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Annomayus. B pabote paccMOTpEHbl OCOOCHHOCTH ONTUMHU3AIMU HECYIIUX CHUCTEM
JeTaTeNbHBIX ammapatoB (JIA) ¢ KOHIIEBBIMH KpPBUIBIIIKAMH TIPH OTPAHWYCHUW Ha
aepopMaiuio reoMeTpun 0a30Boro kppuia. OTMeyaeTcsi HEOOXOAUMOCTh MCIIOJIB30BaHUS
B Ipollecce onTuMu3anuu 3(PQPEeKTUBHBIX TPOrpaMm OOTEKaHUS MPOCTPAHCTBEHHBIX
KOMIOHOBOK. [loka3aHO Xopollee coryliacoBaHHE pacueToB MO OBICTPOAEHCTBYIOLIEH
MporpaMMe, HCIOJIb3YIOIIEH MaHeIbHBIM MeTon MOpHuHO, ¢ pe3yJabTaTaMH pacyera
KOMMEpYECKUX MporpaMMmaM Ha 0a3e ocpeaHeHHbIX ypaBHeHuid Habe-CTokca c
Pa3IMYHBIMHU MOJACIISIMU TYpOYICHTHOCTH.

Kntouesvie cnosea:  ontumuzanus, UHAYKTUBHOE  CONPOTHUBIICHUE,  KOHIICBBIC

aspoaumHamudeckue moepxHoctu (KAIT), nuckpernsiii [1-00pa3Hbiii BUXpPH, TIOCKOCTH


https://trudymai.ru/published.php?ID=179683
sa01borisova@gmail.com

Tpedrtua, mupKyIsAIMs, a3pOIUHAMHYECKOE MPOEKTUPOBAHUE, MOJIENb TypOyJIE€HTHOCTH,
ocpenHeHHble ypaBHeHUs HaBbe-CTokca

Jlna wumupoeanua: bopucoBa B.I'., CunantbeB B.A. OcobGeHHOCTM MUHUMHU3AIUU
WHIYKTUBHOTO CONPOTHUBIICHUSI HECYIIMX CUCTEM JIETATEJbHBIX allllapaToB C KOHIIEBBIMU
KPBUIBIIIKAMHA // Tpyast MAMN. 2024. Ne 135. URL:

https://trudymai.ru/published.php?1D=179683

Original article
FEATURES OF MINIMIZING THE INDUCED DRAG OF LIFTING

SYSTEMS WITH WINGLET

Victoria G. Borisova!™, Vladimir A. Silantiev?
12Siberian Aeronautical Research Institute named after S.A. Chaplygin, Novosibirsk

1sa01borisova@gmail.com™

Abstract. The presented article considers specifics of the aircraft lifting systems with
winglets optimizing with a restriction on the geometry deformation of the base wing. The
presented numerical approach to aerodynamic design allows increasing the aircraft
aerodynamic lift-to-drag ratio by reducing the lifting system drag in the cruising flight
mode.

The drag minimization problem is focused in this article on the induced drag
reducing, which is stipulated by the shroud of free vortices. The well-known Munk's
stagger theorem application allows correctly compute optimal distribution of the

circulation intensity in the Treftz plane and, as a consequence, find the minimum induced
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drag. The numerical approach to optimization is based on the idea of the aircraft lifting
system replacing with a system of the discrete U-shaped vortices. According to the Munk's
theorem, lifting vortex systems can be translocateed along the free-stream velocity into
one vertical plane with the the air load retaining (velocity circulation) along the wingspan,
which ensures an optimal solution along the lifting system.

However, in the case of employing this approach for a long-range aircraft, with
mainly swept wings and high subsonic cruising speeds, there is an intensive increase in the
air load in the end wing sections, which increases even more, when induced drag is
minimized over the entire lifting system (full optimization). This leads to the earlier
compressibility stall development or the aerodynamic shock stall. In such cases,
optimization of only a part of the lifting system (partial optimization) is possible, where
the basic wing geometry is fixed, and the induced drag minimization is being performed
on account of special wingtips or the winglets installing.

In the case of the partial optimization, a fundamentally new approach, formulated in
the form of a new numerical method, which accounts for the mutual interference of the
wing and the winglet, both separately and on each other is employed.

At the initial stage, the known initial geometry of the base wing is used and the
initial geometry of the winglet is specified. Then, using a direct computational program
(AEROJET program, based on the Morino’s panel method), the initial air load distribution
along the wingspan and the winglet span is being determined for a given lift coefficient.
This condition of retaining the air load distribution nature along the base wing span serves

in a first approximation as a condition for the invariance of its geometry. The load



distribution along the winglet span (wingtip) is being optimized and its geometry is being
determined based on the obtained data by the proposed numerical method using the direct
computational program (AEROJET). Since in view of the changes in the winglet
geometry, the air load distribution along the base wing does not correspond to its
geometry, the iterations continue until convergence is reached.

With the new numerical approach application, optimization and aerodynamic design
of the model of the advanced technology demonstrator aircraft, developed at the Siberian
Aeronautical Research Institute named after S.A. Chaplygin, were performed. The
aerodynamic lift-to-drag ratio increase was obtained due to the optimized winglets
installation and was about 8.8%

To assess the of viscosity effect on the wake vortex computing, comparison of the
results obtained by the AEROJET program (non-viscous fluid) with the results of
computations by the OPENFORM program, based on the averaged Navier-Stokes
equations (viscous fluid) were performed. The study of the wing model in the framework
of the viscous fluid was performed with two turbulence models namely Spalart Allmaras
and k—w SST. The ordered computational grid with the corresponding block structure has a
total number of elements - 10 million cells, the number of cells on the profile is 342
pieces.

When analyzing the results, a good agreement between the computations for both
turbulence models and with the results obtained by the new numerical approach with the

correct adjustment for flow viscosity when making estimates is marked.
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Beenenne

3a mocienHue ACCITKHU JIET HAKOIUICHO YK€ OOJIbIIOe KOJIMYECTBO MCCIIECIOBAHUN U
OTbITa B pa3pabOTKEe U MPOU3BOJICTBE CAMOJIETOB KJIACCUUYECKUX adPOJIMHAMUYECKUX CXEM
[1, 2], a Takke aKTUBHO MOSBISAIOTCS HApaOOTKH IO PA3IUYHBIM HETPAJIUIIMOHHBIM
cxemam JIA [3, 4]: pomOoBHIHBIC KpbUIbS [5], COUYJICHEHHBIE C TOPH3OHTAIBHBIM
orneperareM (I'O), KpbLabsi 3aMKHYTOTO THIIA CO CIIOKHOH TeoMeTpuel (Hampumep,
TBC-2ATC), camoJeThl ¢ pa3IUYHBIMUA BHIAMH KOHIIEBBIX KpbUIbIiiiek [6] u mpouue. [Ipu
ATOM OCTAlOTCS AaKTyaJbHBIMH HCCJICIOBAaHUSA [0 MHUHUMU3AIMA WHIYKTUBHOTO
COTIPOTUBJICHUS TAKUX HECYIIUX cUCTeM (ToJHasi onTuMu3anus). OcoOblid ciaydail — 3TO
MUHHAMHM3AIUS WHIYKTUBHOTO COTIPOTUBIICHUS TIPH MOJICPHU3AINN JEHCTBYIOIIETO TapKa
CaMOJICTOB MYTEM YCTAaHOBKH KOHIICBBIX KPBUIBIIICK, TaK KaK B MPOIECCE ONMTHUMH3AIINN
HEOOXOJIMMO YUYUTHIBATh COXpPaHEHUE TEOMETpUM 0a30BOTO KpbUla (YacTUYHAas

ONTUMM3AITHSA).
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OCHOBBI TEOPUH WHAYKTHUBHOTO COMPOTHUBJICHUS W €ro ONTUMHU3AIHNHA OBLIH
3QJI0KEHBI €Ille B MPONUIOM Beke W otoOpaxkeHbl B Tpyaax JI. Ilpanarns, A. berma,
M. Mynka [7-10]. Cpenu coBpeMEHHBIX aBTOPOB, MPOJIOIKAIOIIMX HCCICAOBAHHUE ITOM
3aJa4d, MOXKHO BbIIEIUTH pabotel  A. A.IlaBmenko [11], A.TI.3axapoBa u
O. B. Kynpssuesa [12] u JI. JI. Tenepuna, T. M. Ilputyno u nap. [13]. JlanHble TpynbI
OYECHb TIOJIE3HBl MPEXKJE BCEro MNPU U3YYEHUH HECTPEJIOBUAHBIX  KPBUIbEB,
paccMaTpUBaEMBbIX IIEJIMKOM KakK HeCylllas CUCTEMA.

B n1aHHOM wuCCleNOBaHUM TpPU MPOBEACHUM ONTUMM3AIMKA HHIYKTHBHOTO
COINPOTHBIICHUSI MAarCTPAIbHBIX caMOoJIeTOB [14], UMEIONUX B OCHOBHOM CTPEIOBHIHBIC
KpBUIbSI U BBICOKHE JO3BYKOBBIE CKOPOCTH KpEHCEepCKOro IoyieTa, OBLJIO OTMEYECHO

HHTCHCHMBHOC BO3pPaCTaAHUC BOJIHOBOI'O COIIPOTHUBJICHHA, IIPU KOTOPOM IIPOBCIACHHC

Cy.
MHUHUMU3ALUNA N

BCEIl Hecylieil CUCTEeMbl LETUKOM (TOJIHAs ONTUMU3AINS) BBI3bIBACT
enie OOJIBIIMI OMAcHbI MPUPOCT BOJHOBOIO COMPOTUBICHHUS. B Takux ciyyasx
MPOBE/ICHUE TIOJIHOM ONTHMHU3AIMU  HEIeNecoo0pa3Ho, U TOITOMY HEO0OXOAUMO
MCIIOJIb30BaTh YaCTUYHYIO ONTHMM3AIHUIO, TJIe TeoMeTpusi 6a30BOro Kpbiia (pukcupoBaHa,
a MUHHUMM3AIUS HWHIYKTUBHOTO COINPOTHUBJICHUS BBIMOJHIETCS 3a CYET YCTaHOBKHU
KOHIIEBBIX KPBUIBIIIEK.

KoppekTHocTh pa3pabOTaHHBIX aBTOpaMHM METOJOB M MporpamMMm OblIa YCIEIIHO

pOBEepeHa HW3BECTHBIMM TOYHBIMH penieHusMu [15], a Takxke Oblia MOATBEpIKICHA

pe3ynbTaTaMu  AKCIEPUMEHTAIBHBIX MCCIEOBAaHUA B  a’poJMHAMUYECKOW TpyOe

T-203 Cu6HHA [16].

OcobGennocTn MHUHHMU3AIUA UHAYKTUBHOI'O COIPOTUBJICHUSA



OcHoBHas uaest 000MX METOJOB ONTHUMU3ALMK OMUPACTCS HA BBHIBEJCHHYIO paHee
[7-10, 17-19] B3auMOCBsI3b HOABEMHONW CHJIBI M HMHIYKTHBHOTO COIPOTHBIICHUS C
WHTEHCHUBHOCTBIO TI€JICHBI CBOOOIHBIX BUXpel B ruiockocTu Tpedtua (1) u (2), a Taxke Ha
ero TeopeMy MyHKa «0 BbIHOCE» [8], COrlIacCHO KOTOpOW MOXKHO TEpeMEIaTh HECYIIHe
BUXPEBBIE CHUCTEMBI BJOJIb CKOPOCTH HAOEraromiero MmoToKa MPH COXPAaHEHUH HArpy3Ku
BJIOJIb pa3Maxa, He M3MEHsSl MPU 3TOM IUPKYJSIUI0 cKopocTH. braromaps mpocrote u
3¢ deKTUBHOCTH MeTona JUCKpeTHBIX [I-00pa3HbIX BuXpeW, Mpu OONBLUIMX YHUCTAX
pa30MeHusl N0 pa3Maxy HECyIled CHCTEMbl MOYKHO JIETKO OOECHeYUTh HEOOXOAUMYIO
TOYHOCTh. Torjga Ko3(h@UIIMEHThl MHIYKTUBHOTO COIMNPOTHUBJICHHUS M TOJIBEMHON CHUJIBI

3allMCBIBAIOT CIICAYIOIIIUM 06p330M2
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31mech S — KOHTYp BUXPEBOTO ciiefia B miaockoctu Tpedtia, S — miomaasr Kpblia,
V. — ckopocTh HaOeraromero moroka, W;" — HOpMalbHas K TOBEPXHOCTH BHXPEBOM

TeJICHBI COCTAaBJISIONIAs CKOPOCTH, MHAyIUpyeMasi CBOOOTHBIMU BUXPSIMH B IIJIOCKOCTH
Tpedtia Ha i-oM sjeMeHTe TmeleHb. B mpolecce ONTUMHU3ALMK  ONPEACIACTCS

pacrpeneneHue LUPKYJsIUM [ BAOJb pa3Maxa HECyIIed CUCTEMbl IIPU 3aJaHHOU

MOAbeMHON cuiie (Ui Kod(ppuImeHTe moabeMHOM Criibl). Takke BO3MOXKEH yUeT IPYTrux
OTpaHUYCHUH (B YaCTHOCTH, Ha BEIMUYMHY M3THOAIOIIIETO MOMEHTA).
JlJ11 9aCTUYHOM ONTUMU3ALIMU, UMEIOIIEN CUIIBHOE OTPAHUYEHUE HA HEM3MEHHOCTD

reoMeTpuu 0a30BOro Kpbula, TpeOyeTcs Apyroil moaxoa. B 3ToMm ciyuae MHAYKTUBHOE
7



COIIPOTUBJICHUC NOJUKHO YUYHUTBIBATH B3aAMMOBIIMAHWC KPblJIda U KPBUIBIIIIKA B CICAYHOIICM

BUJIE!
Cx =Cxiz TCxz TCx3 +Cxy (3)
4 m m
e oy, =-¢ D> TAsg x> By} — KOIQOUIMEHT HMHIYKTHBHOIO CONPOTHBICHHUSA HA
k=1 1=1
KpBbLI€ OT CKOCOB KpbLiIa,
4 m n
Oy =75 D TkASc x D" B j — KO HUIHEHT MHIYKTHBHOTO CONPOTHBICHHS Ha KPbLIE
k=1 j=1
OT CKOCOB KPBUIBIILIKA,
4 n m
Cyy = —§ZFiAsi x> By} — KOI()QUUUEHT HHAYKTUBHOIO  CONPOTUBJIECHUS  Ha
i=1 1=1
KPBUIBIIIKE OT CKOCOB Kpblja,
4 n n
Cx,, :—§ZFiAsi x> BjTj — KkodQ(HUUMEHT HHIYKTUBHOIO  CONPOTHBICHAA  Ha
i=1 j=1
KPBUIBIIIKE OT CKOCOB KPBUIBIIIKA, By, By, Bjj ,Bij — K03 PuiIeHTbI a9p0IHHAMHIECKOTO

BIIMSTHUSL.
BeipakeHue Ui MOIBEMHOM CHJIBI OcTaeTcs B mpexHeMm Buae (2). [Ipu sTom Bce
FEOMETPUUECKUE U a3POJMHAMUYECKUE NapaMeTphbl Pa3JesslOTCA Ha JIBa MaccuBa: IS
KpbLIa Zg|, Yk, Fk,|, rac k, | usmensrores ot 1 J0 M U AJIs1 KOHOEBOI'O0 KPbUIBIIIKA Zij, Yijs Fi,j,
rae i, | Bappupyercs ot 1 1o n.
HecmoTtps Ha HEM3MEHHOCTh TreOMETPUU 0a30BOTO Kpbljia, HArpy3Ka Mo €ro pa3Maxy
B IIpOIECCEe ONTUMHU3AIMU OYyIeT HECKOJBKO H3MEHSTHCS (OCOOCHHO B KOHIIEBBIX

ceyeHusx). [loaToMy B JaHHOM METOJE€ HCIOJL3YETCS] WTEPAMOHHBIA TOAXO, T/E Ha



HA4YaJIbHOM JTare 3a7aceTcsl HEKOTOpas WCXOAHAs TEOMETPHUS KpPBUIBIIIKA. 3aTeM C
MOMOIIBI0 TIporpaMMbl IpsiMoro pacuera (mporpamma AEROJET nHa 0aze maHenbHOTO

metona Mopuno [20, 21] onpeaensercst pacupeieieHue UCXOAHOW Harpy3KH Mo pa3maxy
KpblJIa ¥ KOHIIEBOTO KPBUIBIIIKA Fg v ¥ (Ipu 3aHaHHOM Cy_ saran)- Jlasiee, B mporecce

ONTHMHU3AIMA BBOJUTCS KOMIIGHCHPYIOIAsi TIOTpaBKa Ha yroJ aTakd oo, a Bapuaius
IAPKYJSIITAN Ha KPBUIBIIIKE OMMUCHIBaeTCs Kak Ol';.
YcnoBue coxpaHeHHsI XapakTepa paclpeiesieHuss Harpy3Kd 1o pasmaxy 0a3oBOTO

KpbLIa CIYXXHUT B IICPBOM HpI/I6J'II/I)KCHI/II/I YCIIOBUEM HCU3MCHHOCTU €I'0 IrCOMETPUHU:

r
I =T) +aa—"5a. (4)
o

TOFI[EI KaK Ha KOHIOCBOM KPBUIBIIMIKC PACIPCACICHUC HAI'PY3KHW 3allMIICTCA

CEAYIOIIMM 00pa3oMm:

r =19+ Lot or;. (5)
| | 8 |
(0

ITpoussonneie oIy /oo W 0T /0o, KAK U UCXOAHBIE LIMPKYJIALUH FE 51 r?, TaKXe

MOJIy4ar0TCs TIPH MPOBEJICHUH MIPsIMOTO pacuera o nporpamme AEROJET.

3atrem cocraBmsierca (ynkiuonan JlarpaHka W COOTBETCTBYIOIIAs CHCTEMa
JMHEHHBIX ypaBHeHHH (6), Bbruucisemas metoaom ['aycca. HeoOXoauMo OTMETHTH, YTO
MPU YaCTUYHOW ONTHMHU3AIMHU 3aMKcCh (PyHKIMOHANA OyJeT MMETh 3HAUYUTENIBHO OoJiee
CJIO>KHBIN BUJI, YEM B CIIy4ae MOJHON ONTUMH3ALMHU, HO HA CKOPOCTh BBIUYUCIICHUS 3TO HE

BJIUACT.

< Or L, Ol L
q)(SFi,SOL)ZCX, -|-4—K Z—kAZk +Z—IAZi SOL-FZAZiSFi )
bS5 ko O -1 o i-1
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=0 — n ypaBuenwuii (I = 1...n),

odb
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oK

0 — 1 ypaBHeHue,

=0 — 1 ypaBHeHue,

(6)

IJI€ K — HEONPEICIICHHbIM MHOXKUTEIb Jlarpanxka.

1. Co31aHHe reOMeTPHH HecymeH CHCTeMB!

v

2. Pacuér no nporpamme AEROJET
H3HAYaTHHON reOMETPHH HecymeH
CHCTEMBI

¥

3. Pac4€T ONTHMATBHOIO pacnpee1eHH
UHPKY/IAUHH Mo pasmaxy KATIT

+

4. Onenxa 3QGeKTHBHOCTH ONTHMH3AUHH
MO CPABHEHHIO ¢ HCXOIHBIM BAPHAHTOM

!

5. TTOHCK ONTHMH3HPOBAHHOTO
pacnpeie1eHHs yrioB KpyTkH KATIT (s
HHOI'O reOMeTPHYeCKOro rnapamerpa)

v

6. KoppekuHa H3Ha9a1bHOH (HiIH
HCXOIHOM Ha TeKyIeM Jrane
ONTHMH3AIHH) reoMeTpHH KATI
IPATHEHTHBIM METOIOM

¥

-

7. Pacuér Hopo#t reomerprn KAITI no
nporpamyve AEROJET

v

8. CpaBHeHHe HOBOT'O PEIleHHS ¢
ONTHMATHHBIM

v

KOPPEKIIHA HEOOXOHMa

9. IpHHATHE pelIeHHs 0 HeOGXOAHMOCTH

AanbHemedt KOpPEeKUHH reoMeTpHH (NpH

HEJIO0CTATOYHOCTH BAPLHPOBAHHA KPYTKH
MOKET HCNOIb30BATLCA HIMEHEHHE

NpodHIHPOBKH, pacnpeieIeHHs Xopa no
pasMaxy H 1.1.)

1 KOppeKIHs He Tpedyercs

10, 3aBepmenne aIPOIHHAMHICCROIO
NPOEKTHPOBAHHSA

ITo pe3ynbpraTam 3Tana ONTUMHU3ALWNA

U TMOJNYyYCHHA 3aKOHa pacIpeaciIcHus I

KOPPCKTHUPYCTCA TI'COMCTPHA KpPBUIBIIIKA C

MTOMOILBIO IIPOTrPaAMMBI AEROQOJET.
[Tonyuennas TE€OMETPHS CITYKAT
HAa4yaJIbHbIM YCIIOBUEM I  CJIELYIOLIEro

JTana ONTUMHU3ALMM C HOBOW MCXOAHOU
IrE€OMETPUHN KPBUIBIIIKA.
EcrectBenHo, pe3yabTaT
ONTHMMH3allMM HE 3aBUCUT OT BbIOOpa
HUCXOAHOW reoMerpuu. Tak, B pacuerax Ha
npuMepe Mojenu pa3pabaThiBaeMoro B
DAY «CubHUA um. C. A. YanisIruaa»

caMoJIETa-IEMOHCTpATOpa IEPCHEKTUBHBIX

TeXHOJIOTHH (pacueTHas cXeMma HecylleH
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Pucynok 1 — OOIIHit anropuT™ MpOBEICHHS
a3POAMHAMUYECKOTO MPOEKTUPOBAHUS



CHCTEMBI KOTOPOTO TIPEACTaBICHAa HA PUCYHKE 2) MCIOJIh30BAIUCH UCXOIHBIC BAPUAHTHI
KpBUIBIILIEK C KpPYTKON ¢x= 10° m —10°. Ontumuzanusa 3a 3—4 urtepanuu OpPUBOAUT K
OHOMY  pe3ynabTaTy — Qg omr=—2,0° (yCTaHOBKa TakoW KpPYTKH  KOHIIEBOWM
aspoauHammdeckoii moBepxHocT (KAII) obGecrieunBaeT npupocT Kiax IpuOIH3UTENBHO
Ha 8,8 % 1Mo CpaBHEHHIO C KPBUIOM 0€3 CHEeHMaTIbHOTO0 KOHIIEBOTO YCTPOMCTBA, YTO OBLIO
npoJeMOHCTpupoBaHO B pabore [16]). [lomydeHHBle B HWTOre  ONTHUMH3AIUU
r€OMETPUYECKHUE MAPAMETPHI SBISIOTCS 3aKOHYEHHBIM PE3YJIbTATOM a3pOJIMHAMHUYECKOrO
npoektupoBanus. s yaoOcTBa mpeAcTaBieHusl OOIMUN alrOPUTM a’pOAMHAMUYECKOTO
IIPOEKTUPOBAHMS MIOKa3aH HA PUCYHKE 1.

CTOUT OTMETHUTH, YTO B METOJE YACTUYHON ONTHUMHU3ALHAUA IIUPOKO HCIOJIB3YETCS
nporpamma npsimoro pacuera AEROJET s BerunciaeHus pacrpeneneHus] TUPKYIIaIuu
BJIOJIb pa3Maxa Hecyllel cUCTeMbl. B TO e BpeMs BA3KOCTh 3aMETHO BJIMSIET HA HECYIIHE
CBOMCTBa pacCMaTpUBAEMbIX CHUCTEM, M COOTBETCTBEHHO, HA MHTEHCUBHOCTb BUXPEBOU
neJieHsl B miockocTu Tpedriia, B KOTOPOH U ONpeAensieTcss HHIyKTUBHOE CONPOTHBIICHHUE.

Jlis OLEHKM BIMSHUS BSI3KOCTH Ha pacyeT BUXPEBOTO ciefa ObLIO MPOBEACHO
CONOCTABJIEHUE PE3YJIbTATOB, IIOJYYEHHBIX C IIOMOLIBIO IIaHEJIBHONM NPOrpaMMBbl
AEROJET (HeBs3Kast )KHUIKOCTB), ¢ pe3yiabTaraMu pacuetoB o nporpamme OPENFORM,
WCIIONIb3YIOIIE MpU BBIYMCICHUM OCpenHeHHble ypaBHeHuss HaBbe-CTokca (BsA3Kas

KUIKOCTB).

11
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PucyHok 2 — PacuérHas cxema Kpbuia caMoJIETa-1eMOHCTPATOpa NEPCIIEKTUBHBIX
TEXHOJIOTUM C KOHIIEBBIM KPBUIBIIIKOM JUIsI IPOBENCHUS ONTUMHU3ALIHH.
KpyTka koHneBoro kppuibika ¢, = —10°, 2,6, 10°
HccnenoBanue MoJenu Kpbuta (PUCYHOK 3) B paMKax BSI3KOW IKUAKOCTH

POBOJUIIOCH C HCIOJB30BAaHMEM JBYX Mojeieit TypOymentHoctr: Spalart Allmaras u

k-o SST.

12



Pucynox 3 — I'eomeTpust Mogenu Kpbuta camoI€Ta-1eMOHCTpaToOpa
MIEPCIIEKTUBHBIX TEXHOJOTHM ¢ KOHIIEBBIM KpbUIbIIIKOM 11 pacdyeta B OPENFORM.
[Tokazan nmpuMep ¢ ONTUMHU3UPOBAHHON KPYTKON KOHIIEBOTO KPBUIBIIIKA (O = —2,6°

Jnst aroro Oblla MOATOTOBJIEHA YHOPSJIOYEHHass CETKa C COOTBETCTBYIOLIEH
OJIOYHOW CTPYKTYpOi: 001Iee KOJTUIeCTBO 3J1eMeHTOB — 10 MITH. si9eek, YuCio sueek Ha
npodwre —342 mrT.

Pacuer npoBoauicsa ¢ ABOMHON TOYHOCTBIO NPH UCIOJIB30BAHUM ITPOU3BOIHBIX 2-TO
MOpsiAKa B CXeMax JUCKPETU3alMU B JUala30He U3MEHEHMS yria ataku o =—2°...10° ¢
maroM B 2 rpajayca, Tak Kak HauOOJbIINIA UHTEpEC MPEACTaBIsIET UMEHHO KpencepcKui
pPeKUM, YIJIbl aTakKk Ha KOTOPOM, Kak mpaBwio, Maibl (pucyHku 4-5). Ilpu anamusze

Fpa(l)I/IKOB O0TMCYACTCA 3aKOHOMCPHOC 3aBbINICHHUC JAHHBIX II0 Cya, ITIOJIYUYCHHBIX B paMKax

uneanbHoi >kuakoctu (T.e. mo mnporpamme AEROJET), u xopomee cormacoBanue

PE3yNbTAaTOB PACYETOB IO 0OEUM MOJIEISAM TYPOYJIEHTHOCTH MEX]Ty COOOiA.
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Pucynok 4 — 3aBUCHMOCTB Cy, OT yIVIa aTaKu o, U1 BAPUAHTA C

ONTUMHU3UPOBAHHON KPYTKOM KOHIIEBOTO KPBUIBIIIKA Py = —2,6°

14



Vitia Bi Lok Vel st lads Vit i ok o il

SRt e &
Ox= -2.6
.—’—. Spalare Almaras
- - Gy
.
0] ._._‘ Acrojct
-

z
v

PucyHoK 5 — 3aBUCHMOCTH Cy, OT Cy, JJI BAPUAHTA C ONTUMU3UPOBAHHOM KPYTKOM

KOHIIEBOTO KPBUIBIIIKA @y = —2,6°

ComnocraBjieHHe MOJYYEHHBIX Pe3yJIbTaTOB
BsizkocTh 3aMeTHO CHIDKaeT Hecylue CcBoicTBa Kkpbuia (pucyHok 4). Ho
WHJIYKTUBHOE COMNPOTHUBJIICHUE CpPaBHUBAETCA TMPU OJMHAKOBBIX KOd(hPuimentax

MIObEMHOM CHJIBI Cy,, KaK TPaBUIIO, Ha KpPEHCEpCKOM pexume mnosera. llpu sTom

BCIIMYMHA HWHAYKTHUBHOTO COIIPOTUBJICHUA OIPCACIICTCA 3aKOHOM  PACIIPCACIICHUSA

uupkyaauuu I' (nmm kosdduunentom Gy ) 0o pasmaxy.
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HpI/I OIITUMMH3alIUHN CXi Kpblla € KOHIOCBBIM KpPBUIBINIKOM Ha BCCX JTallax

MUHAMM3AIINA WHIYKTHBHOE COIMPOTUBIICHUE OTMPEASISIOCh C TOMOIIBI0 MPOTPAMMBI
AEROJET. IToaToMy HE0OXOAUMO OLICHUTH BIMSHUE BSI3KOCTH Ha ATO pacnpeneneHue. B
KayecTBE IIPHMEpa PACCMOTPUM BapHaHT KpbUla C ONTHMH3UPOBAHHOM T'€OMETpHUEH
KOHIICBOT'O KPBUIBIIIKA (PUCYHOK 6).

[Tpoananu3upyem Oosee MOAPOOHO pacrpeaeiicHne KO3 (GUIIMCHTa JTaBICHHS 10

pasmMaxy KpblLla IOpu OauHakoBoM Cy, =~ 0,62. 3mech, Ha pHCYHKE 6 CpaBHUBAIOTCH

pe3yNbTaThl PACYeTOB KpbLja C ONTUMHU3UPOBAHHBIM BAPUAHTOM KOHIIEBOT'O KPBUIBIIIKA
(px =—2,6°) B KaxJIOM W3 KOHTPOJBHBIX CCUCHHH MO pa3zmaxy. HeoOXoIuMO OTMETHTH,
YTO pachpe/iesieHne JaBJICHUS B PA3IMYHBIX CEUEHUAX KPbUIa U KPBUIBIIIKA TPAKTUUECKU

COBIIaJaroT.
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15 15
Pucynok 6 — Pacnipenenenue Cp 1o pasmaxy Kpblia B cedeHusx; Cy, =~ 0,62

[Tpu sTom mons naBnenuit (pacnpeneneHue kodpduimeHTa 1aBIeHUS Ha BEpXHEU
MOBEPXHOCTHU KpbLIa), TOCTPOCHHBIC ¢ MCIOJIb30BaHueM nporpammbl PARAVIEW, OynyT
BECTH ceOs aHAJIOMYHBIM 00pa3oM (PUCYHOK 7).
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OPENFORM
7204

AEROJET OPENFORM o,

Pucynok 7 — Pacnpenenenue Cp 11 BapuaHTa ¢ ONTUMU3UPOBAHHON KPYTKOM
KOHIIEBOTO KPBUIBIIIKA (O = —2,6° 1pu Cy, = 0,62
s ipyrux BapraHTOB F€OMETPHUM HECYIEW CUCTEMBI PE3yJIbTAaT AHATOTUYHBIM.
[TonyuenHble pe3yabTaThl MO3BOJSIOT CAENaTh BBIBOA O TOM, 4YTO I 3aJad
MPEBAPUTEILHOTO adPOAMHAMUYECKOTO MPOSKTHPOBaHMs 00IMKa HecyIen cucteMbl JIA

p€aIn30BAHHBIC MCTOJAbBI OITHUMHU3AIMU ACMOHCTPUPYIHOT XOpomicc COIJIaCOBAHHUEC C

18



pe3ynbTaTaMu YHUCJICHHOTO JKCIIEPUMEHTA, YTO O0ECleYMBaeT WX MPEUMYIIECTBO Kak
owIcTpoaercTByOUX (pacuer BapuanToB KAII Obut mpoBeneH B TeueHue 1-2 MUHYT) U

3 (PEKTUBHBIX BBIYUCIUTEIBHBIX HHCTPYMEHTOB.

3akiouenue

bnarogaps THOKOCTM HAacTpOE€K OrpaHMYEeHMA Ha JdTane  (HOPMUPOBAHUS
¢bynkiuonana Jlarpamka, peanu30BaHHBIE METOJbI ONTHUMH3AIMH  O0ECHEYUBAIOT
BO3MOKHOCTh MUHUMU3ALIMA WHIYKTUBHOTO CONMPOTUBJIEHUS Hecymux cucrteM JIA n/mium
UX KOHIIEBBIX YacTel JI0OOM CIOXKHOCTU. A MOJITBEPKIECHHOE XOpOIllee COrjJacOBaHUE C
U3BECTHBIMM TOYHBIMHM PELICHUSMH, HUCHBITAHUSMH B a’pOJMHAMUYECKOW Tpyde W
pe3yiapTaTaMud  4YMCIEHHOTO  OKCIEPUMEHTa II03BOJIIET  MCIIOJIB30BAaTh €ro  Kak
OBICTPOJICUCTBYIOIIUN  BBIYUCIUTENIBHBIA ~ MHCTPYMEHT, IO3BOJIAIOIIMM  KOPPEKTHO
chopMynupoBaTh PEKOMEHIAINYU M0 pa3pabOTKe reoMeTpUn Hecyllen cucteMsl JIA, kak
Ha TEPBOHAYAJIIBHOM JTale€ NPOECKTUPOBAHMS, TaK W INPU MOJCPHU3ALUU YKE paHee
pa3pabOTaHHBIX a’pPOJUHAMHYECKHX CXeM Hecymed cuctembl JIA, a Takxke Npu HX

T0pabOTKE YCTAaHOBKOW KOHIIEBBIX KPBUIBIIICK.
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