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HecrannonapHble a3poAMHAMHUYECKHUE XaPAKTEPUCTUKU CBOOOTHO MAJAIOLIUX TE MOTYT OBITh OMpEIeNeHbI Mpsi-
MBIM IIUKJINYECKHM PacyeToM, HO, TaK KaK 3TO TpeOyeT peIieHns CONpsHKEHHOM 3a1auy JUHAMUKH T10JIeTa HeCTAalOHAapHOI
a3pOJMHAMUKH U CBS3aHHOTO C 3TUM OOJBIIOr0 MOTPeOIeHNsT BBIYUCIUTEIBHBIX PECYPCOB, OBIT MPEATOKEH MOAXO0] OTpee-
JIEHHs HECTAI[MOHAPHBIX a3POJMHAMUYECKUX XapaKTePUCTUK HUIMHAPUYECKHX MOJENeH ¢ HCIOIb30BAHHEM BO3ZMOKHOCTEH
COBPEMEHHBIX TAaKETOB a3POANHAMUYECKUX MPOrPaMM H THUMOTE3bl HCKPHBIEHHBIX Tell. B KauecTBe OCHOBHOTO 00BEKTA HC-
CclleJOBaHUs ObIIT BBIOPAH KPyroBoi UANHAP. YHCIeHHbIE pacueThl IPOU3BOAHBIX KO3((HIMeHTa MOMEHTA TaHTaXka I10 YIJIo-
BOI CKOPOCTH BBITIOJIHEHBI IS JIO3BYKOBBIX U CBEPX3BYKOBBIX PEKMMOB 00TEKaHHUs KPYTOBOTO IMIMHAPa B akete Fine/Open.
IIpencraBnens! GpparMeHThl KAPTHH TEUEHHUS B OKPECTHOCTH MPSIMOTO U UCKPHUBIEHHOTO NMIHHAPOB. [IpoBeneHa Busyanmmsa-
LUsI OTAENBHBIX KapPTUH TEUEHUS KaK B OKPECTHOCTH MPSIMOTO0, TaK ¥ HCKPUBIEHHOTO IMJIMH/POB, TO3BOJISIONINE OTIHIUTH
3MEMEHTBI CTPYKTYPBI B3aUMOAEHCTBYS B ynapHOM ciioe. [IpoBesieHa oleHKa BBIYUCIUTEIBHOTO MOTEHIINAA, HCIOIB3YEMOTO
JUISL pelieHnst yIoMsiHyTol 3amaun. IlomydeH rpaduk 3aBHCUMOCTH a3pOJMHAMUYECKUX KOI()OUINEHTOB MPOU3BOAHON MO-
MEHTa TaHTraxka oT pajauyca KpuBu3HbI. [loka3aHo, 4TO CBEPX3BYKOBOE PEIIEHUE CXOAUTCS B NIPOLIECCE YMEHBIIEHUS! KPHBU3-
HBI CYILIECTBEHHO OBICTpEe, UeM JJIs T03BYKOBOTO pexnMa o0TekaHusl. JloCTOBEpPHOCTh MONyYEeHHBIX JaHHBIX MOATBEPKICHA
CXOMMOCTBIO PE3y/IbTaTOB 110 MAaTeMaTUYECKOMY BPEMEHH, IO IIary pacyeTHON CETKH, a TakkKe IO PaanuyCy KPUBH3HBI, TAK
Kak MPUHATAasA IS pacdeTa HeCTAI[HOHAPHBIX a3POJMHAMUUECKHUX XapaKTEPUCTUK TMIIOTE3a HCKPUBIEHHOTO TeNa B OTAENBHBIX

CllyJasiX sIBISIETCS OCTAaTOYHO NMPUOIMKEHHOH.

KiroueBsle crioBa: HeCTaIMOHApHbIE a3POJMHAMUUECKHE XapAKTEPUCTUKH, THIIOTe3a NCKPUBICHHBIX Tell, KPYroBOH

LHUIHHAD, K03 PUIIEHT MOMEHTA TaHTaXa, PaInyC KPHBU3HBI

OI[HOﬁ 13 MpoOJieM COBPEMEHHOM Mpearnpo-
€KTHOM TOATOTOBKU pakeToHocuTenei (PH)
SIBIIIETCSL COKpAIIEHHE pa3MepoB PailoHOB Ma/ie-
HUS OTACIISIEMBIX YacTeH B MPOIIECCE BHIBEICHMS.
C npyroii CTOpOHBI, I CUCTEMaTU3aI|H CYIIeC-
TBYIOLIMX 0a3 JaHHBIX IO MOJSIM MAJCHUS OT/e-
nsiembix yacteid PH HeoOxomumMbl HecTarmoHap-
HBbIE adPOIMHAMHYECKUE XaAPAKTEPUCTUKHU, U, B
MIEPBYIO O0Yepelb, AeMIT(DUPYIONIN MOMEHT TaH-
raxka, XapakTepHU3YOIIHICSI TPOU3BOIHOM m,
Y4uThIBas, 4TO OTJENSIEMBIE YACTH MOTYT
HMMETh JOCTATOYHO CIOKHYIO (hopMYy, 11eTIeC000-
Pa3HO KCIIOJIB30BAaHUE U YIIOMSHYTOW 3aJ1a4u
COBpPEMEHHBIX TMakeToB mnporpamMm (ANSYS,
NUMECA, Star-CD u ap.) kak anementoB Cals-
TexHoiaoru. OaHaKko Ha JaHHBIM MOMEHT OTH
MpOrpaMMHBIE TaKeThl JUOO0 HE pacroiararoT
«MOIYISIMI» ISl IPOBEACHUS MPSMBIX YUCIICH-
HBIX HECTAIlMOHAPHBIX PACUETOB YIOMSHYTOU
3a/aud, TU0O0 MOTPEOAIOT CIMIIKOM OOJbINe
BPEMEHHbBIE M BBIYUCIHUTEIIbHBIE PECYpChl, HE
COTIOCTaBUMBIE C MOTPEOHOCTSIMH B MAaCCOBBIX
pacueTax OIEHKaxX OTpPacieBBIX HAy4dHO-HCCIe-
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nosarenbckux nHcTuTyToB (HUUM) 1M koHCTpYK-
topckux 0ropo (Kb).

B 1O Xe Bpems HCHOJIB30BaHHE METO-
Jla UCKPUBJIEHHBIX Tell, MPEAJIOKEHHOIO €lle B
1934 1., B couetanuu ¢ coppemeHHbiMu [I19BM
Y TIAKeTaMHM MPUKIIAIHBIX TPOTPAMM MO3BOJISIOT
MOJIYYUTh OINEPATUBHBIC OIICHKH OTMEUYEHHBIX
XapakTepucTuk [1].

Lenbto HacTosAIIEH pabOTHI CTAIO UCCIIe-
JIOBaHUE BO3MOXHOCTEeH makera Fine\Open 1o
OTEepaTUBHOMY pPacyeTy J/03BYKOBBIX U CBEpX-
3BYKOBBIX HECTALIMOHAPHBIX a3POIUHAMUYECKUX
XapaKTEePUCTUK LIUJIMHAPA O0IBIIOTO YITMHEHUS
B PaMKaxX TMIOTE3bl HICKPUBIEHHBIX TEIl.

Hwxe mnpuBeneHsl MocTaHOBKa 3aja-
9d U PparMeHThl HEKOTOPBIX KapTUH TECUCHUS.
Takxe mpeacTaBieHbl 3aBUCUMOCTH MOMEHTa
TaHTaXka OT 4YMCia uTepauuit (st oTMEdeH-
HOTO OOBEKTa UCCJIEOBAaHUS) U 3aBUCUMOCTHU
neMIupyronero MoOMeHTa OT paauyca KpH-
BU3HBI IUJIMH]IPA.

B kauectBe 00bekTa Hcciae0BaHUs ObLI
BBIOpaH KpyroBou mwimHIp (pamuyc R = 2 M,
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Puc. 1. Dmiopa pacnpeneneHusi AOTOJHUTEIBHBIX CKO-
pocteil V), BBI3BaHHBIX BpAlICHHEM LWIMHJDA,
Ao = aretgl / Voo

Fig. 1. The diagram of the distribution of the additional
velocity ¥ caused by the rotation of the cylinder,
Ao = aretglV / Voo

y y=f(x)

1
zv x, = L/Z

Puc. 2. Teomerpuyeckast MOIETb NWIHHAPUICCKONH (op-
MBI C paJiilycOM KPHBU3HBI R

Fig. 2. The geometric model of a cylindrical shape with a
radius of curvature R

External

Puc. 3. I'panunsl pacueTHol obnacTH
Fig. 3. The boundaries of the computational domain

BbicoTa L =20 M). ASpOoAMHAMUYECKHUE XapaKTe-
PUCTHKH (B IEPBYIO OUepeib
s Om
mg = _Z 5
oo
KapTUHBI TEUCHUS | JIp.) OBLIN ONpPEIEICHBI KaK
A7 f1o3ByKoBoro ciydas (M, = 0,6, Re = 3-10°,
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Puc. 4. I'padyik cxoauMOCTH pereH s Al LIUITHHpUYIec-
KOM MOZIEJIHM C YCIOBHSMU: ynciio Maxa = 4, yroin
araxu = 0 °, paguyc kpuBu3Hbel = 100 M

Fig. 4. A schedule of convergence of solutions for a cylindrical
model with conditions: the Mach number is 4, the
angle of attack = 0 °, the radius of curvature = 100 m

H

Puc. 5. PacueTHas ceTka, KOJIMYECTBO DJIEMEHTOB 0KoJ1o 10°
Fig. 5. The computational grid, the number of about 10°

Puc. 6. Tlone yucen Maxa i ciaydas npsSMON HUITUH-
JpUueckoil mMojenu ¢ uuciaoM Maxa = 4, yrmioMm
araxu = 10 °

Fig. 6. The field of Mach numbers in the case of a straight
cylindrical model with a Mach number = 4, the
angle of attack = 10 °

T =0,9), Tak 1 1151 CBEpX3BYKOBOIO CIlyyas
w
(M =0,6,Re=1,7-10°, T = 0,9) ¢ ucronn30Ba-
o0 w

HUEM THUTIOTE3bl HICKPUBJICHHBIX Te [2, 3].
YucneHHbIH pacyeT a’poJuHaAMHUECKUX

XapaKTEPUCTUK BBIMOJIHACTCS Ha IMPSIMOYTOJIb-

HOM PacyeTHOM CETKe, KOJIMYECTBO Y3JIOB KOTO-
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Puc. 7. Pactnpenenenue 3HaueHH CTaTUYECKOTO J1aBJICHUS
(ITa) mnst cmydas mpsMON LMIMHAPUYIECKOH Moze-
1 ¢ yucaoM Maxa = 4, yrom ataku = 10 °©

Fig. 7. Distribution of the values of the static pressure
(Pa) in the case of a straight cylindrical model with
Mach number = 4, the angle of attack = 10 °

Puc. 8. Tlone ynucen Maxa Ju1st citydast HICKpUBJIEHHON LU~
JIMHAPUYECKON MOJIENH ¢ unucioM Maxa = 4, yrioMm
araku = 10 ° u paguycom KpuBu3HbI R = 50 M

Fig. 8. The field of Mach numbers for the case of a curved
cylindrical pattern with Mach number = 4, angle of
incidence = 10 ° and a radius of curvature R = 50 m

Puc. 9. Pactipenenenue 3Ha4eHUN CTATUYECKOTO JIABICHHS
(ITa) oy cayvas HCKPUBICHHOHN IIMIIMHAPHYECKON
Mozenu ¢ gucioM Maxa = 4, yrmom ataku = 10 ° u
panmycoM KpuBH3HBI R = 50 M

Fig. 9. The distribution of values of the static pressure
(Pa) in the case of a curved cylindrical pattern with
Mach number = 4, angle of incidence = 10 ° and a
radius of curvature R = 50 m

poit cocraisier okosio 106, I[IpocTpancTBeHHAs
JVICKPETH3AIHsI BBITIONHSACTCS METOJIOM KOHEU-
HBIX 00beMOB. Mcronb3yeTcst MoJienb TypOysieH-
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Puc. 10. 3aBUCHMOCTH MPOU3BOIHBIX KOAPPHUIIMECHTA MO-
MCHTaA TaHTaXXa OT paJjuyCa KPUBU3HBI, IMMOJTYUCH-
HBIC B PE3YBTATE YHCICHHBIX PACUCTOB JIIISI I03BY-
KOBOTO M CBEPX3BYKOBOTO PEKHMOB 0OTCKaHHS

Fig. 10. Derivatives of a pitching moment coefficient of the
radius of curvature obtained by numerical calcula-
tions for subsonic and supersonic flow regimes

THOM BA3kocTH Cnanapra—AiiMapaca B paMKax
ypaBHeHuss HaBbe—CTOKCa, OCpEAHEHHBIX IO
Peitronbacy [4].

3ajaua pemnraercs YMCIECHHO B TPaHUIIAX
pacdeTHoit 001acTH, MpeACTaBIEHHOM Ha puC. 3.
I'pannunoe ycnosue External 3amaercst Ha BHe-
IIHUX CTEHKaX pPAacyeTHOM OO0JIacTH, YCIOBUE
Solid — Ha cTeHKaX MUIMHAPUYSCKOW MOACTU
(5, 6].

B kauectBe mepBoro tecra ObuLl pac-
CMOTPEH BONPOC O CXOJMMOCTH PEIICHUS IO
BpemeHu [7]. [lns BeIXoJa Ha yCTAaHOBUBIIWMA-
Csl PeKUM KaK Ha JJO3BYKE, TaK M Ha CBEPX3BY-
Ke morpeboBanock oT 6 10 8 THIC. UTEpaIHii,
YTO COOTBETCTBYET OT 8 1m0 14 4acoB maluH-
HOTO BpeMeHu Ha DOBM c xapakTtepuctukamu:
Windows 7 H64, Intel® Core™ 13-3220U CPU
@ 3300 GHz, O3V — 4 I'b. Pacuetsl npoBoau-
JUCh Ha HECTPYKTypPHPOBAHHOHN CETKe, Mpe-
CTaBJICHHOM Ha pHuC. 5.

Ha puc. 6-9 mnpencraBiieHbl KapTHUHBI
teueHus. Jlyis Oonee 4eTKOW BU3yaslU3aluu B
MpOIECCE YUCIEHHOTO pacyeTa JiJisi OJHOTO U3
ciaydaeB (uucino Maxa = 4, yron araku = 10 °)
pacdeTHasl CeTKa aJanTUpoBalach MO Tpaau-
EHTY CKOpOCTH U AaBieHus. Pacuersl s oc-
TQJIBHBIX CIyYaceB MPOBOIMINCH HA HAYAJIbHOU
pacueTHON ceTKe ¢ 00JIacTsIMU CTYIIEHHUS BOK-
pyr OTMEYEHHOM MOJEINH, IPEACTABICHHON Ha
puc. 5, I COKpamieHWus BPEMEHHU pPacyeToB.
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Ha puc. 6 u 7 MOXHO OTMETHUTH T'OJIOBHYIO
YIApHYIO BOJIHY, a TakX€ TOHKHE CTPYKTYpBI
TEUEHUS B yAApPHOM CJIOE€.

YyuthiBas, 4To HpHUHATAs IS pacue-
Ta HECTAlMOHAPHBIX a’pPOAMHAMUYECKHX Xa-
PAaKTEpUCTUK TUIOTE3a HCKPUBIEHHOTO Teja
B OTACNIbHBIX CJIydyasx SBISIETCS JOCTATOYHO
NpUOIMKEHHOW, OBUT PacCMOTPEH BOIPOC O
CXOJIMMOCTH HECTALMOHAPHBIX XapaKTEPUCTHUK
B IPOIIECCE YMEHBIIEHUS KPUBU3HBI (yBEJH-
yeHue paauyca kpususHbel) [8, 9]. Ha puc. 10
MPUBEJEHBl 3aBUCUMOCTH  a3pOJMHAMHUEC-
KUX KO3(Q(UIMEHTOB MNPOU3BOJHON MOMEHTa
TaHTa)ka OT paJuyca KPUBHU3HBI ONMHCAHHOU
UUIUHAPUYECKON MOJENH, IMOJYyYEHHbIE YHC-
JIGHHO IJIs J103BYKOBOro (umcio Maxa = 0,6)
U CBEPX3BYKOBOTO ciyyaeB (uucio Maxa = 4).
Pannyc KpuBHU3HBI U3MEHSUICS B MHTEpBaje OT
10 mo 1000 M, 9TO COOTBETCTBOBAJIO HM3MCHE-
Huto yuciaa Crpyxanda ot 4,08 no 0,0201, npu
xapakTepHoi nnuHe mozgenu — 20 M. Kputepu-
€M MPaBWJIBHOCTH pacueTa HeCTallMOHAPHBIX
XapaKTepUCTUK OBLIO BBHIOPAHO YCIOBHE aB-
ToMmozesnbHOCTH 1o uncay Crpyxans. Kak ans
710 3BYKOBOT'O, TaK U JJI1 CBEPX3BYKOBOTO CITy-
yasi 00TeKaHusi ObLJI OTMEUEH BBIXOJ pPEIICHUS
Ha acCUMINTOTY HayMHas C pajuyca KPUBHU3HBI
200 M. PacueTsl ipu paguyce KpUBU3HBI OoJiee
500 M OBUTH OCJIO)KHEHBI OIPAaHUYCHUSIMH I'pa-
(GUYeCKUX PEeNnaKkTOpOB, a TAKXKE HEJOCTATKOM
BBIYUCIIUTENIBHBIX PECYPCOB, KOTOPBIE MOTpE-
OoBaJuCh NI TeHepauuu Oojee MENKoW pac-
YETHOM CETKH, YTOOBI 3aXBAaTUTh HE3HAYUTEIIb-
HOE U3MEHEHHE B TEOMETPHUHU.

Kak Buano u3 puc. 10, cBepx3BykoBO€
pelIeHrEe BBIXOAUT Ha aBTOMOEIBHBIM pexUM
MIPU MEHBIIUX Paguycax KPUBU3HBI, YEM JI03BY-
KoBoe. B To e Bpems, 3HaueHne ko3 duineHta
neMripupoBaHUs Il pAaCCMaTPUBAEMON MOJIEITH
Ha CBEPX3BYKE IOUTHU Ha MOPSIOK MEHBIIE, YeM
IIPU JI03BYKOBOM PEKUME, UTO HEOOXOAMMO yUu-
THIBATh NPU MATEMAaTHYECKOM MOJEIUPOBAHUU
CcBOOOJIHOTO TMaJICHUS TeJl OTMEUEHHOMN (OPMBI C
BOCITPOU3BEJIEHUEM YIVIOBOTO ABM)KEHHUS B IIPO-
ToJIbHOM TTockocTH [10].

BriBoabI

H3noxen IOAXO, HO3BOJ'IHIOH.IPII>1 orpe-
ACJITh HCECTAIMOHAPHBIC aA3pPOAWMHAMHUYCCKUC
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XapaKTePUCTUKH [WIMHAPUICCKUX MOJETCH
CPaBHUTENBHO OOJBIIOTO YIJIMHEHUS C UCIIOIb-
3oBanneM makera Fine/Open (Numeca Int.) Ha
OCHOBE METO/Ia NCKPHUBIICHHBIX TEll.

JUis  103BYKOBOTO M CBEPX3BYKOBOTO
ciaydaeB oOrekanus (umcia Maxa = 0,6 u 4)
IPSIMOTO W UCKPHUBJIICHHOTO IMJIMHIpPA IOITY-
YeHBI adPOAMHAMUYECKUE XapPaKTEPUCTUKH, B
MEPBYIO 0YePe/b KAPTUHBI TEYCHUS U MOMEHTHI
TaHTaXxa.

OmnpeneneHbl 3HAYEHUS TMPOU3BOIHOM
MOMEHTa TaHTa)ka IO yTJIIOBOW CKOPOCTH, JIO-
CTOBEPHOCTh KOTOPBIX IMOKA3aHa CXOAMMOCTBIO
M0 BEJIMYMHE PaJnyca KPUBHU3HBI KaK JUIs 3BY-
KOBOTO, TaK H IS CBEPX3BYKOBOTO PEXHMOB
o0TeKkaHusl.
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THE USE OF SIMULATION PACKAGE NUMECA FOR NUMERICAL
COMPUTATION CYLINDRICAL MODELS’ UNSTEADY AERODYNAMIC
CHARACTERISTICS ACCORDING TO METHOD OF CURVED BODIES

Galaktionov A.Yu., Assoc. Prof. MSFU, Ph.D. (Tech.); Antipova M.S., MSFU®"

galakau@mail.ru, mayachka antipova@ymail.com
(Moscow Forest State University (MSFU), 1* Institutskaya st., 1, 141005 Mytishchi, Moscow reg., Russia

Unsteady aerodynamic characteristics of freely falling bodies can be determined by direct cyclic calculation but it
requires the dual problem solution of nonsteady aerodynamics of the flight dynamics and a large consumption of computing. An
approach was proposed for determining unsteady aerodynamic characteristics of cylindrical models by using the capabilities of
modern aerodynamic programs and hypothesis of curved bodies. A circular cylinder was chosen as the main object of research.
Numerical calculations of the pitching moment derivative coefficient of the angular velocity are performed for subsonic and
supersonic flow conditions of a circular cylinder in the program Fine / Open. The visualization of individual patterns of flow is
shown. The estimation of computing capacity is appraised to solve the above problem. A plot was made of a pitching moment
derivative aerodynamic coefficient of the curvature’s radius as well. It is shown that supersonic solution converges in the
process of reducing radius of the curvature substantially faster than for subsonic flow condition. The accuracy of the data is
confirmed by the convergence results of mathematical time, stepping computational grid, as well as the radius of curvature.

Keywords: Unsteady aerodynamic characteristics, the hypothesis of curved bodies, circular cylinder, the pitching
moment coefficient, the radius of curvature
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