AHHOTAIINA

KomsekTuBOM aBTOPOB TpECTaBICH LUKJI HAYYHBIX Pa0OT, MOCBSIIEHHBIH HMCCIICIOBAaHHIO HEPaBHOBECHBIX
TEUeHUI BBICOKOTEMIIEPATYpPHBIX CMeEced ra3oB, BXOAAIMX B coctaB armMoctep 3emin, Mapca u Benepsl.
AXTyanbHOCTH JaHHBIX HCCIICIOBAaHMH B TIEPBYIO Odepenb CBs3aHA C 33JadaMH 110  CO3JaHHIO
BBICOKOCKOPOCTHBIX JICTATEIbHBIX M KOCMHYECKHX alIaparoB, oOecleueHHus HX O0€30IacHOTO0 BXOJa B
arMoc(epsl TuIaHeT. Pa3paboTka JOCTOBEpHBIX MOAENEH HEPAaBHOBECHBIX TEUYEHWH OKOJIO aIllaparos,
JBUTAIOLINXCS TIPU OYCHb OOJBIIMX CKOPOCTSIX, CIYXHT Ba)KHOW COCTABHOM YacThIO CO3MaHHMA HOBBIX
TEIUIO3AIINTHBIX ~ MaTepualioB W Pa3BUTUS  HOBBIX  A’POKOCMHUYECKHX  TEXHOJOTHH. 3HAYMMOCTB
NIPE/ICTaBICHHOIO LUKJIa paboT Takke 0OyCIIOBIEHA HEOOXOANMOCTBIO PELICHHUS PsiZia COBPEMEHHBIX Hay4YHO-
TEXHHYECKHUX MPOOJIEM, TaKUX KaK MOJEIUPOBAaHHE MIPOLIECCOB, IPOTEKAIONINX B HU3KOTEMIIEPATYPHOH ILIazMe
B MPUJIOKEHUH K JIa3€PHBIM U XMMHUYECKUM TEXHOJIOTHSM, pa3paboTka HOBBIX METO/IOB OYMCTKHU 3arpsi3HEHHON
arMocepbl, KOHBEPCUH YITIEKUCIIOTO ra3a.

Eie B cepeanHe mpouutoro Beka ObUIO IMOKAa3aHO, YTO TPAIUIIMOHHBIE TTOX0/Ibl, OCHOBAaHHBIC HA MPUOIIKEHUN
JIOKAJIbHOTO TE€PMOJUHAMUYECKOTO PAaBHOBECHS, HEIIPHEMIIEMBI B YCIOBHSAX OTKIOHEHHUS OT TEPMUYECKOTO U
XMMHUYECKOTO paBHOBecus. B HacTosmieM nukie paboT Ha OCHOBE KHHETHUCCKOW TEOPHHM HEPABHOBECHBIX
IIPOLIECCOB KOJUIEKTUBOM IOCTPOEHBI HOBBIE MOJENU U ONMHCAHUSA TEYEHUH CMeced pa3pekeHHBIX Ta3o0B.
Pa3zpaboTaHHble TOOXOABI HCHONB30BATHCH MPU MOACIMPOBAHUM: 1) IPOCTPAHCTBEHHO-OXHOPOJHOM
penaKkcay pasIMYHBIX cMecel, 2) TedeHWH 3a ymnapHOW BOJHOW (SIBICHHWEM, BO3HUKAIONIMM OKOJIO Tell,
JBUTAIOIIMXCA C CBEPX3BYKOBBIMH ckopocTaMu). IlepBas 3amaua sBiseTcst YIOOHBIM HHCTPYMEHTOM
TECTUpOBaHUs (Bepu(HKAIMK) HCHONB3yeMbIX Mozaeneil. Ha ocHoBe peleHHs BTOpOH 3ajadd BBIOJHSIIACH
MPOBEpKa JOCTOBEPHOCTHU (BalUAAIMs) PE3yIbTaToB MoAENUpoBaHus. CIeqyIOIUM 3TalloM SIBUIOCH PELICHUE
HEKOTOPBIX ABYMEPHBIX 3a]1au THIIEP3BYKOBOH a3pOJMHAMUKHU.

[{uks1 paboT MOKHO YCIIOBHO pa3/ieiiMTh Ha JBE YaCTH 110 COCTABY MCCIICAYSMBIX CMeceii: 1) BO3MyIIIHAS CMECh U
OTIeNbHBIC €€ KOMITOHEHTHI [ 1, 6-10, 12, 13, 17]; 2) 4nuCTBIH YIIMEKHUCIIBII ra3 U CMECH, BKIIFOYAIOIIHE MPOTYKTH
ero pacmama [2-5, 11, 14-16, 18-22]. Ilpu omMcaHWW TPOLECCOB B JAHHBIX CMECSX HCIOIB30BAIHCH JIBE
OCHOBHBIC MOJICJH: MOYypPOBHEBas W MHOTroTeMIleparypHas. [Ipum mOypoBHEBOM MOAXOIE pEIIaeTCs CBS3aHHAS
3aJjadya Tra30BOH [UHAMHKH, TEIUIOOOMEHAa ¥ KoJeOaTeNbHO-XUMHUYSCKOH KHHETUKH M KaXIOTO
KoJIeOaTeTPHOTO YPOBHSA MOJIEKYJ, TPH STOM HE [eNaeTcsl MPEAINONIOKEHUH O XapakTepe pacIperelcHHs
MOJIEKYJI TIO YPOBHSM KoJieOaTenbHON SHepruu. OTOT MOAXOA — Haubonee neTanbHBIH (HO M Oonee
pecypcoemkuii). MHoOroTeMnepaTypHblii TMOIXON — YNPOIIEHHBIM METON, OCHOBAaHHBIA Ha 3aJlaHuu
KBa3UCTAI[MOHAPHBIX KOJIEOATEIbHBIX pacTpeieNICeHH ¢ pa3slTuYHbBIMU TEMIIEpaTypaMu, OH SIBIISIETCS XOpOIeH
aNbTepHATUBON B MH)KEHEPHBIX pacueTax, TPEOyIoUX OBICTPOro OTKJIMKA Ha MOCTaBJIECHHYIO 3ajady. B cBoio
ouepenb IPU MOJEIHUPOBAHMM CMecel ¢ MHOroaroMHBIMH MoiiekynamMu (COz) MHOTOTEMIIEPaTYPHBIH TOAXON
MOXET JCTHUTHCS 110 CTENICHH ACTATH3aINN OMMCAHUS Ha MOIATHUIIBL.

I[anee KpaTko 06CY)K,Z[aIOTCH OCHOBHBIC PE3YyJIbTAaThl aBTOPOB.

B paborax [1, 6] umccimemoBanmch BBICOKOTEMIICpATypHBIC TEUYCHHUS BO3IyXa, OMHAPHBIX CMECEH a3oTa |
KHCJIOPO/ia 32 YAApHBIMH BOJIHAMH Ha OCHOBE ITOYPOBHEBOTO M MHOTOTEMIIEPATYpHOTO MOAXOJ0B. Pe3ymnbrars
MOJICTIMPOBAHUS CPAaBHUBAIKMCH C 3KCHEPUMEHTAIBHBIMHM JIaHHBIMH, Ha OCHOBE 4Ye€ro OBbUIM BHIpaOOTaHEI
PEKOMEHJAMK TI0 WCIONB30BAaHHIO MOJENeHl KWHETHKH IPH Pa3InYHBIX (U3NYECKHX YCIOBUSAX. BakHBIM
aCIIeKTOM MOJICIIMPOBAHMS HEPAaBHOBECHBIX TEUEHHH SBISIETCS KOPPEKTHOE ONMMCAHHE IPOIECCOB IEepeHoca
Macchl, MMIyidbca M OBHeprun B cMecH. C HCIONB30BaHHEM IOYPOBHEBOIO IIOAXO/A HCCIIEIOBAINCH
K03()(UITMEHTH TETIONPOBOTHOCTH M OOBEMHOM Bs3KOCTH [8], a Tarke TEIIOBBIE IOTOKH 3a yIApHBIMH
BonmHaMH [12] B OMHApHBIX cMecsax a3oTa u kKucioposna. Takxke B [13] ObUIM pacCMOTPEHBI KPUTEPUH TTOO0MS,
CBSI3aHHBIE C TEMJIONPOBOAHOCTEIO W nuddysueit (uncna Ilpanamis n lmunra), B CHIBHOHEPaBHOBECHBIX
pearupyromux NoToKax.

3HaunTEeNBbHAS YaCTh pPa0OT MOCBAIICHA CMECSM, BKJIIOYAIONIMM MOJICKYIBl yrieKucioro rasza. CroxHas
ctpykrypa Monekyisl COz CHIBHO OrpaHUYMBAET MPUMEHMMOCTH JETajJbHOIO MOYPOBHEBOIO OIMHUCAHUS,
OJTHAKO, HA €T0 OCHOBE OBLIO MPOBEACHO MOJCIUPOBaHNUE [5] KoIeOaTeIbHOM U XUMHUYECKONH KTHETUKU B CMECSIX
C YITIEKUCIIBIM Ta30M, MTO3BOJIMBIIIEE BBIICIUThH JOMUHUPYIOIINE PETaKCAIIMOHHBIE MEXaHU3MbI U Ha UX OCHOBE
IIOCTPOUTH YIIPOIICHHBIE MHOTOTEMIIEPAaTYpHBIE MOJENH, KOTOPHIE MOXKHO pEeaNn30BaTh B IPOTPAMMHBIX



KOMITJIEKCaxX JJIsi MOJEIMPOBAHUS JIBYMEPHBIX W TPEXMEpHBIX TeueHuil. B paborax [2, 15, 20] uccnenyercs
CTPYKTYpa YAapHOHW BOJHBI B YIJIEKHCJIOM Tra3e, NPOBEICHO CPaBHEHHE IOJXOIOB C YYETOM BS3KOCTH W
HEBSI3KOTO TPHUOJIMKEHHUS, BBIOJHEHA OICHKA BJIMSHUS OOBEMHOW BS3KOCTH Ha INMPHHY YAApHOW BOJHBI M
pacmpeneneHue Ta30IMHAMIYICCKIX mapaMeTpoB. B cratse [4] uccnemyercs o0nacTb MPUMEHAMOCTH (BOPMYIIBI
Jlarmay—Temnepa u peIoKeHbI ee MOAU(MUKAINH TSI BpEMEH peJlaKcalliy B yIieKucioM rase. B padore [18]
MOAPOOHO M3yueHa 0ObEMHAsl BA3KOCTh B YIIEKHCIIOM Ta3e; METOAAMH CTPOTOH KWHETHYECKOH TeOpHH OBLIO
MOKAa3aHO, YTO B oOmeM ciaydae Kod(QQHUIHEHT OOBEMHOW BS3KOCTH HENb3s NPEACTAaBUTh KaK CyMMY
HE3aBUCUMBIX BKJIAJOB BpaIIaTeNbHBIX M KONeOaTeNbHBIX CTemeHeil cBoOompl. Takum obOpasoM, OBLIO
pa3peleHo M3BECTHOE MPOTHBOPEUHE MEXAY PE3y/bTaTaMU TEOPETHYECKUX PACUETOB M IKCIIEPUMEHTAIBHBIX
n3MepeHnit 00bEMHOMH BSI3KOCTH YIVIEKUCIIOTO ra3a; pa3padoTaHHas MOAENb o0ecredriia Xopollee COBMNaIcHHE
TEOPHH C IKCIIEPHUMEHTOM.

Crenyer OTMETHTH, YTO IUISi MOJCIMPOBAHUS HEPABHOBECHBIX TEUEHUH C HCIIOJIB30BAaHHEM IOCTPOEHHBIX
TEOPETHYECKHX MoOJEIeH He YyAaeTcs NPUMEHSITh KOMMEpPYECKHe IaKeThl MPUKIAIHBIX mporpamm. Jlis
peanu3anid HOBBIX MOJENCH KOJNJIEKTHBOM OBUIM pa3paboTaHbl COOCTBEHHBIC NPOTPAMMHBIE HPOAYKTHI,
3allaTeHTOBAHBl MPOTPaMMHBIE MOAYIH Ui MHOTOTEMIICPATYpPHOTO pacdyeTa HpOCTPaHCTBEHHO-OIXHOPOAHOM
penakcaru cmecei ¢ CO; u 3a ppoHTOM yaapHoi BosHb [23-28].

BocTpe6oBaHHOCTE M aKTyaJlbHOCTh HPOBEACHHBIX MCCIIENAOBAHUH MOATBEP)KIACTCS TEM, YTO OHH ObLIH
mogiep>kanbl ABymsa rpantamu PH®, cempro rpantamu POOU, neyms rpartamu CIIOI'Y, rpanTom [IpesnnenTa
Poccuiickoit @enepanuu, rpanrom Komutera o Hayke u Boiciiei mkoine [Ipasurensctsa Cankt-IleTepOypra.
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Annotation

The team of authors presented a series of scientific papers devoted to the study of nonequilibrium flows of high-
temperature gas mixtures that make up the atmospheres of the Earth, Mars and Venus. The relevance of these
studies is primarily associated with the tasks of creating high-speed flying and space vehicles, ensuring their
safe entry into the atmospheres of the planets. The development of reliable models of nonequilibrium flows
around vehicles moving at very high speeds is an important component of the creation of new heat-shielding
materials and the development of new aerospace technologies. The significance of the presented cycle of works
is also due to the need to solve a number of modern scientific and technical problems, such as modeling the
processes occurring in low-temperature plasma as applied to laser and chemical technologies, developing new
methods for purifying the polluted atmosphere, and convertion of carbon dioxide.
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Back in the middle of the last century, it was shown that traditional approaches based on the approximation of
local thermodynamic equilibrium are unacceptable in conditions of deviation from thermal and chemical
equilibrium. In presented series of works, on the basis of the kinetic theory of nonequilibrium processes, the
team has constructed new models for describing the flows of rarefied gas mixtures. The developed approaches
were used in modeling: 1) spatially homogeneous relaxation of various mixtures, 2) flows behind a shock wave
(a phenomenon that occurs near bodies moving at supersonic speeds). The first task is a convenient tool for
testing (verification) of the models used. Based on the solution of the second task, the reliability (validation) of
the simulation results was performed. The next stage was the solution of some two-dimensional problems of
hypersonic aerodynamics.

The cycle of works can be conditionally divided into two parts according to the composition of the mixtures
under study: 1) the air mixture and its individual components [1, 6-10, 12, 13, 17]; 2) pure carbon dioxide and
mixtures including products of its decay [2-5, 11, 14-16, 18-22]. When describing the processes in these
mixtures, two main models were used: state-to-state and multi-temperature. The state-to-state approach solves
the related problem of gas dynamics, heat transfer, and vibrational-chemical kinetics for each vibrational level
of molecules, without making any assumptions about the nature of the distribution of molecules over vibrational
energy levels. This approach is the most detailed (but also more resource consuming). The multi-temperature
approach is a simplified method based on specifying quasi-stationary vibrational distributions with different
temperatures; it is a good alternative in engineering calculations that require a quick response to the task at hand.
In turn, when modeling mixtures with polyatomic molecules (CO3), the multi-temperature approach can be
divided into subtypes according to the degree of detail in the description.

Further, the main results of the authors are briefly discussed.

In [1, 6], high-temperature flows of air, binary mixtures of nitrogen and oxygen behind shock waves were
investigated on the basis of the state-to-state and multi-temperature approaches. The simulation results were
compared with experimental data, on the basis of which recommendations were developed for the use of kinetic
models under various physical conditions. An important aspect of modeling nonequilibrium flows is the correct
description of the processes of mass, momentum, and energy transfer in a mixture. Using the state-to-state
approach, the coefficients of thermal conductivity and bulk viscosity [8], as well as heat fluxes behind shock
waves [12] in binary mixtures of nitrogen and oxygen, were investigated. Also in [13], similarity criteria related
to thermal conductivity and diffusion (Prandtl and Schmidt numbers) in strongly nonequilibrium reacting flows
were considered.

A significant part of the work is devoted to mixtures containing carbon dioxide molecules. The complex
structure of the CO, molecule severely limits the applicability of a detailed state-to-state description; however,
on its basis, modeling was carried out [5] of vibrational and chemical Kinetics in mixtures with carbon dioxide,
which made it possible to isolate the dominant relaxation mechanisms and, on their basis, to construct simplified
multi-temperature models that can be implemented in software packages for modeling two-dimensional and
three-dimensional flows. In [2, 15, 20], the structure of the shock wave in carbon dioxide is investigated, the
approaches are compared with allowance for viscosity and the inviscid approximation, and the effect of bulk
viscosity on the width of the shock wave and the distribution of gas-dynamic parameters is estimated. In [4], the
region of applicability of the Landau—Teller formula is investigated and its modifications for relaxation times in
carbon dioxide are proposed. The work [18] studied in detail the bulk viscosity in carbon dioxide. It was shown
by the methods of rigorous kinetic theory that, in the general case, the bulk viscosity coefficient cannot be
represented as the sum of independent contributions of the rotational and vibrational degrees of freedom. Thus,
the well-known contradiction between the results of theoretical calculations and experimental measurements of
the bulk viscosity of carbon dioxide was resolved; the developed model provided good agreement between
theory and experiment.

It should be noted that commercial software packages cannot be used to simulate nonequilibrium flows using
the constructed theoretical models. To implement new models, the team developed their own software products,
patented software modules for multi-temperature calculation of spatially homogeneous relaxation of mixtures
with CO, and behind the shock front [23-28].

The relevance of the studies carried out is confirmed by the fact that they were supported by two grants from the
Russian Science Foundation, seven grants from the Russian Foundation for Basic Research, two grants from St.
Petersburg State University, a grant from the President of the Russian Federation, a grant from the Committee
on Science and Higher Education of the Government of St. Petersburg.



