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Abstract. The problem of constructing bodies with minimum aerodynamic drag is one of the classical problems
of hypersonic aerodynamics [1-5]. It is of particular interest under conditions of vehicle motion in a rarefied gas, where
the hypothesis of local interaction between the flow and the body surface is applicable.

Within this hypothesis, the variational problem reduces to the optimization of the body shape parameters [6].

In previously published studies on axisymmetric power-law bodies of minimum drag, the surface temperature
factor appearing in the expressions for the pressure and friction coefficients was usually assumed to be constant, while
the main attention was paid to the influence of geometric parameters, in particular the body elongation.

Meanwhile, the thermal state of the surface affects the parameters of local interaction and may change the
solution of the drag minimization problem. However, its influence in free-molecular hypersonic rarefied gas flows has
not yet been systematically investigated.

The aim of this study is to investigate the influence of the surface temperature factor on the solution of the drag
minimization problem for axisymmetric power-law bodies in free-molecular hypersonic flow of a rarefied gas.

A numerical analysis was carried out for various values of the body elongation and the surface temperature
factor. The results showed that the temperature factor has a negligible effect on the optimal exponent of the power-law

generating curve, which approaches the limiting value ,B =372 asthe elongation increases.

The obtained results refine the understanding of the influence of the temperature factor on minimum drag in the free-
molecular regime and complement classical solutions of Newton’s problem.

Keywords: Hypersonic flow, free molecular regime, power-law bodies of revolution, optimal shape,
temperature factor, minimum drag.

AnHomayua. 3a0aua nocmpoeHus mei MUHUMAALHOZO0 A3POOUHAMUHECK020 CONpOmubAeHUs ABAsemca 00HOU U3
raaccuueckux 3a0au eunep3Byxoboil aspoounamuru [1-5]. Ocobviii unmepec ona npedcmabasem 6 yciobusax 0Buxenus
AemamenbHoeo annapamob 6 paspexxeHHoMm ease, 20e MPUMEHUMA 2UNOMe3a A0KAAbHO20 B3aumodeiicmbus nomoxa c
noBepxrocmoto meaa. B pamxax smoii eunomess. Bapuayuonnas 3adaua cbecmu k 3a0ate onmMUMU3AYUYU NApAMempos
opmui meaa [6].
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B usBecmmbix paﬁomax, no CmeneHHsviM  OCECUMMEMPUUHBbIM — MeAdM  MUHUMAALHO20 conpomu(ffleHuﬂ

memnepamypuuiil paxmop nobepxrocmu tw, Bxo0auuil 6 Bvipaxenus 041 Kko3gppuyuenmol oabaenus u mpeHus, Kak

npaduso NpUHUMAACS NOCMOAHHBIM, A OCHOBHOe BHuMaHue YO0eaAA0Ch BAUAHUI0 eeomempuuecKux napamempob, 6
uacmuocmu yoiunenus meaa. Mexoy mem memnepamyproe cocmosue nobepxnocmu Gausem Ha napamenpsl A0KAL6HO20
B3aumodeticmbuss U MOXem USMeHAMb  pewlenue 3a0auu  Munumuzayuu  conpomubaenus. Eeo Bausnue 6
cbobo0HOMOACKYAAPHOM  2unep3BykoBom NomoKe paspexeHHo20 2asa 00 HACMOAWje20 BpeMeHu CUcmeMamuuecku He
uccae008amo.

Leavio Hacmosuwjeii pabomst Abaaemcs uccaedobanue GAuAHUA MeMNepamypHoeo akmopa Ha peuerue 3a0a4u
MUHUMUZAYUY CONPOMUBACHUA O 0CCCUMMEMPUUHDLX CIENeHHbIX me 8 cB0600HOMOoAeKYAspHOM eunep3Bykobom nomoke
paspexxenozo 2asa.

IIpoBedén uucrennvlil aHAAU3 04 PASAULHBIX 3HAUEHUT YOAUHEHUT U MeMNepamypHo20 (akmopa nobepxHocmu.
I[lokazano, 4mo memnepamypHuiil akmop npakmuuecku He BAusem HA ONMUMAALHLIL NOKA3AMEAb CIMENeHU CINeNneHHOl

o0bpasyroweil, komopsiil npu 00AbUAUX YOAUHEHUAX CTHPEMUNICA K 1Pe0eAbHOMY SHAUEHUIO :B =3/2.

Ioryuenmvie pesysvmamst YmounawOm Bauinue memnepamypHoeo axkmopa Ha MUHUMAAbHOe conpomubienue 6
c600600HOMOACKYAAPHOM pexuMe U 00N0AHAOM Kidccudeckue peuienus sadauu Hetomona.

Karoueboie caoBa: T'unepsByxoboii nomox, c60000HOMOAEKYAAPHBIT PeXUM, CHeneHHble teaa BpaujeHus,
ONMUMALLHAS (POPMA, MeMNePAmYPHbLIL (PAKMOp, MUHUMAABHOE conpomubienue.

PeLieH3eHT: Toponues Bacunuin BnaguMmnpoBmY - KaHAMOAT TEXHNYECKMX HayK, OOLEHT.
OIreoyY BO «PTAY-MCXA nm. K.A. TuMmnpsasesa»

MatemaTtuyeckasa mofesnb

PaccMmaTpuBaeTcsl OCecUMMETPUYHOe Teno BpalleHus aavHolt L, u paguycom

ocHoaHust R; . O6pa3ytoLas Tena 3apaétes dyHkumein V(X) (c.m puc.1).

| - — -

i

Puc. 1. Cxema obpasyiouieit Tena.
KoathdnumneHT conpoTuBeHns Tena onpenenseTcs BolpaXXeHnem
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C 2%]9(617 cosf+c, sint9)x\/1+(dy/Cl'x)2 dx (1)

X
0
30ecb Cp n C,- KOS(hPULMEHTbl OaBfeHNs N TPeHUs, OeNCTBYOLLME Ha SNeMeHT

NoBEPXHOCTU Tena.
B cBOGOOHOMOMEKYNSAPHOW MOOenn runepsByKOBOrO MNOTOKa KO3 PUUMEHTHI
OaBfieHnsa 1 TpeHna nMeroT Bug [7-10]

c, =2co0s’> @+ zcosb

¢, =2cos@sinf @

e, z = \/ﬂtw(jf—l)/jf , 1, - TeMnepaTypHbIii hakTop NOBEPXHOCTH, ¥ - NokasaTeSlb
agnabathl rasa, @ - yron Mexzay BHYTPEHHel HopMasblo K MOBEPXHOCTU U HarnpassieHneMm
HaberarLLero noToka.

Y
PaccMoTpuM cTeneHHy obpasyroLlyro y =1L, (R_]
0

e B - nokasatenb cTeneHw, onpeaenstowmii hopMy Tena. Beeaém yanmHeHue Tena

L
Ao :RTO' Torpa, nosnyyaem BbipaxkeHne AN KoahduruMeHTa CONpPOTUBNIEHNS UMeeT B BUe
0

1
X

C =2+2z dx

! \/1 (A p") o

MuHMUMarnbHoe 3Ha4veHne KoaduumeHta conpoTtmeneHns (3) [ocTuraeTca npu

onTMManbHOM 3Ha4YeHUN napamMeTpa ,B Ong 3agaHHoro yaonnHeHnd tena jvo .

YucneHHblin aHanus

YucneHHble pacyéTbl MpoBOOMAMCL ONS AnanazoHa YOIUHEHUN ﬂo =2-+30 npu

PasnNyYHbIX 3HaYeHUsX TemnepaTypHOro thakTopa NOBEPXHOCTU
t,=0.05 0.1, 0.2, 0.5, 1.0
0N KaX[oro sHadyeHus yamHeHus A, onpepensnocb onTWManbHoe 3HauyeHue

nokasatens ctenenn J, npu Kotopom KoahduumeHT conpotvenenust C, npuHumaet
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MUHUManbHOe 3Ha4YeHne.

B Ttabnuue 1 npuBegeHbl 3HaA4YeHUA ONTUMAaNbHOIO nokKasaTtenda cTerneHun ﬂ npu

Pa3NNYHbIX 3HAUEHWSIX TeMMepaTypHOro chakTopa £, Ans 3aaHHOro YANMHeHs Tena Ay .

Tabmuua 1
OnTUMarnbHOe 3HaveHe nokasatens ctenenn

A ﬂ(tw =0.05) ﬁ(tw =0.2) ,B(tw =0.5) ,B(tw =1.0)
2 1.88956 1.88956 1.88956 1.88956

3 1.68154 1.68154 1.68154 1.68154

4 1.6067 1.6067 1.6067 1.6067

5 1.57111 1.5711 1.5711 1.57111

6 1.55117 1.55117 1.55117 1.55117
8 1.5305 1.5305 1.5305 1.5305
10 1.52042 1.5204 1.52042 1.5204
14 1.51111 1.5111 1.5111 1.51111
16 1.5087 1.5087 1.5087 1.5087
20 1.50579 1.50579 1.50579 1.50579
30 1.5027 1.5027 1.5027 1.5027

N3 sTonm Tabnuubl BUMOHO, YTO 3HAYEHUS ONTUMAsIbHOrO rnokasaTtens cTeneHu ﬂ

NPaKTUYecKn He 3aBUCSAT OT TemrepaTypHOro akTopa MoBepXHOCTU. [Mpu yBenuyeHun

yAMHeHust Tena A, nokasatens cTenenn S cTpemMnTcs K npeaenHomMy 3Hadenmno  — 3/ 2

Ha puc. 2 npencTaBneHbl 3aBUCUMOCTU  MUHUManbHOro  KoadduumeHTa

conpotuBneHnsa Cx OT yannHeHuna Tena Zo npn pasfinvyHbiX 3Ha4YeHUAX TemMrepaTypHOoro

chakTopa f,, .
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24+ Cx

PUc. 2. 3aBUCUMOCTU MUHUMAaNbHOTO KoathduumeHTa conpotusnenus C, oT yanuHenus

Tena 4, Npu paznuuHbIX 3HaYeHUsIX TemnepaTypHoro daktopal,, .

N3 PUCYHKa 2 04eBUOHO, YTO MUHUMANBLHOE 3HaYyeHue KOSCbeI/ILlI/IGHTa conpotmBneHnda gnsd
OCECUMMETPUYHBIX CTEMeHHbIX Tesl CYLeCTBEHHO 3aBUCUT OT TeMrepaTypHoro akrtopa

nosepxHocTn I, . MNpu yBenuyeHWn TemnepaTypHoro dakTtopa [, MUHUMaNbHOe 3Ha4eHue
koapdpuLmeHTa conpotueneHns C. BospactaeT. Hanborblume pasamuns Mexay KpuebiMu

HabNOaTCa NPU MasblX 3HAYeHUSX yOnnHeHUs Tena. o Mepe yBenmyeHns yonnHeHns /10

pPaznnMunsa Mexxay KpuBbIMW YMEHbLUAKTCH W 3HAYeHUS MUHUMASIbHOrO COMPOTUBIEHNS
CTPEMATCS K OOHOMY NpeneibHOMY 3Ha4YeHUH.

3aknoyeHne

B paHHOW paboTe nccnegoBaHo BNMSHUE TeMnepaTypHoro dhakropa NoOBEpPXHOCTU Ha
MUHUMaNbHOE  COMPOTUBNEHNE  OCECMMMETPUYHLIX  CTEMeHHbIX Ten  BpalleHus B
cBOBOAHOMONEKYNAPHOM rMNep3BYKOBOM NOTOKE PaspeXkeHHOoro raza.

NokasaHo, 4TO onTUMasibHbI MNoKasaTenb CTeneHu ﬂ CTeneHHON obpaszyroLleit
NPaKTUYeCKN He 3aBUCUT OT TemnepaTypHoro cakTopa MOBEPXHOCTM U MPU YBennyYeHun

YOINMHeHNA Tesla nokKasaTeslb CTerneHn CTpeMUTcA K 3Ha4YeHUro ,B_)3/2 3TO 3HayeHue
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COBMajaeT C U3BECTHbIM aCMMNTOTUYECKIM PE3YNLTATOM AJ1s Tenl 6oMbLUoro YamHeHns [11].

B TO XXe BpeMs TeMnepaTypHblii (hakTop oKasblBaeT 3aMeTHOe BINAHNE Ha BEMYUHY
MWUHUMaNBHOrO KO3 duLmeHTa conpoTuBieHns. MNpu yBenmyeHnn TeMmnepaTtypHoro dakTopa
MWHUMaNbBHOe COMPOTMBeHNe BospacTaeT. Hanbonbllee BAMsSIHWE HabnogasTcs npu Manbix

3Ha4deHusa yonnmHeHnd tena X‘O .

TakuMm o0pas3oM, TemrepaTypHoe COCTOSIHWE MOBEPXHOCTU BNSAET Ha BeSIMYUHY
aspognHaMnNyeckKoro COMPOTUBIIEHNS, OOHaKo MNPaKTU4eCcKU He W3MeHSeT reoMeTpuro
OonTMManbHoON hopMbl Tena.

MonyyeHHble  3aBUCMMOCTM  MOryT  OblTb  WUCMOMb30BaHbl  MPU  OLEHKe
aspoAMHaMUNYECKMX XapaKTepUCTUK NeTaTellbHbIX annapaTtos, OBUXKYLLUUXCH B Pa3PEXKEHHbIX
cllosiX aTMOCepbl B TMMNepP3BYKOBOM PEXUME.
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