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BBenenue

O0630p COBPEMEHHOT0 COCTOSTHUSI BOMPOCA

MojieinpoBaHne HepaBHOBECHONH KHUHETUKH YIVIEKHCJIOINO Tas3a sBJIs-
eTCsI OJIHOI U3 MepPCHeKTUBHBIX 3a/a4 COBPEMEHHON (pU3nIecKoil MeXaHUKIH.
Uccnenosanne HepaBHOBECHBIX ITPOIECCOB B TIOTOKAX YTJVIEKHUCJIOTO Ta3a U MX
BJIMSTHUSI Ha, ITapaMeTPhl TedeHuil HeoOX0UMO JIjIsI PelIeHnsT 38189 KOCMITYe-
CKOI a3pOJMHAMUKHI, BKJIIOUasT BXOJ KOCMUYECKHUX AIlIapaToB B aTMOCQhEPhI
Mapca u Benepnl. C jipyroit ¢cTOpOHBI, YTJIEKUCIBII ra3 — OCHOBHOI HeKeJla-
TeJILHBIN MTPOJYKT TEXHOTEHHON /IedATeTbHOCTI YeI0BeKa, TOITOMY [T YTy d-
IIeHUsT SKOJIOIMIECKON CUTyallun HeoOXOoIuMbl 3(P@EKTUBHbBIE CIIOCOObI €ro
pas3JIoXKeHHsI Ha, cocTaBJstone. Kpome Toro, yriekKucsblii ra3 akTHBHO HC-
[OJIBE3YETCS B XUMUU HU3KOTEMIIEPATYPHOI IIa3Mbl 1 JIa3ePHBIX TeXHOJIOTH-
siX. BasKHBIMU OTJIMUNUSMEI OT MOJEJIUPOBAHIST KHHETHKI BO3/LYIITHBIX CMeceil
SIBJISTIOTCSI CJIOXKHBIE MEXaHU3Mbl OOMEHOB KoJjiebaTe/IbHO dHeprueil u Hejo-
CTATOYHOE KOJIMYECTBO SKCIEPUMEHTAIBHBIX JIAHHBIX JIJIS OITUCAHUSA MOJICKY-
Jibl CO9. Hammune HeCKOIbKIX ThICAY CBA3aHHBIX KOJI€0aTe/IbHBIX COCTOSHII
JleJlaeT JieTaJabHOe IIOYPOBHEBOE MOJE/IMPOBaHIe HeoOblvaiiHO TpeboBaTe ib-
HBIM K BBIYHCJIUTEJIBHBIM pecypcaM H, CJIeJ0BATEIbHO, IIPUBOIUT K HEOOXO-
JIIMOCTH Pa3spabOTKHI COBPEMEHHDBIX UNC/IEHHBIX METOJIOB I X OINTHMUBAIIIN.

Vzyvuenne KUHeTUKN YTJIEKUC/IOTO ra3a Hava o aKTUBHO pa3BUBATD-
cd B IIECTUJIECSIThble T'OJbl IPOIILION0 BeKa U C TeX 110D HAIILIO MHOXKECTBO
IPUMEHEHN{T B CAMBIX pasnIHbIX obsacTsx. CoBpemenHbie Jjasepst (1, 2, 3]
HCIIOJIBL3YIOT TEOPUN HEIIPEPBIBHBLIX U UMIIYJILCHBIX CHCTEM, KOTOPbIe Oa3upy-
I0TCs B TIEPBYIO OYePE/Ib Ha MOPOOHOM PACCMOTPEHNH COOTBETCTBYIOMIEI MO-
JIEKYJIAPHON (DUBUKHU, ra30BOil KHHETUKH, IIPOIECCOB BO30Y KJIEHNUS 1 peJlaK-
canmn COsq. McesejoBaHusIME MEXK3BE3/IHBIX MOJIEKYJISIPHBIX 00J1aK0B CO9
[4, 5] akTHBHO 3aHUMAIOTCS ACTPOMUSUKI JIJI PA3BUTHsI TEOPUN IBOJIIOIINI
nporosees u komet [6]. [Tpu pazpaboTke cOBpeMEHHBIX MATEPUATIOB UCTIO hb-
3yercsi 0opaboTka B 1maaszMe COo, npu 5ToM BO n3deKaHue U3JIUITHe pa3py-
MIUTEJILHOCTH TIOTOKA TJIa3Mbl TPEOYETCsT M3y deHne ero XapakTepucTuk (7, 8.
Kpaitte akryajbHbIME sIBJIsTIOTCS Kak Teoperndeckue |9, 10, 11, 12], tak u

skcrepuMenTasbhbie [13, 14, 15, 16] Bompocsl, cBsi3aHHBIE ¢ BXOJOM JI€TATE Th-
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HBIX ammnapatoB B armocdepy Mapca n Benepnl. Bejymiue naydnbie eHTPHI

3aHIMAIOTCS BOIIPOCAMI KOHBEPCUH YTJIEKUCJIOTO ra3a ¢ MOMOIIbI0 HI3KOTEM-
nepaTypHOil TIa3Mbl Pa3psoB 1 HAKAYKN SHEPIUN B KOJIeOATETHLHBIE MOJIbI
[17, 18, 19, 20, 21, 22|.

st mocTpoenns HaJIeXKHBIX TEOPETUIECKNX Mo/Iesieil HepaBHOBECHBIX
TeYeHWl ¢ y4eToM (PU3NKO-XUMUYECKUX IpPeBpaIleHnil Hanbosee MMOIX0s-
UM MHCTPYMEHTOM sIBJIsieTCsi KuHeTndecKast Teopus [23]. McnonbzoBanne
KNHETUYECKON TeOpUU Ta30B IO3BOJISIET CTPOUTH W 3aMbIKATh MaTeMaTH-
JecKre MOJe/IN TeYeHWs B YCJIOBUAX PA3JIMYHBIX OTKJIOHEHUN OT paBHOBE-
cug. Briepsble 910 3aMbIKanne ObLIO MpoBejieHo JenmeHoM n DHCKOToOM [24]
JIIsT Ta30B 0e3 BHyTpeHHell CTpyKTypbl. Broc/iecTBun MOABUIUCH MTOMBIT-
KU y4eCcTh BO30Y2KJleHne BHYTPEHHNUX CTeleHeil cBOOOIBI pr pacdere KO-
cdurmentor nepenoca [25]. B paborax 1960-1970x rojioB paccMaTpuBajuCh
OTMCAHNST TA30B JIMIIEL CO CIabbIM OTKJIOHEHHEM OT paBHOBecus [26, 27, 28|.
Taxkne Mojen HEMPUMEHUMBI TP 00Jiee CUJILHBIX OTKJIOHEHUSIX OT PaBHO-
Becus, PN KOTOPBIX OOMEHDbI SHeprueil m XuMudeckKne peakiui MOTYT ITPO-
TeKaTh 0JIHOBpeMeHHO. VccieioBanne HepaBHOBECHBIX MTPOIECCOB C PA3HBIMU
CKOPOCTSIMHU TTO3BOJIMJIO M3YUYaTh CUJILHOHEPABHOBECHDBIE TEUCHUS 38 CUET COB-
MECTHOT'O PACCMOTPEHHsI YPaBHEHUI mepeHoca u pesakcarun [23)].

Mmuororemmeparypnble MOJIETN BIEPBbIE TO3BOJIIIN YIECTh CUIBHYIO
HEPABHOBECHOCTH, YTO MPUBEJIO K PACCMOTPEHNIO KBa3UCTAIIMOHAPHBIX KOJIe-
baresbHbIX pacipejesennii [29, 1]. Ha ocnose sTux pabor Oblia mocTpoeHa
Teopust TporieccoB nepenoca [30], MpOBOAMINCH WCC/IEIOBAHNST KUHETUKI 1
TEIJI000MeHa 3a CHJIbLHBIMU yiapHbiMu BosiHamu [31]. Psji skcriepumenTos
110 MU3Yy4YEHUIO KOoJieDATe/IbHON KUHETUKH 0Ka3aJs, YTO B YCJIOBHUAX HAKAUKH
SHEPTUN B KoJieDaTe/IbHbIe CTENeHN CBOOOIBI pacipe/ie/IeHnst MOJIEKY/T MOT'YT
CUJIBHO OTJIMYATLCS OT OOJBIIMAHOBCKUX M TPUHOPOBCKWX, ITO MPUBOJIUT K
HEOOXOIMMOCTH MCIIOJIb30BaHMs OoJiee TTOAPOOHOI MOJIe/N, OCHOBBIBAIOIIEHCS
Ha YPaBHEHUX JIJIs 3aceJleHHOCTeN KOoeOaTeIbHbIX YPOBHEH — ITOYPOBHEBO-
My ogixofy [23, 32, 11, 33]. DToT mo/1x0/1 MO3BOJISIET UCCIE0BATE PA3IITIHbIE
TeueHns B ra3ax, TAKNX KaK TeIEHUS 3a YAapHbBIMU BOJTHAMU, B ITOTPAHIIHOM
cioe |34, 35], B cortax 36, 37, 38| u up. [IpumeHeHre MOypOBHEBOIO T10,1XO0-

Ja JIJIs U3yUeHns] KUHeTHKN YTJIEKICION0 Ta3a BIIePBbIe MPeJIoKeHo B [39)]
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JIIsT HECKOJIBKUX HUXKHUX KOJI1e0aTeIbHbIX COCTOSTHUIT, a B IMOJTHON hOpMYy/In-
poeke — B [32, 40]. MozmenupoBanue MOypOBHEBOH KUHETUKHU YIJIEKUCIOTO
raza 3aTpyIHAETCA B IIEPBYIO OUepe/ib BhIUNCIUTEIbHBIMU 3aTPaTaMI B CBsI-
31 ¢ HEOOXOJIMMOCTBIO PEIIeHNS CHUCTEMBbI, COCTOSAIIEH U3 ThICAY YpaBHEHMUIA.
Jpyroit cJI02KHOCTBIO SIBJISIETCST HEOOXOMMOCTD BBIYHMCJIEHNs] OIPOMHOTO KO-
JIn4IecTBa KO3 UITMEHTOB CKOPOCTE MIEePEeXo/I0B SHEPIUN ¢ OJHOTO SHEPreTH-
JeCKOro YPOBHSI Ha JIPYroil, XapakTepusyomnux KuHeTukKy Kojedannii CO,.
Jl1st uxX pacdeTa UCHoIb3yI0TCs TOJTYIMIIMPUIECKIE METO/IbI, a TaKxKe pacue-
Tel Ha ocHoBe Teopun [lIBapra-CiaBckoro epridernbma (SSH) mosyduennoit
u3 IpUOJIMKEHHON TeOpuil BO3MYIIEHHIT IIepBOTo HOPSIJIKA [41]. BoJtee Tounnie
pacdeTbl KO3(MPUIMEHTOB CKOPOCTEll IIePexo/i0B SHEPIUU MOI'YT OBITH 00ec-
[Ie9eHbl C MOMOIIBIO TEOPHUH BBIHYZKIEHHOIO FapMOHIUIECKOTO OCIILIATOPA
(FHO) [42, 43, 44] wiu MeTo/I0B KBAHTOBOMEXAHMYECKUX U KBA3UKJIACCUTe-
CKHUX TPaeKTOPHBIX pacueTos [45, 46, 47, 48].

HeobxoauMocTh CHUYKEHUST BRIYUCIUTEIBHBIX 3aTPaT IIPU MOJIEIHPO-
BaHUN HepaBHOBecHbIX TedeHnit COy mpuBesia K MOCTPOCHUIO HECKOJIBKUX
MHOTOTEMITEPATYPHBIX MOJIeJIel, YIUThIBAIOIIINX MEXKMOJOBbII 0OMEH U aH-
rapMOHIYHOCTD KoJiebanmii [49, 50, 51, 44|. OcHoBHast pobIeMa IPU UCTIO Th-
30BaHIK MHOI'OTEMIIEPATYPHBIX MOJeseil — KOPPEKTHOEe MOJIeJIMPOBAHIE CKO-
pocTi KojiebaTebHO peslaKcallui ¢ yIeTOM Pa3IndHbIX THIIOB 0OMEHa dHEep-
rueit. B paspaborannoii B [52| rubpuiHoii deTbipexTeMiiepaTypHOil MOIe i
IIPEJIJIO?KEHO BBIYUCISITH PeJIaKCallIOHHbIE YJIeHbI Ha OCHOBE OCPeTHEeHHBIX 110~
YPOBHEBBIX CKOPOCTEIi MPOIECCOB, M3-3a 9TOI0 MOJIEJb COXPaHSET TOYHOCTD,
OJIHAKO TepsAeT BBIYUCIUTENbHYIO 3P deKTuBHOCTb. OJIHO U3 OCHOBHBIX Ha-
IpaBJICHUII UCC/IeJIOBAHUI B JAaHHON JIMCCEPTAIMOHHON padoTe MOCBSIIECHO
MOBBIINIEHIIO [TPOU3BOUTEILHOCTH PACIETOB IO Mojen [5H2].

[Ipun gmciieHHOM MOJICIMPOBAHUN KUHETHKHU YTJIEKHUCJIONO ra3a BO3HU-
KaeT mpobJieMa YKeCTKOCTH crcTeM ypaBHeHuil. Ilpu pemennn takux cucrem
UCIIOJIb3YEMbIil YNCJCHHBII METOJI JIOJI?KEH ObITh TOYHBIM, & TaKyKe UMETh
obmupHyo 0bsactTb yeroiiausoctu [53]. B mociearne rofgpl MHOTHE HCCTE-
JIOBaHUs OBLIM COCPEJIOTOYCHBI Ha pa3pabOTKe YUCJIEHHBIX METOJIOB Ha OC-
HOBe BBeJIeHHOI ['mpom dhopmyiisl obparnoro juddepennnposanust (BDF)

[54], obamarorieit BbICOKOiT ycToitunBocThio. HauboJiee ucmoib3yembie MOU-
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pukanun cTposaTcs Ha OCHOBE (DOPMYJIbI YUCJEHHOTO JIdePeHITTPOBAHMS
NDF [55]. Hpyroit mojaxon kK mogudukaim, obaaaromuii HI3KOH BbIUuC-
JINTEJILHOM CJIOYKHOCTBIO, 3aK/II0UAETCsI B IIPEJICKA3aHNN 3HAUEHUsT KOHEUHOI
pasnoctn nopsaka (k + 1) |56], Graromapst demy MeTon cTaHOBUTCS OOJIee
TOYHBIM, ITPAKTHIECKN COXPaHsisi YCTONINBOCTH. Pa3BuTiem Takoro Imojxo-
na saBysiioTcs pacinpentbiit Meton ['mpa (EBDF) u momudunuposanmbiii
pacmupennbiit Meron I'npa (MEBDF) [57, 58, 59]. O6a meroga mis goctu-
JKEHUsT YCTOMYNBOCTH KCIIOJIb3YIOT IIPEICKa3aHNd B JIBYX TOYKAX 1 HEsIBHYIO
MHOI'OIIIArOBY10 KOppeKTupoBky [60]. Hakoner, wanydiime pe3yabTarTsl 110-
Ka3bIBaeT KOMILJIEKCHBIN aJrOPUTM, B KOTOPOM IIPEJICKA3aHNus B PACIIMPEH-
HoM MeTojie ['mpa Bbimostasitores ¢ nomorbio NDF npubsmmkenus (61, 62].
Taxoil 110/1X0/1 UCITOJIb3YETCs B IIPECTaBICHHON paboTe, 00J1a/1aeT BbICOKMIT
TOYHOCTBHIO 1 3P PEKTUBHOCTHIO, & TaKKe JIONYyCKAeT BO3MOXKHOCTE PaciapaJi-
JICJTUBAHUS.

HapapHe ¢ TpaJIMIIMOHHBIMU YHCJIECHHBIMUI METOJAMU B IIOCJIEIHIE T'O-
JIbl 0OpeTaeT IMOMYyJIAPHOCTD TOJIXO0, 3aKJII0Yalonniica B 00yUYeHn HelpoH-
HBIX ceTell ¢ TeTbIo NX MPUMEHEHNs B KAYeCTBe pelaTesis cucrteM auddepen-
MUATbHBIX ypaBHenuit [63, 64, 65, 66, 67]. B mogobHbIX MeToax HEepOHHbBIE
ceTu 00yJaloTCs Ha OCHOBE Psija YNCIEHHBIX PEIleHni cucTeMbl JuddepeHIim-
AJIbHBIX YPaBHEHUM U 1O3BOJISIIOT 9P (MDEKTUBHO BBIYUCIATH PEIIeHUs] CHCTEM
JUT pa3IUIHbIX HAOOPOB BXOJHBIX YCJOBHUI MapaMeTpoOB C BBICOKOI cTerie-
HbIO JjocToBepHOCTH (68, 69]. XOTsT TaKoil 1M0/1X0/] HEIPUMEHUM [TPU PEIIeHN
32191 110y POBHEBOII KMHETUKHU 13-3a BBICOKON pa3MEepPHOCTU CHCTEMBI, ITPEJI-
CTaBJISIETCS TTEPCIIEKTUBHBIM €0 UCIIOJIb30BaHue JIJIT MHOTOTEMIIEPATYPHBIX
MOJIeJIeit.

[ToMHUMO sIBHOI'O UCIIOJIBL30BAHUSI HEHPOHHBIX ceTeil JIisi pelleHnsl CU-
creM b depeHITnaIbHbIX YPaBHEHIIT METO/IbI MAITUHHOTO O0YYeHUsT MOTY'T
HPUMEHSITHCS JIJIT HAXOXKJICHUST JIOKAJIBHBIX apaMeTPOB TeYeHUsI WA all-
MPOKCUMAITIN PA3JIMIHbIX Xapakrepuctuk. Tak B |70| HeiipoHHbIe ceTu mpu-
MEHSJINCH JIJIF NHTEePHOJIANNE KOI(MDPUITMEHTOB CKOPOCTEl KBAHTOBOT'O 0OMe-
Ha B a30T€ M CKOPOCTEeH XMMUIECKUX peaKInil B I8 KUHETUKN SKCUMEPHOTO
nazepa st Mosieky bl HCL, it mogtesiupoBanuns XeCl jiazepa [71] n Haxoxk-

JleHnst KO3 MUIMEHTOB IepeHoca sl Teslisl, aproHa 1 B BO3/YIIHON CMecH
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|72, 73|. B pabore [74] paccmarpuBajiach IPUMEHIMOCTD B 3aJ1a4€ MOJICITHPO-

BaHUsI CKOPOCTH KoJiebaTeabHOi pesakcannu B cmecu O9-O Takmx MeTom0B
MaIMHHOTO 00y UeHusi, Kak k-Ommkaiinx coceneit (k-NN), perpeccrontbiit
aHasnn3, u rpajgnentHbiii Oycrunr. st emecn No-N B [75] paccmarpusasics
emé OoJiee MUPOKHUI CIHEKTP ITOXO0/I0B BKJIOYAIONMINNA B cebsi METOJ| OIop-
ubix BeKTOpoB (SVM), k-NN| anains3 rayccoBbIX MPOIECCOB, PErPECCHOHHbII
ananu3 (GP), caywaitasrit tec (RF), cepxcaywaiinbie gepesbst (ERT), muo-
rocoitabie cetu neprentporos (MLP) u .. Tem He meHee, pu Momenpo-
BaHNUU KUHETUKHU YIVIEKICJIOIO ra3a IPUMEHEHUsS METOJI0OB MAaIHHHOIO 00Y-
JeHHUsl B JINTEpaType NPaKTHIeCKH He BCTpedasoch. EnHcTBeHHAST TOIBITKA
Obla B [76] 1 cBsI3aHA CO CHEKTPAJTBHON KJIACTEpU3AIeil SHEPreTHIeCKIX
YPOBHEIL.

Hacrosimast pabora 1OCBsIIIieHa BOIIPOCAM IIOBBIIIEHUS IIPOM3BO/IN-
TEJIbHOCTU YUCJIEHHOTO MOJIEINPOBaHUsI HEPABHOBECHON KMHETHKHU Ha OCHO-
Be IIOJIHOI'O ITOYPOBHEBOI'O U THOPHMIHOIO UYeThIPEXTEeMIIEPATyPHOI'O IPUOJIH-
»kernit. [IpesaoskeHbl MeToIbI perpecCHOHHOr0 aHa 38, 111 3(hPEKTUBHOIO
BBIUHC/IEHIST KOA(MDMUIUEHTOB CKOPOCTU MEPEXOI0B IHEPIUHN U CKOPOCTEil pe-
Jlakcalun. Pa3paboTaHbl 4MC/IeHHbIE METO/Ibl U MeTO/Ibl, OCHOBaHHbIE Ha Ma-
IIIMHHOM OOYYeHWH, JIJId PelleHusl YpaBHEHUl MOypOBHEBOI KoJiebaTe/IbHOi
KUHETUKH yrjeKucjoro rasa. IIposenen anaan3 ToaHocTr 1 9OPEKTUBHOCTH
9TUX II0XOJ0B B PaMKax peIleHusl 3aa4i MOJIeIUPOBaHUsI IPOCTPAHCTBEHHO-
OJIHOPOJIHOM peslaKcalun 1 3aJladi 0 TeUYeHNN YIVIEKICIOr0 ra3a 3a, IJI0CKOil

VJIapHOil BOJIHOIA.

OObmasa XxapakKTepUCTUKA U CTPYKTypa padoThI

AKTyaﬂbHOCTb TEMDbI O6yC.HOB.H€Ha HOTp€6HOCTHMI/I CO3jaHnA IIPO-

I'PAMMHBIX HHCTPYMEHTOB [IJIsl UCCJIEI0BAHUSI CJIOYKHOI KojiedaTe/IbHON Kil-
HETHKH B TEUEHUAX YIJIEKHUCJIOTO ra3a. ¥ TJIEKUCJIbI Ia3 sIBJISeTCS OCHOBHBIM
KOMITOHEeHTOM aTmocdepbl Mapca, o9ToOMy CBeIeHUs O Ta30uHAMITIECKIX
npoieccax ¢ yaeroMm HepapHoecHo! KnHeTukn CQOg HEOOXOMUMBI JIJIsT MOJIE-
JINPOBaHUsI BXOJla KOCMUYECKUX almapaToB B armocdepy Mapca. Yriekuc-
JIBIIT Ta3 TaKKe SIBJISIeTCsl OJIHUM U3 IVIaBHBIX HexKeJ1aTe/IbHbIX IPOIYKTOB TeX-

HOT'€HHOI JeATEJIbHOCTHU Y€JIOBEKa, 1 €0 KOHBEPCUA — OJHa UX BayKHEMIIMX
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3a/1a9 COBPEMEHHOI MPOMBIIIIEHHOCTH U 9KoJorun. HoBble MeTo/ bl KOHBED-
CUU YTIJICKHICJIONO Ta3a ¢ MOMOIIbI0 HU3KOTEMIIEPATYyPHOIl M1a3Mbl OCHOBaHBI
Ha BO30YKICHUN aHTUCHMMeTpUIHON Mobl Kojiebanuit COsq, mosToMy TOJTY-
YeHIe HaJIe’KHBIX CBEJICHUIT 0 XapakTepe KojiedaTe/IbHO pe/lakcallun u poJin
MEXKMO/IOBOIO 0OMeHa HEeOOXOIMMO IIPU CO3aHUN TEXHOJIOTNN CHIXKEHUS CO-
JlepKaHusl YIJIEKICJIOTO Ta3a B aTMocdepe.

[esib paboOTHI:

a) Paspaborka 5(heKTUBHBIX aIropuTMOB pacueTra Ko3(hUIUeHTOB
CKOPOCTH BHYTPUMOJOBBIX U MEXKMOJOBBIX MEPEXOJIOB KOJIe0aTe/IbHOI SHep-
I'UU B YIJIEKHUCJIOM Ta3€e ¢ UCIOJIb30BaHUEM METOJIOB PErPecCur U MapaJiie/ib-
HBIX BBIYUCJICHUI.

0) IloBbilenne MPOU3BOIUTEIBHOCTH UHCIEHHBIX CXeM [[JIsi PEeIIeHUs
ypaBHEHUIT JleTaJIbHON ITOYPOBHEBOIT KojiebaTe/IbHOI KMHETUKM, Peasn3aliust
pa3paboTaHHBIX METOJIOB B IIPOIPAMMHOM KOJIE.

B) PaspaboTka HeilpoceTeBoro moxo ia jijist IOBbIIIEH ST TPOU3BO/ [T b-
HOCTH pacdeTa CKOPOCTell KoyiebaTe/IbHON pe/laKCAIl B a3 IMIHBIX MOJIax
YIJIEKHCJIOTO Ta3a; pean3allis pa3padoTaHHOIro TOJX0/a U OleHKa ero 3d-
deKTUBHOCTH.

r) MojesiupoBatie IpOCTPAHCTBEHHO OJIHOPO/THON PETAKCAIN YIJIEKIC-
JIOTO Ta3a ¢ yIeTOM BHYTPUMOJIOBBIX U MEXKMOJIOBBIX OOMEHOB KoJiebaTe/IbHOM
SHepTHell B paMKaXx MOJTHOTO MMOYPOBHEBOI'O U THOPHUTHOIO MHOTOTEMIIepaTy p-
HOTO TI0JIXOJIOB, & TaK»Ke ¢ UCIOIb30BAHINEM HEHPOHHBIX ceTell; ncceoBaHme
0CODEHHOCTEN TIPOIecca PeJIAKCAIINN TTPU PA3JIMIHBIX YCJIOBUAX.

1) YucsieHHOe MOJIEIMPOBAHIE TEUEHU YTIEKHUCIOr0 Ta3a 3a ILJIOCKOI
yJIapHONl BOJIHON C yYETOM pa3IMIHBbIX KAHAJIOB peJaKcalliid B MOJHOM IIO-
YPOBHEBOM U M'MOPUIHOM MHOTOTEMITEpATYPHOM IPUOINKEHNAX; OTIeHKa TOY-
HOCTH 1 3 OEKTUBHOCTH HEHPOCETEBOr0 METO/Ia IPU PEIIeHUN OJHOMEPHOil

3a/1a4.

JlocTOBEPHOCTD PE3YJIHLTATOB OIPEIEITETCI UCIIOIH30BAHIEM CTPOTTX

TEOPETUYECKUX MOJiesIell HepaBHOBECHbBIX TeUeHN I, OCHOBAHHBIX Ha KUHETUYe-
CKOIl TEOpUM Ta30B, U XOPOIIO AITPOOMPOBAHHBIX YUCJCHHBIX METOJOB pellie-

HUS YKECTKUX CUcTeM JaudepeHnnaabHbIX YpaBHEeHNil; CpaBHEHUEM Pe3YJ/Ib-
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TaTOB, IMOJIYYEHHBIX C IOMOIIbBIO PA3JUYHBIX T10/IX0/I0B; CUCTEMATUYeCKUMU
OTIeHKaM!I TIOTPENTHOCTElN alTPOKCUMAIMOHHBIX (POPMYJT U PE3YJILTATOB, TO-
JIYYCHHBIX B paMKax HepOCeTeBOTO MOJIX0/A; COTJIACUEM Pe3YJIbTaTOB MO/Ie-
JINPOBAHNUs KNHETUKN YIJICKUCJIONO T'a3a ¢ pe3yJbraTaMu JPYTIUX aBTOPOB.

Hayqﬂaﬂ HOBU3Ha MCCJICAOBaHUA 3aKJ/II09a€TCA B CJICAYIOIICM:

a) MeToibl perpeccuoHHOTO aHAJIM3a, TPUMEHEHbI JIJIsT OJTY IeHHUsT TIOJTHO-
ro Habopa Ko3PPUITMEHTOB CKOPOCTU BHYTPUMOJIOBBIX U MEXKMOJIOBBIX 0OMe-
HOB K0JIe0aTe/IbHOI SHEepTrueil B yIJIEKUCIOM Tras3e.

0) U3ydeHbr BOBMOXKHOCTH MAPAJLIETHHOIO BBIYUCICHHST CKOPOCTH KOJIe-
OaTeJIbHOI peslaKcallui B ITOJTHOM TIOYPOBHEBOM ITPHUOJIMKEHN.

B) Briepsble poBejieHa MO3TAHAsT ONTUMU3AIINS TUCJTEHHOTO MOJIEJINPO-
BaHUS HEPABHOBECHBIX TEUCHUIT C UCIIOIHL30BAHNEM [TOYPOBHEBOIO MTPUOJIIZKE-
HUS; OMTUMU3AINS BKJIIOUAET CHIZKEHNE Pa3sMepHOCTU CUCTEeMbl Jauddepen-
[IAJIbHBIX YPaBHEHUI € IOCJICAYIONNM IIpUMEHEHNEeM HEeHPOHHDLIX ceTeil JIJIst
pacdeTra OCpeJHEHHDLIX PeJIaKCAllOHHLIX YJIEHOB B IIOJIYyYEHHBIX YPaBHEHUSIX.

r) IlpoBesien aHa/JM3 TOYHOCTH W MPOU3BOJUTESLHOCTH HEPOCETEBOIO
[IO/IX0/1a IIPU YUCJIEHHOM MO/ICJIMPOBAHNN HEPABHOBECHBIX TCUYCHUN YIVIEKUC-

JIOTO ra3a ¢ HeCKOJIbKUMU MexXaHn3MaMi KoJiedaTe IbHOiT pejalaKCaln.

Hay4unas meHnocTh auccepTaliiil COCTOUT B CJIETYIOIIEM:

— IIpetozKeH criocod moJrydeHns anpoKCuMaIil Koo MUIneHTOB CKO-
POCTU HEPABHOBECHBIX (PU3UKO-XUMUUIECKIX IIPOIECCOB HA OCHOBE PEIPECCH-
OHHOI'O aHaJI3a; JAHHBI CII0COO MOXKET OBITH HPUMEHEH K IPOU3BOJIbHBIM
HaboOpaM JIaHHBIX, IIOJIYUYEHHBIM 13 9KCIEPUMEHTa UM TEOPEeTUIECKIX MOJe-
JIell pa3JIndHoOil CJIO?KHOCTH.

— Ilpeiozkena mapaJiesibHast CTPYKTYpa JAHHBIX JIJIS ONTHMAJIBEHOTO
pacdera Ko3(hDQUINEHTOB IIePeXoa0B KojebaTeJbHON SHEPIUU B CJIOXKHBIX
MHOT'OATOMHBIX MOJIEKYJIaX.

— Pazpabortan HeiipoceTeBoii MeTo]I pacdeTa OCPEJIHEHHBIX IT0yPOBHE-
BBIX CKOPOCTEel KoJiebaTeIbHOI peJlakcallii, TPUTOHbINA JII PUMEHEHUST
B MHOT'OTEMIIEPATYPHBIX MOJIEJISIX; JAHHBI MeTOJ MOYKeT ObITh JIEIKO 0000-
IeH Ha cjydail 0oJiee CJIOXKHBIX KUHETHIECKHX CXeM € yIeTOM XUMHYECKIX

peaxImii.
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- HpOBe,ZLeHO YUCJICHHOE MOIE/JIMPOBaHUE HYJIbMepHOﬁ 3aJa4d 1M OJHO-
MEPHDbIX TeYeHUI YIVIEKHUCJIOTO I'a3a C y4€TOM [IOJIHOT HoypOBHeBOﬁ KINMHETUKN
N COKPall€HHBIX I‘I/I6pI/I,ZLHbIX IIOAXO40B; IIOKa3aHa IIPUMEHHUMOCTDL YIIPOIICH-
HbBIX MO,ZLeJIeﬁ 1N BO3SMOZKHOCTDH CYIIECTBCHHOI'O IIOBBIIICHUA SCbeeKTI/IBHOCTI/I

YUCJICHHBIX PpacC4d€TOB.

[IpakTndeckast 1eHHOCTD JIUCCEPTAITUN COCTOUT B CJIETYIOIIEM:

— JlocTUrHyTO 3HAYNTENBHOE IOBBIIMIEHHE ITPOU3BOAUTEILHOCTH IIPH
YUCJIEHHOM MOJIEJIMPOBAHIE HYJIbMEPHBIX U OJIHOMEPHBIX 3a/a4 I'a30BOil JIH-
HAMUKHU, YIATHIBAIOIINX CJIOYKHBIE MEXaHU3Mbl JIeTAJIbLHOI 1T0YPOBHEBON KO-
JlebaTeIbHOI KMHETUKH YIVIEKUCJIOTO Tas3a.

— JlaHbI peKOMEeH Al 110 BEIOOPY AJITOPUTMOB ITaPAJLIEILHOIO BHIUNC-
JIGHHSI JIJIsl TIOJIy4YeHUs II0JIHONO Habopa K03(MUIMEHTOB CKOPOCTH KoJjebha-
TeJIbHBIX 9HEPIOOOMEHOB B MHOI'OATOMHBIX I'a3aX, BKIOUAIONIIEr0 JI0 HECKO/Ib-
KUX MUJIJIIOHOB 3JIEMEHTOB.

— Paspaboran mporpaMMHBIH KOJ JJIsT 9HCJIEHHOTO MOJIE/JNPOBAHIS
HEPaBHOBECHBIX TEUEHUI YIVIEKUCJIOrO I'a3a, B KOTOPOM Peajin30BaHbl Iapali-
JIeJIbHBbIE aJITOPUTMBI U HefiPoceTeBoil 10/IX0/1 K BHIUKICJIEHIIO CKOPOCTH KOJIe-

OaTeJIbHOI peslaKcalllny Pa3InIHbIX MO/I.

HOJIO}KGHI/IH, BbIHOCHUMBbIE Ha 3alllUTYy:

a) AmnmpokcumMarn Ko3hQUINEHTOB CKOPOCTU TI€PEXOJI0B KOoJebaTeb-
HOI1 9HEPruM yIJIEKUCJIOr0 ra3a, OCHOBaAHHbBIE Ha PEI'PECCHOHHOM aHaJIN3e.

6) [apasuresbaast CTpyKTypa JaHHBIX, TO3BOJISIONIAsT CYIIECTBEHHO OTI-
TUMU3UPOBATL pacdeT IOJHOI0 Habopa KodM@PUINEHTOB CKOPOCT 0OMEHOB
KoJIedaTe TbHON SHePTHeil Jij1s MHOTOATOMHBIX MOJIEKY.I.

B) MeTom pacuera oCpeJHEHHBIX MMOYPOBHEBBIX CKOpOCTel KoJebaresb-
HOI peJslakcalui, OCHOBAHHBIN Ha HEHPOCETEBOM IIOAXO/E; MPEITOKCHHBII
METO/I, CYIIECTBEHHO TOBBIIIAET MTPOU3BOIUTENHHOCTH YUCIEHHOTO MOJIETNPO-
BaHUsI HEPABHOBECHDLIX TEUYEHUI MHOMOATOMHBIX I'a30B B paMKaX I'MOPUIHOTO
MHOI'OTEMIIEPATYPHOTI'O I10JIX0/Ia, COXPaHsisi OCHOBHbBIE IIPEUMYIIIECTBA 10y POB-

HEBOI'O MOAeJINPOBaHMI.
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1) Pesyabrarbl dancieHHOro MOJIE/IMPOBAHUST HEPABHOBECHON KHHETHKN
YIJICKHACJIOTO Ta3a B 3aJiade O MPOCTPAHCTBEHHO OJHOPOIHON peslaKCalluu;
OIIEHKH TOYHOCTH U 3(PPEKTUBHOCTU MHOPUIHBIX MO/Ie 1€, JOIOJTHEHHBIX Heil-
POHHBIMHU CETSIMU JIJIsI pacdeTa CKOPOCTU KOJiedaTeIbHOM peTaKCallii.

1) PesysbraThl qMCIeHHONO MOJEJINPOBAHNST TEUEHUIT YIVIEKUCIOTO Ta3a
3a IIJIOCKMMU YJIapPHBIMU BOJHAMU C UCIIOJIb30BAHUEM IIOJIHOTO ITOYPOBHEBOTO

1 THOPUTHONO MHOIOTEMIIEPATYPHOIO TO/IXO0/IOB.

[IyOukanun. Pe3ynbraTsl, pejacTaBieHHbIe B JICCePTal, OIy0/11-

KOBaHbl B paborax [1*-9*| u3 Hux 2 B KypHasax, BXOJAININX B [EPEUCHb pe-
IEH3UPYEMbIX HayUHBIX >KYpHAJIOB, pekomeHoBaHnHbix BAK, 1 — B penen-
3UPYEMbIX U3JAHIAX, THAEKCUPYEMbBIX B MEXKIyHAPOIHON Oa3e MUTUPOBAHUS
Scopus, 6 — B MaTepuaJjax kondepennuii, uujaexkcupyembrx B PUHIL. Jlna-
HBI BKJIaJT aBTOpa B MOJATOTOBKY TyOaukaruit onucan B [Ipmioxkenun 3.5.

Anpobanus pesyabTaToB. Pe3yibraTsl paboThl HaJI JccepTaliieii J10-

KJIaIbIBAINCH Ha BeepoceniicKimx n MexKIyHapOIHBIX KOH(MDEPEHINAX:

a) 8th European Conference for Aeronautics and Space Sciences
(EUCASS), Madrid, 2019;

0) XXI Mexkrynapotas KOH(MDEPEHINsT 10 BBITUCINTEIbHON MeXaHIKe
1 COBPEMEHHBIM MPUKJIAIHBIM IporpaMMubiM cucremam (BMCIITIC’2019),
Anymra, 2019;

B) 13-s1 Beepoccuiickast mkosta-cemunap “Aspodusuka u pusmaeckast Me-
XaHWKa KJIacCHaecknx 1 KBaHToBbix cucrem” ADPM-2019 (Mocksa, 2019);

r) 19-a Mexynapojnast KoHdepeHius: «ABuanns 1 KOCMOHABTUKAY,
Mocksa, 2020;

1) XIIT Mextynapo/iaasi KoH(bDepeHIns M0 MPUKJIaJIHON MaTeMaTHKe u
MexaHuKe B aspokocmmaeckoit orpacyan (AMMAI2020), Asymrra 2020;

e) Mexaynapoiaas KoHbepenius 1o Mexaxuke “/lesatoie [TosstxoBekne
grenuns’, Cankt-Ilerepoypr, 2021;

xK) XXII Mexaynapostast KondepeHus o BeraucnreibHOlN MeXaHuKe

1 COBPEMEHHBIM MPUKJ/IAIHBIM IporpaMMubiM cucremam (BMCIITIC’2021),
Anymrra, 2021.
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CrpykTypa un obbem gucceprarnuu. /lucceprannonnasi pabora cocTo-

UT U3 BBEJICHNUs, 3 TUIaB, 3aKJ/II0UEHNUs, CITICKa JinTepaTypbl 13 118 nHammeno-
BaHuii u npuoxkenusi. Oomunit oobeM guccepTanyu cocrapiser 102 crpanmir,
BKJITOYas 38 PUCYHKOB W O TabJINII.

Pabora BeinosHena npu  dunaxncoBoit nojjepkke PODU  (mpo-
ekt 19-31-90059), PH® (mpoext 19-11-00041) u CII6I'Y (mpoekt
121082600050-5, Pure ID 93022273).
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1 AaropurMmbl pacuera Ko3(@@uUnmeHToB CKOPOCTHI

II€PEXO0/IOB SHEPIrU U PEJIAKCAIIMOHHBIX YJICHOB
At MoJiekKysibl COs

B mepBoii raBe paccMaTpUBAIOTCS OCHOBHBIE CBOWCTBA, MOJIEKYJIbI
COq n obcyxxatorcst HanboJjiee BeposiTHbIE KaHaJIbl KOJebaTeIbHOM peJrak-
caly YIJIEKHCIOTO ra3a. PaccMOTpeHbl MO PA3/IMIHON CIOXKHOCTH JIJIsT
orcannsi HepaBHoBecHbIX TedeHuit COqy. OnuchIBAIOTCS 1 CPABHUBAIOTCS pa3-
JITYHBIE TEOPETHYECKUE CIIOCOOBI BIUNC/IEHUST KOIPMUITNEHTOB CKOPOCTHU 1€~
pexonoB sHeprun. IIpejiokeH perpeccHOHHbBIN MeTOJ JJIsl IIOJIyUeHUs All-
HPOKCUMAIi KO3(MMUINEHTOB CKOPOCTH I1€PEXO0JI0B U IIOJIyUEHUs TOJTHOIO
Habopa Tpedyembix KoddpduinuenTo. PacemarpuBatorcss 3¢dpOeKTUBHbIE T1a-
paJLIeIbHbIE CXeMbI BLIYICICHUSI PeIaKCAIIMOHHBIX UJI€HOB B YPABHEHUAX KO-

jgedbare/IbHOM KUHETUKA.

1.1 Xapakrepuctuku MoJjeKyibl CO,

Yder HepaBHOBECHON KHHETHKNM B MHOI'OATOMHBIX MOJIEKY/IaX KMe-
eT TIEPBOCTEIIEHHOE 3HaYCHUE MTPU MOJCIUPOBAHIN HEPABHOBECHBIX TEUEHMIA.
[Ipu sTOM KuHETHYeCKasi TeOpHUs MHOI'OATOMHBIX MOJIEKYJI OINCAHa 3HAUU-
TEJIbHO Xy»Ke, YeM TEeOPHs JIBYXaTOMHBIX WU OJJHOATOMHBIX Ta30oB. OCHOB-
HOI NPUYMHON JIJIsi 9TOrO SIBJIAETCA HAJIMINe HECKOJIbKUX KoJjiebaTe/bHbIX
MO/I, ITO IIPUBOJUT C OJHON CTOPOHBI K IOSIBJIEHUIO JIOTIOJHUTE/IHLHBIX KaHa-
JIOB peJiakcalui, KOTopble MOI'YT 3HAYUTE/IbHO BJIUSTH Ha TeUYeHHe ra3a, U C
JIDYT0il CTOPOHBI K 9KCIIOHEHINAJIHLHOMY POCTY KOJUYIECTBA IHEPreTHIECKIX
YPOBHEl B 3aBUCUMOCTH OT YHCJa MOJI, 3HAUNTEJIHHO yBEJIMIUBAIOIIEIO BbI-
JUC/IUTEIbHBIE 3aTPATHI IIPU MOJIEINPOBAHIH.

Paccemorpum mojapodrno mostekyiny COs. VIUIeKHCIIBI ra3 sB/sieTcst
MHOTOATOMHBIM Ta30M C JIMHEHHOI CUMMETPUIHON CTPYKTYypoit. B ocHoBHOM
9JIEKTPOHHOM coctostHun MoJiekysia COg umeer Tpu KoJiebaTeIbHbIE MOJIbI,
npejicTaBieHHble Ha puc. 1.1: cuMMeTprudHasi BaJIeHTHasT MOJIa (dacToTa vy ),
JIBaZK bl BBIPOZK IeHHAsT JledhopMannoHHast MOjia (4acToTa Vy) U aHTHCHMMET-

pudHast Moja (dacTora v3).
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Pucynok 1.1 — Kousebarenbabie Mojibl MoJIeKyibl COq

JL 15 MOJIEKYJTBI YTJIEKICJIOTO Ta3a BHY TPEHHASA SHEPTUS BhIPAXKaeTCs B

vib Z.3) SHEPIUH:

T‘Ot,iliéi;g)
] ilZQ

BIJIE CyMMBI €€ BpalllaTe/IbHOIl (sj 1 KoJiebaTebHoll (&

__rot,iyibis vibr
inibis.g = € T €yl (1.1)

€ iribis)

rJe i1, ié, 13 — KoJiebaTesIbHble KBAHTOBbBIC YHCJ/Ia, COOTBETCTBYIONINE CMMET-
puaHoii, JepopmaninonHoil 1 antTucuMMerpuaHoit mojam COq, [ — nomosHu-
TeJIbHOE KBAHTOBOE YNC/IO0, OMHICHIBAIOIIEE MPOEKIINI0O MOMEHTa JgedopMalii-
OHHBIX KOJIeOaHUIT HAa OCh MOJIEKYJIbI, J — BpallaTeJbHbI YPOBEHbD.

B nannoit pabore 11 pacuera KoJjiedaTe IbHON SHEPTUN MOJIEKYJIBI YT-
JIEKHCJIOTO Ta3a UCIOJIB3YeTCsT MOJIeb AHTAPMOHNIECKOTO OCIULIITOpa [77].
st aToit Mozmesn KojebaTesibHasd sHeprust Mojeky/abl COy Ha sHEpreTmye-

ckoM yposHe (i, 1, 13) BbIanCAgETCS 10 bOpMYJIE:

3 3 3

Z . d . d . d
gililzis:hc Win Zm—i_?m +Z§:xfm Zm+7m Zn—i_?n *
m=1

m=1n>m

3 3 3
YY) Yo z‘m+d7m in+% i;+%

m=1n>m [>n

3
+apl? + Z Ypariml® | (1.2)

m=1

rjge h — nocroannag llnanka, ¢ — CKOPOCTb CBETa, Wy, Toy,, Yoy — CIEK-

TPOCKOITMYECKHE MMOCTOsIHHBIE, XapaKTepU3yIollne JacToTy KoJiedaHuil 1 ux
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AHIAPMOHUYHOCTD, d,;, — CTEeIIeHb BbIPOXKICHHSI M-I'0 KoJiebanus. Bejmannbr
CIIEKTPOCKOIIMYECKIX TOCTOAHHBIX it MoJieKyabl COq HpuBeieHbl B TabJIi-
e 1.1. JIjs HeBBIPOXKIEHHBIX KoJsiebanuit d,, = 1, To ectb d; = d3 = 1.

Bropasi moja mMosiekysibl COqo sBiIgeTCA JIBaK/Ibl BBIPOXKICHHOM, MOITOMY
dy = 2.

Tabmmma 1.1 — Crekrpockonmaeckne mocrosabie Mosekynnl COy 78]

0 -1 0 -1 0 ~1 0 ~1
ms CM Ty oy CM Ypngs CM Zj;, CM

wi =1345.04 | 2% = =3.63 | ¥, =0.13 |2}, =2, =
W =667.25 |20 =344 |90, =008 |=2%=0.775
w§ = 2361.71 | 25, = —0.635 | y¥3 = 0

2l = —19.28 | ¥, = —0.07
295 = —12.51 | 3% = 0.02
295 = —12.56 | 4955 = 0.01

w

Yoo =0
Yias = 0.07
Yhys = 0.01
Y953 = 0.015

11 mocTpoeHnss MHOTOTEMIIEPATYPHBIX MO/Ie/Iell YaCTO UCIOb3YeTCS
o 0,0°,0). T
OTCYET SHEPruu OT OCHOBHOTO KoJjebaresbHOro cocroganuda (0,07,0). Torma

dopmyiia (1.2) meperucsiBaeTcst B BUJIE:

_ e

m=1n>m

+ Z Z Z Yyt bmntl + x”l2 + Z ymzﬂle . (1-3)

m=1n>m [>n

st mostekysibl COg BBINOJIHSIETCsT BayKHOE CBOMCTBO, 3aKJ/I0UaIOIIee-
cd B TOM, UYTO 9aCTOTa BTOPOI MO/JIbI 110 BeJIMYINHE OJIN3Ka K ITOJIOBUHE YacTO-

TbI IIEPBOII MO/IbI:

Wl & 2] (w) = 1345.04cm ™!, 2wy = 1344.5cm™ 1), (1.4)
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Takoil pesoHanc MexK/ 1y 4acTOTaM1 BbI3bIBAET B3aNMHOE BO3MYIIIEHUE KoJieba-
TeJIbHBIX TEPMOB, BbIpazKalollleecs B UX CMEIIeHNN, Ha3bIBAeTCs PE30HAHCOM
®epyn 1 ormcan B |77, 79]. Pesonancnoe B3anMo/eficTBie BO3HUKACT MEKLY
COCTOSHIAMMU OJIUHAKOBOM ciuMMeTpuir: (i, iy, i3) u (iy — 1,45 + 2,143). Beme-
cTBUE 3TOr0 3hdeKTa B MOJIEKY/IaX YIVIEKUCTIOIO ra3a MTPOUCXOIUT OBICTPbIi
OOMeH KBaHTaMU MeXKJ1y CUMMETPUYHOIT 1 JlepopMallmOHHON MOJIaMU, IPUBO-
JISIIU K YCTAHOBJIEHIIO KBa3MPAaBHOBECHOT'O PacCIIpesie/IieHns 10 KoJebaTeb-
HbIM ypoBHsM X Moj [50, 49, 80|. Takxke cyIiecTByIOT pe3oHAHCHI OoJee
BBICOKHUX HOPSJIKOB. Pesonanc Takoro tuia BCTpevaeTcss BO MHOI'MX MOJIEKY-
nax, Harnpumep B COS, CSy, CHy, CDy4, CoHy u ap.

Kak ormedasocsk BelIIe, JJIs pacdeTa KojaedaTeIbHON SHEPT N HCIO Ib-
3yeTcsl MOJIeJIb aHMaPMOHNYECKOTo ociuiigTopa. 1Ipn sTom nosinas cucrema
SHEPreTUYeCKNX YPOBHEll, paccMaTpUBAEMbIX IIPU MOJI€JINPOBAHNT KUHETUKN
YTJIEKNCJIOTO Ta3a, ONPEJIeIsieTCsl YCJIOBUEM, 9TO CyMMapHas SHEPrus Tpex

MO/I, He IIPEBBIIIAET JHEPIUIO JUCCOIUAIINN:

€ < DC’027 (15)

ivibis

rie Deoo, = 8.83859 - 10719 JIxx — sHeprus IUCCONMAIIIN MOJICKYJIBI.

[Ipu BeIONHEHNN yesoBust (1.5) HOMepa TOCeHUX BO30Y K IEHHBIX
yPOBHel Kazk10i1 Mojibl MoJsieKys COy npu HEBO30YKIEHHBIX OCTAJIbHBIX MO-
Jlax paBHBL lco,1 — 34, lco,2 = 67, lco,3 — 20. Ilonnasa cucrema suep-
reTUIEeCKIX YPOBHEH CONEP:KUT UYUCI0 BO30OYKJIEHHLIX COCTOSIHUN MEHBIIIE,
aeM lco,1 X lco,2 X lco, 3. OHaxko Jaze 1IpU 9TOM, YHCIO YUUTBIBACMbIX
ypoBHeit coctanisier 6osiee 8000 1t aHTaPMOHUYIECKOI'O0 OCHUIJLISTOPA, ITO
nenaet mojieupoBanue TedeHnit COy B TOJIHOM ITOYPOBHEBOM ITPUOJIMKEHIH
BBIYHC/INTE/ILHO CJIOXKHOI 3a/1aueii. B [40], Obl1a ncnosib3oBaHa cOKpalleH-
Has MOJIeJIb ¢ OTPaHUIEeHeM KOoJieDaTeIbHOIO CIIeKTpa SHePrueil B I0JOBIHY
sHeprun jucconrannn MoJjekyyibl COg 1 00IMM IUCIOM KOJiebaTe/IbHbIX CO-
croguuit okosio 1200. B jpanHOll pabore paccMaTpUBaIOTCs KaK IOJHBIE TaK
U COKpAaIlleHHbIe CUCTeMbl SHEPIeTUIeCKUX YPOBHEid.

Kpome Mozesn aHrapMOHIYIECKOI0 OCIIJLISITOpa KojiebaTe/IbHOe JIBU-
JKeHne MOJIEKYJIbl YIVIEKUCJIONO T'a3a MOYKEeT OIMChIBATHCS MeHee TOUYHONH MO-

JA€JIbIO TapMOHNYECKOT'O OCIHUJIJIATOPA. Hcronb3oBanne Takoii MOZEeJIN II03BO-
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JIIET COKPATUTH BPEMsl BBIUNCJICHNUIT, TOCKOIBKY B pasioxkennn (1.2) coxpa-

HSIIOTCSI TOJILKO TIepBbIe ciaraembie |77]:

3
1
Eirinis = he Y why (im + 5) (1.6)
m=1

JlJ1st MoJie/ I rapMOHHUYECKOI'0 OCIUJLIATOPA II0JIHASI CUCTEeMa, YPOBHEI coiep-
Kut okoJio 6000 kojiedaTe/IbHBIX COCTOSIHUI, YTO HECKOJILKO MEHbIIe, UeM
JUUIST AHTAPMOHIYIECKOro ocimLastTopa. OIHAKO JIUIsT CUIbHBIX OTKJIOHEHUT 0T
paBHOBECHsI MCIIOJIb30BaHIE MOJEIN T'apMOHMYECKOIO OCIMJLISITOPa MOYKET
HPUBOAUTEL K CHUYKEHUIO TOUYHOCTH PEIICHUs.

B nannoit paboTe nCrob3yeTcd MOJIE/Ib KeCTKOIO POTATOPA, ITOITOMY
BpalliaTe/bHasl SHEPIUs He 3aBUCUT OT KojebaTeIbLHOI:

. .l .
62“’“1213 =€;. (1.7)

Taxzke paccMaTpuUBaIOTCs YCJIOBUs, IPU KOTOPHIX MOXKHO HE YIUTHIBATH BJIN-
sdHie XUMUYECKNX pPeakInil, HOHW3aIlUN, MTPOIECCOB 3JIEKTPOHHOTO BO30Y K-
JleHNs 1 U3JIyvdeHns Ha XapaKTePUCTUKN TOTOKA.

B obmiem ciydae, BpaliaTe/ibHas SHEPTHsS MHONOATOMHOM MOJIEKYJIBI
3aBUCUT OT THIIA CUMMETPUN PACCMATPUBAEMON MOJIEKYJIbI U HY?KHO yUUThI-
BaTh TPU TJIABHBIX MOMEHTA MHEPINH OTHOCUTE/LHO TpeX oceil KOOpIMHAT.
JI1s MOJIEKYTBI YIJIEKUCIOTO Ta3a U3 pucyHKa 1.1 BUIHA JUHENHOCTH CTPYK-
TYypbl MOJIEKYJIBI. VI3 9TOro ceayeT, 9To y MOJIEKY/Ibl YTJIEKUCIOTO Ta3a, eCTh
TOJILKO JIBE BpalllaTeJIbHbIE CTENeHN CBOOOJIbI, COOTBETCTBYIONIUMI Bpallle-
HUIO OTHOCUTETHHO JBYX B3aUMHO MEPIEHINKYIIPHBIX OCell 1, COOTBETCTBEH-
HO, JIMIIb OJINH MOMEHT MHEpIUU OyIeT UMEeThb OTJIMIHOe OT HYyJs 3HAYEHUE.
Torna Bpammarenbias sueprus MoJiekyabl COy TpU UCTOTIB30BAHIT MOJICTH
JKECTKOI'O POTaTOpa MOZKET ObITh BhluucjeHa 1o dpopmylie |77, 80|:

_JG+ D

AU 1.8
j 87_(_21'0 Y ( )

rjae I, — MOMEHT WHEPINH MOJIEKYJIbl OTHOCUTETHHO ocu BparieHus (I, =
7.150128 - 10~47 KF-M2).
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1.2 Kamnajbl KojiedbaTe/IbHOI pejlaKcaliui YIJIeKNCJIOro ra3a

B BbICOKOTEMIIEpaTypPHOM YTIJIEKUCJIOM ra3e MOXKET IMPOUCXOUT MHO-
JKECTBO Pa3/IMIHBIX ITPOIIECCOB, IIPUBOSIINX K SHEPrOOOMEHY, TAKIX KaK BO3-
Oy>KJIeHIe BHYTPEHHUX cTereHeil ¢cBOOOIbI, OOMEHBI SHEPTHEH MEYK /Ty Pa3JIimd-
HBIMU MOJIAMU, 8 TaKzKe PeakIUu JUCCOIUAIINN, PEKOMOMHAIINN, HOHI3AIIH
|81, 82]. HanboJtee BEIMUCIUTEIBHO 3TPATHBIM SIBJISCTCA MOJCTNPOBAHIE e
PEXOI0B KoJIie0aTeIbHON SHEPIUH B MHOIOATOMHBIX MOJIeKyJaX. [TocKoIbKy
npejcTaBjieHHast paboTa IOCBAINIEHA MOBBIIIEHNIO TPOU3BOIUTE/IHHOCTH BbI-
JUCJICHUI, TO B HEll pacCMOTPEHbl MMEHHO 3 MEKTUBHBIE CIIOCOOBI MOJICTH-
poBanust KoJsiebaresabHoil pejakcanun COq. IToaToMy BBIOpaHBI YCI0BUS, IIPH
KOTOPBIX BJIMSIHUE XUMHWYECKUX PEAKIUI MJIM 3JEKTPOHHOTO BO30YXKICHUSI
MOJIEKYJI Ha, [TapaMeTphbl TedeHnsi — MaJio. To ecTh paccMaTpuBaeTCsT IUCThII
OJIHOKOMIIOHEHTHBI yIJIeKHCIIbIN ra3. HecMOoTpst Ha CTOJIb IPOCTDIE YCIOBUS,
BBIUHC/IITE/IbHAS C/I0XKHOCTH MOJICJIMPOBAHIS KTHETUKI B II0OYPOBHEBOM IIPH-
OJIMKEeHNN BO3HUKAET U3 HeOOXOIMMOCTHU OIMCAHUSI IIPOIECCOB 0OMeHa dHEp-
rueit s 6osee deM 8000 KoJsiebaTeIbHBIX COCTOSIHMIA.

B dmcToM MHOrOaTOMHOM YTJIEKUCJIOM Ta3e MOI'YT HMPOUCXOJUTD CJie-

JIVIOIINE TUIIBI ITPOIECCOB SHEProoOMEHa:;

— VV,,,-00Menbl KoJiebaTeIbHBIMI SHEPIUSIMU BHYTPH KazK 01 m-0it Mo-

JIbl

A(il,...,im,...,iM>—I—A(k‘l,...,km,...,kM)\ﬁ
‘:‘A(il,...,imi1,...,iM)—f—A(kl,...,km:Fl,...,kM); (19)

— VT,,-0bmenbl KosiebaTe/1bHOM SHeprueit Kazk 10t m-oit MOJIbI ¢ TTOCTY-

IaTeJIbHOM:
A(il,...,im,...,z’M) + M= A(il,...,im:l: 1,...,@'Mc) + M, (1‘10)

rie M — mpoms3BOJIBHBIN apTHEP 110 CTOJKHOBEHHUIO, HE MEHSIONINIT CBOEro

BHYTPEHHEI'O COCTOAHUI;
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— VV,,_p-00MeHbI KojiebaTe/IbHBIMU SHEPIUsIMU MEXKJIY Pa3HbIMKU MOJIa~

MU BHYTPU OJHOII M TOU K€ MOJICKYJIbL:

A(it, iy e ing) + M =
= A(iy, ..., im0, ... 0. Fn's. . iy)+ M, m#k (1.11)

Kazkapiit 3 9HEeproodOMeHOB IIpeJIcTaBIsieT co00il IPOIect, CKOPOCTD
KOTOPOI'O 3aBUCHUT OT CEYCHUIT CTOJKHOBEHUII COOTBETCTBYIOIINX COPTOB MO-
JIEKYJI U TeMIlepaTypbl I'a3a B IIOTOKEe. B 3aBUCHMOCTH OT YCJIOBUIi, COOTHO-
IICHUS XapaKTePHbIX BPEMEH IPOIECCOB MOI'YT Pa3/IMYaThCs.

[Ipu uccieoBaHy KUHETUKU YIVIEKKIC/IONO T'a3a IIPOIeccaMu SHEPro-
oOMeHa, JAroIMUMI HAnOOJIBINN BKJIA B DeJaKCaluo, sBisiorcs [83, 84
V'T-00MeHbBI TIOCTYIIATEeILHOM 1 KoJiedaTe/IbHOI SHeprueil B Tpex KoJjiedaTeib-
HBIX MOJIax 1 V'V -00MeHbI KojiebaTe/IbHOM SHEPTHeil MeK 1y MOJAaMU MOJICKY-

JIBl YTJIEKHCJIOTO Ta3a, CTaJKNBaIOIelicsd ¢ NHepTHBIM napTHepoM M:

VT : COs(in,inyis) + M = COs(iy & 1,inis) + M, (1.12)

VTy : COy(ininsis) + M = COsiy is + 1,i3) + M, (1.13)

VT : COs(in,inyis) + M = COs(iy,isyig + 1) + M. (1.14)

VVi_g : COsin,insis) + M = COs(iy + 1,is F 2,i5) + M. (1.15)
VVag : COs(iy,in,ig) + M = COs(i1,is £ 3,is F 1) + M (1.16)
VVi_o g : COs(in,inyis) + M = COs(iy £ 1,is £ 1is F 1) + M. (1.17)

Tounble Mozmean ajist KOdM@PUIMEHTOB CKOPOCTH JIaHHBIX IIPOIECCOB SIBJISI-
IOTCS OCHOBOM JIJIsl HAJIEZKHOT'O YUCJIEHHOT'O MOJIE/JIMPOBAHUS HEPABHOBECHBIX
TeUYeHUIT; UX pacdeT U XpaHeHHUe MPUBOAUT K OOJBIINM 3aTpPaTaM BbIUNCJIH-
TeJIbHBIX pecypcoB. Mojiesin KoapDUIMEHTOB CKOPOCTH U ONTUMMU3aIUs UX

pacdeTa pacCMaTpUBAIOTCH Jlajiee B 9TOIl IJiaBe.

1.3 Mogean pa3mvHOI CJIOXKHOCTH JIJI OIIMCAHMUS HepaB-

HOBECHBIX T€YE€HUI YIJIEKUCJIOTO ra3a

P&CCMOTpI/IM HEPpaBHOBECHOE TE€YEHNE HEBA3KOI'O HETEIIJIOIIPOBOIHOI'O

YIVIEKHUCJIOTO I'a3a B OTCYTCTBUU XUMNYCCKUX peaKum?L Crernedb OTKJIOHCHUS



21

OT paBHOBECUS XaPAKTEPU3YETCsA COOTHONICHUAMU XapPaKTEPHBIX BPEMEH I10-
CTYIATEIbHON, BpallaTeIbHOM peslaKCaIluil U Pa3JIMIHbIX IEePEX0I0B KoJeda-
TeJbHOI dHeprun. /las mocTpoenns 3aMKHYTOH MaKPOCKOINYECKON MOIe/H
TeUYeHNs Ha OCHOBE ODOOIIEHHOrO MeToda dernmMmeHa—DHCKOra TpedyeTcs 3a-
JIaTh MepapXuio XapakTepHbiX BpeMeH [23]. Hem GoJibliie poIeccoB miyT B
ra3oHaMIYIeCKOM MaciiTade, TeM 0OoJiee JieTajabHasi MOJIe/Ib TPeOyeTcsl JIJIsI

Ol CaHNA TeYCHUA.

1.3.1 IloypoBHeBoe mpubInKeHne

[ToypoBHeBoe omnucanne CripaBeJInBO /I YCJIOBUI, ITPU KOTOPHIX Xa-

paKTeprIe BpeMeHa yﬂOBﬂeTBOpHIOT COOTHOIIEHUNIO.
Ttr < Trot << Tyibr ™~ ‘97 (118>

Tery Tir, Ty — BPEMeEHa IMOCTYHATENbLHOI, BpamaTeJbHON U KoJebdaTe bHO
penakcaiuu, ¢ — BpeMsi U3MEHEeHHsI MaKpolapaMeTpoB TedeHnsi. OTmeTnm,
9TO IIPU IIOYPOBHEBOM OIIMCAHNN BCE MEXaHU3MbI KOJ1ebaTeIbHOM peslakcaimn
OTHOCSITCsI K MEJIJIEHHBIM IIPOIIECCAM.

OO011it MeTo/ | IOCTPOEHHSI 3aMKHYTOI MOJIE/IN TeUeHUs IIPU HAJITINN
OBICTPBIX U MEJJICHHBIX TIPOIECCOB TIOCTPOEH B [23], & MPUMEHUTETHHO K Teve-
HUSIM yTJIEKHCIOr0 raza — B [49]. Habop MakponapaMeTpos, JAONIX 3aMKHY-
TOe OICaHue TedeHUsl, BLIOUpaeTcss Ha OCHOBE CUCTEMbl aJlJINTUBHBIX MHBA~
PUAHTOB OBICTPBIX IIPOIECCOB. B 1oypoBHEBOM HPHUOJINZKEHNN HAOOP MaKpO-

apamMeTpoB BKJIIOYaET

l

— BACEJICHHOCTb KAXKJI0I0 KOJ1eOATEIbHOIO YPOBHS Ny jt ;.3
) b

— CKOpOCTbB raza V;

— TIOJIHYIO yjiesibHyto sHepruio U.

Cucrema ypaBHEHHUI IIepeHOCa, JIJId STUX [TE€PEMEHHBIX [0JIyIaeTcs n3
ypaBHenus boJibIMana U B HYJEBOM HMPUOJUKEHUN OOOOIIEHHOIO MeTO/1a
Yemvena—dHcKora (JIJIs1 CIydas HEBI3KOTO HETEILJIONPOBOIHOTO Ta3a) MMe-

eT BUJI:
dni1 il s ib
28y V- -v=R"Y (1.19)

Y A -
dt 11,19,13 11,159,213
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d
=0, 1.20
poy t V= (1.20)
dU
= 1.21
dt +pV-v=0, ( )

rJie p — IJIOTHOCTD ra3a, p — JaBJICHUE, PEJIAKCAITUOHHBIN YJIeH Rfszs OITNCHI-
BaeT M3MEHEHHe 3ace/IeHHOCTell KoJiedaTe/IbHbIX YPOBHEH MOJIEKYJI B PE3YJ/Ib-
TaTe OOMEHOB KoJieDaTe/IbHOI dHeprueii, 3HadeHns: KojedaTe/ IbHbIX KBAaHTO-
BBIX UUCEJ 11, 19, 13 M3MEHSIIOTCsSI TaK, 9TOObI CyMMapHasi SHEPIrusi He IIPeBbI-
maJia sueprun jguccornmarun. [lonnas yaenbnas sHeprus BKIIOYAET BKJIAJIbI
HoCTyTaTeTbHbIX (Fy. ), BpamareabHbiX (o) 1 KojaedaTeabHbiX (Fyp,) cre-
1eHeit ¢cBOOOIbI, IIPKU TOM IOCTYHATEIbHAA W BpalllaTe/bHash SHEPIUH SIBJIS-
10TCsl PYHKIIUSIMU TeMIIePaTypPhl, a KoJjiebareabHast — PYHKIUEH 3ace/IeHHO-

cTeil KoyiebaTeIbHBIX YPOBHEI:

U= Etr + Erot + Em'bra (122)
3kgT kgT
Etr - EW; Erot = W; vzbr = Z €i1,i9,i3Mi1io,is)

Zl 712 37’3

kp — nocrostaHas BojibliMaHa, m — Macca MOJIEKYJIbI.

Cucrema ypasnenuit (1.19)-(1.21) npencrasssier coboii anasor ypas-
HeHIiT Ditepa st HeBSI3KOI'0 HETEILIOIPOBOIHOIO Ta3a, JOIMOJTHEHHBIX YPaB-
HEHUSIMU JleTaIbHO 1oypoBHEeBO# kKuHeTuku. CiiejlyeT OTMETHTD, YTO B JIaH-
HOM TPUOJIMZKEHNN 3aCeJIEHHOCTU YPOBHEH He OMUCHIBAIOTCHA KBA3UCTAIIO-
HapHBIMI pactpeenernsyvu (Bosbimvana nm Tpunopa), a onpenessiroTest
HEIOCPEJICTBEHHO U3 PEIeHNs CUCTEMbI YPaBHEHMIA.

Penakcamumonnble wieHbl, XapaKTepusylolnue M3MeHeHne 3aceIeHHo-
CTH KoJiebaTeTbHbIX ypoBHEi B pesysbrare VI n V'V -00MeHOB B MOJIEKy1ax
COg, BBIUUCISIOTCI KaK CyMMa, PeJIaKCAIMOHHBIX WIEHOB JI KarKJ0ro u3

KJIACCOB SHEPrOOOMEHOB:

R~ RVTL L RYT L RV 4 RYViee g pVVes | pVViees (g 93)

11,12,23 2177/2723 1172277/3 21512723 11722513 Z].)Z27Z3 21322)Z3
Z[.Hﬂ HaXO2KIACHUA 3HaYEeHU T pelaKCalOHHbLIX YJIEHOB IJIfA KazK10I'0

TUIa 0OMeHa Heprueil HeoOXOUMO OMPEJIETNTH CKOPOCTD ITOTO MTPOIECCA:

VT

i1,02,03 nilfl,imiskh*l%il + ni1+1,i27i3ki1+1%i1_

nil,ig,ig(kil—)il—l + ki1—>i1+1)7 (124>
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Vi, .
ivinis = Mivia—LisFis—1-is + My iy 1,i5Kig 10—

Niy inis (Kiy—siy—1 + Kiy—sin+1), (1.25)

Vs
i1,d2,93 ni1,i27i3—1ki3—1—>i3 + nil,i27i3+1ki3+1—>i3_

Niyigis (Kig—ig—1 + Kig—iz+1), (1.26)

VVi_o
ivinidn = Min—Lyig+2,isKin—1ia+2i1,in T i+ 1,i5—2,i5 Kiy 1,10 —2—i1 i —

nilﬂé,is(kil,i2%i1*17i2+2 + ki17i2%i1+1,i2*2)7 (127)

VVa_s
i1yinyis nil,ig—3,i3+1ki2—3,i3+1—>i2,i3 + nil,z’2+3,i3—1ki2+3,i3—1—>z’2,i3_

Niy insis (Kin.ig—in—3.is+1 T Kiyis—sig+3.5—1)s (1.28)

VVieos
01,9903 _ni1*1,i2*17i3+1ki1*17i2*1,i3+1%i1,i27i3+

ni1+1,i2—|—1,i3—1ki1+1,i2+1,i3—1—>i1,ig,ig -

M ig i (Kiy i iy iy —Lis—Lig+1 T Kipinig—ir4 List 1is—1),  (1.29)

0IE Kiy iy is il if,, — SABUCSIIINE OT TEMIIEPATYPbI KO3 hUIMEHTHI CKOPOCTH
IEPEXOJI0B YHEPIUH C YPOBHEH (i1,i9,i3) Ha YPOBHH (1],ih,i5). Koaddumumento:
CKODPOCTH II€PEX0/ia SHEPIUN MOTYT OBITh HallIeHbI KaK aHajnTHIeckn [85, 1],
Tak ¥ C MOMOIIBIO sMIpryaeckux (opmyit [86, 87, 88|. B pasese 1.4 6oee
OAPOOHO 00CYXKIAIOTCA PA3/JIMIHbIE TOIXOIbI K UX BbIUNCJICHUIO.

[Ipr gucjaeHHOM MOJEJIMPOBAHUN KUHETUKHU IIPOCTPAHCTBEHHO-OHO-
POJIHOI'O YIVICKUCJIOTO Ta3a WJIM MOJICIMPOBAHNN KUHETUKH 38 (DPOHTOM YJIap-
HOIT Ha KayKJIOM Iare BBIYUCIUTEILHON CXeMbI IPUXOIUTCS BHIUUC/IATD 3Ha-
JeHnd Koy UIMEeHTOB CKOPOCTU MEPEXOA0B SHEPIUH I KarKI0ro KoJeda-
TEJILHOTO COCTOSIHUSI JIJIsl IIPSIMBIX 1 OOPATHBIX MPOIECCOB JIJIst KazKI0r0 TUIIA,
SHeproodmMeHa. VIHBIME cJlOBAMU 3a BCE BPEeMs MOJICJIMPOBAHUA KOJINIECTBO
BBIUHC/ISIEMbIX 3HAYEHUII MOXKeT IPEBLINIATh JECITKH MULINOHOB. JlanHast
Ipolie/lypa siBJisieTcs HanboJjiee 3aTpaTHON TPU peaTi3alui TOJTHOM MOYPOB-
HeBoit Mojeun. C Ipyroii cTOPOHBI, BBIUKMC/ICHHE PEIAKCAIIMOHHBIX YJIEHOB

[I0CJIe HAaXOXKJIEHUsI II0JIHOTO Habopa KO3 (UIIMEHTOB CKOPOCTHU I1€PEXO0JIOB
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SHEPIUN MPEJICTABIISIET COOOM MPOCTYIO apudMEeTHIECKYIO 3a/iady. AJITOPUT-
MUYECKU YCKOPUTD MPOIECC BLIYUCIEHUST HEBO3MOXKHO, TIOCKOJILKY PACUeT Bbl-
[IOJTHAETCS 38 OTrpaHNYeHHOE MOCTOAHHON BEJITMYNHOI YUCJI0 Ollepalnii ¢ mia-
Baloleil Toukoii: 18 yMHOXKeHMit, 23 ciioxKeHns, 42 obpallleHusT K MaCCHBaM.
Mcnionb3oBanne JI0OBIX alllpOKCUMAITUI He JIACT MPUHITMITHAIBLHOTO YCKOPe-
HUsI, HO MOYKET MPUBECTU K rorepe Tounoctu. OJHaKo, Osarojaps He3aBU-
CUMOCTHU pacyeTa pe/laKCAllMOHHBIX YJIEeHOB, IIPU YMCJIEHHOM MOJ/eINPOBAHNN
BO3MOXKHO HCII0JIb30BaHUE TapaJljieIbHbIX BbIUNCIEHN.

Hnsg ynoberBa jlajbHeero oocy»kJIeHns, MOJHBIM HAOOPOM KO3(-
dunmrenToB CKOpOCTH peakiinii OyjieM Ha3bIBATh MHOXKECTBO 3HAYEHUN KOID-
durmenToB cxkopoctu VI, VI, Vi, VVi_o, VVo_3, VVi_o_3 nepexonon
SHEePIruu CO BCEX BO3MOXKHBIX YPOBHEH, Hail/ICHHbIC J[JIsI HEKOTOPOII 3a/IaHHONI
TeMIepaTyphl. Takke MOJTHBIM HADOPOM PEIAKCAITMOHHBIX YJI€HOB OyJjIeM Ha-
3bIBATh MHOYKECTBO 3HAYEHU R;’ib?[ , AV1A BCEX BOSMOZKHBIX SHEPreTHIeCKIX

1 722aZ
YPOBHEIL.

1.3.2 T'mOpmaHasi MHOTOTEMIIEPATYPHAas MOJIEJTb

[IprmeHeHne TOJTHON TOYPOBHEBOI MOJI€/IN BHI3BIBACT 3HAUNTEIbLHbBIE
CJIOYKHOCTH B CBA3M € HEOOXOJUMOCTBIO YUCAEHHOTO PENIeHUs OOJIBIIOrO
qnciaa auddepenHnnaabHbIX YpaBHEHUIT JIJIsl 3ace/IeHHOCTel KojiebaTe/ IbHbIX
yposueii. [ToaTomy Ha npakTHKe 9acTo UCHOJIB3YIOTCI MHOTOTeMIIepaTypHbIe
I10JIXO/IbI, OCHOBaHHBbIE HA TOM, UTO CKOPOCTU PA3JIMIHLIX OOMEHOB KoJebha-
TeJILHOM dHEPTHeil MOTyT pa3/ndaThCd Ha HECKOJILKO MOPSAJKOB, YTO ITPUBO-
JINT K YCTAHOBJIEHUIO KBa3UCTAIIMOHAPHBIX KOoJieDaTeIbHBIX paclpejie/ieHnii B
pasImaHBIX KoJtebarebHbix Mojax |1, 23]. Jlist mogenpoBanust kosebareb-
HOI KUHETUKH YTJIEKUCJIOrO rasa HamboJiee 9acTo UCIOJIb3YETCs JBYXTEMIIe-
parypHas u TpexTeMmieparyprast Mogenun [81, 49]. Tlpu srom B aBYXTEMIIE-
paTypHOIl MOJIe/I BBOJUTCs 00Iast KojiedaTeabHas TeMIepaTypa MOJIEKYJIbI,
a B TPEXTEMIIEPATYPHOII — pPa3MIHbIe TEMIEPATYPhl 00bEeIMHEHHOMN (CIM-
MeTPUYHOI 1 JedOPMAIMOHHOM) 1 aHTUCHMeTpudIHONl MoJ. [IpaBbie dacTu
peTaKCcaIlmoOHHbIX ypaBHEHNN B TPAIUIINOHHOM TOCTAHOBKE BLIUUCIAIOTCS 110

mozenn Jlangay—Temnepa.



25

OrpaHudenns JJaHHBIX MHOIOTEMIIEPATYPHBIX I0JIXOI0B 00CY K IaI0T-
cst B HeJlaBHUX paborax [44, 89, 52|. B wacrHoctn, B [44] nokaszano, 4To mo-
nenb Jlangay—Tesiepa npurogHa JIMIIb IPU CJIA0BIX OTKJIOHEHUSAX OT PaB-
HOBecHsi, a B [89] cesiaH BBIBOI O TOM, YTO yUeT Pa3IUIHBIX TEMIIEPATYD
B CUMMETPUYHON 1 JiehOPMAIMOHHON MO/Iax oOecleunBaeT HAWTYYIIee CO-
rjacue ¢ pe3yabTaTaMu MMOJHOTO TTOYPOBHEBOIO MOJEIMpoBannd. B cBA3m c
BBIIIEN3/I02KEHHBIM B JJaHHOI paboTe paccMaTpUBAETCA deThbIpexXTeMIIepaTyp-
Has MOJICJIb.

YerwrpexTeMiiepaTypHas MO/JIe/Ib OCHOBaHa, Ha ITPEJIITOJI0KEHUN O TOM,
YTO BHYTPUMOJIOBbIe VV 00MeHbI KoJiebaTe/IbHOI Heprueil sB/siioTces ObICT-
PBIMH IIpoIeccaMi, a Bce MexkMojoBbie VV oomenbl 1 VT 1epexojibl — Mejl-
JICHHBIMI:

Ttr < Trot < TVV,, << TVV,,_, < TVT, "~ 0. (130)

Taknm 06pasoM, [0 CPABHEHUIO € TPEXTEMIIEPATYPHOIT MOJIE/IBIO, HE HCIIOb-
3yeTCs MPEJIIONOXKeHe 0 OBLICTPOM MeKMOIoBOM VVi_g oOMere, KOTOpPBIil
MOYKET BHOCHTH 3aMETHBII BKJIAJ B pacipejieienne 3aceaentocreit [89).

[Ipu yesosuu (1.30) Habop MakponapaMeTpoB BKJIHOUYAET

— CKOpOCTbH rasza V;
— TIOJIHYIO yJieJIbHYI0 sHepruto U

— TeMIlepaTypbl Beex KoJiebareabHbIx Mo 17, Th, T;.

[Ipu sTOM 3acesieHHOCTH KoJiebaTeIbHBIX YPOBHEH yKe He sIBJISTIOTCS
MakKpoIapaMeTpaMn TedeHNs, a 3a1al0TCsI KBa3MCTAI[MOHAPHBIMI PAaCIIPEeIe-
JenusgMu TpuHOpa (/1 AaHPApMOHUIECKOTO OCIULISITOPa) Wil BoJbiMana
(1y1st rapMOHIYECKOITO ocIimLIATopa). Pacipejenenue TpuHopa B yrjekuc-
JIOM Taze nmeer Bu [89]

n5i17i27i3

Q1,003 — i )
Tiy jin is Zv1br(T,T1,T27T3)

€iyinis — (11€1,00 + 12€0.1,0 + 93€0,0.1)
P\ kpT N
B
11€1,00 92800  %3€0,0,1 (1.31)
kgTi kgTs kpTs )’ '
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rjie m — 4UCjIoBag IIOTHOCTD Ia3a, S, i,is = 42 + 1 — KoslebaTe/bHblil cTaTu-
cridecknii Bec, ZVPT — cooTBETCTBYIOMAs KoJaebaTeabHas CTATHCTHICCKAs

cyMMa

vibr
ZVPN T T T Ts) = E Si) igsig X
11,12,13

€iriigis — (1€1,00 + 92€0,1,0 + 93€0,0.1)
exp | —

kpT

11€1,00 12€01,0  13€00,1
00 _ DE0L0 _ BEOL) (132
kpTy kT kT3 ) (1.32)

J1st rapMOHIYECKOT0 OCIIMJIJIITOPA IIEPBbIE C/IaraeMble O] SKCIIOHEHTO paB-

HbI HYJIIO, I paclipejie/ieHne epexoinuT B pacipeesienne BojbiimaHa.
Taxum obpasoM, 3aceJIeHHOCTH KoJjebaTeJIbHBIX YPOBHEH U, CIe10Ba~

TeJIbHO, yJleJIbHas KoJiedaTebHasl U 1OJIHasl SHEPIUH sIBJISTIOTCS (DYHKIIASIME

TEMIIEPATYPLI I'a3a 1 BCEX KOﬂe6aTeﬂbeIX TEMIIEPATYP:
Ny jig,is = Miyigyia (T7T17T2aT3)7 Eyipr = vz’br(TaThTQ;T?)), (133)

U= U(T7T1 7T27T3) :

Cucrema ypaBHEHUI JijIst MAKPOIIAPAMETPOB CYIIECTBEHHO COKpAIlacT-
CsI U COJIEP?KUT ypaBHEHNs HEPA3PBhIBHOCTH, 3aKOHBI COXPAHEHUS KOJINMIECTBa
JIBUZKEHUsI U dHEPrUu, JIONOJIHEHHbIE PeJIaKCAIMOHHBIMU YPABHEHUSAMU JIJ151

VACJIIbHBIX 9HCEJI KoJie0aTe/IbHBIX KBAHTOB B Pa3JIMYHbIX MOJaXx WmZ

%‘F,OV-V: 0, (1.34)
pcfi—: +Vp =0, (1.35)
p% +pV-v=0, (1.36)
p% = Ry, (1.37)
% = Ry, (1.38)
Wy = Rs, (1.39)

dt
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ViebHBIE dnc/Ia KoJiedaTeabHbIX KBaHTOB W, B m-oii MOJie BBOJISITCS CJie-

JIVIOIIM 00pa30M:

Wil TN T Ts) = ) iy, M = 1,23, (1.40)
11,92,13

1y, — KoJiebaTebHOe KBAHTOBOE YHCJI0, COOTBETCTBYIOIIee m-it moje. Ciery-
eT OTMETHUTD, YTO BBEJEHNE TOJIHOM yaeapHoil sHeprun U n yiesbHOro gmciia
KoJsiebaTe/IbHBIX KBAHTOB W, B KaxK/0ii MoJjie KojieOaHuii B Ka4ecTBe MaKpo-
CKOIIMYIECKNX [TePEMEHHBIX IKBUBAJIEHTHO BBEJIEHUIO TeMIlepaTypbl ra3a 1 u
Tpex KoJiebaTeIbHBIX TeEMIIEPATYP CUMMETPUUIHO, 1edOopMaIlOHHON 1 acuM-
MeTpuaHoit Mo, Mosiekya COq 17, Th, T;.

Baxknoit 0co0eHHOCTBIO MpejcTaBIeHHOil MHOTOTeMIIepaTypHoit (47T)
MOJIEJIN SIBJISIETCsl OTKa3 OT MCIoab30BaHud dopmya Jlanmay—Temiepa s
pacuera peaKkcalnoHHBIX 4IeHOB [R,,. B JaHHOIl MO#e I OHI BHIUNCISIIOTCSI
Ha OCHOBAHNMN OCPEIHEHNsT II0YPOBHEBBIX PEJIAKCAIIMOHHBIX TJI€HOB, PACCMOT-
PEHHBIX BBIIIIE:

Ry= Y imR% . m=123 (1.41)

11,12,i3

Takoii rubpu b 110,1X0/1 OBLT IpejIoxKeH B [52| 1 06001IeH Ha ciiyJaii Teue-
Huit ¢ xumudecknmu peaxiusivu B [90]. TIpeumyrectBoM mojxoja siBJIsieTCst
XOpOoIIIee COBIAJIeHNE PE3yJILTATOB MOIEINPOBAHNsT HEPABHOBECHBIX TEUEHMIT
YIJIEKHACJIOTO Ta3a ¢ Pe3yJbTaTaMU IOJHOIO ITOYPOBHEBOIO MOJIEINPOBAHNS,
a TaKyKe CYIIeCTBEHHOe COKpalleHne ducia auddepeHInalbHbIX yPaBHEeHNI:
OT HECKOJIbKIX Thicsid J10 6. TeMm He MeHee, HEJOCTATKOM T'HOPUIHOIO ITOIXO0-
J1a SIBJISIIOTCSI BBICOKNE BBIYHC/INTEIbHBIE 3aTPATHI IIPU BBITUCICHIN PeJIaK-
CAIlMOHHBIX YJIEHOB, CPABHUMBIE C HCIIOJb30BAHIEM IIOJHOIO IIOYPOBHEBOTO
[I0JIX0/1a. DTO 3aMEeTHO cHuzKaeT 3hdexkTupHocTh 4T Mojen 110 cpaBHEHMIO
¢ TPaJUIIMOHHBIMUI, OCHOBAHHBIMU Ha npudmKenun Jlangay—Temnepa. Bos-
MOKHOCTH ONTUMu3annn ganHoi 4T Moaesan ¢ moMoIbio HeifipoceTeBOro mo/I-

X0J1a 00CYKJIAI0TCS B CJISIYIOINIE riiase.
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1.4 Ko3ddunmeHTbl CKOPOCTH BHYTPUMOJOBBIX U MEXKMO-

JTOBBIX OOMEHOB KoJieDaTeJIbHOI 3Heprueii

st MojieupoBaHust KojiebaTe/IbHOIM peslakcalluil yIJIEKHCIOr0 ras3a
npu perriernn cucreMsl (1.19)—(1.21) Tpebyercst Bbranc/enune 3uadennii Kosd-
pUIUEHTOB CKOPOCTH TEPEXOJIOB SHEPTUU JJI BCEX YPOBHEHN B KarKJIOM U3
KoJiedaTeIbHBIX COCTOSIHUI. B HEKOTOPBIX CHUTyallsaX BO3MOXKHO HCIIOJIb30-
BaHUE 9KCIEPUMEHTATbHBIX JaHubX [86, 91, 92, 87, 93], onHako 5T jgaHHbBIE
OrpaHNY€eHbl UCKJIIOUUTE/ILHO HUXKHUMU COCTOSTHUSIME, HI3KUMU TEMIICPATY-
pamu (menbie 2000 K) u omnuceiBaloT He Bce THIIBI OOMEHOB (CYIIECTBYIOT
nanublie Jst Vo, VVo_ 3, VV i _ 9 3 00MeHOB, JJIsd IPYTHUX [I€PEX0/I0B, HEOOXO-
JINMBIX TIPU PEIIeHNN 3aJIaui B ITOYPOBHEBOI 1TOCTAHOBKE, SKCIIEPUMEHTA b
HbIE JIAHHBIE OTCYTCTBYIOT).

B nocneanne jecaTuieTus HaJlesKHBIM METOJIOM HaXOXKIEHUs KO-
PUINEHTOB CKOPOCTH OOMEHOB SHEprueil CTaHOBSTCs KBa3UKJIACCHIECKHe
tpaektoptbie pacuersl (QCT) [45, 94, 95, 96, 47, 48] uan KBaHTOBOMEXA-
Huveckue pacuersl [97]. OqHaKo Jjisi IPOIECCOB, TPOUCXOJSAIINUX TIPU CTOJIK-
HOBeHUAX yryiekucsoro rasa, QCT pe3yiabraTbl NPpaKTUIECKH OTCYTCTBYIOT,
IIOCKOJIbKY MOJIEJINPOBaHIE ITOBEPXHOCTEl MOTEHIINAIbHON SHEPIUU B MHOI'O-
ATOMHBIX I'a3aX sIBJISIETCsI OYeHb CJI0XKHOIT 3a1adeil. Kparkuii 0030p paboT, 110-
CBAIIEHHBIX OITPeJIeIEHIIO KO (DUIIMEHTOB CKOPOCTH TIEPEXO/I0B KOJIebaTe b
woit sueprun MoJiekys COq mpusesien B [98]. CTouT ymoMsiHyTH Pe3y/IbTATHI
rpymmbl Yansepeutera [lepymknu (Uranus), moydeHnbe st HECKOJIbKIX
epexo/ioB B COq [47, 48|. Onako npobjieMa MpUMEeHEeHUsT STHX Pe3YJIbTATOB
COCTOUT B TOM, UTO I€pexojibl, paccunTanubie ¢ momoripio QCT, He Beerna
COOTBETCTBYIOT IlepexojiaM, HabJIIoJaeMbIM dKCIepuMeHTaIbHo. Kpome Toro,
CJIOZKHOCTD ITOJIyKJIACCHIECKOI'0 UJIN KBAHTOBOMEXaHIYECKOT'O MOJIe/INPBAHMST
HE JIaeT BO3MOYKHOCTH HCIIOJIb30BATh UX B CEPUIHBIX pacdyeTax HepaBHOBEC-
HBIX TEYCHUIA.

Takum obpaszom, B orcyrcrBun pesynabraroB QCT mam skcrnepumen-
TaJIbHBIX JAHHBIX, IIPUXOUTCS HCII0JIb30BATh HTPUOIMKEHHBIE TEOPETHIECKIE
mojiein. CymiecTByeT HECKOJbKO MOjeseil [Jisl Olpe/Ie/IeHusT BePOSITHOCTE
[ePEexXo/I0B KoJiebaTeIbHO SHEPIun IIPU CTOJIKHOBEHNN. AHAJUTHYCCKIE Me-

TOJbI OIIPE/IeJIEHIST BePOSITHOCTE 11epexX0/I0B KoJiedaTeIbHOM SHEPIUN 00CY K-
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natorest B (85, 1|. Haubosiee mpocrast B peajimsaiiuu Mojesib OCHOBaHA Ha
Teopuu BO3MYIIeHUs 1epBoro mnopsijika (Mogens [Isapua, Ciasckoro u ep-
ndenbaa, SSH) [41]; opurunambaast Teopusi ObLIa MOCTPOEHA JJIsT MOJIEKYJT
€ TAPMOHMYECKUM KOJieOaTe/IbHBIM CIIEKTPOM, OJHAKO €CTh 00ODIIEeHHsSI U Ha
ciydaii aHrapMOHHYecKux ocuuiaTopos [99]. Mogenb maer npocrbie dop-
MYJIBI, CBSI3BIBAIOIIIIE BEPOATHOCTHI IIEPEXOI0B Ha BEPXHUX ypoBHaAX P/ ¢
BeposTHOCTAMH mepexona P70 Mesk Ty mepBbIM BO30YKICHHBIM I OCHOBHBIM
COCTOSHUSIMH, TP 9TOM BepoaTHOCTh mepexoga P70 gpmaserca dynkimeit
TeMIIePaTyPhbl 1 MOXKET ObITH JIMOO BBIYUC/ICHA TEOPETHIECKH, JIN0O MOJIyUe-
Ha U3 JAHHBIX [0 BPEeMEHaM PeJIaKCalliil COOTBETCTBYIOIINX IIpoleccoB. B
paborax [100, 101, 102] npeioxkena GoJiee cTporast MOJIETb HATDYKEHHOTO
rapMmonndeckoro ocrisitopa (Forced Harmonic Oscillator, FHO), mocrpo-
eHHasl Ha, OCHOBE pelleHusi BojiHoBoro ypasuenus [Ipejunrepa. 9ra Mojiesb
[IO3BOJISIET YIECTh AaHTAPMOHIIHOCTD KOJ1€0aTeIHbHOIO CIIEKTPA; €€ IIPerMYyIIie-
CTBa 3aK/JII0YAI0TCs B TOM, YTO OHA CIPABEJJINBA IIPU BBICOKHX TeMIIepaTy-
pax, a Tak:Ke IMPUMEeHIMa JJIsT MHOIOKBAHTOBBIX I1epexo0B. Mojenb Harmwia
IIIPOKOE PACIIPOCTPAHEHKE MPH MOJIEJNPOBAHIN JBYXaTOMHBIX ra30B [103],
OJIHAKO ee IpUMEHEHNe JJIsI MHOTOATOMHBIX T'a30B OIPAHNYIEHO BBICOKOI BbI-
YUCUTETbHON CI0XKHOCTBIO: JJISI pacdeTa BEPOSITHOCTH KayKIOTO M3 COTEH
TBICSY TIEPEXOJI0B TpedyeTcsT YHMCJIeHHOe PelleHne HeJmHeitHoro ajaredpande-
ckoro ypasaenust. [Iepsbie nonbiTkn peainzanun mojean FHO s yrreknc-
JIOTO Ta3a paccMoTpeHbl B pabortax [44, 104]. B nanuoit pabore HCIOIB3YIOTCS
OoJ1ee POCThIE ¢ BBIYUCIUTEIBHON TOUKN 3perns Mojean. OnHako pa3BuBa-
eMble B JINCCEPTAINN aJTOPUTMbl OINTUMU3AINI BHIUUCACHUI HE 3aBUCST OT
HCIIOJIb30BAHHON MOJEIN CKOPOCTHU IIEPEXOJ0B U MOI'YT ObITH JIEI'KO 0000IIIe-
HbI Ha ciydait Mmogenn FHO.

Paccmorpum ojiHy n3 Hambosiee pacipocTpaHEHHBIX MOJeJIeil, OCHO-
BaHHYIO HA TEOPUN BO3MYIIEHUs 11€pBOro rnopsjaka —wmojenb [sapia, Cias-
ckoro, Tepridernbaa SSH [41]. B s1oit Mmomenn koadduiimeHTsl CKOpoCTH Tre-
pexona m3 HAaYaJIbHOIO COCTOSIHHUSI ¢ B KOHEUHOE COCTOSHHNE f MOIYT OBIThH

HaliJIeHbI 110 COOTHOIICHUIO:

ki = 2P (1.42)
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rie Z — 4acToTa CTOJKHOBenmil wactui, a P/ — BeposTHOCTD mepexojia.
J171s1 MHOrOATOMHBIX T'a30B HAYaJIbHOE I KOHEUHOE COCTOSIHUS OIIPEIeIAI0TCSI
HaOOpaMU KBAHTOBBIX ducen (i1, i2,...,4y)  (f1, fo, ..., fm). Bepogrnocrs
Iepexo/ia BhIYUCSICTCS B 3aBUCUMOCTH OT TOTO, SIBJIACTCH JIM TIEPEX0] PE30-
HAHCHBIM HJIN HET.

B ciayuaae pesonancrozo smeproodmena, npu AE = g —ef — 0,

BEPOSATHOCTD JlaeTcst hopmyioit [41]:

SWQ/LkBT

Piéfzvz(z%f)m,

(1.43)

3/1eCh (4 — MPUBEJIEHHAs Macca CTAJKIBAIONIIXCA JacTull, o = 17.5/rg, 1o —
ra30KMHETUYIECKNIT pajinyc B3aumMo/ieiicTeus, kg — mocrossHHas bosbliMaHa,
V — noreHnmas B3anMo/IeiCTBHSI.

st nepesonarncrozo sueprooomena AE £ 0:

P =V2(i; — £1) . V(i — f) ¥

8TUAE]" 032 exp(—0)
0.394 1.44
T | ety
rje /
ol (AE N\ AE
—3( =L h) 4 1.4
’ 3((a*)2h2kBT 2nT’ (1.45)

s3Hak 4" craBuTcs B ciydae, ecym o0Iasi KoJjiebaTe/bHasi SHEPIUs yMEHb-
maerest (AE > 0), snak "—" npu AE < 0.
[Torennnan Bzammoseiictsust, Bxoagamuit B (1.43) u (1.44), B 3aBuCH-

MOCTH OT THIIa IIepexoda OIIpeaeJideTCd COOTHOINCHMAMMU:

V(i = im) = 1, (1.46)
o . [h(im+05+05)1"2

V(i = iy £ 1) = —a* Ay, [ ST ] : (1.47)
. Wi+ 1+ 1) (i £ 1)

o * 2 m m
V(i = i £2) = (0" Ap) Ty : (1.48)
o h(im + 1.5 £ 1.5) (i & 2) (i + 1)1%?
. * 3 m m m
V(ip = im £3) = —(a™A) [ 1SN, ;

(1.49)
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3jechb M, — npuBejieHHAs MaCCa OCHULISITOPA M-0i1 MOJIbI C YaCTOTOI KOJIie-

banuit v, = cw;,, KoahduimenTsl paziokenus A, TPUHIMAIOT 3HAUEHIA:

A= A=t o422

11 2 11
OTmeTnM, 9TO HAXOXKJICHHIE MTOJTHOrO Habopa KO UITMEHTOB CKOPO-
CTU PEaKIINU C IIOMOIIBI0 TOUHBIX (popmyst SSH-Teopun siBjisieTcst KpaiiHe BbI-
JUCIUTEIBHO 3aTPATHBIM, 9YTO BBI3BAHO OI'POMHBIM KOJITIECTBOM KO DUITI-
CHTOB, KOTOPbIE HYKHO BBIYHC/IATH HA KaXKJIOM IIare IUCJIEHHOI'O MEeTOoja U
XpaHuTh B namsiti. Heckosibko 60s1ee 3(hheKTUBHBIM SIBJISIETCS HCIIOJIb30Ba-
HUe aIllIPOKCUMAIIUl, TIOCTPOEHHBIX Ha OCHOBE HKCIIEPUMEHTAIbHBIX JAHHBIX
[87, 93]. OsHako TakKuX JAHHBIX COBEPIIEHHO HEJOCTATOYHO JIJIsi [IOCTPOEHHSI
OJTHOTO Habopa KO3(MDPUITMEHTOB JI/Id (PUKCUPOBAHHOTO 3HAUEHUs TeMIlepar-
Typbl. BoJiee Toro, sKcepuMeHTaIbHbIE IAHHBIE TTOKPBIBAIOT HEOOJIBINYIO 00~

JlacTh TemnepaTypsl, or 300 K 10 2000 K.

Emé 6osiee 3 PpeKTUBHBIM ABJISIETCS UCIOJIB30BaHNE (DOPMYJT CBA3U

SSH-reopuu [12],[13], 06001eHHBIX 15T YIJIEKUCIOTO Ta3a:

VT, < ki = Froosooo(in 4+ 1), (1.50)

VTt kiyr154, = Koto—o000(i2 + 1), (1.51)

VT« kigy1-iy = Kooi—o00(23 + 1), (1.52)

VVito @ ki g1i—irisr2 = K100-020 (6 + 1)z ; D+ 2)7 (1.53)
VVa_3 t Kiyt3.i5—isis+1 = K030—001 liz + 1) + Q;SiQ 3)0s + 1), (1.54)

VVicoo3 1 Kiyf g+ 1ig—insiniis+1 = K110-001 (41 + 1) (2 + 1) (i3 + 1).  (1.55)

st HaxoKJIeHus IIOJIHONO Habopa Ko3(MAUIMEHTOB CKOPOCTH I1€PEXO0JIOB
SHEPIUU B pPACCMaTpPUBAEMOM JIMalla30HE TeMIePaTyp HEeOOXOIUMO IIOJIY-
YUTh 3HAUYEHUA KOIDMUIMEHTOB JIJIs IIePEX0/I0B MEXKIY IEePBBIMU BO30Y K-
JEHHBIME COCTOSTHUSIME U OCHOBHBIM cocTostHueM: k100—000(1"), Ko10—000(T),

ko01-000(T") , k100-020(1"), ko30—001 (1), k110-001(T"). B macrosumieit pabore stu

KoapuImeHTs HaxoaATcsa u3 dpopmys SSH-Teopum.
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1.5 PerpeccmonHble MeTOAbI AJIsI IOBBINIEHUS HTPOU3BOIN-

TEeJIbHOCTHU pacdeTa KO3 PUIMNEHTOB CKOPOCTH PeaKITnii

Kak y»ke oTmMedaJioch, pacdeT MOJHOTO Habopa KO3 PUITMEHTOB CKO-
pocTH peakiuii 1o 1mosHoit Mojesan SSH siBJisieTcst TpyI0eMKIM 1 3aTPaTHBIM
nporieccoM. [ToaToMy OBLIO TTpeIOYKEHO AIMTPOKCUMUPOBATE C MTOMOIIBIO Pe-
I'PECCHOHHOI0 aHaJIn3a 3HadeHnil KodpMUINEHTOB, HailIeHHBIX C IOMOIIbIO
dopmysn SSH-Teopun [41].

Perpeccruonnblit aHam3 — MeTO[ MOJEINPOBAHUSI JaHHbIX k7 Ha OC-
HOBE IIPOBEICHHBIX M3MEPEHMIl, TPU HAJUINN IIPEIIIO0JI0KEHN 0 BUIe (PYyHK-
muii. Takue IpeaooKeHusI IPeICTaBIA0T co00il (DYHKINIO0 PerpecCuoHHOil

sapucumoctn f(w,T') or HezaBUCHMOI TIepeMenHoit 1';
kr = f(qu) + U, (156)

rje (4 — aJINTUBHAs cydaliHas BeJIMYNHA C HYJIEBBIM MaTeMaTUieCKUM OXKU-
JaHeM, w — napaMeTpbl dyukiun f. OyHKIus f Ha3bIBACTCA PErpecCroH-
HOI MOJIE/IBIO. 3a4acTyIO MPE/ITOIaraeTcs, 9To Caydaiiias BeINInta [ IMeeT
rayccoBO paclipe/ie/ieHre ¢ HYJIeBbIM CPEJHUM U KOHEUHOIl jucrepcueii. 3a-
Jlada, perpeccun 3aKJ/I04aeTcs B HAXOXKJJIEHUU ONTUMAJbHBIX ITapaMeTPOB W,
IIPU KOTOPBIX PErpeccroHHasl MOJIe/b JaeT HauboJjiee TOUYHOE MPUOIIKEHNE.
NubiMu coBaMu, ecin 3apaHee BbIUnC/IeHbl napbl 3Hadenuii (1;,kr,), perie-

HUE 3a/1a9l PErpecCcui MpeJICTaBIgeT coOOi SKCTpeMaIbHYIO 3a/1ady:

W= argmin;/(kﬂ — f(w,T}))% (1.57)

w
1

Knacemgeckumn moJixoamMmu K PEHIeHNIO 3aJ1a4n HeJIMHelHoil perpeccnn siB-
nsiiorest Metogt Laycca-Heroror a[105|, anropurm JleBenbGepra-Mapksapira
[106] u meroy conpsizkennbix rpajuentos [107]. Haubosee moxosstimm me-
TOJOM pelleHns TAKOH ONTUMU3AINOHHON 3aaun sIBJISIeTCS aJiroputM Jle-
penOepra-MapKBap/Ta, HOCKOJILKY 3TOT MOAXOJ HaMMEHee UyBCTBUTCJICH K
HAYAJILHOMY HPUOJINKEHHIO.

JI1s1 IpoBeIeHnd PerpecCuOHHOro aHaan3a Ko UINeHToB CKOPOCTH

MIEPEXO0/I0B SHEPTHH UCIIOIb30BAIICH PEI'PECCHOHHBIE MO B hopMe, aHa-
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JIOTUYHOI aIllpOKCUMAIINAM SKCIEPUMEHTATBHBIX JaHHBIX [87]:

ET

k10 = 105 AT (1.58)

rje KOHCTaHThI A, HaxongaTcs perpeccueil 3HadeHnit Ko3MQUIMEHTOB, 10Ty~
deHHbIX ¢ oMoIbio SSH-reopuu [108]. DT perpeccnonHble MOJIETH MOJTY da-
I0TCsl C ITOMOIIBIO PA3JIOZKEHUsT B PsiJl MOI9KCIIOHEHIINAJIbHBIX BhIPAyKEHUI B
dopmynax 1.42-1.49. Takoe paz/iozKeHne B psijJi MOZKET COJIEPKATH PA3IUIHOE
KOJIMIECTBO CJIaraeMbIX.

BoinotHIB 1ipeodpa3oBaHue perpeccrontoii Mojein 1.58:

kT
logro7— = > AT (1.59)
1—0 N

3a/1a4a CBOINTCS K TIOJIMHOMHAJIBHOI perpeccun oTHocureapro 13,
Perpeccust npoBojiniach Ha OCHOBE BLIOOPKH SIBHO BBIUMCJ/IEHHBIX 3HA~

JeHunit KoaPUIMEeHToB, MOJIyIeHHbIX ¢ HOMOIILI0 SSH-Teopun, ¢ momMorbio

oubmmorekn SciPy. Buibopka renepupoBasiach OT/IEIBHO JIJIsI KayKJI0r0 SHEP-

IeTUYEeCKOTO YPOBHS JIJIsI CJIyUYailHbIX 3HAYEHUi TeMmIiepaTyp W3 WHTepBaJia
or 400 K 1o 5000K u nmena pasmep 200.
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Pucynok 1.2 — OtHocuTesibHas olnOKa, allpoKcuMaIuii Kosgpduinenra
ckopoctu V'I7-11epexojioB 1pu uctojb3opanuu 2, 3, 5, 10 u 15 ciaaraembix B

pazoxkennn 1.58.

Ha puc. 1.2-1.7 npuBesieno cpaBHeHMe MPOCYMMUPOBAHHBIX 110 BCEM

SHEPreTUYEeCKUM YPOBHAM CPEIHEKBAIPATUYHBIX OTKJIOHEHUIT 3HAYEHUIT KO-
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Pucynok 1.3 — OtHocuTesibHast olnOKa, alnpokcuMaluii Koadgpduinenra
ckopoctu V'Ts-1iepexo/ioB 1pu uctojb3opanuu 2, 3, 5, 10 u 15 cjaaraembix B

pa3I0KEeHNH.
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Pucynok 1.4 — OTHocuTe/ibHasT OMMOKa allpoKcuMaruii koadduinenta
ckopoctu V'13-1iepexoioB pu ucnoab3oBanuu 2, 3, 5, 10 u 15 ciaaraeMbIx B

Pa3I0KEeHNH.

9 GUIIEHTOB, MOJIYUYEHHBIX ¢ oMOoIIbIo dopmyn SSH-teopun u amnmnpoxcu-
mupoBanubiX 10 (1.58) ma unrtepsase Temmueparyp ot 400K mo 5000K s
perpeccuoHbIX Mojiesielt, cojepxKalnux 1oj1 SKcrnonenToit 2, 3, 5, 10 mwimm 15
ciaaraembix. Vcmonb3oBanne amnmnpoxcuManuii ¢ 10 m 15 ciaraeMbIMEI J1aéT
00JIBbIIIOE OTKJIOHEHNE OT TOYHBIX 3HAUEHUIT JIJIsI HEKOTOPBIX SHEPreTUIeCKIX
ypOBHE. DTO BBI3BAHO IepeodyUeHneM perpeccuoHHHoi moupenn. [Ipu nc-

II0JIb30BAHUHN PETrPECCUOHHBIX Mojiesieil ¢ 3 cjlaraeMbIMU CpeJIHeKBaIpaTy-
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Pucynok 1.5 — OTtHocuTesibHas olnOKa, alpokcuMaluii Koadgpduinenra
ckopocTu V' Vig-TiepexoioB 1pu ucnoab3oBannu 2, 3, 5, 10 u 15 ciaraeMbixX B

pa3I0KeHNHN.
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Pucynok 1.6 — OTHocuTesibHast OmMOKa arpokcuMaruii koadduinenra
ckopoctu V Vog-miepexoioB 1pu ucoab3oBannu 2, 3, 5, 10 u 15 ciaraeMbixX B

Pa3I0KEeHNH.

HOEe OTKJIOHEHMEe HauMeHbllee, U OIMIMOKa alllpoKCUMalun cocTaBisier 3%.
MakcuMmasibHast OIMOKa, AIPOKCUMAIINN COCTABIACT 5% U JIOCTUTAeTCA IPH
MaJIbix 3HadeHnsax remmeparypbi(300 K — 450 K). Takum obpasom, ommndka
AIlIIPOKCUMAIIN He IIPEeBhIIIaeT rnorpenHocTu popmya SSH-Teopun, u 1mogo0-
Hasl ONTUMU3AIUST He CHI3UT TOYHOCTH, HO COKPATUT BPeMsT HEOOXOIUMOE JIJIsT

pacueToB B JIBa pasa.



36

—2
0,08 —3
—5
0,07 —10
—15

0,06

0,05
kK |7k

0,04

0,03

0,02

0,01

0,00

1 OIOO ' 20‘00 ' 30‘00 ' 40‘00 ' 50‘00
TK
Pucynok 1.7 — OTrHocuTesibHast olnOKa, allpoKcuMaluii Koadgpduinenra
ckopocTu V' Vi93-Tiepexo/ioB Ipu ucroJjibzopanuu 2, 3, 5, 10 u 15 ciaraeMbix

B pa3JIOXKeHUN.

Cieyer oTMETHTDb, YTO IPEJJIOYKEHHbII perpecCuoHHBI MeTOJ[ MO-
YKEeT UCIOJIB30BAThCs JIJIst JTI00O0M JIpyTroii Mojgen KO3 DUIMEHTOB CKOPOCTH
peaxkiuii i Habopa SKCIePUMEHTAIBLHBIX JAHHBIX, IIPU 9TOM BPEMsI IIOJIY-
YeHNs MOJTHOTO Habopa KoM MUIIMEHTOB ¢ MTOMOIIHIO perpeccunnt pakTIIecKn
He n3MennTcd. Tak Kak mcrosb3oBanne Tounoit mogenn FHO apngercsa 3na-
qUTeIbHO O0JIee 3aTpaTHBIM 10 cpaBHeHmo ¢ SSH (HamomunM, 910 KOIhDU-
[IEHTHI CKOPOCTU PeakInii HaXOsITCs He 110 aHAJIUTHIeCKIM (POpMYJIaM, a
13 YHCJIEHHOTO PEIeHus] HeJIMHEHHOTO aJiIrebpanieckoro YpaBHeHNUs ), TO Bbl-
urpei st mogesn FHO moxker cocraButh 1-2 mopsinka. B masibreiimmx
NCCJICJIOBAHUSX IIJIAHUPYETCA TOJIYUEeHHe allllPOKCUMaInii Ko OuImenTon
CKOpocTH 0OMEeHOB KoJiebareibHoil sHeprueit Ha ocnoBe FHO mojgenn. Takzke
IIPEe/IJIOYKEHHBI PEerpecCUOHHBI aJrOpUTM MOXKET CYIIEeCTBEHHO IIOBBICUTD
9P HEKTUBHOCTDL pacdyeTa B CMECsX I'a30B C XUMUYECKUMU PEAKIUAMU, JIJIsT

KOTOPBIX YMUCJIO PA3JIMYHBIX PEAKIMil BO3pacTACT B JECATKA U COTHU Pa3.

1.6 IlapannenbHbIE AJTOPUTMbI BHIYUCJIEHUST PEeJIAKCAITNOH-

HbIX YJIeHOB

ﬂpyFI/IM BO3MOKHBIM CIIOCOOOM ITOBDIIIICHIS I[IPOU3BOAUTECJIbHOCTHU
YUCJICHHOI'O MOJCJINPOBaHMA ABJIACTCA IPUMEHEHNE ITapaJlJIeJIbHBIX aJITOPUT-

MOB. B paboTe paccMOTpeHbl pa3/IndHbIe MOAX0AbI K IapaJslie/IbHOMY BbIUIC-
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JIEHUTO KO3 PUITMEHTOB CKOPOCTH TIePEX0/I0B SHeprun. B mepByio ouepesb nc-
cJIe10BaI0Ch 6a30BOe MapaJsiiebHoe BbluncaeHne KodhMOUIueHToB s Kazk-

noit peaxiwn (cm. puc 1.8) B OTIeIbHOM TOTOKE.

VT,

Pucynok 1.8 — BbazoBoe napaJuiesibHoe BbraucjaeHne Ko3pOuImenToB s

KazKJI0il peakIinu.

Kpome sToro paccmaTpuBalioch napaJuieibHOe Bbluucjaenne Kodddu-
[UEHTOB Jiisi KaxKoit peaknuu (cM. puc. 1.9) B HECKOJBKUX MOTOKaX (pac-
MUpeHHoe pachapaJiienBanme). [Ipn sroM st KayKIoro mporecca MHOYKe-
CTBO BBIUMC/IIEMbIX 3HAUEHUIT pa3/esisieTcss Ha TPU PaBHbIE YacTH U Kark1asl
13 9TUX YacTell BBIYUC/ISETCS B OTJE/JbHOM IoTOKe. Paszjesnenue Ha 00Jib-
Ilee 91CJIO IOTOKOB He JIaeT BBIMI'PHIIIA 10 BPEMEHH, ITOCKOJIbKY HaKJ/IaHbIe
pacxo/ibl Ha pasjie/IeHre IIPEBLIIAalT HelIOCPeACTBeHHO cueT. Takoil 1moIxo,
XOTh U JIaeT MPUPOCT IMPOU3BOIUTE/THHOCTH BBIYUCICHUN JIjIsI paccMaTpuBa-
eMBIX 3aJ1a4, CJOXKHO 0000IIaeTcs MpHu PACCMOTPEHUHN JIDYTUX CMeceil 13-3a
HEOOXOIMMOCTH HCIIOJIHL30BaHNIs OOJILIIIOr0 UNC/Ia, Sep.

Eite ofuH criocod napaJsiie/ibHOTO BRIYUCIEHUsT OCHOBAH Ha UCIIOJIL30-
BAHUU TTAPAJIIEIbHOI CTPYKTYPBI JaHHBIX, onncaHuoit B [109]. Dra cTpykTy-
pa JIAHHBIX UCIOJIb3yeT €JIMHOBPEMEHHYIO0 WHUINAIN3AINIO TOTOKOB BBITUC-
JIGHIIT W THOJJIEP:KUBAET ITOTOKU B OXKUJIAHUN MEYKJy BBIYUCACHUSIMU, 9TO
1103BOJIAET J00UThCst OoJibleit ahdeKTuBHOCTH pacudéToB. Te3ucHo onucarh

CTPYKTYPY JaHHBIX MOXKHO CJIEIYIONTIM 00pa30M:

a) B cTpyKType JaHHBIX XPAHTCS OJIHBIE HAOOPbI KO(hDMUIUEHTOB CKO-

POCTHU MEPEXOJIOB SHEPTUN, PEJTAKCAIIMOHHBIX YJIEHOB U 3aCEJICHHOCTE! B JIMHE-
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thread1

Pucynok 1.9 — Pacimupennoe napaJiie/ibHOe BblUnC/IeHe KO3(MDPUITUECHTOB

JJId KaxK 10 peakInu.

apr30BaHHOM BHJIE. DTO II03BOJIsIET 00ECIIeUNTh OBICTPOE BhIJACJIEHUE 1 OCBO-
OOYKJIeHIe TIaMSITH, a TaKxKe KolnnpoaHue. Kpome Toro, Jijis JimHeape30BaH-
HBIX JIAHHBIX JIOCTYIIHA BEKTOPHU3AIsI, T.e. BOZMOYKHOCTH OJIHOBPEMEHHOTO
BBIIIOJIHEHUS OJIHOTHIIHBIX HE3aBUCUMBIX OIePalliii.

0) Bo Bpemst HCIOJIB30BAHNS YUCJIEHHOTO METO/a HAOOPBI PeJIaKCAInOH-
HBIX YJIEHOB HE CO3AI0TCsl 3aHOBO, a OOHOBJISIIOTCSI B IIPOIECCe cdeTa. IJTO
BBI3BAHO TEM, 4TO IIPU UCIOJIB30BAHUN UNCJIEHHBIX METOJIOB BHYTPU OJHOIO
1ara MeTo/la U3MEHEHNs B Pe/IaKCAllMOHHBIX “IeHaX OyI1yT He3HAUNTEbHEI.
[TosTomy 1epeji oOHOBJIEHHEM HaOOpa NPOBOIUTCS OIEHKA HEOOXOUMOCTIU
TAKOro OOHOBJICHUSI Ha OCHOBE M3MEHEHUsI TeMIIepaTypbl C MOMEHTA ITPeIbI-
JIyIero ooHoBJieHns Habopa. BeiOpan nmopor B 1 K, 1ipu KoTopoM mosrydaeMast
omnOKa He IPEBOCXOAUT IIOIPEITHOCTD BbIYHC/ICHHIA.

B) OOHOBJICHNE JTAHHBIX B CTPYKTYPE MTPOBOJINTCS MAPAJLIETBHO, TIPHIeM
paccMaTpuBaJIOCh KaK paclapaJ/uleIMBaHue 110 IIpolieccaM, TaK U PacIIipeH-
HOe paclapaJiie/nBaHue.

r) Tloroku it pacIeToB BBIIEJSIIOTCS OJUH Pa3 BO BPEMsT UHUIHAII3a~
I CTPYKTYPbI JAHHBIX U IOJJIEPKUBAIOTCSA 10 KOHIA pacueToB. B mpome-
JKYTKE MEXKJIy OOHOBJIGHUSIMH TOTOKHM HAXOJATCA B CISIIEM PEXKUME U MPO-
Oy2KJ1aeTCsl ¢ IOMOIIBI0 MEXaHU3Ma, YCJIOBHBIX IIE€PEMEHHBIX. DTO II03BOJISIET

COKpaTUTb HaKJ/IaAHbIC PacCXO/Jbl Ha BbIAC/JI€HUE 1 OCBO60}K,ZL6HI/IG ITIOTOKOB.
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st npoBepKn 3pHEKTUBHOCTH CXEM paclapaJsljie/INBaHIs ObLIN MTPO-
BeJIEHBI YNCIEHHbIE SKCIIEPUMEHTDHI. Bee pacueTsl MpoBOIIINCH Ha TTPOIIECCO-
pe Intel®) Core ™ TM i7-4770k. [Ipu npoBeeHnE 9KCIEPUMEHTOB UCIIOJIB30-
BaJlach cUcTeMa ¢ akTupupoBaHHoil TexHosiorueii Hyper-Threading. Pe3yiib-
TaThl SKCIIEPUMEHTOB npuBeeHbl Ha puc. 1.10-1.11. Cpauuaercsa 3ddek-
TUBHOCTD WCIIOJIL30BAHNS TMOCTET0BATETLHON CXEMbI, Mapa/lJIeIbHON CXeMbI
U CXeMBbI, MCIOIB3YIONIel mapaie/IbHyI0 CTPYKTYpPY JaHHbIX. Bo Bcex umnc-
JIHHBIX 9KCIIEPUMEHTaX CTPOWUINCH IIOJIHbIe HaOOPbI KOIMMDUIMEHTOB JIJIsI
Pa3IMIHBbIX CJIyYafiHbIX 3HadeHuil Temmepatryp. Ha ocu abciuce oTmedeHb
KOJIMYECTBa, 3HAUYEHWIT TeMIIEPATYPhI, /IJIsT KOTOPBIX CTPONJINCH MOJTHBIE HAOO-
poI KoadppurmenTon. Ha ocu opumaaT — BpeMs B ceKyH1ax. Bujmno, 9To mpu
IIPUMEHEHNH pacliapaJiie TMBaHus JIJIsl IOy YeHUsT TTOJTHBIX HaDOPOB KO3 u-
IIUEHTOB JI/IT OOJILIITUX MACCUBOB TEMITEPATYP POU3BOIUTE/ILHOCTD BBITUCIE-
HUIl CYyIIECTBEHHO BO3PACTACT. 3aTPAThl HA MPAMON pacdeT Ko3(pPUITMEHTOR
o mojiesn SSH ymmreiino pacTtyT ¢ yBeandeHneM 4ncjia TOYeK 110 TeMiepaTy-
pe. [IpuMmenenne napaJiie JbHOIO BBIYUCCHUS IO CXeMaM, TPUBEICHHBIM Ha,
pucynkax 1.8, 1.9, 3aMeTHO CHIZKaET 3aTpaThl, BpeMs pacdeTa YMeHbITaeTCs
B 2-4 paza. [IpuMmenenmne pacimpenHoro pacrapasieIMBaHus ¢ UCII0Ib30Ba-
HUEM HECKOJbKIX TTOTOKOB JII KarKJ0i peakInu JIOTOJTHATETHLHO CHIZKAET
BBIYHC/IUTE/IbHBIE 3aTPaThl, OJJHAKO MOBBIIIAET TPeOOBaHUA K HEOOXOIUMBIM
BBIYHC/TUTE/THLHBIM PECYyPcaM, IMMOCKOJILKY UCIIOJIb3YeT BTpoe DOJIbIIeE d1ep. bo-
Jlee TOro, MpU UCIOJIB30BAaHUN 0DOUX MapaJljIe/IbHBIX aJlOPUTMOB 3aTpaThl
BCe Ke JIEMOHCTPUPYIOT JIMHEHHYIO 3aBUCUMOCTb OT YHUCJIa PACCMOTPEHHBIX
3HadeHuit Temieparypbl. [Ipn npumeneHnn napaJsiieibHON CTPYKTYPbI JIaH-
HbIX, OIIUCAHHON ABTOPOM HACTOstIIell juccepranuu B pabore [109], Bbraucsiu-
TeJIbHBIE 3aTpaThl ¢1abo 3aBUCAT OT pa3Mepa MacCuBa 3HAUYEHUIT TeMITepaTyp,
YTO JIaeT CYIIEeCTBEHHbIe TOBBINIeHNEe 3(D(MEKTUBHOCTH B peaIbHbIX 3a/1a9ax,
Ijie TeMIepaTypa MeHseTcs B KayKJI0il ddeiike ceTKU, TpeOys mepecdeTa MoJl-
HOTO Habopa KO3PDUINEHTOB CKOPOCTU PeaKIInii.

Taxkum 00pa3oM, MOXKHO ¢JIe/1aTh BbIBOJL, 00 3(p(HEKTUBHOCTU UCIIOJIB30-
BaHUS MPEJIJIOKEHHON aBTOPOM CTPYKTYPBI JJAHHBIX B CPABHEHUU C TPSIMBIM
IIO/IXO0M K paclapaJLie/IMBaHuIo JIIsI KaxKa0it n3 cxem. Ha puc. 1.12 orodpa-

ZKEHO BpeM, 3aTpaduBaeMOe CprKTypOﬁ JaHHbIX Ha BbIYUCJICHUA ITOJIHBIX
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184t8 —— Data structure 18418 —— Data structure
’ —— Parallel SSH ’ —— Parallel SSH
——SSH ——SSH

10 20 30 40 50 60 10 20 30 40 50 60
Temperature sets range Temperature sets range

Pucynok 1.10 — DddexTuBHOCTb pacnapasiie/uBaHust JJisi
KoapduimreHToB, paccunTaHubix 110 dpopmyaam SSH-teopun. Ciesa:

6a30BoOe, clipaBa: paclIMpeHHOe paciiapaJiie/iBaHue.

184tg —— Data structure 184tS —— Data structure
’ —— Parallel SSH ’ —— Parallel SSH
——SSH ——SSH

10 20 30 40 50 60 10 20 30 40 50 60
Temperature sets range Temperature sets range

Pucynok 1.11 — DddexTuBHOCTb pacnapasiieuBaHust J1Jisi
KO3 PUIUEHTOB, paCCUUTAHHDBIX 10 MOJYYEHHBIM armmpokcuMalusaM. Crena:

6a30Boe, clipaBa: paclIMpeHHOe paciapaJiie/iBaHue.

HA0OPOB KOI(MPUITMEHTOB I MapaJLIeTbHBIX CXeM, UCIOJIL3YIONIX (hopMy-
Jibl SSH-Teopun 1 anmpoKCuMUpOBaHHbIE (DOPMYJIBI, C JIOTIOJTHUTEIHLHBIM Pac-
napaJuiesimBanueM u 6e3 Hero. AnnpokcuMmariust Ko3(p@UIMEeHTOB CKOPOCTH
peakinii Takyke HeCKOJIbKO yBeandnbaeT 3¢ddekTuBHOCTh pacdera. O1HaKo
MOJIE/INPOBaHNE KMHETUKU TPeOyeT MHOIOKPATHOTO IOCJIEI0BATEILHOTO BbI-
YUCJICHUS 3HAYCHUIT 3aCEJIEHHOCTU U, COOTBETCTBEHHO, PEJIAKCAIINOHHBIX UJIe-
HOB, UYTO MOXKET MPUBOIUTDL K HAKOTLJIEHWIO OIMMOKN. B raBax 2 u 3 oTIeIbHO
paccMaTpUBaETCs BJIUSTHUE MCIIOJIb30BaHNS AIIIPOKCHMAIINOHHBIX (DOPMYJI B
IIEJIOM Ha, pelieHne 3a/1a49 MOJIeIMPOBaHUs TPOCTPAHCTBEHHO-0/IHOPOIHON pe-

nakcanun CO9 u peakcanun 3a (GPOHTOM YJIAPHOIN BOJIHBIL.
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Parallel

Full Parallel

Parallel - approximation

Full Parallel - approximation

21 1S

10 ' 20 ' 30 ' 40 ' 50 ' 60
Temperature sets range
Pucynok 1.12 — CpaBaenne 35¢p(HeKTUBHOCTH NUCIIOJIb30BaHUS CTPYKTYPbI

JaHHBIX JTJId Pa3HbIX ITOAXOIO0B.

[TogBoist UTOr, MOYKHO OTMETHUTh, YTO ¢ TOUKM 3PEHUs OITHMAJIHLHOIO
cOOTHOIIEHUs 3(PPEKTUBHOCTU U 3aTPadnBaeMbIX PeCypcoB HanboJiee ahdex-
TUBHBIM SIBJISIETCSI UCIIOJIB30BaHUE CTPYKTYPbI JAHHBIX, HCIOJIL3YIOMENH Ccxe-
My HapaJsijieJIbHbIX 110 PeaknusaM Bblunciennii. KosadduimenTs! Ha HYJIeBbIX
YPOBHSIX MOI'YT OBbITh BBIYHCJIEHBI 110 1I0JIHONH SSH-Teopun min 1o moJiydeH-

HBIM aIlllIpOKCUMalllsgAM, B 3aBUCUMOCTH OT HGO6XO,HI/IMOI'7I TOYHOCTN.

1.7 BwBoabl o I'maBe 1

B nannoii riaBe 00Cy2KJ1a10TCsl OCHOBHBIE XapPaKTEPUCTUKU MOJIEKYJIbI
VIVIEKICJIONO Ta3a, MOJEIN OIMCAHUsS YHEPreTHYeCKUX YPOBHEH MOJIEeKYJIbL.
Brijiesienbl ocHOBHBIE KaHaJ bl Heprooomena B COq 1pu KojiebaTesibHO pe-
JIaKcalun. 3allicaibl 3aMKHYTbIe CUCTEMbI YPaBHEHUIT JIJIs1 PA3/JIMIHBIX COOT-
HOIIIEHI XapaKTePHbIX BPEMEH IIPOIIeCCOB 0OMeHa KoJiedbaTe/IbHO SHeprueii:
B II0yPOBHEBOM IIPHUOJIMZKEHNS 1 THOPUIHOM MHOIOTEMIIEPATyPHOM IIPUOJIH-
JKEeHIU, OCHOBAHHOM Ha OCPEeJIHEHUN II0YPOBHEBBIX PEIaKCAIMOHHBIX YJIEHOB.

IIpoBesieHo cpaBHEHIE PA3INIHBIX CIIOCOOOB ONTHMU3AINN BbIUICIIE-
Hust KO3 DUIMEHTOB CKOPOCTH IEPEXOJ0B SHEPIUU, TAKHMX KaK paclapaJi-
JIeJINBaHIe 110 PeakldsiM U C JONOJHUTEJIbHBbIM pa30ueHreM pacuéToB Ha
HECKOJIBKO IIOTOKOB BHYTPU KayKJIOf peakiuu, IpuMeHeHne 3peKTUBHOI
CTPYKTYPBI JAHHBIX, UCIIOIb30BaHIe TOUYHBIX (hopmya SSH-Teopun n ammpok-

cUMaIliiil, IOCTPOEHHBIX Ha ocHOBe perpeccun hopmyt SSH-reopun. IIposee-
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HO OOyUeHne IPe/IJIOXKEHHBIX PEIPECCUOHHBIX MOJIeIe /I/IsT BCeX TUIIOB dHEpP-
rOIEPEX0JIOB U BCEX PACCMATPUBACMbBIX KOJ1eDATETbHBIX COCTOSTHUI.

[IpeyioXkeHbl 1 IpoOaHAIN3NPOBAHBI JBE MapaJliejbHble CXeMbl U I1a-
paJjiebHas CTPYKTYpa JaHHBIX JIJIs BBIUYNC/IEHUS MTOJTHOrO Habopa Kodhdu-
IIEHTOB CKOPOCTHU TepexojioB sHeprun. CpaBHeHUE MMOKa3a/0, YTO ¢ TOUKH
3pPEeHHs ONTUMAJbLHOTO COOTHOMIEHUS 3(MDPEKTUBHOCTH W 0O0beMa 3aTpadi-
BaeMbIX PECypCcoB, HamboJiee IPeIoITUTEIbHBIM SIBJISIeTCS UCIOIb30BAHIE
CTPYKTYPHBI JIAHHBIX, BKJIIOUAIONICH cXeMy HapaJsiie/IbHbIX 110 PEAKIMIM BhI-
YUCJICHUIA.

Takum obpazoM, pazpadboTaHbl HHCTPYMEHTDI JIJIs TIOBBIICHIS TTPOU3-
BOJUTEJILHOCTU YHCJIEHHOIO MOJICJTMPOBAHIS HEPABHOBECHBIX TEUYEHUIl yrJie-

KHUCJIOTO Ta3a B MOJTHOM ITOYPOBHEBOM ITPUOIUKEHUN.
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2 OHTI/IMI/IBaI_[I/IH METOA0B MOAdE/IMPOBaHuA IIPO-

cTpaHCTBeHHO-OaHOpoaAHOoI pesakcaiuu COs

B nmanmoit riaBe mpoBOAWTCA MOJEINPOBaANNE KUHETHKN IMPOCTPAH-
CTBEHHO-OJ/IHOPOJIHOTO YIVIEKUCJIOTO Ira3a B MOJHOM ITOYPOBHEBOM ITPUOJINZKE-
HUKM U THOPUIHOM MHOrOTeMIIepaTypHOM Hpub/mkeHnn. PaccmarpuBaioTcs
YUC/I€HHbIE METOJIbl PellleHNs »KeCTKUX cucreMm JuddepeHnnaibHbIX ypaB-
HeHnil, OCHOBaHHBLIE Ha pacHimpeHHoM Metojie ['mpa. [IpoBoguTcs cpaBre-
Hie 3(EKTUBHOCTU UCIIOJIb30BAHMUSI IIOCTOSTHHON 1 aJJalITUBHBIX CTpPaTeruii
BBIOOpA Iara 1o BpeMeHn. AHAJIM3UPYETCsd MPUMEHUMOCTb HCIOJIH30BaHUS
COKPAIIEHHBIX CXeM SHepreTudecKnX ypoBHeil. PaccmaTpuBaeTcs npuMeHm-
MOCTb, TOYHOCTb U 3(PPEKTUBHOCTH ONTUMUBAINN YMCJICHHBIX METOJIOB, OC-
HOBaHHBIX Ha HEPOCETEBOM I110/1X0/Ie BbIUUC/IEHNS PeJIaKCAIIMOHHBIX YJIEHOB,
a TaKKe UCIOJIb30BaHns HEIPOHHBIX CeTell JIJid HelTOCPECTBEHHOT'O PEIICHUS

cucreMbl I depeHaJlbHbIX YPaBHEHMIA.

2.1 IllocTamoBKa 3aJlauy B MOJIHOM IIOYPOBHEBOM IIPUOJIN-

2KeHnununm

[ToypoBHEBBIIT TTOXO/ MOJIEIMPOBAHNA HEPABHOBECHONW KWMHETUKM YT-
JIEKMCJIOTO T'a3a OCHOBaH Ha PeIleHUM YpaBHEHUil JIJisl 3acejleHHOCTell KoJie-
OaTeJIbHBIX YPOBHEH Tpex TUIIOB KoJieDaHMl MOJIEKYJI YIVIEKUCIOTO I'a3a COB-
MECTHO ¢ ypaBHeHusgME ra3oBoii qunamukn (1.19)—(1.21). Ilpun momennposa-
HUU TPOCTPAHCTBEHHO-O/IHOPOJIHONO ra3a JlaHHas CUCTeMa ypaBHEHUI CBO-
JNTCS K YPABHEHUAM, ONICBIBAIOIIIM N3MEHEHHE 3aCeJIeHHOCTEH 1, 4, i, (1)
KoJieOaTe/IbHBIX YPOBHEN (i1,i9,i3) CO BpPEMEHEM, 1 3aKOHY COXpaHEHHsI SHep-

I, U3 KOTOPOro ompe/iesieTcst remmeparypa rasa 1'(t) [52, 110, 84]:

dni, i, (t) : :
ld—QtS =R (1), im=0,... 0., m=123 (2.1)
U(T,ni, 4,,) = const, (2.2)
rje Rfszzzg — peJlakcallMoHHbIe 4yleHbl, a U — 1ojHas yJiesbHas SHEpIrusd,

paccunTbiBaeMast 110 dhopmyiie (1.22).
Kak yzke ormMedasoch, 9170 HanboJjee CTPOruil MoJAXo, HO OH YPE3BbI-

JaifHO 3aTpaTeH B BBIYUCIUTEILHOM OTHOIIEHUH, ITOCKOJIbKY TpedyeT pele-
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HUs YKECTKOM cucrembl, cojepzkaieil 6osee 6000 0ObIKHOBEHHBIX guddepen-
IUAJILHBIX YPaBHEHUI TIEPBOTO MOPsiJIKa JI/IsT 3aCEJICHHOCTENH KOebaTe TbHbIX
yPOBHEI TPexX TUIIOB KoJiebaHUil MOJIEKYJIbI YIJIEKUC/IOro rasa. Kpome Toro,
HEOOXO/IMMO BBIUUC/IUTL COTHU ThICSTY KOI(MDPUIIMEHTOB CKOPOCTU 1€PEXOJIOB
SHEPIUN JIJIsl HAXOXKJIEHUST PeJIaKCAI[MOHHBIX YJIeHOB B YPaBHEHUSIX KITHETHKH
Ha KayKJIOM I1are BHIYNCICHUI.

CytiecTBylolue peaTein *KeCTKIX CHCTeM OOBIKHOBEHHBIX Judde-
PEeHINAJIbLHBIX YpaBHEHUI JINO0 He MO3BOJISIIOT PabOTATh ¢ CUCTEMaMU TaKO-
ro pasmepa, Jitb0 MMEIOT HEJIOCTATOYHYIO TOYHOCTh. UMCJIEHHBIN METO[[ pe-
IMEeHNsT YKeCTKOM cucreMbl ypasaennii (2.1)—(2.2) mosken ObITH TOYHBIM B
obmmpHOoit objactu yeroitanBocTu. MeTonbl, npeoyKeHHbIE aBTOPOM JIJIsI
peleHust JaHHOM 3a/1a4u, omrcanbl B [111].

BanuiieM cucremy B Bujie 3aja4n Komm:

— = R(y,), y(to) = Yo, (2.3)

rjie Yy — BEKTOP HEU3BECTHBIX, COCTOSIIUI U3 3aCeJIeHHOCTH YPOBHEl U TeM-
nepaTyphl rasa, Yy — HadaJbHOE YCJIOBHUE.

Y10o0bI PEInuTh 3TY CUCTEMY, MbI HCIIOIb3YEM siBHBIE METO/IbI, OCHOBAH-
uple Ha Metose ['upa (BDF), Beesennom B [54]. Merox BDF ovens Towen, Ho
TpedyeT pereHust 0OJIbINON CUCTEeMBbI JINHERHbBIX aJredpandecKnX ypaBHEHMIA.
OTO NPUBOJIUT K BBICOKOMY IOTPeO/IeHNI0 amMsaT 1pu pacderax. CiiejioBa-
TeJIbHO, HEOOXOIMMO HCIIOJIHL30BaTh BHBIE METOJbI C COIIOCTABUMON TOYHO-
CTBIO U CTAOMIBLHOCTBIO. DTH METOJIbI UCIOJIL3YIOT MPEJICKa3aHNs 3HATCHUST
B IIOCJIeIYIOIIIe MOMEHTBI BPEMEHH JIJIs PeIeHUs CJ0YKHBIX 3a/1a9 U N3BECT-
HBI Kak pacimpenHbiii Mmetos ['upa (extended backward differential formula
— EBDF) [57|. Onrnmvunszaiust EBDF ¢ pasinatbiMur ipejinkropamMit aHa -
supoBasach B [61].

HecMoTpsi Ha BBICOKYIO TOYHOCTD, PACIIUPEHHBIE SIBHBIE METOIbI TPY/I-
HO NPUMEHSTH N3-38 HEOOXOJMMOCTHU IPOBEJIEHU OOJIBIIIOr0 YUC/Ia IIATr0B.
J171s1 coKpallieHnst BpeMeH! BbIUIC/IeHII MOIYT OBITh UCIIOJIb30BaHbI a 1Al TIB-
Hble marn 1o Bpemenn [56]. B manuHoii pabore mocTpoeH MeTol aJlalTHBHBIX
maros s cxembl EBDF. JIna nanbreiinero cokpalennsg BpeMeHn pacieTon

NCIIOJIB3YIOTCA ITapaJlJIeJIbHBIC BbIYUCJ/ICHUA JIJIA HaXOXKACHUA DPEJIaKCalllOH-
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HBIX Y9JIEHOB M PEHICHUA PpaCCMaTPUBaCMbIX CHCTEM JIMHEIHBIX aﬂre6pa1/1qe—

CKUX ypaBHEHUI JIIs 3aceleHHOCTH KojiebaTeabubx ypoBHeit COs.

2.2 Pacmupennblii Mmetoa I'mpa

B meroge 'upa nopsigika k n-blit mar 3a1aeTcs CIeIyomnuM 00pa3oM:

k
Z OjYntj = AtR(yn—i-k)v (24)
=0

rie At — 9TO mar 1mo BpeMeHH.
st nosbeimenus: crabuiabHocTn BDF-cxema ObLia paciimpena  Jio
EBDF nyTtem BBejienus mpeicka3anmns MpaBbIX dacTell ypaBHEHUI B MOCTe-

JIYIOIIUX TOYKaX:

k
Z GYntj = AtBLR(Yntk) + AtBpr1 R(Ynsr+1), (2.5)
j=0

re KoahduimenTs! 5 B3saThl u3 |61].
[Ipenmonarass U3BECTHBIMA Yy, Ynids,- - - Ynik—1, OAUH mar EBDF-cxe-

MBI MO2KHO pa36I/ITb Ha IIOAIIIaru:

a) Borauciaenne IIEPBOI'O IIpEeaUKTOPa gn—l—lm KaK pemeHnd CHUCTEMbI JIN-

HEMHbIX YPaBHEHUIA:
k
j=0

0) Bbrauciierne BToporo mpeukTopa ¥ k+1 KaK pelneHnsi HOBOl cucte-

MBI JINHEHHDBIX YpaBHEHUIA:

k
Z WYntjt1 = AtRnipi1. (2.7)
i=0

B) OteHKa IPeJINKTOPOB PEJAKCAIINOHHBIX UJIEHOB [0 PEIIEHUI0 yPaBHe-

mnst (2.7):

Ryiiir = Rtnskr1,Un+h+1)- (2.8)

r) Permenne cucrempr (2.5) ¢ mpejicKasaHusiMUI 3HAYCHUH peTaKCAINOH-

HbIX 4JIeHOB (2.8) Jist ToJIyueHus perenust ¥y, EBDF-cxembl.
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Taxast cxema nmeet mopsiiok (k 4 1) u JloKaIbHYIO OMUOKY JIHCKPETH3AIINT

(local truncation error — LTFE) na n + k-om mare [61]:

ar— 1. 0R
k_)_y(kJrl) +C«2y(k+2))(tn) +O(Atk+3>,

Qg ot
(2.9)

rie Cp — 970 JiokasibHas omubka juckperusaiun (2.4) u Cy — JioKajbHast

LTE, = A" (8101 (1 —

onmmbKka juckpern3aun (2.5).

HecMoTpst Ha BBICOKYIO TOYHOCTH METOJIA, UCIOJIH30BAHKE MOCTOSH-
HOI'O TIara 10 BPEMEHH IMPUBOAUT K OOJIBIIOMY BPEMEHU pacdeTa. f1BHBII
AJICOPUTM TIPOCT B PeaJIM3aIliN 1 Paclapaslle/IMBaHN, HO TPeOyeT JOMOJIHI-
TEeJILHOTO aHAJIN3a JJIst KaXKI0ro Habopa BXOIHBIX JIAHHBIX, JIJIsT HAXOXK TCHUST
ONTUMAJILHOTO Tara 1mo Bpemenn. [l obecredennst cTabMIBHOCTH METO/A
BPEMEHHOIT 1mar HeoOxo (Mo Jiesiarh HebosbimM. Cucrema, (2.1)—(2.2) comep-
JKUT OoJiee TeCTH Thicsd ypasHenuit. V3-3a 9roro ncrosb3oBatie mocTosHHO-
r0 BPEMEHHOI'O Iara morpedyeT MIJIIHOHOB IIaroB AJTOPUTMA 1 OTPOMHOIO
BpeMeHH BbraucseHnst. [losroMy Jiist ONTUMI3AIIN PACIETOB HEOOXO MO HIC-
10JIL30BATH MI€PEMEHHBIN BpeMeHHoit mar. Bibop aanTusHoro mara mo Bpe-
MEHH MO3BOJISIET JIOCTHUb KEJIAeMOfl TOUHOCTU TPU OTHOCHUTEJIHHO HU3KUX

BBIYUCJ/INTEJ/ILHBIX 3aTpaTax.

2.3 ApanTuBHBINT BpeMeHHOI 11ar

A,ZL&HTI/IBH&H CTpaTerud BpEMEHHOI'O IIal'a OCHOBaHa Ha OI€HKaX JIO-

KaJIbHbIX OMubOK juckpernsaiuu (2.9) [56]:
LTE, 1 = A" 2 (yp,tr) + o( AtFT3), (2.10)

Ha ocroBanmm 3Toif OIEHKN MOYKHO ITOCTPOUTDL IKCTPAIOJISINI0 Pudapico-
Ha. DTa SKCTPAIOJISIIIIS [I03BOJISIET BLIOPATh HAMOOIBIINI BPEMEHHOI Iar ¢
omunoOKoii, He npepocxoxsieit LT E,, . ITonxonsimas Hopma u goryck 1T°'OL
YKa3bIBAIOTCA IOJIb30BaTeIeM. Pe3ysibrar JI07KeH COOTBEeTCTBOBATH KPHUTE-

puio "error per step':
| LT E, k]| < TOL. (2.11)

Ucxoast n3 sroro Kpurepusi, ecan At yMeHbIIaeTcst 10 BeJnduHbl YAL, TO

snauenne LT FE, ;. yMmenbitaercs 10 vV 2LTE),. Takum 06pa3oM, Han6o/b-
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1iee 3HaUEHue 7y, Jijisi KOTOPOI'o JIOKaJIbHas OMNOKA JINCKPETH3AINN YJI0BJIe-
TBOpsieT Kpurepuio "error per step", onpejensieTcst BhIpaykeHIEeM:
1
TOL \*2

V= —— . 2.12
V= \z7Ed] (2.12)

Ecmm onenka nopmbl LT E Ha 1are n + k MeHbIIe JIOIyCKa, BpeMEHHOI 1mar
MOYKHO YBeJIMUINTh 10 Aty ypi1 = YAt k. [1obanbhaas ommbka 9THX CXeM
Mmenbitie TOL - Ny, rne Ny — obiiee uncyio maros. AJaropuT™ BeIOOpa mara

110 BpeMEHU MOXKeT ObITh c(POPMYJINPOBaH CJCIYIONUM 00pPa30M:

a) HAXOXKJICHUE DEIIeHUs Y1, . . . Yy, 1 BPeMEHHOTo mara At,,;

0) mposejienne mara EBDF-cxembr;

B) Boruucyenue onenkun LT FEy,;

I') BBIUHCJIEHHE 7 HA OCHOBE SKCTpAIosnun Pruaapiicona,;

1) BeIUHCIeHHe "onTuMabHOro " rara o BpeMeHn Jjist CJIETYTOIero ma-

ra EBDF-cxempbl.

Cxema EBDF ¢ Takum ajropurMom BbIOOpa Imara 110 BpeMeHU
(adaptive timestep extended backward differential formula — AT-EBDF) mo3-
BOJISIET PEIaTh YKeCTKNe CUCTeMbl nddepennnaibibIX YPaBHEHUIT ¢ 3a/aH-
HOIl TouHOCTBIO. OJIHAKO TaKOi MOAXOJ TpeOyeT MHOTO BPEMEHN U HaMSITH.
B cBs3n ¢ 9TUM IS ONTUMH3AINE PACYETOB 1[e1eCO00Pa3HO MCHOIB30BAThH

IHapaJijieJIbHbIE BbIYUCJICHMS].

2.4 llapannenpHas Bepcus AT-EBDF

g onTUMU3anun YMCAEHHOTO MOJIeITMPOBAHNS KUHETHKN YIVIEKUC-
JIOTO ra3a B paboTe NCHOJB3YIOTCS TTapaJsile/bHble CTPYKTYDhI JaHHBIX 1 pac-
npe/jiesieHHble aJropuTMbl. CaMbIMU JOPOIOCTOANIIMIE 110 BDEMEHH 1 ITaMATH
B AT-EBDF-cxeme siBssiiorcst sranbl, cBst3anubie: 1) ¢ BBIUUCICHIEM PeJIAK-
CAIMOHHBIX WJIEHOB U 2) C BBIUUC/EHHEM IPEJINKTOPOB U HEU3BECTHBIX Y,
IOJTy4aeMbIX U3 PEIeHNs COOTBETCTBYIONINX JMHEITHBIX CHCTEM YpaBHEHUII.

Haxoxkenne pesiakCcallnOHHBIX 4JIEHOB OCHOBAHO Ha pacueTe Koaddu-
IIIEHTOB CKOPOCTHU MEPEX0/I0B 3Heprun. DbdeKTHBHAS NapajiebHas CTPYK-
Typa JaHHBIX /I XpaHeHUus W pacdeTa KO3I(PUITMEHTOB CKOPOCTU Obliia

IpeJIIozKeHa B Hateil npesiaytieit pabore [109] u ommcana B riase 1. Dra
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CTPYKTYPa JAHHBIX UCIOJIL3YeT KYCOUHO-JINHEIHOe XpaHeHe JaHHbIX U €11~
HOBPEMEHHOE BbIJeJIeHIe IOTOKOB, YTO I03BOJISIET BBIYUC/ISTH IIOJIHbIE Ha-
O60pbl KO3 DUIINEHTOB CKOPOCTH I1ePEX0JIOB SHEPIUHU, UCIIOJIb3Ysd (POPMYJIbI
SSH-Teopun, 6e3 m3JMIIHUX 3aTpaT BpeMEHU Ha obpallleHue K JaHHBIM 1
NHANIAIA3AINIO TaPa/lIe/IbHBIX BHIUNCIEHUI.

JL1s1 pertiennst JTMHEHHBIX CIUCTEM JOCTATOUHBIMU SIBJISIETCST METO/I IIPO-
croit ureparuu. lcrnoab30BaHue gBHOTO OOpAIeHUsT MATPUIIBI CUCTEMbI Ta-
KOI'0 pasMepa siBjsieTcsi 60jiee BBIUNCANTEIBHO CJI0XKHOIN 3a1adeil u TpedyeT
HHCTPYMEHTOB pabOThI ¢ pa3perKeHHLIMU MaTpuiiaMi. TakzKe MeTo/I IIPOCTOi

UTepAIn 00J1a[aeT eCTECTBEHHBIM CIIOCOO0M pacrapaJsuiesnBanms [112].

Input: initial conditions, intitial time
step,

Parallel evaluate right hand parts: R(T,

» T 1
Parallel calculate predictors n, T,

as a solution of the k step BDF-4
Calculate time step ‘

A Parallel evaluate right hand parts: R(Tb

Parallel calculate solution N, Tk

Check
no equilibrium
condition

Pucynok 2.1 — OcHOBHOII aJI'OPUTM HapasLIeIbHONO PACIIIPEHHOTO METO/1a,

FMpa C aJallTUBHBIM BPEMEHHDLIM ITar'OM.

Ha ocnose stux ontummsanuii aaroput™m AT-EBDF 611 npeobpaso-
BaH JIUIs MapaJiie/IbHBIX BbIYUCIeHU. B obmeM Bujie OCHOBHOI aJIrOPUTM
Parallel AT-EBDF-cxembl 1ipejictaBien Ha puc. 2.1. Bee sinneiinbie cucte-
MBI PEMIaOTCA C UCIOJIb30BAHIHEM METO/Ia MapaJljIeIbHOro O0pallleHus pa3-
peXKenHoil MaTpHUIlbl Ha OCHOBE METO/Ia Mo AMAaTpuIl. Perakcarmonnbie qIeHbl
OIIEHUBAIOTCS C MTOMOIIBIO OTUMAJILHOM CTPYKTYPbI JIAHHBIX, OCHOBAHHOMN Ha

dopmynax SSH-reopuun.
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2.5 YucjaeHHBI 3KCIIEPUMEHT

Bl pazpaboran cOOCTBEHHBIN MpPOrpaMMHBINH KOj Ha st3bike C++
JIUTST pelienns 3ajad MPOCTPAHCTBEHHO-OIHOPOHON peTaKCallud B TOJTHOM
IIOYPOBHEBOM TPHUOJIMKEHNN, B TUOPWTHOM MHOIOTEMIIEPATYPHOM ITPUOJIH-

Kennn. B KO/J€ peain30BaHbI:

— Ilonmbrit pacdyer KO3(MDPUITMEHTOB CKOPOCTH TIEPEXO/I0B SHEPTUU HA OC-
roe SSH-Teopuu, pacaer ¢ nomorbio opmyst cesasu (1.50)—(1.55), pacuer ¢
TOMOIIIBIO AITIPOKCUMAIMOHHBIX (hopmyit (1.58). Anmpokcumarnuosubie Gop-
MYJIBI I KOI(MMUIMEHTOB CKOPOCTHU TIEPEXO/I0B SHEPIUH ObLIN IpEIBAPH-
TeJIbHO 00y4YeHbl Ha sizbike Python ¢ momomsio 6ubinorekn scilearn, a 3arem
UHTEeIPUPOBAHbBI B KO/I.

— IlocnenoBarenbHoe, apaJiie/bHoOe 110 IIPolieccaM, U paciIupeHHoe I1a-
paJLIeIbHOE BBIYUC/ICHNE PEJIaKCAIIMOHHBIX YJIEHOB B IIOJIHOM IIOYPOBHEBOM
HpuOJIMZKEHNHN, a TaK:Ke IapaJuie/ibHasi CTPYKTYPa JaHHbIX.

— TlocnenoBaresibHoe, apaJsiebHOE M0 TPOIeccaM, U PACIIUPEHHOE ITa-
paJiieJIbHOe BBIUHC/IEHIE PEeIaKCAIIMOHHBIX YJIEHOB B I'MOPUJIHOM YeThIPeX-
TeMIIepaTypPHOM IPUOJINZKEHNH, & TaKyKe rapaJiie/ibHast CTPYKTypa JaHHbIX.

— Yucnennsle cxembl EBDF-3, EBDF-4, EBDF-5, AT-EBDF-3, AT-
EBDF-4, AT-EBDF-5 s pemienns 3ajadu  MOJEJINPOBAHUST ITPOCTPAH-
CTBEHHO-OJIHOPOJIHON PesIaKCAIli B IIOJTHOM IIOYPOBHEBOI'O U COKPAICHHOM
[IOYPOBHEBOM MPUOJINKEHIIX.

— Yucnennbole cxembl AT-EBDF-4 1151 1tst pertieHust 3aa4u MOJIE/IIPO-
BaHUsI IIPOCTPAHCTBEHHO-OIHOPOIHOM PeIaKCaIui B THOPUIHOM MHOTOTEMIIEe-

paTypHOM HpI/I6JII/I}KeHI/II/I C dBHBIM HaXOzKJCHUEM PEJTaKCalllOHHbIX YJICHOB.

st ipoBepku 5 MEKTUBHOCTU BHIYUCINTEIBLHON CXeMbI OBLIH IIPOBE-
JIeHbI YNC/IeHHbIe 9KCIIePUMEHThI. Bee pacdeTsl TPOBOIUINCH Ha TTPOIECCOpe
Intel®) Core ™ TM i7-4770k. IIpu npoBejieHUN SKCIEPUMEHTOB HCIIOJIb30Ba~
Jlach CHUCTeMa ¢ akTuBUpoBaHnoil Texnosorueit Hyper-Threading. 13 poctymn-
HBIX 4 s/iep 1 8 TOTOKOB MPH MapaJsiIeTbHBIX pacueTax ObLIN 3a/1efiCTBOBAHDI
3 anpa n 6 moTokoB. CxeMbl ObLIN pean30Balbl Ha s3biKe C++ ¢ UCIOIb30-
Banuem 11orokoB POSIX.

B skcnepumMenTe cpaBHUBaINCH pasiandnbie BB D F'-cxembr:
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— EBDF-3, EBDF-4, EBDF-5 — cxembl ¢ TOCTOSHHBIM BPEMEHHBIM TTTa-

oM U TMOpsKaMi TOYHOCTH 3, 4, 5, COOTBETCTBEHHO;
— AT-EBDF-3, AT-EBDF-4, AT-EBDF-5 — cxembI ¢ aganTuBHBIM Bpe-
MEHHBIM IIaroM M HopsjiKaMu ToYHOCTH 3, 4, 5;

— parallel AT-EBDF-3, AT-EBDF-4, AT-EBDF-5 — napaJuiesibable cxe-

MBI C aJIalITUBHBIM BPEMEHHBIM IIaroM U MOpsJKaMu TOYHOCTH 3, 4, 5.

Bo Bcex cxemax mcIo/ib30Bajiach HapaJsiie/bHas CTPYKTYpPa JaHHBIX
Tt pacueta KO3 MUIMEHTOB CKOPOCTH TepexojioB sHeprun. [lnsa amann-
3a 9PMEKTUBHOCT AJTOPUTMOB ObLIa paccMOTPeHa 3ajava MOJIeJIIPOBa-
HUSI IPOCTPAHCTBEHHO-OIHOPOIHON peslakcalun yriiekucaoro raza. Cucrema
ypasaenuii (2.1)—(2.2) permaiach COBMECTHO ¢ YPABHEHUSIMU JIJIsI PeJIaKCAII-
oHHbIX 4aeHoB (1.23)-(1.29). Havasbible namabe i MOJCINPOBAHIS: TEM-
nepatypa raza 1o = 1000 K; masaenne Py = 10000 Ila; navanbible 3acesien-
HOCTHU KOJIeOATEIbHBIX YPOBHEI OIpeJie/isieTcst pacipeaeacHueM bosbiivana
¢ koJsiebarenbHoit Temmnepatypoit Tyg = 5000 K. Hauanbubrit jgomyck pac-
CUNTBIBAETCS Ha, OCHOBE JIOKAJILHOI omunbOkn juckperusanuu cxem EBDF ¢

BpeMeHHBIM TaroM pasasiM 1076, 1078, 10719,

n(0,0,0)/n
n(5,5,5)/n
n(10,10,10)/'n

n(22.2)/n
n(7,7,7)/n

0,1
3
3500 -

3000 -
2500 - 1E-3]
1E-4]

0,01]

I

Ln

i

2000
c

X 1E-5]

F 1500

1E-6]

1E-7] \
1000
1E-8
L T T o T T o T T
1E-Q 1E-8 1E-7 1E-6 1E-5 1E4 1E3 0,01 01 1

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0,01 0,1 1 t,sec
t, sec

Pucynok 2.3 — 3acejieHHOCTH
Pucynok 2.2 — Temneparypa rasa.
YPOBHEI SHEPIUu.

Pesyibrarhl Moje/MpoBaHusl OJIM3KU JIJI BCEX PACCMOTPEHHBIX BbI-
YUCIUTEIbHBIX cxeM. /laJjiee mipejicTaBiieHbl Pe3yIbTaThl, MOy YeHHbIE 110 CXe-
me Parallel AT-EBDF-4. Puc. 2.2 nokasbiBaeT u3MeHeHnne TeMIiiepaTypbl BO
BpEMSI BCETO IMPOIecca PeaKCaIun JIjIs CXeMbI ¢ TOYHOCTHIO, OCHOBAHHOM Ha

TOL = 107% Ha puc. 2.3 noka3aHo OTHOIIEHNE 3aCEIEHHOCTH OIpe/esIeH-
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HBIX YPOBHEl K o0mieit uncaoBoil mioraoctn st yposaeit (0,0,0), (2,2,2),
(5,5,5), (7,7,7), (10,10,10). Yucmo MoJIeKyII ¢ HU3KOIHEPTETHIECKUME COCTO-
SIHUSIMI PACTET, a 3aCeJIeHHOCTH yPOBHEH ¢ BHICOKIME SHEPIUSIMU CO BpeMe-
HeM yMeHbInaoTced. st ypoas (2,2,2) MOXKHO BHIETH HEMOHOTOHHOE H3Me-
HeHue 3acesieHHocTH. [lorydeHHoe periere KaueCTBeHHO HaXO[IUTCs B COJIa-
cuu ¢ pesyabrarami paborbl [89]; 3/1ech OHO MPUBOUTCST JJIsl UJLTIOCTPAIIUI
KOppeKTHOCTH paboThl pemaress. [TogpodHoe obCy:KieHIe Pe3yJIbTaTOB MO-

JIeJINPOBaHNs TPUBOJNTCA HUXKE, B pasjene 2.9.

Tabnuna 2.1 — CpejHee BpeMsi BBIUKIC/ICHHISI OJHOIO IIara B paccMaTpuBac-

MBIX cxeMax (B Mc)

EBDF-3 | EBDF-4 | EBDF-5
Cxema ¢ MOCTOTHHBIM ITIArOM 330 340 340
CxeMa € aJallTUBHBIA [IarOM 2240 2250 2250
[Tapannenbaas cxeMa ¢ aJallTUBHBIM IIIArOM 565 570 570

Tabsuna 2.1 1nokasbiBaeT CpejiHee BpeMsl, 3aTpaduBaeMoe Ha, BbIUKCIIe-
HUE OJIHOIO Iara aJropuTMa Jijisi Pa3HbIX ¢XeM. Bpemst pacuera 0JIHOIO Hiara
OJIM3KO JI7IsT KayKI0T0 THIIa BPeMEHHOro Imara. [Ipu ncrnoib30BaHIN MOCTOSTH-
HOT'O BPEMEHHOI'O IIlara BBIYUC/IEHUE OJHOIO Iara IPOBOIUTCS OBICTPEE, HO
TpedyeTcs ropasjo 00JIbIlle TAKUX [IAroB, KaK OyIeT IoKa3aHo gaJiee. Aal-
TUBHBIE [IATH SIBJIAIOTCS B HECKOJIBKO pa3 0oJiee JJOPOTrOCTOSIIIMUI, B CBA3M C
HCII0JIb30BAHUEM JIBYX OIEHOK JIJIsSI PEJAKCAIIMOHHBIX UJI€HOB, PEIIeHI TPEX
CUCTeM JIMHEHHBIX ajaredpaniecKux ypaBHEHUI 1 SKCTPAIIOJISIIINN BPEMEHHO-
ro mara. Vcrnonb3ys paciapaJiie/iiBaHie, MOXKHO 3HAYUTENIbHO COKPATHUTD
BpEMs BBIUMCJIEHNN [IJIsT &IalTUBHOINO BPEMEHHOIO Iara. lak»Ke IpuMeHe-
Hue 3Toil cxeMbl J1jig Bolunciienuil na GPU gasisierca BroJsiHe ecrecTBEeHHBIM
JIJIsT TIOBBIIIEHUsT CKOPOCTU CUeTa.

Tabiuna 2.2 1nokasblBaeT KOJMYECTBO IIAr0B CXEM C IIOCTOSTHHBIM U
aJIaIITHBHBIM BPEMEHHBIM MIaroM. [Ipu ncmob30BaHu MOCTOSTHHOIO BPEeMEeH-
HOT'O I1ara HeoOXOIMMOe KOJIMIECTBO IIaroB 3HAYNTE/IbHO PACTeT P yBe/In-
yeHun Tpedyemoii TounocTu. st cxeM ¢ aJalTUBHBIM BPEMEHHDLIM MIArOM
HEOOXOIMMO 3HAUNTEILHO MEHbIIIee KOJINIeCTBO IIaroB JIJisl JTOCTUKEeHIS TOil

K€ TOYHOCTH.
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Tabaumna 2.2 — KosandecTBo maros Jijisi CXeM € IOCTOSIHHBIM U aJalITUBHBIM

BPEMECHHBLIM IIaroM.

Tounocts | EBDF-3 | AT-EBDF-3 | EBDF-4 | AT-EBDF-4 | EBDF-5 | AT-EBDF-5
1076 1.5- 106 1476 3.6-10° 1311 7.1-10% 1198
107 5.5-108 1556 4.4-107 1401 2.1-10° 1362
10712 7.2-101° 1721 2.4-10° 1492 3.7-108 1502

OcCHOBBIBasICh Ha PE3y/IbTaTax YNCJIEHHBIX S9KCIIEPIMEHTOB MOXKHO CJle-
JlaTh BBIBOJI, 4TO pasymuHble cxeMbl AT-EBDF gator anajioruunbie pesyiib-
TAThl C TOUKK 3peHust spemenn. Pacder mo cxeme AT-EBDF-3 Boinosinsiercs
na 15% nosbiie, yem jpyrue. Vcnosib3oBanue OCTABIINXCS JIBYX CXEM JAeT
6sm3Ky10 3dpdexrusHocTb, Ho cxeMa AT-EBDF-5 ucnonnsyer na 20% 60J1b-
11Ie OIlePATUBHOMN HaMATH 0e3 JIONOJHUTEILHOIO BBIUIPHIIIA 110 BPeMEeHU JIJIsI
XpaHeHHsI CUCTeM JIMHEHHbIX ajiredpandeckux ypaBHeHuil, Ko3duineHTon
CKOPOCTHU peakInii 1 IPEeJUKTOPOB PeJaKCallMOHHBIX 4JieHOB. llcrosb3oBa-
HUe cxeM 00Jiee BLICOKOTO MOPSIJIKA MOXKET IPUBECTH K I0TEPe YCTONIMBOCTH
metozios |61]. CremoBaresibao, Mpu MOJEIUPOBAHUE KOJIEOATETbHON KUHETH-

KHI YIJIEKICJIOTO Ta3a PeKOMeH IyeTcst ncoib3oBaTh cxemy AT-EBDF-4.

2.6 3amada o0 IPOCTPAHCTBEHHO-OJHOPOJIHOI peJlaKCcaIun
YTJVIEKHCJIOTO Ta3a B THOPUTHOM MHOTOTEMIIEPATYPHOM

NMPUOJIM>KEeH

MopenupoBanne HepaBHOBECHON KMHETHKHU YTJIEKNCIOTO Ta3a B IOJI-
HOM TTOYPOBHEBOM TTPHUOJINKEHIN XOTh U SABJISIeTCS HamboIee TOTHBIM MOJIX0-
JIOM, HO TpeOyeT pelieHus CUCTEMbI CHCTEMbI U3 ThICAY YpaBHEHUIT JlazKe ITPH
paccMOTpeHnn YucToro rasa. [pu ncceijoBannn razoBoii cMecn 9nCIO perta-
eMbIX ypaBHEHUIT OyjIeT pacTu ¢ YUCJIOM KOMIIOHEHTOB ra3a. [Jisi cokpaleHus
pPasMepHOCTHU PeniaeMoil 3aJ1a1dn MOYKET ObIThH UCIOIH30BaH THOPUIHBIT MHO-
roreMieparypHblil moxos 52|, ormcannbiii B [taBe 1. B aTom mojxose ypas-
HEHU JIJI1s 3aCEJIEHHOCTU KaXKJIOI'0 U3 SHEPreTUYECKUX YPOBHEl 3aMEHAIOTCS
Ha TPU pEJAKCAIIMOHHBIX YPaBHEHUs — JJId YMCJIa KBAHTOB B KayKJ0il KoJe-

baresibHOIT MOJbI. B pesyibrare cucrema JuddepeHnnaibHbIX YpaBHEHMIT,
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OITMCBIBAIOIIAs MTPOCTPAHCTBEHHO-OTHOPOTHYIO KOJIeDaTeIbHYIO PesaKCalliio

rasa IpeacraBJ/deTcd B BUIC

p W) =123, (2.13)
dt
U(T,1T1,T5,T3) = const. (2.14)

st perenus JaHHOM cucTeMbl JuddepeHnaabHbIX yPaBHEHM HC-
nosib3oBasach cxema AT-EBDF-4. Drta cxema Oblia BbeIOpaHa IIpemMyIiie-
CTBEHHO JIJIsi cpaBHEHUST 9P (MEKTUBHOCTH PACCMOTPEHHBIX 110/1X0/10B. Perre-
HUS, MOJIyYeHHbIE B ITOJTHOM TOypoBHEBOM U rudbpujHoM 4T npubsimkenus,
npakTudecku copnau. Makcumasbhas ommnbka He npesbiinaer 4%. Crenosa-
TeJIbHO, MHOTOTEMIIEPATyPHas MOJIE/b, UCIOJIL3YIOIIAas OCPeIHEHNE TT0YPOB-
HEBBIX PEJIAKCAIIMOHHBIX YJIEHOB, B OOJILIIMHCTBE CJIydaeB MOYKET ObITh MC-
[10JIb30BaHa BMECTO IIOJIHOI IIOYPOBHEBOI.

Onenka 3(bPeKTUBHOCTU TUOPUIHON MOJIE/IN 10 CPABHEHUIO C IOy POB-

HEeBOIl IMoKa3aJia, 4To:

— Bpewmst pertienus 3ajia491 B IIOJIHOM II0YPOBHEBOM IIPUOJINYKEHUN 3aHU-
MmaeT B cpesieM 1500 cexymi. M3 nux B cpeqnem 1130 cekyn i 3aTpadnBaeTcs
Ha pacyeT peaKCalllOHHBIX YJIeHOB;

— Bpewms pelniennst 3a1a41u B rHOPUIHOM deThIpeX TeMIIepaTypPHOM IIPU-
ommkeHnn 3aHuMaeT B cpegHeM 980 cekyng. 3 Hux B cpejneM 890 ceKyH/I

3aTpavdruBa€TCidA Ha paCcdET peJlaKCallMOHHDBLIX YJICHOB.

Takum oOpazoMm, HECMOTps Ha COKpallleHne pa3MEepPHOCTH CUCTEMbI
ypasuennii ¢ 6osee gem 6000 g0 1IecTH, peasbHbI BBIUTPHIIT 110 BPEMEHH
OKa3bIBAETCS MeHee, YeM B JIBa pa3a. DTO BBI3BAHO CJIOXKHOCTBIO pacuera pe-
JIAKCAITMOHHBIX UJIEHOB B MMOPWIHOM MHOTOTEMIIEPATYPHOM MPUOIZKEHUN.
st mpeotoiennst 9Toi mpobsIeMbl OBLIO MPUHATO PEIenne N3YINTh BO3MOK-
HOCTH UCIIOJIb30BAHUS aJI'OPUTMOB MAITHHHOIO O0YUEHUsT JIJIsl ONTUMI3alI[HsT
BBIIUCJCHIN [IPU PENIEHIN CucTeMbl ypasHennit (2.13)—(2.14).

Bosee 1mojpobHOe cpaBHEHUE PE3yJIbTaTOB MOJEJIUPOBAHUA OyIeT

1pejicTaBjaeHo B pazjese 2.9.
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2.7 llpumeHeHHe HelIpPOHHBLIX ceTeiil g penienus audde-

peHIUaJbHbIX YPaBHEHUI

[lepBasi BeIOpaHHas cTpaTerus IpejroJaraa IIPUMEeHEeHne MeTO/I0B
NCKYCCTBEHHOI'O MHTEJIJIEKTa K HEITOCPEJICTBEHHOMY PEIIEeHNI0 CUCTEMBI JTN-
depennmabLHBIX ypaBHeHnii. KyraccmieckuM crmocoOoM ONTUMUBAINE PelTie-
HUA AUHAMIYECKON CHCTEMBI SBJISCTCS 3aMeHa pemaresis Ha HeHpOHHYIO
ceTb, 0OydeHHYyIO0 Ha psije pernernii. B comectnoit ¢ B.A. Iloserarnckmm
u T.0. EBnoxkumosoit padore [113] mpoeneno nuccseoBanne npuMeHIMOCTH
HEHPOHHBIX ceTell /i perienus quddepennnaibHbIX YpaBHEHII PA3HBIX TH-
1oB. PaceMmorpeno BimstaHie 0a30B0Oi TOIIOJIOI MU HEIIPOHHOM CeTH Ha TOUYHOCTD
oby4deHus. TakzKke IIPOBEJICHO CpaBHEHNE TOYHOCTU 00YUeHIsT HePOHHOIT ceTH

JUTSL Pa3IMIHbIX MO IN(UKAIINI, TaKIX Kak:

— HCIIOJIb30BaHNE PA3INIHBIX OITUMU3ATOPOB;
— HOpMaAaJIN3aIisl BXOJHDBIX IIePeMEeHHbIX;
— JCIIOJIb30BaHNe PA3JIMIHbIX (DYHKINN aKTHBAIINIL;
— npuMeHeHune log-exp npeobpa3oBaHud;

— IIpUMEHEHNEe COeJIMHEHMIT OBICTPOro JIOCTYIIA.

Paccmorpum auddepernuaibHOe ypaBHEHNE B caMOM OOIEeM BHJIE:
Nf =0, rne N — nexoropsrit quddepennmanbibiii oneparop. [Ipeacrasum

peleHne B BUJe HEPOHHON ceTu
fle W) = f(ax, W,...W,,) = a(W,...o(Weo (W1x))). (2.15)

Torna GyHKIMS TOTEPh OMPEICTISICTCS CJICIYIONIM 00Pa3oM:

Loss = Lossporder + L0SSequation, (2.16)
re
1
LOSSborder - Fb sz(xz) - yiHQ: (217)
i=1
g
LoSSequation = N, ZHJ\/’f(tZ)HQ, (2.18)
i=1

{z1,...,xN,} — TOUKM Ha rpamuie obmacth, {Y1,...,yn, } — 3HAUCHIS HATATD-

HBIX YCJOBHII B 3TUX TOYKaX, {tl,...,th} — TOYKM BHyTpu obJiactu. Torma
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Pucynoxk 2.4 — Cxemarudeckoe n3obparkeHune HEPOHHOI ceTu

3aj1a4a 00yUeHUs] IIPEICTAB/ISACTCA B BUJIE:

argming, Z Loss(f(x,W),y). (2.19)
.,y

B pabore [113| nokasana 3¢hpdeKTHBHOCTH TAKOTO TOJIXOJA JJIsT CH-

cTeM OOBIKHOBEHHBIX Jin(depeHInajibHbIX YPaBHEHUN 1 CHCTEM YypaBHEHMIT
B YaCTHBIX NPOM3BOJAHBIX. OJIHAKO B CJIydae ¢ KECTKUMU CHCTEeMaMU ITPUXO-
UTCA OpaTh CAUITKOM OOJIBITYIO BHIOOPKY 3HAUEHUI U TTPOBOJIUTL 00y deHne
B TedeHue OOJIBIIOr0 YKCIa 30X, YTO NPUBOAUT K IIPOOJIEMe IIepeody IeHIHs:
CUTYaIIMN KOI'Jla HEpOHHAs CeTh JaeT TOUYHBIC ITPecKa3aHnsd Ha 3JeMeHTaX
U3 TECTOBOMH BBLIOOPKU ¥ OTPOMHBIE OTKJIOHEHHS Ha OCTAJbHBIX 3HAUYCHUSX.
AJIbTepHATUBHBIM TIOJIX0JIOM K YCKOPEHUIO MOJCTMPOBAHUS KIWHETUKU SIBJIsi-
eTCsl UCIIOJIb30BaHNE AJIrOPUTMOB MCKYCCTBEHHOIO MHTEJIJIEKTa JIJIsi ObICTPO-
'O BBITTOJTHEHIS BBITUCIUTEILHO CJIOZKHBIX IIAr0B YHCJIEHHOTO METO/Ia, TAKNX

KaK pacCcdeT pe/laKCalMOHHbIX YJIEHOB.

2.8 MeToabl ICKYyCCTBEHHOT'O MHTEJIJIEKTA JIJI BHIYNCJICHMUS

PeJIaKCallMUOHHbIX YJIEHOB

[IpuMeHeHne pas3IMYHbIX AJTOPUTMOB HMCKYCCTBEHHOI'O HHTEJLIEKTA
JUTsT MOJIeIMpoBaHust KuHeTuku Ounapuoit cvecn No/N 1 IATHKOMIIOHEHT-
Hoit Bo3nymiHoit cMmec No, Og, NO, N, 1 O B 110JIHOM 1IOYPOBHEBOM IIPUOJIH-
JKEHUN paccMaTpuBaiocsh B [114]. Beuto mokasamo, 910 METOIBI MAITHHHOTO

o6yquM${ SHaYUTEJIbHO M€He€ 9yBCTBUTCJ/IbHBI K YBEJIMYCHNUIO Pa3MEPHOCTHU
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cucteMbl JupdepeHIuaIbHbIX yPaBHEHNI, YeM TPaJUuIMOHHbIE YUCJIECHHBIE

AJITOPUTMBI:

— 11 OuHApHOI cMecH, onucbiBaeMoil H1 ypaBHeHneM, yBeJImIeHne CKO-
POCTH BBIUKCJIEHNI 3a CUeT MPUMEHEHIs MAIMHHOIO 00y4YeHusi ObLI0 He3HA-
YuTeIBbHBIM — B npejenax 10%;

— JIJIsT 5-KOMIIOHEHTHOI cMmecu (0KoJ1o 150 ypaBHEHHUIT) BpeMsi pereHs
CUCTEMbBI € TTIOMOIIHIO TPAJIUITUOHHBIX METOJIOB yBeJndunIoch noutru B 300 pas;
IIPU 9TOM IOJIXOJ Ha, OCHOBE METOJIOB MAINMHHOTO 00yUueHns (DaKTUICCKN He

U3MEHIJT CKOPOCTHU PAOOTHI.

Anajins BO3MOXKHOCTH HCIOJIH30BAHISA METOI0B MAITHHHOTO 00y IeHMsI
JIST TIPEJICKA3aHNST 3HAYCHUI PEJIAKCATIMOHHBIX UJICHOB B CUCTEME YPaBHEHNUIT
IOJTHO [TOYPOBHEBOI KMHETHKHY yT/iekuc0ro rada (1.19)—(1.21) nokazas, aro
TAKOIl OJXOJ HE JACT IMOJIOKHUTEILHOr0 3¢hdeKTa, MOCKOJIbKY KOJINIeCTBO
BBIUUC/ISIEMBIX DEJIAKCAIIOHHBIX UJICHOB ACUMITOTHYECKH DABHACTCS TUCITY
JefiCcTBU{T, BBIMOTHIEMBIX MIPU SIBHOM X pacdere. Takum obpasom, GoJee
PEATICTUIHBIM SBJISIETCST YTy IIIEeHHE ajllOPUTMa MOJICINPOBAHNST KUHETUKI
YIVIEKHUCJIOTO Ta3a B TUOPUIHOM 4-X TeMIIepaTypPHOM MPUOJINAKEHUH 38 CUCT
AITTPOKCUMAIII 3HAYECHUN PEJAKCAIIHOHHBIX 1JICHOB.

Hawubosiee pacrnpocTpaHEHHBIMEI IOAXOAMI JIJIS  AIIIPOKCHMAITAN

(bYHKLLI/Iﬁ C IOMOIIBIO aJITOPUTMOB UCKYCCTBEHHOI'O MHTEJIJICKTA ABJISAIOTCA:

— PpEerpecCuoHHbIl aHaJIn3;
— MEeTOo/[bl OCHOBaHHbBIe Ha MeToje k Oymkaiimmx cocegeit (k-NN);

— HepoceTeBOil MOIXO.

Haxoxkenne perpeccmonnoit Mojesu, Mo3BOIAIONel JOCTUIb BbICO-
KOl TOYHOCTH aIllIPOKCUMAIAN JJI1 PeJaKCAIINOHHBIX YJICHOB KazK 0 13 MO/,
ABJIAETCA KpailHe CJIOXKHOU 3a/a4deil B CBA3U C CUJIbBHON HEJMHENHOCTHIO 3a-
BUCUMOCTH 9THUX 3HadeHuil or temieparyp. IIpocTbie JuHeiiHbIe U HEJIMHEH-
Hble METOJIbI IPUMEHUMbI B Y3KOM JIHaNa30He TeMreparyp ( U WHTepBaJ He
npesbiaer 50 K). [Tosromy st TOKpbITHsT Beeli deThIpexMepHOil 001acTi

3HAUEHUIT TeMIIepaTyp HY?KHO OOYYHUTb ThICIUIN ITPOCTHIX PErPECCUOHHBIX MO-
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JleJieit, U UCIIOJIb30BaHne TaKOTo 1ojIX0/1a He Oy/1eT 3pdeKTrBHEee, YeM MPIMOe
BBIUNC/ICHUE.

B pabore [74] paccmaTpuBaiach TPUMEHNMOCTD AMTPOKCUMAIINT, OC-
HoBaHHBIX Ha MeToj1axX kK-NN u Gradient Boosting i1s pacdera penaxcalmon-
HBIX YJICHOB I1PU MOJEJIMPOBAHIUN KUHETUKN OMHAPHOI cMecH B II0YPOBHEBOM
npubkenun. 1o pesysbratam cpaBHEHHs TOJXO0JI, OCHOBaHHBIN Ha k-NN|
1okKazaJi ceds Hanbosiee 3(hPEKTUBHBIM [P pacueTax, 0a3upyOMNXcsa Ha KO-
s dunmenTax CKOpOCTH TEPEXO/I0B SHEPIUN 10 BBIYUCIUTEIHLHO 3aTPATHOI
mozesit FHO. Oprako pu ucnosib3oBanny SKoHoOMInaHOI SSH-Teopun siBHbIM
pacueT OKa3bIBAETCs 3HAUUTE/HLHO Oojiee 3(DPEKTUBHBIM, YeM pPacCMOTPEH-
HbIe METOJ/IbI MallnHHOIO 00y4eHusi. [lockosibKy B JlaHHOI paboTe UCIOJIb3Y-
eTcst Mojiesib SSH 1 ocHoBaHHBIE Ha ee perpeccun armpoKCHMaInn, ObLI clie-
JIAH BBIBOJI O HeresecoobpasHocTu npumenennsi metosioB k-NN un Gradient
Boosting.

PaccMmoTpuM MHYIO cTpaTernio, OCHOBaHHYIO Ha HEHPOCETEBOM I10JIXO-
1e, TpejioxKeHHoM aBTopoM B auccepraimn [115]. Cornmacno teopeme Ilbi-
oenko (Universal approximation theorem) [116| nckyccrBennas nefipornast
CeTh MPSAMOIl CBS3M (CeTH ¢ alUKIMIHBIMU TOMOJOTHSIMU) C OJTHUM CKPBITHIM
CJIOEM MOXKET allllpOKCHMUPOBATDH JIFOOYI0 HEIPEPBIBHYIO (DYHKIINIO MHOI'HX
HePeMEeHHBIX ¢ JIF000i TOYHOCTBIO. YCJIOBUSIME JIJIsi TAKOi aIllpOKCHMAIIH
SIBJIIETCSI: JIOCTATOTHOE KOJIMIECTBO HEIIPOHOB CKPBITOT'O CJIOS, YJAIHBII 110/1-
O0p BECOB MeXK/J1y BXOJIHBbIME HefipoHaMM 1 HEfipoOHaMK CKPBHITOI'O CJI0sI, BECOB
MEYKJIy CBSI3SIMU OT HEMPOHOB CKPBITOI'O CJIOSI M BBIXOJHBIM HEHPOHOM U CMe-
IEeHNN 1 HeHPOHOB BXOJ/[HOI'O CJIOL.

Jl1st 9UCIeHHBIX SKCIEPUMEHTOB UCIIOJIBL30BAINCH TPU HEHPOHHBIX Ce-

TU CO CJICJIYIOIIEN TOIIOJIOINei:

— HCIIOJIL30BaJIach OJTHOCJIONHA MO/IC/Ib TOIOJIOTUN CETHU C IIPAMBIM J10-
CTYIIOM, B CBA3U C T€M, YTO HelIpOHHAas CeTh IIPUMEHSETCd B Ka4eCTBe perpec-
CHUOHHOI MOJIEJIN;

— pa3Mep BXO/HOI'O CJIOf COOTBETCTBYET YNC/IY BXOJIHBIX IIEPEMEHHDBIX —
4 3HavYeHUsl TeMIIePATyPhI;

— Ppa3Mep BBIXO/IHOI'O CJIOZ COOTBETCTBYET YUC/IY UCKOMBIX 3HAYCHUN —

OJINH peJIaKCAIlMOHHBIN YJIeH JIJIsI COOTBETCTBYIONIEH KoJebaTe/ IbHOI MOJIbI;
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— CKpPBbITHII cj10it cocrouT n3 100 HefipoHOB Jij1 IEPBOIl U BTOPOIT MO/IbI
u 200 gy TpeTbeit,
— B KadecTBe aKTUBAIIMOHHON (DYHKIIMN MCIOJIB30BaJICA TUIIEPOOIIHIe-

CKUI TaHTEeHC.

CxemaTndeckoe n300parkeHne TOIOJIOIMU CeTU M300PazkKeHo Ha, 2.5.

Pucynok 2.5 — I'pad Tomnosornn neitponnoii cetu.

st obydeHnst HEPOHHBIX ceTeil OBbLIN CreHepPUPOBaHbI BHIOOPKU CO-
crosiie w3 pumMepro 5,000,000 Bexkropos temmeparyp (17, Ty, Ty, T3) u coot-
BETCTBYIOIINX UM peJlakcallionHbIX 1ieHoB (Ry (1,11, 15,T3), Ro(T,11,15,T3),
R3(T,11,T5,T3)). DT BeKTOPHI BHIOMPAJUCH HAa OCHOBE ILJIOTHOCTH DPACIIPE-
JleJIeHNs] 3HAUEHUIT TeMIilepaTyp, BO3HUKAIONUX Ha Iarax pelleHus 3aJadu
MOJIEJINPOBAHUS ITPOCTPAHCTBEHHO-OHOPOJIHOTO YIVIEKUCIONO I'a3a B 4YeThl-
pexTemieparypHoM npubsmkennn. ObydeHne HefPOHHO CeTH MPOBOINIOCH
Ha ga3bIKe Python ¢ momompio 6ubamorekn scilearn.

OOyuennasi HeiffpoHHasi CeThb IIO3BOJIAET IOJIy4YaTh IPeJICKa3aHHbIE
3HAUEHUs PeJIAaKCAIMOHHBIX YJICHOB, OJIM3KHE K TOYHBIM, JIJIsT TeMIepaTyp,
OT/JaJIEHHBIX OT I'paHUIl MHTEepBaJa, Ha KOTOPOM IPOBOIMIOCH 00ydeHne. Ha
pucynke 2.6 m300parkaeTcsi OTHONIEHUE MEXKJy TOUHBIM U IIPEJICKA3aHHbBIM
3HAUEHUEeM s llepeMeHHbIX 171 npu pukcupoanubix 1, Th, T3. Ilpu 3nade-
nngax TemmeparTypsl oT 2200 K 1o 8000 K pasauna mexk 1y mpeicKa3amHbIMHI
U BBIYNUC/IEHHBIMHU SIBHO 3HAYEHUSIMU PEJIAKCAIIMOHHBIX YJIEHOB HE HPEBOCXO-

qut 1%. TlonbiTka pacimpennst 06JacTi ¢ HOJOOHON TOUYHOCTHIO IIPUBOIAT
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K IepeodydeHnio Heitponnoit ceru. IloaTomy, eciin B paccMaTpuBaeMoil -
pOMHAMIYCCKON 3a/a4e JIrnala3od N3MEHEeHNd TeMIIepaTyp HpeIIoiaracTcs
Ipe, HeoOXOIMMO IIOCTPOEHIE HECKOJIbKIUX HEMPOHHBIX CeTeil, COOTBETCTBY-
IOIIUX Pa3/JIMIHBIM ITOIMHOXKECTBAM IIOJIHOTO JinanasoHa Temieparyp. OjHa-
KO HCIIOJIb30BaHNe HECKOJILKUX HEHPOHHBIX ceTeil He IPUBOJIUT K 3aMETHOMY

YCJIO2KHEHUIO 3aJa491 1 YMCECHbLIIEHNIO CKOPOCTU pacdeTa.

(ReIErRW)
(RelEry)
(RelEry)

1,12 4

1,10 -

1,08
1,06

1,04

Relative error

1,02

1,00 —7
0,98 +
T T T T T T T
2000 4000 6000 8000
T,K

17

Pucynok 2.6 — OTHocurebHast ommuOKa BEITUCICHIA TTPECKa3aHHbIX
3HAYEHUI peslaKCAIlMOHHBIX YJI€HOB 110 OTHOIIEHNIO K TOYHBIM it 17 1ipn

dukcupoBannbix 1', Th, Tj.

[Tosryuennble HeflpoHHBIE CeTH OBLIN MHTEIPUPOBAHBI B KOJ JJId MO-
JICTUPOBAHMS [TPOCTPAHCTBEHHO-OTHOPO/IHON pesiaKkcaliil YIJIeKUC/I0oro ra3a
B THOPUJIHOM YeTbIpexTeMIlepaTypHOM HpubsmKenun. st 9Toro, Ha ocHoBe
MIOJIYY€HHBIX BECOBBIX KOI(DMUITMEHTOB, HEPOHHBIE CeTH ObLIN PeaTn30BaHbI
Ha s13bike C++.

ITocste npoBepkn HEHPOHHBIX CeTeil Ha TECTOBBIX BHIOOPKAX OBLIO PO~
BEJIEHO MOJIe/IMPOBaHUE ITPOCTPAHCTBEHHO-0/ITHOPO/IHOTO YIVIEKUCJIOIO r'a3a B
JeThIpexTeMIIepaTypHOM PUOINKEHNN Ha OCHOBE IIPe/ICKA3aHHbIX 3HAYEHN
pestakcaIMoHHbIX 4jIeHOB. JlaHHbIe ObLIN pa3jesieHbl Ha O0ydJaloIylo U Te-
CTOBYIO BBIOOPKY B mporopiun 2:3. OTHOCHTEIbHAST TOTPEITHOCTh PENIeHNsI,
OCHOBAHHOT'O Ha, AIIIPOKCUMAIINU [IPABLIX YacTeii, He mnpesbimaer 4%.

Cpasuenne 3pHeKTUBHOCTH Pa3JIMIHBIX MTOJIXOI0B MPUBEIEHO B Tab-

jqure 2.3. IIpu ncnonabp3oBanun HEPOCETEBOTO MOAX0/a CKOPOCTH BBHIYHCTIE-
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Tabsuia 2.3 — 9PHEeKTUBHOCTD 110 BPEMEHN U MaMSITH BBIUUCICHIS OJIHOTO
rHabopa pesakcannonubix wienos (T IM Er, M EMORYR) u nosHoro perie-
ans cucreMsl (T 1M Eg,s) J1st OJIHOTO OYPOBHEBOTO, MHOPUIHOIO 9eThIPEX-
TEeMITEPATyPHOIO U MPeJCKa3aHHOr0 HePOHHOI CEeTHIO YeThIpexTeMIepaTyp-

HOI'O TIOJIXO/I0B

TIMER, mxc | MEMORYR, Kb | TIMEy,, c
State-to-state 323100 1680 1507
4-temperature 295200 <10 982
Neural Network 875 <100 148

HUS PEJIAKCAIIMOHHBIX YJEHOB B MHOT'OTEMIIEPATYPHOM HPUOJIMKEHUN BO3-
pociia 6ostee ueM B 300 pa3 mpu HEOOJIBIIOM YBEJUYEHNN TPeOyeMOil TaMsITH.
Oobi1iee perieHne CUCTEMbI JIOCTUTAETCs Ha TopsiJIoK ObicTpee. 1o cpaBHeHMIO
C ITOJTHBIM TI0YPOBHEBBIM MOJICTUPOBAHUEM Y/IAJIOCH JOOUTHCS 3HATUTEILHOTO
HOBBIIIEHUsT TTPOU3BOIUTEILHOCTH 1 UCIOJIB3YEMO yMEHbIIEHUST TaMsITH.

OrmeTnM, 9TO MaKCHMaJIbHasi OTHOCUTE/IbHAS OINMOKa PeIeHusl Ipo-
CTPAHCTBEHHO-OJIHOPOJIHON 3a/1a"i C HCIIOJIb30BAHIEM PErpecCHOHHBIX (hop-
MYJT JIJIsST HAX0XK IeH s KO MUIINEHTOB CKOPOCTH I1€PEX0I0B SHEPIUU OTHOCH-
TeJILHO IIPSIMOr0 ncnosib3osanus (gopmysn SSH-reopun cocrasister 2%, 4ro
He IIPEeBbIIAET IOIPENIHOCTh BhIUNCIeHnii. BpeMsi 3arpadeHHoe Ha pelleHne
3aJ1a91 C IIPSIMBIM UCTI0Ib30Banus (popmyst SSH-Teopun 1947 cekyH,1, 4TO 110-
gt Ha 30% 6oJiblie, YeM IIPU UCIIOIL30BAHIN PEIPECCUOHHBIX POPMYJI. XOTsI
9TOT BBIUTPBIII HE CTOJIb BEJIUK, IPU PACCMOTPEHNN MOJE/IN HAI'PYKEHHOTO
rapmorndeckoro ocinigropa (FHO) Bmecro mogenn SSH sddextusHOCTD
[IPUMEHEHHsT PErPEeCCHOHHOTO aHAJIIN3a BO3PACTET Ha MOPSIIKNA. DTO CBA3AHO C
TeM, 4TO 1pu uctosab3oBannn Mojesn FHO jist HaxoxkieHnst Kazk10ro Koad-
dunmenTa cKOpOCTH MEPEXO/I0B SHEPTHH HEOOXOUMO PEIIUThH TPAHCIEHICHT-
HOE ypaBHEHHUe, TOr/Ia KaK alllPOKCUMAaIMOHHbIE (DOPMYJIBI COXPAHST BhIUUC-
JINTEJIbHYIO CJIOZKHOCTD.

Takum obpazoM, IyTeM IO3TaIHONW ONTUMU3AIME BIEPBbIE Y/IAJIOCH
[IOJIYYUTh CYIIECTBEHHbIN BBIMIPHIII IIPU MOJIEJIMPOBAHIN KOJ1e0aTe/IbHOM K-

HETHUKMN YIJVIEKHCJIOI'O I'a3da C Y4€TOM BCEX KaHaJIOB KoJ1e0aTeILHOM pes1akca-
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U1, BKJIIOYAs Pas/indHble TUIBI MexKMO0Boro oomena. CHadasia ObLI clie-
JIAH TIepexoJ] OT MOJIHOM MOYpPOBHEBOI MOJIe/IN K MMOPHIHON JeThipexTeMITe-
paTypHOIl, OCHOBAHHOI Ha OCPEJHEHNN MMOYPOBHEBBIX PEIAKCAIIMOHHBIX UJIe-
HOB. 3aTeM C UCIIOJIb30BaHIEM HEHPOCETEBOTO IMOJIX0/a 3aBUCUMOCTD PeJlaK-
CAIMOHHBIX YJIEHOB OT 3ace/IeHHOCTell KojiedaTe/IbHbIX YPOBHEl Oblia cBejie-
Ha K 3aBUCHMOCTH OT KOJIeOATeIbHBIX TeMIepaTyp; MPH 3TOM COXPAHU/IACH
BO3MOYKHOCTH yUeTa BCEX MEXaHM3MOB pPEJIaKCAIINN, YTO OKa3bIBACTCS HEBO3-
MOYKHBIM B TPaJIMIIMOHHBIX MHOIOTEMIIEPATYPHBIX MOjie/isiX. B pesyibrare
ObLII pa3zpaboTaH HHCTPYMEHT, MO3BOJISIIONIUI MOAEJIMPOBATD CJAOYKHYIO KIHE-

TUKY YIVIEKHCJIOT'O r'a3a IIPpU IIPpUEeMJIEMbIX BbBIYMCJ/IMNTE/IbHBIX 3aTpaTax.

2.9 CpaBHeHHe pe3yJbTAaTOB MO/IEJIMPOBAHUSA

broun pacCMOTPEHBI HECKOJIBKO TECTOBBLIX CJIy4a€B C pa3/JIM9YHbIMU Ha-

YaJIbHBIMU YCJIOBUAMU, XapPaKTEPHBIMU JJIA Pa3HbIX THUIIOB TEUYEHUIA.

— TC1: nauanbnoe pasienue pl¥ = 100 Pa, Hauasblas TeMIepaTypa
raza T' = 000K , nagaJibHble KojiebaTe/IbHas TeMIlepaTypa 1 TeMIIePaTyPhI
Mo 1% =T =T, =T = 1000 K;

— TC?2: nauanbuoe pasienue pl¥ = 100 Pa, Hauasblas TeMIepaTypa
raza T' = 3000 K, HagaJibHbIe KojieOaTe/IbHAsl TeMIlepaTypa 1 TeMIIepaTyPh
Mon TV =11 =T, =15 = 1000 K.

— TC3: nauambnoe masienne pl¥) = 100 Pa, nadaibias TeMIepaTypa
raza 1T = 490 K, nauajbHble KojebaTe/IbHasd TeMIlepaTypa U TeMIepaTypPhl
von 17 =15 =490 K, T3 = 2000 K.

— TC4: navansuoe gasienne pl¥) = 100 Pa, HauagbHash TeMIEPATYPa
raza 17" = 400 K, nadajbHble KojiebaTe/bHas TeMIIepaTypa U TeMIIepaTyphl
von T =171 =15, =500 K, T35 = 1070 K.

— TC5: nasanbuoe pasienne pl¥ = 100 Pa, Hadasbias TeMIEpaTypa

raza T' = 3000 K, nagayibHble KojiebaTebHas TeMIepaTrypa 1 TeMIIepPaTyphl
mognt 17 = 300 K, T = 700 K, T3 = 1200 K.

PaCCMOTpI/IM CHaYaJla [ABa IIpUMEpa IIPpHU YCJOBUAX, KOI'/la B Ha4daJlb-

HbBIIT MOMeHT BpeMmenn ra3 gHarpet g0 3000 K un 5000 K. Takune ycmoBuga xa-
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paKTepHbI JIJIsT TeUeHnil 3a yIapHbIMU BOJIHAMHU, B KOTOPBIX OBICTPbII HAIPEB
raza BeJIeT K BO30YKJIEHNIO BHYTPEHHUX CTereneil CBOOOIBI MOJIEKYT.

Ha pucynke 2.7 nmpuBeseHO cpaBHEHNE IBOJIIOIUN TEMIIEPATYPHI Ta3a,
BBLIUNCIEHHON B TTIOJIHOM MTOypoBHeBoM 1 4T mpub/imkennsx 6e3 ncrnob30Ba-
HUsI HEHPOHHBIX ceTefl JIsd BBIUYMC/IEHNS pPeTaKCallMOHHBIX 1IeHOB. Bujno,
YTO PE3YJIbTATHI, TOJYyUYCHHBIC B JBYX HMPUOJINKEHUSIX, OJU3KU, OTKJIOHEHNE
He npesbiiaer 5-6%, cM. TakzKe pUCYHOK 2.8, TJe NpuBeIeHa OTHOCUTE IbHAsT
omubka 4T-pertieHns 110 OTHOIIEHUIO K TOYPOBHEBOMY. AHAJIOTUIHBIN PE3YJib-
tar st caydas T'C2 6wt nostyden B pabote [52|; pesysibrarbl HaHECEHbBI Ha

PHUCYHKE B B1JI€ CUMBOJIOB.

5000 ——TC1-STS
] ——TC1-4T
4500 - ——TC2-STS
] TC2-4T
4000 - v TC2-STS-KKKN
v TC2-4T-KKKN

3500

T,K 3000 -

2500
2000

1500

1000

Pucynok 2.7 — Pacnpejiesienne TemMepaTyphl ra3a Ipu HOJTHOM
noyposaeBoM (STS) u rubpuHOM MHOTOTEMIIEPATYPHOM TIPHOJIMZKEHIN
(4T) B yenoBusix T'C1 u T'C2. Pesynsrarst KKKN mosyuenst B [52].

Ha pucynkax 2.9 u 2.10 npuBosTCs 3aBUCUMOCTH OT BPEMEHU TeMITe-
paryp 1T, Ty, Ty, T st ciayaaes T'C'1 u T'C2, paccunranible B TUOPHIHOM
4T npubanyKeHun ¢ SIBHBIM BBIYHMC/IEHHEM pPeJIaKCAllMOHHBIX YJIEHOB U C HUC-
II0JTb30BAHUEM HEHpPOCceTeBOro 1ojixojia. B oboux ciydasx camasi ObICTpast
peJlakcalsi Ha0Jo1aeTcst B JeOopMaIlMOHHON Mojie, a aHTHUCHMMETPUYHASI
MOJIa BBIXOJIUT Ha PABHOBECHE 3HAYUTEHLHO MeJjIeHHee OCTaJIbHbIX. [Ipn mo-

BBIIICHNN HAYAJILHOI TeMIepaTypbl CKOPOCTU peJIaKCAIli IepBOil 1 BTOPOA
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PI/IcyHOK 2.8 — OTrHocuTesibHAA OMNOKA B 3HAYCHUAX TeMIIepaTypbl 4JIs1

rUOPUTHOTO MHOTOTEMIIEPATYPHOTO MPUOINKEHNST OTHOCUTETHHO TTOJTHOTO

MOypPOBHEBOTO MpuOnKenus B ycaopuax 1T'C1 u T'C2

MO/I CTAHOBSITCsI OJIN3KM, & BPeMsl BBIXOJa Ha IIOJHOE PABHOBECHE yMEHbIa~
ercst. Perenust, 1oJjiydeHHbIe ¢ MCIIOJIb30BAHUEM HEHPOHHBIX CeTell, XOPOIIo
coryiacytoTes ¢ TouHbIMI 4'T-perneHnsiMi.

OrrHocuresbHble omubdKu Jjist remueparyp 1, Ty, Ts, T3, paccanTaH-
Hbix st caydaeB T'C'1T u T'C2 ¢ nomompio 4T npub/inzkeHns ¢ MOMOIIBIO
HefipoceTeBoOro MojIxo/1a (OTHOCUTEIBHO CIydas sIBHOIO pacueTa peaKcalli-
OHHBIX 1JIEHOB) TpUBe/ieHbI Ha pucyHke 2.11. TlorpentHocTs BbIUnC/IeHIs TeM-
1epaTypbl HECKOJILKO MEHbIIe, YeM IIOIPEIIHOCTh pacdeTa KojebaTe/bHbIX
TemiepaTryp. MakcumasibHas OMIMOKa, JIJIsT BCEX TeMIIEpPaTyp He IPEBBIIIaeT
1.5%, uro siBiIsieTcst OUeHb XOPOIIMM PE3YJILTATOM.

Paccmorpum KosiebaTesibHbIE paclpejie/ieHnsl B Pa3HbIX MOJaxX /st
ciayuas T'C'1. Ha pucynkax 2.12-2.14 npuBejieHbl OTHOCUTE/ILHBIE 3aCEICHHO-
CTHU N, 4,05/ M KaK DYHKINH KOJI€0ATEILHOIO YPOBHS KarK/ 107 MOJIbI P (DUK-
CUPOBAHHBIX OCHOBHBIX COCTOSIHUSIX JIPYIHX MOJ. PaccMOTpeHbI pas/imdHbIe
MOMEHTHI BpemeHu. Hapsijly ¢ moypoBHEBBIMU pacIpe/le/IeHUsIMI TPUBOJISIT-
cd MHOTOTEMITepaTypHbIe paclpeeseHusl, BbIUYNC/IEHHbIE B TOT K€ MOMEHT

BpeMenn. MoxkHO HabJII0IATH TTPOIIECC MOCTEIIEHHOTO BO30YZK/IeHNs KoJieha-
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Pucynok 2.9 — Pacnpejiesienne temmnepaTryp B THOPUITHOM
MHOTOTeMIIEpAaTypHOM TpubnKennu 1yt sisaoro (4T) u HelipoceTeBoro

(NN) croco60oB BbIMHC/IEHNS PETAKCAIMOHHBIX WIeHOB B ycmaosusax 1'C'1

T-NN
T,-NN
T,-NN
T,-NN

2500

T,K 2000
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Pucynoxk 2.10 — Pacnpejienenune Temneparyp B TrUOPHIHOM
MHOTOTEMIIEPATYPHOM HpuOmKennn st sieroro (47T) u neiipocereBoro

(NN) croco60B BbIMHC/ICHNS PETAKCAIMOHHBIX WICHOB B ycsoBusx 1'C2
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Pucynok 2.11 — OtnHocuTenbHast omMOKa B 3HAYEHUAX TEMIIEPATY]P 1151
rUOPUTHONO MHOTOTEMIIEPATYPHOIO MPUOJIMKEHNS, UCITOJIb3YIOIIEro
HelipoceTeBOl 110/1X0/1, OTHOCUTEILHO SBHOI'O BBIUUCIEHUS PeJIAKCAITMOHHBIX

wienoB B yeaosusx 1'C'1 (caesa) n TC?2 (crpasa).
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Pucynok 2.12 — OtHocutebHble 3aceIeHHOCTH KaK (PYHKINH 71 TPU

bukcupoBaHHbIX 19 = i3 = 0 B pa3Hble MOMeHTHI BpeMenn. CpaBHeHne

noypoBHeBoro u 4T permennii.

TeJIbHBIX CTeleHeil cBoOO/IbI ¢ TeYeHHeM BPEMEHM. 3aCe/IEeHHOCTH B aHTUCUM-
METPUYHOII MOJIE B CPeJIHEM Ha HECKOJIbKO IOPAJIKOB HUXKE, YeM B JPYTUX
MOJIaX, UTO CBA3aHO C OTCTaBaHUeM KoJieDaTeTbHON peslaKcali TPeTheil Mo-
bl Bugno Takxke, 9To TubOpuUIHas MHOTOTEMIIEpaTypHas MOJIE/Ib C XOPOIIIei

TOYHOCTBIO OIIKMCbhIBAET HE TOJIbKO 3BOJIIOIONUIO TEMIIEPaTYpPbl, HO U A€TaJIbHYIO
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Pucynok 2.13 — OtHocuTe/IbHBIE 3aCEJIEHHOCTN KaK (DYHKIUH o 1IPU
bukcupoBaHHbIX 11 = i3 = 0 B pa3Hble MOMeHTHI BpeMenu. CpaBHeHne

noypoBHeBoro n 4T permennii.

——STS, 10°s
——STS, 5*10°s
——STS, 10™%s
-« - :4T,10°s

- - - -4T,5*10°s

10™°
- - --4T,10"%

n(0,0,i,)/n

Pucynok 2.14 — Otnocurenbuble 3aceJIeHHOCTH KaK (DYHKITH ¢3 PN
bukcupoBaHHbIX 11 = i3 = 0 B pa3Hble MOMeHTHI BpeMenu. CpaBHeHne

noypoBHeBoro u 4T pemennii.
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KHHETHUKY KO0JIe0ATeIbHBIX COCTOSIHUN. DTUM OHA BBINOJHO OTJIMYIAETCS OT
TPaIUIINOHHBIX MHOIOTEMIIEpATYPHBIX MOJEEH, JIJIg KOTOPBIX KOJedaTesb-
HbIe PACTIPE/IeJICHIsT MOTYT 3aMETHO OTKJIOHATHCS OT MOYPOBHEBBIX [89).
Tenepb paccMoTpuM JiBa IIpUMepa ¢ HadaJbHBIMEU YCJIOBUSMU, XapaK-
TepHbIMU T paspsagos [22]. Coyuwaii T'C3 coOTBETCTBYET KalUJLISIPHBIM
paspsiiaM B Jia3epHbIX cMecsax [117]; mpu sToM aHTHCHMMETpHYHAS MOJA
CYIIIECTBEHHO BO30Yy:KJIeHa, & CUMMETPHYHas U JiepOpMaIlMOHHAs HAXOJIsT-
cd B paBHOBECHM C TIOCTYIaTeJIbHO-BpalllaTeJlbHbIMI MojgaMu. Ha pucynke
2.15 npuBesieHO pacupejie/ieHne remieparyp, paccuntanioe B 4T npubiimke-
HUM JJI JaHHOTO ciydas. Pesynbrarsi, nosydennbie B 4T u moypoBHeBOM
npuOJIMKeHN N, COBIIaIal0T. BUIHO, 9TO B IIpoliecce pejlaKcalil He ITPOUCXO-
JIAT HapylieHus papHoBecus Mexiay 1', 17 m Ty, n penaxcanus ujer depes
aaTucuMMerpuanyto moay (VT3 u mexmojoseie VVa_3, VVi_ o 3 0OMeHBI).
JlaHHBI ciydail He mpejcTaBiisieT OOJIbIIOTO HHTepeca ¢ TOYKU 3PeHUs] B3a-

UMOJIEICTBHST MOJI, TI0O9TOMY IOJIPOOHEE He 00CYKIAeTCA.
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v T,-4T
T,K ] v T,-4T
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jvvvvv.
500 —yp—v—v—v—v—

10° 10 10° 102 10* 10°
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Pucynok 2.15 — Pacnpejenenune Temeparyp B TrUOPHIHOM
MHOTOTEMIIEPATYPHOM TTPUOJIMPKEHUH JIJI IBHOT'O CITOCO0a BBITHCICHUST

pesIaKCallmOHHBIX 4jIeHOB B ycjioBusix 1'C'3.

Tecrosblit mpumep 1T'C'4 cOOTBETCTBYET YCJIOBUSIM TJICIOIIET0 Pa3psiia

[118] ¢ HeGostbITIM BO3OY K I€HIEM CUMMETPUIHON 1 1eOpPMAIIOHHOT MO I
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CYIIIECTBEHHBIM BO30YKJIeHNEM aHTHUCUMMeTpUYIHO# Mojibl. Ha pucynke 2.16
IIPUBEIEHO PaCIpe/ie/ienne TeMITepaTyp JJId 9TOro ciaydas, noaydentoe B 4T
MOJIE/IN C UCIIOJIb30BAHUEM $IBHOI'O M HEMPOCETEBOIO IOJXO/0B JIJIsI pacdyeTa
cKopocTH KoJsiebareibHOI pestakcarun. Oba MeTo1a Jal0T IPAKTUIECKN UJIeH-
TUIHBIE pe3y/IbTaThl. Perakcalius mepBoit u BTOPOit MOJT ITPOUCXOIUT OBICTPO,
MeHee YeM 3a MUKPOCEKYH/Iy, B TO BpeMsl KaK pejakcalis aHTUCUCMMeTpUY-
HOII MOJIBI MTPOJIOJIZKAETCS HECKOJIBKO CEeKYH/I. 3aMeTHa HeOObINnas pasHuia
B cKOpoCTH pesnakcanun 1] n Th; Temueparypa 1epopMallnoHHON MOl CpaB-

HUBaeTcs ¢ 1’ HeCKOJILKO PaHbIIEC.
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Pucynok 2.16 — Pacnpenenenue Temeparyp B THOPHIHOM
MHOTOTEMIIepATyPHOM TpubmKennn jiist sisaoro (4T) u HefipocereBoro

(NN) criocoboB BbIUHCIEHHST PEJAKCATIHOHHBIX WICHOB B yeaoBusax 1°C4

Hns cinydas TC4 ObLIm TakzKe PacCMOTPEHBI KoJjieOaTebHbIE pac-
npejieieHns B Pa3InydHbIX Mojiax, ¢M. pucyHkn 2.17-2.19, n 3acejeHnocTn
HEKOTOPbIX (PUKCHPOBAHHBIX ypoBHEHl Kak (yHKImn Bpemenn (puc. 2.20).
dopwma pacrpejie/ieHnil B 11eJIOM MaJIO OTIMYAeTCs OT Pacipe/iesiennit bosbil-
MaHa; HanOOJIbIIE OTKJIOHEHW HaO/II0MAI0TCd B aHTUCHUMMETPUIHON MOJIE.
MozkHO OTMETUTH HEMOHOTOHHOCTD TTOBE/ICHUS 3aCEJIeHHOCTEN BEPXHUX YPOB-
Heil B mepBoit u BTOpoil Mogax, puc. 2.20. CHauasa 3aceJIeHHOCTH 3TUX MO/

HECKOJIBKO YOBbIBalOT, a MUX TeMIlepaTypbl CpaBHUBalOTCA ¢ 1'. 3areMm, Ipu
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5-107% < t < 107! mabionaerca KBa3MCTAIMOHAPHOE COCTOSHNIE, TIPH KO-

TOPOM TeMIIEPaTypbl HE MEHSIOTCHA, W 3aCEJCHHOCTH TaKrKe IOCTOSHHBI. B
JlaJibHeIeM, BCJIeJICTBIE pejlaKcallnl TpeTheil Mojibl, TeMIlepaTypa rasa, a
BMecTe ¢ Heit 17, To 1 cOOTBETCTBYIONINE 3aCEJEHHOCTH BO3PACTAIOT JIO paB-

HOBECHBIX 3HAQYCHUIA.

Pucynok 2.17 — OrHocuTeIbHbIE 3aCEJIEHHOCTH KaK (DYHKIIH 71 TIPU

pUKCUpPOBaHHBIX i9 = 73 = (0 B pa3Hble MOMEHTHI BPEMEHH.

Tectosbrit ipumep T'CH ¢ CymECTBEHHO Pa3/IMIaIONIIMUCs Hada bHbI-
MU TeMIlepaTypaMi BcexX MOJI ObLI BbIOpaH /I JEMOHCTPAIUu PabOTOCIIO-
COOHOCTH IIPEJIIOYKEHHBIX 110/1X010B. OH He NMeeT siBHO BbIPaXKEHHOI'0 (hI3H-
YeCKOTO aHaJIOTa, OJIHAKO MOYKET CJIYKUTb TeCTOM Ha KOPPEKTHOCTH pabOTHhI
kojia. Vcrnosib3oBanne Beex mojxoio8 (1oJiHoro noypostaesoro, 4T ¢ pasmyd-
HBIMU CIIOCOOAMU BBIYHC/IEHUsT PEJIAKCAIIMOHHBIX UWIEHOB) JlaeT OJIM3KUe pe-
3YJIBTATBI, OJHAKO, KAK OTMEJAJI0Ch paHee, HEIfPpoCeTeBOIl MOIX0/] OKA3bIBaeT-

cd 3HAYUTEIBHO 00J1ee BBIUYNC/IUTEIBHO 3(PPEKTUBHBIM.

2.10 BriBoawnl o I'mase 2

B rZL&HHOIQ/JI IJlaBEe peliaeTCd 3adada O IIPOCTPaHCTBEHHO O,ZLHOpO,ZLHOfI
peslakcaoun YIJIEKHCJIOIO I'a3a C YI€TOM CJIOZKHBIX MEXaHHN3MOB obMeHa, Ko-

JiebaressbHOI sHeprueil. JIjis perieHus 3aja4u B MOJHOM IIOYPOBHEBOM IIPU-



70

10°

10°

10™

No/N

10-15

10—20

10%

10

Pucynok 2.18 — OrHocuTe/IbHBIE 3aCEJIEHHOCTN KaK (DYHKIUH o HIPU

pukcnpoBanubIX i1 = 73 = (0 B pa3Hble MOMEHTHI BPEMEH.

Pucynok 2.19 — OtHocuTebHbIe 3aCeIEHHOCTH KaK (DYHKIIH i3 TIPU

pUKCcHpOBaHHBIX i1 = 79 = (0 B pa3Hble MOMEHTHI BPEMEHH.

OJIMKEHWH TTPOBEJIeH aHaJ N3 YMCJIeHHBIX METO/I0B pellleHns YKECTKUX CUCTEM
OOBIKHOBEHHBIX g dhepeHnaibibix ypaBHennii. [Ipejoxken meTo ajar-

TUBHBIX I11aroB st cxembl EBDF pacmmpennoro merojaa ['upa, paspaborana
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Pucynok 2.20 — Ornocuresnbhbie 3acesnernoctu yposaeit (10,0,0), (0,10,0)

1 (0,0,10) xkaK bYyHKIMH BpEMEHH.
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Pucynok 2.21 — Pacupejenenue TemiepaTyp B II0YPOBHEBOM, THOPIIHOM
MHOTOTEMIIEPATYPHOM NpuOInmKeHnn st steHoro (47T) u HeiipocereBoro

(NN) criocoboB BbIMHC/IEHHS PETAKCAIIHOHHBIX WIeHOB B ycaoBusx 1'C'H

napaJuiebHasg Bepcus Meroja. [IpoBeeHbl OleHKN TOYHOCTU U 3PPEKTHB-

HOCTHU pa3pabOTaHHBIX CXEM, Ha OCHOBE aHAJIM3a PEKOMEHJIOBAHO HCIIOJIb30-
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BaHUe ITapaJljIeJIbHON CXeMbI € JIalITHBHBIM IIIArOM YeTBEPTOIO MOPsIIKa TOU-
noctu AT-EBDF-4.

JI7s1 TIOBBIIIEHUST TTPOU3BOJAUTE/IHLHOCTH MOJIEJTUPOBAHIS KUHETHKH
CO4 3ajjaua ObLIA pelIeHa ¢ UCIOIb30BAHNEM THOPUJIHOIO YeThIpexTeMIlepar-
TYPHOT'O HPUOJIMZKEHUs, OCHOBAaHHOI'O Ha OCPEHEHNN OYPOBHEBBIX pesiaKca-
[IUOHHBIX YJIEHOB 1 He UCIIOJIL3YIOMIEro TPaINIINOHHBIX IPUOIMKEHHBIX (DOP-
Myt Jlaggay—Testepa st pacdera CKOPOCTH KoJiebaTe/IbHOM peslaKCallii;
JIAHHBII TT0JIX0] COXPaHSIeT OCHOBHbBIE TIPEUMYIIECTBA TIOYPOBHEBOI'O MOJIC/IU-
pOBaHUsI, P STOM YHUCJIO YPABHEHUI B CICTEMe COKPAIAeTCs ¢ HECKOJIbKUX
ThICSY J10 1ecTu. [lokazaHa SKBUBaJIEHTHOCTh PEIIeHUi, 0y YeHHbIX B 110JI-
HOM 1oypoBHeBOM 1 4T npuO/IMzKeHusiX, IIPOBEJIEHO CpPaBHEHUE C Pe3yJibTa-
TaM# JPYTUX aBTOPOB, MOKa3aBIliee Xopoliee coBlajenne pemienuii. Tem ne
MeHee, MPOU3BOINTEIbHOCTE 4T Mojie/in 0Ka3bIBAETCsI JINITH HEMHOT'O BBIIIE
110 CPABHEHUIO C IIOYPOBHEBBIM II0JIXO/IOM.

PaccMmoTrpens! pa3indHble cTpaTernn nosbiieHus apdexkTuHocTn 4T
MOJIEJIN C ITOMOIIBIO METOJI0OB MCKYCCTBEHHOIro mHTeliekTa. Ilokasano, 4To
IpUMeHeHne HeIIPOHHBIX ceTell K HeIoCPeICTBEHHOMY pellieHnio jiuddepenn-
[UAJbHBIX YPaBHEHUIl He JlaeT »KejaeMoro pesysbraTta. Hambosiee mepciiex-
TUBHBIMI OKa3aJ/IlCh PEI'PECCHOHHBIN aHAJIM3 JIJId HaXOXKJICHUS allllPOKCUMar-
UOHHBIX POPMYJI JIJIsl KOI(DPUIIMEHTOB CKOPOCTH 11€PEX0I0B SHEPIUU 1 Heii-
pPOCeTEBOIl TTOJIX0/1 K pacdyeTy CKOPOCTHU KoJie0aTe/ IbHOI pelakcallnl B THOpu/I-
HOI1 MHOrOTeMIIepaTypPHOIl MOJIe/IN: CKOPOCTh PEeIIeHus] 3a/1a9l yBeJNIIIaCh
bosiee eM Ha mopsiiok. OxKujaercsi, 9To B 60Jiee CJI0KHBIX (MHOMOMEPHBIX )
3aJladax U 1IpU ydeTe XUMUYECKUX PeaKIUil BRIMTPHIIT OyJeT erle dojiee cy-
II[ECTBEHHBIM.

Mzyuen nporecc KojebaTe/IbHOM peslakcalllni B IIPOCTPAHCTBEHHO O/I-
HOPOJTHOM YTJIEKHCJIOM Ta3e IPU PasIMIHbIX HadaJbHbIX ycaoBusx. [Tokasza-
HO XOpolllee corjiacue pemieHuil ¢ pe3ysabTaTaMu JPYTIUX aBTOPOB, a TaKzKe
BBICOKAs TOYHOCTD U 9(PHEKTUBHOCTD TOJIX0/1a K PacUyeTy CKOPOCTH pesiaKca-

nn B pas3andabix Mojax COg ¢ uCHoIb30BaHNEM HEMPOHHBIX CEeTel.
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3 HepaBHoBecHble TedyeHUsl YTJIEKHUCJIOTO ra3a 3a

YAapHbIMA BOJIHAMM

B nammoit riaBe pemnraercd 3ajiada 0 TEYEHUU YTJIEKUCJIOTO rasa 3a
IIJIOCKOI y/IapHO# BOJIHOII C MCIIOJIL30BaHUEM TPEX IIOJXO0I0B: IIOJHOIO II0-
YPOBHEBOI'O, I'MOPUJIHONO MHOT'OTEMIIEPATYPHOI'O U MHOIOTEMIIEPATYPHOIO
110/IX0/1a, OCHOBAHHOI'O Ha HefipoceTeBOM pacueTe CKOpocTeil KojiedaTe/bHOil
penakcarun. OOCy»KJIar0Tcss 0COOEHHOCTH YNCJIEHHBIX CXeM U CJIOYKHOCTH MX
peanuzaiuu. IIpoBejieHo 4dnciaeHHOE MOJEINPOBAHIE TeUeHUIT 38 YIapPHBIMU
BOJIHAMU IIPU Pa3/IMUHBIX YCJIOBUsIX B Haberaroriem 1oToke. OieHmBaeTcsI

TOYHOCTb U 9(POEKTUBHOCTD PA3INIHbBIX I10JIX0JI0B.

3.1 IlocraHoBKa 3aj/ilaui B IIOJTHOM MHOYPOBHEBOM ITpUOJIN-

2KeHnununm

Barmurem cucremy ypasuenuit (1.19)—(1.21) st cirydast oHOMEPHOTO

yCTaHOBUBINErocs JBizkenns [119, 120:

anz Z 7 a'UI b .
x w22 11,09,0 — 1_)1.7’_7 m — 7---7lm7 :17277 1
ax n 1,02,¢3 6$ R21722,Z3 v 0 m 3 (3 )
v, Op ov, 0T on
r— + — = —nk —k}T =0, 3.2
P o = T ™ o (3:2)
opU OV,
. = 0. 3.3
va—g =+ (PU +p) 5= =0 (3.3)

3/1ech v, — KOMIIOHEHTa CKOPOCTH B HAIIPABJIEHUHN OCH X.
[Ipeobpaszyem ypaBHEHUS JTBUKEHUS U SHEPIUU C YIETOM ypaBHEHUsI
HEPA3PBIBHOCTU B (popMe

PoVz, = PUg

(ungekcom "0" 0bO3HAUEHBI MApaMETPbI B HAOETAIOIEM [OTOKE), YPABHEHsI

COCTOAHNA

p =nkT
¥ OTIpEeJIeTIeHNS TOJTHOf yeabHoil sneprum (1.22):

ov, OT on v,
PUp—— o ~ 4 a—nk + 8_a:kT p

MUz, kT or .
— )+ o nk=0. (3.4)

(novg,m 7
x
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0v, opU  Ov, 7

opU
(% O + (pU +p) Ox =VUr—F7=— O + O ( —nkT + 2611,22,137111,12,23) —
50n 50T On
=V, | = kT ——nk P 11,102,013
! 20x 28xn +ZEI’2’3 ox T

v,
+ 81’ < nkT+2821 22 23 21,22,23) =

8nl- o.Q 81) 7 Snva kT
=~ Uz Z‘Sihiz,is 81.77:2’ -+ ox ( nkT + Z Einyinyiz iy in,is — §—O> +

Vg
8T5
6 2

Takum 00Opa3oM yraeTcst BBIPA3UTL BCE TWICHBI B YPABHEHUSIX JIBHU-
kenng 1 sueprun (3.3)—(3.2) Wepes MPOM3BOJHBIE MO T MaKpOIAapaMeTPOB
My ig,is> Vas 1.

OKoHYaTEeTbHO MOJYIaeM CHCTEMY:

Ny iy i Oy ' '
(% nal, - + nil,iz,i36i - RZZT; 137 i = 07 s 7lm7 m = 172’3’ <36)
x x b )
v, novg kT, 0T
. (nUz,m — vé ) + 9z nk =0, (37)

8ni Jio,i c% 7 57101) ]{IT
Va Z‘Siuiz,ig alxz >+ 8; (?”LkT + Zgh,iQ,ignil,iQ,iB - 51};;) +
8T5

6 2vxonok— 0. (3.8)

B kadecTBe IpaHUYHBIX YCJAOBUN TPU PEMIEHUN CUCTEMDLI 3aJIal0TCS

ITapaM€e€TpPbl B Ha6eralomeM IIOTOKE. CKOPOCTDb Ia3a Vg,, PaCIPEACJICHUE 3a-

0
11,12,13"

IOCTYIaTeIbHAsT 1 BpalllaTe/IbHasl PeJaKCallsl IPOUCXOIAT B y3KOM (PPOHTE

ceJIeHHOCTe!l n; Temuepatrypa 1y u gaBiaenune pg. [Ipeanonaraercs, 9To
yJlapHOil BOJIHBI ITPAKTUYECKN MI'HOBEHHO, IIPU 3TOM KoJieDaTebHash peJiak-
calusi BO (ppoHTE BOJIHBI OCTaeTCs 3aMopokeHHOi. CHadaJjia IpOBOJUTCS T1e-
pecder rnmapamMeTpoB TEYEHUs C YUETOM 3aBepIIuBIIelicd MocTylaTebHO-Bpa-
MaTe/ILHON peJlaKcaIu BO (ppoHTe, U Oy IeHHbIe 3HAUeHI UCIOIb3YI0TCS
B KadyecTBe HavaJbHBIX YCJIOBUII TPU PEIIeHUH CUCTEeMbI JuddepeHmalib-

HBIX ypaBHeHuit. Pacdyer mapaMeTpoB B peslaKCallMOHHOI 30He MPOBOUTCS
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A0 MOMEHTa YCTaHOBJIECHHMS!] PAaBHOBECHS, PpaBHOBECHEC JOCTUI'a€TCdA aCUMIITO-
THUYECKHU, KOI'la M3MEHCHH A BCEX MaKpOIlapaMETPOB Ha COCEJHHUX IMarax HeE

[IPEBLIIIAIOT HEKOTOPOI 3apaHee 3aJaHHOl MaJIOil BeJINYNHDI.

3.2 IlocraHoBKka 3ajaum B 4YeTbIpeXTeMIepaTypHOM MNOpU-

OJIM>KeHun

Banumiem cucremy ypasuernit (1.34)-(1.39) mis ciydast oHOMEPHOTO
YCTAHOBUBIIErocs JBrzKeHnst. Tak ke, Kak 1 B [OyPOBHEBOM HPHUOJINZKEHNH,
BBIPA3UM BCE WIEHbl B YDPaBHEHUSIX Yepe3 [IPOU3BOJIHbIE MaKpOIapaMeTpOB

p, Vg, T, T1, Ts, T3. Ilocae mpeobpazoBaHuil morydaeM CUCTEMY B BHJIE

0 Ov
Ux—p-l-p e

ox ox

=0, (3.9)

ov, kT O kpoT
Qv KT p  kpOT _

PV e 0, (3.10)

vmaap—gg—z +j;, %%p—Tg%Jr (p-i—pU)%z;E =0, (3.11)
j=123

’Ux%g_: + j_zL;’g vxag—jvff% + pWs %vx = Ry, (3.13)

“x%% + Z vxég—;}f% + pr(?;j; = Rs. (3.14)

=123
[IpousBognbie oT sHeprunm eauHuibl oobema plU m dncen KojedaTeTbHBIX
KBaHTOB Ha eJuHuIly odobema pWj 1o TemmeparypaM BBIparKaloTCs depes
yJeTbHbIe TeIIOeMKOCTH U ux anajgoru [49]. Jlist Mojesn rapMOHIIECKOro
OCIIUJLJIATOPA ITOCTAHOBKA 3aJIa4l CYIIECTBEHHO YIIPOIIAETCsI, TaK KaK IUCJIO
KBAHTOB B KayKJIOH MOJIe 3aBUCUT TOJIBKO OT COOTBETCTBYIOIIEH KojebaTe/ib-

HOU TemrepaTyphl, u ypasHenus (3.12)—(3.14) cBogaTcst K ypaBHEHUSIM

8ka 8Tk (%x
o, or "W ey

0, =R, k=123 (3.15)
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B kavecTBe I'paHMYHBIX YCJIOBUIl IIPU PEIIEHUH CUCTEMbBI 3a/1al0TCst
IapaMeTpbl B HaberalolieM IOTOKe: CKOPOCTb ra3a Uy, JaBJICHHUe Py, TeMIle-

paTypa rasza Tj; TeMiepaTypbl KojieOaTeIbHbIX MO/, PABHbI TeMIIepaType rasa

T =T =T) =Ty

3.3 Meroapl penieHus

Criestyer orMeTnTh, uro B cucreMax (3.1)—(3.8) u (3.9)—(3.14) cmocobd
BBIUUC/IEHUS PEJTaKCAIMOHHBIX YJIEHOB He OTJIMYaeTcs OT pacuera pejakca-
[IMOHHBIX YJIEHOB B NPOCTPAHCTBEHHO-OHOPOIHOM Ciydae. I1losromy mosry-
gennbie B (1.58) anmpokcuMarimontbie (hoOpMyJIbl, OlucanHast B pasjese 1.6
napaJuie/ibHasg CTPYKTypa JAHHBIX U IIPeJIBApUTE]bHO O0yUYeHHble HelipoH-
HbIE CeTU U3 pas3jiesia 2.8 MOIyT UCIIOJIb30BaThCs B 3ajade 00 yuapHOil BoJHe
(a Takzke u GoJiee CJIOXKHBIX JIByMEPHBIX U TPEXMEPHBIX 3a/a9ax) 0e3 KaKoii-
JIn0O0 Mo UKAIIN.

CucreMbl ypaBHEHUI B OJTHOM IIOYPOBHEBOM U M'MOPUIHOM YeThIPEX-
TeMIIepaTypPHOM IPUOINKEHUSIX JJIs CJIydas OJHOMEPHOIO YCTAHOBUBILErOCs
JBUZKEHNsT 00J1aal0T OOJIbIIEHl YKeCTKOCTBIO, YeM CHUCTEMbI JJisi IPOCTPAH-
CTBEHHO-OIHOPOIHOI 3a1aun. PaccMoTpennblie B pasjene 2.4 ducjeHHbIe cXe-
MBI MOI'YT OBITH NPUMEHEHBI ¢ HOIPABKOil Ha 00YCJIOBJIEHHOCTH CUCTEM JIH-
HefiHbIX asirebpandecknx ypasenuii (2.6)—(2.8). B c¢Basu co 3madmTesnHO
GOJIBIINM YHCIOM OOYCJIOBJIEHHOCTH, JIJIsl PEIIEHIs STHX CUCTEM METOJ IIPo-
CTOI UTepaIyn OKa3bIBAETCsI HEPUMEHNM, YTO IIPUBOJUT K HEOOXOMMOCTH
perenns 3ajladu o0pallennsd MaTpull 0oJbIoro pasMepa. [lag yckopenus
AJITOPUTMA, PEIIEeHIs JIMHEHHONH CHCTeMbI MOYKHO HCIIOIB30BaTh (PakT paspe-
xennoctn matpui] B BDFE cxeme. Meton nonmatpntt, ocnosanubiit na LU pas-
JIOZKeHnH, paceMarpuBaercst B [121]. Ajroputm perrieHust JTMHEHHBIX CHCTEM

MOYKHO c(POPMYJINPOBATD CJIEIYIONIUM 00Pa30M:

a) IOCTpOoeHune Mo IMaTPUIL;

B

0) mieHTHhDUKAINS HYJIEBBIX TTOMATDHII;
) BBITIOJIHEHIE OIEPAIUil ¢ IO IMATPUIIAMIL;

r) cOOpKa pe3yIbTUPYIOINIeil MaTPUIlbL.
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B pazpaboran coOCTBEHHBIN MTpOrpaMMHBIH Ko Ha st3bike C+4-+
JUIST PeIlieHnst 3a/1a4 JIJIst cJIydas OJIHOMEPHOI0 yCTAHOBUBIIETOCS JIBUKEHUS
B [IOJTHOM TTOYPOBHEBOM TPUOINKEHUT W B THOPUTHOM MHOTOTEMIIEPaTyPHOM

npubynnkennn. B koje:

— Brorunciienne Ko3pOUINEHTOB CKOPOCTU [1€PEX0JI0B SHEPIUN OCHOBBI-
BaeTCsl Ha KOJE, PeajIn30BaHHOM JIJIsl PEIIeHUs] 3a,/1a91 MOJICINPOBAHISI KITHE-
THKHU B [IPOCTPAHCTBEHHO-OIHOPOIHOM CJIydac.

— Jlnst pacyera peaKCalMOHHBIX 9IEHOB B IIOJIHOM IIOYPOBHEBOM IIPU-
OJIMKEHNW ¥ B TUOPUIHOM MHOTOTEMIIEPATYPHOM IPUOIMKEHUN UCIIOJIB3Y-
eTcs ollncaHHas B pasjesie 1.6 napaJesibHas CTPYKTYPa JIAHHBIX, a TaKkKe
HCIIOJIb3YIOTCsl HEIPOHHBIE CeTH, O0OyUeHHBIE JJIsl PEIIeHHsI TPOCTPAHCTBEHHO-
OJTHOPO/THO 3a/1a4u.

— Peannsosana unciennas cxema AT-EBDF-4 ns pemennst 3a1a4m Mo-
JIeJITPOBAaHUS PejlaKcalu 38 (PPOHTOM YJIAPHOIl BOJIHBI B IIOJTHOM II0YPOBHE-
BOI'O IIPUOJINKEHNS.

— Peasmmzosannl unciennbie cxembl AT-EBDF-4 j1a s pernenns 3a1a-
YU MOJICJIMPOBaHUS peJlakcalnn 3a (POHTOM YyJIapHOI BOJHBI B TUOPHIHOM
MHOI'OTEMIIEPATYPHOM IPUOJINKEHUN C SIBHBIM U HEfIPOCETEeBbIM HaXOKICHH-

€M peJlaKCallMOHHbIX YJIEHOB.

B Tabsmie 3.1 npuseneHo cpaBHeHne 3(pOEKTUBHOCTU pEIIeHUs 3a-
Jladld B TIOJIHOM IOYPOBHEBOM MPUOIMKEHUN U THOPUIHOM MHOIOTEMIIepa-
TYPHOM HPUOJINKEHUN C IBHBIM U HEHIpOCETEBBIM CIIOCOOOM BBIYUCJICHUS Pe-
JIAKCAIIMOHHBIX 4JIEHOB. BpemeHHble 3aTpaThl Ha pacydeT peslaKCalllOHHbBIX
YJIEHOB OJINBKU K TAKOBBIM TIPU PEIIeHNH 3391 MOJIeJINPOBAHNS ITPOCTPAH-
CTBEHHO-OJIHOPOJIHON KuHeTHKH. TeM He MeHee, BpeMsl, 3aTpadlBaeMoe Ha
HCII0/Ib30BAaHIE YNCJIEHHOI'O METO/Ia B IIOYPOBHEBOM ITPUOJIMKEHIH, BBIPOC/IO
Ha [TOPSJIOK, TOTJIA KaK JIJIsl THOPUJIHON MOJIe/IN 9TH IoKa3aTe I OJIN3KNA. DTO
CBSI32HO C BBICOKOIT pa3sMepHOCTbIO cucreMbl ypasHenuii (3.1)—(3.8), uz-3a Ko-
TOPOI CMJILHO PacTeT BBIYUCINTEIbHAA CJIOKHOCTH PEIICHUS CUCTEM JIMHEi-
HBIX ajirebpanvdeckux ypaBHeHMil. MHororeMiepaTypHbIii 110JIX0/] TI03BOJIsIET
n36e2KaTh TOil MPoOJIeMbI I OKa3bIBAETCs MTOUYTH BJIBOe OoJiee 3P (DEKTUBHBIM

IIpY IBHOM BBIUKMCJICHUU PEJIAKCAIIMOHHBIX 4IEeHOB U B 12 pa3 6osiee adpdek-
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TUBHBIM C ITPUMEHeHneM HefpOHHBIX ceTeil. VI3 9Toro MoxKHO ¢/1e1aTh BIBOJI,
4TO IPU JaJbHERIeM YCJIOXKHEHUN 3a/1a41, HallpUMep [IPU MOJAEJIMPOBAHNUN
IIJIOCKOTO MJIM TPEXMEPHOTO MOTOKA, BBITO/Ia OT TPUMEHEHU ST THOPITHOTO TIO/I-

XOJla 1 HEMPOHHBIX ceTeil MOXKET BbIPACTH €Ill€ B HECKOJILKO pa3.

Tabmuna 3.1 — DddeKTuBHOCTL 1[I0 BpeMeHU pacuera peakcaluoH-
ubix wieHoB (TIM ER), BpeMeHnn, 3aTpadnBaeMoro Ha 9UCJCHHBI MeTOJ
(T'IME,m), n obimero Bpemenn perttennst cucremsl (T1M Eg,s) st 10J1HO-
I'o IIOYPOBHEBOI'O, I'MOPUJIHOIO YEThIPEXTEMIIEPATYPHOIO U IIPEJICKA3aHHOIO

HelfIpOHHOII ceThI0 YeTbhbIpeXTeMIIepaTypPHOI'O 0/ IX0/I0B

TIMER, ¢ | TIME,;m, ¢c | TIME,,, c
State-to-state 1214 1090 2310
4-temperature 1186 80 1270
Neural Network 106 85 190

3.4 PGBYJILTa.TLI YUCJIECEHHOT'O MOJe/INPOBaHMA

[Ipr 4nc/ieHHOM HCCJIeOBaHUKM TEUYCHHUS 3a YyJapHOIl BOJIHOM ObLIN
paccMOTpeHbI cjejylomue yeaoBus B Haberaroriem rnoroke: 1y = 300 K,
p =118 10~ KF/M3, p = 6,66 Ila, uncio Maxa BapbupoBajoch OT 5 10
10. BacenenHocTn KoJiedaTe/bHBIX YPOBHEI IIpejIoJiarajnch paBHOBECHBIMU
(pactipeseniennst Bosbivana ¢ Temiepatypoit rasa 1j).

g Bepudukalmm MoOJIe/N CPABHUM PE3YIbTATDHI, MOJYyJIeHHbIE s
M= 5, ¢ pesysbraramu paboTe [52], rjie B paMKax 4-TeMreparypHoil Mojiesu
npopojuanck pacdersl B makere MATLAB, cm. pucynok 3.2. Jluaun #Ha pu-
CYHKE COOTBETCTBYIOT JIAHHOIT paboTe, cCUMBOJIBI — pedysbratam |52|. Buwo,
YTO TIOJIYUYEeHO XOPOIIlee CorJIace Pe3yJibTaToB, YTO MOTBEPXKIAET KOPPEKT-
HOCTb PabOThI KOJa, OIMCAHHOIO B IIPeJbLAyIlneM pasjese. Kpome Toro, Ha
PUCYHKE NPUBEJIEHBI PE3YJIbTAThI, ITOJyUeHHbIe JIjIs 0oJiee rpyOoii JBYXTEM-
nepaTypHOil MoJiesin KoJiebaTe/ IbHOM PeTaKCaIT ¢ UCTIOIBL30BAHIEM (POPMY.T
Jlanay—Tesutepa jijist pestakcalmonabix 4jieHoB [81, 86]. Pacupeeenne tem-
HepaTyphl, OJIyUeHHOE B paMKaX JBYXTeMIIepaTypHOil MOJIe/IN, CYIIeCTBEHHO

OTJINYaeTCd, pejlaKCallld Ha9YMHaACTCA 3aMETHO II032KE, a IIOJIHOEC paBHOBECHC
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JlocTuraercs panblie. [[ocko/bKy JIByXTeMIlepaTypHas MoJIe/Ib He YIUThIBa-
eT MeXKMOJIOBBIX OOMEHOB SHEPIUU, MOYKHO CJIeJIaTh BBHIBOJ O 3HAYUTE/THLHOM

BKJIa e 9THUX IIPOLECCOB B XapaKTEp pejlaKCallul 3a YAapHbIMK BOJITHaMIH.

2500

—T 4T v T -4T-KKKN
—T,-4T v T -4T-KKKN
——T,4T v T,4T-KKKN
2000 -
——T,-4T v T,4T-KKKN
T-2T-KKKN T,-2T-KKKN

1500
T,K

1000 +

500

Pucynok 3.1 — Pacupeaenenne Temmeparyp 3a (hpoOHTOM YIAPHOI BOJIHBIL.
M=5

Ha pucynkax 3.2-3.4 npejicraBjieHbl paciipejejenns TeMieparyp 3a
dponToM yraapHoit BosHbl npu unciaax Maxa 6, 8, 10. CpaBHuBaioTCs perie-
HUsT, TIOJIyYeHHbIe B PAMKaX [OJTHOTO 10ypoBHeBoro npubsmzkenns (STS), ru-
OPMIHONO MHOI'OTEMIIEPATYPHOI'O C SBHBIM PACUYETOM PEJIAKCAIIMOHHBIX djIe-
HOB (47T) 1 MHOrOTEMITEPATYPHOTO ¢ UCIIOJIb30BaHneM HefipoHHbiX ceteit (NN)
JUT BBIYUCIEHNsT CKOPOCTH KoJiedaTeIbHOl pesakcanuu. s moypoBHeBO-
ro IpuOIMKEeHIsI IPUBOJNTCA TOJbBKO Temieparypa rasza 1. Creayer orme-
TUTb, YTO MOJICJIMPOBAHIE TeUECHHs 3a y/IapHOil BOJIHON B IIOJTHOM IIOYPOBHE-
BOM IpUOJIMKEHNN paHee He IIPOBOIIIOCH. Bo Bcex paccMOTPEHHBIX CJIyda-
X HamboJiee MeIIeHHBIM ITPOIECCOM ABJISIETCS KojiebaTe/bHas PeaKCaIus
AHTUCUMMETPUIHON MOJIbI, & HanboJiee OBICTPBIM — peJiakcalins J1edopMalii-
OHHBIX KoJiebaHuii. C pocToM TeMIlepaTypbl YBEJIUINBAETCs CKOPOCTh V'V o
oOMeHa, UTO BeJIeT K ObICTPOMY OOMEHY SHeprueil Mexkjy 1epBoil U BTOpPOil
mosiamu. [Tosromy ¢ yBesmaennem yucsia Maxa cKopocTb pestakcalui B 9TUX

MO/JaX BbIpaBHHUBaECTCH.
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1500 H
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Pucynoxk 3.2 — Pacnpejiesienne temmepatyp 3a (ppoHTOM YJIAPHOI BOJIHBI.

3500 - —T-4T w T-NN
v T,-NN
T.- NN
3000 - M
v T,-NN
2500
2000 M M
T,K
1500
1000
500
0 -7 -6 -5 N4 -3 N2 -1 ~0 A1
10 10 10 10 10 10 10 10 10

X,m

Pucynok 3.3 — Pacupenenenne Temmeparyp 3a (hpoOHTOM YIapPHOI BOJIHBIL.
M= 8.

Kaxk moka3zaJio CpaBHEHHNE PE3YJILTATOB, BCE PaCCMOTPEHHDBIE 110IX0/bI

JIAIOT OJIM3KHUE pacipejie/ieHus TeMiepaTyp 3a yJIapHoil BOJIHO, cpejiHee n
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Pucynok 3.4 — Pacnpejiesienne temmepatyp 3a (ppoHTOM YJIAPHOI BOJIHBI.
M= 10.

MaKCHMaJIbHOE OTJINYHE OT STAJOHHOrO ToypoBHeBoro pemienust (STS) co-

CTaBJIAdET

— M = 5: cpeanee orkiaonenne 3%; MakcuMasbHOe oTKI0HeHHe 9%.
— M = 6: cpeanee orkiaonenue 3,5%; MakcuMaJbHOE OTKJIOHEeHME 7%.
— M = &: cpeanee orkaonenne 3%; MakcuMasbHoe oTKaoHenue 6%.

— M = 10: cpeanee orkionenue 2,5%; MakcumasbHoe oTkionenue 4%.

s 6omee HuU3KMX 4nces Maxa 3HaUYeHHE MaKCHUMAJbHOI OTHOCHTEILHOIM
ONMMOKM BBINIE, HO a0COJIOTHBIE 3HAYCHUS OTHOCHUTEIBHDLIX ITOIPEITHOCTEl
OJIM3KN JIJIT BCEX TECTOBLIX ciydaeB. [Ipm 3ToM mOCTUTHYTHIN TP pereHnn
3aJ1a91 BBLIUTPLIIIT B IPOU3BOIUTE/THLHOCTH OKA3BIBAETCs CYIIECTBEHHBIM, ITO
MOJITBEPZK/IAET MEePCIEKTUBHOCTD NUCIOJIb30BAHNS MHOTOTEMIIEPATYPHBIX MO-
Jesnieft B KOMOMHAITNHT ¢ HEIPOCETEBBIM PACUYETOM CKOPOCTH PETAKCAIIN.

Ha pucynke 3.5 npuBejeHbl 3nadenns KOOPAUHATHI L, TpU KOTOPBIX
TeMIepaTypa ra3a aCuMITOTUYECKN JJOCTUTAeT PABHOBECUS B 3aBUCHMOCTH OT
aucyia Maxa. Cpasauatorcst noyposresoe n 4T perenns (st 4T momesu
¢ SABHBIM pacdeTOM pPeTaKCAIMOHHBIX UJIEHOB W ¢ MPUMEHEHHEM HefPOHHBIX

ceTell pe3ysbTATHI COBIAIAIOT). PaceMoTpera pas3indHasi MOrPerHOCTh MPH
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— 471 - - - STS-1
——4T-5 - - - STS5
. ——4T-10 - - - STS-10

Pucynoxk 3.5 — Jljnuna pejrakcalinoHHOM 30HbI Kak GpyHKIMs dncia Maxa.

BBIXOJIe Ha PABHOBECHE; II0JIaraeTcs, YTO Pa3HUIla MeXKIy TeMIlepaTypaMu Ha
NpeabIIyIeM 1 HocaeayioneM 1mare e npesbimaer 1, 5 m 10 K. Bennauna
L MoxKeT XapaKTepu30BaTh JIJINHY PeJaKCallnOHHONl 30HbI, PACCUUTAHHYIO C
pasnoii crenenbio Tounoctu. CiejlyeT OTJIMYATh ITY BEJUIUHY OT ITUPUHBI
bpoHTa yIapHOI BOJIHBI, H3MepseMOil 9KCIepUMeHTaIbHO [122], MoCKOIbKY
B ITOCJIE/THEM CJTydae B OCHOBHOM YUIUTLIBAIOTCH 3(P@EKTHI BA3KOIO ras3a, a He
pesaKkcalnoHHbIe porecchbl. AHaInu3 puc. 3.5 MoKa3bIBAET, UTO JJINHA PesIaK-
CAIMOHHOI 30HbI B I1€JIOM yMeHbITaeTcsd ¢ pocToM M, 9TO CBA3aHO C BO3pac-
TAHNEM CKOPOCTHU KoJiebaTeTbHON pestakcallii MPU BHICOKUX TeMIIepaTypax.
EcTb nebosbias pasnnia MexK 1y TOyPOBHEBLIM 1 UeTHIPEXTEMITEPATY PHBIM
pelreHneM B 3aBUCUMOCTHU OT Pa3HON BeJIMIuHbI norpeniHoct. OHaKO B 1e-
JIOM HaOJTIOJIAeTCA Y/IOBJIETBOPUTEIHLHOE COTJIACHE PE3YJIbTATOB, YTO ellle pa3
MO/ITBEPXK TaeT SKBUBAJEHTHOCTD TTOJTHOTO MTOYPOBHEBOIO M TUOPUJIHOTO MHO-

roreMIiepaTypHoro I1o/Axo/0B.

3.5 BriBoabl no I'itaBe 3

Pa3pa6OT&HHbIG B IIEPBLIX JIBYX IVlaBaX IIOJAXOJbI IIPDUMCHCHDbLI IJI
YHUCJIEHHOI'O MOAE/IMPOBaHUA TE€YCHMHA YIVICKHCJIOIO I'a3a 3a [1IJIOCKOIA yAap-

HOI1 BOJIHOM NPHU pas/ndHbIX 4nciax Maxa Haberarornero IoToKa. 3alllca-
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HbI CUCTEMbI ypaBHEHUI OJIHOMEPHOI'O YCTAHOBUBIIEIOCS TEYEHUSI C YIETOM
HECKOJILKIX KaHaJIoB KoJIieDaTeTbHON peslakcalluil B MOJTHOM TTOYPOBHEBOI 1
ruOpuIHOI MHOTOTEMIIepaTypHOiT TocTaHoBKaxX. [l perrennst mpod/ieMbl BbI-
COKOIl »KeCTKOCTH crucTeM auddepennuaabiblx YPaBHEHN MMpe/JIoKeHa MO-
nundukarust dnciaernoit cxembl AT-EBDF-4, nosBosiuBiias cripaBuThCs ¢ Bbl-
COKOIT 00YCJIOBJICHHOCTBIO CUCTEMBbI, 3aKJII0YAIOIIASICA B UCIIOIb30BAHII METO-
Jla TIOAMATPUIL JIJIs PEIIeHNs] CUCTEM JIMTHEHHBIX aredpaniecKnxX ypaBHeHUi.

BbL1 peann3oBan TpOrpaMMHbBII KO, TIO3BOJISIONINIT BHITOJTHATH MOJIe-
JINpOBaHNe TeYeHNUs YIVIEKUCIOr0 ra3a 3a (DPOHTOM ILIOCKON YJIapHON BOJTHBI
JIJIsl TIOYPOBHEBOI'O U YeThIpEXTeMIIepaTypHbIX pub izKenuii. Briepsbre mpo-
BeJIEHO MOJIeTNPOBAaHNeE TeUYeHNs 3a YIapHOIT BOJIHON B TTOJTHOM TTOYPOBHEBOM
npubmykenun. [Iposejiena ornerka ToOYHOCTU U 3PHEKTUBHOCTU MOy YEHHBIX
pe3yibTaToB. [IpoBesieno cpaBnenue ¢ paboraMu JIPYTIUX aBTOPOB, MOKa3bIBa~
folee, YTO OTKJIOHEHWE TTOJTYUEeHHBIX PEeNIeHnil He MPEBBIaeT MOIPEITHOCTH
BbIUKC/IeHU. ['"HOpUIHBII YeThIpexTeMIIepaTyPHBI TOIXO0/, HCIIOIb3Y Il
HelfipoceTeBOil c110c00 BBIYMC/ICHUS PEJIaKCAIIMOHHBIX YJICHOB, TOKa3a/l HaM-
JIydIIne pe3yabTaThl 10 BpeMeH! ITPU COXPAHeHNH TOTHOCTH MOJIETNPOBAHUSI.

Uzydeno Bausinue KojaebaTebHOM peslakcarm 3a (hpOHTOM yIapHOi
BOJTHBI Ha MaKpoIllapaMeTphbl MOTOKa. PaccMaTpuBalch CKOPOCTH pesiaKca-
UM TI0 OTJICJIbHBIM MOJIAaM B THOPUTHOM MHOIOTEMIIEpATYPHOM IPUOJINZKE-
HIU, & TaKKe OleHKa JIJINHBI pe/laKCallnOHHOM 30HBI JIJId pa3HbIX unces Ma-
Xa, Haberalomero MoToka; MUPHHA YAAPHOI BOJIHBI YMEHBITAETCS ¢ POCTOM
gncia Maxa. [lokazana BaxKHas poJib MEXKMOJIOBOIO 0OMeHa B IIPOIecce pe-

JIAKCaIuH.
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SakKJIIouYeHue

B pabote mpeiioxKenbl HOBbIE 3 MEKTUBHBIE MTOJIXO/IbI K MOJICTUPOBAa-
HUIO TeYEHUI YIVIEKNCJIOrO rasa ¢ y4eTOM CJIO’KHOU HEepPaBHOBECHOU KUHETH-
KH, BKJIIOYAIONIENl BHYTPUMOJIOBBIE U MEXKMO/JIOBbIE OOMEHBI KoJiebaTeIbHOil
SHEprueil U pasjindHble COOTHONIEHUS XapaKTePHbIX BpeMeH KoJiebaTebHOil
pesakcalnn. buutu BbIJeIeHbI OCHOBHBIE KaHaJ bl dHeprooomena B COy mpu
KoJiebaTeTbHO peTakcalui. 3anucanbl 3aMKHYThle CHCTEMbI YpaBHEHUI IS
Pa3/IMIHBIX COOTHOIIEHNI XapaKTEePHBIX BPEMEH IIPOIECCOB 0OMeHa KoJieha-
TeJIbHOM SHEprueii: B IOyPOBHEBOM HMPUOJIMZKEHUS U THOPUIHOM MHOTOTEMITE-
paTypHOM MPUOMKEHNN, OCHOBAHHOM Ha OCPEHEHUN MOYPOBHEBLIX PeJIaK-
CAIIMOHHBIX YJIEHOB.

OcHoBHOE BHUMAaHNE OBLIO YyJI€JE€HO ITOBBIIECHUIO TPOM3BOINTE/IHHO-
CTU YHCJIEHHOTO MOJie/InpoBanus. Pabora 1ia B HECKOJbKUX HAIIPABJICHUX.
[lepBoe HalpaBjeHIe CBA3aHO ONTUMU3AINENH BBIYUC/IEHUS KOI(DDUITMEHTOR
CKOPOCTHU TIEPEXOJIOB SHEPIuu. BbUIM NPeJIOYKEHbI PA3JIMIHbIC CTPATEIHH:
pacrapaJsiie/IMBaHue 10 PeaKIusM U ¢ JIONOJHUTEIbHBIM Pa3dreHneM pacué-
TOB Ha HECKOJILKO TIOTOKOB BHYTPH KaKJIOi peakiiumu, rnpumenenne 3hdek-
TUBHOIl CTPYKTYPHI JIaHHBIX, UCIIOJIb30BaHue TOUHBIX (hopMys SSH-Teopun u
AIlMPOKCUMAIINil, TIOCTPOEHHBIX Ha OCHOBe perpeccuu dopmys SSH-teopun.
[IpoBejieHo 0OyUeHne MIPEJIOXKEHHBIX PErPECCUOHHBIX MOJIe/Iell J1jIsd BeexX TH-
IIOB SHEPIOINEPEX0JIOB U BCEX PACCMATPUBAEMBIX KOJIEOATETbHBIX COCTOSTHUIA.
Anan3 pe3ysabTaToB MOKa3aJj, ITO ¢ TOYKH 3PEHUs] ONTHMAJIBHOI'O COOTHO-
nmeHust 3hPEKTUBHOCTU U 00'beMa 3aTpadnBaeMbIX PECYyPCOB, HarboIee mpeji-
HOYTUTETbHBIM ABJISIETCS UCIIOJIB30BAHNE CTPYKTYPbI JIAHHBIX, BKJIIOUAIOIIEt
cxXeMy IapaJsiieJIbHBIX 110 PeakIusaM BbluucaeHuil. Takum odpaszom, ObLIT pas-
paboTaH MHCTPYMEHT JI/IsT TIOBBIIIIEHNs TPOU3BOINTEIHLHOCTH YUCIEHHOIO MO-
JIeJINPOBAHNsT HEPABHOBECHBIX TEUEHUT YIVIEKIICJIONO I'a3a B IIOJHOM IIOYPOB-
HEBOM TTPUOJINKEHITH.

[lepcnieKTUBHBIM MPOJIOJIZKEHIEM PAOOTHI TI0 TIEPBOMY HAIIPABJICHUIO
SIBJISIETCsl BBIUMCJIEHUE I0JIHONO Habopa Ko PUIMEHTOB Iepexog0B Kojeba-
TeJIbHON 9HEPruu 10 MOJIEJIN HAIPYKEHHOT'O MapMOHUYIECKOTO OCIILIATOPA
(FHO) u nosyuenne anmpoKCHMAaIHOHHBIX (DOPMYJI HA OCHOBE IPEJIOKEH-

HOT'O perpeccuonHoro nojxona. Mogeiabr FHO sapisiercst 6ojiee coBpeMeHHOi
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1 TOYHOII 110 CpaBHEHMIO ¢ MOjebio SSH, onHako nMeer KpaiiHe BBICOKYIO
BBIYUCIUTEIBHYIO CJI0XKHOCTD. [loyduenne anmpokcumManmii KoadpGumeHTon
ckopocTu odmeHoB 1o mojiesin FHO jgacT Bo3MOXKHOCTD 10JIydaTh DoJjiee TOU-
HbIE PE3YJIbTaThl MOJICINPOBaHUsT HEPABHOBECHBIX TEUCHUIT YIJIEKUCJIONO ra3a
[P CPABHUMBIX 3aTpaTaX. Tak:ke B IIePCIIEKTUBE BO3MOYKHO II0JIyUeHUe Ha-
O0pOB IOYPOBHEBLIX KOI(MDPUIIMEHTOB CKOPOCTU XUMUYECKUX DPEeaKInii JIJIsI
Pa3JINIHBIX CMeCeii.

CJie Iy oM 3TaroM pabOThI SIBJISIETCS PA3BUTHE YNCJICHHBIX METOJI0B
JIUISL PelieHst 3a/a1 O IPOCTPAHCTBeHHO oHOopoaHOol petakcanun COy u Te-
YeHUI yIVIEKICJIOr0 ra3a 3a IJIOCKIMHI YIapHbIMU BoJiHaMU. JIJIsT perenms 3a-
JIa9H B ITOJIHOM II0YPOBHEBOM IIPUOJINKEHUN ITPOBEJICH aHAJII3 YNCJIEHHBIX Me-
TOJIOB PEIeHNsl »KeCTKUX CUCTEeM OOBIKHOBEHHBIX JinddepeHInajibHbIX ypaB-
nenwnii. [Ipemioxken MeToj ajanTuBHbLIX maros s cxembl EBDFE pacimpen-
HOTO MeToJia ['upa, pa3paboTaHa napaJuiebHasi Bepcust MeTojia. [IpoBeeHbr
OIIEHKU TOYHOCTU U 3(PDEKTUBHOCTU pa3pabOTAHHBIX CXEM, Ha OCHOBE aHa-
JIN3a PEKOMEHJIOBAHO MCIIOJIb30BaHNe IapPasIIe/IbHON CXeMbI C &JIallTHBHBIM
marom JeTBepToro nopsjka rounoctu AT-EBDF-4.

JI1s1 TIOBBIIIEHUST TTPOU3BOAUTE/IHLHOCTH MOJIEJIUPOBAHIS KUHETHKH
CO4 zajjaua ObLIA pelleHa ¢ UCIOIb30BaHIEM I'MOPUJIHOIO YeThIpexTeMIlepar-
TYPHOI'O IPUO/IMKEHHsI, OCHOBAHHOI'O Ha OCPEJIHEHNN II0YPOBHEBBIX PEIaKCar-
[IUOHHBIX YJIEHOB 1 He UCIIOJIL3YIOIIEro TPaINIINOHHBIX IPUOIKEHHBIX (DOP-
myst Jlangay—Tesiepa s pacdera CKOPOCTH KoJjiebaTebHON peJslaKCallli;
JIAHHBII 110JIX0J] COXPaHSIeT OCHOBHBIE IIPEUMYIIECTBA IIOYPOBHEBOI'O MOJIC/IU-
POBAHMUSI, IIPK STOM UICJIO YPABHEHUI B CHCTEME COKPAIAeTCs ¢ HECKOIbKIX
ThICSY J10 1ecTu. [lokazaHa SKBUBaJIEHTHOCTD PEIIeHUi, 0y YeHHbIX B 110JI-
HOM 1oypoBHeBOM 1 4T npuO/IMKeHusixX, IPOBeJIeHO CpaBHEHUE C Pe3y/ibTa-
TaMU JIDYTUX aBTOPOB, IIOKa3aBIllee Xopollee coBlajieHne perteHuii. Tem me
MeHee, IIPOU3BOAUTE/NLHOCTE 4T MoIe/ I OKa3bIBaeTCsl JINIIL HEMHOI'O BBIIIe
110 CPABHEHHIO C IIOYPOBHEBBIM IIOJIXOJIOM, U JIJIsI UCIIOJIb30BaHUsI 9TOIO IO/~
X0JIa B MOJIEINPOBAHUN OoJiee CJIOXKHBIX 3a/1a4 (JIByMEPHBIX U TPEXMEPHBIX)
TpedyeTcs JabHelInass OnTUMABAIIIS.

C »270i1 11e/1bI0 OBLIM PACCMOTPEHBI Pa3/INUHbIE CTPATErHU ITOBbIIIEe-

Hust 3pdpexTuBHocTU 4T MOI€/IM € TOMOIIBIO METO/IOB UCKYCCTBEHHOI'O NHTEJI-
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JiekTa. [lokazano, 4To npuMeHeHne HefipOHHBIX CeTell K HeIlOCPeICTBEHHOMY
pemennio auddepeHnnaJ bHbIX YPaBHEHN HE JIAeT »KeJIaeMOro pe3yJsIbTaTa.
HauboJiee nepcreKTHBHBIM OKa3aJ/icst HefipoceTeBOil MOIX0/L K PacieTy CKOPO-
cTH KoJjiebaTe/IbHOI peslakcalliid B THOPUJIHON MHOIOTEMITEpaTyPHOI MOJIEIIH:
CKOPOCTD PeIeHnsI 3a/ia9il yBeJINIIIach 0ojiee ueM Ha MOpsioK. OxKuaaer-
Cst, 9TO B 60JIee CJIOKHBIX (MHOTOMEPHBIX) 3a/1a9aX 1 [PU yIeTe XUMIIECKUX
peaxIuili BLIMIPHIII OyieT ere 060J1ee CyleCTBeHHbIM.

Mzyuen nporiecc KosebaTe/IbHO peslakcalliil B ITPOCTPAHCTBEHHO O/I-
HOPOJHOM YIJIEKHCJIOM ra3e IPU pa3/IMIHbIX HavdabHBIX YCIOBHUSX, & TaK¥Ke
HepaBHoBecHble TeueHns COs 3a yaapHBIMU BOJTHAMU IIPU PA3IUIHBIX YCJIO-
BHAX B HaberaroleM noroke. [fokazano xopoiiiee corjiacue pemeHnii ¢ pe3yJib-
TaTaMi JIpyruxX aBTopoB. lIpojieMoncTprupoBana BbICOKas TOYHOCTD TOJIX0/Ia
K pacuery CKOpOCTU pejiakcaiun B pasandabix Mogax COg ¢ UCIIO0JIB30BaHIEeM
HEPOHHBIX CeTeil 1 3aMeTHOEe YCKOPEeHNEe PacueTOB.

B pasbHeiinem mpejnosiaraeTcsd HHTerpalns paspadoTaHHOro Heifipo-
CETEeBOTO T10/IX0/Ia B COUETAHUN ¢ MHOTOTEMIIEPATYPHBIMU MOJIEJIAMUI JJIsT MO-
JIeJITPOBAaHUS JIBYMEPHBIX M TPEXMEPHBIX TedeHuil. Fine oJHuM 1epCreKTuB-
HBIM HallpaBJIEHUEM $BJIAETCS peasin3aliisd aHaAJOTHIHOTO MOX0/1a /I MHO-
POKOMITOHEHTHBIX cMeceii (5- 1 11-KOMITOHEHTHBIN BO3/IyX, CMECh JTHCCOTNN-
PYIOIIEro yIJIEKHUCIOT0 Ta3a); 9TO MO3BOJIUT MI0-HOBOMY TOIONTH K MOJIe/IH-
POBAHUIO JIBUKEHHS CITyCKaeMbIX allliaparoB B arMmocdepe 3emsm u Mapca
1 yUecThb JleTaJbHYIO IIOYPOBHEBYIO KMHETHUKY IIPU PA3yMHOM PACcXOI0BaAHUN
BBIUUCJUTEIbHBIX PECYPCOB.

AKTyaJqbHOCTHL W BOCTPEOOBAHHOCTH TEMATUKU HUCCICIOBAHUSI I10]I-

TBEP:KJIAeTCA TeM, 4YTO OHM ObLIn rnojjep:kanbl rpantamu PODOU, PHD n
CIIoI'V.
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4
INTRODUCTION

Overview of the current state of the issue

Modeling the nonequilibrium kinetics of carbon dioxide is one of
the promising problems of modern physical mechanics. The study of non-
equilibrium processes in carbon dioxide flows and their influence on the
flow parameters is necessary for solving problems of space aerodynamics,
including the entry of space vehicles into the atmospheres of Mars and
Venus. On the other hand, carbon dioxide is the main undesirable product
of human technogenic activity, therefore, in order to improve the ecological
situation, effective methods of its decomposition into components are needed.
In addition, carbon dioxide is actively used in low-temperature plasma
chemistry and laser technologies. Important differences from modeling the
kinetics of air mixtures are the complex mechanisms of vibrational energy
exchanges and the insufficient amount of experimental data to describe
the COy molecule. The presence of several thousand coupled vibrational
states makes detailed state-to-state modeling extremely demanding on
computational resources and, therefore, leads to the need to develop modern
numerical methods and optimize them.

The study of the kinetics of carbon dioxide began to develop actively
in the sixties of the last century and since then has found many applications
in various fields. Modern lasers [1, 2, 3| use theories of continuous and
pulsed systems, which are based primarily on a detailed consideration of
the relevant molecular physics, gas kinetics, COy excitation and relaxation
processes. Astrophysicists are actively studying interstellar molecular clouds
COq [4, 5] to develop the theory of evolution of protostars and comets [6].
In the development of modern materials, processing in COs plasma is used,
while in order to avoid excessive destructiveness of the plasma flow, it is
necessary to study its characteristics |7, 8]. Both theoretical |9, 10, 11, 12]
and experimental [13, 14, 15, 16] questions related to the entry of aircraft
into the atmosphere of Mars and Venus are extremely topical. Leading

scientific centers deal with the issues of carbon dioxide conversion using low-
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temperature discharge plasma and energy pumping into vibrational modes

[17, 18, 19, 20, 21, 22].

The kinetic theory [23] is the most appropriate tool for constructing
reliable theoretical models of nonequilibrium flows, taking into account
physical and chemical transformations. The use of the kinetic theory of
gases makes it possible to build and complete mathematical models of
the flow under conditions of various deviations from equilibrium. This
closure was first carried out by Chapman and Enskog [24] for gases without
internal structure. Subsequently, there were attempts to take into account
the excitation of internal degrees of freedom when calculating the transport
coefficients [25]. In the works of the 1960s-1970s, descriptions of gases with
only a slight deviation from equilibrium [26, 27, 28] were considered. Such
models are inapplicable for larger deviations from equilibrium, in which
energy exchanges and chemical reactions can proceed simultaneously. The
study of nonequilibrium processes with different velocities made it possible
to study strongly nonequilibrium flows by jointly considering the transport
and relaxation equations [23].

Multi-temperature models for the first time made it possible to take
into account strong non-equilibrium, which led to the consideration of quasi-
stationary vibrational distributions [29, 1|. On the basis of these works,
a theory of transfer processes [30] was constructed, and studies of the
kinetics and heat transfer behind strong shock waves [31] were carried out.
A number of experiments on the study of vibrational kinetics have shown
that, under conditions of pumping energy into vibrational degrees of freedom,
the distributions of molecules can differ greatly from the Boltzmann and
Trinor distributions, which leads to the need to use a more detailed model
based on equations for the populations of vibrational levels — the state-to-
state approach |23, 32, 11, 33|. This approach makes it possible to study
various flows in gases, such as flows behind shock waves, in the boundary
layer [34, 35|, in nozzles [36, 37, 38|, etc. Application of the state-to-state
approach to study the kinetics of carbon dioxide for the first time proposed
in [39] for several lower vibrational states, and in full formulation in [32, 40].

Modeling the state-to-state kinetics of carbon dioxide is hampered primarily
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by computational costs due to the need to solve a system consisting of

thousands of equations. Another difficulty is the need to calculate a huge
number of coefficients of energy transition rates from one energy level to
another, characterizing the kinetics of CO4 oscillations. For their calculation,
semi-empirical methods are used, as well as calculations based on the Schwarz-
Slavsky Herzfeld (SSH) theory obtained from the approximate first-order
perturbation theory [41]. More accurate calculations of the energy transfer
rate coefficients can be provided using the theory of forced harmonic oscillator
(FHO) [42, 43, 44] or methods of quantum mechanical and quasi-classical
trajectory calculations [45, 46, 47, 48|.

The mneed to reduce computational costs when simulating
nonequilibrium COs flows led to the construction of several multi-
temperature models that take into account intermode exchange and
anharmonicity [49, 50, 51, 44]. The main problem in the use of
multitemperature models is the correct simulation of the rate of vibrational
relaxation, taking into account various types of energy exchange. In the
hybrid four-temperature model developed in [52], it is proposed to calculate
the relaxation terms based on the averaged state-to-state rates of processes,
because of this, the model retains accuracy, but loses computational
efficiency. One of the main areas of research in this dissertation work is
devoted to improving the performance of calculations using the [52] model.

In the numerical simulation of the kinetics of carbon dioxide, the
problem of the rigidity of the systems of equations arises. When solving
such systems, the numerical method used must be accurate and have a
wide stability region [53]. In recent years, much research has focused on
the development of numerical methods based on the highly stable inverse
differentiation formula (BDF) introduced by Gear (BDF) [54|. The most used
modifications are based on the numerical differentiation formula NDF [55].
Another approach to modification, which has low computational complexity,
is to predict the value of the finite difference of the order of (k+ 1) [56], due
to which the method becomes more accurate, almost maintaining stability.
An extension of this approach is the Extended Gear Method (EBDF) and the
Modified Extended Gear Method (MEBDF) [57, 58, 59]. Both methods use
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two-point predictions and implicit multi-step adjustment to achieve stability
[60]. Finally, the best results are shown by a complex algorithm in which
predictions in the extended Gear method are performed using the NDF
approximation [61, 62|. This approach is used in the present work, has high
accuracy and efficiency, and also allows for the possibility of parallelization.

Along with traditional numerical methods, in recent years, an
approach has gained popularity that consists in training neural networks
in order to use them as a solver of systems of differential equations
|63, 64, 65, 66, 67]. In such methods, neural networks are trained on the
basis of a number of numerical solutions to a system of differential equations
and allow one to efficiently calculate solutions to systems for various sets of
input parameter conditions with a high degree of reliability |68, 69]. Although
this approach is inapplicable in solving the problem of level kinetics due
to the high dimensionality of the system, it seems promising to use it for
multitemperature models.

In addition to the explicit use of neural networks for solving systems of
differential equations, machine learning methods can be used to find local flow
parameters or to approximate various characteristics. Thus, in [70], neural
networks were used to interpolate the quantum exchange rate coefficients
in nitrogen and chemical reaction rates in for the kinetics of the excimer
laser for the HCI molecule, to simulate the XeCl laser [71| and to find
the transfer coefficients for helium, argon, and in air mixture [72, 73]. [74]
considered the applicability of such machine learning methods as k-nearest
neighbors (k-NN), regression analysis, and gradient boosting to the problem
of modeling the rate of vibrational relaxation in an Os-O mixture. For the
No-N mixture, [75] considered an even wider range of approaches including
support vector machine (SVM), k-NN, Gaussian process analysis, regression
analysis (GP), random forest (RF), extra random trees (ERT), multilayer
perceptron networks (MLP), etc. However, when modeling the kinetics of
carbon dioxide, the use of machine learning methods in the literature was
practically not found. The only attempt was in |[76] and related to the spectral

clustering of energy levels.
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This work is devoted to the issues of increasing the productivity of

numerical simulation of nonequilibrium kinetics based on the full state-to-
state and hybrid four-temperature approximations. Regression analysis
methods are proposed for efficient calculation of the coefficients of energy
transition rates and relaxation rates. Numerical methods and methods based
on machine learning have been developed for solving the equations of state-to-
state oscillatory kinetics of carbon dioxide. An analysis of the accuracy and
efficiency of these approaches is carried out in the framework of solving the
problem of modeling spatially homogeneous relaxation and the problem of

the flow of carbon dioxide behind a plane shock wave.

General characteristics and structure of work

Relevance of the topic is due to the need to create software tools for

studying complex vibrational kinetics in carbon dioxide flows. Carbon dioxide
is the main component of the Martian atmosphere, therefore, information
on gas-dynamic processes, taking into account the nonequilibrium CO,
kinetics, is necessary for modeling the entry of space vehicles into the
Martian atmosphere. Carbon dioxide is also one of the main undesirable
products of human technogenic activity, and its conversion is one of the
most important tasks of modern industry and ecology. New methods of
carbon dioxide conversion using low-temperature plasma are based on the
excitation of the antisymmetric mode of CO5 vibrations, therefore, obtaining
reliable information about the nature of vibrational relaxation and the role of
intermode exchange is necessary when developing technologies for reducing
the carbon dioxide content in the atmosphere.

Goal of work:

a) Development of efficient algorithms for calculating the rate coefficients
of intramode and intermode transitions of vibrational energy in carbon
dioxide using regression methods and parallel computing.

0) Improving the performance of numerical schemes for solving the
equations of detailed state-to-state vibrational kinetics, implementing the

developed methods in the program code.
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B) Development of a mneural network approach to improve the

performance of calculating vibrational relaxation rates in various carbon
dioxide modes; implementation of the developed approach and evaluation
of its effectiveness.

r) Simulation of spatially homogeneous relaxation of carbon dioxide,
taking into account intramode and intermode exchanges of vibrational energy
within the full level and hybrid multitemperature approaches, as well as using
neural networks; study of the features of the relaxation process under various
conditions.

1) Numerical modeling of carbon dioxide flows behind a plane shock
wave, taking into account various relaxation channels in full state-to-state
and hybrid multi-temperature approximations; assessment of the accuracy
and efficiency of the neural network method in solving a one-dimensional

problem.

Reliability of the results is determined by the use of rigorous
theoretical models of non-equilibrium flows based on the kinetic theory
of gases, and well-proven numerical methods for solving stiff systems of
differential equations; comparing results obtained with different approaches;
systematic estimates of the errors of approximation formulas and results
obtained within the framework of the neural network approach; agreement
between the results of modeling the kinetics of carbon dioxide and the results
of other authors.

Scientific novelty of the research is as follows:

a) Regression analysis methods are applied to obtain a complete set of
rate coefficients for intramode and intermode exchanges of vibrational energy
in carbon dioxide.

6) Possibilities of parallel calculation of vibrational relaxation rate in full
state-to-state approximation are studied.

B) For the first time a stage-by-stage optimization of numerical
simulation of non-equilibrium flows using a state-to-state approximation was

carried out; optimization includes reducing the dimension of the system of
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differential equations with the subsequent use of neural networks to calculate

the averaged relaxation terms in the resulting equations.
r) An analysis of the accuracy and performance of the neural network
approach in the numerical simulation of non-equilibrium carbon dioxide flows

with several vibrational relaxation mechanisms has been carried out.

Scientific value of the dissertation is as follows:

— A method for obtaining approximations of the rate coefficients of
nonequilibrium physical and chemical processes based on regression analysis
is proposed; this method can be applied to arbitrary data sets obtained from
experiment or theoretical models of varying complexity.

— A parallel data structure is proposed for optimal calculation of
vibrational energy transition coefficients in complex polyatomic molecules.

— A neural network method for calculating the averaged per-level
vibrational relaxation rates has been developed, suitable for use in multi-
temperature models; this method can be easily generalized to the case of
more complex kinetic schemes taking into account chemical reactions.

— Numerical modeling of the zero-dimensional problem and one-
dimensional carbon dioxide flows was carried out taking into account the full
level kinetics and reduced hybrid approaches; the applicability of simplified
models and the possibility of a significant increase in the efficiency of

numerical calculations are shown.

Practical value of the dissertation is as follows:

— A significant increase in performance has been achieved in the
numerical simulation of zero-dimensional and one-dimensional problems of
gas dynamics, taking into account the complex mechanisms of detailed
state-to-state oscillatory kinetics of carbon dioxide.

— Recommendations are given on the choice of algorithms for parallel
computing to obtain a complete set of rate coefficients for vibrational energy
exchanges in polyatomic gases, including up to several million elements.

— A program code has been developed for numerical simulation of

nonequilibrium carbon dioxide flows, which implements parallel algorithms
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and a neural network approach to calculating the rate of vibrational

relaxation of various modes.

Provisions submitted for defense:

a) Approximations of the rate coefficients of carbon dioxide vibrational
energy transitions based on regression analysis.

0) Parallel data structure that allows to significantly optimize the
calculation of the full set of vibrational energy exchange rate coefficients
for polyatomic molecules.

B) A method for calculating the averaged per-level rates of vibrational
relaxation based on a neural network approach; The proposed method
significantly increases the productivity of numerical simulation of
nonequilibrium flows of polyatomic gases in the framework of a hybrid
multitemperature approach, while retaining the main advantages of state-to-
state simulation.

r) Results of numerical simulation of nonequilibrium carbon dioxide
kinetics in the problem of spatially homogeneous relaxation; assessing the
accuracy and efficiency of hybrid models supplemented with neural networks
for calculating the rate of oscillatory relaxation.

1) Results of numerical simulation of carbon dioxide flows behind
plane shock waves using full state-to-state and hybrid multi-temperature

approaches.

Publications. The results presented in the dissertation were published
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1 Algorithms for calculating the energy transition

rate coeflicients and relaxation terms for the
CO5 molecule

The first chapter considers the main properties of the COy molecule
and discusses the most probable channels for the vibrational relaxation of
carbon dioxide. Models of various complexity for describing nonequilibrium
COy flows are considered. Various theoretical methods for calculating
the rate coefficients of energy transitions are described and compared. A
regression method is proposed for obtaining approximations of the transition
rate coefficients and obtaining a complete set of required coefficients.
Efficient parallel schemes for calculating relaxation terms in the equations

of vibrational kinetics are considered.

1.1 Characteristics of the CO5, molecule

Accounting for nonequilibrium kinetics in polyatomic molecules is
of paramount importance in modeling nonequilibrium flows. Moreover, the
kinetic theory of polyatomic molecules is described much worse than the
theory of diatomic or monatomic gases. The main reason for this is the
presence of several vibrational modes, which leads, on the one hand, to the
appearance of additional relaxation channels that can significantly affect the
gas flow, and, on the other hand, to an exponential increase in the number of
energy levels depending on the number of modes, which significantly increases
the computational costs for modeling.

Let us consider the COy molecule in detail. Carbon dioxide is a
polyatomic gas with a linear symmetrical structure. In the ground electronic
state, the COs molecule has three vibrational modes shown in Fig. 1.1: a
symmetric valence mode (frequency vy), a doubly degenerate deformation
mode (frequency 1s), and an antisymmetric mode (frequency v3).

For a carbon dioxide molecule, the internal energy is expressed as the

’I“Ot,ililéig)

sum of its rotational (5j vibr

and vibrational (5z’1il2 ;,) energy:

t,i11bi ;
e gioils y uitr (1.1)
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where i1, i}, i3 are vibrational quantum numbers corresponding to symmetric,

deformation, and antisymmetric COs modes, [ is an additional quantum
number describing the projection of the moment of deformation vibrations
onto the axis molecules, 7 — rotational level.

In this paper, the anharmonic oscillator model is used to calculate
the vibrational energy of a carbon dioxide molecule [77]. For this model,
the vibrational energy of the COy molecule at the energy level (iy,db,1i3) is

calculated by the formula:

3 d 3 3 d d
Eiyitiy = he (Z W, (im + é”) +> ), (zm + 7’”) (zn + 7”) +
m=1

m=1n>m

3 3 3
+ZZnynnl(im+d7m> <¢n+%> (z’ﬂ—%)

m=1n>m [>n

3
tapl® + > yfn”z'mz?> , (1.2)

m=1

where h is Planck’s constant, ¢ — the speed of light, wf,, z7,., v5., —
spectroscopic constants characterizing the frequency of vibrations and their
anharmonicity, d,, is the degree of degeneracy of the m-th vibration. The
values of the spectroscopic constants for the COy molecule are given in the
table 1.1. For non-degenerate oscillations d,, = 1, i.e. dy = d3 = 1. The

second mode of the COy molecule is doubly degenerate, so dy = 2.
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Table 1.1 — Spectroscopic constants of COs molecules |78]

0 ~1 0 ~1 0 ~1 0 ~1
s CM T, CM Ypngs CM Zj;, CM

w) =1345.04 | 29, = =3.63 |4, =0.13 |2}, =29, =
wd=66725 |20 =344 | yl, =008 | =29 =0.775
w§ = 2361.71 | 25, = —0.635 | y¥3 =0

iy = —19.28 | 3%y = —0.07
19 = —12.51 | ylyy = 0.02
295 = —12.56 | 4%, = 0.01

W

Yoa3 =0
Y33 = 0.07
Yhss = 0.01
Y953 = 0.015

To build multi-temperature models, the energy counting from the
ground vibrational state (0.0°.0) is often used. Then the formula (1.2) is

rewritten as:

m=1n>m

+ Z Z Z Ymntminty + 2l + Z it 2) 0

m=1ln>m [>n

For the COs molecule, an important property is fulfilled, which
consists in the fact that the frequency of the second mode is close in

magnitude to half the frequency of the first mode:
W ~ 2wy (W) = 1345.04cm ™!, 2wy = 1344.5cm ™). (1.4)

Such a resonance between frequencies causes a mutual perturbation of the
vibrational terms, which is expressed in their displacement, is called the Fermi
resonance and is described in |77, 79]. Resonant interaction occurs between
states of the same symmetry: (i1, 15,43) and (i; — 1,4, + 2,43). As a result of

this effect, in carbon dioxide molecules, a rapid exchange of quanta occurs
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between the symmetric and deformation modes, leading to the establishment

of a quasi-equilibrium distribution over the vibrational levels of these modes
[50, 49, 80]. There are also resonances of higher orders. This type of resonance
occurs in many molecules, for example, in COS, CSy, CHy, CDy, CoHy, etc.

As noted above, the anharmonic oscillator model is used to calculate
the vibrational energy. In this case, the complete system of energy levels
considered in modeling the kinetics of carbon dioxide is determined by the
condition that the total energy of the three modes does not exceed the
dissociation energy:

Eiitis < Dco,, (1.5)

where Doo, = 8.83859 - 1071? J is the dissociation energy of the molecule.

When the condition (1.5) is met, the numbers of the last excited
levels of each mode of COy molecules with the remaining modes unexcited
are: lco,1 = 34, lco,2 = 67, lco,3 — 20. The total system of energy levels
contains less than lco,1 X lco,2 X lco,3 excited states. However, even in
this case, the number of levels taken into account is more than 8000 for an
anharmonic oscillator, which makes modeling CO, flows in the full state-to-
state approximation a computationally difficult task. In [40], a reduced model
was used with the limitation of the vibrational spectrum by an energy of half
the dissociation energy of the CO5 molecule and a total number of vibrational
states of about 1200. In this paper, both full and reduced systems of energy
levels are considered.

In addition to the anharmonic oscillator model, the oscillatory motion
of a carbon dioxide molecule can be described by a less accurate model of a
harmonic oscillator. The use of such a model makes it possible to reduce the

computation time, since only the first terms are preserved in the expansion

(1.2) [77):

3
1
Eiyinsiz — ]’LCZ Ujfn (’&m + 5) . (16)

m=1
For the model of a harmonic oscillator, the complete system of levels contains
about 6000 vibrational states, which is somewhat less than for an anharmonic

oscillator. However, for strong deviations from equilibrium, the use of the
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harmonic oscillator model can lead to a decrease in the accuracy of the

solution.
In this paper, we use the model of a rigid rotator, so the rotational

energy does not depend on the vibrational one:

rot,ivibiz

J . (1.7)

The conditions under which the influence of chemical reactions, ionization,
electronic excitation and radiation processes on the flow characteristics can
be ignored are also considered.

In the general case, the rotational energy of a polyatomic molecule
depends on the type of symmetry of the molecule under consideration, and
three main moments of inertia about three coordinate axes must be taken
into account. For the carbon dioxide molecule, 1.1 shows the linear structure
of the molecule. It follows from this that the carbon dioxide molecule has
only two rotational degrees of freedom, corresponding to rotation about two
mutually perpendicular axes and, accordingly, only one moment of inertia
will have a non-zero value. Then the rotational energy of the CO5 molecule

using the rigid rotator model can be calculated by the formula [77, 80]:

77+ 1)h?
S J T 1.8
g Sm2l, (18)
where I, is the moment of inertia of the molecule about the axis of rotation

(I, = 7.150128 - 1047 kg-m?).

1.2 Channels of vibrational relaxation of carbon dioxide

In high-temperature carbon dioxide, many different processes can
occur that lead to energy exchange, such as excitation of internal degrees of
freedom, energy exchanges between different modes, as well as dissociation,
recombination, ionization [81, 82|. The most computationally costly is the
simulation of vibrational energy transitions in polyatomic molecules. Since
the presented work is devoted to improving the performance of calculations,
it is precisely the effective methods for modeling the vibrational relaxation of
COg4 that are considered in it. Therefore, conditions were chosen under which

the influence of chemical reactions or electronic excitation of molecules on
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the flow parameters is small. That is, pure single-component carbon dioxide

is considered. Despite such simple conditions, the computational complexity
of modeling kinetics in a state-to-state approximation arises from the need
to describe energy exchange processes for more than 8000 vibrational states.

In pure polyatomic carbon dioxide, the following types of energy

exchange processes can occur:

— VV,,-exchanges of vibrational energies within each m-th mode

A(il,...,im,...,iM)-I—A(kl,...,km,...,kM)\:\
— Alir, o im e iar) + Akt kT ) (19)

— VT,,-exchanges of vibrational energy of each m-th mode with

translational:
Al oy, eyip) + M = Ay, oy £ 1,000 i) + M, (1.10)

where M is an arbitrary collision partner that does not change its internal
state;
— VV,,_r-exchanges of vibrational energies between different modes

within the same molecule:

Al iy ing) + M =
= A(i1, ..., imEn,... i Fn's. . i)+ M, m#k (1.11)

Each of the energy exchanges is a process, the rate of which depends
on the cross sections of collisions of the corresponding types of molecules and
the temperature of the gas in the flow. Depending on the conditions, the
ratios of the characteristic times of the processes may differ.

When studying the kinetics of carbon dioxide, the energy exchange
processes that make the greatest contribution to relaxation are 83, 84| VT
exchanges of translational and vibrational energy in three vibrational modes
and V'V vibrational energy exchanges between modes of a carbon dioxide

molecule colliding with inert partner M:

VT - COQ(il,iQ,ig) + M= COQ(Zl + 1,i2,i3) + M, (112)
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VT : COs(ininyis) + M = COsiy is + 1,i3) + M, (1.13)

VTy : COs(iy,in,is) + M = COs(iyin,iz = 1) + M. (1.14)
VVi_g : COsiy,insis) + M = COs(iy + 1,is F 2,i3) + M (1.15)
VVi_g : COs(iyyinsig) + M = COyir,ip + 3,is F 1) + M (1.16)
(1.17)

VVito_3: COg(il,iQ,ig) + M = COQ(Zl + 1,7;2 + 1,@3 + 1) + M. 1.17

Exact models for the rate coefficients of these processes are the basis for
reliable numerical simulation of nonequilibrium flows; their calculation and
storage leads to large expenditures of computational resources. Velocity
coefficient models and optimization of their calculation are discussed later

in this chapter.

1.3 Models of various complexity for describing non-

equilibrium flows of carbon dioxide

Let us consider a nonequilibrium flow of inviscid, nonheat-conducting
carbon dioxide in the absence of chemical reactions. The degree of deviation
from equilibrium is characterized by the ratios of the characteristic times
of translational, rotational relaxation and various transitions of vibrational
energy. To construct a closed macroscopic flow model based on the
generalized Chapman—Enskog method, it is required to specify a hierarchy of
characteristic times [23|. The more processes occur on the gas-dynamic scale,

the more detailed model is required to describe the flow.

1.3.1 State-to-state approximation

The state-to-state description is valid for the conditions under which

the characteristic times satisfy the relation:
Tir < Trot << Tyibr ™~ (97 (118>

Tir, Tir, Tt — times of translational, rotational, and vibrational relaxation,
6 — time of change of flow macroparameters. Note that in the state-to-
state description, all mechanisms of vibrational relaxation are related to slow

processes.
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A general method for constructing a closed flow model in the presence

of fast and slow processes is built in [23], and as applied to carbon dioxide
flows, in [49]. The set of macroparameters that give a closed description of the
flow is chosen on the basis of a system of additive invariants of fast processes.

In a state-to-state approximation, the set of macro parameters includes

— population of each vibrational level n; ;.
— gas velocity v;

— total specific energy U.

The system of transport equations for these variables is obtained from
the Boltzmann equation and in the zeroth approximation of the generalized
Chapman—Enskog method (for the case of an inviscid, non-heat-conducting

gas) has the form:
dn;

TS v = R (119
d

pd—z +Vp =0, (1.20)
AU

s+ PV v =0, (1.21)

where p is the gas density, p is the pressure, the relaxation term Rffz;m
describes the change in the populations of the vibrational levels of molecules
as a result of vibrational energy exchanges, the values vibrational quantum
numbers %1, %9, 3 change so that the total energy does not exceed the
dissociation energy. The total specific energy includes the contributions
of translational (Fy.), rotational (F,,) and vibrational (FE,;.) degrees
of freedom, while translational and rotational energies are functions of

temperature, and vibrational - — function of populations of vibrational levels:

U= Etr + Erot + Evibra (122)
3kgT kgT
Etr - 577 Erot = 77 mbr — Z €i1,i9,i3Mi1ia,is )

11722713

kp — Boltzmann’s constant, m — mass of the molecule.
The system of equations (1.19)-(1.21) is an analogue of the Euler

equations for an inviscid, non-heat-conducting gas, supplemented by the
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equations of detailed state-to-state kinetics. It should be noted that, in this

approximation, the level populations are not described by quasi-stationary
distributions (Boltzmann or Treanor), but are determined directly from the
solution of the system of equations.

The relaxation terms characterizing the change in the population of
vibrational levels as a result of V1" and V'V exchanges in CO5 molecules are

calculated as the sum of relaxation terms for each of the classes of energy

exchanges:
vibr _ VT1 VT2 VT3 VV1_2 VV2_3 V‘/1_2_3
ivibis — Tirabis T Pivigiy ¥ i T Fivig T it T i (1.23)

To find the values of the relaxation terms for each type of energy

exchange, it is necessary to determine the rate of this process:

vy
i1y nil—l,iz,i3k¢1—1—>i1 + nz‘1+1,z‘27i3/<7i1+1—>i1—
nil,ig,ig(kil—m—l + ki1—>i1+1), (1-24)
VT,
ivinis = Minsia—1isFiy—1—iy + My ig+1,i5 Kig+15iy—
i gy (Kin—sin—1 + Kiysips1), (1.25)
VT,
ivinis = Mivsinis—1Fig—1-i5 + My iy ig+1Kig 105 —
Niy iy is (Kig—ig—1 + Kigig1), (1.26)
VVi_a
ivinin = Tin—Lyio+ 2, Kis—1ia 21,00 T i+ 1,i5—2,i5 Ky +1,ip—2—5i1 i —
Niy iz (Kiyig—iy—1.ig+2 + Kiyinosiy+10—2), (1.27)
VVa_s
i1,inyis ni1,12—37i3+1ki2—37i3+1—>i27i3 + nil,i2+37i3—1ki2+37i3—1—>i2,i3_
nil,ig,ig(kig,i3—>i2—3,i3+1 + kig,i3—>i2+3,i3—1)? (128)
VViea_z
i1,02,93 _nil—l,i2—17i3+1ki1—1,i2—1,i3+1—>i1,i2,i3+

ni1+1,i2+1,i371ki1+1,i2+1,i371%i1,i2,i3 -

iy inis (Kiy gty —iy—Lis—List1 T Kiyiniy—ir 4 List 1is—1),  (1.29)
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where k;, i, i, it ., are the temperature-dependent coefficients of the rate of

energy transitions from levels (iy,i9,i3) to levels (7},i5,i5). The energy transfer
rate coefficients can be found both analytically [85, 1| and using empirical
formulas [86, 87, 88]. The 1.4 section discusses the various approaches to
calculating them in more detail.

In numerical modeling of the kinetics of spatially homogeneous carbon
dioxide or modeling of the kinetics behind the shock front, at each step
of the computational scheme, it is necessary to calculate the values of the
energy transition rate coefficients for each vibrational state for direct and
reverse processes for each type of energy exchange. In other words, for the
entire simulation time, the number of calculated values can exceed tens of
millions. This procedure is the most expensive when implementing a complete
layered model. On the other hand, calculating the relaxation terms after
finding the full set of energy transition rate coefficients is a simple arithmetic
problem. It is impossible to speed up the calculation process algorithmically,
since the calculation is performed for a limited number of floating point
operations: 18 multiplications, 23 additions, 42 array accesses. The use of
any approximations will not give a fundamental acceleration, but may lead
to a loss of accuracy. However, due to the independence of the calculation
of relaxation terms, it is possible to use parallel calculations in numerical
simulation.

For the convenience of further discussion, the set of values of the rate
coefficients VI, VIy, VI3, VVi_o, VV5_ 3, VVi_5_3 energy transitions from
all possible levels found for some given temperature. Also, the set of values

R;’f?{ i for all possible energy levels is called the complete set of relaxation
192

terms.

1.3.2 Hybrid multi-temperature model

The use of a complete state-to-state model causes significant
difficulties due to the need to numerically solve a large number of
differential equations for the populations of vibrational levels. Therefore,
multi-temperature approaches are often used in practice, based on the

fact that the rates of various exchanges of vibrational energy can differ
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by several orders of magnitude, which leads to the establishment of quasi-

stationary vibrational distributions in various vibrational modes |1, 23]. To
model the vibrational kinetics of carbon dioxide, two-temperature and three-
temperature models [81, 49] are most often used. In this case, in the two-
temperature model, the general vibrational temperature of the molecule is
introduced, while in the three-temperature model, various temperatures of
the combined (symmetric and deformation) and antisymmetric modes are
introduced. The right-hand sides of the relaxation equations in the traditional
formulation are calculated using the Landau—Teller model.

The limitations of these multi-temperature approaches are discussed
in recent papers [44, 89, 52|. In particular, in [44] it is shown that the
Landau—Teller model is suitable only for small deviations from equilibrium,
and in [89] it is concluded that taking into account different temperatures
in the symmetric and deformation modes provides the best agreement with
results of full layer-by-level modeling. In connection with the foregoing, this
paper considers a four-temperature model.

The four-temperature model is based on the assumption that
intramode VV vibrational energy exchanges are fast processes, while all

intermode VV exchanges and VT transitions are slow:
Ttr < Trot < TVV,, << TVV,, . < TVT, "~ 0. (130)

Thus, in comparison with the three-temperature model, the assumption of
fast intermode VV;_o exchange, which can make a significant contribution
to the population distribution [89], is not used.

Under the condition (1.30), the set of macro parameters includes

— gas velocity v;
— total specific energy U;

— temperatures of all vibrational modes T3, 15, T3.

In this case, the populations of the vibrational levels are no longer
macro-parameters of the flow, but are given by the quasi-stationary
distributions of Treanor (for an anharmonic oscillator) or Boltzmann (for

a harmonic oscillator). The Treanor distribution in carbon dioxide has the
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form [89]

i1,in,i3 — - X
Hinfa Zvibe (T 11,T5,T5)

€iyigiz — (1€1,00 + 2€01,0 + 93€0,0.1)
exp | — T
B

11€1,00 12€010 13001
00 _ 1R0LD _ BR0010 (g3
ksTy ksl @%)’( )

where n is the number density of the gas, s;, 4,4, = 72 + 1 is the vibrational

statistical weight, ZV"" is the corresponding vibrational partition function

vibr E :
Z (T7T17T27T3) = 8i17i27i3 X
11,02,13

€iyinsis — (11€1,00 + 12€0.1,0 + 93€0,0.1)
exp | —

kpT

11€1,00 2€010 13001
00 _ 2010 TR0 (30
kgTi kgTs kgTs ) ( )

For a harmonic oscillator, the first terms under the exponent are equal to
zero, and the distribution becomes the Boltzmann distribution.

Thus, the populations of the vibrational levels and, consequently, the
specific vibrational and total energies are functions of the gas temperature

and all vibrational temperatures:
Nisinsis = Mirin,is (111, 12,13),  Eyipe = Euire (117,13, T3), (1.33)

U=U(TTT;).

The system of equations for macroparameters is significantly reduced
and contains the continuity equations, the laws of conservation of momentum
and energy, supplemented by relaxation equations for the specific numbers

of vibrational quanta in various modes W,,:

dp

v=0 1.34
dv
- = 1.
dU

p H PV V=0, (1.36)
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dWh
— =R 1.37
dt 1 ( )
dWs
e 1.38
dWs
0 1.
o Rs, (1.39)

The specific numbers of vibrational quanta W, in the mth mode are

introduced as follows:

Wil TN T Ts) = ) iy iy, M = 1,23, (1.40)
i1,in,i3

im — vibrational quantum number corresponding to m-th mode. It should
be noted that the introduction of the total specific energy U and the specific
number of vibrational quanta W,, in each vibration mode as macroscopic
variables is equivalent to the introduction of the gas temperature T" and three
vibrational temperatures of the symmetric, deformation and asymmetric
modes of molecules COy T7, T5, T;.

An important feature of the presented multi-temperature (4T) model
is the refusal to use the Landau—Teller formulas for calculating the relaxation
terms R,,. In this model, they are calculated based on the averaging of the
state-to-state relaxation terms considered above:

Ry= Y inRM . m=123. (1.41)

i1,

Such a hybrid approach was proposed in [52| and generalized to the case
of flows with chemical reactions in |90]. The advantage of the approach is
a good agreement between the results of modeling nonequilibrium carbon
dioxide flows with the results of full state-to-state modeling, as well as a
significant reduction in the number of differential equations: from several
thousand to 6. However, the disadvantage of the hybrid approach is the high
computational costs when calculating relaxation terms, comparable with full
layered approach. This significantly reduces the efficiency of the 4T model
compared to the traditional ones based on the Landau-Teller approximation.
The possibilities of optimizing this 4T model using the neural network

approach are discussed in the next chapter.
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1.4 Rate coefficients of intramode and intermode

vibrational energy exchanges

To simulate the vibrational relaxation of carbon dioxide when solving
the system (1.19)—(1.21), it is required to calculate the values of the energy
transition rate coefficients for all levels in each of the vibrational states. In
some situations, it is possible to use experimental data [86, 91, 92, 87, 93],
however, these data are limited exclusively to lower states, low temperatures
(less than 2000 K) and do not describe all types of exchanges (there are
data for VT o, VVy_3, VV1_5_ 3 exchanges, there are no experimental data
for other transitions required when solving the problem in a state-to-state
formulation).

In recent decades, semiclassical trajectory calculations (QCT) [45, 94,
95, 96, 47, 48] or quantum mechanical calculations [97| have become a reliable
method for finding energy exchange rate coefficients. However, there are
practically no QCT results for the processes occurring during carbon dioxide
collisions, since the modeling of potential energy surfaces in polyatomic gases
is a very difficult task. A brief review of works devoted to determining the
rate coefficients of transitions of the vibrational energy of COy molecules is
given in [98]. It is worth mentioning the results of the group of the University
of Perugia (Italy) obtained for several transitions in COs [47, 48|. However,
the problem of applying these results is that the transitions calculated using
QCT do not always correspond to the transitions observed experimentally.
In addition, the complexity of semiclassical or quantum mechanical modeling
makes it impossible to use them in serial calculations of nonequilibrium flows.

Thus, in the absence of QCT results or experimental data, one has to
use approximate theoretical models. There are several models for determining
the probabilities of vibrational energy transitions in a collision. Analytical
methods for determining the probabilities of vibrational energy transitions
are discussed in [85, 1]. The simplest model to implement is based on the first
order perturbation theory (Schwartz, Slavsky and Herzfeld model, SSH) [41];
the original theory was constructed for molecules with a harmonic vibrational
spectrum, but there are generalizations to the case of anharmonic oscillators

[99]. The model gives simple formulas relating the transition probabilities
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P71 at the upper levels to the transition probabilities P'7% between the

first excited state and the ground state, with the transition probability P1—°
is a function of temperature and can either be calculated theoretically or
obtained from data on the relaxation times of the corresponding processes.
In [100, 101, 102], a more rigorous model of a loaded harmonic oscillator
(Forced Harmonic Oscillator, FHO) is proposed, based on the solution of
the Schrodinger wave equation. This model makes it possible to take into
account the anharmonicity of the vibrational spectrum; its advantages lie
in the fact that it is valid at high temperatures and is also applicable to
multiquantum transitions. The model is widely used in modeling diatomic
gases [103], however, its application for polyatomic gases is limited by
high computational complexity: to calculate the probability of each of the
hundreds of thousands of transitions, a numerical solution of a nonlinear
algebraic equation is required. The first attempts to implement the FHO
model for carbon dioxide are considered in [44, 104]. In this paper, models
that are simpler from a computational point of view are used. However, the
computational optimization algorithms developed in the dissertation do not
depend on the transition rate model used and can be easily generalized to
the case of the FHO model.

Consider one of the most common models based on the first order
perturbation theory — the Schwartz, Slavsky, Herzfeld SSH [41] model. In
this model, the coefficients of the transition rate from the initial state i to

the final state f can be found by the relation:
kiny = 2P, (1.42)

where Z is the particle collision frequency and P~/ is the transition
probability. For polyatomic gases, the initial and final states are determined
by the sets of quantum numbers (i1, is,...,4y) and (f1, fo,..., fm). The
transition probability is calculated depending on whether the transition is
resonant or not.

In the case of resonance energy exchange, at AE = ¢; — ey — 0, the
probability is given by the formula [41]:
82 pkpT

Pléf:VZ(Z%f)W,

(1.43)
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here p is the reduced mass of colliding particles, a* = 17.5/r¢, r¢ is the gas-

kinetic radius of interaction, kg is the Boltzmann constant, V — - interaction
potential.

For non-resonant energy exchange AFE # 0:

P =V2(ip — f1) . V(i — f) ¥

8T UAE]’ 032 exp(—0)
0.394 1.44
T | ety
where 13
24 (AE)*p AFE
= — + 1.4
7=3 <(aﬁ)2h2k31ﬂ) 2hpT (1.45)

the sign "+" is put if the total vibrational energy decreases (AFE > 0), the
sign "—" when AF < 0.
The interaction potential included in (1.43) and (1.44), depending on

the type of transition, is determined by the relations:

V(ip = i) = 1, (1.46)
o . [h(im+05£05)1"2
V(i = ip £ 1) = —a Ay, { Ry ] : (1.47)
o Wiy + 14 1) (i, £ 1)
+2) = (a*4,,)? 1.4
V(im = im ) = (a"Ap) 167°M,, v, ) (1.48)
o Wi + 1.5 2 1.5) (i =& 2) (i £ 1)7%7
m m + - - >|<14m s
V(iy — i 3) (cv ) [ S Mo ,
(1.49)

here M,, is the reduced mass of the m-th mode oscillator with oscillation

frequency v, = cw?,, the expansion coefficients A,, take the values:

8 1 3
A1:ﬁ, A2:§, Agzﬁ.

Note that finding the full set of reaction rate coefficients using the
exact formulas of the SSH theory is extremely computationally expensive,
which is caused by the huge number of coefficients that need to be calculated
at each step of the numerical method and stored in memory. Somewhat
more efficient is the use of approximations built on the basis of experimental

data |87, 93|. However, such data are completely insufficient to construct
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a complete set of coefficients for a fixed temperature value. Moreover, the

experimental data cover a small temperature range, from 300 K to 2000 K.
Even more efficient is the use of the SSH-theory coupling formulas

[12],[13], generalized for carbon dioxide:

VT kijv1-i, = k100—000(i1 + 1), (1.50)
VT5 ¢ kiyr1-i, = Koto—o00(i2 + 1), (1.51)
Vs kigv1-i, = koo1—o00(is + 1), (1.52)
VVio t kij41iy—iyip+2 = K100-020 (i 4+ 1) ; DG + 2)7 (1.53)

(i2 + 1)(@2 + 2)(i2 + 3)(23 + 1)
| )

VVico_ gt Kiytlig+1is—isinsis+1 = K110—001(21 + 1)(i2 +1)(i3 +1).  (1.55)

VVo_s 1 Kiyt3.iy—sinis+1 = K030-001 (1.54)

w

To find the complete set of energy transition rate coefficients in the
temperature range under consideration, it is necessary to obtain the values of
the coefficients for transitions between the first excited states and the ground

state: k100-000(T"), ko10-000(1"), Koo1—000(T") , K100—020(T), Koz0—001(T),
k110-001(T). In this paper, these coefficients are found from the formulas

of the SSH theory.

1.5 Regression methods for improving the performance of

calculating reaction rate coefficients

As already noted, the calculation of a complete set of reaction rate
coefficients using the complete SSH model is a laborious and costly process.
Therefore, it was proposed to approximate using the regression analysis of
the values of the coefficients found using the formulas of the SSH theory [41].

Regression analysis is a method of modeling kr data based on
measurements, with assumptions about the form of functions. Such
assumptions are a function of the regression dependence of f(w,T") on the
independent variable T"

kr = f(w,T) + p, (1.56)

where 4 is an additive random variable with zero mathematical expectation,

w are the parameters of the function f. The function f is called a regression



30
model. It is often assumed that the random variable p has a Gaussian

distribution with zero mean and finite variance. The task of regression is
to find the optimal w parameters for which the regression model gives the
most accurate approximation. In other words, if pairs of values (7;,kr,)
are calculated in advance, the solution of the regression problem is an

optimisation problem:

W= argmin;(kn — f(w,T}))> (1.57)

w
2

Classical approaches to solving the problem of nonlinear regression are the
Gauss-Newton method [105], the Levenberg-Marquardt algorithm [106] and
the conjugate gradient method [107]. The most suitable method for solving
such an optimization problem is the Levenberg-Marquardt algorithm, since
this approach is the least sensitive to the initial approximation.

To carry out the regression analysis of the coefficients of the energy
transition rates, regression models were used in the form similar to the

approximations of the experimental data [87]:

ET

k10 = 105 AT (1.58)

where the constants A,, are found by regressing the values of the coefficients
obtained using the SSH theory [108]. These regression models are obtained
by expanding into a series of sub-exponential expressions in the formulas
1.42-1.49. Such a series expansion can contain a different number of terms.

By transforming the regression model 1.58:

kT
logo7— = > AT (1.59)
1—0 "

the problem reduces to polynomial regression with respect to 7/3,

The regression was carried out on the basis of a sample of explicitly
calculated values of the coefficients obtained using the SSH theory using the
SciPy library. The sample was generated separately for each energy level for
random temperatures from 400 K to 5000K and had a size of 200.

On fig. 1.2-1.7 the summed over all energy levels standard deviations

of the coefficient values obtained using the formulas of the SSH theory and
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Fig 1.2 — Relative error in approximations of the V'Tj-transition rate factor

when using 2, 3, 5, 10, and 15 terms in the 1.58 expansion.
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Fig 1.3 — Relative error in approximations of the V'T)-transition rate

coefficient when using 2, 3, 5, 10, and 15 terms in the expansion.

approximated by (1.58) over the temperature range from 400K to 5000K
for regression models containing 2, 3, 5, 10 or 15 terms under the exponent.
The use of approximations with 10 and 15 terms gives a large deviation from
the exact values for some energy levels. This is caused by overfitting the
regression model. When using regression models with 3 terms, the standard
deviation is the smallest, and the approximation error is 3%. The maximum
approximation error is 5% and is achieved at low temperatures (300 K —

450 K). Thus, the approximation error does not exceed the error of the
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Fig 1.4 — Relative error in approximations of the V'T3-transition rate

coefficient when using 2, 3, 5, 10, and 15 terms in the expansion.
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Fig 1.5 — Relative error in approximations of the V'Vio-transition rate

coefficient when using 2, 3, 5, 10, and 15 terms in the expansion.

SSH-theory formulas, and such optimization will not reduce the accuracy,
but will reduce the time required for calculations by half.

It should be noted that the proposed regression method can be used
for any other model of reaction rate coefficients or a set of experimental
data, while the time to obtain a complete set of coefficients using regression
will not actually change. Since the use of the exact FHO model is much
more expensive compared to SSH (recall that the reaction rate coefficients
are found not from analytical formulas, but from the numerical solution of a

nonlinear algebraic equation), the gain for the FHO model can be 1-2 orders
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Fig 1.7 — Relative error in approximations of the V'Vjo3-transition rate

coefficient when using 2, 3, 5, 10, and 15 terms in the expansion.

of magnitude. In further studies, it is planned to obtain approximations of the
vibrational energy exchange rate coefficients based on the FHO model. Also,
the proposed regression algorithm can significantly increase the efficiency of
calculations in gas mixtures with chemical reactions, for which the number

of different reactions increases by tens and hundreds of times.

1.6 Parallel Algorithms for Calculating Relaxation Terms

Another possible way to improve the performance of numerical

simulation is the use of parallel algorithms. The paper considers various



34
approaches to the parallel calculation of the energy transition rate

coefficients. First of all, we studied the basic parallel calculation of coefficients

for each reaction (see fig 1.8) in a separate thread.

VT,

Fig 1.8 — Basic parallel calculation of coefficients for each reaction.

In addition, parallel calculation of coefficients for each reaction (see
fig. 1.9) in several threads (extended parallelization) was considered. In this
case, for each process, the set of calculated values is divided into three equal
parts, and each of these parts is calculated in a separate thread. Splitting
into more threads does not provide any time gain, because the overhead of
splitting is more than directly counted. This approach, although it gives an
increase in computational performance for the problems under consideration,
is difficult to generalize when considering other mixtures due to the need to
use a large number of cores.

Another way of parallel computing is based on using the parallel data
structure described in [109]|. This data structure uses one-time initialization
of computational threads and keeps threads waiting between computations,
which allows for more efficient computations. Briefly describe the data

structure as follows:

a) The data structure stores the complete sets of energy transition rate
coefficients, relaxation terms and populations in a linearized form. This
allows for fast allocation and deallocation of memory, as well as copying.
In addition, vectorization is available for linearized data, i.e. the possibility

of simultaneous execution of the same type of independent operations.
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thread1
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thread3

Fig 1.9 — Advanced parallel calculation of coefficients for each reaction.

6) When using the numerical method, the sets of relaxation terms are not
created anew, but are updated during the calculation. This is due to the fact
that when using numerical methods within one step of the method, changes
in the relaxation terms will be insignificant. Therefore, before updating the
set, an assessment is made of the need for such an update based on the change
in temperature since the previous update of the set. A threshold of 1 K is
chosen, at which the resulting error does not exceed the calculation error.

B) Updating data in the structure is carried out in parallel, and both
parallelization by processes and extended parallelization were considered.

r) Streams for calculations are allocated once during the initialization
of the data structure and are maintained until the end of the calculations.
Between updates, threads are in sleep mode and are awakened using the
condition variable mechanism. This reduces the overhead of allocating and

freeing threads.

Numerical experiments were carried out to test the efficiency of
parallelization schemes. All calculations were performed on an Intel®) Core™
TM i7-4770k processor. During the experiments, a system with activated
Hyper-Threading technology was used. The experimental results are shown
in Figs. 1.10-1.11. The efficiency of using a serial scheme, a parallel
scheme and a scheme using a parallel data structure is compared. In all
numerical experiments, complete sets of coefficients were constructed for

various random temperatures. The abscissa shows the number of temperature
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values for which complete sets of coefficients were constructed. On the

y-axis — time in seconds. It can be seen that when parallelization is used
to obtain complete sets of coefficients for large arrays of temperatures,
the performance of calculations increases significantly. The cost of direct
calculation of the coefficients according to the SSH model increases linearly
with the increase in the number of temperature points. The use of parallel
computing according to the schemes shown in the figures 1.8, 1.9 significantly
reduces costs, the calculation time is reduced by 2-4 times. The use of
advanced parallelization using multiple threads for each reaction further
reduces computational costs, but increases the requirements for the necessary
computing resources, since it uses three times as many cores. Moreover, when
using both parallel algorithms, the costs still show a linear dependence on
the number of temperature values considered. When using the parallel data
structure described by the author of this thesis in [109], the computational
costs are weakly dependent on the size of the array of temperature values,
which gives a significant increase in efficiency in real problems, where the
temperature changes in each grid cell, requiring recalculation of the full set

of coefficients reaction rates.

184 t’s

Data structure 841 ts Data structure
Parallel SSH 1 ’ Parallel SSH
——SSH ——SSH

K ;Smperatj:; sets ra4:ge ” ” K Tfmperatusr(; sets ra4r:)ge ” v
Fig 1.10 — Efficiency of parallelization for coefficients calculated by
SSH-theory formulas. Left: basic, right: advanced parallelization.

Thus, we can conclude about the effectiveness of using the data
structure proposed by the author in comparison with the direct approach
to parallelization for each of the schemes. On fig. 1.12 shows the time taken
by the data structure to calculate full sets of coefficients for parallel circuits

using SSH theory formulas and approximated formulas, with and without
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Fig 1.11 — Efficiency of parallelization for coefficients calculated from the

obtained approximations. Left: basic, right: advanced parallelization.

additional parallelization. Approximation of the reaction rate coefficients
also slightly increases the calculation efficiency. However, simulation of the
kinetics requires repeated sequential calculation of the population values and,
accordingly, the relaxation terms, which can lead to error accumulation. In
the chapters 2 and 3, the influence of the use of approximation formulas on
the whole on solving the problems of modeling the spatially homogeneous
relaxation of COs and relaxation behind the shock wave front is considered

separately.

Parallel

Full Parallel

Parallel - approximation

Full Parallel - approximation

1t,s

Temperature sets range

Fig 1.12 — Comparison of data structure efficiency for different approaches.

Summing up, it can be noted that from the point of view of the optimal
ratio of efficiency and expended resources, the most effective is the use of a

data structure that uses a scheme of calculations parallel in reactions. The
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coefficients at zero levels can be calculated from the full SSH theory or from

the obtained approximations, depending on the required accuracy:.

1.7 Conclusion of chapter 1

This chapter discusses the main characteristics of the carbon dioxide
molecule, models for describing the energy levels of the molecule. The
main channels of energy exchange in CO, during vibrational relaxation are
identified. Closed systems of equations are written for various ratios of the
characteristic times of vibrational energy exchange processes: in a state-to-
state approximation and in a hybrid multi-temperature approximation based
on averaging of state-to-state relaxation terms.

A comparison is made of various methods for optimizing the
calculation of energy transfer rate coefficients, such as parallelization over
reactions and with additional splitting of calculations into several flows within
each reaction, the use of an efficient data structure, the use of exact formulas
of the SSH theory and approximations built on the basis of regression of the
formulas of the SSH theory . The training of the proposed regression models
for all types of energy transitions and all considered vibrational states was
carried out.

Two parallel circuits and a parallel data structure are proposed and
analyzed for calculating the complete set of energy transition rate coefficients.
The comparison showed that from the point of view of the optimal ratio of
efficiency and the amount of resources expended, the most preferable is the
use of a data structure that includes a scheme of calculations parallel in
reactions.

Thus, tools have been developed to improve the performance of
numerical simulation of nonequilibrium carbon dioxide flows in the full

state-to-state approximation.
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2 Optimization of methods for modeling spatially

homogeneous relaxation of CO,

In this chapter, the kinetics of spatially homogeneous carbon dioxide
is modeled in the full state-to-state approximation and in the hybrid multi-
temperature approximation. Numerical methods for solving stiff systems of
differential equations based on the extended Gear method are considered.
The efficiency of using constant and adaptive time step selection strategies
is compared. The applicability of using reduced schemes of energy levels
is analyzed. The applicability, accuracy and efficiency of optimization of
numerical methods based on the neural network approach to calculating
relaxation terms, as well as the use of neural networks for direct solution

of a system of differential equations, are considered.

2.1 Formulation of the problem in full state-to-state

approximation

The state-to-state approach to modeling the non-equilibrium kinetics
of carbon dioxide is based on solving equations for the populations of the
vibrational levels of three types of vibrations of carbon dioxide molecules
together with the equations of gas dynamics (1.19)—(1.21). When modeling a
spatially homogeneous gas, this system of equations is reduced to equations
describing the change in the populations n;, ;, ., (t) of vibrational levels
(41,i2,43) with time, and the conservation law energy, from which the gas
temperature T'(¢) is determined [52, 110, 84]:

dnil,ig,i (t) vibr :
T3 - Rilvbi2,i3(t)7 tm = 07 te 7lm7 m = 172?37 <21)
U(T, i, i,i,) = const, (2.2)

where Rffbj;l?) are the relaxation terms and U is the total specific energy
calculated using the formula (1.22).

As already noted, this is the most rigorous approach, but it is
extremely computationally expensive, since it requires solving a rigid system
containing more than 6000 first-order ordinary differential equations for the

populations of the vibrational levels of three types of vibrations of the
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carbon dioxide molecule. In addition, it is necessary to calculate hundreds of

thousands of energy transition rate coefficients to find the relaxation terms
in the kinetic equations at each calculation step.

Existing solvers of stiff systems of ordinary differential equations
either do not allow working with systems of this size, or have insufficient
accuracy. The numerical method for solving the stiff system of equations
(2.1)—(2.2) must be accurate over a wide stability region. The methods
proposed by the author for solving this problem are described in [111].

We write the system as a Cauchy problem:

Y_RwD. vl =w 23)
where y is the vector of unknowns, consisting of the population of the levels
and the gas temperature, yg is the initial condition.

To solve this system, we use explicit methods based on the Gear
Method (BDF) introduced in [54]. The BDF method is very accurate but
requires solving a large system of linear algebraic equations. This leads to
high memory consumption in calculations. Therefore, it is necessary to use
explicit methods with comparable accuracy and stability. These methods use
value predictions at subsequent times to solve complex problems and are
known as the extended backward differential formula — EBDF [57]. EBDF
optimization with various predictors was analyzed in [61].

Despite their high accuracy, advanced explicit methods are difficult
to apply due to the need for a large number of steps. To reduce the
computation time, adaptive time steps [56] can be used. In this paper, the
adaptive steps method for the EBDF scheme is constructed. To further reduce
the calculation time, parallel computations are used to find the relaxation
terms and solve the considered systems of linear algebraic equations for the

population of the CO4y vibrational levels.

2.2 Extended Gear Method

In the Gear method of order k, the n-th step is given as follows:

k
Z ajyn+j = AtR(yn—i-k)a (24)
7=0
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where At is the time step.

To improve stability, the BDF scheme was extended to EBDF by
introducing the prediction of the right-hand sides of the equations at the

following points:

k
Z AjlYn+j = AtﬁkR(ymk) + AtﬁkHR(kaH)a (2-5)
j=0

where the coefficients  are taken from [61].
Assuming ¥, Yn+1,- - - sYntk—1 are known, one step of the EBDF scheme

can be divided into substeps:

a) Calculation of the first predictor g,k as a solution to the system of

linear equations:
k
j=0

6) Computing the second predictor ,.x11 as a solution to a new system

of linear equations:
k
Z O5Yntj+1 — AtRn_|_k_|_1. (27)
=0

B) Evaluation of predictors of relaxation terms by solving the equation
(2.7):
Rn+k+1 = R(tn+k+1ygn+k+1)- (2-8)

r) Solution of the system (2.5) with predictions of the values of relaxation

terms (2.8) to obtain the solution ¥, of the EBDF scheme.

Such a scheme has order (k+ 1) and a local truncation error — LTFE
at the n + kth step |61]:

Oék;—l) OR

(41 +2)Y (¢ Apk+3
Qs partz'alty oy ) (n) o )

(2.9)

where C) is the local discretization error (2.4) and Cj is the local

LT Ep i = A2 (B Oy (1—

discretization error (2.5).
Despite the high accuracy of the method, the use of a constant time

step leads to a large calculation time. The explicit algorithm is easy to
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implement and parallelize, but requires additional analysis for each set of

input data to find the optimal time step. To ensure the stability of the
method, the time step must be kept small. The system (2.1)—(2.2) contains
more than six thousand equations. Because of this, using a constant time
step would require millions of algorithm steps and huge computation time.
Therefore, to optimize calculations, it is necessary to use a variable time step.
The choice of an adaptive time step makes it possible to achieve the desired

accuracy at a relatively low computational cost.

2.3 Adaptive time step

The adaptive time step strategy is based on estimates of local

sampling errors (2.9) [56]:
LTE, .= Atk+2¢(yk,tk) + O(Atk+3). (210)

Based on this estimate, a Richardson extrapolation can be constructed.
This extrapolation allows choosing the largest time step with an error not
exceeding LTFE, ;. The appropriate rate and T'OL tolerance are specified

by the user. The result must meet the "error per step"criteria:
| LT E, ]| < TOL. (2.11)

Based on this criterion, if At decreases to vAt, then the value of LTFE,
decreases to Y**2LTE,. Thus, the largest value of v for which the local

discretization error satisfies the "error per step" criterion is given by:

TOL \©
vV = — . 2.12
! (\ILTEMI) (2.12)

If the estimate of the LT E norm at step n + k is less than the tolerance,
then the time step can be increased to At, .1 = YAt . The global error
of these schemes is less than TOL- N, where N is the total number of steps.

The time step selection algorithm can be formulated as follows:

a) finding solution y1, ...y, and time step At,;
6) holding an EBDF schema step;

B) calculate LT FE,, estimate;
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r) calculation of 4 based on Richardson’s extrapolation;

1) calculation of the "optimal"time step for the next step in the EBDF

schema.

An EBDF scheme with such a time step selection algorithm (adaptive
timestep extended backward differential formula — AT-EBDF) allows solving
stiff systems of differential equations with a given accuracy. However, this
approach requires a lot of time and memory. In this regard, it is advisable to

use parallel computing to optimize calculations.

2.4 AT-EBDF parallel version

Parallel data structures and distributed algorithms are used to
optimize the numerical simulation of carbon dioxide kinetics. The most
expensive in terms of time and memory in the AT-EBDF scheme are the
steps associated with: 1) calculation of relaxation terms and 2) calculation
of predictors and unknowns y obtained from solving the corresponding linear
systems of equations.

The determination of the relaxation terms is based on the calculation
of the energy transition rate coefficients. An efficient parallel data structure
for storing and calculating velocity coefficients was proposed in our previous
work [109] and described in the chapter 1. This data structure uses piecewise
linear data storage and one-time allocation of threads, which makes it possible
to calculate full sets of energy transition rate coefficients using formulas of
SSH theory, without excessive time spent on accessing data and initializing
parallel computations.

To solve linear systems, the method of simple iteration is sufficient.
Using explicit matrix inversion for a system of this size is more
computationally complex and requires sparse matrix tools. Also, the simple
iteration method has a natural way to parallelize [112]. Based on these
optimizations, the AT-EBDF algorithm has been converted for parallel
computing. In general terms, the main algorithm of the Parallel AT-EBDF
scheme is shown in Fig. 2.1. All linear systems are solved using the parallel

sparse matrix inversion method based on the submatrix method. The
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Fig 2.1 — Basic algorithm of the parallel extended Gear method with

adaptive time step.

relaxation terms are evaluated using an optimal data structure based on

SSH theory formulas.

2.5 Numerical experiment

We developed our own program code in C++ for solving problems of
spatially homogeneous relaxation in the full state-to-state approximation, in

the hybrid multi-temperature approximation. Implemented in the code:

— Complete calculation of energy transfer rate coefficients based on
SSH theory, calculation using coupling formulas (1.50)—(1.55), calculation
using approximation formulas ( 1.58). Approximation formulas for the energy
transition rate coefficients were pre-trained in Python using the scilearn
library and then integrated into the code.

— Sequential, process-parallel, and extended parallel calculation of
relaxation terms in full state-to-state approximation, as well as parallel data

structure.
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— Sequential, process-parallel, and extended parallel calculation of

relaxation terms in a hybrid four-temperature approximation, as well as a
parallel data structure.

— Numerical schemes EBDF-3, EBDF-4, EBDF-5, AT-EBDF-3, AT-
EBDF-4, AT-EBDF-5 for solving the problem of modeling spatially
homogeneous relaxation in full state-to-state and reduced state-to-state
approximations.

— Numerical schemes AT-EBDF-4 for solving the problem of
modeling spatially homogeneous relaxation in a hybrid multi-temperature

approximation with explicit determination of relaxation terms.

Numerical experiments were carried out to check the efficiency of the
computational scheme. All calculations were performed on an Intel®) Core™
TM i7-4770k processor. During the experiments, a system with activated
Hyper-Threading technology was used. Of the available 4 cores and 8 threads,
3 cores and 6 threads were used in parallel calculations. The schemas were
implemented in C++ using POSIX threads.

The experiment compared various £ BD F-schemes:

— EBDF-3, EBDF-4, EBDF-5 — schemes with a constant time step and
orders of accuracy 3, 4, 5, respectively;

— AT-EBDF-3, AT-EBDF-4, AT-EBDF-5 — schemes with adaptive time
step and orders of accuracy 3, 4, 5;

— parallel AT-EBDF-3, AT-EBDF-4, AT-EBDF-5 — parallel circuits

with adaptive time steps and orders of accuracy 3, 4, 5.

All schemes used a parallel data structure to calculate the rate
coefficients of energy transitions. To analyze the effectiveness of the
algorithms, the problem of modeling the spatially homogeneous relaxation
of carbon dioxide was considered. The system of equations (2.1)—(2.2) was
solved jointly with the equations for relaxation terms (1.23)-(??). Initial data
for modeling: gas temperature Ty = 1000 K; pressure Fy = 10000 Pa; the
initial populations of the vibrational levels are determined by the Boltzmann
distribution with the vibrational temperature Ty, = 5000 K. The initial
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tolerance is calculated based on the local sampling error of the EBDF schemes

with a time step equal to 1079, 1078, 10~ 1%.
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t, sec t,sec
Fig 2.2 — Gas temperature. Fig 2.3 — Energy level populations.

The simulation results are close for all considered computational
schemes. Below are the results obtained using the Parallel AT-EBDF-4
scheme. Fig. 2.2 shows the change in temperature during the entire relaxation
process for the circuit with an accuracy based on TOL = 107% On
fig. 2.3 shows the ratio of the population of certain levels to the total
number density for the levels (0,0,0), (2,2,2), (5,5,5), (7.7.7), (10, 10.10). The
number of molecules with low energy states increases, while the populations
of high energy levels decrease with time. For the level (2,2,2) one can
see a nonmonotonic change in the population. The resulting solution is
qualitatively in agreement with the results of [89]; it is given here to illustrate
the correctness of the solver. A detailed discussion of the simulation results

is provided below in the 2.9 section.

Table 2.1 — Average time for calculating one step in the circuits under

consideration (in ms)

EBDF-3 | EBDF-4 | EBDF-5
Circuit with constant pitch 330 340 340
Adaptive Pitch 2240 2250 2250
Parallel circuit with adaptive pitch 565 570 570

Table 2.1 shows the average time spent on calculating one step of the

algorithm for different schemes. The calculation time of one step is close for
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each type of time step. When using a constant time step, the calculation of

one step is faster, but many more such steps are required, as will be shown
below. The adaptive steps are several times more expensive, due to the use
of two estimates for the relaxation terms, the solution of three systems of
linear algebraic equations, and time step extrapolation. Using parallelization,
you can significantly reduce the computation time for the adaptive time step.
Also, the use of this scheme for GPU computing is quite natural for increasing
the computation speed.

The 2.2 table shows the number of steps for circuits with constant and
adaptive time steps. When using a constant time step, the required number of
steps increases significantly as the required accuracy increases. For adaptive

time step designs, significantly fewer steps are needed to achieve the same

accuracy.
Table 2.2 — Number of steps for schemes with constant and adaptive time
steps.
Accuracy | EBDF-3 | AT-EBDF-3 | EBDF-4 | AT-EBDF-4 | EBDF-5 | AT-EBDF-5
106 1.5-108 1476 3.6-10° 1311 7.1-10% 1198
1079 5.5- 108 1556 4.4 -107 1401 2.1-10° 1362
10712 7.2-10% 1721 2.4-10° 1492 3.7-108 1502

Based on the results of numerical experiments, it can be concluded that
different AT-EBDF schemes give similar results in terms of time. The AT-
EBDF-3 calculation takes 15

2.6 The problem of spatially homogeneous relaxation
of carbon dioxide in the hybrid multi-temperature

approximation

Modeling the nonequilibrium kinetics of carbon dioxide in the full
state-to-state approximation, although it is the most accurate approach,
requires solving a system of thousands of equations even when considering a

pure gas. When studying a gas mixture, the number of equations to be solved
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will increase with the number of gas components. To reduce the dimension

of the problem being solved, the hybrid multi-temperature approach [52]
described in Chapter 1 can be used. In this approach, the equations for
the population of each of the energy levels are replaced by three relaxation
equations for the number of quanta in each vibrational mode. As a result,
the system of differential equations describing the spatially homogeneous

vibrational relaxation of the gas is represented in the form

dWin(t)
dt

U(T,11,15,T5) = const. (2.14)

=R,, m=123, (2.13)

To solve this system of differential equations, the AT-EBDF-4 scheme
was used. This scheme was chosen primarily to compare the effectiveness of
the considered approaches. The solutions obtained in the full state-to-state
and hybrid 4T approximations practically coincided. The maximum error
does not exceed 4

Evaluation of the effectiveness of the hybrid model compared to the

tiered one showed that:

— The time for solving the problem in full state-to-state approximation
takes 1500 seconds on average. Of these, an average of 1130 seconds is spent
on the calculation of the relaxation terms;

— The time to solve the problem in the hybrid four-temperature
approximation takes an average of 980 seconds. Of these, an average of 890

seconds is spent on calculating the relaxation terms.

Thus, despite the reduction in the dimension of the system of
equations from more than 6000 to six, the real gain in time is less than
two times. This is due to the complexity of calculating the relaxation terms
in the hybrid multitemperature approximation. To overcome this problem, it
was decided to study the possibilities of using machine learning algorithms
to optimize calculations when solving the system of equations (2.13)-(2.14).

A more detailed comparison of simulation results will be presented in
the 2.9 section.
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2.7 Application of neural networks for solving differential

equations

The first chosen strategy involved the application of artificial
intelligence methods to the direct solution of a system of differential
equations. The classic way to optimize the solution of a dynamic system is to
replace the solver with a neural network trained on a number of solutions. In
a joint work [113] with V.A. Poletansky and T.O. Evdokimova, a study was
made of the applicability of neural networks for solving differential equations
of various types. The influence of the basic topology of the neural network
on the accuracy of training is considered. We also compared the training

accuracy of the neural network for various modifications, such as:

— use of various optimizers;

— normalization of input variables;
— use of various activation functions;
— apply log-exp transformation;

— apply shortcuts.

Consider a differential equation in its most general form: N f = 0,
where N is some differential operator. Let’s represent the solution in the

form of a neural network

flx W) = f(x, W1,..W,,) = o(W,...o (Wao (Whiz))). (2.15)

y,=/ (Zxr-w,] y.=/ [ijw}-] y=r (Zkak}

Fig 2.4 — Schematic representation of a neural network
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Then the loss function is defined as follows:

Loss = LoSSporder + L0SScquation: (2.16)
where
1 & )
Lossborder - ﬁb Zl‘f(xz) - yz” ) (217)
i=1
1
_ NE
Lossequation - Ff ZHNf(tZ)H ) (218>

{z1,...,xN,} — points on the boundary of the region, {yi,...,yn,} — values of
the initial conditions at these points, {¢1,...,ty,} — points inside the region.

Then the learning problem is presented as:

argming, Z Loss(f(x,W),y). (2.19)
Y

[113] shows the efficiency of this approach for systems of ordinary
differential equations and systems of partial differential equations. However,
in the case of rigid systems, it is necessary to take too large a sample of
values and train for a large number of epochs, which leads to the problem of
overfitting: situations when the neural network makes accurate predictions
on elements from the test sample and huge deviations on the remaining
values. An alternative approach to speed up kinetics modeling is to use
artificial intelligence algorithms to quickly perform computationally complex

numerical method steps, such as calculating relaxation terms.

2.8 Artificial intelligence methods for computing

relaxation terms

The use of various artificial intelligence algorithms for modeling the
kinetics of a binary mixture Ny /N and a five-component air mixture No,
Oy, NO, N, and O in full state-to-state approximation was considered in
[114]. It has been shown that machine learning methods are significantly less
sensitive to an increase in the dimension of a system of differential equations

than traditional numerical algorithms:
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— for a binary mixture described by 51 equations, the increase in the

speed of calculations due to the use of machine learning was insignificant —
within 10%;

— for a 5-component mixture (about 150 equations), the time for solving
the system using traditional methods has increased by almost 300 times; at
the same time, the approach based on machine learning methods did not

actually change the speed of work.

An analysis of the possibility of using machine learning methods to
predict the values of relaxation terms in the system of equations for the
complete state-to-state kinetics of carbon dioxide (1.19)—(1.21) showed that
this approach will not give a positive effect, since the number of calculated
relaxation terms asymptotically equals the number of actions performed
when they are explicitly calculated. Thus, it is more realistic to improve
the algorithm for modeling the kinetics of carbon dioxide in the hybrid
4-temperature approximation by approximating the values of the relaxation
terms.

The most common approaches for approximating functions using

artificial intelligence algorithms are:

— regression analysis;
— methods based on the k nearest neighbors (k-NN) method;

— neural network approach.

Finding a regression model that makes it possible to achieve a
high accuracy of approximation for the relaxation terms of each of the
modes is an extremely difficult task due to the strong nonlinearity of the
temperature dependence of these values. Simple linear and nonlinear methods
are applicable in a narrow temperature range (and the interval does not
exceed 50 K). Therefore, thousands of simple regression models need to be
trained to cover the entire four-dimensional temperature range, and using
this approach will not be more efficient than direct calculation.

[74] considered the applicability of approximations based on the
k-NN and Gradient Boosting methods for calculating relaxation terms when

modeling the kinetics of a binary mixture in a state-to-state approximation.
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According to the results of the comparison, the approach based on k-NN

proved to be the most effective in calculations based on the coefficients of
the energy transition rates according to the computationally expensive FHO
model. However, when using the economical SSH theory, explicit calculation
turns out to be much more efficient than the considered machine learning
methods. Since the SSH model and approximations based on its regression
are used in this work, it was concluded that it is inappropriate to use the
k-NN and Gradient Boosting methods.

Let’s consider another strategy based on the neural network approach
proposed by the author in his dissertation [115]|. According to the Universal
approximation theorem [116], an artificial feedforward neural network
(networks with acyclic topologies) with one hidden layer can approximate
any continuous function of many variables with any accuracy. The conditions
for such an approximation are: a sufficient number of hidden layer neurons,
a successful selection of weights between input neurons and hidden layer
neurons, weights between connections from hidden layer neurons and an
output neuron, and biases for input layer neurons.

Three neural networks with the following topology were used for

numerical experiments:

— a single-layer network topology model with direct access was used,
due to the fact that the neural network is used as a regression model,

— input layer size corresponds to the number of input variables — 4
temperature values;

— output layer size corresponds to the number of sought values — one
relaxation term for the corresponding vibrational mode;

— hidden layer consists of 100 neurons for the first and second modes
and 200 for the third,

— hyperbolic tangent was used as an activation function.

A schematic representation of the network topology is shown in 2.5.

To train neural networks, samples were generated consisting
of approximately 5,000,000 temperature vectors (7T, Ty, T, T3) and
their corresponding relaxation terms (Ry(T,11,15,13), Ro(T,11,15,T3),



Fig 2.5 — Neural network topology graph.

R3(T,11,T5,T3)). These vectors were chosen based on the distribution density
of temperature values arising at the steps of solving the problem of
modeling spatially homogeneous carbon dioxide in the four-temperature
approximation. The neural network was trained in Python using the scilearn
library.

The trained neural network makes it possible to obtain predicted
values of relaxation terms that are close to exact for temperatures far from
the boundaries of the interval on which training was carried out. The figure
2.6 shows the relationship between the exact and predicted values for the
variables T for fixed T', T, T5. At temperatures from 2200 K to 8000 K,
the difference between the predicted and explicitly calculated values of the
relaxation terms does not exceed 1%. An attempt to expand the area with
such accuracy leads to retraining of the neural network. Therefore, if the
range of temperature variation is assumed to be wider in the hydrodynamic
problem under consideration, it is necessary to build several neural networks
corresponding to different subsets of the full temperature range. However,
the use of several neural networks does not lead to a noticeable complication
of the problem and a decrease in the calculation speed.

The obtained neural networks were integrated into the code for
modeling the spatially homogeneous relaxation of carbon dioxide in the
hybrid four-temperature approximation. For this, based on the obtained

weight coefficients, neural networks were implemented in C++.
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Fig 2.6 — Relative error in calculating the predicted values of the relaxation

terms with respect to the exact ones for 17 for fixed T, T5, T5.

After testing the neural networks on test samples, the modeling
of spatially homogeneous carbon dioxide was carried out in the four-
temperature approximation based on the predicted values of the relaxation
terms. The data were divided into training and test sets in a ratio of 2:3. The
relative error of the solution based on the approximation of the right-hand

sides does not exceed 4%.

Table 2.3 — Time and memory efficiency of calculating one set of relaxation
terms (TIMEgr, MEMORYR) and a complete system solution (T1M Ey;)
for a complete levelwise , hybrid four-temperature and neural network-

predicted four-temperature approaches

TIMER, mes | MEMORYR, Kb | TIME,,,, s
State-to-state 323100 1680 1507
4-temperature 295200 <10 982
Neural Network 875 <100 148

A comparison of the effectiveness of different approaches is given in the
2.3 table. When using the neural network approach, the speed of calculating
the relaxation terms in the multitemperature approximation increased by

more than 300 times with a slight increase in the required memory. The
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overall solution of the system is reached an order of magnitude faster.

Compared to full layered simulation, a significant performance improvement
and memory reduction was achieved.

Note that the maximum relative error in solving a spatially
homogeneous problem using regression formulas for finding the energy
transition rate coefficients relative to the direct use of SSH theory formulas
is 2%, which does not exceed the calculation error. The time spent on solving
the problem with direct use of SSH theory formulas is 1947 seconds, which is
almost 30% more than when using regression formulas. Although this gain is
not so great, when considering the loaded harmonic oscillator (FHO) model
instead of the SSH model, the efficiency of applying regression analysis will
increase by orders of magnitude. This is due to the fact that when using
the FHO model, to find each coefficient of the energy transition rate, it
is necessary to solve a transcendental equation, while the approximation
formulas retain computational complexity.

Thus, by stepwise optimization, for the first time, it was possible
to obtain a significant gain in modeling the vibrational kinetics of carbon
dioxide, taking into account all channels of vibrational relaxation, including
various types of intermode exchange. First, a transition was made from
the full state-to-state model to a hybrid four-temperature model based
on averaging the state-to-state relaxation terms. Then, using the neural
network approach, the dependence of relaxation terms on the populations of
vibrational levels was reduced to a dependence on vibrational temperatures;
at the same time, it is possible to take into account all relaxation mechanisms,
which turns out to be impossible in traditional multitemperature models. As
a result, a tool was developed that makes it possible to simulate the complex

kinetics of carbon dioxide at an acceptable computational cost.

2.9 Comparison of simulation results

Several test cases were considered with different initial conditions

typical for different types of flows.
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— TC1: initial pressure p® = 100 Pa, initial gas temperature T =

5000K | initial vibrational temperature and mode temperatures TV =177 =
Ty = T3 = 1000 K;

— TC?2: initial pressure p¥ = 100 Pa, initial gas temperature T =
3000 K, initial vibrational temperature and mode temperatures 7% = T7 =
Ty =13 = 1000 K.

— TC3: initial pressure p¥ = 100 Pa, initial gas temperature T =
490 K, initial vibrational temperature and mode temperatures 7} = Ty =
490 K, T3 = 2000 K.

— TC4: initial pressure p(¥) = 100 Pa, initial gas temperature T =
400 K, initial vibrational temperature and mode temperatures TV = T} =
T, =500 K, T3 = 1070 K.

— TC5: initial pressure p® = 100 Pa, initial gas temperature T =
3000 K, initial vibrational temperature and mode temperatures 77 = 300 K,
T, =700 K, Ty = 1200 K.

Let us first consider two examples under the conditions when at the
initial moment of time the gas is heated to 3000 K and 5000 K. Such
conditions are characteristic of flows behind shock waves, in which rapid
heating of the gas leads to excitation of the internal degrees of freedom of
the molecules.

The figure 2.7 compares the evolution of the gas temperature
calculated in the full state-to-state and 4T approximations without using
neural networks to calculate the relaxation terms. It can be seen that the
results obtained in two approximations are close, the deviation does not
exceed 5-6%, see also the figure 2.8, which shows the relative error of the
4T solution with respect to the state-to-state one. A similar result for the
T'C?2 case was obtained in [52]; the results are plotted in the figure as symbols.

Figures 2.9 and 2.10 show time dependences of temperatures T', 17,
Ty, T3 for T'C'1 and T'C?2 cases calculated in hybrid 4T approximation with
explicit calculation of relaxation terms and using neural network approach.
In both cases, the fastest relaxation is observed in the deformation mode,
while the antisymmetric mode reaches equilibrium much more slowly than

the others. With an increase in the initial temperature, the relaxation rates
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Fig 2.7 — Gas temperature distribution in full state-to-state (STS) and
hybrid multi-temperature approximation (4T) under TC'1 and T'C2
conditions. KKKN results obtained in [52].
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of the first and second modes become close, and the time to reach full

equilibrium decreases. The solutions obtained using neural networks are in

good agreement with the exact 4T solutions.

4500
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3500 1
T,K 3000 1
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Fig 2.9 — Temperature distribution in the hybrid multitemperature
approximation for explicit (4T) and neural network (NN) methods for

calculating relaxation terms under 7'C'1 conditions

The relative errors for temperatures 1T', T, T, T3, calculated for the
cases T'C'1 and T'C2 using the 4T approximation using the neural network
approach (relative to the case of explicit calculation of relaxation terms) are
shown in the figure reffig:4T-vs-NN-error-3000. The error in temperature
calculation is somewhat less than the error in calculation of vibrational
temperatures. The maximum error for all temperatures does not exceed 1.5%,
which is a very good result.

Let us consider vibrational distributions in different modes for the
TC1 case. The figures 2.12-2.14 show the relative populations n;, ;,,/n
as a function of the vibrational level of each mode at fixed ground states
of the other modes. Various points in time are considered. Along with
the state-to-state distributions, multi-temperature distributions calculated
at the same time are presented. One can observe the process of gradual

excitation of vibrational degrees of freedom over time. The populations in
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Fig 2.10 — Temperature distribution in the hybrid multitemperature
approximation for explicit (4T) and neural network (NN) methods for

calculating relaxation terms under 7'C2 conditions
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Fig 2.11 — Relative error in temperature values for the hybrid
multi-temperature approximation using the neural network approach
relative to the explicit calculation of relaxation terms under T'C'1 (left) and
TC2 (right).

the antisymmetric mode are, on average, several orders of magnitude lower
than in other modes, which is due to the delay in the vibrational relaxation of
the third mode. It can also be seen that the hybrid multitemperature model
describes with good accuracy not only the evolution of temperature, but

also the detailed kinetics of vibrational states. This compares favorably with
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Fig 2.13 — Relative populations as functions of 79 for fixed i1 =13 = 0 at

different times. Comparison of layered and 4T solutions.

traditional multi-temperature models, for which vibrational distributions can

deviate noticeably from state-to-state [89].
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different times. Comparison of layered and 4T solutions.

Now let’s look at two examples with initial conditions that are typical
for the digits [22|. The T'Cy case corresponds to capillary discharges in
laser mixtures [117]; in this case, the antisymmetric mode is significantly
excited, while the symmetric and deformation modes are in equilibrium
with the translational-rotational modes. Figure 2.15 shows the temperature
distribution calculated in the 4T approximation for this case. The results
obtained in the 4T and state-to-state approximations coincide. It can be
seen that in the process of relaxation there is no violation of the equilibrium
between T', T} and T3, and relaxation occurs through the antisymmetric mode
(VT3 and intermode VVy_3, VV_5 3 exchanges). This case is not of great
interest from the point of view of mode interaction, so it is not discussed in
more detail.

The T'C4 test case corresponds to the [118] glow discharge conditions
with slight excitation of the symmetric and deformation modes and significant
excitation of the antisymmetric mode. Figure 2.16 shows the temperature
distribution for this case, obtained in the 4T model using explicit and neural
network approaches to calculate the rate of vibrational relaxation. Both

methods give almost identical results. The relaxation of the first and second
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Fig 2.15 — Temperature distribution in the hybrid multitemperature
approximation for an explicit calculation of relaxation terms under the
TC'3 conditions.

modes occurs quickly, in less than a microsecond, while the relaxation of the
antisymmetric mode lasts for several seconds. There is a slight difference in
the relaxation rates of T and T5; the temperature of the deformation mode
is compared with T somewhat earlier.

For the T'C'4 case, vibrational distributions in various modes were also
considered, see figures 2.17-2.19, and populations of some fixed levels as a
function of time (fig. ??7). The shape of the distributions as a whole differs
little from the Boltzmann distributions; the largest deviations are observed in
the antisymmetric mode. One can note the nonmonotonicity of the behavior
of the populations of the upper levels in the first and second modes, Fig.
2.20. First, the populations of these modes decrease somewhat, and their
temperatures become equal to 7. Then, at 5 - 107 < t < 107!, a quasi-
stationary state is observed, in which the temperatures do not change, and
the populations are also constant. Subsequently, due to the relaxation of
the third mode, the gas temperature, and together with it 77, T and the

corresponding populations, increase to equilibrium values.
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Fig 2.16 — Temperature distribution in the hybrid multitemperature
approximation for explicit (4T) and neural network (NN) methods for

calculating relaxation terms under 7'C'4 conditions

10°
10°

10™°

Noo/N

10

10-20

10-25

Fig 2.17 — Relative populations as a function of #; for fixed iy = i3 =0 at

different times.

A test example T'C5 with significantly different initial temperatures

of all modes was chosen to demonstrate the efficiency of the proposed
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approaches. It does not have an explicit physical analogue, but it can serve as
a test for the correctness of the code. The use of all approaches (full state-to-

state, 4T with different ways of calculating relaxation terms) gives similar
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results, however, as noted earlier, the neural network approach turns out to

be much more computationally efficient.
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Fig 2.21 — Temperature distribution in state-to-state, hybrid
multi-temperature approximation for explicit (4T) and neural network

(NN) methods of calculating relaxation terms under 7’C'5 conditions
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2.10 Conclusion of chapter 2

In this chapter, the problem of spatially homogeneous relaxation of
carbon dioxide is solved, taking into account the complex mechanisms of
vibrational energy exchange. To solve the problem in a full state-to-state
approximation, an analysis of numerical methods for solving stiff systems of
ordinary differential equations is carried out. A method of adaptive steps
for the EBDF scheme of the extended Gear method is proposed, and a
parallel version of the method is developed. The accuracy and efficiency of the
developed schemes were assessed, based on the analysis, the use of a parallel
scheme with an adaptive step of the fourth order of accuracy AT-EBDF-4
was recommended.

To improve the performance of modeling the CO,y kinetics, the
problem was solved using a hybrid four-temperature approximation
based on averaging the state-to-state relaxation terms and not using
the traditional Landau—Teller approximate formulas for calculating the
vibrational relaxation rate; this approach retains the main advantages of
layer-by-level modeling, while the number of equations in the system is
reduced from several thousand to six. The equivalence of the solutions
obtained in the full state-to-state and 4T approximations is shown, a
comparison is made with the results of other authors, which shows a good
agreement between the solutions. However, the performance of the 4T model
appears to be only slightly better compared to the layered approach.

Various strategies for improving the efficiency of the 4T model using
artificial intelligence methods are considered. It is shown that the application
of neural networks to the direct solution of differential equations does not give
the desired result. The regression analysis for finding approximation formulas
for the energy transition rate coefficients and the neural network approach to
calculating the rate of vibrational relaxation in a hybrid multi-temperature
model turned out to be the most promising: the speed of solving the problem
increased by more than an order of magnitude. It is expected that in more
complex (multidimensional) problems and when chemical reactions are taken

into account, the gain will be even more significant.
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The process of vibrational relaxation in spatially homogeneous carbon

dioxide is studied under various initial conditions. A good agreement of the
solutions with the results of other authors is shown, as well as a high accuracy
and efficiency of the approach to calculating the relaxation rate in various

CO9 modes using neural networks.
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3 Non-equilibrium flows of carbon dioxide behind

shock waves

In this chapter, the problem of carbon dioxide flow behind a plane
shock wave is solved using three approaches: full state-to-state, hybrid
multi-temperature and multi-temperature approach based on neural network
calculation of vibrational relaxation rates. The features of numerical schemes
and the complexity of their implementation are discussed. Numerical
simulation of flows behind shock waves under various conditions in the
oncoming flow has been carried out. The accuracy and effectiveness of

different approaches are evaluated.

3.1 Formulation of the problem in full state-to-state

approximation

Let’s write the system of equations (1.19)—(1.21) for the case of one-

dimensional steady motion [119, 120]:

0Ny iy dv /
i i1,2,03 S Tlx Rmb’r i =0, L, = 1,23, 3.1
_833 + 1,22,%3 al, 11,22,t3 t m ( )
v,  Op v, | OT on
Py 8x+8x pY 8w+8xn +8x ! (32)
8pU avx
vp——+ (PU +p) 5 (3:3)

Here v, is the velocity component in the direction of the x axis.
Let us transform the equations of motion and energy, taking into

account the equation of continuity in the form

PoVz, = PUx

(index "0" the parameters in the oncoming flow are indicated), the equations
of state
p =nkT

and definitions of total specific energy (1.22):

ov, 0T on ov,,
pvm% + %nk + %kT = 8:17

MUz, kT or .
)+ o nk=0. (3.4)

(novg,m — 7
x
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Thus, it is possible to express all the terms in the equations of motion

—vz,nok = 0. (3.5)

and energy (3.3)-(3.2) in terms of x derivatives of the macroparameters

My jin,is> Vay 1
Finally we get the system:
on; ov , ,
Vg 8x3 - nil,i27i36—; =R i =0,... 0, m=123, (3.6)
0 KT, 0T
ﬁ(novxom _ 0% + —nk =0, (3.7)

Oz v2 ) Ox

on;, i ov, (7 5novg kT
(o ZgilaiQ,ig 5; By P ( nkT + 25“ i yiaTViy in,iz — 5%) +

8T5
8 2

When solving the system, the parameters in the oncoming flow

—vz,nok = 0. (3.8)

are given as boundary conditions: gas velocity v,,, population distribution

n? temperature Ty and pressure pg. It is assumed that translational and

i1 o037
rotational relaxation occur almost instantaneously in the narrow front of
the shock wave, while the vibrational relaxation in the wave front remains
frozen. First, the flow parameters are recalculated taking into account the
completed translational-rotational relaxation in the front, and the obtained
values are used as initial conditions for solving the system of differential
equations. The calculation of parameters in the relaxation zone is carried out
until the moment of equilibrium; equilibrium is reached asymptotically when
the changes in all macroparameters at neighboring steps do not exceed some

predetermined small value.
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3.2 Formulation of the problem in the four-temperature

approximation

Let’s write down the system of equations (1.34)-(1.39) for the case of
one-dimensional steady motion. Just as in the state-to-state approximation,
we express all the terms in the equations in terms of the derivatives of the
macroparameters p, v, T', T1, T, T5. After transformations, we obtain the

system in the form

dp v,
Vas +p T 0, (3.9)
Ov, kT Op  kpdl
PUx Oz + E% + E% = O, (3.10)
(9pU oT OpU OT; OV,
= A1
8T’8x-+fg;3 T on TG, =0 (1D
Gle oT opW1 (9T ov,,
T g T 2 YT g T WGy = (312
7=1,2,3
8,0W2 oT 0pWs 0T} ov,
o o T 2 Yor g TPV, =B (313
71=1,2,3
8pW3 oT 8pW3 oT; Ovy
"OT o j;g;g o, o MWy ~He B

The temperature derivatives of the energy per unit volume pU and the
number of vibrational quanta per unit volume pWW; are expressed in terms
of specific heats and their analogs [49]. For the harmonic oscillator model,
the formulation of the problem is significantly simplified, since the number
of quanta in each mode depends only on the corresponding vibrational

temperature, and the equations (3.12)—(3.14) are reduced to the equations

8ka 8Tk W (%x
ot ox P ar

=Ry, k=123, (3.15)

When solving the system, the parameters in the oncoming flow are
given as boundary conditions: gas velocity v, pressure pg, gas temperature

Ty; the vibrational mode temperatures are equal to the gas temperature
W=T)=T)="T,.
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3.3 Decision Methods

[t should be noted that in systems (3.1)—(3.8) and (3.9)—(3.14) the way
to calculate relaxation terms does not differ from the calculation of relaxation
terms in the spatially homogeneous case. Therefore, the approximation
formulas obtained in (1.58), the parallel data structure described in the 1.6
section, and the pretrained neural networks from the 2.8 section can be used
in the shock wave problem ( as well as more complex 2D and 3D problems)
without any modification.

The systems of equations in the full state-to-state and hybrid four-
temperature approximations for the case of one-dimensional steady motion
are more rigid than systems for a spatially homogeneous problem. The
numerical schemes considered in the 2.4 section can be applied with a
correction for the conditionality of systems of linear algebraic equations
(2.6)-(2.8). Due to the much larger condition number, the simple iteration
method is inapplicable for solving these systems, which leads to the need
to solve the problem of inverting large matrices. To speed up the algorithm
for solving a linear system, one can use the fact that matrices are sparse
in the BDF scheme. The submatrix method based on LU decomposition is
discussed in [121]. The algorithm for solving linear systems can be formulated

as follows:

a) construction of submatrices;
0)
)
)

B
r) assembly of the resulting matrix.

identification of null submatrices;

perform operations on submatrices;

We developed our own program code in C++ to solve problems
for the case of one-dimensional steady motion in the full state-to-state

approximation and in the hybrid multi-temperature approximation. In code:

— Calculation of energy transition rate coefficients is based on the code
implemented for solving the problem of modeling kinetics in a spatially

homogeneous case.
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— To calculate the relaxation terms in the full state-to-state

approximation and in the hybrid multi-temperature approximation, the
parallel data structure described in the 1.6 section is used, and neural
networks trained to solve a spatially homogeneous problem are also used.

— The numerical scheme AT-EBDF-4 is implemented for solving the
problem of modeling relaxation behind the shock wave front in full state-to-
state approximation.

— Numerical schemes AT-EBDF-4 are implemented for solving the
problem of modeling relaxation behind the shock wave front in a hybrid
multi-temperature approximation with explicit and neural network finding

of relaxation terms.

The 3.1 table compares the efficiency of solving the problem in
the full state-to-state approximation and in the hybrid multi-temperature
approximation with the explicit and neural network methods for calculating
relaxation terms. The time costs for calculating the relaxation terms are
close to those in solving the problem of modeling spatially homogeneous
kinetics. Nevertheless, the time spent on the use of the numerical method
in the state-to-state approximation has increased by an order of magnitude,
while for the hybrid model these figures are close. This is due to the high
dimension of the system of equations (3.1)-(3.8), which greatly increases the
computational complexity of solving systems of linear algebraic equations.
The multi-temperature approach avoids this problem and is almost twice as
efficient with the explicit calculation of relaxation terms and 12 times as
efficient with neural networks. From this we can conclude that with further
complication of the problem, for example, when modeling a flat or three-
dimensional flow, the benefits of using a hybrid approach and neural networks

can increase several times more.

3.4 Results of numerical simulation

In the numerical study of the flow behind the shock wave, the
following conditions in the oncoming flow were considered: Ty = 300 K,
p = 1.18-107* kg/m3, p = 6.66 Pa, the Mach number varied from 5 to
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Table 3.1 — Time efficiency of calculating relaxation terms (T'I M Eg), time

spent on numerical method (TIME,,,,), and total system solution time
(I'IME;,) for full layered, hybrid four-temperature and neural network-

predicted four-temperature approaches

TIMER,s | TIME,m,s | TIME,,;, s
State-to-state 1214 1090 2310
4-temperature 1186 80 1270
Neural Network 106 85 190

10. The populations of vibrational levels were assumed to be equilibrium
(Boltzmann distributions with gas temperature 7).

To verify the model, let’s compare the results obtained for M= 5 with
the results of [52], where calculations were carried out in the 4-temperature
model in the MATLAB package, see figure 3.2. The lines in the figure
correspond to this work, the symbols correspond to the results of [52]. It can
be seen that there is good agreement between the results, which confirms the
correct operation of the code described in the previous section. In addition,
the figure shows the results obtained for a rougher two-temperature model of
vibrational relaxation using the Landau—Teller formulas for relaxation terms
[81, 86]. The temperature distribution obtained in the framework of the two-
temperature model differs significantly, relaxation begins noticeably later,
and complete equilibrium is reached earlier. Since the two-temperature model
does not take into account intermode energy exchanges, one can conclude that
these processes make a significant contribution to the character of relaxation
behind shock waves.

The figures 3.2-3.4 show the temperature distributions behind the
shock wave front at Mach numbers 6, 8, 10. The solutions obtained in the
framework of the full state-to-state approximation (STS) are compared. ,
hybrid multi-temperature with explicit calculation of relaxation terms (47T)
and multi-temperature using neural networks (NN) to calculate the rate of
vibrational relaxation. For the state-to-state approximation, only the gas

temperature T" is given. It should be noted that the simulation of the flow



74

2500 ~

—T-4T v T-4T-KKKN
— T1-4T v T1-4T-KKKN
— T2-4T v T2-4T-KKKN

2000 +
— T3-4T v T3-4T-KKKN

T-2T-KKKN TV-ZT-KKKN
1500 + ’
T,K
1000 - >
500 +
0 7 -6 N5 N4 ) N2 -1 0 "1
10° 10 10° 10° 10° 10° 10° 10 10
X,m

Fig 3.1 — Temperature distribution behind the shock wave front. M= 5

behind the shock wave in the full state-to-state approximation has not been
carried out before. In all the cases considered, the slowest process is the
vibrational relaxation of the antisymmetric mode, and the fastest is the
relaxation of deformation vibrations. As the temperature rises, the VVi_o
exchange rate increases, which leads to a fast energy exchange between

the first and second modes. Therefore, as the Mach number increases, the

relaxation rate in these modes levels off.

Comparison of the results showed that all considered approaches give

close temperature distributions behind the shock wave, the average and

maximum difference from the reference level solution (STS) is

— M = 5: mean deviation 3%; maximum deviation 9

— M = 6: standard deviation 3.5%; maximum

deviation 7

— M = 8: standard deviation 3%; maximum deviation 6

— M = 10: mean deviation 2.5%; maximum deviation 4

For lower Mach numbers, the value of the maximum relative error is higher,
but the absolute values of the relative errors are close for all test cases. At

the same time, the performance gain achieved in solving the problem turns
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Fig 3.2 — Temperature distribution behind the shock wave front. M= 6.
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Fig 3.3 — Temperature distribution behind the shock wave front. M= 8.

out to be significant, which confirms the promise of using multi-temperature
models in combination with neural network calculation of the relaxation rate.

The figure 3.5 shows the values of the L coordinate at which
the gas temperature asymptotically reaches equilibrium depending on the

Mach number. The state-to-state and 4T solutions are compared (for
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Fig 3.4 — Temperature distribution behind the shock wave front. M= 10.
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Fig 3.5 — Relaxation zone length as a function of the Mach number.

the 4T model with explicit calculation of relaxation terms and with the
use of neural networks, the results are the same). Various errors are
considered when reaching equilibrium; it is assumed that the difference
between the temperatures at the previous and subsequent steps does not

exceed 1.5 and 10 K. The value of L can characterize the length of the
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relaxation zone, calculated with varying degrees of accuracy. This value

should be distinguished from the width of the shock wave front measured
experimentally [122], since in the latter case the effects of a viscous gas are
mainly taken into account, rather than relaxation processes. An analysis of
Fig. 3.5 shows that the length of the relaxation zone as a whole decreases with
increasing M, which is associated with an increase in the rate of vibrational
relaxation at high temperatures. There is little difference between the level
and four-temperature solution, depending on the different margins of error.
However, in general, there is a satisfactory agreement between the results,
which once again confirms the equivalence of the full state-to-state and hybrid

multi-temperature approaches.

3.5 Conclusion of chapter 3

The approaches developed in the first two chapters are applied to
the numerical simulation of the carbon dioxide flow behind a plane shock
wave at various freestream Mach numbers. Systems of equations for a one-
dimensional steady flow are written, taking into account several channels of
vibrational relaxation in the full state-to-state and hybrid multi-temperature
formulations. To solve the problem of high rigidity of systems of differential
equations, a modification of the AT-EBDF-4 numerical scheme is proposed,
which made it possible to cope with the high conditionality of the system,
which consists in using the submatrix method to solve systems of linear
algebraic equations.

A program code was implemented that makes it possible to simulate
the flow of carbon dioxide behind the front of a plane shock wave for
the state-to-state and four-temperature approximations. For the first time,
the flow behind the shock wave was simulated in the full state-to-state
approximation. An assessment of the accuracy and efficiency of the obtained
results was carried out. A comparison is made with the works of other
authors, showing that the deviation of the obtained solutions does not exceed
the calculation error. The hybrid four-temperature approach, using the neural
network method for calculating relaxation terms, showed the best results in

terms of time while maintaining the accuracy of the simulation.
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The effect of vibrational relaxation behind the shock wave front on the

flow macroparameters is studied. The relaxation rates for individual modes
in the hybrid multi-temperature approximation were considered, as well as
an estimate of the length of the relaxation zone for different Mach numbers
of the oncoming flow; the width of the shock wave decreases with increasing
Mach number. The important role of intermode exchange in the relaxation

process is shown.
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Conclusion

The paper proposes new effective approaches to modeling carbon
dioxide flows taking into account complex nonequilibrium kinetics, including
intramode and intermode vibrational energy exchanges and various ratios
of characteristic vibrational relaxation times. The main channels of energy
exchange in COs during vibrational relaxation were identified. Closed systems
of equations are written for various ratios of the characteristic times of
vibrational energy exchange processes: in a state-to-state approximation and
in a hybrid multi-temperature approximation based on averaging of state-to-
state relaxation terms.

The main attention was paid to improving the performance of
numerical simulation. The work went in several directions. The first direction
is related to the optimization of the calculation of the energy transition
rate coefficients. Various strategies have been proposed: parallelization over
reactions and with additional splitting of calculations into several flows within
each reaction, the use of an efficient data structure, the use of exact formulas
of the SSH theory and approximations built on the basis of regression of the
formulas of the SSH theory. The training of the proposed regression models
for all types of energy transitions and all considered vibrational states was
carried out. The analysis of the results showed that from the point of view
of the optimal ratio of efficiency and the amount of resources expended,
the most preferable is the use of a data structure that includes a scheme of
calculations parallel in reactions. Thus, a tool was developed to improve the
performance of numerical simulation of non-equilibrium carbon dioxide flows
in the full state-to-state approximation.

A promising continuation of work in the first direction is the
calculation of a complete set of vibrational energy transition coefficients
using the loaded harmonic oscillator (FHO) model and the derivation of
approximation formulas based on the proposed regression approach. The
FHO model is more modern and accurate than the SSH model, but has
a very high computational complexity. Obtaining approximations of the
exchange rate coefficients using the FHO model will make it possible to

obtain more accurate results of modeling non-equilibrium carbon dioxide
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flows at comparable costs. Also in the future it is possible to obtain sets of

level coefficients of the rate of chemical reactions for various mixtures.

The next stage of the work is the development of numerical methods
for solving problems of spatially homogeneous relaxation of CO5 and carbon
dioxide flows behind plane shock waves. To solve the problem in a full
state-to-state approximation, an analysis of numerical methods for solving
stiff systems of ordinary differential equations is carried out. A method
of adaptive steps for the EBDF scheme of the extended Gear method is
proposed, and a parallel version of the method is developed. The accuracy
and efficiency of the developed schemes were assessed, based on the analysis,
the use of a parallel scheme with an adaptive step of the fourth order of
accuracy AT-EBDF-4 was recommended.

To improve the performance of modeling the CO,y kinetics, the
problem was solved using a hybrid four-temperature approximation
based on averaging the state-to-state relaxation terms and not using
the traditional Landau—Teller approximate formulas for calculating the
vibrational relaxation rate; this approach retains the main advantages of
layer-by-level modeling, while the number of equations in the system is
reduced from several thousand to six. The equivalence of the solutions
obtained in the full state-to-state and 4T approximations is shown, a
comparison is made with the results of other authors, which shows a good
agreement between the solutions. However, the performance of the 4T model
is only slightly better than the layered approach, and further optimization
is required to use this approach to model more complex problems (2D and
3D).

To this end, various strategies for improving the efficiency of the
4T model using artificial intelligence methods were considered. It is shown
that the application of neural networks to the direct solution of differential
equations does not give the desired result. The neural network approach to
calculating the rate of vibrational relaxation in a hybrid multi-temperature
model turned out to be the most promising: the speed of solving the problem

increased by more than an order of magnitude. It is expected that in more
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complex (multidimensional) problems and when chemical reactions are taken
into account, the gain will be even more significant.

The process of vibrational relaxation in a spatially homogeneous
carbon dioxide gas under various initial conditions, as well as nonequilibrium
flows of COs behind shock waves under various conditions in an oncoming
flow, is studied. Good agreement of the solutions with the results of other
authors is shown. The high accuracy of the approach to calculating the
relaxation rate in various CO5 modes using neural networks and a noticeable
acceleration of calculations are demonstrated.

In the future, it is planned to integrate the developed neural network
approach in combination with multi-temperature models for modeling two-
dimensional and three-dimensional flows. Another promising direction is the
implementation of a similar approach for multicomponent mixtures (5- and
11-component air, a mixture of dissociating carbon dioxide); this will allow a
new approach to modeling the motion of descent vehicles in the atmosphere
of the Earth and Mars and take into account detailed state-to-state kinetics
with a reasonable use of computing resources.

The relevance and relevance of the research topics is confirmed by the
fact that they were supported by grants from the Russian Foundation for
Basic Research, the Russian Science Foundation and St. Petersburg State

University.
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