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AnHoTauus. B npencrasnennoii padore padpadboTana npuOIMKeHHO-aHATUTHYECKAst MOJIENb JUIS aHa-
JM3a TEIUIOBBIX HArpy30K Ha 3aTYIUIEHHBIX HOCOBBIX YaCTAX BHICOKOCKOPOCTHBIX JIETATENILHBIX aIapa-
ToB (BJIA) B ycrmoBusix a’poanHaMudeckoro HarpeBa. Ha ocHOBe perieHnst CUCTEMbl YpaBHEHHN JIHC-
COLMHUPYIONIETO MOTPAaHMYHOTO CJ0sl B MepeMeHHbIX JloponuunbiHa-JIn3a momydeHsl 3aMKHYTHIE BbI-
pakeHUsl, TTO3BOJISIOINE ONPEIEIUTh KOHBEKTHBHbIE U 1N (y3HOHHBIE TETJIOBbIE TIOTOKU B IEepeIHEH
KPUTHYECKOH TOYKe. YpaBHEHHUs OayiaHca, OObEIUHSIONINE KOHBEKTHBHO-KOHIYKTHUBHEIC, nuddysn-
OHHBIC U JTYYHCTBIC TETUIOBBIE TIOTOKH, UCTIONB30BaHbI Ul pacueTa TeMIepaTyphl IIOBEPXHOCTH 3aTyII-
JICHUSI, YTO 00ECIIEYHBACT YUET B3aMMHOTO BIIMSHUS PA3IMYHBIX MEXaHU3MOB TEILUIONIEPEHOCA B YCIIO-
BUSIX BBICOKHX CKOPOCTEH M XMMHYECKOHN Jrcconuanyu raza. [IpoBeeHo YncieHHoe MOIeIpOBaHKe,
OXBaTHIBAIOIIEE MIMPOKUI JHAana3oH uynucesn Maxa, KOHIEHTpAIMid aTOMapHbIX KOMIIOHEHT B OWHApHOM
raze U KO3(QQHUIUEHTOB KaTaJTUTUYECKOH PEKOMOMHAIMU, YTO MO3BOJUIO YCTAHOBUTH KOJUYECCTBEH-
HBIE 3aBHCHMOCTH MEXIy 3TUMH IapaMeTpaMH M TEIUIOBBIMH XapaKTepPHCTHKaMH MOBEpPXHOCTH. Pe-
3yJNbTaThl AEMOHCTPUPYIOT 3HAYNTENIFHOE BIMSHUE CTENCHH KATaIUTUYECKOW aKTHBHOCTH MaTepHaia
Ha pacrpe/ie]IeHne TeIUIOBBIX MTOTOKOB: yYBEIHMUEHHE KOXPPHUINEHTa pEKOMOUHAIIMN TPUBOIUT K POCTY
TG Py3MOHHON COCTABISIONIEH TEIUIONEPeHOCca, YTO B COUYETAHUN C KOHBEKTUBHBIM HATPEBOM CYIIle-
CTBEHHO ITOBBIIIAET TEMIIEPATypPy MOBEPXHOCTH.
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Abstract. This study presents an approximate analytical model for analyzing thermal loads on blunt
nose sections of high-speed aircraft (HSA) under aerodynamic heating conditions. By solving the sys-
tem of equations for a dissociating boundary layer in Dorodnitsyn-Les variables, closed-form expres-
sions were derived to determine convective and diffusive heat fluxes at the forward stagnation point.
The balance equations, integrating convective-conductive, diffusive, and radiative heat fluxes, were
employed to calculate the surface temperature of the blunt body, ensuring a comprehensive account of
mutual interactions between different heat transfer mechanisms under high-speed gas flow and chemi-
cal dissociation. Numerical simulations were conducted across a wide range of Mach numbers (M),
atomic species concentrations in binary gas mixtures, and catalytic recombination coefficients, estab-
lishing quantitative relationships between these parameters and surface thermal characteristics. The re-
sults highlight the substantial impact of material catalytic activity on heat flux distribution: an increase
in the recombination coefficient amplifies the diffusive heat transfer component, which, combined with
convective heating, significantly elevates surface temperatures. Analysis of threshold values for key pa-
rameters (M, concentration, catalytic efficiency) identified critical conditions leading to temperatures
that trigger mass ablation of thermal protection materials, enabling the formulation of guidelines for
material selection and thermal management system design.

The research underscores the necessity of integrated consideration of both gasdynamic and chemical-
kinetic factors when predicting HSA thermal regimes, particularly at hypersonic speeds where gas dis-
sociation and catalytic effects dominate. The derived closed-form expressions and numerical correla-
tions can optimize thermal protection coatings, reduce structural mass, and enhance vehicle reliability
under extreme thermal environments. This work contributes to advancing thermal load prediction
methodologies by offering an analytical tool for rapid assessment of critical parameters without re-
source-intensive CFD simulations. Furthermore, the study provides a framework for determining opera-
tional limits of thermal protection materials by correlating surface temperature thresholds with flight
envelope constraints. The obtained dependencies reveal nonlinear interactions between Mach number
and catalytic activity: at lower M, radiative cooling partially mitigates convective heating, while at
higher M, dissociation-driven diffusion fluxes become predominant. Parametric studies demonstrate
that maintaining surface temperatures below ablation thresholds requires a trade-off between catalytic
efficiency (to reduce atomic species concentration) and material emissivity (to enhance radiative cooling).
The proposed model bridges the gap between simplified engineering methods and high-fidelity simula-
tions, offering a balance between accuracy and computational efficiency for preliminary design stages.
By polynizing parameter variation limits, the research establishes safety margins for HSA thermal pro-
tection systems, ensuring compliance with mass loss constraints under transient heating scenarios.

Keywords: heat and mass transfer, high-speed aircraft, aerodynamic heating, convective heat fluxes,
diffusive heat fluxes, catalytic recombination, Mach numbers, thermal protection materials, critical
point, Dorodnitsyn-Lize equations
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BBengenne

Ilonmer BBICOKOCKOPOCTHOM JICTATENBHBIX allla-
paroB (uncio Maxa He HIDKE 5) B TUIOTHBIX CIIOSIX
aTMoc(epbl COMPOBOXKIAETCS MHTEHCHBHBIM a3po-
JMHAMHYECKUM HarpeBOM HOCOBBIX 3aTYIUICHHBIX
gacteit BJIA, ocoOeHHO 111 ManbIX pajiiycoB 3a-
TyIUleHHS (OT HECKOJIbKUX MUWUIMMETPOB J0 He-
CKOJIbKMX CAHTHUMETPOB) U OOJNBLIMX Y/UIMHEHUI
HOCOBBIX YacTel (OTHOIICHHE JJIMHBI HOCOBOM Ya-
CTH K paauycy 3aryruieHus). Hanbompimme Terio-
BBIE TTOTOKM W TEMIIEpaTypbl HAaOMIOJAIOTCS B Tie-
penneii kpurndeckoit Touke (ITKT) u ee okpecTHO-
ctu. Bo3Hukaer ocHOBHas mpobieMa TeIIoBOTO
npoektupoBanust BJIA npu ero aspouHaMH4eckoM
HarpeBe pa3paboTaHbl MaTEMaTU4eCKHe METOMbI
pacyeTa TEIUIOBBIX OTOKOB U TEMIEPaTyp MOBEpX-
Hoctu IIKT, momoOpaHbsl reomeTpuyeckue U Terl-
no¢pusnueckue xapaktepuctuku (TOX) Ttemnosa-
IMIMTHBIX MaTE€pPUAJIOB TaK, YTOOBI TeMIlepaTtypa B
IIKT u ee MaJoi OKpeCTHOCTH HE TPEBBIIIANIA TEM-
nepatypsl (pa30BBIX MPEBpPAIIEHNH TEIUI03aIUTHO-
ro marepuaia (TM) — maBneHue, ucrnapeHue, Bo3-
ropanue. Torma rapaHTUpyeTcs, YTO B OCTAJIbHBIX
toukax BJIA Temmeparypa MHOBepXHOCTH HE J0O-
CTUTHET TeMmreparypbl (a30BbIX MpeBpaiieHui. B
ATOM CBSI3U pa3zpaboTKa METOAOB pacyera JAWHAMU-
YECKHUX, TEIUIOBBIX U TU(PPY3MOHHBIX TOTPAHUYHBIX
CJIOEB UpPE3BBIYAMHO aKTyajbHA. DKCIEPUMEHTAIIb-
HO-TE€XHOJIOTUYECKUMH METOJaMH TAKKE 3aJauu
pemanichk B pabotax aBTopoB [ 1-4].

Mertop! onpeieNIeHus] TEIUIOBBIX TOTOKOB U I10-
BepxHocTeld BJIA mompoOHO paccmaTpuBaiuch B
mMoHorpadusx [5—10], a Taxke B padortax [11-13].

PaccmatpuBaeTcs crnemyromasi cucteMa ypaBHe-
HUI IMHAMUAYECKOTO, TU(PY3UOHHOTO U TEIIOBOTO
MOTPAaHUYHBIX CJIOEB B MEPEMEHHBIX J{OpOoaHUIIbI-
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Cucrema 0OBIKHOBEHHBIX U (HepeHIIaTbHBIX
ypaBHenuit (1)—(3) sBrisercs HeMMHEHHON M Ui
€€ PELICHUs] MCIOJIb3YIOTCS YUCIICHHBIE METObI.
OnHako CyIIeCTBYET psij YacTHBIX CIy4aeB, JUIA
KOTOPBIX MOXHO TOJYYHUTh aHATUTUYECKUE perle-
Hus. [{ms pemieHust 3TOW CHUCTEMBI HEOOXOIMMO
3aJaTh TPAaHUYHOE YCJIOBHS HAa BHEIIHEH I'paHU-
IIe «e» U BHYTPEHHEH T'PaHUIIbI «W» TOTPaHUIHO-
IO CJIOSL.
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TemnepaTypy B KPUTHYECKOM TOUKE MOKHO
OTPEIeNINTh U3 OANaHCOBOTO COOTHOIICHHS MEXITY
MOJIBOJTUMBIMHU K ATOH TOYKE TEIUIOBBIMU U JU-
(y3HOHHBIMU MMOTOKAMH, C OJHOM CTOPOHBI, U OT-
BOJIMMBIMH 3a CYET M3JIIyYeHHs OT CTEHKH U Tell-
JIOTMPOBOIHOCTHA BHYTPh TEIUIOBOM 3amuthl JIA —
C IPYTOi, TO €CTh

q, (32)
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BOJI TETUIOTHI 3a cueT MU QPy3ur 1 XUMUIESCKUX Pe-
aKIMi pEeKOMOMHAIIMK C YYETOM KaTaJIUTHIYHOCTH
CTEHKH.
Takum 00pazoM, TeMmrepaTypy B KPHTHUECKOU
TOYKE TeJa MOKHO OIPENIEIIUTh M3 COOTHOIICHHS
T -T
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du,
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w
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PesynbraTsl
ITo dopmynam (31)+33) mpoBeneHsl pacyeTsl
TEIUIOBBIX [IOTOKOB U TeMIeparyp nosepxHoctu 1,
B KPUTHUYECKOH TOUYKE B 3aBUCUMOCTH OT CKOPOCTH
nonera (ancen M) 1 KOHCTAHTBI CKOPOCTH PEKOM-
ounamy Kk » 4TOMapHOM KOMIOHEHTHL. Pe3ybrathl

MIPE/ICTaBIICHbI HAa pUCYHKax 1—4.

Ha pucynkax 1-2 mpencTaBieHbl pe3yibTaThl
PAacyeToB TEIUIOBBIX MOTOKOB ¢, U Temreparyp 1.,
B KPUTHYECKOW TOYKE 3aTYIUICHHOTO Tella C Pajiny-
com 3arymwrernst R,= 0,02 M B 3aBHCHMOCTH OT YH-

cen Maxa HaGeraromiero moroka M u ckopoctn
pekoMOuHamK K, aTOMapHON KOMIIOHEHTHI B JiHa-

nasone k, €(1;15) na soicore H = 40 kM npu

crenenu gucconmaruu o = 0,25.

Kak u CJICO0BAIO OXKMJATh TCILIIOBBIC IIOTOKH K
TEMIICPATYPbl MOHOTOHHO BO3pAaCTarOT C YBEJIMYC-

HieM M 1ipu omHOM 1 TOM ke K, U 3HAUMTEIBHO

BO3PACTAIOT C POCTOM CKOPOCTH peKOMOMHALWMH K ,
Ha KaTaJlMTU4ecKon cteHke. [Ipu aToM cremayer oT-
METHUTb, YTO C YBEJIMYEHHEM KOHCTAHTBI CKOPOCTH
pexomOuHaimu k, or 1 10 15 TemnoBbie MOTOKHK 1
TEMIIEpPATypbl CTEHKH CHa4aJia Pe3KO BO3PACTAIOT, &
3aTeM pocT (C yBenuyeHueM K ) CyLIECTBEHHO 3a-

MEUIAETCS JUIS OJHHUX M TeX ke uncen M .

Kpome atoro, mpu umcnax Maxa, TpeBbIIIar0-
umx yncno 20, vaunHast ¢ k,= 5 u BbIIE, TeMIIe-
paTypa CTEHKH B KPUTHYECKOW TOYKE IMPEBBIIMIACT
2000 K, 94T0 MOXET COIPOBOKAATHCS YHOCOM Mac-
ChI TEIUIO3aLTUTHOTO MTOKPBITHSL.

Ha pucynkax 3, 4 npencrtapieHbl aHaJIOTUYHbIE
pe3ynbTaThl Ul CTENeHH auccormaimu o = 0,5,

NpUYEM Pe3yJIbTaThl KAYeCTBEHHO U KOJIMYECTBEH-
HO HE OTJIMYAKOTCA OT pe3ysbTatoB At o = 0,25,

a 3HAYCHUS TETUIOBBIX MOTOKOB W TEMIepaTryp He-
CKONIBKO BbIe, yeM mpu « =0,25, 4ro ecte-

CTBCHHO.

qqw(Mi . 1) i .
qqw(Mi . 5) -
qqw(Mi . 10) P

qqw(Mi . 15) 2x10% - 4

Puc. 1. V3meHeHNs TETIOBBIX TOTOKOB B KPUTHYECKOM TOUKE B 3a-
BHCHMOCTH OT 4ncesl Maxa 1 CKOpOCTH peKOMOUHAIMK aTOMapHOM
KOMIIOHEeHTHI i1t = 0,25: 1 —kp = 1; 2-5; 3-10; 4-15
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TTw(Mi ,
TTw(Mi

TTw(Mi ,

D

,5)

10)

6x107

4x107

TTw(Mi ,15) 2103 2P )

Mi

Puc. 2. VI3MeHeHe TeMIiepaTypsl B KpUTHYECKON TOUKE B 3aBUCHU-
MOCTH OT 4uciia Maxa M CKOpOCTH PEeKOMOHMHAIMM aTOMapHON
koMnoHeHThl Wit o = 0,25: 1 —kp = 1; 2-5; 3-10; 4-15

6><106 T T T

4

qqw(Mi ,1) 4 g -

= 4x10 T e

qqw(Mi , 5) = 4

qqw(Mi , 10) T 2

qqw(Mi ,15) 2x10% L aESEm” .
e

Mi

Puc. 3. VI3MeHeHne TEMIOBBIX IOTOKOB B KPUTHYECKOH TOUKE B 3a-

BHCHMOCTH OT yncen Maxa ¥ CKOpPOCTH PEeKOMOMHAIMH Ul o =
0,5: 1 — kg =1;2-5;3-10; 4-15

6x107) T T T

TTw(Mi
TTw(Mi
TTw(Mi ,

TTw(Mi

1)
,5)

10)

,15)

4107

2x10°

Mi

Puc. 4. 13meHeHue TeMiiepaTyp B KPUTHYECKOM TOUKE B 3aBUCHU-
MOCTH OT yucen Maxa M CKOPOCTH PEKOMOMHALMKM aTOMapHOH
KoMIoHeHThl 1yt = 0,5: 1 — kg = 1; 2-5; 3—-10; 4-15.

Oocy:k1eHue

1. Pa3paboTaH mpuOIMKEHHO-aHATUTHIECKU Me-
TOJI OIpe/IeTICHNS TETUIOBBIX TOTOKOB U TEMIIEpaTyp
B Tepe/IHel KPUTUYECKOM TOYKE HOCOBOTO 3aTyII-
JIeHHs] BBICOKOCKOPOCTHOTO JIETATEIFHOTO arapara
IPH X a3POAMHAMHYECKOM Harpese.

2. TTomy4eHs! sIBHBIE BBIPAXKEHHUS JUIS OTIperIeie-
HUSI KOHBEKTHBHBIX U TU(P(Y3HMOHHBIX TEIUIOBBIX
HIOTOKOB, a TaKXe TEMIIepaTyphl MTOBEPXHOCTH Ha
OCHOBE HTEPAIlMOHHOTO PELICHUsI ypaBHEHUs Oa-

JIaHCa KOHBEKTHBHO-KOHIYKTHUBHOTO, UM Y3HOH-
HOT'O ¥ JTyYHCTOT'O TETUIOBBIX TOTOKOB.

3. Ilomy4eHs! ¥ MPOAHATIM3UPOBAHBI PE3YIIbTATHI
pacueToB TEIUIOBBIX IOTOKOB U TEMIIEpaTyp B IIH-
pOKOM Juana3zoHe yucen Maxa, HaOeraroouiero mno-
TOKa W KOHCTAHTBI CKOPOCTH PEKOMOMHAIIMU aTo-
MapHON KOMIIOHEHTbI OMHApPHON CMECH Ta30B.

4. Tloka3zaHo, 4TO MpH 4Kciax Maxa, MpeBbIlIa-
foumx 20 ¥ KOHCTAHTBI CKOPOCTH PEKOMOWHALIUU
BBIIIE 5 TemIepaTypa B KPUTHUECKOW TOYKE MPHU
noniete Ha BbicoTe 40 kM, mpebimaiot 2000 K, uto
MOKET MPUBOANTH K HEXKENIaTeIbHOMY YHOCY Mac-
CBI TETUIO3AIIUTHOTO MaTepuaa.
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