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CNOCOB YTOYHEHUA TEPMOTA3OAMHAMMUYECKOW
MATEMATUYECKOW MOMOENN NMPOEKTUPYEMbIX
FASOTYPBEWHHbIX OBUTATEJIEA NP NMOMOLLU

METOOOB BbIYUCIIUTENIbHON FA30BOU OAUHAMUKU

Ha smane npoexmuposanus eazomypbunnozo ogueamens HeobxXooumo 3HaHue XapaKxmepuc-
MUK Y3108, 6X00UWUX 68 MepM02a300UHAMUMECKYI0 MamemMamu4eckyr modeis deueamens. Xapak-
MepUCmUuKU Y3108 YHUKAAbHbIX KOHCIMPYKUUI Mo2ym Obimb onpedeserbl moabko OUeHOYHO, No-
MOMY HeobX00umMo ymounerue smux xapaxkmepucmux. Ha smane npoexmuposanus maxoe ymou-
HeHUe B03MOJICHO C UCNOAb308AHUEM Memo008 eviuucaumenvrol 2azo6ou ounamuxu CFD. B
JaHHOU cmambe nPUEOOUMCs ONUCAHUE IMOL NPOOAEMbL U B03MONCHbIU CNOCOb ee peluenus. B
Kavecmee npumepa UCnoAb308aHUS NPedaazaemol MemoouKu pacCMomper paciem mseoebix Xa-
PAKmMepucmuK naockKo2o peaKkmueHo20 ConAd ¢ UeHMPALbHbIM MEA0M HA NEPeXOOHOM pedcuMe.

Karoueevie caoea: I'T/], niockoe peakmusroe conio, Hecmayuonapuwiii npoyecc, CFD.

Beenenne

TepmorazomMHaAMMUYECKHI pacyeT ra30TypOMHHO-
IO IBUraTeIsl, KaK IpaBuiIo, BeIeTCs 0 MaTeMaTH-
YECKUM MOJIEJISIM TIEPBOTO YPOBHSI, B KOTOPHIX UC-
MTOJIB3YIOTCSI TIEpeMEHHBIC 3HAaUYeHUs (PU3MUICCKUX
CBOWICTB paboyero Tejia v 3a1aloTcs Ko3aphUuneH-
THI, OTPasKAIOIINEe TTOTEPH B y3JIaX M SJIEMEHTAaX JBH-
rareJs.

JlaHHbIe XapaKTepUCTUKU (KOB3DPULIMEHTHI)
MOJIy4aloT HA OCHOBAHMM PACUETHBIX U 3KCIIEpU-
MEHTAJIbHBIX UccaenoBaHuid. s yanos I'T, moiry-
YUBIINX IIMPOKOE TIPUMEHEHNE, HATIPIMep, OCECUM-
METPUYHOE CBEPX3BYKOBOE PEAKTUBHOE COILIO, MMe-
€TCsT OOJTBIIIOE KOJTMYSCTBO MCCIETOBAHUIMA, YTO TT10-
3BOJISIET C OOJIBILION TOUHOCTBIO OIIPENEIUTD XapaK-
TEPUCTUKU y3JIa Ha PA3IMYHBIX peXMMax paboThl
JIBUTATEIIS.

PaszpaboTka nepenoBbIX ABUTATENEl C UCITOIb-
30BaHMEM YHUKATBHBIX KOHCTPYKIIWI Y3JIOB CBsI3a-
HO, 0COOEHHO Ha HayaJbHOM - 9CKM3HOM 3Tarle, C
JeUIMTOM 3HAHWI XapaKTepUCTUK HOBOTO y37Ia.

JlaHHast cTaThsl HOCBSILIEHA ONUCAHUIO CITocoba
YTOUHEHMUSI XapaKTepUCTUK (KO3 GUILIMEHTOB), BXO-
ISIIAX B TEPMOTAa30IMHAMNYECCKYIO MaTeMaTHIEC-
KYIO MOJEJIb IBUTaTeIsI.

1. IIpeanaraemasi METOIMKA

YTouHeHHe HEeOoOXOMUMBIX KO3()(GUIIMEHTOB
BO3MOXHO CJIEAYIOIINMU CIOCOOaMU: TTIPOBEACHUE
HaTypHOTO 3KCMIEPUMEHTA pacCCMaTPUBAEMOI KOH-
CTPYKIIWHU y3JIa JBUTATEIIS, TAOO MTPOBEACHUE pacyue-
toB MeTonamu CFD.

Kaxnplii u3 3TUX crocoOOB UMEET CBOM IMpe-
MMYyIlecTBa U HefnocTatku. K mpenmyiiiectBam mpo-
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BeJCHWS HATYPHOTO SKCIIEpUMEHTa MOXKHO OTHECTH
BBICOKYIO JOCTOBEPHOCTb ITOJTyUYEHHBIX PE3YJIbTATOB.
HenocratkaMu aKcriepuMeHTa SIBJISTIOTCS OOJIbIIast
CTOMMOCTB U BpeMsI, HEOOXOIMMOE Ha €TOo IIpOBe/Ie-
HUE.

Pacuetsr Mmetogamu CFD 1mo3BosisitoT B KOpPOT-
K€ CPOKM CPAaBHUTHh MHOXKECTBO PaCCMaTPUBAEMBbIX
KOHCTPYKIIMIA y371a Ha 3alaHHbBIX pexXruMax pabOThl
JIBUTATEJISI, YTO IIPUBOIUT K COKPALLIEHUIO BpEMEHU
Ha MPUHSATHE pelIeHMsT O JabHEMIIIel TpopaboTKe
TOTO WJIM MHOTO BapnaHTa. B ommmmame ot akcrepu-
MeHTa pacueT metonamMu CFD nHe TpeGyer Takmx
BpPEMEHHBIX M MaTepUABHBIX 3aTpaT, HO TOYHOCTh
pe3yJIbTaTa CHJIBHO 3aBUCHUT OT KBaTU(PUKALINHN H-
JKeHepa U pacliojaraeMbIX BEIMUMCIUTEIbHbBIX PECYP-
COB.

Kpome Toro, npumeHernue MmeronoB CFD no3Bo-
JISIET TIOJTYYUTh XapaKTePUCTUKH Y37I0B TT0 BpeMEHM,
TEM CaMBbIM, TTOBBIIIASI TOYHOCTD PE3y/IbTaTOB pacye-
Ta XapaKTepUCTUK IBUTaTess Ha MEePeXOqHbIX pe-
KIMax.

IIpennaraemblii MeTOA MOJIydYeHUsI 00JIee TOUYHO-
rO TEPMOTa30AMHAMUYECKOTO pacyeTa, IyTeM YyTO4-
HeHUs KO3 PUIIMEHTOB, XapaKTepU3YIOLLINX ITOTEPU
B PaCCMaTPMBAEMBIX y3JIaX, COCTOUT U3 CIICAYIOIIMX
STaroB:

1. TepmorazoguHaMUYECKMIA pacyeT IBUTATeIs 110
MaTeMaTUYeCKO MOJIE/IN TIePBOTO YPOBHS. 3HaUe-
HHe KO3 PULIMEHTOB 3a1aeTCs MIPUOIN3UTETHHBIM.
Jns pellleHUs] HeCTAlIMOHAPHBIX 3a1au 3HAYCHMUS
KO3 GUIIMEHTOB IPUHNUMAIOTCS TIOCTOSIHHBIMU,

2. IloaroToBKa pacyeTHOI MOJEIN paccMaTpuBa-
€MOTO y3I1a Iis peleHus 3amaun MmetomamMu CFEFD;

3. Pewrenue 3apaun metogamu CFD;

4. TepMora3oIMHAMUYECKII PacyeT JABUTATEIIS TIO
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MaTeMaTU4ECKOW MOJIENIV MIEPBOTO YPOBHS, IPU 3TOM
3HAYCHUSI KO3(PDUIIMEHTOB I pacCMaTpUBAEMOTO
y3na GepyTcs U3 pe3yJbTaToB pacyeTra MeTodaMu
CFD;

JaHHBIN cOcO0 TMOAXOAUT Kak IS pelieHus
CTAlIMOHAPHBIX, TAK U HECTALIMOHAPHBIX 3a1ay.

2. [Ipumep HCTOIH30BAHUS CIOCO0A

B xauecTBe TIpMMepa MCITOIb30BaHUS TIPEIIIO-
>KEHHOI METOIUKU PACCMOTPEH pacyeT TSITOBBIX Xa-
PaKTEePUCTUK TUIOCKOTO PEaKTUBHOTO COIIA C LIEHT-
PATHLHBIM TEJIOM Ha TIEPEXOTHOM PEXIME.

OmHuM u3 cioco6oB cHkeHus: MK 3ameTHOC-
TH JIETATeJILHOTO arapara SBJsieTCsI IPUMEHEHHE
IUIOCKOTO PEaKTUBHOTO COILIA C LICHTPAJIbHBIM Te-
JIOM.

[To nmpmymMHe HEMOCTATOYHOTO KOJIMYECTBA UC-
CJIe0BaHUIA, OCBAILIEHHBIX TVIOCKUM COTLIaM C LIeH-
TPATBHBIM TEJIOM, XapaKTePHUCTUKH TAKHX COTTEIT MOTYT
OBITH OMpeaeeHbl TOIbLKO OLIeHOYHO [1], HO mis
MPOEKTUPOBAHUS ABUTATE/IsI HEOOXOAMMO UX YTOY-
HEHIE.

CxeMa IIJIOCKOI'o PeakKTUBHOI'O COTLIA ITPeICTaB-
JieHa Ha puc. 1. Coruto cocTouT U3 T03ByKOBOI CTBOP-
ku (1), cBepX3BYKOBOI CTBOPKU (2) U LIEHTPaJIbHO-
ro Tejia, COCTOSIILEro U3 J03BYKOBOI CTBOPKU (3),
LIEHTPAJILHOM CTBOPKM (4) U CBEpX3BYKOBOI1 CTBOP-
ku (5). Ha cxeMe He mokazaHa MeXxaHU3allsl COIIa,
MIPUBOISILAS B IBVDKCHUE €TO 3JICMCHTHI.

ITpu 3KcrTyaTaliMy ABUraTesisl Ha IITaTHOM pe-
JKMIME CTBOPKM LIEHTPAJILHOTO TejIa HAXOISATCS B YO-
pa”HHOM noJyioxkeHuu (puc. 1, a). I[Ipu nepexone Ha
pPEXUM Majioil 3aMETHOCTH B pe3yJbTaTe padOTHI
MEXaHM3allUK COTLIa CTBOPKU 00pa3yloT LIEHTPasIb-
Hoe Tesio (puc. 1, 6).

B xauecTBe mepexomHOro pexXmmMa pacCMOTpPeH
npoiecc GOpMUPOBAHUS LICHTPAIBHOIO Tesia. BpeMst
npoirecca hOpMUPOBAHUS LIEHTPATHLHOTO TeJIa TIPH-
HSTO t4, = 1 c. Obuee BpeMs1 paccMaTpUBaeMOro
npouecca npuHaATo t, = 4 ¢. Hauano nepexknaaku
CTBOPOK HAYMHAETCSI B MOMEHT BpeMeHu t = 1 c.

JlaHHBIN TTepexXoaHbII MPOLIECC CBSI3aH C U3Me-
HEHHEM BEJIMYWHEI THIOIIAAN KPUTUIECKOTO ceue-
HUS COILIa M0 BpeMEHU, KOTOpas SIBJISIeTCS peryJiu-
pyommM (pakTopoM ITPOTrpaMMBbI YITPABIICHUS B -
rarejaeM. B cBsI3u ¢ 3THM 3amaHKe rpaHNYHBIX YCIIO-
BUii 111 peueHust 3agauun metogamu CFD o6s13aHO
OTpaxkaTb U3MEHECHNE ITapaMeTPOB pabOYero Tejia B
JBUTaTesie, BbI3BAHHOE CJIEAOBAaHUIO 3aaHHOM ITPO-
TpaMMe PeTyIMpPOBaHUS.

B maTemaTrueckyo Mojiesb pacueTa XapaKTepy-
CTHMK COILJIa BXOAST ABa KoadduuueHTa [2]:

1. Koa(pduumeHT CKOpOCTH UCTEUCHUS Ta3a 13
COIUIA - ¢, XapaKTepU3yoLIui 3¢ GEKTUBHOCTD Ipe-
00pa30BaHUS SHEPTUM JABICHUS B KHHETHICCKYIO
SHEPIUIO ra3oB, MMOKUAAIOIIMX COILIO;

2. KoadduimeHT pacxonaa - p, XapakTepuayto-
I IPOITYCKHYIO CITOCOOHOCTD COTLIA.

a)

6)

Puc. 1. Cxema nIoCcKOro peakTMBHOIO COIUIA: a) PEXUM Majoil 3aMETHOCTH; 0) KperHCepcKUil pexxum

YTouHEeHUe u B paccMaTprMBaeMOM IIpUMeEpe He
MPOBOAWIOCH.

B nporpammax TepMorazoaMHaMU4ecKoro pacyera
TEPEXOHBIX TIPOLIECCOB ABUTATEJS ( 330A€TCS Olie-
HOYHO JIJ1 BEIOpaHHOTO TUIIa KaHaia. C MoMOILIbIO
ncnonb3oBaHusg MeTogoB CFD Bo3MOXHO moiryde-
HUE U3MEHEHMS BEJIMUYUHEI 3TOro Ko3duieHTa
M0 BpeMEeHU TePeX0IHOro MpolLiecca, YTO MO3BOJISIET
0o0JIee TOYHO OIPEAEIUTD TSTOBBIE XapaKTePUCTUKH
Ha TIepeXOIHbIX PEeKUMAaX.

PemieHre mocTaBieHHOM 3a1auu MIPOBOAUIOCH
MIpY TIOMOIIX MporpaMMHOro komruiekca ANSYS
CFX, a Tak e IporpaMMbl TepMOTa3oaMHaMHYeC-
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KOTO pacyeTa ¢ BO3MOXHOCTBIO pacyeTa Mmepexos-
HBIX TIPOIIECCOB.

Penienue nocrapiaeHHoO 3a1a4yy IPOBOAUIOCH B
CJIEYIONIEH ITOCIIENOBATEIbHOCTH:

1. a) [lomyyeHue 3aBUCMMOCTY BEJIUIMHBI TUIO-
1[I KPUTUYECKOTO CEYEHUSI COTTIa OT BpEMEHU U3
KMHEMAaTHYECKOTO pacyeTa CTBOPOK IIEHTPATTbHOTO TejIa.
M3MeHeHre BeTMIMHbBI OTHOCUTETBHOM TUTOIIAIN KPH-
THUYECKOTO CEUYEHMSI COTIIa OTOOpakeHO Ha pHC. 2;

0) TepMorazonrHaMU4eCKUI pacyeT mapa-
METPOB paboyero Tejaa B XapaKTePHBIX CEUECHUSIX
JIBUTATEJIS Ha TIEPEXOTHOM peXXumMe. 3HaueHUe KO-
a(dulIMeHTa CKOPOCTH UCTEYeHUS Taza U3 coria
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TIPUHATO MOCTOSHHDBIM. M3MmeHeHue Toianu Kpu-
TUYECKOIo CEYCHUS COIlIa 110 BpEMEHU 3a/I02KEHO B
MaATEMAaTUYECCKYIO MOACJIb MPOrpaMMBbI YVITPABJICHUSA

nBuratesieM. MiaMeHeHre OTHOCUTEIbHBIX TTapaMeT-
PpOB pabouero TeJjia Iepe COILIOM 110 BpEMEHMU IO-
KaszaHbl Ha puc. 3.
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Puc. 4. i3ameHeHue ¢ Mo BpeMeHU
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2. IloaroroBka pacueTHOI MOAEIU AJIs1 peleHUs
3amaun metomamMu CFD. B kauecTBe rpaHUYHBIX yC-
JIOBUI 3aaHbl apaMeTphbl pabouyero TeJia, MoaydeH-
HBle BTI. 1. O;

3. Pemenue 3agaun Mmeromamu CFD, B pe3ynbra-
T€ KOTOPOTO MOJYIeHO U3MEHEHUE ¢ TI0 BPEMEHH,
MpeAcTaBlIieHHOE Ha puc. 4;

4. TepMorazonuHaMMUYECKUil pacueT mapamMeTpoB
nuratesist. C 1ebIo yueTa U3BMEHEHUS ¢ 110 BpeMe-
HM, B MAaTeMaTUYeCKYI0 MOJIeJb Oblia 3aI0XKeHa 3a-
BMCHMOCTb ¢ OT I€pemnaa AaBIeHMs Ha COILIE - T,
ATIIpOKCHUMAIIUST 3TOI 3aBUCHMOCTH TIpe/ICTaBIeHa
Ha puc. 5.
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3. BoiBoapl

B pesynbTare TepMorazonMHaMIYECKOro pacyeTra
MPEIIOXKEHHBIM CITOCOO0OM OBUIH TTOJTYICHBI TSTO-
BBbI€ XapaKTePUCTUKHM COILJIAa Ha TTEPEXOTHOM PEXKM-
Me. Ha puc. 6 npeacTaBieHO M3MEHEHE OTHOCUTE b~
HOW TATH TIPY MIOCTOSTHHOM M TIOJTy4EHHOM TIPH pac-
yete MeTogaMu CFD BeJTMUMHBI @ IO BpEMEHHU.

Kaxk BUIHO 13 TTOJY4EHHBIX TpapuKOB, BO Bpe-
MSI TIEPEXOTHOTO TIPOLIEcca HAOIIONAETCS CUITEHBII
TIPOBAJI ITO TSTE, TIPY YEM, B CJIydae MCIOJIb30BAHMS
¢, U3MEHSTIOLLETOCS IT0 BPEMEHH, TIPOBAJI TI0 TSTe CO-
CTaBJIsIeT nopsaka 55%.

Takoit XxapakTep U3MEHEHNS TITHU IO BpEMEHN
00YCJIOBJIEH IBYMS IIPUYUHAMMU:
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Puc. 6. I3MeHeHrEe OTHOCUTEIBHON TATH IO BpEMCHU

1. Ipn yBenmmueHN BeTMIMHEI TTOIIAIN KPUTH-
YECKOTro CeYEeHUs COILIa IPOUCXOAUT YMEHbIIIEHE
BEJIMYMHBI TTOJTHOTO JaBJIEHUSI Ha BXOJE B COILIO,
YTO NPUBOIMUT K YMEHBLIEHHUIO T, BCJIEACTBUE YETO
YMEHBIIIAETCST CKOPOCTh UCTEUEHMST U3 COITIa U, CO-
OTBETCTBEHHO, BeJIMYMHA TATH;

2. i3MeHeHue ¢ TI0 BpeMeHHU, TIOJTyYeHHOE pacye-
toMm MeTogamu CFD, yka3bIBaeT Ha HEIOCTATOUYHOE

TeOMETPUYECKOe BO3NEICTBIE OBEPXHOCTEM S/IeMEH-
TOB COILIA Ha TAa30Bblii IOTOK BO BpeMs IIepeKJa-
KM CTBOPOK, UTO CHMXaeT 3(pPeKTUBHOCTH Mpeod-
pa3oBaHUs SHEPTUM JABJICHUS ITOTOKA B KMHETHU-
YECKYIO.

ITo pe3ynpraTam pacueTa MOJyYeH XapakTep 13-
MEHEHMUSI ¢ OT m, KOTOPbIii MOXHO HCIIOJIb30BATH
JUISL pacyeTa aHaJIOTMYHBIX IIEPEXOIHBIX PEXKMMOB
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JIPYTUX KOHCTPYKIIUI TJTIOCKMX COTIEJT C LIEHTPalb-
HbBIM TeJIOM, He npuberast K JOMOJIHUTEIbHBIM pac-
yeTaM WIK IIPOBEACHUIO 9KCIIEPUMEHTOB.

B memom, mosrydeHHBIC JaHHBIC TTO3BOJISIIOT ITPO-
JIOJIKUTD JaJIbHEHIIYI0 pa3paboTKy B HY>KHOM Ha-
MpaBJIeHUM KOHCTPYKLIMU M KUHEMATUKHM COILIa, a
TaK e JIy4llle TIOHSTH ITPOLIECCHI, IPOUCXOIALINE HA
MEePEXOIHOM PEKMME.

4. 3aximoyenne

B 3akitoyeHUM CTOUT OTMETUTh, UTO PacyeThbl
metogamu CFD, 1To3BOISIOT Ha 3Tare IpOeKTUPO-
BaHug I'T/] monyyaTh XxapaKTepUCTUKU Y3JIOB IBU-
rareiisi, He mpuoeTas K MpOBEICHUIO 9KCIIEpUMEHTa,
YTO MO3BOJISIET COKPATUTh CPEICTBA 1 BpeMsl, HE00-
XOIMMBIE Ha pa3pabdOTKy ABUTATEIS.

Kpome Toro, pacyer repexoaHbIX MPOLECCOB Me-
togamu CFD mo3BossieT oThICKaTh cilabble MecTa
KOHCTPYKIIHWK pacCMaTpUBAaEMBbIX y3JI0B, UTO UTPaeT
HEMaJIOBAXXHYIO POJIb B pa3pabOTKe JABUTATEIs.
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C.H. ®erucos, M.I0. BoBk. Cnocid yrouneHHs TepMOra3oauHaMiuHOi MaTeMAaTHIHOL
MoJieJli NPOEKTOBAHUX ra30TyPOiHHMX IBUIYHIB 32 IOMOMOI0I0 METO/IB 00YMCIIIOBAJILHOI ra3o-

BOi JMHAMIKH

Ha smani npoexmyeanns eazomypOiHH020 0sueyHa HeoOXioHe 3HaHHSA XapaKmepucmux 8y3iie,
WO 6X005Mb 8 MepM0o2a300UHAMIUHY MameMamuyry modeas dsueyrna. Xapakxmepucmuku 8y3nie
VHIKAAbHUX KOHCIPYKUYIT MOJCYMb OYymu 6U3HAYEH] MinbKu OUIHOYHO, MOMY HeoOXiOHO YMOUHeH-
HA yux xapakmepucmuk. Ha emani npoexmyeanns maxe ymouHeHHs MOJNCAUGe 3 BUKOPUCMAH -
HaMm memodié obuucaoeanvoi eazoeoi dunamiku CFD. Y oaniti cmammi nasodumscs onuc yisi
npobaemu i Moxcausuti cnocio i eupiuenus. Sk npukaad 6UKOPUCMAHHS 3aNPONOHOBAHOT Memo-
OUKU PO32ASIHYMO PO3PYXAHOK MAL08UX XAPAKMEPUCMUK HAOCK020 PeaKmuHo20 CONAA 3 YeHm -

DAAbHUM MIAOM HA NePexiOHOMY pedcuMi.

Karouoei caoea: I'TII, naocke peakmuene conno, Hecmayionapruti npoyec, CFD.

S.N. Fetisov, M.Y. Vovk. A method of precise mathematical model of thermogas dynamics
of developing jet engines with using computational fluid dynamics

At stage of developing jet engine, coefficients within thermogas dynamics mathematical model
of jet engine must be present. Knowledge of parameters of unique components is insufficient,
therefore precise of coefficients is needed. Precise is possible with using a computational fluid
dynamics. This article contains an overview of this problem and possible method for solving. Also,
Jfor example of using proposed method, computation of propulsion performance characteristics of

flat jet nozzle with central body is present.

Key words: jet engine, jet nozzle, unsteady state, CFD.
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