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MOIleJ'II/lpOBaHI/Ie A03BYKOBOI'0O OTPLIBHOI'O 00TeKaHuA
0CECUMMETPHUYHBIX TE€J C JOHHBIM CPE€30M
P HEHYJEBBLIX yIJIaX aTaKH1

© B.H. Tumodeen

MI'TY um. H.D. baymana, Mocksa, 105005, Poccus

Ilo cxeme meuenus c K8UBANEHMHOU NOJYOECKOHEUHOU NOBEPXHOCIBIO UCCIE0YEmCsl
0038YK080€ 0OMeEKaHUe 0CeCUMMEMPUYHBIX Mel ¢ JUHUel OMpbléd, PACHOIONCEHHOU 6
obnacmu 00HHO20 cpe3a. [lamvl peKomenoayuu No YCO8EePUEHCMEOBAHUIO MeMOOUKU
MOOENUPOBAHUS 8 CyHae HEHYNEe8bIX Y2108 amaku. Pacuemuvle coomHowenus Memoouxku
aoanmuposamsl Ol UCHOIL308AHUS Memooad OuckpemHuix suxpetl. IIpedcmaenenvi no-
OpoOHblE OaHHble 0 pacnpedesieHul CKOpOCmuU U 0A8leHUs Ha NOBEPXHOCIU YUTUHOPUYe-
CK020 mena ¢ OOHHbIM CPE30M U 20JI06HOU YACMBIO OHCUBATLHOU (OPMbI NPU HEHY1eBbIX
yenax amaxu.

Kniouesvle crosa: mamemamuueckoe Mooeruposganue, 0038yKosoe OmpuleHoe obmexa-
HUe, Memoo OUCKPEeMHbIX 8uXpell, 0OHHOe 0asleHue

BBeienne. AKTyanbHOCTD JaIbHEUIIETO COBEPIICHCTBOBAHNUE PA3HO-
00pa3HBIX METOJIOB M aJITOPUTMOB HCCIICAOBAHUH OTPHIBHBIX TEYCHHU
IPEJOIPEeNIAeTCs] IIUPOKUM KPYroM MPAaKTUYECKUX IPUIIOKEHUI.
HauOonee monnas uHpOpManus A pa3iIdyHbIX 00JacTeil OTPHIBHOTO
TEYeHMsI ModydaeTcs npH pemieHuu ypaBHeHuid HaBbe-Crokca. Bmecte
TeM, aJrOPUTMBI YHUCIECHHBIX pelleHuil ypaBHenuit Hasbe-CTokca nocra-
TOYHO CIJIOKHBI M HX peajus3alnus TpeOyeT OOJbIINX BBIYUCIUTEIBHBIX
momrHocteit [1-3]. 3arpatamu 3HAYNTETHHO MEHBIIIUX, HO BCE-TAKU CYIIIe-
CTBEHHBIX, KOMITBIOTEPHBIX PECYPCOB XapaKTEPU3YIOTCSI METOIBI H3YICHUS
OTPBIBHBIX TEUCHMH, UCTOJB3YIOIIME TEOPHIO MICANbHOM ra30BOH Cpelbl
[4-11]. EcrecTBeHHO, YTO TPYIOEMKOCTh U MOTPEOHBIC BHIYMCIUTEIBLHBIC
MOIITHOCTH BO3PAcTalOT, €CJIM MOJEITUPOBaHHE TpPeOyeT COBMECTHOTO
INPUMEHEHHs TeOpuil HealbHON Cpelbl, MOTPAHUYHOTO CIIOS,, U BA3KOIO
OIMKHEro WIIH JanbHero ciaenos [12-13].

YMEeHBIUTh 00BEM BBIYUCIUTEIHFHBIX PECYPCOB, HEOOXOMUMBIX IS
MaTeMaTHYeCKOTr0 MOJIEIMPOBAHUS, T03BOJIIET METOAMKA C IPUMEHEHUEM
HKBUBAJICHTHOM MOTyOeCKOHEUHOM moBepxHocTH [14, 15]. B cooTBeTCTBHH
¢ 0a30BOM KOHIICTIIIHEH BSI3KO-HEBSI3KOr0 B3auMoeicTus [13] ckopocTu
W JTAaBJICHUS] HA MTOBEPXHOCTH HCCIIEIYEMOTO Teja OINPENENSIOTCS 10 pe-
3yJIbTaTaM pPacyeTOB HEBSI3KOTO OOTEKaHMs HEKOTOPOI'0 SKBHUBAJIEHTHOTO
Tella, OrPAHUYEHHOTO TOBEPXHOCTBIO Q. DTa SKBUBAJICHTHAs MOBEPX-

HOCTb COCTOUT U3 HOCOBOM D, M XBOCTOBOH >, 4actel (puc. 1). [ToBepx-

HOCTh 00TEKaeMOro Tesa GopMUPYET MOBEPXHOCTH HOCOBOM 4aCTH SKBUBA-
JIEHTHOTO Teja. IT0 00YyCIOBIEHO ABYMS 00CTOSATENbCTBAMU. Bo-TIepBhIX,
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paccMaTpUBAIOTCA PEKUMBI TEUEHUS C OTPBIBOM ITOTOKA, JTOKAJIU30BaHHBIM
BOJIM3M JMHMM L, JOHHOIO Cpe3a WM Ha caMoi 5TOH nuHuK. Bo-BTOpBIX,
MpeIoiaracTcs, 9To Mpu OONBIIMX YHciax PeiHombaca MOXKHO MpeHe-

Opeuyb TOJIIUHOW BBITECHEHHUS IOTPAHUYHOIO CJIOS IO CPaBHEHHUIO C
CyMMapHOU JIJTHHOM oOTekaemMoro Tena. JIMHUs CTBIKOBKM HOCOBOM U XBO-

CTOBOM 4YacTel SKBUBAJICHTHOW IIOBEPXHOCTU 0003HavaeTcs yepe3 L .

Y y

Uw
A:

z o] c

Puc. 1. Cxema 5KBUBaJIGHTHOHN MOBEPXHOCTH U €€ T€OMETPUIECKUE TapaMeTphl:
HOCOBast Y., M XBOCTOBasl >, YaCTH SKBHBAJICHTHOH IOBEPXHOCTH,

L, — JIMHUS UX CTBIKOBKU

B ynomsiHyTO# MeTOAMKE OCyIIECTBIsIETCS (POPMUPOBAHNE XBOCTOBOM
4acTW SKBUBAJIEHTHOM IOBEPXHOCTH JOCTATOYHO MPOCTOH (OPMBI.
Hcnonb3yercst cxema TedeHust [16] ¢ momyOeckOHEUHBIMBIM Y4aCTKOM .,

XBOCTOBO 4acTH MOBEPXHOCTH 3KBUBAJICHTHOTO TeJa, yXOSAIIUM B 6eCKO-
HEYHOCTh BHHM3 II0 IIOTOKY OT JIMHUM L, COEIMHEHMs C Yy4acTKOM 2., .

JInHa HMEIOLIET0 KOHEUHYIO IPOTSKEHHOCTh y4acTKa 2.,, U3MEPAETCA 110
MCKPHBIICHHOH NPOJIOIBHOI och 1 00o3Havaercs gepes | . s ygacTkoB

zll n le HOCOBOH 4acTH MMOBCPXHOCTHU S3KBUBAJICHTHOT'O TEJIa NJIMHBI

HU3MCPAKOTCA 110 HpHMOHI/IHeI‘/’IHOI\/'I HpOI[OHLHOﬁ OCH M 0003HAYarOTCS uepe3

|g u IC , COOTBCTCTBCHHO. Marematuueckass MOJEIb aZlaliTUpoBaHa K

WCIIOJIb30BAaHUIO IIPY YHCICHHOM MOJEIMPOBAaHUHU AJITOPUTMOB METO/A
nuckpeTHbIX Buxpeit [17-20]. Panee MmoaenupoBaHue J03BYKOBOTO OTPHIB-
HOT0 00TEeKaHMsI TeJ PU MaJbIX yriax aTaku npoBojuiock [20] Ha ocHOBe
MPENIOJIIOKEHUST O TOM, YTO B IEPBOM MNPUOIMKEHUH KOIPPUIUEHT
JIOHHOT'O COIIPOTHUBJIEHUSI 00TEKaeMOT0 Teja HE 3aBUCUT OT BEJIMUMHBI yTiia
ataku. B Tekymieil paboTe MpoU3BOAUTCSA y4eT 3aBUCHUMOCTU KOA(PPHIIN-
€HTa JIOHHOTO CONpOTUBJICHHUS, a, CJENOBaTelIbHO, U Kod(h(duImeHTa
JIOHHOTO JIaBJIEHUS OT 3HAYECHMs YIJIa aTaKH.

HauanbHblii 3Tan YHCJIEHHOT0 MoJeaupoBanus. 3agaercs ¢opma
MOBEPXHOCTU 00TeKaeMoro Tena. BeiOupaeTcst nekapToBa OpTOHOPMHUPO-
BaHHasl rpapas cucreMa koopauHat OXYZ , KOTopas CBsi3aHa C THM TEJIOM

U TIpe[CTaBlicHa Ha puc. 1. 3amaeTcs BEKTOp CKOPOCTH HaOeraromero
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IIOTOKa 500 .B YKaSaHHOﬁ CUCTEME KOOpAHWHAT OIIPEACIIAIOTCA €ro CoOCTaB-
JEromue v, Uy U, W Yroj aTaku « .
MoneanyeTc;I oOTeKkaHue OCCCUMMETPHUYHBIX TCJI, COCTaBJICHHBIX U3

TOJIOBHOW YaCTH OXKHMBAJIBHOU (POPMBI ¥ IUIMHIPUYECKON YaCTH C TIOC-
KHM JIOHHBIM Cpe3oM. Jluamerp MujesieBoro ceuenus d, Takoro rena

paBHsIETCS AUAMETPY €ro MWIMHAPUIECKOi yacTu. Mcnonp3ytorcs 6e3pas-
MEpHBIE 3HAYECHUS JJIUH |l u KoopauHAT X, Y, Z KOTOPBIE IMOIYy4YarOTCs
JEeJICHUEeM  3HA4YeHUH  COOTBETCTBYIOIIMX  pasMEpPHBIX  BEJIWYMH

*

I*, X", y', ' Ha anamerp MmumeneBoro cedenms. I1109TOMy BeluuMHA
Oe3pa3MepHOro auamerpa O MHIEIEBOrO CEYCHUS OKa3bIBACTCS PABHOM
equaune (d, =1 ). HocoBas 4acTh MOBEPXHOCTH 3KBHBAJICHTHOTO Tela
COCTaBJISIETCS U3 JBYX YYaCTKOB >, M 2, OXUBAIbHOH M NUIMHIpUYE-

CKOM OpPMBI. Y HCCIIEyEeMBIX TeJl COMPSHKEHUE IBYX YKa3aHHBIX y4aCTKOB
ocylecTBisieTcs 0e3 M3oMa MOBEPXHOCTU. I'eoMeTpruyeckre COOTHOIIE-
HUS NIOKa3bIBAIOT, YTO TOrJa IOBEPXHOCTH 0KMBAJIBHON I'OJIOBHOM YacTH U

ydactka >, oOpa3syercs BpaiieHueM BOKpyr ocu OX ayru, y KOTOpOii
o 12
GespasmepHbli panuyc onpenensercs no ¢popmyne R, =1,°+0,25. Ilo-
aToMy Ge3pasmepHble 1uHbl | ronoBHol u |, nnnuHapuyeckoi vacrei
MOJHOCTBIO OIPEICNISIOT FEOMETPUIECKYIO (hOpMY HCCIIeyeMoro ooTeKa-

emoro tena. CymmapHas 0e3pa3MepHas JJIMHA 00TEKaeMOoro Tela, paBHast

l4+1., obosnauaercs uepes |,.

HYJ'ICBOG HpI/I6J'II/I)KeHI/Ie pacyeToB HAYHUHACTCA C 3aJaHUA 3HAYCHUH

JJINHBI |s ydacTka 221 TTOBEPXHOCTU XBOCTOBOM YacCTH SKBHBAJICHTHOTO

TCJIa U AUaMETpa dS HOJIY6CCKOHCLIHOFO ydacTka 222 .B cooTBeTcTBHU C

pekoMeHmanusiMu  pabotel [19] ocyiuectBisiercs popmupoBanue KOHMU-
T'ypalyy MOBEPXHOCTH XBOCTOBOHM YacTH SKBHBAJICHTHOTrO Tena. B kade-
CTBE WITIOCTPAIIMH Ha PUC. 2 N300pakeHa MOBEPXHOCTh YKBUBAIIEHTHOTO

TEJIa, IOCTPOCHHAA IpHU MOACITIUPOBAHNN 00TeKaHUs C YTJIOM aTaKu &= 8

oxuBabHO-IMIMHIpudecoro Tena ¢ |y =1u |, =2 npu Re =5.10°.

Puc. 2. Buj 5KBUBaJICHTHOM MOBEPXHOCTH IS OKHBATLHO-IIMIIUHAPUIECOTO Tella
cly=1wul =2 npu =8 u Re=5-10°
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MaremaTuveckasi MOeIb 1 OCHOBHbIE PACUeTHbIE€ COOTHOLLIECHUS
YHCJEHHOT0 MOAeJupoBaHus. PaccMaTpuBaeTcs MNPOCTPAHCTBEHHOE
oOTekaHue ra30BbIM ITOTOKOM TeJja, Y KOTOpPoro (hpopmMa moBEpXHOCTH SIBJIS-
ercda 3agaHHOM. Kak yka3pIBajgoCh BO BBEIICHUH, B COOTBETCTBUH C IOJIO-
XKEHHEM 0a30BOM KOHIIEMIINH BS3KO-HEBSI3KOTO B3aUMOJICHCTBUS Ta30BYIO
cpeny Ieraecoo0pa3Ho CUMTaTh UicaibHOW. Ee moBeneHue OnmuchIBaeTCS
ypaBHeHI/IeM HepaSPLIBHOCTI/I nu BCKTOpHBIM ypaBHeHI/IeM JIBUXKXCHUS B
dbopme I'pomexn—Jlemba:

9P div(pp) =0, )
ot
_ 2
a—U+gradU—+fz><6:—lgradp+f, (2)
ot 2 P
rme QQ=rotd — BUXpb BEKTOpa O CKOPOCTH YACTHUI[ CPEIbL, P U p —

—

JaBJICHUEC U IIJIOTHOCTD, f — maccoBast ITIOTHOCTH BHEITHUX MACCOBBIX CHIL.

[Mpu oOTekaHWM Tella BO3MYXOM W JPYIMMH Ta3aMu, mpeHeOperas
CHJIAMHU TSDKECTH, IOJIaraeTcs, YTO IJIOTHOCTh BHEHIHMX MACCOBBIX CHII
Majia 10 CPaBHEHHWIO C JAPYIMMH cjaraeMbiMH B ypaBHeHuu (2). Ilpwu
CKOPOCTSX JBMIKCHHSI, HE MPEBBIIIAOIINX [TOJIOBUHY CKOPOCTH 3BYKa, CHKH-
MaeMOCTh T'a30BOi CPe/Ibl CKa3bIBACTCS HE CIHUIIKOM CHIIBHO U 3Ty CPEAy
MOXHO CYHTaTh HEC)KHMaeMOW. JIeHHOE TMPEIMOIOKEHHE MO3BOJISCT
JOTIOJIHUTD cUcTeMy ypaBHeHui (1)—(2) cooTHOmICHHEM

d
9° _o. 3)
dt
B nannoit paboTe nmpeamnonaraercs, 4To cpeja sSBISIETCs] OJTHOPOIHOM,
cooTHoieHue (3) BbIMONHsETCS U cucteMa ypaBHeHHH (1)—(2) oka3biBa-
eTcsi 3aMKHYTOH. [Ipu 3TOM ypaBHEHUE HEpa3pBIBHOCTH MPUOOPETAET BUT

divs =0. 4)

KpOMe TOro, CYUTACTCA, YTO BHC ITOBCPXHOCTU SKBUBAJICHTHOI'O TCJIa
TCUYCHHUC ABJIACTCA IOTCHIUAJIBHBIM U BEKTOPBI CKOPOCTH HAXOATCA UCPE3
rpaJuCHTBl COOTBCTCTBYIONIHUX ITOTCHIHMAJIOB. Torz[a 3agada CBOJHUTCA K
HaXOXJACHUIO JTUX IMOTCHIHAIOB, T.K. A HCECTAIHOHAPHBLIX TCUCHUU
OKa3bIBACTCs CIIPABCAJIMBBIM HHTCIPpAI Komn-ﬂarpacha

2
Sp v P_ f(t),

ot 2 p
a Ui CTallMOHApHBIX TEYEHU — UHTErpan bepHyimn
2
vy P_ const. 5)
2 p
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Jliis cTalMoHapHOM 3a/1a4i B BIOpaHHOM cucteMe KoopauHar OXyZ

(puc. 1) rpanwuHble ycnoBHs (HOPMYIUPYIOTCS CICIYIOIUM 00pa3oM.
[ToBepxHOCTh X CUMTAETCS HEMPOHUIIAEMOW U B JIOOON €€ TOUKE BBIMOJ-
HSETCS YCIIOBUE HEMPOTEKAHUS

- n|Z =0, (6)
rae 1 — OpT BHELIHEHW HOPMAaJIM K ITOBEPXHOCTH X B JaHHOM Touke. Ha
OECKOHEYHOCTH TpeOyeTCs BHIMOTHCHHUE YCIOBUS 3aTyXaHUsI BO3MYIIICHUI

lim D’(I\/I)=D’w, (7)

r—oo
rae M (X,y,z) — HeKoTopas TouKa 06nmacTi TedeHus; o(M ) — BekTop
ckopoctu yactun cpeabl; I =OM =X€ + Y€, +26, — paauyc-BEeKTOp
Touku M ; r =|F| — mimHa paguyc-BexTopa.
PaccmarpuBaercst pyHKuIus
p=p(xY,2),

Ha3bIBacMas IMOTCHIHUAJIOM BCKTOpa CKOPOCTU BO3MYIICHHOI'O IIOTOKA,
TaKas, 4TO €€ I'paJUCHT ONPCACIACT BEKTOP CKOPOCTHU IMOTOKA rasa:

grade = 0. (8)

Cocr. ABJIAIOIIMEC 3TOT'0 I'paIMCHTA PABHAIOTCSA KOMIIOHCHTaM BEKTOpPAa CKOPOCTH:

0o _, 20, 0,
ox oy V&

B cooTBeTcTBUU ¢ TpaHUYHBIM yCIIOBUEM (7) OKa3bIBA€TCS CIIPABE -
BBIM PaBEHCTBO

lim gradp=0,. 9)
r—om
B kauectBe IMOoTCHIHMAaJIa BEKTOPAa CKOPOCTH HEBO3SMYIICHHOT'O ITOTOKA
paccMaTpuBaeTcs QyHKIHS:

@, =v, X+v, y+v, 2+C, (10)

rie C — agnutuBHas nocrosHHas. ['paauent ¢pyukuuu (10) paBHsercs
BEKTOPY CKOPOCTU HA0Eraroero noToka:

gradqgoo = Doo' (11)
HOBTOMy BBIITOJIHACTCA YCIIOBHUC
lim grade, =0, . (12)

r—o

103



B.H. Tumoghees

BBoasrcst B paccMOTpeHHe BEKTOp U’ CKOPOCTH BO3MYIIIEHUI
U'=0-0,
U [IOTEHIMa BO3MYILCHUI
P =9-0,.
B cootBercTBuu ¢ paBencTBamu (8) u (11)
grad¢’ =gradep—gradp, =0—0, =0 (13)

N3 ycnosuit (9) u (12) cneayer, 4To TrpaJueHT MOTEHIMAIA BO3MYIICHHUI
Ha OECKOHEYHOCTH CTPEMHTCS K HYJIO:

lim grade’ =0.

r—oo

HOTGHLII/IaJII)I ONpeaAcCIAOTCA ¢ TOUHOCTBIO 1O aJAUTHBHBIX ITOCTOSH-
HBIX, IIOOTOMY CUHUTACTCS, YTO HA OECKOHEYHOCTHU NOTCHI A BO3MYH_IGHI/II71
CTPEMUTCA K HYJIIO

lim ¢’ =0.

r—o

[ToncranoBka cooTHomieHus (8) B ypaBHEHHE HEpa3pbIBHOCTU (4)
MIPUBOJIUT K PABCHCTBY

divgrade =0.

Takum 06pa3oM NOTEHIMAN BO3MYILEHHBIX CKOPOCTEMN, BEIYUCIISAEMBIT
B TOuKe M (X,, Yy, Z,) , NOIDKEH YJIOBIETBOPATH ypaBHeHHo Jlamaca

Ap(M,)=0,

0? o> 0
+ +

2 2 2

X, 0oy,” 0z,

HOTeHHHaﬂ (118 BCKTOpa CKOPOCTH HEBO3MYIUICHHOT'O ITOTOKA TAKKEC

rae A= — oneparop Jlamaca.

SIBJISIETCS] TapMOHMYecKoi PyHkiueit. [ToaTomy 1 moTeHIMaI BO3MYIIICHUH
YIOBJIETBOPSIET ypaBHEHUIO Jlamiaca

Ap'(My)=0.

[ToreHnnan BEKTOpa CKOPOCTH BO3MYILEHHOI'O MOTOKA IMpEACTaBIs-
eTcsl KaK ¢ =@, +¢' U TPaHUYHOE ycIoBUE (6) HEMPOTEKaHUs IOBEPXHO-

CTH 00TEKaeMOoro Teja mpeodpasyercs K BULY
grad (p, +¢) -], =0

C yueroMm JIMHEHHOCTH TpajHeHTa, €ro CBA3M C MPOU3BOAHON IO
HalpaBJIEHUI0O W cooTHoueHus (12) ans moTeHuMana BO3MYUICHHM
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IOJIY4a€TCd I'paHUYHOC YCIIOBUEC HA IMOBEPXHOCTHU SKBUBAJICHTHOTI'O TCJIa

8(0'(|V|0)

p= ——Dw-ﬁ(MO)‘z.

z

Takum 00pa3oM MOTEHLMAN BO3MYIICHUH OJDKEH IPEICTaBIISAThH
co0oli pemieHue cienyromeil BHemHed 3anaun Helimana Uit ypaBHEHUs
Jlannaca:

Ap'(My)=0, M, %, (14)
9¢'(Mo) —5,-(M,)],, M, eX, (15)
on |,
limg'(M,) =0, (16)
limgradg'(M,)=0, (17)

rae M(M,) — opT HOpMalH K TIOBEPXHOCTH 2. BTouke M o (X0 Y01 2o)-

Buewnsis 3anaua Helimana (14)—(17) umeeT eAMHCTBEHHOE pEILICHUE.
JlaHHOE peleHue MOKET OBITh MPEACTABICHO B BUJAE MOTEHIMAIA JBOM-
HOTO CJIOS

”r ﬁg g(M)do, (18)

rae T — BeKTOp, HAaNPaBJICHHBIN B TOUKY BhIUHCIeHH M, n3 Touku M,
PACIIOI0KEHHON Ha JIEMEHTApHOH TuTomaaKe ¢ miomansio 0o u oprom
BekTopa HopMasu fi(M); I — monyns Bektopa T ; g(M) — noBepxHOCT-
Hasl TUIOTHOCTH MTOTEHIHANIA TBOHOTO CIIOSL.

ITorennuan Bo3MyIIeHHBIX cKopoctelr ¢'(M,) sBIseTcs pemeHneM

chopMynupoBaHHOM BHemHed 3amaun Heiimana (14)-(17), ecnm ero
MTOBEPXHOCTHAS IJIOTHOCTH YJIOBJIETBOPSIET CIEAYIONIEMY HHTETPATBHOMY
ypaBHenwuo [17]:

__IJ'LEI\A)g(M)dJ:—Um~ﬁ(MO). (19)

U3 paBenctB (13) cienyer, 4To BEKTOpP CKOPOCTH ra30BOr0 MOTOKa
OIIpeAeTsIeTCs KaK

0(M,)=0, +grade’(M,). (20)

[ToaToMy miist pemieHust 3amadd OOTEKAHHS JOCTATOYHO HAXOIHTh
IPaJIMEHT MOTEHIMaja BO3MYIICHUI
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gradgo’(MO):%V_[j.%gM)g(M)da,

rae V. — onepatop I'amunbrona [21].

Haxoxxnenue rpajgueHnTta mnoTeHIyasa BO3MYILIEHUN OCYILECTBIISETCS
npu yucieHHoM pemenuu [ 19], [20] uarerpanbroro ypaBaenus (19). Huxe
yKa3aHsbl JUIIb HEKOTOPBIE U3 ATANIOB JAHHOTO PEIICHUSI.

Yuactku >, , 2, U 2, TOBEPXHOCTH DKBUBAICHTHOIO TEJIA all-

IpoKcUMHUpyeTcs Habopom maneneid 2., , k=1..,N . Iloxybeckoneunsrii
y4acTOK 2., 9KBUBAJIECHTHOIO Teja MOJEIUPYETCs IPYNIOoH moiryoecko-
weunblx manenedn X, , K=N+1..,N+N, , rne N, — konudecrso
naHeneil ykazanuoro poaa. Cymmapsoe uncio naseneir N+ N, o6o3Haua-
ercst uepe3 N;.Ha kaxnoif maHenu mIoTHOCTh HOTEHIMANA ABOHHOTO CII05
CYUTACTCS MOCTOSHHOM BENIMYMHOM, paBHOU Q) , k=1..,N; .

I'pagueHT noTeHMana BO3MYILEHUHN ONPENEIIeTCs KaK CyMMa Ipaju-
€HTOB [TOTCHIIMAJIOB IBOMHOTO CJ10s KayKJOW NaHEIN

grade’ (My) = 3.9, -V [[ =TS g(M)do).

Hcnone3yercsa paBeHCTBO IpaJHEHTa IOTEHIMAla JIBOMHOIO CIIOs,
pa3MEIIEHHOT0 Ha MaHeIN Y, C IOCTOSHHO INIOTHOCTBIO (, , U BEKTOpa

CKOPOCTH, MHIYLUPOBAHHOW BHXPEBOM HHUTBIO L,, pacnonoxeHHOH Ha
TPAHMIIE 3TOM NAHEIU C LUPKYISIUEn

I'n=-g k=1.., N
[To anroputmam [20], azanTUpOBAaHHBIM JIsI UCHOJIB30BaHUSI METOAA
JMCKPETHBIX BHUXPEH, OCYIIECTBISCTCS BBIUMUCICHHE BEKTOPOB (DYHKITHIA
ckopocti W (Mg), k=1..,N; u npeobpazoBaHHBIX BEKTOPOB (yHKITHiA
ckopoct W, (M;), k=1..,N . Boipaxenne [yist rpajueHTa MoTeHIHANA

BO3MYIICHHI MpeoOdpa3yeTcs K BUAY
N
grade’ (M, ) =D T, % (M,). (21)
k=1

[ToTeHuman Bo3MyIIeHUH, 3anmucanHbiii B popme (18), ymoBierBopsier
ypaBHenuto Jlamnaca (14) u ycnoBusm 3aryxanus Bo3myinenuit (16)—(17).
C yderoMm coorHoureHus (15) U HEMPEPHIBHOCTH HOPMAJIBHON MPOU3BO/I-
HOH IIOTEHIIKaj1a )IBOI\/'IHOFO CJIOA TpaHWUYHOEC YCJIIOBUC Ha IMOBCPXHOCTHU
SKBUBAJICHTHOTO TeJIa IpeodpasyeTcs K BUILY
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irk (W (C,)-A(C,))=-0,-A(C,), v=1....N,

k=1
rac CV Y :1, . N — KOHTPOJIbHAsA TOYKA, PACIIOJIOKCHHAs Ha IMaHCIN

DI n(C,) — OpT BHEWIHEH HOPMald K IOBEPXHOCTH X B JAHHOH
KOHTPOJIBHOM TOYKE.
HewusBectHbie nupkynamuu 1, , kzl,...,Nt HaXoIsSITCsI U3 CHUCTEMBI

JUHENHBIX anreOpanyecKux ypaBHEHHM

N
> a, Iy =b, v=1..N, (22)
k=1

B KOTOPOM

a, =W (C)-A(C,), v=1.,N, k=1..,N,
b, =-2,-7(C,), v=1..,N.

Pemenne cuctemsl (22) npou3BOAUTCS C MPUMEHEHUEM PEryIsipU3H-
pytouieii ¢pynkmmn [18].

ITocne Haxok1eHNs UUPKYJIALMIA [, TpaJieHT NOTeHIUaa BO3MYIIe-
HUN U BEKTOPHI CKOPOCTH MOTOKA B TOYKAX, PACHOJIOKEHHBIX BHE MTOBEPX-
HOCTH 3KBHBAJICHTHOTO TeJIa, ONpeAessoTces u3 cootHomenus (20)—(21).

B KOHTpOJBHBIX TOYKAaX IpaJueHT MOTEHIMaNa JIBOWHOTO CJIOS Ipe-
TepIeBaeT pa3pblB TaHTeHIMAILHOUN coctaBisitoneit [17]. [loatomy mis
rpaJueHTa MOTEHIIMAIa BO3MYLIECHUH cHavana onpeaensercs [19] Bekrop
pa3sphIBa TAHTEHIHATBHOM cocTaBnstomeil Av(C,), a 3aTeM TpeeTbHOE

3HAYCHHUC
N —_—
(grade’(C,)) =D T,W, (M,)+0,5A0(C,).
k=1

BekTop ckopocTH ra30BOro MOTOKA B KOHTPOJIBHBIX TOYKAX HAXOAUTCS
KaK CyMMa BEKTOpa CKOPOCTH HaOerarouiero nNoToka U NpeeabHoro 3Haue-
HUs TPaJIMEHTA IMOTEHIIAAIa BO3MYILICHUN:

N —_—
o(C,) =0, + > I,W/(C,)+0,5A0(C,).

k=1

W3 unrerpana bepryinu (5) onpenensercs cTaTUYECKOe 1aBICHHE

p=p,+0,50(?-0?),

rnc p, uov = \/0wa + Uyw2 + Uzm — CTaTUYCCKOC NAaBJICHUC U MOOYJIb

BEKTOPA CKOPOCTH HAaBEraloliero motoka; v =./u,’+v,° +v," — Moayns
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BEKTOpA CKOPOCTH YACTHII ra30BOM cpebl. B BBIOpaHHBIX TOUKAX TCUCHHS
OIIPEIEIIIOTCS 3HAUCHUs Oe3pa3MepHoOi ckopocT D =v /v, Kodbduuu-

CHTA JIaBJICHHS
¢, =C,=2(p-p.)/ (pvi)=1-(v/v,)".

Kak u B padote [20] mpoBOaUTCS UTEPAITMOHHBIN ITUKII KOPPEKTUPOBKH
3HAa4YeHU JIMHBI |, yJacTKa MOBEPXHOCTH Y., ¥ AuameTrpa d, momybec-

KOHCYHOT'O Y4aCTKa 3KBUBAJICHTHOI'O TCJIA. Tpe6yeTC}1 COBITAZICHUEC PACUCT-

HOTO 3Ha4YeHHS KOd(UIMeHTa JOHHOTO JIaBJICHUS (Cp)C , TIOJIy9aeMoro
OCPEZHEHHEM IO JJIMHE JUHUM CTBIKOBKH L., U OLIEHOYHOro 3Ha4eHUs
Kod(duimeHTa TOHHOTO JTaBJICHHS ((:p)S . Ilocnenuuii onpenensieTcs mo

BEJIMYMHE OLIEHOYHOTO 3HAUeHUs a’pOJMHAMUYECKOro Kod(duimeHTa
JIOHHOTO COIIPOTUBIICHUS (CX) )s obtekaemoro Tena. IIpeqmomnaraercs,

qTO0 i1 HTUJIMHAPUYCCKUX TCI C TOJIOBHOM YacCThbIO M AOHHBIM CpE€30M
OLICHOYHOC 3HA4YCHHC KOS(I)(bI/ILII/IeHTa JAOHHOI'O COIIPOTHBJICHUSA (CX )S

don

CKJIQAbIBACTCA M3 ABYX COCTABJIANOMIUX. HepBaﬂ CcoCTaBJIArOIIasA (Cx )0

OoH

paBHsieTcsl KOA(PGUIIUEHTY AOHHOTO CONPOTUBIEHHUS MPU HYIEBOM YIIe
aTaku ¥ BelumMcisAeTcs mo popmyne Xopuepa [14—-16]. DTa cocraBnsromas
OTIPEJIENIACTCSl TEOMETPUYECKHMH MapaMeTpaMH O0TEKaeMoro Tena |
yucioM PeliHonbaca, KOTOpOE€ HAaXOAWUTCA MO CKOPOCTH HaOEerarIero

II0TOKA ¥ CyMMapHO# unHe obTexaemoro tena | . Bropas cocrapisroruast

YUYHUTHIBACT BIUSHUE YIJIa aTakd. B MPeanoyioKeHUH, YTO MPH MajbIxX
yriax atakd MOXKHO MpeHeOpeyb BTOPOW M3 yKa3aHHBIX COCTABISIOIINX,
ObLIO TPOBEJACHO MaTeMaTHYecKoe MojenupoBanue B pabdore [20].
B Tekyeii ctaThbe cUUTaeTCA, 4TO MPU OOTEKAHUHU [UITUHAPUIECKOTO Tela
C JIOHHBIM CPE€30M, C HOCOBOM T'OJIOBHOW 4YacThIO M 0€3 JOMOTHUTEIHHOM
XBOCTOBOM YAacTH, BTOpas COCTABJSAIONIAs MPONOPUMOHAIbHA NEPBOU
crereHu yria araku [22]. TloaTomy omieHOYHOE 3HaYCHUE a3pOJMHAMUYE-

ckoro kod(hunuenTa 1oHHOro conpotusnenus (C, )g ONpeensIoch no
crnenytomet popmye:

(c

€ ¢ — YroJl aTaku, U3MEPSAEMbIN B paJiaHax.
IIo CKOppPEKTUPOBAaHHBIM 3HAYEHUSM JUJIMHBI |

)S = (Cxoﬂ“ )0 + O! 688&1 (23)

X don

. U gumameTpa dg

OCYIIECTBIISICTCSA OKOHYATENIBHBIN pacueT pacrpeeNIeHnsT MOyl BEKTOpa
OespasmepHOl ckopocTd D =v/v, U KodhduIMeHTa JaBieHus C, MO

MOBEPXHOCTH 00TEKAeMOT0 Tea.
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Oo6cy:kaenne pe3yabTaToB MoJeJpoBanus. OIHOMN U3 OTIIMYUTEb-
HBIX XapaKTEPUCTUK MPEACTABICHHOW METOAMKH, O KOTOPOW YIOMUHACTCS
B paHCC HUTHUPOBAHHBIX pa60Tax, ABJIACTCA BO3MOKHOCTH OIICPATHBHOTO
MOJTYYCHHUS U OLICHKH PACIIPENICIICHUs] CKOPOCTH H JIABJICHUS HAa TTIOBEPXHO-
ctu oOTekaemoro Tena. B KkauecTBe WILTIOCTpAlMM paccMaTpUBAIOTCS
Pe3yabTaThl MOJICIIMPOBAHUS JI03BYKOBOTO OTPHIBHOTO OOTEKAHUS OCECUM-
METPHYHOT'O TeJNa, IUIHHAPUYECKast 4acTh KOTOPOro AnuHoi |, = 3 umena

TUTOCKUI TOpELl B IOHHOM C€YeHUH. [ 0JI0BHAS 4acTh OKUBATLHOU (DOPMBI
JUTHHOM |g =1,25 comnpsraercs ¢ MWIMHAPUIECKON 0e3 n3oMa obpasyro-

mux. Ji1s kpaTkocT mo100Hoe Teao0 OyaeM Ha3bIBaTh 0KMBaJIbHO—1IMIIUH-

npudeckuM. Yucno Peitnonsaca 6epercs paBHbIM 3HaueHnio Re =5-10°.

B cnydae HyneBbIX yrioB aTaku 00TeKaHUE OKUBAIbHO—IMIUHApUYE-
CKUX TeJ SIBJIIETCS OCECUMMETPUYHBIM U JJIsl BBIABIICHUS XapakTepa pac-
IIpeIeJIeHHsI CKOPOCTHU U JAABJIEHUS JOCTaTOYHO, HAIIPUMEP, 3aBUCUMOCTEN
Oe3pasMepHOi CkopocTH U M Kod(duimenTa faBienus €, oT 6e3pasmep-
HOM NPOJOJIBHOM KoopauHaTel X . [Ipy HEHYNIEBBIX yrilax aTaku B KaKI0M
IPOJIOJILHOM CEYeHUH L |, mpeacTapisiomem co00i nepeceueHune noBepx-
HOCTH HCCleyeMoro Tena ¢ miockocteio OKM npu gpukcupoBaHHOM 3Ha-
YEeHUM YIJa HakjiIoHa & (cM. puc. 1), moaydaroTcsl pa3ivyHble 3aBUCUMO-
cti O =0D(X) u C,(X) .

Ilepen mpoBeaeHHMEM OCHOBHOM CEpHM DPAacdyeToOB IIPU YIUIE aTaku
o =4’ ObUIO IPOBEJICHO CpaBHEHHE TpapuKOB (pHC. 3) U3MEHEHUs K03(-

¢dbunmeHTa gaBieHus B 00KOBOM MpoaoibHOM cedeHn (&= 90°), momyden-
HBIX JJIs1 IBYX 3HAUYEHUH OLIEHOYHOTO a3pOIMHAMUYECKOro KoddduiimeHTa
JIOHHOTO COIPOTUBJIEHUS: PAaCCUUTAHHOrO Oe3 yuera COCTaBJISIOLICH,
3aBHCSIICH OT yriia ataku, u mo ¢popmyse (23) (kpusbie 1 u 2 Ha puc. 3,
COOTBETCTBEHHO).

0,8

” [N A N N
\ | A ,

-0,4 \J/ 2

0 1 2 3 4 X
Puc. 3. zmenenus koaddunnenra qaBaeHus C, B OOKOBOM CEUCHHH

(6‘:900)0>KI/IBaHBH0-HI/IJTI/IH)IpI/I‘IeCKOFO tenac |, =125 nl. =3 npu
Re=510°n a =4":

1 — Ge3 yueTa COCTaBIISIONICH, 3aBHUCAIICH OT yriia atakd, 2 — 1o gopmyre (23)
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BnusiHue yTouHSIOMIEH COCTaBISIONICH CKa3bIBaeTcs B 00JacTu
MPUMBIKAIOIICH K CEUEHUIO JOHHOTO cpe3a. [loaTomy B ganbHeiemM Mo/ie-
JMpPOBaHUE MPOBOJIUTCS ¢ IpUMEHEHHEM cooTHoweHus (23). Poct paspe-
YKEHUs B JOHHOU 00J1acTH, 0OYCIIOBJICHHBIN JTOMOJIHUTEILHON COCTaBIISIO-
IIel, TIPUBOJUT K COKPAIIEHUIO JUIMHBI |, ydJacTka >, HMOBEPXHOCTH
XBOCTOBOM YacTH 3KBHUBAJIEHTHOI'O Teja MpuMepHo B 1,4 pa3a u oHOBpe-
MEHHOMY YyBenuueHuto B 1,15 pa3 nmamerpa dg momybGeckoHEYHOro

yuacTka (puc. 4a) 0 CpaBHEHUIO C AHAJTOTMYHBIMH MapaMeTpaMu, MOJIy-
YeHHBIMH 0€3 MONIPABKU HA BIMSHKE yria aTtaku (puc. 46).

o

Puc. 4. DKBUBAJICHTHBIC TOBEPXHOCTH JUTSl 03KMBATbHO-LHITNHAPUYECKOTO
tenac |, =125 n |, =3 npn Re=5-10° 1 a=4":

a — 1o popmyie (23), 6 — 6e3 yTOUHSFOLICH TTOMPaBKH

Harnsnnoe npeacraBnenue o pacnpeaeneHus: CKOpOCTH U IaBICHUS Ha
MMOBEPXHOCTH OOTEKAEMOT0 TeJIa IAl0T I[BETOBBIC TUATPAMMBI, TIO3BOJISIO-
e paccMaTpUBaTh M300paKEHUSI MPOCTPAHCTBEHHBIX MOBEPXHOCTEH C
Pa3IINYIHBIX HaHpaBJIeHI/Iﬁ C OAHOBPEMCHHBIM BBIBOJIOM 3Ha4YCHUU HU3MEPsI-
€MOIi BeJTMYMHBI U [IKaJIbI C TMANa30HOM ee U3MeHeHus (puc. 5).

Jns ciydas oOTeKaHHs OKMBaJbHO-IMIMHApHYEcKoro Tenma ¢ |, =3

u |, =125 npn Re=5-10° u yrue arakn o =4° 3asucumoctu C, (X)
KO3 pUIMEeHTa TaBICHUs OT Oe3pa3MepHO MPOJAOIBHON KOOPIUHATEI Ha
puc. 6 npeacTaBineHbl KpuBbiME 1, 2, 3,4 u 5 mis  Bepxuero (&=0),
6okoBoro (£=90"), mmxkHero (& =180") npoaoNbHBIX CEUeHUH, a TaKKe

JUIS  TPOAOJBHBIX ceueHuili ¢ £=45 u £=135 , cOOTBETCTBEHHO.
Habop rpadgukoB ykazaHHOTO TUIA IaeT MpeCTaBlIeHHnEe 00 O0IIeM Xapak-
Tepe pacmhpenelieHus IaBJICHUS Ha TIOBEPXHOCTH OOTEKaeMoro Teja.
OpHako, HA 3HAYUTEITHLHOW YaCTH 3TOW TIOBEPXHOCTH KPHUBBIE 3aBUCHMO-

cTedl C,(X) pacmonararoTcst OJIM3KO JPYT OT Jpyra M MEPECEKArTCs MO
MaJbIMH yriiamu. Jlaxke mpu pacCMOTPEHUH BCEro Tpex (puc. 6a) Wik MATH
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(puc. 60) rpadMKOB JCTANBHBIA aHAIH3 PACIPE/ICICHUS NaBJICHUS HA I10-
BEPXHOCTH LMIMHIAPHYECKOTO y4acTKa 00TEKaeMOro Tejia 3aTpyIHEH.

14010001
...
55350201

) e sot

24610001

23050002
40meon

2 1380001

16720001

Color

1 ¥ 000

-

9 795001

87110001

‘ 11 e 00t
€ 1001

5 72001

£ TMe 001

3 7ete 001

Puc. 5. Pacnipenenenne kosdduunenta nasnenust €, 1 6e3pasMepHOi ckopoctu U

1o nosepxHocTu obTekaemoro tena npu |, =1,25, 1, =3,Re=5 10°, a=4

Cp

0,8

0,4 \\\ 1

02 | A
2\

N\
5 Y3
0 1 2 3 4
6

0,4

bal

Puc. 6. 3aBrucumocTr ko> puuMeHTa 1aBnenns ¢, Ha NOBEPXHOCTH OOTEKAEMOTro
tena ¢ 1, =1,25 n |, =3 or GespasmepHOi NPOJOILHON KOOPAMHATBL X IIPH
Re=5-10°u o = 4&° Ppa3uuHbIX TPOJ0NbHBIX ceueHusx (1 — £=0",2 — £=90",
3— ¢=180",4— £=45",5— £=135")

a — Ha BCceM 00TeKaeMOM Tele, 6 — B 00IaCTH pa3pesKeHUH
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HO3TOMy JJIA psaaa IOIEPECUHbIX CeucHUI La , B KAXKJIOM U3 KOTOPbIX SIB-
JSIETCs IIOCTOSAHHBIM 3HAQYCHUEC 6e3pa3MepH0171 HpO,I[OJIbHOI;'I KOOpJAMHATHI X,

OCYIIECTBISICTCS TOCTPOSHHE TpauKOB 3aBUCHUMOCTEH Kod(hduImenTa
JIaBJIeHHs C, OT YIWIa & , 33[AI0LIETO MOJIOKEHNE TOYKH B JIAHHOM CEYCHHH.

['pynnuposka rpadukoB 3aBUCUMOCTEH C, ( 5) B OT/ENIbHBIE HAOOPHI TIO3BO-

JISIeT HArJSITHO MPOWLTIOCTPUPOBATh paclipeeNieHUe JaBJeHUsT HA Pas3iiny-
HBIX y9aCcTKaX MOBEPXHOCTU 0OTekaemoro Tena (puc. 7). BHH3 1o MOTOKY OT
MEepeIHEN KPUTUYECKOM TOYKH, PACIIONIOKEHHOM B 3a0CTPEHHOM HOCKE, B
JH000M MPOJIOJILHOM CEYEHUM 0>KHMBAJIILHOM T'OJIOBHOM YacTU € yBEIMYEHUEM
3HA4YCHUA KOOPAWHATLL X MOAYJIb CKOPOCTU 4YacCTull CPCAbl HCIPCPBIBHO
BO3pacTaeTr, a Kod(duIMeHT naBJIeHHs HENPEPHIBHO YMEHBIIACTCA. OJTH
MIPOIIECCHI HILUTFOCTPUPYIOTCS pUC. 5, 6 U 7a, Ha KOTOPOM rpaduKu 3aBHCUMO-

cTei Cp (8 ) JJI1 IIPOAOJIBHBIX KOOpAMHAT X, HNPUHUMAKOIIMX 3HAYCHU

0,0204; 0,0780; 0,2460; 0,5080; 0,6710 u 0,9830, U300pakeHbI KPUBBIMHU 1,
2, 3,4, 5u 6, coorBerctBeHHO. B okpectHOcTH ceuenus X = 0,9830 orpuiia-
TENbHBIC 3HaYCHUS KO3(PPUIMEeHTA TaBJICHUS TOCTUTAIOT HAMOOJIBIIINX 110 MO-
TYJTI0 3HAYCHUM, T.C. pa3peKCHUS CTAaHOBATCS MaKCUMAJIbHBIMU, H BHU3 TIO
MIOTOKY HaOJFOIAeTCsl yMEHbIIIEHHE MOYIIsl Ko durmenTta gaBieHus (Kpu-
Boie 1,2, 3,4 u5 Hapuc. 76, coorBercTBytomume 3Hadenusm X = 0,983; 1,175;
1,275; 1,475 n 2,875). [IpumepHO ¢ cepemuHbl UTMHBI IMIMHAPHICCKOTO
y4acTKa U BIUIOTh JIO CEUSHUs JIOHHOTO cpe3a ( X = 4,25 ) Habmoaaercs no-
BTOPHBIA POCT MOIYJIsi KO UITMEHTA JaBJIEHUs, YTO Ha PUC. 76 COOTBET-
CTBYET CMEIIEHUIO BHU3 IpadukoB 1, 2, 3, 4, 5 u 6 3aBUCUMOCTEN, pacCUnTaH-
HBIX JUIS IOTIEPEYHBIX cedeHuii ¢ X=2,875; 3,475; 3,975; 4,125; 4,225 u 4,25.

Cy ]
C
P | = -0,2—
T e
il 0,4
0,4 -
3
- - —
0
s -0,1
0.4 I 6" | —r——] .
0 90 180 210 g 0.3 90 180
a 6

Puc. 7. 3aBucumocts Ko3puimenTa 1aBieHus C, Ha IOBEPXHOCTH OOTEKAEMOTO
Tela OT yria & :
a — 001acTh BO3pacTaHMs pa3peeHnit, 6 — 00JIacTh YMEHBIICHHUS Pa3peKeHHUH,
6 — 00J1acTh MOBTOPHOT'O BO3pAcTaHUs pa3pekeHUH
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3ak/0ueHHe. YCOBEPIICHCTBOBAHA METOJMKAa MaTeMaTH4ecKOro
MOJICTTUPOBAHKSI I03BYKOBOI'O OTPBIBHOTO OOTEKAHHS OCECHMMETPHUYHBIX
Tesl. BBeneHue monpaBky B 3HaueHHE KOA((UIIMEHTA JOHHOTO AaBICHHS
MO3BOJIMJIO PACHIMPHUTH 00JIACTh MPUMEHEHUS METOAMKH MOJICITUPOBAHUSI
Ha CIyYail HEHYJIeBBIX yIJIOB aTaku. [IpoIeMOHCTPUPOBAHBI BO3MOXXHOCTH
METOJUKH JJIsl ONICPATUBHOMN OILEHKH PaclpeeeHUs] CKOPOCTH U JIaBJie-
Hus. YucieHHBIM MOJCIIMPOBAHUCM ITOJTYUCH PAJ 3aBHCUMOCTCH U nmpous-
BeJIeHA TPYNIIUPOBKA WX TPA(UKOB Ul HATJISIHOTO HIUTFOCTPUPOBAHUSI
pacnpenenenue KO3(PPUIMEHTa MaBICHHUS HA PA3IUYHBIX YYACTKaX
MOBEPXHOCTH 00TEKAEMOTO Telia.
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Simulation of subsonic detachable flow of axisymmetric
bodies with bottom slice at non-zero angles of attack

© V.N. Timofeev

Bauman Moscow State Technical University, Moscow, 105005, Russia

According to the current scheme with the equivalent half-bottom surface, the subsonic
streamlining of the axisymmetric bodies with the separation line located in the bottom cut
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area is examined. Recommendations have been made to improve the calculation method in
the case of non-zero angles of attack. The estimated ratios of the technique are adapted to
use the method of discrete vortexes. Detailed data on the distribution of speed and pressure
on the surface of the cylindrical body with a bottom cut and the head part of the liveable
shape at non-zero angles of attack are presented.

Keywords: mathematical modeling, subsonic detachment, discrete vortex method, donning
pressure
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