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YucjieHHOe MOJCJIUPOBAHUNE TypﬁyJICHTHOFO TeInj000MeHa
HA MOBEPXHOCTH OCECUMMETPHYHOI0 TEJIa IIPH HAJIHYHNHA
30HBI OTPBIBHOI'0 TCYCHUHA

© H.A. XapueHko
MoCKOBCKUY aBHAITMOHHBIM UHCTUTYT, MockBa, 125993, Poccust

B oannou pabome npedcmasnena sanudayuontan 3a0aua MoOOeIUPOBAHUs Meni000MeHa
HA NOBEPXHOCMU YUTUHOPUHECKU — KOHUYECKO20 MeNa NPpU HATUYUY 30Hbl OMPbIEHO2O Hie-
YeHUsl 6CIeOCMBUE 83AUMOOCLICIEUST YOAPHOU 60IHbL C MYPOYIEHMHbIM NOZPAHUYHBIM CJIO-
em. OCHOBHOU BLIMUCTUMENLHOU CLOACHOCHBIO PACCMAMPUBAEMOTL 3a0aYU AGISIEMCsl NO-
OpobHoe paspeuienue mypoyiIeHmMHO20 meveHusi 8 NPUCMEHOYHOU 001acmu ¢ Yeavio 0db-
Heliue2o 80CNPoOU36eOeHUsl IKCNEPUMEHMATILHIX PACHPeOeeHUtl NOBEPXHOCHHBIX XAPAK-
MepucmuK OdelleHust U Menio8o2o0 nomoka. B pewaemoil 3a0aue umeem mecmo Hanudue
OMPBIBHOU 30HbL, Npedcmasisiowell coboti 06IAcmb 8036PAMHO20 MedeHUsl, OKA3bIEAIO-
wetl cyujeCmeenHoe 6UsHUe Ha CMmpyKnypy pUcCmeHo4H020 NOMOKd.

Kniouegvle cnosa: 6bicoKOCKOpOCmHOe MOOenuposanue, mypoOyieHmHull meniooomeHn,
Ompbi6Hble MeueHUs, BbIYUCTUMENbHASl adP02a300UHAMUKA, HEeCMPYKMYypUuposanHle
cemxu

BBenenue. C HACTyIUIEHUEM CEpPEIUHBI MPOIUIOTO cToNeTHs 3 dek-
TUBHOMY Pa3BUTHIO (QyHIAMEHTAIHHOTO TTOHUMAaHUS BBICOKOCKOPOCTHBIX
TEUEHUH, CIIOCOOCTBOBAIA pa3pabOTKa CBEPX3BYKOBBIX IKCIIEPUMEHTAIb-
HBIX YCTAaHOBOK HOBOTO ToKosieHus [1]. IIpoBoguMbie B TO BpeMst dKcIe-
pUMEHTAJIbHBIE UCCIIEI0OBaHMs ObUIM HAMpaBIICHbI Ha BBISBICHHE YD dek-
TOB, BO3HHUKAIOIINUX B BHICOKOCKOPOCTHBIX TEUEHUAX MPHU HAIUYUU CIOXK-
HBIX YJApHO-BOJHOBBIX CTPYKTyp. Ocoboe BHMMaHHME B ATHUX padoTax
YAEJSIIOCH TIPolieccaM B3aWMOJICHCTBUS yAApHBIX BOJH C MOTPAHHUYHBIM
CJI0eM, KaK B JJAMHHAPHBIX [2], Tak U B TypOyJICHTHBIX TeueHUsX [3-4].

OCHOBHOH 1IENBIO CEPUH IKCIIEPUMEHTATBHBIX HCCIIEOBAHUMN, TPO-
BOJIUMBIX B 1eHTpe uccienoBanuii adpoHaBTuku CUBRC [4] nHa ycTaHOB-
ke LENS XX, sBnsanock co3nanne BaJIHIAIMOHHOTO 0a3umca, UCIOJIb3ye-
MOTO ISl TIOATBEPKICHHUS B 3a7a4aX BBHICOKOCKOPOCTHOTO MOJIEIUPOBa-
HUSI BO3MOYKHOCTEH KOMITBIOTEPHBIX KOJOB BBIUMCIUTEIHHOU adpOTEPMO-
JTUHAMUKH. Pe3ynpTaToM MpOBENEHHBIX IKCIIEPUMEHTATBHBIX HCCIIE0BA-
HUM OBLJIO TIOJTyYeHHE JAHHBIX 10 TIOBEPXHOCTHBIM PACTIPEICICHUSM /1aB-
JIEHUS W TEIJIOBOTO MOTOKA MPH TYpOYJIEHTHOM OOTEKaHMH BBICOKOCKO-
POCTHBIM ITOTOKOM TEJI BpaIlleHUsI ¢ KOHUYECKUM YTJIOM CXKaTHSI.

B nannoit pabore paccMarpuBaeMasi BauallMOHHAs 3a7a9a BHICOKO-
CKOPOCTHOI'O MOJIEJIMPOBAHUS O B3aUMOJIECUCTBUM YyAApPHOM BOJIHBI C IIO-
TPAaHUYHBIM CJIOE€M MPHU TypOYIEHTHOM OOTEKaHWH BO3IYIIHBIM MTOTOKOM
NUAJTUHIPUYECKN — KOHUYECKOTO Tejla YUCICHHO pPeIaeTcsi B TpEXMEPHOM
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nocraHoBke. OCHOBHOI1 11e/IbI0 JAHHOTO MCCIIEAOBAHUS SIBJISIETCS BOCIIPO-
U3BE/IEHNUE ASKCIIEPUMEHTAJIbHBIX JAHHBIX 110 PACIPEAEICHUSIM IIOBEpX-
HOCTHBIX XapaKTEPUCTHK JaBJIECHUS U TEIJIOBOTO ITOTOKA.

MaremaTnueckas NOCTaHOBKA 3a1aud. MoaenupoBaHue BBICOKOCKO-
pOCTHOTO  OOTEKaHUs TypOYJIEHTHBIM TIOTOKOM  IIMJIMHAPUYECKH—
KOHHUYECKOTO TeJa MPOBOAMIIOCH C MCIOJIb30BaHUEM KOMIIBIOTEPHOIO KO-
na I'PAT [5-8], uMCIIEHHO peIIaoIIero TPEXMEPHYIO HECTallMOHAPHYIO
CUCTEMY YpPaBHEHHMM JBUKEHHS BSI3KOI'O TEIJIONPOBOJHOrO ras3a, JO0IOoJ-
HEHHY0 AByxnapamerpuueckoil RANS mozenbio TypOysneHTHOCTH MeH-
tepa K—w SST [9]. Cucrema ypaBHenuii HaBbe — CTOKCa, BhIpakaromias
3aKOHBI COXpPaHEHHsI MACChl, UMITYJIbCOB M MOJIHOM YHEPTUH, 3allMCHIBACT-
Csl B CIIENIyIOIIEeM BUJE (3[1€Ch U J1ajiee UCIOB3YETCs COTTIAIICHUE O CyM-
MHUPOBAHUU IO MOBTOPSIOLIUMCS HHJIEKCAM):

op  9(pu;)
P DL .
ot OX;
o(pu) JO(puu.) op Or; .
(ou)  SPU) P % o123 (1)
ot OX; OX;  OX,
A(pE) , o(pu;E) . o(pu;)  oluz; —q;)
ot X, oX, ox,
rae o — IUIOTHOCTD, KF/M3; p — JaBJICHHUC, Ha; E — nmonnas OHEpTIH:,
OTHCCCHHAA K €IMHHNIC MACCHI, I[)K/Kl"; Tt — BpeEMs, C; Ui — KOMIIOHCHTBI
BCKTOpPa CKOPOCTH, M/C; Xi — KOMIIOHCHTbBI HpOCTpElHCTBGHHOﬁ KoopAau-
HATBl, M; (], — KOMIIOHEHTBHI BEKTOpa TEIJIOBOIO IIOTOKa, BT/MZ;
7; — KOMIIOHEHTbI TEH30pa HanpsvKeHui, [la.

B 3agauax BBICOKOCKOPOCTHOI'O MOJIEJIMPOBAHHUS, HE TPEOYIOUINX yue-
Ta PU3UKO-XMMHUYECKHX MPOIIECCOB B Ta3e, pelaeMasi CucTeMa ypaBHEHH
3aMBIKAaeTCsl TEPMUUECKUM U KaJIOPUYECKUM YPAaBHEHUSIMH COCTOSIHUS CO-
BEpUIEHHOTO Ta3a ¢ IOCTOSHHBIMM 3HAaYeHUsIMU Terioemkocted [10].
TepMuyeckoe U Kalopuueckoe ypaBHEHHsI COCTOSHHSA B JAHHOM CIlydyae
UMEIOT CIIETYIOIINNA BUI:

P _(y-1e, e=qT, )
yo,

rae y — I0Ka3aTelib aI[I/IaGaTBI, OHpeIICJ'ISICMHﬁ YCpe3 OTHOIICHHUC Cp )51

CV — YACJBHBIC TCIINIOEMKOCTU IPHU MNOCTOSAHHOM JABJICHUHU U 06’LCMe,

JUx/(xr'K); a e — yznenbHas BHYTpeHHss sHeprus, JDK/Kr, mpu 3ToM
y/IebHAS TIOJTHASI SHEPTHS OTIPEIENISETCS KaK:

3
E=e+%2uf. (3)
i=1
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Jlnisi 3aMBIKaHUSI CUCTEMbl YPaBHEHUN ra30BOW JTWHAMHKH, OMHCHIBA-
Io1el TypOyJICHTHOE IBIDKEHUE, B JAHHON paboTe MCIOIb3YeTCsl BAPHAHT
MoJieNd TypOyJIEHTHOCTH, B OCHOBE KOTOPOH Jiexkat auddepeHnnanbHbe
ypaBHEHHMS MepPeHOCa KHHETHIECKOH sHeprun TypoyneatHocTH K (M%/c?) 1
YACIBHOU CKOPOCTH TUCCHUIIAIINK TYPOYJIESHTHBIX IMyJIbcauii  (1/¢).

KOoMITOHEHTHI TeH30pa HANPSOHKCHWH W BEKTOpa TEIJIOBOTO MOTOKA B
MoJieN TypOyJIeHTHOCTH MeHTepa ONpeeNsoTCs Kak:

_ou;
’[ijZZ/J Sij———é‘ij , qi:_iﬂ1 Sijzl %4_—] :
3 0%, % 2(ox, ox ) (@)
=g+, A=A+ Ay

rneT — temneparypa, K; x4 — s3ddexkruBHas nunamuueckas BS3KOCTb,
IMa-c; A — >dexTuBHbIl KOdPIUIMEHT TerionpoBoaHocT, Bt/(M:-K);
S; — TeHszop ckopocreil nedopmanuu, 1/c; &; — cumBon Kponekepa;

(.)LI/I ()T — JaMHUHApHAsA U TypOyJieHTHasl cocTaBiisirone 3((HeKTuBHO-

ij

ro napamMmerpa.
Juddepennnanbabie ypaBHEHUS MOJENU TypOyleHTHocTH MeHTepa
3aMMCHIBAIOTCS CIEAYIOIKUM 00pa3oMm:

o(pk) . d(pu;k)

0 ok
=P - Sy pak +&{(ﬂ|_ +oyp )—}

ot OX;| j OX
6(§”)+a(g§_j“’)=PZ—p—ﬂwpw2+ (5)
] T
+6i;j{(,uL +0 L )S—Z:I+2(l— FJS—)ZS—Z%;
rac gy ONpeaAcirieTCsl COOTHONICHUCM!
iy = % )

MonudunrpoBaHHbIN 4iieH TeHepaluu TypOyJIeHTHOCTH P ¢ yuetom
CKMMAEMOCTH UMEET BU/L:

P =min(u [ O°F, +S*(1-F,)], 108, pak);

2 7)
2( éu 1(ou  du, (
$°=28;5; - 2| £ |, Q' =200, Qy=3| ~L-—1|

3\ OX, 2{ Ox;  OX

rne F, — ¢yskmus cmemenuss Menrepa B monemm K—w@ SST, a

(}; — TEH30p 3aBUXPEHHOCTH, l/C.
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Kak Mo0xHO BUIETh, B ypaBHEHUU [UIsl T€HEpalUH TYpOYJIEHTHOCTH
IPUCYTCTBYET TEH30p 3aBUXPEHHOCTU () ¢ QyHKimed cmemenus F, uro

OTCYTCTBYET B OpuUTrHHalIbHOU Moaenu Mentepa [9]. [Ipennonaraercs, 4o

JTaHHas MOIU(UKAIMS TPUBHOCUT B MOJENb TypOyJneHTHOCTH 3¢ddexr

yMEHblIeHUs (U3NYeCKM HEOOOCHOBAHHOW TIeHepauuu TypOyJEHTHOM

BS3KOCTH B 00JIACTSAX C HAIMYUEM Pa3pbIBOB U TOPMOKEHUs OTOKa [11].
@yuxuuu F u F, onpenenstores kak:

Fl =tanh (argf), F2 =tanh (argg),

Jk 5004, | 4po,k
B.od’ pwd® | CD,,d?

2k 5004 ). )
Bd’ pod® |

arg, =min max(

arg, = max(

CD,, =max| 2po,, 1k o

— 10"
w ax,. axj ’ ’

rae d — kparyaiiiee pacCTOSIHUE 710 CTEHKH, M.
KonctanTsl Mogeny TypOyJIEHTHOCTH OIPENENIOTCS Yepe3 (QyHKIIHIO
CMEILIEHUS:

p(oy,0,,B,.1)=Fe +(1-F)p,;
0,,=0.85 o,=0.5, B, =0.075 17 =055 9)
o.,,=10, o,,=0.856, A ,6=0.0828, n,=0.44.

Jlnst pacueta CBOMCTB mepeHoca, KodhPUIIMEHTOB BA3KOCTH U TEILIO-
MIPOBOJIHOCTH, UCIIOJIb3YIOTCSI COOTHOIIEHUSI:

3/2
uL=CT—, C=1.458-10"° xr/(m-c-K¥2);
T+110.4 (10)
A=Cy ey b Cp:LR,
Pr Pr (7/_1)

rne Pr=0.72 — uucno Ilpanarns; Pr. =0.9 — TypOynenTHoe wmcIio

[pangrns; R = 286.7 — razoBas nmoctosiHHas Bo3ayxa, Jk/(kr-K).

YucjieHHBIH AJrOPUTM peLleHus 3a4a4d. YUCICHHBIM aIroputm
IIOCTPOEH Ha pealu3aliyd METOJa KOHTPOJIBHOIO 00beMa C HCIOIb30Ba-
HUEM HECTPYKTYpHpOBaHHBIX ceTok [12], [13], roe B kauecTBe KOHTPOJIb-
HBbIX 00BEMOB BBICTYHAIOT: TETPadAPbl, MUPAMHUIbI U TPEYTOJIbHBIE TPU3-
MBI.

OnpeneneHre CBOMCTB JaHHBIX N€OMETPUUYECKUX (PUTYyp MPOBOAUTCS
nyTeM pa3OueHHuss OObEMHBIX U IUIOCKUX OOBEKTOB Ha TETPA’dJphl U Tpe-
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YI'OJIbHHUKH. HCHTpBI MacC 3JIEMCHTOB HECTPYKTYPHUPOBAHHBIX CETOK BbI-
YUCIAIOTCA ¢ IOMOIIBIO CPCAHCB3BCIICHHOI'O 3HAUCHU A

N —
D hf

- j=
r=—— (11)
fi
i=1
rae ¥ — paguyc-BEKTOpP, OIPENCISIOIIMM II0JI0KEHUE LEHTPOB Mace
OOBEMHBIX M IUIOCKMX T€OMETPHYECKUX OOBEKTOB; T, — pajuyc-BEKTOD,

onpeﬂenmomnﬁ IMOJIOKCHUC LCHTPOB MACC COCTABHBIX YacTell COOTBET-
CTBYOIIECTO I'€OMETPHUICCKOTI'O O6’bCKTa; fj — CcOCTaBHAas 4acTh 00beMa

WJTU TUIOIIAIN T€OMETPUUECKOT0 00BEKTA.

YucIeHHOe MHTETPUPOBAHNE CUCTEMbI YPABHEHU Ta30BOM TUHAMUKH
IPOBOJIMIIOCH C  HCIOJIb30BaHHUEM  MOTU(PHUIIMPOBAHHOTO  METOAA
AUSM+ [14]. Wcnonb3yeMblid i1 YUCICHHOTO WHTETPUPOBAHUS METO/T
AUSM+ sBisieTcsi METOIOM pacIleIUIeHUs] TIOTOKOB HAa KOHBEKTUBHYIO H
aKyCTUYECKYI0 COCTaBJISIOIIME B 3aBUCUMOCTH OT umcina Maxa. Takoi
MOJIXO/1 SIBJISICTCSI alIbTEPHATUBOM METO/1aM, OCHOBAaHHBIM HA U/IEW BBIUHUC-
JICHHUS TIOTOKOB 4epe3 T'paHH KOHEYHOro O0beMa W3 PEIICHHS 33Jadd O
pacriajie mpou3BOJILHOTO pas3peiBa, pemtoxkerHHoi C.K. I'ogyHnossim [15].

Yucnennslii notok merogoM AUSM+ onpenensiercst U3 COOTHOIIEHUS

[16]:

W MypCyp + @, My, 20;

AUSM =
WgrMy),Cyp +Dr, My, <0,
p 0 (12)
Wir=[pY |, ®pr=|Rp-n-R| 1=123,
pE PMy,Cy0
rae N. — KOMITOHCHTA €IMHUYHOTO BEKTOPA BHEITHEH HOPMAITH.

Pacmienienue noroka Ha BKJIaJ(bl KOHBEKIIMU U JTABJIEHUS BbIPAXKACTCS
MOCPEJCTBOM MPEICTABICHUS Ynciia Maxa B BUJI€ IByX COCTOSIHHIA:

M1/2:M|1—+M§—MP;
P2 =P pL +P: Pr.

KonBexTuBHas u AKyCTHUYCCKasl COCTABJIAOMIUC PACHICIINICHHOI'O I10-
TOKa almpOKCUMHUPYIOTCA IMMOJIMHOMaMHU YETBCPTOT'O U TPETHETO IMOPpAAKA:

(13)
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1 1 2
iZ(ML/R +1)° ig(MLz/R —1)  IMuR <Y

1

E(ML/RilML/Rl)a Mg 21
1 2 ) (14)
Z(ML/Ril) (2¥Mur)" Mgkl

(MUrEIM LRI
2M /R

t _
F)L/R -

, MyrI21.

JInst coOXpaHeHusl YCTOMYMBOCTH YHMCIEHHOM CXEMBI IIPU pacyeTax Te-
YeHU ¢ OOoNBLIIMMU YuciIaMu Maxa B BBIPAXKEHMsI JUIsSl BKJIaJJOB KOHBEK-
UK U JaBieHus no0asistores auddy3nonnbie ciaraembie [17], odecme-
YMBAIOUIME JONOJIHUTEIbHYIO JUCCUMALMIO JUISl MTOAABICHUS YHUCICHHOU
HEYCTONYMBOCTH CHJIbHBIX YJApPHBIX BOJIH:

Mp =(1—g)(1—§) Pr—PL .

(pL+pr)CE,
(15)
:0.7sg(pL+pR)PL+PR(uiR_uiL)’ i:1,2,3,

Pi
Cy2

rne GyHKuuu g U § OnpeAesstoTcs Kak:

g:1+cos[min(hL,hR)7r]’ = min| Pu P .
2 FUPRj Puj (16)

:“LZ(”M), M = min[ max (M|, Mgl), 1].

B pesynbrare YHMCIEHHBIX HCCICAOBAHUI MPEIUIOKEHO CICIYIOIIEe
BBIpaKEHHUE I ONpeeSicHHs: CKOpoCcTH 3Byka [18], mo3Bossioliee yBe-
JMYHUTh JMCCHUIALMIO MyTEeM YMEHBIICHUS C,, B O0JACTH TECYCHUs, TIC

U g [>CLr:

~ max(|Uy],c. ) +max(Ug|,cr)

Cyp = ;
max ('U% ,1] + max UUF% ,1j
L R

~2
G2 .
—, U +Ug2>0;
max (U, |, &)
G2 = 22 17)
vz , U_+Ug <0,

max (|Ug|, &2 )

ULk p %
Mg = v Upr=Ui .M, Cur=|7 LR
PLIR
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Jliia nonydeHus 6ojiee BBICOKOTO MOPSAKAa TOYHOCTH YHCICHHOTO pe-
LIEHMsI 110 MPOCTPAHCTBY 3aJacTcs JMHEMHOE pacHpelesIeHue ra3ouHa-
MHUYECKHX MapaMeTpoB BHYTpH stuciiku [19]:

of of of

OX oy oz
rae @ — K03(Q(QUIMEHT OrpaHWYCHUs] TPAJMCHTa B LIEHTPE PACUCTHOM
sueiiku; f u f, — sHauenns Qpynkumii B nEHTpax pacueTHON SYEHKH U
ee TpaHu.

JInneniHasg pEKOHCTPYKLUSA IIPOBOJUTCS 110 HEKOHCEPBATUBHBIM II€pe-
MEHHBIM: U, V, W, p, p, e, T, Kk, @, a 3HaueHHS ra30IMHAMHICCKIX

apaMeTpoB, HUCIOJIB3yEMbIC ISl BBIYUCICHUS TIOTOKOB Yepe3 IPaHd KO-
HEYHOT0 00beMa, ONPEACISIIOTCS Ha KaXI0W T'PaHU M3 3aaBaeMOro pac-
npeaciiCHud, 4TO INPUBOAUT K CXCME BTOPOTO IIOpsAAKa B O6HaCT$IX, rac
petienue riaakoe. Ho mpu 3ToM [uisi COXpaHEHHs CBOMCTBA MOHOTOHHO-
CTH YMCIICHHOM CXEMBbI Ha Ta30JIMHAMUYECKHUX pa3pbiBaX HEOOXOIUMO HC-
M0JIb30BaTh OTPAaHUYMTEIb 33/1aBacMoro pacrpenenenus [19].

KoaddunmeHnT orpaHndeHusl o 3a/1aBaeéMOTO PacIpeIeTICHIS BBIYHC-
JSIETCST U3 COOTHOIICHUS:

mlz;lx(fn,fl)—f,

,ecma fj— 1 >0;

f,-1,
min(f,, f)-f
aj=q— , ecn fj — f; <0; (19)
f,- 1,
1.5, €CJIn f] - f| :O,

rae ¢ uHaekcaMu « | » u «7» ykazaHbl 3HaueHUsT QYHKIHUIT B [IEHTpax pac-
YETHOM M COCEIHEH SYeeK, a C MHJACKCOM « | » — 3HAa4YeHUs (PYHKIHH,
BBIYKCJICHHBIC B IICHTPE | -Oif FpaHH.

Ho orcyrcTBue nuddepeHIMpyeMOCcTH 3alMCaHHONW — (PYHKUIUU-
OTPaHUYUTEINS MPUBOAUT K YXYIIIEHHIO MOHOTOHHOCTH cxembl. Obecrie-
YUTh MOHOTOHHOCTh YHCJIEHHOW CXEMBI MO3BOJIWJIO HCIOJIb30BaHUE JI0-
NoJHUTENbHOM nuddepenimpyemoit Gpynkuuu-orpannuntens [20]:

) 3
L mjln(a i)

o mjin(aj)_E 15 | eciu mjin(aj) < L5 (20)

1 MHaJe.
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Jlns pacyera BSI3KHUX CJIaraéMbIX HEOOXOAMMO BBIYHMCIATH IPOU3BOJI-
HbIE CKOPOCTH, TEMIIEpaTypbl M TypOyJIEHTHBIX MapaMeTpOB B LIEHTpax
rpaHeil KoHeuHOro oobema. Beruuciienue npon3BoAHBIX OCHOBBIBAIOCH HA
YHUCJICHHOM HWHTETPUPOBAHHE 1O KOHEYHOMY OOBEMY, COCTOSIIEMY U3
JBYX CMEXHBIX 5Y€€K, OTHOCUTEJIBHO LIEHTpa OOIUeH IpaHu W sBISETCA
pELICHUEM CIIEYIOLIEH CUCTEMBI YPABHEHMIA:

oS X2 Gl XY o X.Z = , X.F::
aZ%ﬁ Z¢jjj+aZ¢jjj—Z¢’j i
X 3 oA z

=1 J=

ofi < of < Of <& L .
20X YD oY P> oY Zi =D oY F (2)
OX i3 i 0z 3 =

j=1

of; < o O o _, O
&; ¢1ijj+5§¢JY1‘Zj+5§¢jzj :JZ:;(DJ'ZJFJ' 7
rae

Xi=(xi=x).Y;=(y;-n).Z;=(z;-2).F=(fj-);

1
P = -
beaeyiiz?

PacueTrHble COOTHOIIIEHUS IJI1 YUCIICHHOT'O MHTCIPUPOBAHUA peIIac-
MOH CHCTEMBI YPaBHEHHI METOJIOM KOHEYHOTro o0beMa NMPHUBEICHBI B pa-
oote [1].

YucneHHas: peaau3anusi TpaHUYHBIX YCIOBUH OCHOBaHA HA HCIOJB30-
BaHUE (PUKTUBHBIX SUEEK, MPUJIETaloIIUX K KaKJOW I'paHUIE pacueTHOU
obnactu. B pUKTUBHBIX s4elikax 3a7al0Tcs 3HaYeHUs! (PyHKINH, COOTBET-
CTBYIOIIME TUITY TPAHUYHBIX YCIOBUN:

— Ha BXOJHOW TpaHUIle 3Ha4YCHUS (PYHKIMH 3aJaf0TCS B COOTBET-
CTBHHU C YCIOBUSAMHU HEBO3MYIICHHOT'O ITOTOKA,

(22)

— Ha BBIXOJIHOM CBEpX3BYKOBOM TpaHuIle 3HaueHUs (QyHKIUI B
(UKTHUBHBIX slUEHKAX 3aJar0TCs JIMHEWHOM 3KCTpamossiuuel nepeMeHHbIX
W3 pacyeTHOM 001acTH;

— Ha IpaHUlE CUMMETpPUU 00ECIIeYnBaeTCs YCIOBUE PAaBEHCTBA HY-
JIF0 HOPMAJIbHOM COCTaBJISIONIEN BEKTOPA CKOPOCTH, 3HAYEHUS OCTAIBHBIX
¢byHKIUH B (QUKTUBHBIX S4eiKax 3aJal0Tcsl JIMHEHHOM SKCTpamossuuen
MIEPEMEHHBIX U3 pacueTHOM 00J1acTH;

— Ha IOBEPXHOCTb TEJIa HAKJIAJbIBAIOTCS YCIOBUS IpPUIUIIAHUS,
MOCTOSIHCTBA BEJIMYUHBI YJEIbHON IUCCHUMALMK TYypOYyJEHTHBIX IyJIbca-
LMI U paBEHCTBA HYJII0O KHHETUYECKOW dHEpPruu TypOyseHTHOCTH. Temme-
patypa CTEHKH CUMTAETCsl HOCTOSHHOM, MO0 B OTCYTCTBHHU TEIJI000MeHa
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C TIOBEPXHOCTHIO TeJa 3HA4eHUs B (MKTUBHOU SUEHKE 3a1al0TCs JIMHEH-
HOW AKCTPANOJISIIMEN BEIMYUH U3 PACUETHOU OOJIACTH.

C uenbro MOBBIIEHHS TIOPSIIKA TOYHOCTH BBIYMCIUTEIILHONW CXEMBI 1O
BpEMEHM NpHUMEHsieTcs Tpexcraguiinelii meron SSP(3,2) (SSP — strong
stability preserving) [19], BapuanT siBHOTO MeTOoAa PyHre-KyTra, KOTOpHIit

obOnagaeT pacmMpeHHOW o00JacThio ycToWumBocTH uwuciaa Kypanra,
CFL<2:

At

w® =w"+—R(w"),

At
w@ =w®  —R(w®), 23
> ( ) (23)

Wn+1 :%Wn +zw(2) +§R(W(2))

OrnrcaHHBI YUCIIEHHBIA METOJI UMEET BTOPOM MOPSAIOK alpOKCHUMa-
LM 110 BPEMEHU M NPOCTPAHCTBY. UMCIEHHOE MHTETPUPOBAHME pelIac-
MOM CUCTEMBI yPaBHEHUM I'a30BOM TUHAMUKHU IPOBOAUTCS 10 YCTaHOBIIE-
HUs CTallMOHAPHOTO PEILICHUS.

Hcxonnbie naHHBIE 1JIs1 YMCJIEHHOI0 MOAeIMpoBaHus. [ npose-
JCHUS a’3pPOTEPMOJMHAMHYECKHX pacuy€ToB ObUIa co3MaHa TpEXMEpHas
IIOBEPXHOCTh I[WIMHAPUYECKHA — KOHUYECKOro Tena. ['eomerpuueckue
pa3Mepsbl ucciienyeMoro oobekra [4] mokazansl Ha puc. 1.

109,82

19,5
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
!

97,39 12,43

Puc. 1. reOMe’IpI/I‘ICCKI/IC pa3Mepbl HTUWIUHAPUICCKU — KOHUYECKOTr'o Tejia

YucieHHOE MOJETUPOBAHUE TPEXMEPHOTO TOJS TEYCHHUS TPOBOJIU-
JOCh C HCIOJb30BaHHEM HECTPYKTYPHUPOBAHHBIX CETOK, Ba)XKHBIM IIpe-
MUMYIIECTBOM KOTOPBIX SIBJSICTCSI aBTOMATH3alUsl IOCTPOCHHS JUISI CIIOXK-
HBIX reomeTpudeckux opm [12]. Crymienue pacyéTHON CETKH OCYIIECTB-
JSITOCH BOJIM3HM TOBEPXHOCTH MCCIIENyeMOro o0beKTa s Oojiee JeTab-
HOTO ONMCAHMS TOJI TEUCHHs B MPUCTEHOUYHOH obsactu. TpéxmepHas
CEeTKa COCTOsUIa M3 TETPadAPajbHBIX W MPU3MATHYECKUX DIEMEHTOB, 00-

mee KOJMYECTBO SYEeK KOTOPOW B PAcUYE€THOM OOJacCTH COCTaBUIIO
5418 820.
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Ha noBepxHocTu 00TekaeMoro Teia 3aJaBajllCh 'PAaHUYHbIE YCIOBUS
NPUIMIIAHUS U OTCYTCTBHUS TypOYJIEHTHBIX IyJbcauuid. Pacuérel mpoBo-
JWINCh C MOCTOSAHHOW Temneparypoil nmoBepxHoctu 300 K, BciencrBue
MaJIol IPOAOKUTEIHLHOCTH padOUyero pexxuma B SKCIICPUMEHTE.

Wcxoanbie naHHBIE, UCTIONb3yEeMble ISl YUCICHHOTO MOJIEIUPOBAHUS
BBICOKOCKOPOCTHOT'O oOTekaHus TypOyJIEHTHBIM MOTOKOM
UIMHAPUIECKH — KOHHYECKOTO TeJla MpuBeaeHsl B Tabuie 1 [4].

Puc. 2. Bug pacueTHOit ceTka B IIIOCKOCTH CHMMETPUH ITOTOKA
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Puc. 3. dparmeHT pacyeTHOH CETKH B 00JIaCTH OTPHIBHOM 30HBI

Pesynbrarsl uncinennoro moaenupoBanus. Ha puc. 4 u 5 npexacras-
JIEHBI pacIpenesieHus MPOJIOTHLHOM KOMITOHEHTBI CKOPOCTH, BEIWYUHBI
OTHOIICHUS TypOYJIEHTHON BS3KOCTH K JIAMUHAPHOM, NaBICHUS U TEMIIe-
paTyphbl, TTOJIydeHHBIE B PE3yJIbTaTe YUCICHHOTO MOJAEITHUPOBAHUS TypOy-
JEHTHOTO OOTEKaHUs BBICOKOCKOPOCTHBIM MOTOKOM HHUJIHMHAPUYECKH —
KOHHYECKOTO TeJIa.

Ha puc. 6 nokazana cTpyKkTypa T€U€HHUs B OKPECTHOCTU 30HBI OTPHIB-
HOT'O TE€YEHUsI, BOSHUKAIOIIEH BCIEICTBUE B3aMMOJICHCTBHS YIapHOM BOJI-
HBI ¢ TypOYJICHTHBIM OTPAHUYHBIM CIIOEM.
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0)

Puc. 4. Pacnpenenenns mpo1oasHONH KOMIIOHEHTHI CKOPOCTH (M/C) () ¥ BETMYUHBI
TypOyneHTHOI BsI3KocTH (6) TP BEICOKOCKOPOCTHOM OOTEKaHUH
HMIMHAPUYECKH — KOHMIECKOTO Teja
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139000
126545
114091
101636
8889182
76727
64273
51818
39364
26909
14455
2000

0)

Puc. 5. Pacnpenenenns nasnenns (I1a) (a) u remneparypsi (K) (0)
IIPY BBICOKOCKOPOCTHOM OOTEKaHWHU HMJIMHJIPUYECKH — KOHHYECKOTO Tela
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Puc. 6. CtpykTypa TeueHus B 007IaCTH OTPhIBA IIOTOKA Ha paclpeieseHny ynciaa Maxa:
1 — TypOyIeHTHBII MOTPaHUYHEIN CII0i; 2 — TOJOBHOW CKAYOK;
3 — 30Ha BO3BPATHOTO TE€UEHMS; 4 — OTPHIBHOM CKAa4OK;
5 — cka4ok npucoeAnHEeHUs

P Q
140000 300;
f 280"
120000} 260"
; 240"
100000; 220
F 200¢
80000 180+
[ 160
! 140
60000Ei 120~
: 100
40000 8.
; 60
20000 0k
0:, : e 20 o o o o JE&
179 189 199 209 219 229 239 249 259 269 279 179 189 199 209 219 229 239 249 259 269 279
X X

Puc. 7. IToBepxHoctHble pacnpeaenenus nasienus (I1a) u rermoBoro noroka (B1/cm2)
MPU BBICOKOCKOPOCTHOM OOTEKaHWH LUJIMHPUUECKH — KOHHYECKOTO Tela:
JIMHUHM — Pe3yJIbTaThl, MOJYy4YCHHbIE B IaHHOH padoTe;

TOYKH — DKCIEPUMEHTANIbHbIE JIAHHbIC

Kak BuaHo wu3 mpencrtaBieHHBIX rpadukoB (puc. 7), MOIydEeHHBIC
pacrpesiesieHds] OBEPXHOCTHBIX XapaKTEPUCTHK JABJICHUS U TEIJIOBOTO
MOTOKA B pe3yjIbTaTe YUCICHHOIO MOJIEIMPOBAHUS OTPHIBHOTO TEYECHUS B
yIJie CKaTHsl XOPOILIO COTIacylOTCs C JaHHBIMU SKCIEPUMEHTAIbHBIX HC-
crnenoBanuii [4].

3akiiovyenue. B pesynbpTaTe NMpoOBEAECHHBIX YUCIEHHBIX HCCIEI0Ba-
HUW TypOYyJICHTHOTO OOTEKaHWsS BBICOKOCKOPOCTHBIM TIOTOKOM ITHJIMH-
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JPUYECKU — KOHMYECKOTO TeJla ObLTH MOMyYeHbI IPOCTPAHCTBEHHBIC U T1O-
BEPXHOCTHBIE pacIipe/ielieH!s] Ta30JuHaMHYecKuX napameTpoB. Ha npen-
CTaBJICHHBIX KapTUHAX TEYEHUS BUIHO, UTO UCIOJIb3yeMasi BHIYUCIUTEIb-
Hasi MOJENb aJ€KBAaTHO BOCIIPOM3BOAMUT BCE OCOOEHHOCTH pELIacMOW Ba-
JUAALMOHHON 3a]]aul, a CPAaBHEHUE PE3yJIbTATOB YUCIEHHOIO MOJEIUPO-
BaHUS U SKCIIEPUMEHTAIBHBIX JaHHBIX [4] MO pacrhpeesieHUusM MOBepX-
HOCTHBIX XapaKTEPUCTUK JTABJICHUS U TEIJIOBOTO MOTOKA JIEMOHCTPUPYIOT
XOpOIIIeE COTJIACHE UCKOMBIX Ta30IMHAMUYECKUX BEIUYHH.
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Numerical simulation of turbulent heat transfer on the
surface of an axisymmetric body in the presence of a
separation flow zone

© N.A. Kharchenko

Moscow Aviation Institute (National Research University), Moscow, 125993, Russia

This paper presents the validation problem of modeling heat transfer on the surface of a
cylindrical —conical body in the presence of a separation flow zone due to the interaction
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of a shock wave with a turbulent boundary layer. The main computational complexity of
the problem under consideration is the detailed resolution of the turbulent flow in the
wall region in order to further reproduce the experimental distributions of the surface
characteristics of pressure and heat flow. In the problem being solved, there is a separa-
tion zone, which is an area of return flow, which has a significant effect on the structure
of the wall flow.

Keywords: high-speed modelling, turbulent heat transfer, separation flows, computation-
al aerogasdynamics, unstructured grids
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