIep-
TIOBUIUSIMY CTAIMOHAPHBIX COCTOSHUM TP HAJIMIMA B CHCTEME TPe-
HUSl 9BOJIIOIOHUPYET B OCHOBHOE cocTosiuue. IIpu oTcyTeTBum Tpe-
HUSsI 9BOJIIOIMS B OCHOBHOE COCTOSIHME He HaOJIIONaeTCs.

B npunoxeHun K IUCCEPTALAN JAHO ONUCaHNEe IpadriecKoil Iporpam-

MBI JJIS IHCJIEHHOIO PeIleHWs W BU3YAJM3aIMi IIPOLECcCa SBOJIONMA IOJIs-
POHHBIX COCTOSIHUM, Pa3pabOTaHHbIH C UCTIONB30BAHNEEM IPadUIECKUX CPELCTB
Compaq Visual Fortran gna OC Windows.

[M1]
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[M3]
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