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Abstract

Three-dimensional numerical simulation radiative gasdynamic (CFD/RadGD) models of phys-
ically and chemically nonequilibrium flow fields around space vehicle are used for investiga-
tion of radiative aerothermodynamics of the Mars Science Laboratory (MSL) entry, descent
and landing (EDL) system under angles of attack for conditions of Martian entry [1].

The first part of the paper contains a description of the nonequilibrium radiative gasdynamic
model which is used for numerical investigation of thermophysics of the Martian entry. The
second part describes numerical simulation results obtained with the use of the three dimen-
sional code NERAT(3D)+ASTEROID. Distinguishing feature of obtained data is the compari-
son of convective and radiative heating the MSL's surface from the forward stagnation line up
to the backside. It is demonstrated that radiative heating of MSL space vehicle has its origin in
presence of molecules CO,, CO, O, in shock layer and in its wake. Calculations were per-
formed with the use of multigroup spectral model taking into account most significant
radiative mechanisms of absorption and emission.

Last part of the paper contains comparison of calculated data with experimental data, present-
ed in the paper mentioned above.

Keywords: radiative gas dynamics, radiative-convective heat transfer, Martian entry module.

MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16. MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16.09
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AHHOTAIIUA

TpexmepHast paaraliMOHHO-Ta30JAHAMUYECKast MOJICTb (GU3MICCKU U XUMHYECKUA HEPaBHOBEC-
HOTO TEYCHUSI CHOJIB3YeTCs JUIS aHAIN3a paJlalliOHHO-KOHBEKTHBHOTO HArpeBa CIfyCKaeMo-
ro kocMuueckoro anmapara Mars Science Laboratory (MSL) npu ero Bxojie B IJIOTHBIE CJIOH
aTMocdepsl Mapca 1oj yriioM aTakH.

Pe3ynbTarel pacueToB COMOCTABISIFOTCS ¢ DKCIICPUMEHTAJIbHBIMH JJAHHBIMHU, TTOJYYCHHBIMU B
npolecce yCIenHo# BeIMoMHeHHON mocagku MSL Ha noBepxHocTh Mapca [1].

B nepBo#i yacTu cTaThM AaeTCs MOCTAHOBKA 33/1a4d U (POPMYJIHPOBKA TTOJHOM CHCTEMBI ypaB-
HeHui. Bo BTOpoOM yacTu u3naraercs HCIOIb3yEMbIH METOJ YHMCIEHHOTO WHTErPUPOBAHUS.
3aKIIFOYHTENbHAS YacTh CTaThbH COJCPIKUT 0030p MOIYYCHHBIX PACUCTHBIX JaHHBIX U UX CO-
MIOCTaBJICHUE C JICTHBIMH JTaHHBIMU.

Oco0eHHOCTBI0 Pa0OTHI SBIISETCS TOJNYYEHHE PACUETHBIX JaHHBIX MO KOHBEKTHBHOMY M pa-
JIMAIIMOHHOMY (MHTETPaIbHOMY M CIIEKTPAJbHOMY) HArpeBYy BCEH MOBEPXHOCTH CITyCKaeMOTO
KOCMHYECKOTO amnrapaTa IpH ero MoJjeTe MoJ| YoM aTakH BJO0Jb PEIbHOM TPaeK TOPHU Map-
CHAHCKOT'O BXOJa.

KiroueBsle cnoBa: paguanyoHHas ra3oBas JWHAMYKA, paglalliOHHO-KOHBEKTHBHBIN TEILIO-
00MeH, MapCHaHCKHI CITyCKaeMBbIi amnmapar.

1. Bgeeaenue

[HonpoOGHBIi 0630p MPEANONETHBIX SKCIEPUMEHTOB U JAHHBIX M0 PEKOHCTPYKIIMH MOJIETHBIX
JAHHBIX MO0 BXOAY MapCcHaHCKOTro kocmuyeckoro ammapara EDL MSL (the Entry, Descent, and
Landing system of the Mars Science Laboratory), ycmeniso mocraBuBmiero mapcoxon Curiosity
BecoM okoiio 900 kr Ha moBepxHOCT, Mapca 5 aBrycra 2012 r., npencrasieH B padore [1]. B yka-
3aHHON paboTe MpelcTaBiIeHbl PEe3yIbTAThl IUPOKOIO CIEKTpa HCCIIEJOBaHHM, KOTOPhIE MOTYT
OBITH MOJIOKEHBI B OCHOBY JTAJIBHEHIIIETO Pa3BUTHSI JTOCTOBEPHBIX MH)KEHEPHBIX METOJIMK U HOBBIX
3¢ (deKTUBHBIX TEXHOJOTHI. B yacTHOCTH, MOKa3aHO, YTO OCHOBHAS JOJIsl TETUIOBOM Harpy3ku Ha
CITyCKaeMbIii KOCMHUYECKUH armapaTr MPUXOJUTCS Ha KOHBEKTUBHBIN TeruiooOMeH. OmHako, psn
HeornpeaeeHHOCTe!, GUKCHPOBAHHBIX B [1], MOTYT CBUAETEILCTBOBATH O BEPOSTHOM BKJIAJC pa-
OualoHHOro Harpepa. IlosToMy omHON M3 BaXKHBIX 3a/ay IMPEANOJIETHOrO MPOrHO3MPOBAHUS
TepMO(U3UKH MapCHAHCKOTO BXOJla SIBISETCS 3a7adya MU3YyueHUs] WHTCHCHUBHOCTH PaIUAIlMOHHO-
KOHBEKTHBHOI'O TEIJIOOOMEHA.
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IMogpoOHoe wmccienoBaHNe WHTEHCMBHOCTH KOHBEKTHBHOTO HarpeBa moBepxHoctd MSL
npeacTaBicHo B pabore [2], B KOoTOpo# ucmoib3oBancs kommbioTepHbiii ko LAURA B Tpex-
MEpPHOM BapHaHTe. DTOT KOJ pPeallu3yeT YHCICHHOEe UHTerprupoBanue ypaBHeHni HaBbe — CTokca
JUIST HEPAaBHOBECHOTO TeueHUs. {15 yCIoBHI MapCHaHCKOTO BXOJla MCCIENOBANIACh 8-MU KOMIIO-
HEHTHAs CMECh XUMHUYeCKH HepaBHOBecHBIX ra3oB (CO,, CO, Ny, Oz, NO, C, N, O). B pacuerax
NpUMEHSITaCh KMHETHUecKass Monenb [lapka [3]. UnucneHHOe MHTETpUpPOBaHUE MTPOBOIUIOCH C UC-
MOJIb30BAaHUEM KOHEYHO-OOBEMHOTO METO/Ja Ha CTPYKTYPHPOBAHHBIX ceTkax. Pacrman paspbiBa
paccuutbiBasicss o Meronuke Poy ¢ TVD pexonctpykuumeit. IloBepxHOCTh mpuHHUMAanack adco-
JIFOTHO Katanutuueckod it koMioneHT CO» u N, ¢ ux 3HaueHusMH B HaGeraromeM morokxe 0.97
u 0.03 coorBeTcTBeHHO. TemmepaTypa MOBEPXHOCTU CUMTATACh PaJHAIIMOHHO-PABHOBECHOH, TO

€CTh ompezensnaach no Gopmyie Qw =<*;“0‘T\,C1 rad-equil» TAC Ow — KOHBEKTHUBHBIN TEIIOBON MOTOK K

MOBEPXHOCTH €O cTeneHbto 4epHoThl & =0.9. B yka3aHHOU CTaThe MpeAnoaaraiock, 4To MoBepX-
HOCTb ITO/IBEPIKEHA TOJILKO KOHBEKTUBHOMY HArpeBY, a paJHallMOHHBIA HATPEB MaJl.

B npemmectByronux paborax aBropa [4—8] 6110 MOKa3aHO, YTO MPHU aHATHM3E TEIUTO(PUIUKH
MapCHaHCKOT0 BXOJ[a CITyCKaeMbIX alapaToB MOXKHO OTPAaHUYMBATHCS PACCMOTPEHHEM JIBYOKUCH
yriepoja, 9YTo 3aMETHO YIPOIIAeT KMHETHYECKYIO MOJIENIb Harperoro ra3a kommnonenramu: C, O,
CO, COy, O,. JleranpHble UCCIICOBAHMS TOKA3aIM, YTO HOHU3AIIUEH MOXKHO MTPEHEOPEUb.

[IpocTpaHcTBeHHBIN paaualioOHHBIA HarpeB noBepxHoctd EDL MSL usydaeTrcs B maHHOM
pabote. Jlis 3TUX 1eseil MCTONB3YeTCs aBTOPCKUM palualiiOHHO-Ta30AMHAMUYECKUH KOMITBIO-
tepubiit kog NERAT(3D) (Non Equilibrium Radiation Aero Thermodynamics) [2—9]. Yka3aHHbIi
KOJI YUCIIEHHO HHTETPUPYET CHCTEMY YPaBHEHUH (U3UYECKN U XMMHUYCCKH HEPABHOBECHOTO, BSI3-
KOTO M TETUIOMPOBOIHOTO M3NyYaroIiero raza. Matemaruueckas MOZENb T€UEHHUS BKIIIOUAET B Ce-
0st cuctembl ypaBHeHHid HaBbe — CTOKCa, HEpa3phIBHOCTH, COXPAHEHUS SHEPTHH MOCTYMATEILHOTO
JBYOKCHHS YaCTHII Ta3a, CHCTEMY YpaBHCHHA TUPQY3UU U XUMHUIESCKOW KHHETUKU Ta30BBIX KOM-
MOHEHT, CHCTEMY YpaBHEHHI COXpAaHCHHS SHEPruH B KOJeOATEIBHBIX MOJAaX, MHOTOIPYITIOBYIO
CHCTEMY YpaBHEHHH IepeHOca CEJIEKTUBHOTO TEIUIOBOTO W3iydeHus. Bce ypaBHenus ¢op-
MYJIHPYIOTCS B CBSI3aHHOW C MOBEPXHOCTBHIO CITYCKAEMOT'0 KOCMHUYECKOTO ariapara KpUBOJIWHEH -
HOU crcTeMe KOOpIUHAT. J[JIsi 4UCIICHHOTO HHTETPUPOBAHUS HCIIOJIB3YEeTCSI MHOTOOJIOUHAs! MHOTO-
CETOYHAs! TEXHOJIOTHSI.

Kommerotepusiii koqx NERAT(3D) MHOrOKpaTHO MOBEprayicsi TECTUPOBAHUIO Ha MpPUMEpE
pelIeHns 3a1a4 a’dpOTePMOJIUHAMUKH CITYCKAEMbIX KOCMHUYECKUX allapaToB U BOCCTAHOBJICHHS
HA3eMHBIX CTCHIOBBIX HcnbiTanuii [4—13]. [IpoBeneHHOE TeCTHPOBaHKE MOKA3ajJ0 YIOBICTBOPH-
TEIHHOE COBIAJCHUE PE3yIbTATOB C PACUCTHBIMU JTAaHHBIMH JPYTUX aBTOPOB U C PE3yIbTaTaMH
IKCIIEPUMEHTAJIBHBIX MUCCIIC0BaHUI. B 4acTHOCTH, OBUIM BBITIOJHEHBI PacUeThl a3POTEPMOIMHA-
MHKH KOcMHYecKoro anmnapara Pathfinder anst tpaekTopHBIX TOUEK, peCTaBICHHBIX B Ta0. 1.

Tabnuya 1
TpaekTopuble ToukH cnyckaemoro anmapara PATFINDER [13]
Bpewms, ¢ Poo s glem? P » erglem® V.., km/s T., K
40 0.724x10°8 1.660 7.496 122
42 1.01x10°8 2.462 7.490 129
52 5.76x1078 15.56 7.364 143
66" 2.80x1077 89.41 6.596 169
80 8.54x10°' 282.0 4.717 175

W3yuena paguannoHHas a3poTrepMoIuHaMuKa ciryckaemoro anmnapata EXOMARS B Tpaek-
TOPHBIX TOYKAX, MPUBEJCHHBIX B Ta0JI. 2.
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Tabauya 2
TpaexkTopHbie TOuKH cmyckaemoro annapata EXOMARS
WMs TpaeKTOpHOU TOYKH| p,, , r/em® Pos 5 :-)pr/CM3 V.., km/c T.,K
SC.1 6.838x10~7 200.3 4.220 195
SC.2 1.069x106 324.6 4.474 194
SD.1 3.708x10~7 137.4 4.878 158
SD.2 5.534x10~7 205.9 4.489 153
Cold 94.1 1.186x10-8 352.8 3.842 155
Storm90.1 1.911x10~7 77.3 5.268 211

B pa6ote [14] man 0030p BBINOJTHEHHBIM HCCICIOBAHHUSIM paJdallHOHHON Ta30BOM JIHMHA-
MHKH CITycKaeMbIX amnmaparoB Pathfinder mis TpaekTOpHBIX TOueK, NPUBEICHHBIX B TaOII. 1,
Exomars myis TpaeKTOpHBIX TOYEK, MPUBEACHHBIX B Tabmwuie 2, © MSL nis TpaeKTOpPHBIX TOYEK
MIPUBEICHHBIX B Ta0II. 3.

Tabauya 3
TpaexkTopHble TOuku MSL B padore [29]

Bpewms, ¢ h, km Poo s rlem® P s 3pr/0M3 V.., km/c T., K
50 68.3 4.71x107° 1.29 5.54 145
70 47.7 7.63x10°° 21.5 5.48 149
80 38.3 2.10x 107 64.3 5.31 162
89 31.0 4.74%x 107" 150. 4.98 179
103 22.3 1.05x10°° 377. 4.10 189
109 19.6 1.44%x10°° 517. 3.63 190
113 18.0 1.48x107° 534. 3.32 191
137 14.2 2.43x107° 886. 1.95 193

Panmanmonnas aspotepmoanHamMuka criryckaemoro amnmnapara MSRO ananusuposanack B [7]
JUI TPAEKTOPHBIX TOYEK MPHUBEIEHHBIX B Tabuuue 4. PacueTHo-MeToanueckue npodsieMbl 00TeKa-
HUSL cephl YIIICKUCIIBIM ra30M paccMOTpeHsI B [15].

bonee nmeranmpHbIe McCaeAOBaHUS paavallMOHHON rasooi auHamukun EDL MSL B manHo#M
paborte, 10 CpaBHEHUIO C BBHITIOJIHEHHBIM HCClieioBaHneM B [14], 00ycliOBICHO HOBBIMH JIaHHBIMH
[0 KOHBEKTHMBHOMY TEIJIOOOMEHY, KOTOpbIE SBISAIOTCSA PE3yJbTaTOM BOCCTAHOBIIEHUS JIETHBIX
HKCHEPUMEHTAIBHBIX JAHHBIX.

Kaxk yxe ormevarnock, B padote [1] mpeacrtaBieH moapoOHbIH 0030p 3KCIEPHUMEHTATIBHBIX
paboT u pacdeTHOro aHanm3a a’porepmoauHamuku MSL. B obecrieuenue BeiOOpa HEOOXOIUMOM
TEIUIO3aIIUThl aHATU3UPOBAINCH OBEPXHOCTHBIE paclpe/ieieHuss KOHBEKTUBHBIX TEIIOBBIX I0-
TOKOB, JIaBJICHHUS U TE€H30pa BSI3KHUX HampspkeHWH. [IpudeM, cepust 3THX HCCIenoBaHUi ObLia 1mo-
BTOpeHa JBaxabl. [lepBblil pa3 — nus npeanonaraemoro 3amycka B 2009 r. (mocagka Ha Mapc — B
2010 r.), a BTOpOii pa3 — aJyist BeioaHeHHoro mycka B 2011 r. (mocanka — B 2012 r.). Pacyers! npo-
BOJWIIUCH C HcMoNb3oBaHneM kommbioTepHbiX kogoB LAURA u DPLR. Kox LAURA wucnomns-
30BaJICsl TaKXKe JUIsl Mpe/iCKa3aHus adpOAMHAMUYECKUX KO3 (UIIMEHTOB CIIyCKaeMOro armapara B
npoliecce JIBUKEHHUS 10 TPAeKTOPUH BXOJa. BakHBIM 3JI€eMEHTOM YKa3aHHOT'O MPOTHOCTUYECKOTO
aHaJIM3a SBUJIOCH U3yYeHHE 3aKOHOMEPHOCTEH JIaMUHApHOTO M TypOYJIEHTHOrO TeI1000MeHa /st
yCJIOBUH MapCHAaHCKOTO BXoja. bbulo moka3zaHo, 4To cleqyeT OKUAATh 3HAUYUTENILHOW POJIU Typ-
OYyJIEHTHOTO KOHBEKTMBHOI'O TEeIUIoO0OOMeHa. AHalu3 TypOyJEHTHOTO TEMJ00OMEHa BBIMOJIHEH C
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ucnons3oBanneM RANS mopeneii. I[loguepkHeM, 4TO pacyeTHO-TEOPETUUYECCKUE HCCIICIOBAHHUS
MIPOBOJIMIINCH MTAPAIIICITFHO C HA3eMHBIMHU 3KCTIEPUMEHTAIBHBIMU HUCCIICIOBAHUSMHU.

3HayMTeNbHAS YacTh [1] mocBsIeHa aHATU3y SKCHCPUMEHTAIbHBIX JIAHHBIX 10 MPOTPEBY
TETIOBOM 3anuThl B rporecce cnycka EDL MSL no tpaekropuu Bxosa.

Tak kak mpenBapuTEIIbHBIC UCCIICAOBAHUS MOKA3JIA BAXKHOCTh TYpOYJISHTHOTO Harpena, Te-
mwiosas 3ammTta EDL MSL Onuta ocHalieHa cucTeMOl JaTUYMKOB JaBJICHHUS, TEIJIOBOIO IIOTOKA U
temnepatypbl (cucrema MEDLI). Ha puc. 3 B [1] moka3ano pacroioxeHHe JaTYNKOB CHCTEMBI
MEDLI ma 1000BOM a3pOoMHAMHYECKOM IIUTE (TepMONapbl M JAaTYMKH naBiaeHus1). s Boc-
CTaHOBJICHHUS TCIUIOBBIX MOTOKOB Hcmojb3oBaiack moaens FIAT (Fully Implicit Ablation and
Thermal response model), kotopast peanu3yer oOpaTHBI METOM OIEHKH TEIJIOBBIX IMOTOKOB IO
W3MEpPEHHOW TeMIepaType B TEIUIOBOM 3amuTe. B KayecTBe maTepuasna TEIJIOBOM 3allUThl HC-
noJIb30BalICs yriiepoa-heHonbHbIi MaTepuan (the phenolic integrated carbon ablator — PICA).

BakaelmmMy TaHHBIMU SBIISTFOTCS: 3HAUCHUS JIABJICHUS M TEAJIOBBIX MMOTOKOB Ha Pa3HBIX
yyaTcKax JIOOOBOHM MOBEPXHOCTH B Pa3HBIX TOYKaX TPaeKTOpuu. [IpeicraBisieT 3HAYMTEIbHBIN
WHTEPEC pacueTHOE BOCCTAHOBJICHHE KOHBEKTUBHBIX TEIUIOBBIX MIOTOKOB MPH JIAMHUHAPHOM H TYP-
OYJIEHTHOM TE€YEHHH, 1 OCOOEHHO UX CpaBHEHHE C HKCIIEPHUMEHTaIbHBIMU JTaHHBIMU. B 3T0if CBsI-
3W, TMPEJCTABISIOT HECOMHECHHBI WHTEPEC W pacueTHbIC JaHHBIC 10 KOHBEKTUBHOMY (JIaMH-
HapHOMY) M paJualMoHHOMY HarpeBy noepxHoctu EDL MSL, nony4yenHsle B naHHON paboTe C
UCIIOJIb30BaHUEeM KoMIbroTepHoro koga NERAT(3D).

[lepBast 4acTh cTaThu COACPKUT OINMCAHUE BHIUYUCIUTENHHOW Mojenu. Bo BTOpoii uactu
MPEJCTAaBICHBl Pe3yIbTaThl YMCICHHOTO WCCIEIOBAaHHUS M CPABHEHHUS C pe3yJbTaTaMH BOCCTa-
HOBJICHUS SKCIICPUMEHTAIBHBIX JTaHHBIX [1].

2. BprumciaurejbHas MOaeIb

Cucrema ypaBHeHM Hepa3pbsiBHOCTH U HaBbe — CTOKCa opMynupyeTcs B CIEeIyIOIEeM BU-
ne:

8_p+ opu N opV N OpW
o ox ox  oX

B )= B2 (w2 (42, 2 ﬂ(a_vﬁ_u] +2Ha_w aﬂ @

=0, (1)

ox 3 ox ) oy ox oy oz oX oz
dpv . ap 20 o ov) o| (ov au)| o (ow ov
—+div(pWVW)=———-= divW)+2—| p— |+—| | —+— | |+— 3
e P ay[“ayJ ax“[ax ayj 7 (ay aj ©
opwW . op 20 : o ow) 0 ow du 0 ow Ov
—+div(pWV ) =————=—(udiWW )+ 2—| g— |[+—| u| —+— | |[+— 4
o Tav(pWV) == g (kdiw) azi”az%ax[”(afaz]}ay [ay aj )

Cucrtema ypaBHEHMI HEPa3phIBHOCTHU IS OTIIEJIBbHBIX KOMIIOHEHT (ypaBHeHUs Auddy3un) u
cucTeMa ypaBHEHHH COXpaHEHHsI SHEPIHH B KOJIEOATENbHBIX MOAAX MOJIEKYII

%+diniV:—diin+v'vi, i=12,...N,, (5)

ope,,
Py — R rdiv(pVe,,)=€.m Mm=12,...,N,, (6)

VYpaBHeHHne coxpaHeHus 3Hepruu B popme ypaBHenus Oypwe —Kupxrodda temnosoro 6a-
JaHca JUIsl MOCTYNaTeIbHOM TeMIiepaTyphl JBUKEHHSI YaCTHI] raza
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PC, %erchgradT =div(4 gradT)+%+Vgrad P+
N, N,
+® , +Qup —divag — Y W+ pc, D (grady; -gradT ) (7)
i=1 i=1

YPaBHCHI/Ie MEPEHOCA CCICKTUBHOTO TCIIJIOBOI'O U3JTYYCHUA

QW+Kw(r)Jw(r,Q):jw(r), ®)
B IpCACTAaBJICHHBIX YPABHCHUAX MCII0JIb30BAHBI 0003HaYEHH:

u, v W — IIPOEKIuu ckopoctu V Ha ocu X, Y, Z,

ef —e

. v,m v,m A
€.m = Pim) - —€,mWim) )
m

e, . = Ry (10)

™ My [exp(&m/TV’m)—l] ’
ou¥ (ov) fow)
CD#—IU 2(&) +2[—j +2(Ej +

ov au) (ow ov) (ou ow)® 2(ou ov ow)
H =t == | | == | =| —F—+— | |, (11)
ox oy oy oz 0z 0oX 3\ox oy oz

AUCCHUIIaTUBHAsA (I)YHKI_[I/IH; p, o — HABJICHUC U NJOTHOCTH, T - TEMIICpAaTypa MNOCTYIATCIIbHBIX

creneHer cBo0Oabl, 1, A — KO3QQUIMEHTBI BA3KOCTH M TEILIONPOBOIHOCTH, Cp— yJAeNbHAs Tel-
Ns

JOEMKOCTb IIPU TOCTOSHHOM JIaBJIEHUH; Cp :ZYiCp,i : Y; — MaccoBas 1014 i-il KOMIIOHEHTHI Te-
i

4eHHs; Cpj, i — yleIbHas TEIUIOEMKOCTh IIPU TIOCTOSIHHOM JIaBICHHUH U YyEIbHAS YHTAIBIHSA i-if
KOMIOHEHTHI TeueHus; D; — sddexruBupiii kodddunuent auddysuu i-ii KOMITIOHEHTHI TEUCHHS
pi,Ji — IUIOTHOCTh W MacCOBbIi JU(PQPY3MOHHBIH TOTOK I-i  KOMIIOHEHTHl TCUCHHS,
Ji=—pDigradY;; Ng — uncno komnonent cmecu razos (C, O, Cy, O, CO, COy); €,m — yueib-
Hasi KonebaTenbHas SHeprusl M-I KonebaTeabHOH MOJBI I-if KOMIIOHEHTBI TEUEHHS, Pj(m) — IIOT-
HOCTP i-ii KOMIIOHEHTHI TEYeHHs, UMeomel M-1o konebarensHyro moay, €9, =€.n (v=T) -
paBHOBeCHas yJlelbHas dHeprus Konebanuili m-if Mose i-it komnoHeHTs! Teuenus, Ry =8.314x10’
apr/(K-Momnb) — yHHBepcaibHas ra30Basi IOCTOSHHAS; T, — TeMIeparypa B M-i KoieOarenbHOU

Moa€ I-if KOMIIOHEHTHI TeueHust. OcTalbHBIE 0003HAYEHHUS MMPUBOAATCA HUKC.
Hcnons30Banock TEPMHUYCCKOC YPABHCHUC COCTOSAHHUA UACAJIBHOIO Ira3a

N
R 5 Y
_ 0 _ i

p=p—LT=pRTY . (12)
My - M,

Cnaraemoe Quip B (7) 3amaeT MCTOYHUKH TeIlIa, CBI3aHHBIE C KOJICOATENBHOM pellakcammei
raza; Ny — 4ducio yuuThIBaeMbIx KojieOaTenapHbIX MO (B paccMaTpuBaemMoMm ciydae Ny =5:
m=1 st konebanuit Mmosiekynbl Op, Mm=2, 3,4 — nys xonedarenbubix Moa COz; M=5 — st ko-
nebatesnproi Moabl CO).
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YpaBHeHHe TiepeHoca u3nydeHus (8) popmynupyeTcs B o0eM BUIE Ui HEPACCEUBAIOIICH
Cpelbl OTHOCHTEIBHO CIIEKTPAIIbHOW HHTEHCUBHOCTHU M3IydeHus. [lociie HaX0KIeHHs CIIeKTpallb-
HOU MHTEHCUBHOCTU HU3ITYy4YCHUS PACCUHUTBHIBACTCA BCKTOP INIOTHOCTH MHTCTPAJIBHOTO paiuallvOH-
HOTO TETIOBOT'O TIOTOKA U €T0 JTUBEPI CHITHS:

Or =dg(r J.dQ I (r,Q)Qdo= J. dr.(r)de,

Az Ay Ayt

qR,a)(r): j ‘]w(r’Q)QdQ' qR :(qR 'n)! (13)
Ly

rae J, (r,Q) — crexrpaibHasi HHTEHCHBHOCTD M3IIydeHHUs; K, (1), j, (F) — crexrpaipHbIi K03 (-
(UIMEHT TOTIOMEHNsT ¥ UCIYCKaHWs, KOTOPBIA BBIYUCIACTCS MPH JIOKAIBHOM TEPMOJINHAMH-
uyeckoM paBHoBecu (JITP) ¢ ucronp3oBanueM 3akona Kupxrodda

Jo(r)=1x,(r)Jdy (1), (14)

Jb,w(F) — crekTpasibHas HHTEHCHBHOCTH M3Iy4eHHUs aOCOIOTHO YEPHOTO Tena; I — paanyc-Bek-
TOp TOYKM IPOCTPAHCTBA; () — €AUHUYHBIA BEKTOP; Aot — CHEKTPAIbHBIA AHANa30H TEIJIOBOTO
u3TydeHns (B gaHHOIM pa6ore 1000+ 200 000 cm Y.

BaxHO! XapaKTEepUCTHKOM paJuallMOHHOIO HAarpeBa CIIyCKacMOIo ammnapara sBJIeTCs Ky-
MYJISTUBHAs (QYHKIHSA, ONpeenseMas sl KaKA0M 2JIeMEHTapHOM IUIO0IA KU Ha €ro MOBEPXHOCTH
o cueayromieit popmysne:

Qrad _[ Qw, r,a)

Dmin

rae Qur.o=(0rw:N) — INIOTHOCTH CIEKTPAIILHOTO MOTOKA TEIIOBOIO M3JIyYCHHUS HA dJIEMEHTap-
HOIi Tomanke ¢ HopMmaiblo N. Bemnunna Qg Jaer mpenacraBieHHE O JOJIM IMOJHOTO pajua-
IIMOHHOTO TEIJIOBOTO MOTOKA, TIA/IAFOIIEr0 Ha TIOBEPXHOCTh B CHIEKTPAJILHOM JHANA30HE [@min, @).
[Tpu @ = Wmax =200 000 cM ' Qpag OTBeUACT MOJTHOMY (MHTETPaTbHOMY) TEIJIOBOMY MOTOKY.
PacueT nmepeHOCHBIX CBOMCTB MHOTOKOMIIOHEHTHOTO ra3a (BS3KOCTH, TEIUIONPOBOIHOCTH H

kodddunmenToB 1uddy3un) BHIMOTHIETCS B TIEPBOM NpUOTIKEHUU Teopun YenmeHa — DHCKora
[16]

_ 5 _yMiT _ Tr_1
1 =2.67x10 m, r/em-c, 4 =8330 vi O'ZQi(z’z)*’ apr/em-K, (15)

i =% i Oj

rae o; — 3(pdEKTUBHBIA IUAMETP CTOIKHOBEHMI, A; Q(Z’Z)* = f (Ti) — uHTErpan CTONKHOBEHMIT;
Ti=KT/&i; &/k — napamerp, XapakTepusyromuii TIyOMHY TIOTEHIMATBHON SHEPTHHA B3aUMOIEM -
CTBHSI YaCTHI] I-TO THIIA, & TAK)KE MPHOJIMKCHHbIC KOMOMHATOPHBIC COOTHOIIeHUsT MaHHa u bpo-

Kay [12], MO3BOJIAIONINE PACCUUTHIBATH HEOOXOAUMBIC JIJISl BRIYMCIUTEIILHON MOJIEITH CBOMCTBA

N N N
s Y. s s .
S| =X Sxa+y/ S 5], (16)
i=1 \ Hi 23 i\
D¢ dexTuBHBIN KOdPPHULIUEHT U Py3uH I-r0 KOMIOHEHTa BIUUCiseTcs o Gopmyne Yuike [13]

1-X%
N :
2. (xj/Dij)
j#i
WNuTerpansl  CTOJIKHOBEHUN  BBIYUCIAIOTCS MO  ANIpPOKCUMAIUSAM, IPEIATIOKECHHBIM
H.A. AadpumoBbIM

3Mi+Mj 1

MiM;j  po?, QP

D, = D; ; =1.858x1073 cm’/e. (17)
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rie (QpyHKIUHU, ONpeNeNsoNnue CTOJIKHOBEHHS IBYX YACTHII, OTPEACIISIOTCS M0 TaK HAa3bIBAEMBIM
KOMOHWHATOPHBIM (popMyiam

Ti=— ¢

1
i,j

i~ j

Hcnonp30BaHHBIE MOJIENIN XUMUYECKOH KMHETHKH MHOTOKOMITOHEHTHON CMeCH Ta3oB ¢op-
MYJIMpPOBAJIaCh B KAHOHUYECKOM BHJIE AJISl KOKAOM XMMHUYECKON peakuuu (IOJIHbIM Habop yUUThI-
BAaeMBIX XMMHYECKUX PEaKIUi MpUBeIeH B Ta0. 2 u 3)

N, N,
Zaj,n[xj}ij,n[xj] n=12,....,N,, (20)
= j=1

TOT/Ia CKOPOCTh 00Pa30BaHus i-if KOMITOHEHTBI B N-i XUMHUYECKOM PEAKIMU 3alIUCHIBACTCS B BUJIC

dx. N, _ Ny _
% =k (bi,n _ai,n)HXJ'am —kKi (bln _ai,n)]T[XJ'bLn :(b'v” _aivn)(sf'” _Sr'n)’ (21)
i ]

n

rae an,bin — crexuomerpuyeckue Ko3)(GULUCHTHI N-if XUMHYECKOW peakimu; Xi — 00BbeMHO-

MOJIbHAST KOHIICHTPAIUS I-ii KOMITOHEHTBI; [X j] — XUMUYECKHE CUMBOIIBI pEareHTOB U MPOTYKTOB

XMMHUUYECKUX peaknuii; N, — 9MCcI0 XMMHUYECKHX peakiuid; St ,, S, — cKkopocTH npsmMoi u 00-
patHoii peakuuy; Ky, Kr n — KOHCTaHTBI CKOpOCTEW MPSIMBIX M OOPATHBIX PEaKIUHL.

MaccoBasi CKOPOCTh 00pa30BaHuUs I-ii KOMIIOHEHTHI B €MHUIIC 00bEMa OMPEIEIICTCS Clie-

JTYIOIIUM 00pa3oM:
Nr
Vi = M _

i i 1(bi,n _ai,n)(sf,n _Sr,n)’ e (22)

S

U3 (21), (22) cnemyer, 4To s BBIYMCIIEHHS MacCOBOWM CKOPOCTH OOpa3oBaHHS I-H KOM-
MOHEHTHI HEOOXOIMMO ONPENEIUTh KOHCTAHThI CKOPOCTEH MpsIMOi 1 00paTHOM peakimid A1 Kax-
noii u3 N, peakuuil. Yka3aHHbIE KOHCTAHThI allIPOKCUMUPYIOTCS 0000IIEHHON appeHIYCOBCKOM
3aBHUCHUMOCTBIO

Ef (r),n

kT ) (23)

_ Nt ().
Keryn = Arynl " €XP| —
rae At ryn: Nt ryny Ef(ryn — annpokcumupyromue Ko3GGHUIHEHTs 11l KOHCTAHT CKOPOCTeH mps-

Mmoii ( f) m obpatHOil () XUMHUUecKUX peakuuid; 7 — TeMieparypa MOCTYNaTeIbHbIX CTETeHEH

cB0OOBl. B pamkax mcrnonb3yeMol MoJeiM TemiepaTypa BpallaTeIbHOIO JBM)KEHUS CUUTAeTCs
paBHOM TeMIiepaType MOCTyNmaTeabHOro ABMKeHus, K — mocrostuaas BonbliMaHa, N — HOMEp XH-
MUYECKOM pEaKMy B KWHETHUECKON MOJEIH.

VYciosue KBa3I/IH€I\/’ITpaJ'II)HOCTI/I HCIIOJIB30BAJIOCH IJIsI HAXOXKACHUA MOJIBHBIX KOHIICHTpaIII/Iﬁ
AJIEKTPOHOB.

Hcnonp3oBanack Mojieiab aOCOTIOTHOW KaTAJIMTUYHOCTH MOBEPXHOCTH, B COOTBETCTBHUM C
KOTOpOU

(Y;), =Yiwr =223, N, (24)

rac Yi «» — MaCCOBBIC JOJIM KOMIIOHCHT B Ha6era101ueM rasec.

TeMnepaTypa ITOBEPXHOCTH BBIYHMCIIATIACH C MCIIOJIb30BAHHUEM YCIIOBUS
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goTt=Q,, (25)

2 14
IIe & — CTENEHb YEPHOTHI MOBEPXHOCTH; o =5.67x1071?Br/(cM"-K") — nocrosunas Credana —
Bonbimana; 0y — IIOTHOCTH TEIUIOBOT'O MOTOKA, MAJAIOIIETr0 Ha 00TEKaeMyIO IIOBEPXHOCTb.
MeTtox YHCIIEHHOTO pelieHus chopMyIHPOBaHHOM 3a1a4 U3JI0KeH B padoTte [9].

3. Pagmanmonuas razosasa quHamuxka MSL

Pacuetsr o6tekanuss CA EDL MSL npoBoaunucek Ui TpaeKTOPHBIX TOYEK, MPEACTABICH-
HBIX B Tabis. 4. OTu TOUYKK (UKCUPOBAIIUCH MPU pealbHOM IosieTe B aTMochepe Mapca u uzyda-
TUCh pacueTHbIM myTeM B [1]. Takum oOpa3om, MOsSBUIIACH BO3MOXKHOCTH COTOCTABIICHHS JABYX
TPYII HE3aBUCHUMBIX PACUETHBIX TAHHBIX C DKCIIEPUMEHTAIBLHBIMU JAHHBIMU. 3aMETHUM, YTO B pa-
0ote [14] ObLI BBINOJHEH MPEIBAPUTENBHBIA PACUCTHBIM aHAU3 PATUANIMOHHO-KOHBEKTHBHOTO
teruoooMera CA MSL 11st OTIeNbHBIX TPAaeKTOPHBIX TOYEK, M3YyYCHHBIX TaK)Ke Ha MpejcKa3a-
TeNbHOM dTarne pabot B [2]. Pagnanmonnas razosas nuHamuka CA EDL MSL B kaxmoii Tpaek-
TOPHOM TOYKE aHATM3UPYETCS C UCTIOJIb30BAaHUEM PACUETHBIX JTAHHBIX, CIPYNIHUPOBAHHBIX CIIEY-
oM oOpazom. OOmiee mpeacTaBiIeHUE O MoJie TeYCHHUs AAal0T MPOCTPAHCTBEHHBIE pacipeaese-
HUS TEMITepaTyphl MOCTYIATEIbHBIX cTerneHeil cBoooab! (puc. 1-111, ¢ marom 10, cooTBETCTBEH-
HO JUIsI TPAGKTOPHBIX To4YeK 1—12), mpoeknuii CKOpOCTH MOTOKA Ha ocu X, Y u Z (puc. 1,2 111,
112, ¢ marom 10) u uncen Maxa (puc. 3—113, ¢ marom 10). O creneHn AUCCOUMAINN JBYOKUCH
yriepoja, LeJIUKOM MpPEICTaBIAIONIEeH, 10 UCXOJAHOMY JOIYIIEHHIO, MapCUaHCKYI0 aTtMocdepy,
JIETKO CYJIUTH 110 TIpocTpancTBeHHbIM pacnpenencausm CO, u CO (puc. 4—114, ¢ marom 10). Otu
KOMIIOHEHTHI SIBJISIFOTCSI, K TOMY K€, OCHOBHBIMU U3JTy4alOIIMMHU KOMIIOHEHTAMU HarpeToro rasa.

HepaBHoBecHble (hHM3HKO-XMMHUECKHE MPOLECCH B CXKATOM CIIO€ XapaKTEpU3YIOTCs pacipe-
JeJICHUEM TeMIieparyp KosnebOaTenbHbIX cTerneHer cBoboasl monekyn O u CO, (puc. 5, 6-115,
116, c marom 10).

Haubonee BaXHBIM pe3ysIbTaTOM PAaCUYETOB SIBISIETCS PACIpENEICHUE MIOTHOCTEN KOHBEK-
TUBHBIX U MHTETPAJIbHBIX PaJMAIMOHHBIX TEIUIOBBIX MOTOKOB Ha MOBEPXHOCTH BJIOJIb MEPUIANO-
HaJbHOM mIockocTH (puc. /—117, ¢ marom 10).

CrexTpalibHblE PaJHallMOHHbIE TOTOKH B OT/IEJbHBIX TOYKAX HAa MOBEPXHOCTH B MEPHUAHOHA-
JBHOM TUIOCKOCTH TIOKa3aHbl Ha puc. 8—118 (c marom 10) COOTBETCTBEHHO JJII TPACKTOPHBIX TO-
yek 1-12. KoopauHaTel TOYeK Ha MOBEPXHOCTH PACCUUTHIBAIOTCS C UCIIOJIb30BAHUEM UX HOMEPOB,
0003HAYCHHBIX Ha TMOJe PUCYHKOB. IlepBas Touka moka3zaHa Ha puc. 121. Touku co BTOpoi 1O
MIECTYIO PaCIOiIOKEHbI BOJIM3U HOMEpoB 36, 96, 146, 209 u 256 coorBeTcTBEeHHO Ha puc. 121.
dakTrudecku, Toukd 1 1 6 pacroyiokeHbl BOIU3U JT000BOTO C(heprHuecKoro CerMeHTa O CTOPOHBI
Ha0eraromiero moToka. Ha HaBeTpeHHON CTOpOHE JJ000BOTO ITUTa BOJIM3U OOKOBOM KPOMKH PacIio-
noxkeHa Touka 5. Touka Ne3 oTBeuaeT MOJBETPEHHOM 4acTU OOKOBOM KPOMKH a’pOJuHAMUYEC-
koro muta. Touka Ne4 pacmnosnosxeHa Ha 3aiHel moBepxHocTr CA BOJIM3U OCH CHMMETPHH.

B taGnuue 4, rne npuBeneHbl TpaeKTOPHbBIE MapaMeTphl 12-TH pacCUMTaHHBIX TOYEK, Mpe-
CTaBJICHBI TAK)KE SKCIIEPUMEHTAIIbHBIE 3HAYEHHSI IIJIOTHOCTEH KOHBEKTUBHBIX TEIIJIOBBIX MOTOKOB,
u3mepeHHbix natuukamu 15 u T4 [1]. Jatuuk T4 pacmonaraics B HIDKHEW HaBETPEHHOH yacTh
aspoanHamuueckoro mmuta. Ha puc. 121 310 cooTBeTcTBYeT TOuke ¢ HOMepoM 215. latuuk TS5
pacrosioxkeH B Touke ¢ HomepoM 20. YuuThiBas, YTO yroji aTakd U3MEHSJICS B Mana3one 14 + 17°
MO>KHO MPENIOJIOKHUTD, YTO JJIs faTuuka T4 BeposTHEe MOJKHO PEan30BbIBATHCS JaMUHAPHOE
TedeHue, a 1 nardnka TS5 — typOynentrnoe. [lo kpaitHeir Mmepe, 00 ’TOM MOXKHO CYIHUTh TIO pe-
3yJabTaTaM MPOTHOCTUYECKUX pacueTos B [2].

TunuuHble pacnpenesieHUusl MapamMeTPOB PACCMOTPUM Ha IMPUMEPE NMEPBOM TPACKTOPHOM
Touku. Ha puc. 1 mokazaHo mosie mocTynateabHOH TeMIepaTyphl U MPOIOIbHON BAOIb OCH X CKO-
pocTH, a Ha puUC. 2 JaHbl NOJI IPOEKLUNA CKOPOCTH Ha ocu Y U Z. McxonHble 1aHHbIE pacueTa JaHbl
B MOJIMUCAX K KaxaA0My pUCYHKY. K 0COOEHHOCTSIM MO TeUeHUS CleAyeT OTHECTH:

- o0pa3oBaHUE BBICOKOTEMIIEPATYPHOI'O CXKATOT'O €105 y 1000BOM noBepxHOCTH CA;
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—  yBeJHWYECHHAs TOJIIMHA CXKATOTO CJOS Y HAaBETPEHHOW CTOPOHBI JIOOOBOTO a’pOAMHAMH-

YeCKOro IIUTa;

—  pe3Koe MajJeHUe MOCTYNAaTeJIbHONH TEMIEpaTypbl B 30HE OTPHIBHOI'O TEUEHUS 32 OOKOBOMU

KPOMKOH a3pOJMHAMUYECKOT0 IIUTA;

—  JI0CTaTOYHO BbICOKas Temreparypa B OmwkHeM ciene (~ 2500 K), 4to oka3biBaeTCs BaXKHBIM

MPY aHAJIM3€ PAJUAIMOHHOTO HarpeBa 3aaHen moBepXHocTH CA;

—  HaJW4Me BO3BPATHO-BUXPEBOTO JIBWKCHUS HaJ 3aJHEH moBepXHOCThI0 CA, 3IIEMEHTHI KOTO-

POro XOpOIIO BUIHBI HAa 3-X PUCYHKAX C MPOCKIUSIMU CKOPOCTH.

Becbma MHTEpeCHBIM SBISETCS paclpereseHre yucen Maxa, moka3aHHOM Ha puc. 3. Ha
3TOM PUCYHKE BUIHBI KaK MUHMMYM JIB€ 30HBI JI03BYKOBOI'O JBMKEHMS: BOJM3M KPUTHUYECKOU
TOYKH OOTEKaHHS TI0OOBOTO a3pOJMHAMUYECKOTO IIIUTA U B 30HE BO3BPATHO-BUXPEBOTO JIBIKEHUS
3a 3amHeil moBepxHocThio CA. [locnennee, kak BumHO H3 puc. 3,b, cBsi3aHO ¢ BO3BpaTHO-
BHUXPEBBIM JBHKCHHEM Tra3a, KOrja B 00JIACTH TeUYCHHS ¢ KoopauHaToi X ~ 250 cm , y ~ 130 cm Ha-
OM07ar0TCA 1Ba BCTPEYHBIX MOTOKa. [103TOMY €cTecTBEHHO, UTO CYLIECTBYET OObEMHas 30HA,
MMEIOIIasi B CEYCHUH CepriooOpazHyro GpopMy, B KOTOPOH CKOPOCTh MajaaeT A0 HyJs. JTa J03BY-
KOBas 30Ha U MOKa3zaHa Ha puc. 3. YTo kacaetcs puc.2, TO U3 HErO XOPOIIO BUIHBI 00JIACTH Ha-
MIPABJICHHBIX BIOJb OCEH Y U Z TOTOKOB.

Ha puc. 4 nokazansl maccoBeie 1011 CO; u CO (cMm. moanucu Ha pucyHkax). M3 sTtux pu-
CYHKOB XOPOIIIO BHJIHO, 94TO B 00JacTsax 3ameTHoU aucconmanun CO; BrutoTh 10 Y ~0.25, B yacT-
HOCTH B CJKaTOM CIIO€, 00pa3yeTcsi MHOTO OKucH yriepoza (mo ypoBus Y ~0.5). PacnpeneneHue
MacCOBBIX JI0JIEH BJOJb KPUTHUECKOW JIMHUM TOKa Moka3zaHo Ha puc. 10 (cimeBa). OTKyma Takxke
BUJIHO, YTO B CXKAaTOM CJIO€ 00pa3zyeTcss MHOTO aToMapHoro kuciopoaa (1o Y ~0.2) u Monekynsp-
Horo kuciopoja (1o Y ~0.05). AromapHoro yriepoaa oopasyercst maio (Y ~ 10_5).

I'maBHON M3My4aromei KOMIOHEHTOM SIBJISIETCA JIBYOKUCH yrieponaa. OO 3TOM MOXHO Cy-
IWTH 110 CIIEKTPAITBHOMY COCTaBY PaHallMOHHBIX TETUIOBBIX MOTOKOB, JOCTUTAIONIMX MTOBEPXHOC-
@ CA Ha pasHbIX ydacTKax MoBepxHOCTH (puc.8). JIBa JOKaJbHBIX MakcUMyma Tpu @~ 2325
cM T 1 @~3703cm ! otBewator KonebarenpHbM moocam CO, (T.H. MONOCH 2.5 MKM H 4.3 MKM).
[Tpu 3TOM BHIHO, YTO TH IMOJIOCHI HAOIOIAOTCS KaK Ha JIOOOBOI MOBEPXHOCTH, TaK W Ha 3aJTHEH
noBepxHocTu. [Ipu 3TOM, Ha 1060BOI1 MOBEPXHOCTH XOPOIIO MACHTU(ULIUPYIOTCS MOJIOCHI B BU-
IMMOH 1 GrmkHeH yabTpaduoneToBoit obmactax (20000<®<80000cm ), XOTS UX HHTEHCHB-
HOCTh 3aMeTHO HWXke. 31ech m3nmydaroT MoJekylsl CO u O,. O Tom, 4TO pemiarmuii BKiIaa B pa-
IUAIMOHHBIA HAarpeB MOBEPXHOCTH BHOCAT KoseOatenbHble mojockl CO, (cHavanma monoca 4.3
MKM, a 3aTeM — 2.7 MKM) BUJIHO U3 paclpee’eHnii KyMyISTHBHBIX QYHKIMNA Ha puc. 9. [l Touek
Ne 1 u 6 Ha MOBEPXHOCTH MOIYTOPOKPATHOE YBEIHMUCHHUE PAJUAIIIOHHBIX IOTOKOB IPUXOJAUTCS HA
OJIMDKHIONO YIIBTPaUOIETOBYIO 00J1aCTh.

PaguannonHslii HarpeB JI000BOW M 33HEN MOBEPXHOCTH OIPEENIAETCS Pa3HON TeMIepaTy-
poit HarpeToro oowsema. st 1000BOM MOBEPXHOCTH MOCTYIATEIbHAS U KojebaTenpHas TeMIiepa-
Typbl gocturatot ~ 6000+ 7000 K. D10 03HayaeT, 4TO B COOTBETCTBUH C 3aKOHOM CMeleHus: Bu-
Ha, MAKCHMYM H3JTy9aTelbHON CIIOCOGHOCTH nmpuxoauTes Ha @~ 20000+24000cm .

Temmeparypa rasa B ommkHeM ciefe gocruraet yposus 1 ~1000+3000 K. Makcumym u3-
Jy4aTeNbHOM CIIOCOOHOCTH B 3TOM Cllydae JISKHT B CIeKTpaibHOM auanasone @~ 3400+10350
em ! (v MeHb11IE).

[IpuBeneHHbIE OLICHKU Aat0T 0o0IIee NMPeICTaBIeHNE, HO HaJJ0O UMETh B BUAY, YTO KaK CXKaTbIi
CJIOH y JIOOOBOM TOBEPXHOCTH, TaK U 00JaCTh OJIMIKHErO W JajJbHEro clie[a BeChMa HEOJHOPO/IHA,
MOATOMY TNPABUIBHOE PEIIEHHE 3TOM 3a/1laui BO3MOKHO JIMIL NP PELICHUH YpaBHEHHs MepeHoca
W3ITYYeHHs IJTsl CIEKTPAIbHON WHTEHCHBHOCTH, PE3YNIbTAThl Yero MPHUBEICHBI Ha puc. 8 u 9.

Pacnpenenenus xonebatenbHbIx TeMnepaTyp O, u CO;, nokaszansl Ha puc. 5 u 6. CpaBHeHue
C pacmpe/ielIieHHeM TIOCTYIaTeIbHON TeMIepaTyphl MOKa3hIBAeT, YTO B 00JaCTH OJIDKHETO cliena
TE€YEeHUE CUJILHO HEpaBHOBECHOE. 3aMETHM, YTO BOIPOC O POJM HEPABHOBECHOCTU B PaMaLlMOH-
HOM HarpeBe MapCHaHCKOTO CITYCKaeMOT'0 aliapaTa 0CTaeTCs OTKPHITHIM.

10
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Baxxneiiive pe3yapTaThl pacueToB paguallioHHON a’poTepMmoauHaMuku CA mpeicTaBieHbl
Ha puc. 7, rae Juisl NEPBOM TOUKH TPACKTOPUU MOKA3aHbI INIOTHOCTU KOHBEKTUBHOI'O Y UHTErPaJlb-
HOTO paJMallMOHHOTO TEIUIOBBIX MOTOKOB BJOJb MEpUAMOHANBbHOU mockocTd CA (IJIOCKOCTh
z2=0). [loBepxuocth CA cunTaeTcsi KaTaIUTHYECKOM, MOITOMY TEIUIOBOM IMOTOK BKIIOYAET B Ce0s
TEIUIONPOBOAHOCTHYIO U TU(PPY3HOHHYIO cocTaBistomue. MHTerpanbHbld paualluOHHBINA TEII0-
BOM MOTOK PacCUUTHIBAJICS C UCHOJIB30BaHUEM 99-TH rpymnmoBoi CHEKTPaIbHOW MOJIENIH METOJOM
JIMCKpETHBIX Hampasienuii (Ray-tracing method).

Hau6oibliee 3HAYCHHE MIOTHOCTH KOHBEKTHBHOTO TeIioBoro notoka ( Q, ~13Br/cm?) moc-
THTAeTCsl B OKPECTHOCTU C(EPUIECKOr0 CETMEHTA JJOOOBOT0 a3pOAMHAMHYECKOTO IUTA. 3HAYCHNS,
BOCCTaHOBJICHHbIE U3 OOpaTHOM 3a7ayu AJIs JIETHBIX SKCIEPUMEHTAIbHBIX JaHHBIX OYEHb OJM3KU
yKa3aHHbIM. DTHU U MOCIEAYIOIINE TaHHBIE N0 PACCYUTAHHOMY KOHBEKTHMBHOMY HArpeBY IPH CO-
MIOCTAaBJICHUH JIETHBIMU SKCIIEPUMEHTAIbHBIMU JAHHBIMU ITOKA3bIBAIOT, YTO KOMIIBIOTEPHAS MOJIENb
NERAT(3D) mpeacka3siBacT JaMUHAPHBIA KOHBEKTHBHBIM HAarpeB C XOpOIIeHd TOYHOCTHIO. IIpu
3TOM 3aMETUM, YTO Pa3JIndMe MEKIY PacCUCTHBIMH JAHHBIMH, MOJYYEHHBIMH C HCIIOJIb30BAHUEM
konoB LAURA u DPLR [1] Takxe ocTaeTcsi HEOOJIBIIUM JIJIs JIJAMUHAPHOTO HArpeBa.

Paguanuonselii HarpeB 71000BOro mmra Oojiee YeM Ha MOPAIOK HUKE KOHBEKTHBHOTO
(puc.7). OnHako 3anHsAs noBepXHOCTh CA HarpeBaeTcsl YK€ B OCHOBHOM M3JIyYEHHUEM, XOTS
IUIOTHOCTh PAJMallMOHHOTO TEILIOBOTO MOTOKA OCTAaeTCsi HEeBbICOKOM, (g ~0.2 Br/em?. Tlo Mepe
cnycka B armocdepe Mapca paanalliOHHBIA HarpeB 3aJHEll MOBEPXHOCTHU HEMPEPHIBHO BO3pac-
TaeT. MakcuMasbHble 3HAYEHUSI MUHTETPAILHOTO PAJUAllMOHHOTO TEIUIOBOIO MOTOKAa Ha 3aJHEH
MOBEPXHOCTHU MpHUBeAeHbI B Tabnuue 4. [loguepkHem, 4To AJi KaX10il TpPaeKTOPHON TOYKU B CTa-
Th€ TPUBEACHBI PACUETHBIE JAHHBIE B MOPSAJIKE, PACCMOTPEHHOM sl 1-ii TpaeKTOPHOM TOYKH
(puc.1-10). Oto mpoBecTH aHaIU3 3aKOHOMEPHOCTEW HM3MEHEHHS paJlalllOHHO-Ta30UHaMU-
YEeCKUX MapaMeTpPOB B/I0JIb BCEH TPACKTOPHUH.

OTMeTuM, YTO TJIOTHOCTh MHTETPAIBHOIO PAJAMALMOHHOIO TEIUIOBOTO MOTOKAa HA 3aqHEl
MIOBEPXHOCTU MapCUAHCKUX CITyCKaeMBbIX aIlllapaToB paclpefesieHa JOBOJIbHO PaBHOMEPHO, a €¢
BEJIMYMHA cOocTaBisieT Or ~1+5 Br/cM?. BriepBrie Takoit ypoBeHb HarpeBa Mapcuanckoro CA Obu1
npezackasan B [19, 20].

4. 3akaodeHue

C wucnonp3oBaHueM aBTOpckoro kommbioTepHoro koma NERAT(3D) BbimonHeHBI TpoCT-
PaHCTBEHHBIC pacueThl 00TEKaHUs MapCHAHCKOTO ciyckaemoro ammapata EDL MSL u comocras-
JICHUS C JICTHBIMU JKCIEPUMEHTAJIbHBIMH JAHHBIMH 110 KOHBEKTHBHOMY HarpeBy J00OOBOil mO-
BepxHocTH. [TokazaHo xopoiiee coBnajieHue As yCIOBHA JaMUHAPHOTO OOTEKaHUSI.

[IpencraBneHsl NPOrHOCTHMYECKUE JaHHBIE MO CIEKTPAJIbHOMY M HMHTETPalbHOMY pajua-
IIMOHHOMY HarpeBy MoBepxHOCTH Mapcuanckoro CA. Brons Bcero TemoHaNpsyKeHHOTO y4acTKa
TPAeKTOPUH MJIOTHOCTh PAJUALMOHHOIO TEIJIOBOTO MOTOKA 3aaHel nmoBepxHoctu CA cocraBisieT
Benmunny Qg ~ 0.2+ 2Br/eM?.

Pabota BeImonHeHa npu nozaaepkke rpanta POOU 16-01-00379, a taxke B paMmkax Ipo-
rpamMMbl pyHIaMEHTAIBHBIX UccaeaoBanuii PAH.
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C.T. Cyporcuxog PannaninoOHHO-KOHBEKTHUBHbBIN HarpeB Mapcuanckoro anmnapara EDL MSL nox yriiom ataku

Tabauya 4
TpaekTopHbie Toukun MSL B padoTe [1]

v p a p Qw,c ’ Qw,c ) P, Qw,c , qR ’

# t,s | H, km = = pe,glem® | T, K ’ o wiem?, | wiem?, | erglem® | Wicm? | Wi/cm?

km/s | erg/cm degree | erg/cm

(T5), [1] | (T4), [1] | (T4), [1] | NERAT | NERAT
1 451 | 593 5.866 4.29 0.265x107 85.7 16.08 9120 12 10 8000 13 0.2
2 491 | 541 5.851 10.8 0.457x107 127 14.79 15600 18 12 15000 20 0.3
3 555 | 46.0 5.793 32.9 0.120x10° 145 15.29 40300 30 17 38000 26 0.7
4 615 | 38.8 5.66 80.1 0.270x10° 157 15.66 86500 51 25 80000 30 11
5 65.1 | 34.7 5.515 131 0.431x10° 161 15.9 131000 63 30 110000 30 1.4
6 69.3 | 30.2 5.258 222 0.696x10° 168.5 16.2 192000 75 31 170000 29 2.0
7 740 | 258 | 4.862 366 1.140%10° 169.8 16.1 269000 80 30 240000 25 2.5
8 751 | 248 | 4.745 407 1.250%10° 172.1 16.09 281000 77 30 250000 23 2.7
9 80.5 | 208 | 4.144 629 1.860x10° 178,9 16.36 318000 58 22 260000 19 1.9
10 84.7 | 18.6 3.633 804 2.330x10° 182.7 16.59 308000 42 15 245000 10.1 1.9
11 905 | 16.3 3.023 1020 2.870%10° 188.1 17.17 262000 35 10 210000 5.2 1.0
12 976 | 145 2.426 1220 3.360x10° 192.2 17.47 198000 10 5 150000 2.2 0.5
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MSL: t=45.1 s, H=59.3 km, V=5.866 kim/s, Alpha=16 MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16
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Puc. 1. Translational temperature and longitudinal velocity (Vx =u/V,, ) at t=45.1 ¢, H=59.3 km,
P =2.67x10°8 rlem®, p., =4.29 spriem®, V,,=5.866 xm/c, T =85.7 K, oz =16.08°

MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16 MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16
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Puc. 2. Y — component (V, = v/V., ) and Z- component (V,, = w/V., ) of a flow velocity at t=45.1 c,
H=59.3 kM, p,=2.67x108 r/lem®, p,, =4.29 spriem®, V., =5.866 km/c, T =85.7 K, o=16.08°
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C.T. Cypoicuxoeé PannaninoHHO-KOHBEKTHBHBII HarpeB Mapcuanckoro anmnapara EDL MSL nox yriom araku

MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16 MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16
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Puc. 3. Mach number at t=45.1 ¢, H=59.3 xm, p,, = 2.67x10°8 r/em®, P, =4.29 3p1“/CM3,
V,=5.866 km/c, T =85.7 K, a=16.08°. Figure b shows structure of the reciprocal motion

MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16 MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16
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Puc. 4. Macc fraction of carbon dioxide and carbon oxide at t=45.1 ¢, H=59.3 kM,
P =2.67x10°8 rlem®, p., =4.29 spriem®, V,,=5.866 km/c, T =85.7 K, o =16.08°
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MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16 MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16
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Puc. 5. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at t=45.1
¢, H=59.3 kM, p,=2.67x10° rlem®, p,.=4.29 spr/em®, V,=5.866 km/c, T=85.7K,
a=16.08°

MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16 MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16
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Puc. 6. Vibrational temperature of the deformation and symmetric vibrational modec of CO, at
t=45.1 ¢, H=59.3 xm, p,, =2.67x10°° r/em®, p., =4.29 spr/em®, V,,=5.866 km/c, T =85.7K,
a=16.08°
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C.T. Cypoicuxoeé PannaninoHHO-KOHBEKTHBHBII HarpeB Mapcuanckoro anmnapara EDL MSL nox yriom araku
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Puc. 7. Convective heat flux (color curve) and integral radiation heat flux (black line) along
surface coordinate C in meridional plane. t=45.1 ¢, H=59.3 kv, p,=2.67x10"° r/em’,
P =4.29 3pF/CM3, V,=5.866 km/c, T =85.7 K, o =16.08°
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Puc. 8. Spectral radiation heat fluxec at cix pointc on the surface in meridional cross section.
t=45.1 ¢, H=59.3 kM, p,, =2.67x10°° rlem®, p., =4.29 spricm®, V,,=5.866 xm/c, T =85.7K,
a=16.08°
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Puc. 9. Cumulative functionc of radiation heat fluxec at cix pointc on the surface in meridional
cross section at t=45.1 ¢, H=59.3 xm, p, =2.67x107° r/em®, p,, =4.29 spriem®, V., =5.866
kM/c, T =85.7K, a=16.08°

MSL: t=45.1 5, H=59.3 km, V=5.866 km/s, Alpha=16 [MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16]
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Puc. 10. Axial distributions of macc fractionc (from the left) and Translational and vibrational
temperaturec (from the right) along ctarnation line at t=45.1 ¢, H=59.3 kv, p,, =2.67x107°
rlem®, P, =4.29 spriem®, V,,=5.866 km/c, T =85.7 K, o =16.08°
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C.T. Cypoicuxoeé PannaninoHHO-KOHBEKTHBHBII HarpeB Mapcuanckoro anmnapara EDL MSL nox yriom araku

MSL: t=49.1 s, H=54.1 km, V=5.851 kim/s, Alpha=14. MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14.
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Puc. 11. Translational temperature and longitudinal velocity (Vx =u/V,, ) att=49.1 ¢, H=54.1
KM, p,=4.57x10"° r/iem®, p,,=10.8 spriem®, V. =5.851 kmlc, T=127 K, o =14.79°

MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14. MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14.
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Puc.12.Y — component (Vy, =vV,, ) and Z-component (V,, =w/V,,) of a flow velocity at
t=49.1 ¢, H=54.1 k™, p, =4.57x10°® r/lem®, p, =10.8 spriem®, V,,=5.851 kmlc, T=127 K,
a=14.79°
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MSL: t=45.1 s, H=59.3 km, V=5.866 km/s, Alpha=16
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Puc. 13. Mach number at t=49.1 ¢, H=54.1 xm, p, =4.57x10°® rlem®, p., =10.8 spriem®, V.,
=5.851 km/c, T=127 K, o =14.79°

MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14.  MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14.
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Puc. 14. Mass fraction of carbon dioxide and carbon oxide at t=49.1 ¢, H=54.1 xm, p,
=4.57x10° r/em®, p,,=10.8 spr/em®, V. =5.851 km/c, T=127 K, o =14.79°
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MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14. MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14.
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Puc. 15. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at
t=49.1 ¢, H=54.1 k™, p,, =4.57x10°® rlem®, p,, =10.8 spriem®, V,,=5.851 kmlc, T=127 K,
a=14.79°

MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14.  MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14.
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Puc. 16. Vibrational temperature of the deformation and symmetric vibrational modec of CO,
att=49.1 ¢, H=54.1 xm, p,, =4.57x10® rlem®, p,, =10.8 spriem®, V., =5.851 xm/c, T=127 K,
a=14.79°
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MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14.79
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Puc. 17. Convective heat flux (color curve) and integral radiation heat flux (black line) along
surface coordinate C in meridional plane. t=49.1 ¢, H=54.1 km, p,, =4.57x10°® rlem®, p.,
=10.8 3pF/CM3, V,=5.851 km/c, T=127 K, ox =14.79°

[MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14.79|
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Puc. 18. Spectral radiation heat fluxec at cix pointc on the surface in meridional cross section.
t=49.1 ¢, H=54.1 kM, p,, =4.57x10°® rlem®, p,,=10.8 spriem®, V., =5.851 km/c, T=127 K,
a=14.79°
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MS3L: +=49.1 5, H=54.1 km, ¥=5.851 km/{s, Alpha=14.79
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Puc. 19. Cumulative functionc of radiation heat fluxes at six points on the surface in

meridional cross section at t=49.1 ¢, H=54.1 kM, p,=4.57x107° r/em®, p, =10.8 sprien?,
V,=5.851 km/c, T=127 K, a=14.79°

MSL: t=49.1 5, H=54.1 km, V=5.851 km/s, Alpha=14.79

[MSL: t=49.1 s, H=54.1 km, V=5.851 km/s, Alpha=14.79]
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Puc. 20. Axial distributions of mass fractions (from the left) and Translational and vibrational temperatures

(from the right) along stagnation line at t=49.1 ¢, H=54.1 kM, p,=4.57x10"° r/em®, p., =10.8 spr/ens’,
V,=5.851 km/c, T=127 K, a=14.79°
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MSL: t=55.5 s, H=46.0 km, V=5.793 kim/s, Alpha=15. MSL: t=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15.

T
5.00E+03
4.68E+03
4.36E+03
4.04E+03

371E+03
3.39E+03
3.07E+03
2.75E+03
2.43E+03
211E+03
1.79E+03
1.46E+03
1.14E+03
8.21E+02
5.00E+02

Puc. 21. Translational temperature and longitudinal velocity (Vi =u/V,,) at t=55.5c,
H=46.0km, p,=1.20x10" t/em®, p,=32.9 ospriem®, V,.=5.793 xmlc, T=145K,
a=15.29°

MSL: t=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15. MSL.: t=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15.
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Puc. 22. Y — component (V, =vV,, ) and Z- component (V, =w/V,,) of a flow velocity at
t=55.5¢, H=46.0xm, p, = 1.20x107" r/em®, p,,=32.9 3pF/CM3, V,=5.793 km/c, T =145K,
a=15.29°
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MSL: t=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15.
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Puc. 23. Mach number at t=55.5¢, H =46.0km, p,=1.20x10"" rlem®, p,=32.9 spriem®,
V,=5.793 km/c, T =145K, a=15.29°

MSL: t=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15. MSL: t=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15.
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Puc. 24. Macc fraction of carbon dioxide and carbon oxide at t=55.5¢, H=46.0xm, 0,
=1.20x107" r/em®, P, =32.9 3pr/0M3, V,=5.793 km/c, T =145K, or=15.29°
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MSL: t=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15. MSL: t=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15.
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Puc. 25. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at
t=55.5¢c, H=46.0km, p,=1.20x10" r/em®, p., =32.9 spr/em®, V,.=5.793 km/c, T =145K,
a=15.29°

MSL: t=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15.  MSL: t=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15.
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Puc. 26. Vibrational temperature of the deformation and symmetric vibrational modes of CO,
at t=55.5¢, H=46.0xm, p, = 1.20x107 r/em®, p., =32.9 3pF/CM3, V,=5.793 km/c, T =145
K, a=15.29°
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MSL: t=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15.29
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Puc. 27. Convective heat flux (color curve) and integral radiation heat flux (black line) along
surface coordinate C in meridional plane. t=55.5¢, H=46.0xm, p,=1.20x10" r/em®,
P, =329 3pF/CM3, V,.=5.793 km/c, T =145K, o =15.29°

[MSL: 1=55.5 s, H=46.0 km, V=5.793 km/s, Alpha=15.29|
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Puc. 28. Spectral radiation heat fluxec at cix pointc on the surface in meridional cross section.
t=55.5¢, H=46.0xm, p,,=1.20x10" rlem®, p,,=32.9 spriem®, V,,=5.793 kmlc, T =145K,
a=15.29°
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[MSL: t=55.5 s, H=46.0 km, V=5.793 kim/s, Alpha=15.29|
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Puc. 29. Cumulative functions of radiation heat fluxes at six points on the surface in

meridional cross section at t=55.5¢, H =46.0km, p,=1.20x10" rlem®, p,,=32.9 spricm®,
V,=5.793 km/c, T =145K, o =15.29°

MSL: t=55.5 5, H=46.0 km, ¥=5.793 km/s, Alpha=15.29
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Puc. 30. Axial distributions of macc fractions (from the left) and Translational and vibrational
temperatures (from the right) along stagnation line at t=55.5¢, H =46.0km, p,, =1.20x10”"
rlem®, p,,=32.9 apriem®, V,.=5.793 km/c, T =145K, o =15.29°
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MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.6 MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.6
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Puc. 31. Translational temperature and longitudinal velocity (Vi =u/V,,) at t=615c,
H =38.8km, 0, =2.70x10° r/em®, p,, =80.1 spr/em?, V., =5.66 km/c, T =157 K, oz =15.66°

MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.6 MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.6
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Puc. 32. Y-component (Vy, =vV,.) and Z-component (V,,=w/V.,) of a flow velocity at
t=61.5¢c, H=38.8xm, p,=2.70x10"° r/em®, p., =80.1 spr/em®, V,,=5.66 km/c, T =157 K,
o =15.66°
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MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.6
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Puc. 33. Mach number at t=61.5¢, H=38.8km, p,=2.70x10"° r/em®, p,, =80.1 spr/em®,
V,,=5.66 km/c, T =157 K, o =15.66°

MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.6  MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.6
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Puc. 34. Mass fraction of carbon dioxide and carbon oxide at t=61.5¢, H =38.8xMm,
P =2.70x108 r/em®, p,, =80.1 apriem®, V., =5.66 kmlc, T =157 K, a=15.66°
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MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.6 MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.6
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Puc. 35. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at
t=61.5¢, H=38.8km, p,=2.70x10"® r/em®, p.,,=80.1 spr/em®, V,,=5.66 km/c, T =157 K,
a =15.66°

MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.6  MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.6
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Puc. 36. Vibrational temperature of the deformation and symmetric vibrational modec of CO,
at t=61.5¢c, H=38.8xm, p,=2.70x10° r/em®, p,, =80.1 apriem®, V,,=5.66 km/c, T =157 K,
a =15.66°
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[MSL: t=61.5 s, H=38.8 km, V=566 km/s, Alpha=15.66 |
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Puc. 37. Convective heat flux (color curve) and integral radiation heat flux (black line) along
surface coordinate C in meridional plane. t=61.5c, H=38.8kmM, p,=2.70x10° rlem®,
P, =80.1 apr/em®, V., =5.66 km/c, T =157 K, oz =15.66°

[MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.66]
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Puc. 38. Spectral radiation heat fluxes at six pointc on the surface in meridional cross section.
t=61.5c, H=38.8xkm, p,=2.70x10"° r/em®, p,,=80.1 spr/em®, V,,=5.66 km/c, T =157K,
a =15.66°
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[MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.66]
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Puc. 39. Cumulative functionc of radiation heat fluxes at six pointc on the surface in

meridional cross section at t=61.5¢, H=38.8xm, p,=2.70x10"° r/em®, p,, =80.1 spriem’,
V,=5.66 xkm/c, T =157 K, o=15.66°

MSL: t=61.5 s, H=38.8 km, V=5.66 km/s, Alpha=15.68
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Puc. 40. Axial distributions of macc fractionc (from the left) and Translational and vibrational
temperaturec (from the right) along stagnation line at t=61.5¢, H =38.8xm, p,

=2.70x10°®
r/em®, p,, =80.1 spr/em®, V,,=5.66 km/c, T =157 K, o =15.66°
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MSL: t=65.1 s, H=34.7 km, V=5.515 km/s, Alpha=15. ~ MSL: t=65.1 5, H=34.7 km, V=5.515 km/s, Alpha=15.
i Y
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Puc. 41. Translational temperature and longitudinal velocity (V, =u/V,,) at t=65.1c,
H=34.7xm, p,=4.31x10"7 rlem®, p,=131 spriem®, V,=5515 xm/c, T =161K,
a=15.9°

MSL: t=65.1 s, H=34.7 km, V=5.515 ks, Alpha=15. e, . 1651 s, H=34.7 km, V=5.515 kmis, Alpha=15.
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Puc. 42. Y-component (V, = v/V.. ) and Z-component (V,, = w/V,, ) of a flow velocity at
t=65.1c, H=34.7xm, p,=4.31x10" rlem®, p,=131 spriem®, V,=5.515 kmlc,
T =161K, o=15.9°
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MSL: t=65.1 s, H=34.7 km, V=5.515 km/s, Alpha=15.
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Puc.43. Mach number at t=65.1c, H=34.7xM, p,=4.31x10" rlem®, p,=131
spriem®, V,,=5.515 km/c, T =161K, o =15.9°

MSL: t=65.1 s, H=34.7 km, V=5.515 km/s, Alpha=15.  MSL: t=65.1 s, H=34.7 km, V=5.515 km/s, Alpha=15.
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Puc. 44. Mass fraction of carbon dioxide and carbon oxide at t=65.1c, H =34.7 km,
P =4.31x107" tlem®, p., =131 apr/em®, V. =5.515 km/c, T =161K, o =15.9°
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MSL: t=65.1 s, H=34.7 km, V=5.515 km/s, Alpha=15.  MSL: t=65.1 s, H=34.7 km, V=5.515 km/s, Alpha=15.

TvCO2as
4.00E+03
3.75E+03
1 3.50E+03
3.25E+03
3.00E+03
2.75E+03
2.50E+03
2.25E+03
| 2.00E+03
1.75E+03
1.50E+03
1.25E+03
1.00E+03
7.50E+02
5.00E+02

4.00E+03
3.75E+03
3.50E+03

3.25E+03
3.00E+03
2.75E+03
2.50E+03
2.25E+03
2.00E+03
1.75E+03
1.50E+03
1.25E+03
1.00E+03
7.50E+02
5.00E+02

Puc. 45. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at
t=65.1c, H=34.7xm, p,=4.31x107 rlem®, p,, =131 spriem®, V,,=5.515 kmlc, T =161K,
a=15.9°

MSL: t=65.1 s, H=34.7 km, V=5.515 km/s, Alpha=15. MSL: t=65.1 s, H=34.7 km, V=5.515 km/s, Alpha=15.
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Puc. 46. Vibrational temperature of the deformation and symmetric vibrational modec of
CO, at t=65.1c, H=34.7xm, p,= 4.31x107" t/eM’, p, =131 Z—)pl“/CMs, V,=5.515
km/c, T =161K, a=15.9°
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[MSL: 1=65.1 s, H=34.7 km, V=5.515 km/s, Alpha=15.9 |
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Puc. 47. Convective heat flux (color curve) and integral radiation heat flux (black line)
along surface coordinate C in meridional plane. t=65.1c, H =34.7 kM, p,, =4.31x107"
r/em®, p., =131 spriem®, V,,=5.515 xm/c, T =161K, o =15.9°

[MSL: 1=65.1 s, H=34.7 km, V=5.515 kmm/s, Alpha=15.9]
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Puc. 48. Spectral radiation heat fluxes at six points on the surface in meridional cross
section. t=65.1c, H=34.7xm, p,=4.31x10" r/em®, p,, =131 spriem®, V,=5.515
kMm/c, T =161K, o=15.9°
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[MSL: t=65.1 s, H=34.7 km, V=5.515 km/s, Alpha=15.9|
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Puc. 49. Cumulative functionc of radiation heat fluxes at six points on the surface in
meridional cross section at t=65.1c, H=34.7xm, p,=4.31x10" r/em®, p, =131
spriem®, V,,=5.515 kmlc, T =161K, a=15.9°

MSL: t65.1 s, H=34.7 km, ¥=5.515 km/s, Alpha=15.9 [MSL: =651 s, H=34.7 km, V=5.515 km/s, Alpha=15.9]
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Puc. 50. Axial distributioncs of mass fractionc (from the left) and Translational and vibrational
temperaturec (from the right) along stagnation line at t=65.1¢c, H =34.7 km, p,, =4.31x10”’
rlem’, p, =131 3pr/(:M3, V,=5.515km/c, T =161K, a=15.9°
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MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16. MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16.
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Puc. 51. Translational temperature and longitudinal velocity (Vi =u/V,,) at t=69.3c,
H=30.2xm, p,=6.96x10" rfem®, p,=222 opriem®, V,.=5.258 kmlc, T=168.5K,
a=16.2°

MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16. MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16.
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Puc. 52. Y-component (V, =vV.,) and Z-component (V,=w/V,,) of a flow velocity at
t=69.3c, H=30.2kM, p,=6.96x10" r/em®, p, =222 spriem®, V,,=5.258 kmlc, T =168.5
K, =16.2°

MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16.
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Puc.53. Mach number at t=69.3c, H=30.2kM, p,=6.96x10" rlem®, p, =222 spricm®,
V,,=5.258 km/c, T =168.5K, 2 =16.2°

MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16.
MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16.
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Puc.54. Mass fraction of carbon dioxide and carbon oxide at t=69.3¢, H =30.2 kM,
P =6.96x107" rlem®, p., =222 spriem®, V,.=5.258 km/c, T =168.5K, o =16.2°

MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16.  MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16.

ey / TvCO2as
4.00E+03 i Y >~ 4.00E+03
3.75E+03 1 | 3.75E+03
3.50E+03 3.50E+03
3.25E+03 § ‘ F 3.25E+03
3.00E+03 B 3 3.00E+03
2.75E+03 2.75E+03
2 50E+03 2 50E+03
2.25E+03 N 2.25E+03
2.00E+03 2.00E+03
1.75E+03 1.75E+03
1.50E+03 3 1.50E+03
1.25E+03 1.25E+03
1.00E+03 1.00E+03
7.50E+02 7.50E+02
5.00E+02 - 5.00E+02

Puc. 55. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at
t=69.3c, H=30.2xM, p,=6.96x10" r/em®, p, =222 spriem®, V,,=5.258 kmlc, T =168.5
K, =16.2°

MSL: t+=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16. MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16.
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Puc. 56. Vibrational temperature of the deformation and symmetric vibrational modec of CO,
at t=69.3¢, H=30.2km, p,, =6.96x107 rfem®, p., =222 spriem®, V,,=5.258 km/c, T=1685K,

a=16.2°

[MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16.2 |
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Puc. 57. Convective heat flux (color curve) and integral radiation heat flux (black line) along
surface coordinate C in meridional plane. t=69.3¢c, H=30.2xm, p,=6.96x10" rlcm’,
P, =222 3pF/CM3, V,=5.258 km/c, T =168.5K, or=16.2°

[MSL: t=69.3 s, H=30.2 km, V=5.258 km/s, Alpha=16.2|
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Puc. 58. Spectral radiation heat fluxes at six points on the surface in meridional cross section.
t=69.3c, H=30.2kM, p,=6.96x10" rlem®, p, =222 spriem®, V,,=5.258 kmlc, T =168.5
K, a=16.2°

[MSL: t69.3 5, H=30.2 km, ¥=5.258 km/s, Alpha=16.2]
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Puc. 59. Cumulative functionc of radiation heat fluxes at six points on the surface in

meridional cross section at t=69.3c, H=30.2km, p,=6.96x10" riem®, p., =222 spriem’,
V,=5.258 km/c, T =168.5K, o=16.2°

MSL: t=69.3 5, H=30.2 km, V=5.268 km/s, Alpha=16.2

[MSL: =69.3 s, H=30.2 km, V=5.256 km/s, Alpha=16.2]
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Puc. 60. Axial distributions of mass fractions (from the left) and Translational and vibrational

rlem®

temperatures (from the right) along stagnation line at t=69.3¢c, H=30.2km, 0, =6.96x10""

, P =222 spr/em®, V,,=5.258 kmlc, T =168.5K, ar=16.2°
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MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1  MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1
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Puc. 61. Translational temperature and longitudinal velocity (Vi =u/V,,) at t=74.0c,
H=25.8xm, p,=1.14x10"° rfem®, p,=366 opriem®, V,.=4.862 xm/c, T=169.8K,
a=16.1°

MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1  MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1
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Puc. 62. Y-component (Vy =vV.,,) and Z- component (V,, =w/V,,) of a flow velocity at
t=74.0c, H=25.8xm, p,=1.14x10"° r/em®, p, =366 spricm®, V,,=4.862 xmlc, T =169.8
K, ¢=16.1°

MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1
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Puc. 63. Mach number at t=74.0c, H=25.8km, p,=1.14x10"° rlem®, p, =366 spricm’,
V, =4.862 kmlc, T =169.8K, o =16.1°

MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1 MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1
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Puc. 64. Mass fraction of carbon dioxide and carbon oxide at t=74.0c, H =25.8xkwm,
P =1.14x10°° rlem®, p., =366 spriem®, V. =4.862 km/c, T =169.8K, ar=16.1°

MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1 MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1
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Puc. 65. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at
t=74.0c, H=25.8xm, p,=1.14x10"° r/em®, p, =366 spricv®, V,,=4.862 xmlc, T =169.8
K, a=16.1°

MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1  MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1
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Puc. 66. Vibrational temperature of the deformation and symmetric vibrational modec of CO,
at t=74.0c, H=25.8xmM, p,, =1.14x10° r/em®, p,, =366 spriem®, V., =4.862 km/c, T=169.8 K,
a=16.1°

[MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1]
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Puc. 67. Convective heat flux (color curve) and integral radiation heat flux (black line) along
surface coordinate C in meridional plane. t=74.0c, H=25.8xm, p,=1.14x10"° rlem®,
P, =366 spricv®, V,,=4.862 km/c, T =169.8K, o =16.1°

[MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1]
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Puc. 68. Spectral radiation heat fluxes at six pointc on the surface in meridional cross section.

t=74.0c, H=25.8km, p,=1.14x10"° rlem®, p, =366 spricv®, V,,=4.862 xmlc, T =169.8
K, a=16.1°

[MSL: t=74 s, H=25.8 km, V=4.862 km/s, Alpha=16.1]
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Puc. 69. Cumulative functionc of radiation heat fluxes at six points on the surface in

meridional cross section at t=74.0c, H =25.8xm, p,=1.14x10"° rlem®, p. =366 spricm’,
V,=4.862 km/c, T =169.8K, or=16.1°

MSL: t=74 s, H=25.8 km, ¥=4.862 km/s, Alpha=16.1

[MSL: =74 s, H=25.8 km, V=4.062 km/s, Alpha=16.1
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Puc. 70. Axial dictributionc of mass fractionc (from the left) and Translational and vibrational
temperaturec (from the right) along stagnation line at t=74.0c, H =25.8km, p,, =1.14x10°
rlem®, P, =366 3pF/CM3, V,=4.862 xm/c, T =169.8K, o =16.1°
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MSL: t=75.1 s, H=24.8 km, V=4.745 kim/s, Alpha=16. MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16.
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Puc. 71. Translational temperature and longitudinal velocity (Vi =u/V,,) at t=75.1c,

H=24.8xm, p,=125x10"° rlem®, p,=407 opriem®, V,=4.745 xmlc, T =172.1K,
a=16.09°

MSL: =751 s, H=24.8 km, V=4.745 km/s, Alpha=16. MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16,

1.00E-01
7.78E-02
6.56E-02
3.33E-02
1.11E-02
-1.11E-02
-3.33E-02
-5.56E-02

Puc. 72. Y-component (Vy =v/V.,.) and Z-component (V,, =w/V,,) of a flow velocity at
t=751c, H=24.8xkm, p,=1.25x10"° r/em®, p,, =407 spr/em®, V,,=4.745 kmlc, T =172.1
K, a=16.09°
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MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16.
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Puc. 73. Mach number at t=75.1¢c, H=24.8km, p,=1.25x10"° rlem®, p, =407 spricm®,
V,=4.745 xm/c, T =172.1K, a=16.09°

MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16, MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16.
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Puc.74. Mass fraction of carbon dioxide and carbon oxide at t=75.1c, H =24.8xkMm,
P =1.25x10"° r/em®, p, =407 spr/em®, V,,=4.745 kmlc, T =172.1K, o =16.09°
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MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16.  MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16.
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Puc. 75. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at
t=75.1c, H=24.8xkm, p,=1.25x10"° r/em®, p,, =407 spr/em®, V,,=4.745 xmlc, T =172.1
K, a=16.09°

MSL: t+=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16. MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=186.
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Puc. 76. Vibrational temperature of the deformation and symmetric vibrational modec of CO,
at t=75.1c, H=24.8xm, p,=1.25x10"° r/em®, p,, =407 spriem®, V., =4.745 xm/c, T=172.1K,
a=16.09°
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[MSL: t=75.1 s, H=24.8 km, V=4.745 kmJs, Alpha=16.08 |
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Puc. 77. Convective heat flux (color curve) and integral radiation heat flux (black line) along
surface coordinate C in meridional plane. t=75.1¢c, H=24.8xwm, ,ooo=1.25><10’6 rlem’,
P, =407 spr/em®, V. =4.745 xmlc, T =172.1K, o =16.09°

[MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16.09]
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Puc. 78. Spectral radiation heat fluxes at six pointc on the surface in meridional cross section.
t=751c, H=24.8xkm, p,=1.25x10"° rlem®, p,, =407 spricm’, V,,=4.745 xmlc, T =172.1
K, «=16.09°
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[MSL: t=75.1 s, H=24.8 km, V=4.745 km/s, Alpha=16.09|
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Puc. 79. Cumulative functionc of radiation heat fluxes at six points on the surface in

meridional cross section at t=75.1c, H =24.8xm, p,=1.25x10"° rlem®, p. =407 spriem’,
V,=4.745 xm/c, T =172.1K, «=16.09°

MSL: t=75.1 5, H=24.8 km, V=4.745 kmis, Alpha=16.09

[MSL:=75.1 5, H=24.8 km, V=4.745 km/s, Alpha=16.09
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Puc. 80. Axial dictributionc of mass fractionc (from the left) and Translational and vibrational
temperaturec (from the right) along stagnation line at t=75.1¢c, H =24.8km, p,, =1.25x10°
rlem®, p,, =407 spr/em®, V., =4.745 kmlc, T =172.1K, a=16.09°
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MSL: t=80.5 s, H=20.8 km, V=4.133 km/s, Alpha=16. MSL: t=80.5 s, H=20.8 km, V=4.133 km/s, Alpha=16.
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Puc. 81. Translational temperature and longitudinal velocity (Vi =u/V,,) at t=80.5c,
H=20.8km, p,=1.86x10° rlem®, p,=629 spriem®, V,=4.133 xmlc, T=178.9K,
o =16.36°

MSL: t=80.5 s, H=20.8 km, V=4.133 km/s, Alpha=16. MSL: t=80.5 s, H=20.8 km, V=4.133 km/s, Alpha=16.
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Puc. 82. Y-component (Vy =vV.,.) and Z-component (V,, =w/V,,) of a flow velocity at
t=80.5¢c, H=20.8xm, p,=1.86x10"° r/em®, p, =629 spriem®, V,,=4.133 kmlc, T =178.9
K, «=16.36°
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MSL: t=80.5 s, H=20.8 km, V=4.133 km/s, Alpha=16.
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Puc. 83. Mach number at t=80.5¢c, H=20.8xm, p,=1.86x10"° rlem®, p, =629 spr/em’,
V,=4.133 km/c, T =178.9K, r=16.36°

MSL: t=80.5 s, H=20.8 km, V=4.133 km/s, Alpha=16.36 MSL: t=80.5 5, H=20.8 km, V=4.133 km/s, Alpha=16.36
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Puc. 84. Mass fraction of carbon dioxide and carbon oxide at t=80.5¢, H =20.8xkMm,
P =1.86x10"° r/em®, p,, =629 spriem®, V., =4.133 km/c, T =178.9K, ar=16.36°
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MSL: 80,5 5, H=20.8 km, V=4.133 kn/s, Alpha=16.36 MSL: +=80.5 s, H=20.8 km, ¥=4.133 km/s, Alpha=16.36
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Puc. 85. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at
t=80.5¢c, H=20.8xm, p,=1.86x10"° rlem®, p,, =629 spriem®, V,,=4.133 xm/c, T =178.9
K, a=16.36°

MSL: +=80.5 s, H=20.8 km, ¥=4.133 km/s, Alpha=16.36  MS3L: t=80.5 s, H=20.8 km, ¥=4.133 km/s, Alpha=16.36
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Puc. 86. Vibrational temperature of the deformation and symmetric vibrational modec of CO,
at t=80.5¢, H=20.8xm, p,, =1.86x10°° r/em®, p,. =629 spriem®, V.. =4.133 kmlc, T=178.9 K,
a =16.36°
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[MSL: £=80.5 5, H=20.8 km, V=4.133 kmis, Alpha=16.36 |
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Puc. 87. Convective heat flux (color curve) and integral radiation heat flux (black line) along
surface coordinate C in meridional plane. t=80.5c, H =20.8xm, p,=1.86x10"° r/em’,
P, =629 3pr/0M3, V,=4.133 km/c, T =178.9K, or=16.36°

[MSL: t=80.5 s, H=20.8 kim, ¥=4.133 km/s, Alpha=16.36]
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Puc. 88. Spectral radiation heat fluxes at six pointc on the surface in meridional cross section.
t=80.5¢, H=20.8xm, p,=1.86x10"° r/em®, p, =629 spriem®, V,,=4.133 xm/c, T =178.9
K, =16.36°
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[MSL: t=80.5 s, H=20.8 km, ¥=4.133 km/s, Alpha=16.36]
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Puc. 89. Cumulative functionc of radiation heat fluxes at six pointc on the surface in
meridional cross section at t=80.5¢, H =20.8xm, p, =1.86x107° r/em®, p., =629 spriem’,
V,=4.133 km/c, T=178.9K, o =16.36°

MSL: t=80.5 5, H=20.8 km, ¥=4.133 km/s, Alpha=16.36

MSL : t=80.5 5, H=20.8 km, ¥=4.133 km/s, Alpha=16.36
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Puc. 90. Axial dictributions of mass fractionc (from the left) and Translational and vibrational
temperaturec (from the right) along stagnation line at t=80.5¢, H =20.8km, p,, =1.86x10°°
rlem®, p,. =629 spriem®, V,,=4.133 km/c, T =178.9K, o =16.36°
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MSL: t=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=16. MSL: t=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=16.
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Puc. 91. Translational temperature and longitudinal velocity (V,=u/V,,) at t=84.7c,
H=16.6xm, p,=2.33x10° r/em®, p,=804 ospriem®, V,=3.633 kmlc, T=182.7K,
o =16.59°

MSL: t=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=16.  MSL: t=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=16.
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Puc. 92. Y-component (Vy, =V, ) and Z- component (V,, =w/V,,) of a flow velocity at
t=84.7¢c, H=16.6xm, p,= 2.33x107° r/em®, p., =804 3pF/CM3, V,=3.633 xm/c, T =182.7K,
a=16.59°
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MSL: t=84.7 s, H=18.6 km, ¥=3.633 km!s, Alpha=16.59
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Puc. 93. Mach number at t=84.7¢, H=16.6xm, p,=2.33x10"° r/em®, p, =804 spricm®,
V,,=3.633 km/c, T =182.7K, a=16.59°

MSL: t=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=18. S| t=84.7 5, H=18.6 km, V=3.633 km/s, Alpha=16.
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Puc.94. Mass fraction of carbon dioxide and carbon oxide at t=84.7¢, H =16.6km,
P =2.33x10° r/em®, p,. =804 spr/em®, V,,=3.633 kmlc, T =182.7K, o =16.59°
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MSL: t=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=16.  MSL: t=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=16.
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Puc. 95. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at
t=84.7¢c, H=16.6 kM, p, =2.33x10° r/em®, p,, =804 spr/em®, V,.=3.633 km/c, T =182.7K,
a=16.59°

MSL: 1=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=16. s . t=84.7 5, H=18.6 km, V=3.633 km/s, Alpha=16.
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Puc. 96. Vibrational temperature of the deformation and symmetric vibrational modec of CO,
at t=84.7¢c, H=16.6 k™, p, =2.33x10"° r/em®, P, =804 spr/em®, V., =3.633 xm/c, T=182.7 K,
o =16.59°
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[MSL: t=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=16.59 |
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Puc. 97. Convective heat flux (color curve) and integral radiation heat flux (black line) along
surface coordinate C in meridional plane. t=84.7c, H=16.6kmM, p,=2.33x10"° rlem®,
P, =804 spriem®, V,,=3.633 kmlc, T =182.7K, o =16.59°

[MSL: t=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=16.59
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Puc. 98. Spectral radiation heat fluxes at six pointc on the surface in meridional cross section.
t=84.7¢c, H=16.6xxm, p,=2.33x10"° r/lcm®, p,, =804 spr/em®, V., =3.633 xm/c, T =182.7K,
a=16.59°
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[MSL: t=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=16.59|
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Puc. 99. Cumulative functionc of radiation heat fluxes at six pointc on the surface in
meridional cross section at t=84.7c, H=16.6km, p, =2.33x10"° r/em®, p, =804 spriem’,
V,,=3.633 km/c, T =182.7K, a=16.59°

WSL. =84.7 5_H=18.6 km, V=3.633 km/s, Alpha=16.59 [MSL: t=84.7 s, H=18.6 km, V=3.633 km/s, Alpha=16.59]
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Puc. 100. Axial dictributionc of mass fractionc (from the left) and Translational and vibrational
temperatures (from the right) along stagnation line at t=84.7¢, H=16.6xm, p,, =2.33x10°
rlem®, p,, =804 spr/em®, V,,=3.633 km/c, T =182.7K, o =16.59°
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MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17. mMsL: t=00.5 5, H=16.3 km, V=3.023 km/s, Alpha=17.17
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Puc. 101. Translational temperature and longitudinal velocity (V,=u/V,, ) at t=90.5c,
H=16.3xm, p,=2.87x10° rt/em®, p,=1020 opriem®, V,=3.023 xmlc, T =188.1K,
a=17.17°

MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17. MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17.
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Puc. 102. Y-component (V, =v/V..) and Z-component (V,, =w/V.,) of a flow velocity at
t=90.5¢, H=16.3km, p,=2.87x10"° r/iem®, p,, =1020 spricm®, V,,=3.023 km/c, T=188.1K,
a=17.17°

64



C.T. Cypoicuxoeé PannaninoHHO-KOHBEKTHBHBII HarpeB Mapcuanckoro anmnapara EDL MSL nox yriom araku

MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17.

1.30E+01
8.67E+00
5.78E+00
3.85E+00
2.57E+00
1.71E+00 |
1.14E+00
7.60E-01
5.07E-01
3.38E-01
2.25E-01
1.50E-01
1.00E-01

Puc. 103. Mach number at t=90.5¢, H =16.3km, p, =2.87x107° r/em®, p., =1020 spriem®,
V,,=3.023 km/c, T =188.1K, o =17.17°

MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17. MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17.
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Puc.104. Mass fraction of carbon dioxide and carbon oxide at t=90.5¢, H =16.3kMm,
P =2.87x10° rlem®, p,, =1020 spriem®, V., =3.023 km/c, T =188.1K, o =17.17°
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MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17 MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17
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Puc. 105. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at

t=90.5¢c, H=16.3xM, p,, =2.87x107° r/em®, p,. =1020 spricm®, V,,=3.023 km/c, T=188.1K,
a=17.17°

MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17.  MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17.
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Puc. 106. Vibrational temperature of the deformation and symmetric vibrational modec of CO,

at t=90.5¢, H=16.3kMm, p(,o=2.87><10_6 rlem’, P, =1020 3pF/CM3, V,, =3.023 xm/c,
T =188.1K, ao=17.17°
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[MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17.17 ]
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Puc. 107. Convective heat flux (color curve) and integral radiation heat flux (black line) along
surface coordinate C in meridional plane. t=90.5¢, H=16.3km, p, =2.87x10"° rfem®,
P, = 1020 spr/em®, V., =3.023 km/c, T =188.1K, a=17.17°

[MSL: +90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17.17]
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Puc. 108. Spectral radiation heat fluxes at six pointc on the surface in meridional cross section.
t=90.5¢c, H=16.3xm, p, =2.87x107° r/em®, p., =1020 spriem®, V., =3.023 km/c, T=188.1K,
a=17.17°
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[MSL: t=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17.17]
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Puc. 109. Cumulative functionc of radiation heat fluxes at six pointc on the surface in

meridional cross section at t=90.5¢, H=16.3km, p,=2.87x107° rlem®, p,, =1020 spriem®,
V,=3.023 km/c, T =188.1K, o =17.17°

MSL: +=90.5 s, H=16.3 km, ¥=3.023 km/s, Alpha=17.17

MSL: +=90.5 s, H=16.3 km, V=3.023 km/s, Alpha=17.17
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Puc. 110. Axial dictributionc of mass fractionc (from the left) and Translational and vibrational
temperaturec (from the right) along stagnation line at t=90.5¢, H =16.3km, p, =2.87x107°
rlem’, p., =1020 3pr/0M3, V,=3.023 km/c, T =188.1K, ar=17.17°
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MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17. MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17.
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Puc. 111. Translational temperature and longitudinal velocity (Vy=u/V,, ) at t=97.6c,
H=14.5xm, p,=3.36x10"° r/em®, p,=1220 opriem®, V,=2.426 wmlc, T=192.2K,
a=17.47°

MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17. MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17.
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Puc 112. Y-component (Vy =v/V.,, ) and Z-component (V,, =w/V,,) of a flow velocity at
t=97.6¢, H=14.5km, p,, =3.36x10° r/em®, p., =1220 spr/em®, V,,=2.426 kmlc, T=192.2K,
a=17.47°
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MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17.
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Puc. 113. Mach number at t=97.6¢, H=145xm, p,=3.36x10"° r/em®, p., =1220 spr/em’,
V,,=2.426 kmlc, T =192.2K, a=17.47°

MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17. MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17.
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Puc. 114. Mass fraction of carbon dioxide and carbon oxide at t=97.6¢, H=14.5kMm,
o =3.36x10°° rlem®, p., = 1220 spr/em®, V., =2.426 kmlc, T =192.2K, a=17.47°
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MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17.  MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17.
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Puc. 115. Vibrational temperature of molecule O, and the anti-symmetric mode of CO, at
t=97.6¢, H=14.5xm, p, =3.36x107° r/em®, p.,=1220 spricm®, V., =2.426 xkm/c, T=192.2K,
a=17.47°

MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17.  MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17.
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Puc. 116. Vibrational temperature of the deformation and symmetric vibrational modec of CO,
at t=97.6c, H=145km, p,=3.36x10"°r/cM®, P, =1220 spriem®, V., =2.426 xwmlc,
T=192.2K, a=17.47°
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[MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17.47 |
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Puc. 117. Convective heat flux (color curve) and integral radiation heat flux (black line) along
surface coordinate C in meridional plane. t=97.6¢, H=145xm, p, =3.36x10"° r/en?®,
P, =1220 3pF/CM3, V,=2.426 xm/c, T=192.2K, oo =17.47°

[MSL: t=97 .6 s, H=14.5 km, V=2.426 km/s, Alpha=17.47]
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Puc. 118. Spectral radiation heat fluxes at six pointc on the surface in meridional cross section.
t=97.6¢, H=14.5xm, p,, =3.36x107° r/em®, p, =1220 spr/em®, V., =2.426 xmlc, T=192.2K,
a=17.47°
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[MSL: t=97.6 s, H=14.5 km, V=2.426 km/s, Alpha=17.47|
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Puc. 119. Cumulative functionc of radiation heat fluxes at six pointc on the surface in
meridional cross section at t=97.6¢, H=14.5kM, p, =3.36x107° r/em®, P, =1220 spr/em’,
V,,=2.426 kmlc, T =192.2K, a=17.47°

MSL: +=97.6 5, H=14.5 km, ¥=2.426 km/s, Alpha=17.47 [MSL: =97.6 5. H=14.5 km, V=2.426 km/s, Alpha=17.47
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Puc. 120. Axial dictributionc of mass fractionc (from the left) and Translational and vibrational
temperaturec (from the right) along stagnation line at t=97.6¢, H =14.5km, p., =3.36x10°°
rlem®, P, =1220 spriem®, V., =2.426 km/c, T =192.2K, a=17.47°
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Puc. 121. Location of grid nodes in equatorial cross section
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