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1 MATEMATHYECKOE MOAEJINPOBAHUE
HA PAHHUX CTAAUAX IPOEKTUPOBAHUSA

1.1. CmeHa NPOEeKTHBIX Mapaurm

[IpoekTupoBaHKe CIOKHBIX TEXHUYECKHX YCTPOIMCTB HEU30€KHO BEIETCS UTEPALMOHHO, C
YTOUHEHHUEM psifa B3aWMOCBS3aHHBIX MapamMeTpoB. [IpoekTHas mpakThKa B OTAENIbHBIX BHUAAX
MalIMHOCTPOEHUs BbIpaboTana ONpEAeNiCHHbIE AaJTOPUTMBI PACKPBITUS HEOMPEIEICHHOCTEMH,
CBSI3aHHBIX C BBIOOPOM TMPOCKTHBIX TEPEMEHHBIX. YKPYMHEHHO OTH aJTOPUTMBI HMEIOT
crenymooyto cxemy. Ha HadyanpbHBIX CTaIusAX MPOSKTUPOBAHUS Ui BHIOOpA MPUEMIIEMbIX 3HAUCHU N
MIPOEKTHBIX MEPEMEHHBIX UCIOIb3YIOTCS YIPOILIEHHbIE MATEMAaTUYECKUE MOJAEIIN MIPOEKTUPYEMOIO
W3AENUSA, KOTOPbIE MO3BOJIIOT BBIYHUCIHUTH NMPEAEIbHBIE 3HAYEHUS TOrO WJIM WHOrO Iapamerpa
(MpOEeKTHOW TMEepPEMEHHOI) Yepe3 BBHIMOJHEHHWE OTpaHWYEHUs B BUJIE PaBEHCTBA. Tak, Hampumep,
BbIOMpaeTcsl yaenabHas Harpy3ka Ha KpbUIO camojieTa MO YCIOBUSIM OOECTeueHus B3IETHO-
MOCaJOYHBIX XapakTepucTHk [1]. Uem MeHbIle 3Ta BEIUYUHA, TEM MEHbIIE B3JIETHO-TIOCATOYHBIC
CKOPOCTH, T.€. TeM Oe3zomnacHee camosieT. OHaKO WHXKEHEep 3HAeT U3 IPYIHX JAUCLUUIUIMH, YTO YEM
OoJibllie y/aelbHAsI Harpy3Ka Ha KPbLIO, TEM Jierde OyAeT ero KOHCTPYKIHs (KaK HU MapagoKcaabHO
9TO 3BYYMT Ha nepBbiid B3rMsA!). [losToMy mpoekTaHT BhIOMpaeT HauOOMBIIYIO BETHUNHY YASIbHON
Harpy3Ky Ha KpbUIO, MPU KOTOPOM eIlle BHITOIHSIOTCS BCe TpeOoBaHUs MO 0e30MacHOMY B3JIETY U
nocajake. [1ogo6HbIM 00pa3oM BBIOUPAETCS MHOXECTBO MPOEKTHBIX MEPEMEHHBIX C MOCTETIEHHBIM
YTOYHEHUEM, H BCE ATU PACUYEThI HA3bIBAIOTCS «IIPOECKTUPOBOYHBIMI.

B cnoxuBmeiica cucreMe NpOEKTUPOBAHMS, BO BCSIKOM CIIy4ae B CaMOJIETOCTPOCHHUH, Ha
3aKTIOYUTEIFHOM JTane pa3paboTKH, KOTJa OMpEeJeNieHbl BHEIIHUN BHJ CaMoOJeTa, €ro
KOHCTPYKIMSA, CTPYKTypa W TMapamMeTpbl BCEX OTAEIbHBIX 3JIEMEHTOB, BBIMOJIHSAIOTCA TaK
Ha3bIBAEMBIE «10GEPOUYHbIE) PACUETHI C UCIOJIB30BAHUEM BCEX JOCTMIKEHHNW B MaTE€MaTHYECKOM
MOJEIUPOBAHUM B PA3JIMYHBIX JTUCIUIUIMHAX: adPOJAUHAMUKE, CTPOUTEIBHON MEXaHUKE, TUHAMUKE
nosiera U T.4. Kak mpaBuio, 3T pacyersl UAYT MapalyieIbHO C HATYPHBIMU HCIBITAaHUSIMHU, TPU
ATOM BBIABIISIIOTCS HAPYUIEHUS OTIEJIbHBIX OTPAHUYEHUN U B KOHCTPYKIIMIO BHOCSATCS U3MEHEHUS.
DTOT MPOILIECC, HA3BIBAEMBIN «JTOBOJKAMMY, JOBOJBHO YaCTO MHOTOKpATHO MOBTOpsieTcs. B urore
neneBast QyHKIMSA, T.. KAUeCTBO MPOEKTa B IIEJIOM, TPAKTHYECKH BCETIa «yXYAIIaeTcs». Pacxompl

BPEMEHH U MaTEpUAIBHBIX PECYpCOB Ha ATOT 3Tam pa3pabOTKH JOBOJBHO YacTO CTaHOBSATCS
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OO0JIbIIECH YacThI0O CTOMMOCTH M BPEMEHHU Pa3pabOTKH MPOEKTa OT 3aMbICiia J0 3aIlycKa M3ICTHs B
IIPOM3BOJICTBO.

Takolf NOpsIIOK MPOEKTUPOBAHMS B aBUACTPOECHUU CIOXKWICA mocTeneHHo. CHadana Obul
MeToa «pod u ommbok». (YuTaTenb HaBepHsAKAa IMOJYYUT yJOBOJIBCTBUE, €CIIM HAWIET KHUTY
Kapna Byna [2] u o3HakomuTcs XOTs Obl C TpPEAMCIOBUEM K HEH, HAMMCAaHHBIM B (opme
namdrera). B pesynbrare BHIIOTHEHHs OOJBIIONO YHCIA MPOCKTOB HAKOMUICS OOJNBIION 00BEM
CTaTUCTHUYECKUX AaHHBIX. VX 00paboTKa MO3BOJMIIA MOIYYUTh TOCTATOYHO MPOCTHIE PAaCUETHBIC
COOTHOIIEHUS JJs BbIOOpAa NPOEKTHBIX IEPEMEHHBIX JIETaTEJIbHBIX aIllapaToB, I0J00HBIX
HPEJIIECTBYIOUIMM. OTOT METOJl IPOEKTUPOBAHUS MOXKHO Ha3BaTh <«980ar0yuoHHbiM». OH
3apoauiucs npumepHo B 30-e roasr XX Beka M mpuilen K cBoeMy ucuepnanuio B 90-e. K satomy
BPEMEHU PE3KO YBEIUYMIIACH CI0KHOCTh HOBBIX MIPOEKTOB, C OAHOI CTOPOHEI, a C JPYTrOil CTOPOHEI
— ©CTEeCTBEHHO YMEHBIIWIOCh MX KoinmdecTBO. Kpome TOro, okasaauch HCUYEpHaHHBIMU
BO3MOYKHOCTH HEKOTOPBIX TEXHMUYECKUX PELICHUH, UCIIONb3yeMbIX MaTepHuaioB U T.4. Hanpuwmep, B
CaMOJIETOCTPOSHUH HCYEPIaHbl BO3MOXXHOCTH TPAAMIIMOHHON a’dpOAMHAMHYECKOW CXEMBbI IS
JATBHEHIIET0 yBEIHUYEHHUS TPY30NOJBbEMHOCTH JIETATENBHBIX AaIlapaToB M3-3a MPOSBICHUS
JICHCTBUSI TaK HAa3bIBAEMOr0 3aKOHA «KBaApaTtoB U KyOoB» [3]. JlampHeiiiiee mHOBBIICHHE
IPOYHOCTU ATIOMUHMEBBIX CIUIABOB CBA3aHO C YXYALICHHMEM HMX CIIOCOOHOCTH COIPOTHBIIATHCS
Pa3BUTHIO YCTAIOCTHBIX TpemuH. [TosToMy miist nanpHelero nporpecca TpedyeTcst MOUCK HOBBIX
CXEMHBIX PEIIeHHH M TMEepexoj] Ha NMPHHIWIHUAIBFHO HOBBIE MaTepHaibl. TaKUMHU BHISATCS ceifuac
KOMITO3UIIMOHHBIE MaTepHalibl. B 3THX ycIOBHAX TpaJAMLIMOHHAS CXeMa IMPOEKTUPOBAHUS, KOTOPYIO
OyzeM Ha3bIBaATh «I60II0YUOHHOUY, TAKXKE MOXKET cuuTaThes ucuepnanHoi. Ha puc. 1.1.1 nokaszana
cxeMa pa3pabOTKH KOHCTPYKIIMK CaMoJIeTa 110 3BOJIFOIIMOHHOM TeXHOIOTHH [4].

['maBHBIE HEOCTATKH STOTO MOPSIIKA TPOSKTHPOBAHUS:

® HA PaHHUX CTAIMIX MPOSKTHUPOBAHUS KOHIENTYaIbHBIC peleHust 00 00IHnKe caMoéTa,
0 pa3MEMICHUH BBIPE30B U CTHIKOB, O BEIOOpE CHIIOBOW CXEMBI TUTaHEpa PEIIaoTCs, KakK
NpaBUJIO, MHTYUTHBHO, HAa OCHOBE IPOTOTHUIIOB, B JIy4yllleM Ccly4ae C aHaJIU30M
HECKOJIbKMX BapuaHToOB pemieHHH. OTbICKaHWE ONTUMAIbHOTO pELICHUs He
rapaHTHPYETCs, ¥ OTKIOHEHHE OT ONITUMYMa MOXKET OBITh OOJIBIINM,

e Ha cTaAuu pabodyero (ETaJbHOTO) MPOEKTUPOBAHUS OTAEIBHBIX arperaroB caMoJéTa
Ha3HAUYEHHE pPa3MEpPOB CHIJIOBBIX DJJIEMEHTOB KOHCTPYKIIMM TPOM3BOAMUTCS IO Tak
Ha3bIBAEMBIM TIPOEKTUPOBOYHBIM pacdéraM. OOBIYHO OHM CHIJIBHO YIIPOIICHBI H
HE/IOCTaTOYHO TOYHBL. B wuTOre mnoBepoyHbE pPacuy€Thl M HATypHBIE HCHBITAHUSA
BBISBIIIIOT MHOTO OIIMOOK M HETOYHOCTEW, YCTpaHEHHE KOTOPBIX MPHUBOJUT K
00JIBIIOMY, TPYIHO HMPOTHO3UPYEMOMY YBEJIMYEHHIO OOLIET0 KaJeHIApHOI0 BPEMEHH

pa3paboOTKH caMoJIETa U CTOUMOCTH MPOEKTA B IIETIOM.



CJ'IGI[CTBI/IGM OTOr'0 SABJIACTCS HNPUHATUC OIIMOOYHBIX TIPOCKTHBIX pCH_ICHI/Iﬁ u HHHTGHLHBIﬁ

UK UCIIBITAHUA U JOBOOOK.

IIpeaeapureasHoe JdeTansHoe IMoaroroBka k
NMPOCKTHPOBAHHE NPOEKTHPOBaHME NpPOH3BOACTBY
I.Buewnas u 2. Buibop 3. Coopounsie 4. Hosepou-| 5. Hamypnuie 6. Hauano
BHYMPEHHSAA CUn0Boil uepmedxci, Hble UCHBIMAHUSL cepuiinozo
KOMNOHOBKA,| _|CXembl MexHuuecKas paciemsi cepmugura- npouU3600Ccmeda,|
HA2ZpY3KU OoKymermayus KOHCMpyKyuu yus Mooughukayuu
H3menenne OTK/IOHEeHHA U
. HoBoaka
peweHui OIHOKH

Manasa zpynna Bonvwasn epynna I'pynna ananumuxos

cheyuanucmos KOHCIMPYKMOPOG. 8bICOKOII KeanupuKayuu.

WUPOK020 npodus. Pewenus Aodexeamnoe

OcHogHble peuieHls Gazupyromes Ha Mamemamuyecrkoe

basupyomces Ha npocmetuux Mooenuposarue

onwlme U UHMYUyuu Mamemamuyeckux

Mooensx

Puc. 1.1.1 Cxema TpaguOHHOTO (IBOIIOIIMOHHOTO) MTOPSIIKA MPOSKTUPOBAHUS
ABUALIMOHHBIX KOHCTPYKLUI
Ha puc. 1.1.2 noka3aHbl XapakTepHbIe ISl 3TOM TEXHOJIOTUHU OOIIHME 3aTpaThl HA MPOEKT B
OTHOIIEHWH K TUIAHOBBIM M TIOJHOTa TPHUHUMAEMBIX PEIIEHUH TI0 BpeMEHU pa3paboTKu
JIETaTEIBHOTO alapara.
[udposble oreHKH CcOOpaHbl U3 PA3IUYHBIX HCTOYHUKOB, BKIIOUasi OSKCIEPTHBHIE.

Amnanoruyusble rpaduKi MOXKHO HaiiTu B [5].

100%

W—

bpera

Puc. 1.1.2 M3meHeHue 3aTpaT U pacrupeeNieHre MPUHATHIX perieHni (B %)

Ha pa3IuJHBIX dTanax pa3padotku JIA



B psine nctouyHnkoB [6] MOKHO HAWTH OLIEHKH CTOMMOCTH HCIIPABJICHHS OIIMOOK, KOTOPBIC
pacTyT Ha TOPSAOK C KaXIbIM JTarioM >KM3HEHHOTO IMKJIAa pPa3paboTKH Mpoaykiuu. Ecim
UCIpaBlieHUE OUIMOKH MPH BhIOOpE O0JIMKa caMoJieTa CTOUT OJHY €IMHHUILY, TO HCIIPABICHHUE €€ B
ACKU3HOM TIpoekTe Oyzaer ctouth 10 equnmil, B padboueM npoektupoBarnu — 100 u T.11.

B Hacrosiiiee BpeMsi pa3BUTHE MHOTUX MH)KEHEPHO-TEXHUYECKUX HayK U COOCTBEHHO HAYyKU
O IPOCKTUPOBAHUM IIPUBOAUT K HOBOM IIPOCKTHOM Iapagurme, KOTOpas B AHIJIOSA3BIYHOU
TEXHHUYECKOH JITepaType MoJyduiia Ha3BaHue «concurrent designy», 4To MOXHO TEpPEBECTH Ha
PYCCKHI SI3BIK KaK «IPOCKMHASL MEXHON02UsL MO4H020 nonadanusy [4, 7).

OTOT TepMHH poawics B AWCKyccusx mpodeccopa B.A. KomapoBa c¢ mpodeccopom
yuuBepcurera Purdue (CIIIA) Teppu Beiicxaapom. CiioBO CONCUF MMEET 3HAYEHHE CXOOUMbCAL,
nepecexamcsi 6 00not mouke. CioBo concurrent — nepecexarowuiics, cosnadarowui [8]. B CILIA,
o TojkoBaHuio Teppu Beiicxaapa, 3TH clioBa elie UMEIOT CMBICI, CBA3aHHBIA C OPYKUEM U €ro
IPULIESIOM U 0003HAYAIOT: noUMams 00bEeKm 6 nepekpecmove U Nonacms MoyHo 8 yelb. ITa HOBas
MpPOEKTHas TMapajurMa pokJleHa TpeOOBaHHSIMH BpeMeHU. B pasnuynbix ¢dopMynupoBkax eé
MOKHO HAaWTH BO MHOXXECTBE TECUATHBIX MCTOYHUKAX, & TaKKe B CeTH VMHTEpHET NpH TMOUCKE TI0
KJIFOYEBEBIM citoBaM «Concurrent Designy.

HoBass TexHONOTHS TMPOEKTUPOBAHMUS 3apOAMIACh BCKOpE TIOCIE TOSBICHUS METOla
KOHEYHBIX DJIEMEHTOB KaK JIOCTATOYHO YHHBEPCAJIbHOTO W BBICOKOTOYHOT'O HHCTPYMEHTA ISt
aHaJIM3a HANPSDKEHHO-1e()OPMUPOBAHHOTO COCTOSIHUS TIPOU3BOJIBHBIX aBHAIIMOHHBIX KOHCTPYKITUN
[9]. OtnuuuTenbHbIe OCOOCHHOCTH TOM TEXHOJOTHH COCTOSAT B HCIOJIB30BAHUH BBICOKOTOYHOTO
MaTEeMAaTHYECKOTO MOJICTUPOBAHUS U TOTOJOTHYECKON (CTPYKTYpHOW) ONTHUMH3AIMU HA PAHHUX
CTaIUSX MPOEKTUPOBAHUS.

Ha puc. 1.1.3 TexHOJOTHS TOYHOTO TOMAJaHus MOKa3aHa MPUMEHUTEIBHO K KOHCTPYKIIUA

JICTATCJIbHBIX aIlllapaToB.

[IpeasapurensbHoe HeranbHoe IloaroroBka K
NPOEKTHPOBAHHE NPOEeKTHPOBAHUE NPOU3BOACTBY
1. Buewnsas, 2. Cmpyxk- 3. Hapamem- 4. Céopou- 3. Hamypwuote 6. Hauano
EHYMPEHHAN mypuas puueckas Hble ucnotmanus cepuiinozo
KOMNOHOBKG onMuMu- onmuMi- | luepmedcu, cepmugrixa- npousgodcmaa,
3ayun 3ayus mexHuyecKas yus .-WO()Hd)HKGL[Hl(
Q0KY-
KSM"' KBM']] MeHmayusd
Himenenne OTKIA0OHEHHSA U
pewmenuii Aosonka OmHOKHA
Manas zpynna Cosmecmnasn paboma
cReyuantcmos u KOHCIPYKIOPOE U AHATUMUKOSG.
CHeYuanbHoe Koauuecmeo ouinbox ymenoutaemcs.
npoepammuoe Coxpawaemces epems usmeneust peutenul,
obecneyenue nomomy Yymo umeem mamemamuieckyro Mooens

018 AdeK8amuo2o ananisa pPasnuvHblx 3aday

Puc. 1.1.3 Cxema npoeKTUPOBAHHUS T10 TEXHOJIOTUHU «TOYHOE MOMAIaHHUE»
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I'maBHBIE 0COOEHHOCTH 3TOTO MOPSAIKA MPOSKTUPOBAHUS M €r0 OTINYHUSA OT TPAAUIIMOHHOTO
COCTOAT B TOM, UTO Ha 3Tare BbIOOpa CHIIOBBIX CX€M KOHCTPYKTOPHI M aHAJIUTUKU PabOTAIOT BMECTE
U IPUMEHSIOT HAay4yHO OOOCHOBAaHHBIE METObl CTPYKTYpHOM onTuMu3auuu. Jljis 3Tux nenen
UCIIOJIB3YIOTCSl KOHEYHO-3JIEMEHTHbIe Mojenu nepBoro ypoBHs (KOM-I), xoropeie cimyxaTr s
IeHEepaluy CWIOBBIX CXEM M3 HEKOTOPOIr0 KOHTHHYYMa — HENPEPHIBHOM YNpPYroi cpensl. 3areM
CTPOSITCS. KOHEYHO-3JIEMEHTHBIEe Mojienu Oyaymed koHcTpykimu KOM-II. Tlpu 3TOM KOHEuHBIE
JIEMEHTHI UCIOJB3YIOTCS KaK SI3bIK /ISl ONMCAHMs NPUHSTHIX CTPYKTYpPHBIX pelieHuid. Jlanee Ha
KOHEYHO-3JIEMEHTHON MOZEIIN IPOBOJUTCS MapaMeTpUIecKas ONITUMHU3ALMS U TOJIBKO I10CJIE 3TOr0
BeleTcsl paboudee INPOEKTUPOBAHME U BBIIYCKAIOTCS YEPTEKU OTAEIbHBIX Y3JI0B U JeTanei
KOHCTPYKLIUHU C YYETOM UX PEKOMEHAYEMbIX pPa3MEpOB M JCUCTBYIOIINX B HUX YCHUJIMHA U3 OOIIETO
pacyéra riaHepa caMoJIETa KaK €JMHOM YIIPYTrOM CUCTEMBI.

Teopernueckue OCHOBBI M 3BOJIIOLMIO MeToJa KOHEUYHbIX 37eMeHToB (MKD) uurarens
MOyKeT HaiiTu B kuurax [10, 11, 12].

BaxHo 3aMeTuTh, 4TO B TPAJMLHOHHOM IOJXOJIE€ IPU BHIIOJIHEHUH [OBEPOYHOIO pacuéra
a/IeKBaTHOCTh MaTeMaTH4eCKOM MOJIENTM U KOHCTPYKLIMHM 00ECIIEUMBAET aHAINTHK, U UHOTJA 3TO OYEHb
TpyaHas 3a71a4a. B HOBOM 1oJxo/ie 3Ty aJIeKBaTHOCTh 00eCcIIeUrBaeT B OOJIBIION Mepe KOHCTPYKTOP.

HoBplii MoAX01 UCIIOIB3yEeT MaTEMAaTHUECKOE MOIETIMPOBAHUE BBICOKOTO YPOBHSI, HAUMHAs C
paHHUX cTaauil npoekTrupoBaHus. OnpeaeneHHbl ONbIT, HAKOIUIEHHBIH B 3TOM 00J1aCTH, 103BOJISIET
TOBOPUTh O CYLIECTBEHHOM COKpAIllEHWU JOBOAOYHBIX PadOT W W3MEHEHHUU POJM HCIBITAaHHM.
BMecTo OCHOBHOro cpeicTBa JUIsl BBISIBIEHUS OIIMOOK HPOEKTHPOBAHUS HCIBITAHUS JOJKHBI
WCIIOJIb30BAThCS ISl MOATBEPXKACHUS IPABHWIBHOCTH IPOEKTUPOBAaHMs. B 3TOM M 3akirouaercs
[JIaBHBIN CMBICII HOBOM MPOEKTHOM MapagurMbl — OMACTh TOYHO B LIENb!

Jlnst ycnemHoW peanu3aiid HOBOW MPOEKTHOM TEXHOJIOTHU HEOO0XOIUMO 00eCTeuuTh, B
HEPBYIO OYEpPEllb, TOYHOCTh PACUETOB, KOTOPBIE MO3BOJISIOT Pa3pabOTUMKy BBIOPATh ONTUMANIBHYIO
CTPYKTYpY M HapaMeTpbl CO37aBaeMoOro 00beKTa. DTU pacyeTbl M COOTBETCTBYIOILIME MOIEIH
MOYKHO Ha3BaTh «NPOCHO3HbIMUY WIIN 1axke, 00JIee TOUHO, «Nnpe0CcKa3amenbHblMU.

CoBpeMeHHbIE JOCTHKEHHUS B 00JIaCTH MaTeMaTHYEeCKOI0 MOJEJIMPOBAHMS aBUAI[MOHHBIX
KOHCTPYKLUH, MOJETHPOBAHUS MPOIIECCOB OOTEKAHUsI OTJENBHBIX YacTel M caMmoJyiéTa B LIEJIOM, a
TakKe HOBBIE ONTHMHU3AIMOHHBIE MOJEIN MEXaHUKU TBEPAOTro AeGOpMHUPYEMOro Tejla CO3/a0T
NPEINOChUIKM ISl Tepexofa KOHLENTYaJbHOrO0 MPOEKTHUPOBAHUS HAa TEXHOJOTHIO TOYHOI'O

nornajanus «concurrent designy.

1.2 [loBbIIEHNE TOYHOCTH A3POIMHAMHYECKHUX PACYéTOB

BHG,Z[peHI/Ie MaTCMaTUYCCKOTr0o MOACIIUPOBAHU 00TEeKaHUs TEI B nmponecc KOHUCUTYaJIbHOTO

IMPOCKTUPOBAHUA CaMOJIETOB MO3BOJISET 3aMETHO MOBBICUTH TOUYHOCTh oJIyd4a€MBIX pE3YyJIbTAaTOB, a



TaK)Ke 3HAUUTEIbHO PACHIMPUTh KPYT peliaeMbIX 3aj1ad. Pa3BuTre HanpaBlieHUs] MAaTEMAaTUYECKOTO
MOJICTTMPOBAHUSI B 3TOH O0JACTH TO3BOJIMJIO KOHCTPYKTOpPAaM OTKa3aThCS OT MPOBEACHHS psaa
HEOOXOMUMBIX  paHee OSKCIEPUMEHTAIbHBIX  HUCCIENOBaHUI, 3aMEHMB HMX  YHUCICHHBIM
SKCHEPUMEHTOM. [[1s1 3TOro Ha CErOAHSAIIHUI JAECHb MCHOJB3YIOTCS PAa3IM4YHbIE MAaT€MAaTHUYECKHE
MO/IEJIU, TIOJIOKEHHBIE B OCHOBY METOJIOB MOJICJIMPOBAHUS, a TAKKE AITOPUTMOB U MPOTpamMM JJis
ux peanuszanun Ha DOBM. Hambonee M3BECTHBIMH W WCIOJNB3YEeMBIMH Ha CETOIHS METOJaMU
MaTE€MaTUYeCKOro MOJICTUPOBaHUSI OOTEKaHUs TeN SBJISIOTCA METOJ, HMCTOYHUKOB, KOHEUYHO-
Pa3sHOCTHBIA METOJ, BUXPEBBIC METOJbI, METOA KOHEYHbIX 00BEMOB [13, 14, 15, 16]. B ocHoBe
MaTeMaTUYECKOT0 amnmnapara 3TUX METOJ0B IPUMEHSIOTCS TOCTATOYHO OOIME YUCIEHHBIE METOIbI,
YTO TIO3BOJISIET paccMaTpuBaTh OOTEKaHWME TeN NPAKTUYECKH JH000i KoHpurypanuu. B
OOJIBIIMHCTBE CJIy4YaeB MCIIOJIb30BAHME YWCICHHBIX METOJOB IMPOJUKTOBAHO HEPA3PEUIUMOCTHIO
ypaBHEHUU B aHaIUTH4ecKoM Buzae. OOIacTh MpPUMEHEHHUS KaKJIOTO W3 Ha3BaHHBIX METOJIOB
ONpENENAETC COBOKYITHOCTBIO €r0 CHUJIBHBIX CTOPOH M HEJIOCTAaTKOB JJIsi PELICHUS TOM WM MHOU
3ajaud. Ha HavanpHBIX CTaaMsIX MPOEKTUPOBAHUSA B paMKax IMAapagurMbl TOYHOTO MOMAJAHUS K
METo/JaM pacu€Ta a’pOAMHAMUYECKUX XapaKTEPUCTUK TNPEIBABISIOTCA TaKUe TpeOOBaHUSA:
npuemiieMoe ObICTPOICHCTBYE, JOCTATOUYHAS TOYHOCTH, TPOCTOTA M OBICTPOTA MOATOTOBUTEIBHBIX
omepanuii, cobopa U 00pabOTKU MOJTydaeMbIX pe3yabTaToB. lIpu 3TOM AOMKHO O0OecreuynBaThCS
MOJIyYeHUE KaK MHTETPAIbHBIX (adpoJAMHAMUYECKUE KOI(D(DHUIMEHTBI CHJI ¥ MOMCHTOB,
a’POJIMHAMUYECKOE Ka4eCTBO M T.JI.), TaK U PACIPEICIEHHBIX adPOJIUHAMUYECKUX XaPAKTEPUCTHUK
(pacnpeneneHre To pa3Maxy Kpblia W/WIW Xophe Npoduis HUPKYIALHUA BEKTOpa CKOPOCTH,
pactupenenenue koddduureHTta MaBIeHHS IO MOBEPXHOCTH KpbUla W T.A.). MHTerpaiabHbIE
MOKa3aTeIM CIYXKaT IJisg ONpeNeieHUs XapaKTepUCTUK JMHAMHUKUA TONETa camojiéTa, a TakkKe
XapaKTEePU3YIOT €ro a’poIMHAMHYECKOE COBEPIIIEHCTBO, KOTOPOE, B CBOIO OY€pe/Ih, OOYCIIaBIMBAET,
HampUMep, BEIUYHHY NOTPEOHON MOIIHOCTH JBHUraTeled CHJIOBOM YCTaHOBKH WU Maccy
NOTpeOHOr0 KOJIMYEeCTBa TOIUTMBA. PacrpenenéHHble a’pOAMHAMUYECKHWE XapaKTEPUCTUKH Ha
CTaJUU TPEIBAPUTEIHLHOTO TMPOEKTHPOBAHMS B paMKax NapaJurMbl TOYHOTO TOMAIaHUS
WCITOJTB3YIOTCSI B IPOYHOCTHBIX U BECOBBIX pacuéTax.

B cBs3u co cTpeMUTENbHBIM Pa3BUTHEM BBIUMCIUTENBHOM TEXHUKA B TOCIEIHUE
JIECATUIIETUS IIIUPOKOE PACIIPOCTPAHEHHUE MOTYUUIN METO/bI, UCIOJIb3YIOIIUE PEHIEHUE OCHOBHBIX
ypaBHEHUHW a’poMexaHuku — ypaBHeHUN HaBne-CTokca. B o0miem ciydae oHU OTpa)karOT 3aKOHBI
coxpaHeHHUs (KOJMYECTBA IBWKEHHUS, HEPA3PBIBHOCTH CPEIbI, IHEPTUU) U TPEACTABISIOT COOOM
cuctembl nuddepeHIuaNnbHbIX ypaBHEHUH, 3aMbIKaeMble MOJACNISAMU TypOymneHTHOocTH. s ux
peIleHus Yalle BCET0O UCTIOIb3YeTCsS YUCICHHBIN METO/I KOHEYHBIX 00BEMOB.

MogaenupoBaHre Te4eHUW Ha OCHOBE penieHus ypaBHeHuil HaBbe-CTokca sBisieTcss B
HacTosIIee BpeMsl HanboJjiee MOMYJISIPHBIM, YTO OOBSICHSETCA OONBIIMMU MPEUMYIIECTBAMU TaKOT'O

noaxoaa mepea nmpoyrMmu. K HUM OTHOCATCS BBICOKAs TOYHOCTH U AOCTOBCPHOCTL MOJTYy4aCMbIX
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pe3yabTaToB, MOAPOOHBIA YUY€T (PU3UUECKUX CBOMCTB Ta3za (CKMMAeMOCTh Tasa, BA3KOE
B3aMMO/ICHCTBHE CO CTEHKAaMH TeJ, KHHEMAaTHUYECKUI HarpeB U T.1.), OJTy4YeHHE MOJTHOW KapTHUHBI
oOTekaHusi BOJIM3M M Ha yaaJlleHHMH OT paccMarpuBaemoro tena (puc. 1.2.1, 1.2.2), BO3MOXKXHOCTb
MOJICIIMPOBAHMS aKyCTHYECKHX SIBJICHUH, PEIICHHE HECTAIMOHAPHBIX TEYCHUH C OONIMPHBIMHU
30HAMH OTpPbIBA, MOJCITUPOBAHHE MHOTO(A3HBIX CpeA, MCCIEJOBAHUE 3BYKOBOIO YyAapa Npu
cBepx3BykoBoM monére (puc. 1.2.3), MomenupoBaHUE ITaMUHAPHO-TYpOYJIEHTHOTO Mepexoaa B
NOTPaHUYHOM clioe u Tpodee. B paborax [17, 18] HarnmsaHO mpeacTaBlieHbl MPUMEPHI PEILICHHS
pa3HOOOpa3HBIX HAYYHO-TIPAKTUYECKUX 3aad a’pOJMHAMUKH Ha OCHOBE 3TOoro meroxa. Ha
CETONHSIIHUN JIeHb pa3paboTaHOo OOJIBIIOE KOJMYECTBO MPOTPAMMHBIX KOMILUIEKCOB, TJIE
peaM3yroTCs 3TH METOMBI, K TakuM npoayktam otHocsitest Jloroc CFD [19], Ansys CFX, Ansys
Fluent, FlowVision [20], Star CD, Star CCM+ [21], Numeca [22] u MHOTO apyTHuX.

=

¢S

Puc. 1.2.1 Pactipenenenne naBieHus 10 OBEPXHOCTH KOMIIOHOBKH KPBLUIO-(PIO3EISIK TPAHCIIOPTHOTO

camonéra, NoJy4eHHOE YUCIICHHBIM peleHneM ypaBHenuit HaBre-Crokca

Puc. 1.2.2 Tlone pacnpeneneHusi CKOpocTei BOKpYT poduiist Kppiia
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Pressure [Pa)
HE Tl .
W% %, AR

Puc. 1.2.3 Tlone naBnenwuii okosno JIA npu cBepx3BykoBoM o0Tekanuu [17]

MogenupoBaHue TeueHHs Ira3a ¢ noMollbto ypaBHeHuil HaBpe-CTOKca criocoOHO Hambosiee
HOJpOOHO ONHUCHIBaTh (DPU3MKY Ipoliecca B paMKax ACUCTBUS T'MIIOTE3bl CIUIOIIHOCTH CPEIbl, YTO
IaéT BO3MOXKHOCTh TOYHO TOBTOPSATH (hnu3ndeckue skcrepuMenTsl. Ha puc. 1.2.4 nokasan npumep
YHCJICHHOTO MOJICIUPOBAaHUS (PU3MUECKOrO OSKCIeprUMeHTa mpoxayBku wmozenu DLR — F4 B
aspoaunamudeckux Tpyoax NLR-HST, ONERAS2MA u DRA (NASA). JlanHble 5KCIIEpHMEHTA

B34THI U3 [23].

Puc. 1.2.4 TIpogyBounas mozaens DLR —F4 [23]

Ha puc. 1.2.5 npousBoautcs pacnpeaeneHue ko3dduuuenta qapieHus mo xopae Kpblia B

OJHOM H3 €TI0 CC‘-ICHPII?I, HOJYUCHHOC JOKCICPHUMCHTAJIbHO W C TIOMOIIBIO MAaTEMAaTUYCCKOTO
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mMoaenupoBanus B mporpaMmmHoM komiuiekce ANSYS CFX Ha ocHoBe pemienust ypaHenuii HaBbe-

Crokca.
Cp
0,6 p-p—t——s.
/ r ‘:'\"'q SrcriepumeHT
04 [+ =
/ 1 Pacuét
0,2
] P =,k gel=y —p
0 —
I X
0,2 = S SR R -
-
0,4 = \\ P
P ~
7
0,8
1
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

Puc. 1.2.5 I'paduku pacnpenencuust Ko3phUIMSHTa aBICHUS 10 XOPE KPbLIa, MOJTyUYCHHBIC
3KCIEPUMEHTAIBHO | C TIOMOIIbI0 MaTeMaTiuyeckoro Mozemuposanust ( Z = 0,331; ¢y, = 0,6; M = 0,75;

Re = 3-10°) [24]

Taxoe e conoctaBieHue NPUBOAUTCS U MO KO PULIMEHTY MOABREMHOM cuiibl Ha puc. 1.2.6.

09 Cya C—_——
-

0,8 _ -
0,7 /
0,6
Pacust /7
0,5
'y \

0.4 -ar

7 N\

./
0,3 /’ FECIEPUMEHT
) .

0.1

Puc. 1.2.6 3aBucumoctu kodgdunmeHTa nogsEMHO# cuitel ot yria araku DLR —F4, nony4ennsie

3KCMEPUMEHTAIIBHO M € IOMOIILIO MaTEMaTHIeCKOro Mojiesmposanus (M = 0,75; Re = 3-10°) [24]

Bonbire BO3MOXHOCTH OTKPBIBAIOTCS W JUIS BU3yalu3allid TEYCHUN MpU OOTEKaHWU Te.
Ha puc. 1.2.7 mnoka3zaHo HalOXEeHHE JHHUA TOKA, TMOJYUYEHHBIX OKCIEPUMEHTAILHO B
aspoauHamuueckor Tpyoe T-1 CI'AY (Genwiif ApIM ¢ TOACBETKOM J1azepoM) u pacuérom B ANSYS

CFX (3enénple MTMHUMN) TIpU 00TEKAaHUU MOACIH (Pro3esisKa HEKpyTIIoi (hOpMBbl MUEIS.
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Puc. 1.2.7 JIunuu Toka, MOJIy4EHHBIC SIKCIICPUMEHTAILHO U B TIporpaMMHOM Komiuiekce Ansys CFX

o =20°, V= 1,5 w/c, Re = 4 10*[24]

Onnako mMozenupoBanue oorexkanus JIA myrém pemenus ypaBHenuilt HaBbe-CTokca umeer
U psiJI HEJOCTAaTKOB, HanOOJIee KPUTHYHBIX U HAYaJbHBIX CTAaJIUil MPOCKTHPOBAHUS — OOJIbIIHE
BpPEMEHHBIC 3aTpaThl Ha PACY€T W TOATOTOBUTEIBHBIC OINEpalnud. MeToJ KOHEYHBIX OOBEMOB,
UCMOJb3YeMBbIH Ul pELICHUs YpaBHEHHH, MpeArnoyiaraeT MOCTPOEHHE TPOMO3JAKHX PacyETHBIX
CeTOK IO BceMy 00BEMY paboueil 00iacTd, KOJIMYECTBO f4YEEK KOTOPBIX B 3ajayax BHEIIHEH
a’poIMHAMUKH MOKET 10X0auTh 10 40..50 muH u Gonee (puc. 1.2.8). JIOMOJHUTEIHLHO BOSHUKAET
BOIIPOC MapaMeTpU3alluu CETKH, a TaKkKe €€ aBTOMATUYECKOro MEePEeCTPOCHHUs NpPU NPOBEACHHUU
napaMeTpUUecKuX MCCIEJOBaHUM, YTO 3a4acTyl0 MCKIIOYaeT BO3MOXKHOCTh HPUMEHEHHUS

PETYJISIPHBIX CETOYHBIX CTPYKTYP VISl Iy4lIEeH CXOJAUMOCTH PELLIECHUS.

Puc. 1.2.8 PacuérHas ceTka MeTOa KOHEUYHBIX 00BEMOB (B CCUCHHH)

JUISL MOJICTUPOBAHMS TPEXMEPHOTO OOTEKaHUs KpbLUIa
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Puc. 1.2.9 Pacuérnas ceTka Ha MOBEPXHOCTH XBOCTOBOTO OMEPEHHS MOAEIH JIETKOro caMoiéra

Ipu MOACIIUPOBAHUN ’I’péXMepHOTO 00TEKaHus C IIOMOIIBIO ypaBHeHI/Iﬁ Haspe-Croxca

B 10 ke Bpemsi mpuMEHEeHHE JJAHHOTO METO/Ia Ha dTare KOHIENTYaTbHOTO MPOSKTUPOBAHUS
MOJKET HAlTH MECTO B MIPOBEPOUYHBIX pacuéTax, UCIOIB30BaThCA Ul BepuduKauu 0osiee mpoCThIX
Mojieei, 3amemiaTh co0oil TpPymOoEMKHE HKCIEPUMEHTATbHBIE HCCIEIOBAHUS TPU BBEJICHUU
MPUHIMITAATFHO HOBBIX KOHCTPYKTOPCKHX pelieHuid. [IpuMepsl HCIIONB30BaHHS METOJIOB
MaTEeMaTHYECKOTO MOJeIMpoBaHusi Ha 0Oaze pemeHust ypaBHeHwii HaBbe-Ctokca Tmipm
POEKTUPOBAHUH U ONTUMH3AIIMK 00JIMKa CaMOJIETOB MOKHO HalTH B paboTax [25, 26, 27, 28, 29].

HccnenoBanne  a’poAMHAMUYECKUX  XApAaKTEPUCTHK HA  dTalme  KOHIENTYalbHOTO
MPOSKTUPOBAHUS MOXET JOIYyCKaTh BBEJCHUE ONPEACIEHHBIX VIPOIICHUH W JIOMYIICHUMH,
MPAKTUYECKH HE BIIMSIONIMX HA KOHEYHBIA PE3yJIbTAaT, HO CYIMIECTBEHHO OOJICTYAIOIINX PaCuéT.
Hampumep, npu BBIUKCICHUH BO3AYIIHBIX HArpy30K I€IECOO0pa3HO pacCcMaTpUBATh HEBSZKUE H
HEC)KMMaeMble TeUSHHUSI, 111 OMUCAHUS KOTOPBIX B paMKaX METOJja KOHEUHBIX 00BEMOB IOCTATOYHO
JIMIIG PEIICHHUs] ypaBHEHHWU IBMXKeHHs (ypaBHeHus Diiepa) [14]. Yacto B mogo0HBIX 3aauax
TEYEHUE Ta3a MOXKHO TaKXKe CUUTATh HEBS3KHM, HEC)KUMAeMBIM W O€3BHXPEBBIM. YpaBHEHUS,
OTHCHIBAIOIINE TaKHe TEUEHHUs, MOTYT OBITh CBEIEHBI K ypaBHeHHIO Jlarumaca ansi moTeHIMalia
CKOPOCTEH C TpaHWYHBIMH YCIOBHUSMH. BONBIIMM MpPEMMYIIECTBOM JaHHOTO METOJa SIBISETCS
CTPYKTypa pabodeil 00JacTH, KOTOPOH BBICTYMAET JIMIIb MOBEPXHOCTh TeJla, a He 00BbEM BOKpPYT
TeNa, HAXOMAANIMICS BHE TOBEPXHOCTH. OTO JENaeT BO3MOXHBIM CO3/1aBaTh AKOHOMHBIE TIO
BBIUMCIIUTENBHBIM pecypcaM U MAIIMHHOMY BPEMEHU alrOPUTMBI, MO3BOJISIFOIINE CPAaBHUTEIBHO
MIPOCTO paccMaTpuBaTh OOTEKaHWE TeN CIOXKHOW (GopMmbl. Ha OCHOBE 3TOr0 mMoaxoma, Hampumep,

byukunonupyeT nporpammusiii mpoaykt APAME [30].
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OtnenpHOE BHMMAHHE 3aCiIyKUBAlOT METOJbl, OCHOBAaHHbIE Ha BUXpPEBOM Teopuu. B
COOTBETCTBUU C HEW BO3MYILUEHHOE JBHKECHHME OKOJIO HECYIIEH IOBEPXHOCTH MOKHO H3y4yaTb C
IIOMOIIBI0 BUXPEBOI CXEMBI, BKIIOYAMOIICH MpUcoeauHEHHBIE U cBOOOaHbIe BuXxpH (puc. 1.2.10),
oOpa3yroliye BHUXPEBYIO IEJEeHY, KOTOpBIE CO3JAI0T TaKOe >KE€ paclpeiesieHue CKOpocTell u
JIABJICHUH, KaK M 3aJaHHasi Hecylas moBepxHocTh (puc. 1.2.11). BuxpeBas cuctema mpeacraBiser
cO0OH COBOKYIMHOCTH ITOJKOBOOOPA3HBIX BUXPEH, KaXblii U3 KOTOPBIX O00YCIaBIUBACT MECTHYIO
nupKyJsinuio [13].

Hawnbosee n3BeCTHBIM BUXPEBBIM METOJIOM SIBJISIETCS METOM TUCKPETHBIX Buxpei (MIB).

[T 06pa3Hbil 8uXpb Buxpesas pamka [TepedHsa kpomka

KormponbHas modka Cred 3a0HAa kpomka

Puc. 1.2.10 Cxema 3aMeHbI CepeIMHHOI MOBEPXHOCTH KPbLJIa CUCTEMOW TUCKPETHBIX BUXpei [31]

Puc. 1.2.11 BuxpeBas cucreMa TOHKOM HecyIneil moBepXxHocTH Kpsiia [31]
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B nmpakTuke a’poIuHaMUYECKHX pacy€TOB OH MOJIYYMJI IIMPOKOE PACIIPOCTPAHEHHE 3a CUET
CBOMX TJIaBHBIX IPEHMYIIECTB: Malloe 3aTpauvBaeMoO€ BpeMs Ha pacu€T, a TaKkKe BbICOKas
TOYHOCTh pacyéra WHAYKTUBHBIX a’pPOJMHAMHYECKUX XapPAKTEPUCTUK (MHTETPAIBHBIX |
pacnpeenéHHbIX ), BO3MOKHOCTh MOJICIMPOBAHUS HECTAIIHOHAPHOTO TEUEHHS, PACUET HETMHEHHBIX
a’pOIMHAMHUYECKHX XapaKTePUCTHK JIeTAaTeNbHBIX ammaparoB Jo0bix ¢opM u T.a4. CuibHBIE
CTOPOHBI ATOTO METO/A IMO3BOJISIOT MPUMEHSTH €ro APQPEKTUBHO HAa CTAIHMSIX KOHIIETITYalTbHOTO
POCKTHPOBAHUS CAaMOJIETOB, YIOBJIECTBOPSS TPEOOBAHUAM MapaJUrMbl TOUHOTO MOMaNaHUs. YUET
CHJI BSI3KOTO TPEHHsI NP PAacuy€Te MHTETPAIBHBIX a9POJIMHAMUYECKHX XapaKTEPUCTUK CaMOJIETa C
ucrons3oBanueM M/IB MOXXHO MPOM3BOAMTH, HApUMEpP, B KOMOMHAIMN C PEIICHUEM YpPaBHEHUS
norpanngHoro cios [32]. Ha puc.1.2.12 npencraBieHo pacrpeaeseHue AaBICHUs M0 MOBEPXHOCTH

KpbUIa, IOJIy4eHHOE ¢ moMouibo M/IB.

Puc.1.2.12 Pacnipenienienue AaBaeHUs TI0 TIOBEPXHOCTH KpbLia, Mody4eHHoe MeTogoM MJIB [31]

OcHoBoIMoOJIaralIMMe pabotTamu B 3Toi obnactu siBisitorest [15]. B paborax [33, 34, 35]
pPaccMOTPEHBI BO3MOXKHOCTH TPHUMEHEHHUS BHUXPEBBIX METOAOB Ui ONTHUMH3AIMH CUJIBHO
neGOpPMHUPOBAHHBIX HECYINIMX MMOBepXHOCTeH. B pabore [36] MOKHO O3HAKOMHUTBCS C
BO3MOXKHOCTSIMHU JTAHHOTO METOJIa TP HUCCIICIOBAaHUU CTAaTHYECKON adpOoympyrocTH Kpbiia. MeTo
M/IB peanu3oBan B mporpaMMHBIX KoMIuiekcax Tornado [37], XFLR [38], DMVWing [39].

B noarepxkaenue npumenuMoctd M/IB i pacd€ToB adpouHAMUYECKUX XapaKTEPUCTUK
Ha CTaJWM KOHICNTYAJIbHOTO IPOCKTHPOBAHUS B pPaMKaX IHPOSKTHOW TapaaurMbl TOYHOTO
TIOTIJIaHuUs TIPUBEIEM HECKOJIBKO PE3YJIbTaTOB COMOCTABICHUN MHTETPAIBHBIX a3pOTUHAMUYICCKUX
XapaKTEPUCTUK KpbUIbEB, paccuuTaHHbIx mo MJIB B mporpamme CamapcKoro yHHUBEPCUTETA

DMVWing [39] u monyuennbix sxcnepumentanbio B [IATU [40] (puc. 1.2.13, 1.2.14).
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Puc. 1.2.13 3aBucumocts ¢, (@) , nonyuennas B mporpamme «DMVWing», 1 skcrepuMenTaIbHas

3aBucuMocTs €, () (A=5mn=10c=12%, y, =0°S=045wm%V,_ =50wm/,Re =10 [31]

Cxa
0,045
0,04
0,035
0,03
0,025
0,02 <
0,015
0,01
0,005
0

=MV Wing

© JKcnepuMeHT

-10 -5 0 5 o’

Puc. 1.2.14 3aBucumocts ¢, (@) , paccuntannas B nporpamme «DMVWingy, u skcriepumeHTanbHast

sapucumocts (A =5, 17 =1, ¢ =12%, ¥, =0°S=045m? V_ =50 m/c, Re = 10° [31]

n
ComnocraBieHue Io paCHpC,Z[eJIéHHBIM XapaKTCPUCTUKAM MPOU3BCACHO C

SKCHICPUMCHTAJIbHBIMU NAHHBIMU, B3ATbBIMU W3 HCTOYHHKA [41] npu Apyrux reoMEeTpuiYCCKUux

xapakTepucTukax kpeuia. Ha puc. 1.2.15-1.2.16 mpezacraBieHo pacmpeneieHne OTHOCHUTEIbHOM
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LUPKYJSIIUU 110 pa3Maxy KpBUIEB pPAa3HOM TIeOMETpuH, nojydeHHoe nmo MJIB B mporpamme

DMVWing u skcniepumeHTanbHo [41].

0,6 — Pacuér

<> DKCnepumMeHT
0.4

0,2

0 0.2 04 0.6 0.8 y 4

Puc. 1.2.15 PacrnipesiesnieHre OTHOCUTEIBHON MUPKYJISIIAK 10 pasmaxy kpsita (A = 10; n = 2; y = 0°) [31]

1,0

0,8

0,6 o
—— Pacuér

JKcnepuMeHT
0.4 < P

0,2

0,0

0,0 0.2 0,4 0,6 0,8 2

Puc. 1.2.16 PacnpeneneHre OTHOCUTEIBHOM MTUPKYIIAIK 110 pa3Maxy kpsiaa (A = 10; n = 1; ¢ = 0°) [31]

Taxkum o6pa30M, B HACTOAIICC BPEMA YCIICXHW B YHCJICHHBIX MCTOAAX a’pOJUHAMUKH U HUX

pcam3anuAax B INPOTrpaMMHBIX KOMIIJICKCAax Ha OBM 103BOASIOT IMoJIydaTb OICPAaTUBHBIC OTBCTHI

Ha BCC OCHOBHBIC BOIIPOCHI, BO3HUKAIOMIUEC HAa CTAJUAX KOHICTITYAJIbHOT'O ITIPOCKTHUPOBAHUS.
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1.3 TeopeTnueckne 0CHOBbI BECOBBIX Pac4éToB

[IpuBenéHHbBIE B MEPBOM YaCTH JAHHOTO MOCOOUS pacuéTHble GOPMYIIbI IJIs OMpeesieHus
a0COJIIOTHBIX M OTHOCHUTENBHBIX MAacC CaMoOJETa B 1IEJIOM M €r0 OTAEIbHBIX YacTell NOCTPOEHBI Ha
OCHOBE aHalM3a CTATUCTUYECKHX JaHHBIX Ui CaMOJIETOB TPAAMIMOHHBIX ¢opMm. OpHako
TpeOOBaHUSI HOBBIX 3a37ady U (aHTa3usi KOHCTPYKTOPOB MPHU IMPOCKTHPOBAHUM JIETaTEebHBIX
anmapaTtoB MOTYT MOPOXIaTh COBEPIICHHO HEOObIYHBIC (OPMBI JICTATEIbHBIX ammapatoB [42].

Hexotopsie mpumMeps! caMonéToB MoJ00HBIX cxeM u3o0pakens! Ha puc. 1.3.1, a, 0, B, T.
B aBmanmu macca KOHCTPYKIMH /1, U, OCOOCHHO, OTHOCHTENbHAS Macca KOHCTPYKIUU /M,

OnpeaACIA0T €ro TPaHCIIOPTHYIO 3(1)(1)CKTI/IBHOCTB " JaX€ caMy BO3MOXHOCTH CO3aaHUA CaMOJI€Ta C
KCIACMBIMU XapPaKTCPUCTHUKAMMU. 9710 XO0pomo BHUAHO M3 YpaBHCHHA CYHICCTBOBAHMHA, KOTOPOC
HCIIOJIB3YCTCA JIA  OIPCACIICHUSA B3JICTHOM MAacChl caMmojeTa Ha HadalbHBIX cragusax
IIPOCKTUPOBAHUS.

m

my=————""—, (1.3.1)
l—(mK+mcy+mT+m05)

rae m,, — Macca UENCBON HArpysku; /m, W /m, — OTHOCHTEIbHBIE MAacChl KOHCTPYKIMH M
o0opynoBaHus; m, ¥ M, — OTHOCUTEJIbHBIE MACCHI TOIUIMBA U CUIIOBOHM YCTAHOBKH, 3aBUCSAIIUE B

OCHOBHOM OT JAJIBHOCTH U CKOPOCTU nojéTa.

Puc. 1.3.1 Camonérsl HeoObruHBIX cXeM: a) BBA-14 (BepTukanbpHo-B3neTatomas ampuous); 6) T-117 ¢

HEKPYTIIBIM (DI03eIIshKeM; B) ¢ KopoO4aThiM KpbutoM (kpbuto [panaris); r) npoekt Blended Wing
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Ecmn CymMMa BCCX OTHOCHUTCJIIBHBIX MAaCC B YPaBHCHUH OoJIbIIIe CAUHHUIIBI, TO TaKoM

JIeTaTeNbHBIA anmapaT He MOXKET CYIIeCTBOBaTh. Y HEKOTOPHIX THUIIOB CaMOJIETOB OajlaHC Macc

TaKoOB, 4YTO Ha JOIIO ILieneBoi Harpy3kum npuxoaurcs 0,1 m,, a Ha 100 KOHCTPYKIMH —

(0,25...0,30) m,. CnenoBaTenbHO, C OAHOH CTOPOHBI, KaXIbIii MPOLEHT CHIDKEHUS /1 MOXET
II03BOJIUTH CYLIECTBEHHO — HA HECKOJILKO IPOLIEHTOB — YBEIMYHUTD LIEIEBYIO HAIPY3KY U, C IPYroi

CTOPOHBI, OIIMOKA B OLEHKE /1, MOXET IPHUBECTU K rpy0oil ommOKe B ONPENENCHUU OJHOIO W3
OCHOBHBIX N1apPAMETPOB NIPOEKTUPOBAHUS — M .

Hy’>XHO OTMETUTB, YTO B TEOPUH IPOSKTHPOBAHHS CAMOJIETOB NPOOIEMe ONpeneseHus Ml

HA PaHHUX CTaaUsAX pa3paboTku yaensercs Oomnbiioe BHUMaHuEe. OCHOBBI CHCTEMATH3UPOBAHHOTO
U3Yy4eHUs MPoOJIeMbl MPOYHOCTH U BecoBOW 3((HEKTHMBHOCTH aBUAIMOHHBIX KOHCTPYKUMN ObUIN
Hauathl B kaure ®.P. [lennu [43].

OTtHocuTenbHAsE Macca KOHCTPYKLMM 3aBUCUT OT MHOTUX (DaKTOPOB: I€OMETPUYECKOMN
dbopMbI, Ieperpy3KkH, pacupeesieHuss Harpy3Ku, pa3MepoB U Pa3MEIEeHUs BbIPE30B, IPOYHOCTHBIX
1 )KECTKOCTHBIX XapaKTEPUCTUK MAaTEPHUAJIOB U Psijia JPYTHUX.

Kak npaBuiio, B BECOBBIX (OpMyJax B OCHOBE y4yeTa CBSI3U MEXAY I€OMETPUUECKUMU
XapaKTEepUCTUKAMU M BHEIIHMMM Harpy3kaMu KOHCTPYKIUH, C OJHOW CTOPOHBI, U BHYTPEHHUMU
YCUJIMSIMU B HUX, C APYTOM, UCIIONB3yeTCsl OaouHasi TeOpHs, a TaKue PakTOpbl, KaK PACHOJIOKEHNE
JBUTATeNlell Ha KpbUle WM Ha (ro3eishke, HaJMYME HAIUIBIBOB B KOPHEBOM YacTh M T.IL
YUUTBHIBAIOTCS MHOTOYMCIIEHHBIMH MONPABOYHBIMU KO3 (ULIMEHTaMU, MOJIy4aeMbIMH OOBIYHO U3
CTaTHCTUKH YK€ MOCTPOEHHBIX caMoJIeTOB. Takoil Moaxo/1 He T03BOJISIET rapaHTUPOBATh BBICOKYIO
TOYHOCTh BECOBBIX pacueTOB B CIy4yassX MCIOJIb30BaHMS HEOOBIYHBIX BHEIIHMX (DOpM, HOBBIX
TEXHUYECKUX PELICHUH IO TUIY KOHCTPYKIMM WM IpPHU PE3KOM YBEIMYEHHM aOCOIIOTHBIX
pa3MepoB caMoJieTa, €CIM BECOBble (OpPMYJbl HE YUWUTHIBAIOT JODKHBIM OOpa3soM 3aKoH
«KBaJpaToOB u KyOOoB» [44].

B nauvane paHHOro pasjena Mbl YK€ YINOMMHaIM 00 HMX HEJAOCTaTKax B paMKax
TPaJMLIUOHHBIX METOJUK MpOEKTHUpoBaHUS. (COBPEMEHHOE COCTOSHUE TEOpPUHU M TPAKTUKH
CaMOJIETOCTPOEHUsI TOOYIMIO K IOMCKY HOBBIX IOJXOJOB K BECOBOMY MPOEKTUPOBAHUIO,
aKTyaJIbHOCTh pa3pabOoTKU KOTOPBIX OMPEAETSIOT JABa IIaBHBIX 00CTOSATENbCTBA:

- IOTPEOHOCTH B MOBBIIIEHUH TOYHOCTH IMPOTHO3UPOBAHUS MUHUMAIBHO JIOCTUKHMBIX Macc
KOHCTPYKLIMHU, KOTOpas CBsi3aHa C BHEAPEHHEM KOHIEMIIMK TOYHOTO MpoekTupoBanus «Concurrent
Designy;

- MPOJABHUHYTOCTh MeTOJa KOHE4YHbIX »3JemeHToB (MKD) kak B Teopuu, Tak U B
MOBCEAHEBHOM Hcmoib3oBannn [12]. Ceiiuac MOXXHO yBepeHHO roBoputh 00 MKD kak o

CTaHJAapTHOM  MCTOJAC  BBICOKOTOYHOI'0O  MAaTCMAaTUYCCKOIO  MOJCIUPOBAHHA  ABHALIMOHHBIX
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KOHCTPYKLUH, KOTOPBIM IO3BOJISIET aHAJW3UPOBATh IUIAHEP KaK €IUHYI0 IPOCTPAHCTBEHHYIO

cucTeMy 0e3 HCII0JIb30BaHMsl IPYOBIX YIPOIIAOIINX TUIIOTES.

1.3.1 Cunogou pakmop

CBs13p M@Ky pe3ysibTaTaMH pacdyeToB KOHCTpyKimu nmo MKD u ee morpeOHON Maccoi
ynoOHO cTpouTh uepe3 cnernuduueckuii kpurepuii — «CuoBoit Gaxtop» G, KOTOpBIA OTpa)kaet
OJTHOBPEMEHHO BEJIIMYMHY M MPOTSHKCHHOCTh JCHCTBHS BHYTPEHHUX YCHWIIMH B KOHCTpYKIHU [45].

JI1s CTepKHEBBIX CUCTEM:
G=>YIN|I, (1.3.2)
i=1

rae | — Homep crepxus, N — yeunwue, | — qmuna.

Jy1st MeMOpaHHBIX KOHCTPYKIIMM:
G = Z RS, (1.3.3)
i=1

rac i — HOMCp 2JICMCHTA, R — sxBHBaIEHTHEIH ITOTOK YCI/IJ'II/II‘/'I, S— Iiomanab 3JICMCHTA.

JInst TpEXMEPHBIX KOHCTPYKIMI

G= j o dV | (1.3.4)
\Y

0™ — 3KBUBAJIEHTHOE HaIpsDKeHHe, V — 00bEM MaTeprana KOHCTPYKIIHH.

Jl71st BECOBBIX Pacdy€TOB MOTYT OBIThH TOJIE3HBI CIEAYIOIINE CBOWCTBA cHIOBOTO (aktopa G
[46, 47]:

1) G onpenensiercss CHIOBOH CXeMOW KOHCTPYKIMH, T.€. THIIOM OJJIEMEHTOB, UX
KOJIMUECTBOM, CIOCO0aMU COEAMHEHMS] MEeXIy COOO0M M pacroyioKeHHeM B IpocTpaHcTBe. J[is
CTaTUYECKH OIPENENMMBIX KOHCTPYKIHMHA BenndnHa G HE 3aBUCHT OT COOTHOIIEHHS KECTKOCTEH
CWJIOBBIX 3JIEMEHTOB, a JJIsi CTaTUYECKH HEONPEACIMMBIX, KaK I10Ka3bIBAlOT BBIYUCIIUTEIbHBIC
HKCIIEPUMEHTHI, 3aBUCUT 3HAYUTEIBHO cllabee, YeM MOTEHLUUAIbHAs JHEPrusi KOHCTPYKIHH U
YpOBHSI MaKCHUMaJIbHBIX HampsbkeHuid. Hampumep, miomaan momepey - I@HMM HEKOTOPBIX
3JIEMEHTOB M BHYTPEHHHUE YCUITUS B HUX MOTYT MEHSITHCSI B IIPOLIECCE OIT 11 KOHCTPYKIIMH B
HECKOJIBKO Pa3, B TO BpeMsl Kak G KOHCTPYKIMHM B IIEJIOM H3MEHSETCS TOJBKO Ha HECKOJIbKO
IIPOLIEHTOB.

2) Teoperndeckn HEOOXOJMMBIA 00BEM MaTepHaia MOJHOHANPSUKCHHOW KOHCTPYKIMH C
OTIpeNIeICHHONW CHJIOBOH cxeMoil V1 MOXeT OBITh olleHeH depe3 G M BETUYMHY JOIYCKaeMOTO

HanpsbKeHus [o] ¢ UCTOb30BaHUEM OJJHOKPATHOTO pacueTa BHYTPEHHUX YCHIIUH JIT HEKOTOPOTO
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JJIEMEHTOB 110  INPOCTEHUIIEMY

palOHAJIBHOIO  HAYAJIBHOTO  PAaCHpElENICHUsl JKECTKOCTEH

G
cooTHoUIeHUIo V, = —
[o]
Hanpumep, 115t moiHOHANPsHKEHHON (pepMbl

_nm_n
W_;bf_zm“

(1.3.5)

i-1

rie F — miomane momepeyHOro CeYeHHs CTEPXKHSA. AHAIOTUYHBIN Pe3ylbTaT MOKHO MOJYYHTh

JIA KOHCTPYKI_[I/Iﬁ nu3 MeM6paHHBIX 3JIEMEHTOB, €CJIUM MCIIOJIb30BaTh B KAUCCTBC MECPbI BHYTPCHHUX

YCWJINN DKBUBAJICHTHBIE IIOTOKU YCUIIHUM.
3) Bennumnaa G MOXeT ObITh BBIYHCIICHA C IOBOJILHO BBICOKOI TOYHOCTBIO HA OTHOCUTEIIBHO
rpyObIX KOHEYHO-JIEMEHTHBIX MOJENSAX. BbIUMCIUTENbHBIE SKCIEPUMEHTHI Ui Pa3IMYHbIX

KpbUIbeB [48] MoKka3pIBaloOT, 4TO MpUEMIIeMasi TOUHOCTh MOXKET ObITh IMOJIy4€Ha Ha CeTKaX € YUCIOM
10%, B TOo Bpems Kak 1A aHANM3a HPOYHOCTH H pecypca KpbUILEB

~
~

D3JIEMCHTOB IIOpsJKa N

Tpebyercs N ~ 10°,
Uepes V7, IIOTHOCTh MaTepuaia p U Kod(GQHUIMEHT TIOIHON MacChl ¢, KOTOPhIH yUHTHIBAET

HIPUPOCT MACCHI 32 CUYET CTHIKOBOYHBIX M HECHJIOBBIX 3JIEMCHTOB B KOHCTPYKIIMH, & TAKXKE 33 CUET
OTKJIOHEHHH OT ONTHUMAaJIbHOTO pacupeacsIiCHrA MaTCpHralia B IIOJIb3Y NPOCTOTHI U TCXHOJIOTHYHOCTH
KOHCTPYKIUH U T.II., MO)KHO BBIUUCIIUTH PEANIbHYIO (MPAKTUYECKYI0) MAacCy KOHCTPYKIIMU

m =@pV, =pp—:, (1.3.6)
[o]
WITH
G
m=p—, (1.3.7)
c

riae O — ynelbHas MPOYHOCTh MaTepuaia
Hannoe coomuowienue modcem ObimMb UCNONBLIOBAHO 0N NOCMPOEHUSL HOBbIX BECOBbIX
Gopmyn KoHcmpyKyuu 8 yeiom u omoenvusix ee ywacmel. Illpu smom G 6yoem ompadicams 6b160p
mamepuana, G yumem 6ce 0cobOeHHOCMU B8bIOOPA CUNOBOU CXeMbl OyOyujel KOHCMPYKYuu, da

K03 puyuenm @ modxicem 6vimb onpeoenen U3 aHAIU3A YiHce NOCMPOEHHO20 CAMONemd, KOMopbill
(1.3.8)

ueﬂecoo6pa3H0 635N1b 6 Kavecmee npomomuna,
p=m,

Oll Qu

TJI€ 3HAK ~ UCNONIb3Yemcs 01 0003HAUEHUs. 8eTUYUH, OMHOCAWUXCS K NPOMOMUNY .
Ecnu mportotun o0nanaeT BHICOKMM BECOBBIM COBEPIICHCTBOM M B Ipolecce pa3paboTKu

KOHCTPYKIIMH HE OXHUIACTCS OONBIIMX M3MEHCHHH B TEXHUYECKUX PEIICHUsX (@) U B BBIOOpE
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marepuana (O ), HampuMep Npu MOAM(UKALUAK, TO I OLEHKH MacChl HOBOW KOHCTPYKLUH
naHHas (popMyia MOKET OBITh TTepenucana 0COOEHHO MPOCTO:

G
=—m , 1.3.9
m, & m, ( )

B cOBpeMEHHBIX YCIOBHSIX MPAKTHUECKU BCET/Ia MMEIOTCS KOHEYHO-3JICMEHTHBIC MOJICTH U
NPOTOTHITA, 1 HOBOW KOHCTPYKIUH, U BeIYrciIcHHE G He BBI3BIBACT OOJBIINX 3aTPYAHCHUH.

3aMevaHus 0 TepMUHAX.

1. Hcnonvzoeamv eenuuuny G 6 Kauecmee XapakmepucmuKu CO8ePUIEHCMEA CNnocoba
nepeoauu yCuiull Hympu KOHCmMpyKyuu enepgvle npeonodiceto 8 [49]. B smoii pabome kpumepuii
G Hazeam «CUNOBbILM 6eCOM» NO MOU NpuyuHe, 4mo OH onpedeisem ec Koncmpykyuu. OQOHAKO
celluac 8 MUPOBOU MeXHU4ecKou Jaumepamype Oisi O0OO3HAYEHUsT KOIUYeCmed 6euecmed
(mamepuana) Haubonee ynompebumeneH mMepMuH macca. B amepuxkaumckou asuayuoHHOU
mexHuyeckou aumepamype Gakmuuecku O dMUX dHce yenel No-npexcHemy UCHONb3YIOMCs
MepMUHbl 8eC KOHCMPYKYUU, 631emHblll 6ec U cmanoapmuoe obosnauenue W (Weight). B
€BPONECKOU  Jumepamype UCNOIb3Yemcss MepMUH Maccd, HO, KAk U 8 aMEPUKAHCKOU,
coomeemcmeyiowue  paciemuvlie  QOpMYIbl U MemOOUKU — HA3bIGAOMCA  6ecosvbiMu. B
PYCCKOA3bIYHOU  ABUAYUOHHOU JIUmMepamype mepMUHbl 8eco8ble pacyemvl, 8ecogvle (Hopmy.ibl
UCNONB3VIOMCSL OABHO U YCMOUYUBO U NPEOSIONCUMD OJisl HUX AIbIMEPHAMUEY e08a i 803MONCHO U
HYJICHO: Maccosvie Gopmynvl? maccosvie pacyemvl? B smou cumyayuu 03HUKaem npooiema
A0eKBaAMHO20 Nepesood MePMUHA «CUNOBOU 6eC» Ha aueautickuli s3vik. B.B. Bacunves npu
noocomoeke Kk uzdanuro Ha awnenutickom szvike xuueu «Optimal Designy [45] npeonoorcun
ucnonvzosams 01 a3mozo nouwsmusi mepmun «load-carrying factor» (LCF). Tepmun load-carrying
factor npedcmasnsemcsi 00CMAMOYHO YOAuHbIM OJi ompadceHusi cmvicaa eenudunvt G. Aemop
9mMo2o paszoend, ABNAACL YUeHUKom u npooonsxcamenem padoom A.A. Komaposa, cuumaem
BO3MOJCHLIM U YeNecO0OPA3HbIM 8 COBPEMEHHLIX YCI08UAX Nepelmu K UCHOIb308AHUI0 MePMUHA
«cunogou ghakmopy ons eenudunovl G.

2. Paboma [48] sensemcs, eeposmuo, 0OHOU U3 NEPEbIX, 8 KOMOPLIX 00CYHCOAemcs

OMHOUutLerue nojiHoco (peaﬂbHOZO) 6eca KOHCmMpyKyuu K meopemuiecKu H€06)COOUMOM)/.'

=—, 1.3.10
? =W ( )

T

B [48] osmo omnowenue muazsano cmpoumenvHviM  Kodp@uyuenmom. Tepmun
«x02¢Puyuenm noanoti maccoly (full weight factor), na naw 632150, 601€€ MOYHO ompadicaem e2o
CMbICHL, HO U UCNONb308AHUE MEPMUHA CMPOUmenvbHulil Koaghguyuenm (construction factor) xax

CUHOHUMA 6NOJIHE BO3MOINCHO Lly006H0.
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1.3.2 3akon «keaopamos u Ky60e»

[Ipy paccMOTPEeHUH BOIPOCOB BECOBOTI'O IPOSKTHPOBAHUS HEOOXOIMMO YIOMSHYTH 3aKOH
«KBaJIpaToB U KyOOB». B croBecHOi (hopmMe OH BBITTISAUT CIASAYIOIINM 00pa3oM: IPHU YBEIHMYCHUU
reOMEeTPUYECKUX pa3MepoB B K pa3 B3néTHas Macca caMoiéra pacTéT MPOMOPIHOHAIBHO KBAAPaTy
s1oro kodhduuuenta k%, a Macca KOHCTpyKIMH — HponopiuonansHo kyoy k3. Ha doue aeiictaus
CaMbIX pa3lMYHBIX (DAKTOPOB HA BEIMYUHY MAcChl KOHCTPYKIMU 33aKOH «KBaJpaToOB U KyOOB»
nposiBisiercsi Heu€tko [43]. Tem He MeHee € pOCTOM aOCONIOTHBIX pa3MepoB caMojéra
OTHOCHUTEJIbHAS Macca KOHCTPYKIIMU MMEET TCHACHIMIO K POCTY, U CIACPKUBAHUE ITOI BEITMYHHBI
IPEICTABISICT CEePbE3HYI0 HMHKEHEPHYI IMpolsieMy. B CBs3m ¢ Tem, 4YTO 3TOT 3aKOH HHIJIE
MaTeMaTUYeCKH CTPOro HE J0Ka3aH U PaccMaTpHUBaeTCsl OOBIYHO KOHKPETHO Ha MPUMEPE KpbUIa, U
HEKOTOPHIM KOHCTPYKTOPaM KaXeTCs, 4TO Ha (rO3eIsDKHBIE KOHCTPYKLIMH €ro JeiCTBHE HE
pacmpocTpaHsieTcs, TO Jajee OyIyT NPHBEICHBI JJOKa3aTelIbCTBA OSTOr0 3aKOHA, HOCSIIETo
BCEOOILMIT XapaKTep AJIsl CHIOBBIX KOHCTpYKLuii [3].

Beenem koddduimieHnT reomerpudeckoro mogodust K. Ilpu coxpaHeHHMM 3aKoHa
pacupeaciCHusd U UHTCHCUBHOCTU IMOBCPXHOCTHBLIX CHII, HeﬁCTBYIOHIHX Ha KOHCTPYKIHMIO, U €C

reoMeTpHYecKH Mo00HOM MpeobpazoBaHuy B Kr pa3 y3moBsle ciitbl Pi yBennunBarotces B K2r pas:
* 2
P =k’P. (1.3.11)
30€Cb u 061]166 6 O9Mom pa3deﬂe npednwlaeaemc;l mamemamudeckKkoe onucaHue KOHcmpyKuuu

6 mepmunax Memooa KOHEeUYHbIX INeMeHmOos.

Tak kak IMpHU HCU3MCHHBIX Y3JIOBBIX CHJIaX
*
G =k.G, (1.3.12)
TO YBCJIMWYCHHEC Y3JIOBBIX CHUJI B k2r pa3 npuBCACT K COOTBCTCTBYIOLIEMY YBCIIMYCHHIO CHJIOBOI'O

¢axTopa:
G" =k'G. (1.3.13)

3nech MmepBbIi 3HAK * yKa3blBaeT HA M3MEHEHHE Pa3MEpPOB KOHCTPYKIIMHU, a BTOPOH 3HaK *
YKa3bIBaeT Ha y4eT U3MEHEHHUs1 aOCOIIOTHON BETMYMHBI TOBEPXHOCTHBIX CHIL

IIpu reomerpuuecku MOAOOHOM  TNpPeoOpa3OBaHUU  JIETATENbHBIX  aANNapaTtoB  C
a’pOIMHAMUYECKHM CIIOCOOOM CO3AaHUs TOJbEMHONW CHIIBI U COXPAaHEHHHM HEU3MEHHBIMH JIETHBIX
XapaKTEPUCTHK B3JIETHAs Macca Mo MPOMOPLHUOHATIbHA KBAAPATy KOAPPHUIMEHTa T€OMETPHUUECKOTO

Og00US:
* 2
m, =k "m,. (1.3.14)
Torna MmuanManbsHas (ITOJIHAs ) Macca TEOMETPUUECKH TIOIOOHON KOHCTPYKITUU OyIeT

<
5 )
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NI

m. =gk’ G =k’m_, (1.3.16)

E "
re m, —Macca UCXOJHOM KOHCTPYKIHH.
Takum o0pazom, B3JileTHash Macca caMoJIeTa M3MEHSETCSl MPOIMOPLUOHAIBHO KBaapaTy
KOd(UIMEHTa TEOMETPUIECKOT0 TT0100Us, a Macca KOHCTPYKIIMU — MPOMOPIIMOHAIBLHO €ro KyOy:

el 3
= KMy (1.3.17)
mO kr mO

AHaJIOTUYHBII BBIBOJ MOIyYaeTCs U JJIsl TepMOKAOUH, JJIs1 KOTOPBIX U30BITOUYHOE JTaBICHUE
SBJISIETCS] OCHOBHBIM CIIy4aeM Harpy eHUsl.

Htak, ¢ pocToM aOCOJIOTHBIX Pa3MEpPOB aBHAIIMOHHBIX KOHCTPYKUUN WX OTHOCHTENbHAs
Macca IIpu NpOYMX HEM3MEHHBIX TEXHUYECKUX PELICHUSX PACTET JIUHEHUHO.

[Ipu BbIBOJIE 3TUX COOTHOLIEHUH HE yyTeHa pa3rpy3ka KOHCTPYKIMH 3a CUET U3MEHEHUS €e
Macchl. Jljig Takoro y4dera B IPAKTHUYECKHUX pacueTax KpbUIbEB JOCTATOYHO JIBYX-TPEX UTEpalMil.
Y4er 3TOro 00CTOATEIhCTBA, KOHEYHO, HECKOJBKO CMSTYaeT MpPOSBICHHE 3aKOHA «KBAaJIpaToOB U
KyOOB», HO Topa3io 0OIbIIHi YPPEKT B CAEP)KUBAHUM POCTA OTHOCUTEIHLHONW MacChl KPBLILEB MPU
YBEJIMUEHUH Pa3MEpPOB CaMOJIeTa JAl0T TaKUE€ MEphl, KaK ONTHMU3ALMS pa3MEIleHUs TOIUIMBA U
JIBUTATEIICH, UCTIOIb30BaHUE YBEITMUYEHHONW OTHOCUTEIHHOH IIIOMIA N PO KpbUla B KOPHEBOU

30HC U T.II.

1.3.3 Bauanue yoenvnoit Hazpy3Ku Ha Maccy KOHCMPYKUUIL KPblibes

[Tycth ncxoaHoe kpbuto uMeet iomans S. [lpu nogoOHom npeoOpa3zoBaHUM
* 2
S =KkS. (1.3.18)
Ecnu B3neTHast Macca mpu 3TOM HE MEHSETCS, TO yAeJbHbIe Harpy3ku po OyAyT CBSI3aHBI

COOTHOLICHHUEM
p; = (L/K2) p,. (1.3.19)
V310BBIE€ CHUITBI IIpU 5TOM HC UBMCHAKOTCSA, IIOOTOMY
G =k G. (1.3.20)
OTHOCHTEIbHAS Macca peoOpa30BaHHON KOHCTPYKITUH
M, =m, / my =gk, G/(m,&).

Torna ¢ yuérom (1.3.19) momyuum

M, =M, /P, / P (1.3.21)
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VYMeHbIlIeHHE YAETbHOW Harpy3ku Ha Kpbeuio B Kp pas, rae kp = p—f{ u kp >1, Bemer k

Py
YBCIUUCHUTIO OTHOCHUTEIBHOM MacChl KOHCTPYKIHH IMPOIMOPLHUOHATIBHO “,kp . COOTBETCTBEHHO

YBEJIMUEHUE YJENbHONW Harpysku kp <1 Bemér K YMEHBUICHHIO OTHOCUTEIBHON MAacChl

KOHCTpyKUMU Kpputa. [lomydeHHBI  pe3ynbTaT, Ha IEpPBbIM  B3MVIAA, IIPEICTaBIACTCA

napajaoKCaJbHbIM. OI[HaKO OH XOpOIIO U3BECTCH KOHCTPYKTOPAM M HUCIIOJBb3YCTCS HA IIPAKTUKCE.

1.3.4 Be3pazmepnutii koIghpuyuenm cunoeozo paxmopa

Cunosoii ¢aktop G umeet pasmepHOCTh «HbIOTOHOMETP» (H M). B 1aHHOM KOHTEKCTE — 3TO
CymMMa [POU3BEICHUM BEIMYMH BHYTPEHHUX YCHUJIMH B 3J€MEHTaX KOHCTPYKIMM Ha
OPOTSKEHHOCTh MX JEMCTBUS. DTa BEIMYMHA 3aBUCUT OT CHJIOBOM CXeMbl KOHCTpyKuuu. OHa
IPONOPLMOHAJIbHA BEJIMYMHE BHEUIHEW HAarpy3kd M JIMHEHHBIM pa3Mepam KOHCTpykuuu. C
MOMOIIbI0 HEE MOXKHO OILIEHHBATh MHUHHMAIBHYI0 TEOPETUYECKH HEOOXOIUMYI0 Maccy
KOHCTPYKIIMM ¥ TPOTHO3UPOBaTh peaibHyto Maccy (1.3.7). OpmHako Ha paHHUX STamax
IIPOEKTUPOBAHUS HArPy3KH, a TaKXKe JUHEHHbIE pa3Mepbl CaMOJIETa MEHSIOTCA U 0COOBIN MHTEpeC
IPEJICTaBIISIET IPOrHO3UPOBAHUE OTHOCUTEJIBHON Macchl KOHCTPYKIMU U BO3MOXKHOCTh CPaBHEHUS
Pa3IMYHBIX CUIIOBBIX CXEM.

C »TOl 1enbro 1enecoo0pa3Ho MCIOJIb30BaTh Oe3pa3MepHbll K03(D(UIMEHT CUII0BOrO
dakropa C,. B obiiem BHe ONPEIEINM €ro Kak OTHOLIEHHE CHIOBOTO (akTopa K XapakTepHOH
Harpyske P 1 xapakTepHoMy pa3mepy L.

B BecoBOM aHalin3e KOHCTPYKIMHA KPBUIbEB YJJOOHO NCIOIB30BATh B KAUECTBE XapaKTEPHOIl
Harpy3ku TOABEMHYIO cully Y, B ONpEAENEHHOM cCiydae HarpykeHus Y, = NMog, rae N —
TeperpysKa, a B KauecTBe XapaKTepHoro pasMepa Beictymaer L=+/S. Torna

G
C=—
* Am,gVS

(1.3.22)

TAC 3HAKOM ~ OTMCYUCHBI BCJIIMYHMHBI, OTHOCAMIUCCA K HCKOTOPOMY TI'€OMCTPHYCCKU HO,Z[O6HOMy

KpBLTYy pacCMaTpuBaeMoOro THUIIA.
Bespasmepnas Benmunna C, y4uTBIBAET TeOMETpPHYECKHE OCOOEHHOCTH KpPBUIA M ETO

KOHCTPYKIUH, BKJIIIOYasi pacipeesieHne Harpy3Ku.
Uepes ko3 uirieHT cuiaoBoro (paxropa MOKET OBITh BBIYMCIIEHA OTHOCUTEIbHAs Macca

KOHCTPYKIUU KpPbUIA:

m =£Ckng1/m0 /p, (1.3.23)
o
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NnJn
m =2 ngvs . (1.3.24)
(e

JlaHHBIE COOTHOILIEHHUS MOTYT HKCIIONb30BaThCsl HE TOJBKO JJII BECOBOTO aHalu3a,
CBSI3aHHOT'O C OLIEHKOW B3JIETHOM Macchl CaMoJIeTa, HO TaKXe M ISl PElIeHHUs] HEKOTOPBIX APYTUX
3aa4 M0 ONTHMM3AIMK KOHCTPYKLIMH M MO KOHTPOJIO KadecTBa JETaIbHOIO MpOeKTUpoBaHHs. K
HUM MOXKHO OTHECTH:

1) Bespasmepubiii k03 dunueHt cumoBoro (akropa Ck moO3BONIET OOBEKTHBHO M
KOMIUIEKCHO ~ CpaBHUBaTh I[OTEHLHMAJIbHOE BECOBOE COBEPIIEHCTBO  CYHIECTBYIOIIUX U
MIPOEKTUPYEMBIX KPBUIbEB C PA3IUYHBIMHU pa3MepaMu U (OpMOI B IJIaHe, ¢ pa3IMYHbIMU 3aKOHAMU
WU3MEHEHHS CTPOUTENIBHBIX BBICOT U C PA3IMYHBIMH CHIIOBBIMU CXEMaMH.

2) IIporHo3upoBaHue Macchl OTICIBHBIX YacTe KOHCTPYKIMHU 1O cooTHomeHuto (1.3.7)
MO3BOJISET BbIIaBaTh B HAaYaJle MPOCKTUPOBAHUS UX HAYYHO OOOCHOBAHHBIE BECOBBIC JTUMHUTHI.

3) KoadduimeHT monHOM Macchl ¢ MOXET HCIOJIb30BaThCA Ha 3aBEpIIAIOIICH CTaIuu
pa3paboTKK KOHCTPYKIIMHM KaK KPUTEpUN KayecTBa JIETAIbHOTrO ImpoekTupoBanusd. Korma nmerorcs
cOOpOYHBIE YEPTEKH U PE3YJIbTAThl BECOBBIX PACUETOB YK€ CIIPOCKTHPOBAHHOM KOHCTPYKLIUHU, TO ()
Berarcsercs o (1.3.8), kak ans mporotuna. 31eCh HY)KHO OTMETHTh, HCXOJISI U3 OIBITa aBTOpa U
U3BECTHBIX €My pe3yJdbTaTOB JPYrHMX HCCIENOBaTeNel, YTO BBIYMCIECHHUE ¢ KakK s Bcel
KOHCTPYKIIMU B II€JIOM, TaK W U OT/ACIBHBIX €€ YacTed JaeT O4YeHb WHTEPECHYIO0 WH(OPMAIIHIO
JUTSI KOHCTPYKTOPOB. B 4aCTHOCTH, BETMYHMHA ¢ OKA3bIBACTCS JOBOJIHHO CTAOMIIBHON M HEOKUJAHHO
BBICOKOW ISl KPBUIbEB. B pakeTHBIX KOHCTPYKIHMSAX HAONIOMaeTCsi OYEHb BBICOKOE BECOBOE
COBEpIIEHCTBO 0akoBBIX KOHCTpyKIui (@ = 1,2...1,3). B To e Bpems BeIWYMHA ¢ JOCTUTAET
HECKOJIbKUX €IUHHII JUII MEXOaKOBBIX OTCEKOB, KOHCTPYKIMH KpEIUICHHWs JBHUTATEleH, Y3JI0B
CTBIKOBKH CTyIieHel. boibnas BenWuWHA ¢ MOXET BBISABISITH HEYAAUHbIE KOHCTPYKTHBHO-
TEXHOJIOTUYECKHE pEIIeHUs, HEOOOCHOBAHHBI BBIOOP  JTOPOTOCTOSIIMX  BBICOKOIIPOYHBIX
MaTepUaioB U T.I.

Takum 00pa3zom, B ATOM TJaBe PacCMOTPEHBI TPU HOBBIX TOHATHS: KPUTEPHH «CHUIIOBOMN
dakrop» — G, Oe3pasmepHbIii kodhdunmenT cuminoBoro dakropa — Ck m kodhHIMEHT MONTHON
Macchl — @. B coueTaHuy ¢ BO3MOXKHOCTSMH METOJa KOHEYHBIX SJIEMEHTOB 3THU HOBBIE MOHSATHS
JTAFOT BO3MOXKHOCTh MCIOJIH30BATh BHICOKOTOYHOE MAaTEMAaTHYECKOE MOJICIMPOBAHUE [T PEIICHUS
HIMPOKOTO KPYTa 3a/1a4 BECOBOTO MPOEKTUPOBAHUS PA3IMUHBIX THUIIOB JIETATEIBHBIX allapaToB, KaK

HMCIOIIUX MPOTOTHUIIBL, TaK U C TPUHIUIIMAIIBHO HOBBIMU BHCIIIHUMHA (I)OpMaMI/I.
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1.4 Mopneab Tesia mepeMeHHOI MJIOTHOCTH

In many design problems, occurring at different stages of aircraft design, a mathematical
model of elastic body with variable density can be used. Such body contains all the admissible
designs of a structure, including the optimal ones. These optimal layouts can be formed by proper
distribution of material inside the body.

The idea of using the artificial material with variable over the volume elastic modulus for
design purposes was originally proposed in the paper [49], where it was applied to the optimal
design of two-dimensional structures in order to overcome the computational difficulties associated
with stress analysis of variable thickness plates. Here, the minimum compliance design problem
was solved for a given amount of Young’s modulus, which is the integral of Young’s modulus over
the volume. The three-dimensional (3D) topology optimization technique under strength and
stiffness constraints and using material density as a design variable was later presented in papers
[50, 51, 52]. This method was further developed in [53, 54, 55].

Another approach to represent the variable density using materials with microstructure and
its application to topology optimization problems can be found in [56] and in a large number of
subsequent publications [57, 58, 59].

The objective of this paper is to demonstrate the application of variable density model in its

form given in [50, 51] to a number of aircraft design problems.

THEORETICAL BASIS

Following [51] we will consider an artificial material with variable density. Let the Young’s

modulus and tensile strength be linearly depended on density:

E=E.p, (1.4.1)
P, (1.4.2)

where E and &, is the specific material properties, e.g. Young’s modulus and allowable stress for

o, =

Qi

a unit material density.

We assume that the admissible design domain, defined by external and internal boundaries
of a structure, is specified. For a wing, for example, this domain is defined by external surface and
predefined internal compartments for control surfaces, undercarriage, etc. We fill the admissible
domain with variable density material and utilize the finite element method as a tool for stress
calculation. The optimization problem is stated as minimization of structural weight subject to a
wide range of design constraints such as strength, stiffness, stability requirements as well as
manufacturing considerations expressed as minimum and maximum density values. Density of each

finite element is treated as design variable.
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The material distribution algorithm for the variable density body is described in [51, 53].
With simplification for a single load case, it takes on the following form:

1. The initial distribution of material density and corresponding elastic modules is defined
according to (1.4.1).

2. The stress distribution in the 3D body is analyzed.

3. The equivalent stress for each element is calculated according to the selected failure
theory, for example, von Misses yield criterion

) 2 2 /2
aeqv—(al +0, +0; —0'1-02—0'2-0'3—0'3-0'1)1 : (1.4.3)

where 91, 92 93 are principal stresses.

4. New values of material densities are calculated as

i+

pit = (1.4.4)

where i denotes the element number and j denotes the iteration number.

5. These values are assigned to finite elements and the process is repeated until convergence.
The stresses in the 3D body can be treated as internal forces and thus can be used to
calculate the required material stress and stiffness. The physical reasoning behind the density
calculation using (1.4.4) is that if the stress distribution were independent of stiffness distribution,

allowable stress would be the same in each element:

i _ & —=const (1.4.5)

which can be considered as fully stressed design.

However, nonuniform stiffness distribution calculated using (1.4.4) leads to stress
redistribution. That is why the algorithm above is looped until the specific fully stressed design is
obtained.

In [60] convergence of the algorithm has been proven in case of calculating the equivalent
stresses through unit strain energy.

It was also shown that in this case a minimum value of so-called load-carrying factor G is

achieved. For a 3D body the load-carrying factor can be calculated as
G= jaeqv AV =Y oV, (1.4.6)
vV i=1

where V is volume of the structure, V; — volume of i-th finite element, n —number of elements.

Load-carrying factor simultaneously shows both the internal forces magnitude and the

length of its path inside the structure. It can be easily shown in case of truss structures, for which
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G=Zn:|Ni|-|i, (1.4.7)

where |N;|is a absolute value of axial force in the rod, I, is a length of the rod.

The minimum value of load-carrying factor corresponds to the minimum value of structural
weight since the structural mass and the load-carrying factor are connected by the following
equation [3]:

m, = p-GE, (1.4.8)

where m, is mass of load-carrying structure, p and o, are the density and allowable stress of

material employed for the construction of the real structure.

A practical calculation has shown that calculation of equivalent stresses using von-Mises
criterion instead of unit strain energy has no influence on convergence of optimization process.

The convergence is usually reached after 15 to 20 iterations, while significant redistribution
of material can be seen during only first 4 or 5 iterations. For wing-type structures, the reduction of
load-carrying factor is about 30% [61].

In Fig. 1.4.1 the optimal material distribution for a bar with square cross-section loaded by
torsion moment is shown.

For the results presented in the paper, the darker areas correspond to higher material
densities and lighter areas stand for lower densities. The particular values of material densities in
figures shown below depend on dimensions and load magnitude in a particular problem. For
Figures 1.4.1-3 the minimum value of density is five order of magnitude less than the maximum
value.

Figures 1.4.2 and 1.4.3 show the optimal material distribution for the compressed rods of
circular and square cross-sections. The problem is solved under buckling constrains.

Special algorithms based on sensitivity coefficients were developed for solving such
problems [62].

Figure 1.4.4 shows the results of density distribution for a triangular wing. The wing has the
NACAOQ012 airfoil. Wing is divided into eight layers in thickness direction and loaded with
aerodynamic forces distributed according to manoeuvre with maximum dynamic pressure and
maximum load factor.

Figure 1.4.4(a) shows the density distribution for the external layer of finite-element model
(FEM). The results are achieved after performing 20 iterations of fully stressed algorithm. The

density values in the external layer are two orders of magnitude higher than in middle layer.
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Figure 1.4.1 Optimal material distribution in bar cross-section

Figure 1.4.2 Optimal material distribution in bar with circular cross-section

Figure 1.4.3 Optimal material distribution in bar with square cross section
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The principal stress flows, which is principal stress, multiplied by element thickness is used
for interpretation of general path of load transmission in the internal layers of FEM (Figure
1.4.4(b)). Analyzing the results shown in Figure 4 it can noticed that external layers are loaded
mainly by uniaxial forces. In the root half of the wing orientation of forces is perpendicular to the
fuselage, while in the tip part orientation is close to constant-chord-percent lines. As a result, the
structural layout shown in Figure 1.4.4(c) can be suggested.

=
g g/ /
7

Figure 1.4.4 Optimal material and force distribution

The exact number of spars, stringers, and ribs should be defined at later design stages

according to stability, manufacturing, and arrangement considerations.

WEIGHT ESTIMATION

Based on load caring factor the actual structural mass can be calculated as
G
My =@ —- (149)
o

a

Here G depends on topology, geometry and loads, &, is a specific material strength, and ¢

is the nonoptimum, or actual weight, factor that relates actual weight of a real structure to its load-

carrying weight. The nonoptimum factor can be computed through a regression analysis and then
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corrected to assess the impact of advanced technologies and materials. For a wing of modern
commercial aircraft, modelled by variable density body the value of actual weight factor is about 2, 3.

Expression (1.4.9) can be considered as a weight equation, but imposing no limitations on
aircraft configuration, since load-carrying factor is computed through finite element method, which
Is not limited to a certain class of structures.

The fact that load-carrying factor is dimensional value limits the applicability of this
criterion to some extent. To overcome this disadvantage the nondimensional criterion of the load-
carrying performance of a structure, termed as load-carrying-factor coefficient was introduced in

work [3]. The load-carrying-factor coefficient is defined as

c, -2, (1.4.10)
P-L

where P is reference load and L is a reference size for the structure.
Fig. 1.4.5 shows examples of simple structures with corresponding values of load-carrying

factor coefficient.

a) rod Cy=1.00 c) Michell truss C,=3.41
P
L
b) two bartruss C,=2.00 d) beam C,=10.00
'4
P
2 l 0.1L

Figure 1.4.5 Load-carrying-factor coefficient for different structures
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In the examples the concentrated load is used as reference load and the distance from point
in which load is applied to constraints is used as reference size.

Using nondimensional coefficient C, each topology layout can be associated with a
number, which indicates the load-carrying efficiency of the structure.

When the value of C, is known, the load-carrying factor can be calculated as
G=C,-P-L, (1.4.11)
and then the structural weight may be estimated using (1.4.9). The actual weight of the structure is

defined by C, coefficient within the accuracy of a multiplier ¢ .
The analogy with lift force L calculation through lift coefficient C_may be noted here
L=C,-q-S. (1.4.12)
where q is a dynamic pressure and S is a reference wing area.

If the square-root of wing area is taken as the reference size for a wing and lift is taken as
the reference load, the following weight equations can be derived:

for wing structural mass fraction estimation

m, . =—-C.-n-g-s, (1.4.13)
(o2

wing
a

for absolute value of wing structural mass
mwing zai'CK 'n'mto'g'\/g- (1414)

In above equations n denotes ultimate load factor, m  is take off mass, and g is

to

acceleration of gravity.

SPECIFIC FEATURES AND CAPABILITIES OF THE NEW MODEL

Research on telescopic wing aerodynamic and weight efficiency was one of the first studies
in which the variable density model was used [54]. This work had shown that finite element
modelling of variable density body can be performed easily using modern mesh-generation
software even for complex shapes and rather simple scripts allow estimating the value of load-
carrying-factor coefficient.

Interpretation of the material distribution results for a three-dimensional body with variable
density is not a trivial task. However, finite element models layered in a special manner and
visualization of principle forces for external layers (skin) and principle shear forces for internal
layers can aid postprocessing [52].

The variable density model can be applied to following design problems:
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e topology optimization of load-carrying structures [61, 63];

e parametric investigations of structural efficiency for unconventional aircraft
configurations [54];

e structure modification by topology means [53, 61];

e structural weight estimation at early design stages (Komarov, 2000; Lapteva, 2011);

e optimization with complex stiffness constraints [62].

VALIDATION

In Komarov and Lapteva [64] a special investigation on variable density model validity in
terms of deformations prediction accuracy was carried out. To this purpose, the data obtained from
the ground tests of high aspect ratio wing of a transport aircraft were used. The following
significant factors affecting deformation estimation accuracy were detected:

e value of stress used as an allowable stress in optimization;

e routine equation (1.4.4);

o thickness of external layers of the FEM for structures;

e under bending; and;

e minimal admissible value of material density.

The vertical displacements of nodes obtained on variable density model were significantly
higher than those obtained in ground test for the case, when a real design allowable stress with
fatigue and buckling considerations was used in optimization (equation (1.4.4)). It can be explained
by the fact that stresses in the real structure in the main design load cases are usually lower than the
allowable stress, because real structures are designed to withstand multiple load cases, and different
load cases are relevant for different elements of structure. Moreover, technological and handling
requirements are main factors affecting the design of some areas such as wingtip. For the wing
considered here the mean stress for main design load case was only 77 per cent of the design
allowable stress. This value was further reduced to 69 per cent with proper choice and account of
the thickness of external FEM layers.

The minimal admissible density value was defined as volume of structural material divided
by total volume of space occupied by wingbox. For the considered wing made from aluminium
alloys this value was 270 kg/m®.

In Figures 1.4.6 and 1.4.7 vertical displacements and increments of local angles of attack for
a variable density model with all mentioned factors satisfied are shown in comparison with
experimental data. The results were originally presented in [64] but due to importance for the goal

of this paper are shown here.
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Figure 1.4.7 Increments of local angles of attack
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High accuracy of deformations prediction indicates the high accuracy of prediction of
material distribution and therefore internal forces, according to which the material is distributed. In
its turn the forces distribution define the value of loadcarrying factor and theoretical mass of the
structure with the same high degree of accuracy.

To demonstrate the validity of the mass estimation results obtained on variable density
model they were compared to the results derived from models commonly used for theoretical mass
estimation at preliminary design phase — a beam model and a FEM coupled with fully stressed
structural optimization. The comparison was performed for the value of load-carrying factor
coefficient, since the structural mass is proportional to it.

If one represents the wing as the ideal beam with flanges carrying the tension/compression
forces and a web carrying shear the following equation can be derived:

3/2
AT N6 R (1.4.15)

“T12(t/c) 4

where A is a wing aspect ratio, t/c is an airfoil thickness-to-chord ratio.

The results calculated using the above beam model were compared with the results
estimated using a variable density model for a number of unswept and untapped wings with
different aspect ratios, NACAOQ012 airfoil and loaded with airload uniformly distributed along the
span. The comparison has shown that the maximum difference between two models is about A = 2,6
per cent for a wing with maximum aspect ratio considered A = 12.

The Ck value obtained on model with variable density was also compared with the value
obtained on a thin-walled FEM coupled with thickness optimization algorithm based on fully
stressed design philosophy. A number of wings with different aspect ratios were considered, loaded
with aerodynamic load distributed according to maximum dynamic pressure and maximum load
factor design case and constrained at the symmetry plane in a statically determinate way. The thin-
walled FEMconsists of skin, sparweb and ribs modelled by membrane elements (Figure 1.4.8).

Figure 1.4.9 shows the difference in CK value as a function of wing aspect ratio.

As it can be seen a variable density model is very close to a conventional thin-walled FEM,
yielding a slightly lower values of Ck since the forces in continuum model are transmitted to the
constraints by a slightly shorter way.

To demonstrate the capabilities of the new model let us consider two comprehensive
multidisciplinary design problems.

The mathematical model of variable density has wide predictive opportunities. At early
design stages, it produces optimal structural topologies and provides reasonable estimation of the

minimum structural weight that can be achieved after the detailed design will be completed.
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Figure 1.4.8 Thin-walled FEM with aerodynamic load distribution
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—&- Thin-walled model
—— Variable density model

4 5 6 7 8 9 10 11 12

Figure 1.4.9 Comparison of load-carrying-factor coefficient

Wide range of sizing criteria including stress, strain, buckling and technological constraints
are implemented in developed algorithms. Variable density model provide a simple yet accurate
means for prediction of the wing deflections and the influence of this deflections on the
aerodynamic load distribution. The multidisciplinary aircraft design optimization problem can be
addressed using novel nondimensional criterion of load-carrying efficiency. Load-carrying- factor
coefficient can be used for knowledge accumulation and comparison of different topologies in

terms of structural efficiency. Variable density model constructed from solid elements is much
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simpler to build than traditional thin-walled models consisting of shell elements. The novel
optimization model is intended to be used for the design of unconventional aircraft.

JlaHHas r71aBa HalmMcaHa ¢ UCIOJIb30BAHUEM MAaTEPUANIOB cTaThu [65].
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