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MOJIEJIMPOBAHUE MEXAHUYECKHMX MPOILIECCOB B CHCTEMAX U
ATPET'ATAX M3IEJTUN KOCMUYECKOMW TEXHUKHA

Ipencrasien 0030p JUTEpPaTypHl IO MPUMEHEHUIO KOMIBIOTEPHOTO MOJEIUPOBAHUS MEXaHHYECKHX IPO-
LIECCOB B CUCTEMax W arperatax mszienuit aspokocmuueckoit rexHuku (AKT). OTmeueHa Bo3pacTaroias CTpykK-
TypHasl CJIO)KHOCTb OOBEKTOB, IS KOTOPHIX HCIIONB3yeTCsl MOJIEIHPOBAHHE, MEKIUCIMIUTHHAPHBIN XapakTep
MPOLIECCOB, a TAKXKE CIOXKHBIA XapaKTep KOHTAKTHOIO B3aUMOJCHCTBYS U 3HAUMTENbHAs BEIUYMHA JedopMarnii
W TIepeMelIeHHil 21eMeHTOB. {11 MOJeInpOBaHUs HCIIONB3YIOTCS pa3IMdHble METOIb! AUCKPETHU3alUH 10 Mpo-
CTPaHCTBY, IPUYEM 4acTO B paMKax GAMHOH Mozeian. MojenupoBaHHE pacCMaTPHBACTCS KaK KOHKYPEHT WIIN
JIOTIOJIHEHNE K YKCIICPHMEHTAILHOMY METOJy HCCIIEIOBaHUs CIOKHBIX cucTeM AKT.

IpencraBiaeHo OINIAN JIiTEpaTypd CTOCOBHO 3aCTOCYBAaHHSI KOMIITOTEPHOTO MOJENIOBAHHS MEXaHIYHHX
MpOLECiB B CHCTEMax 1 arperatax BHpoOiB aepokocMivdnoi TexHiku (AKT). Bimg3HadueHa 3pocTaroua CTpyKTypHA
CKJIAJIHICTh 00'€KTIB, [UIS SIKHX BHKOPHCTOBYETHCS MOJETIOBAHHSI, MDKANUCHUILIIHAPHUN XapakTep IMpOLECIB, a
TaKOXK CKIIAJHUI XapakTep KOHTAKTHOI B3a€MOJii Ta 3HauHa BelM4YMHA AehopMaliiif i mepeMilleHb eIEeMEHTIB.
Jl1s MOJIEIIOBaHHSI BUKOPHUCTOBYIOTBCSL Pi3HI METOIM AMCKPETH3aLil 32 MPOCTOPOM, HPHIOMY 4acTO B pamMKax
equHOi Mozeli. MoJIe/IoBaHHS PO3ITIAAA€ThCSA K KOHKYPEHT a00 JOMOBHEHHS J0 €KCHEPHUMEHTaIbHOI0 METOLY
JociipKeHHs cknanaux cucreM AKT.

The literature on the simulation of mechanical processes in systems and units of aerospace engineering
products is reviewed. The increasing structural complexity of the simulated objects, the interdisciplinary nature of
the processes as well as the complex nature of the contact interaction and significant deformations and element
displacements are highlighted. VVarious methods of space discretization are often used for the simulation with a
single model. The simulation is considered as a competitor or a supplement to the experimental methods for stud-
ying complex systems of aerospace engineering.

Knwouesvie cnosa: aspoxocmuieckas mexHuxa, Mamemamuyeckoe Mooeaupo-
6aHue, 1emamenbHbll annapam, 10namKa, yoapuvie Hacpy3Ku.

[Ipu sxcmmyaranun u3aenuii aspoxkocmudeckoit Texauku (AKT) n aBuagsura-
teneir (A/]) Bo3HMKAIOT pa3HOOOpAa3HBIE OMACHBIE CUTYAIlH, HMEIOIIHNE MEXaHH-
YEeCKYIO MPUPOJY, BbI3BAaHHbIC KaK BHEIIHUMU NMPUYMHAMH, TaK U OCOOCHHOCTSIMH
pabotsl cuctem AKT m AJl. HeoOxoaumo m3ydaTh BOSHHKHOBEHHE M Pa3BHTHE
NOJOOHBIX CHUTyallMid M NpeaycMaTpuBaTh OOOCHOBAHHBIE MPOEKTHBIE PEIIEHHS,
OPENSTCTBYIONINE HEraTUBHBIM MCXOJAM WJIM CHMYKAIOIME HEraTUBHBIC IMOCTEN-
CTBHSL.

Bce Gonee mupokoe pacnpocTpaHeHHE Ui MCCIIEIOBAHHS IPOLIECCOB U CO-
CTOSIHMH HOJydaeT MaTeMaTHYecKoe MoaeanpoBanue cucreM u arperatoB AKT u
AL

B pabore [1] oTMedeHO, YTO MOJETUPOBAHUE SIBISETCS OBICTPHIM U MaJlo3a-
TPaTHBIM CIIOCOOOM O0OCHOBaHUSI HOBBIX HMPOEKTHBIX Hiel. UncieHHoe MoJenu-
POBaHME YacTO JaeT Oojiee KaueCTBEHHO BEPHOE M KOJMUYECTBEHHO TOYHOE BOC-
npou3BelleHHe NMoApoOHOCTEH HanpshKeHUH, nepememeHnid 1 nedopmanuii, yem
Oosee 3aTpaTHBIC U CIIOXHbIE SKCIIEPUMEHTAJIbHBIE HCCIIEJOBAHUSL.

B ommune oT TpaAWIMOHHBIX PacUETHBIX METOJHMK, MOAEIMPOBAHUE I03BO-
JSIeT YYUTBIBAaTh OOJIbLIEEe KOJMUECTBO OCOOEHHOCTEH KOHCTPYKLIMHU U YCIOBUIl ee
9KCIUTyaTalliyd B MX MPOTHBOPEYMBOCTH U B3aMMOBIIMSHHM, MOBBIIIAS TOYHOCTH H
a/IeKBaTHOCTb, B [IEJIOM — JOCTOBEPHOCTh PE3yJIbTaTOB UCCIIEIOBAHUS.

Lenbto cTaThy ABISETCS ONMMCAaHUE MPEAMETHON 00JacTH MCCIeI0BaHUI pas-
JUYHBIX, B TOM YHCIIE€ ONACHBIX, cuTyanuid B padore m3nenuii AKT ¢ momoripio
MoaenupoBanusi. O030p He KacaeTcsi BOIPOCOB TEXHOJIOIMU U TPAIULMOHHBIX BO-
IPOCOB, HANPUMEP TEPMONPOYHOCTH M TOJI3YYECTH JIONATOK JABUraTesei. 3arpo-
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HYTBI BOIIPOCHI MOJICTTMPOBAHUS CYTy00 HECTAIMOHAPHBIX MPOIIECCOB, B OCHOBHOM
CBSI3aHHBIX C COYJIapeHUEM M KOHTAKTHBIM B3aMMOJICHCTBHEM Tel. PaccMoTpeHs
WCCIIEIOBaHMs, TIPOBEJICHHBIC, B OCHOBHOM, C TIOMONIBIO MaKeTa MPOrpaMMHOTO
obecrieuenus (I10) LS-DYNA [2] u onybnrkoBaHHbIe B niocieanue 10 yet, npu-
MEHEHHUE JIPYTUX MAKETOB 0CO00 OTOBAPHBACTCS.

B pab6ote [1] ormedeHO, YTO TIPOCTpPAHCTBEHHAS MUCKPETH3AINSA B YHCIICH-
HOM aHaJIM3¢ 00BIYHO OCHOBAaHA HAa OJTHOM METOJIC — JIATPAH)KEBOM METOJie KOHEU-
ueIx smementoB (MKD) [3] unmu Smooth Particle Hydrodynamics (SPH) [4], oite-
poBom MKD unu xe cmemrannom Arbitrary Lagrangian-Eulerian (ALE) [5]. TIpu
MOJICIMPOBAaHUN KOHCTPYKIIMH NMpH JCHCTBHU yAapa WU UMIYJIbCHOW HArpy3KH
KXIBI W3 METOJOB 00NanaeT JOCTOMHCTBAMH M HeaoctaTkamu. Her ojmHOro
NyYIIero BO BCeX NMPUMEHEHHSAX MeToja. KoMOWHUpOBaHWE pa3HBIX METOJIOB B
paMKax OJHON MOJIEIH, TIO-BHIUMOMY, OyJIeT JIY4IIIMM C TOYKH 3PEHUSI TOUHOCTH U
BEIMHCTATENRHON 3 dekTnBHOCTH. HO Takoii cMemmanHbIil moaxoa TpedyeT corna-
COBaHUsI MPUMEHCHHUSI METOJTUK B paMKaX eIMHOTO BBIYHCIIUTEILHOTO TPOIIecca.

PykoBomutens paspaborku J. Hallquist B pabote [6] BbICKasam cTpaTeruio emu-
Horo koma makera LS-DYNA (MHOTO 3a1a4 1 METOIOB — CIUHBIA KOJ), YTO TT03BO-
JSieT B €JMHOM TPOrpaMMHOI cpelie MOJENUpPOBaTh KOMILICKCHBIE TMPOIECCHI,
HanpuMep TeroMaccooOMeH B cucteMe Ae(hOpMUPYEMBIX Tell, IPUTOM Pa3THYHBI-
MU METOJIaMH, YTO JaeT BO3MOXKHOCTh OOOCHOBBIBATH TOYHOCTH MOJICITH PacYCTHBIM
myteM. OnrcaHbl HOBBIC BO3MOXKHOCTH M HATIPABIICHUS PA3BHUTHS TTAKETA.

JlokanbHbIe yAapHble BO3deiicTBUS M pa3pyuieHue miaHepa JIA. Cronk-
HOBEHUS JIETaTeJIbHBIX anmnapaToB (JIA) ¢ nTHmaMu UMEIOT BaXKHbIE TEXHUUECKHUE
¥ KOMMEpUEeCKHe TOCIeACTBYs. B cTarbe [7] oTMedaeTcs, 9To OTepH aBHAKOMITa-
Huid B 1999 — 2000 rr. ouenuBatotcs B 1 mupa. pomt. CHIA. DTu notepu cKiajbl-
BAIOTCSl U3 CTOMMOCTH PEMOHTA, BOCCTAHOBJICHUS M CIIMCAHUS aBUATEXHHUKH, a
TaKXe CHIDKCHHUS JOXOJOB OINEPAaTOPOB B CBS3U C 3aJiepKKaMu aBuapeiicoB. s
yMeHblleHus yiiep6a Benymue opranusanuu U.S. Federal Aviation Administra-
tion u European Joint Aviation Authority ycraHoBuiu TpeOOBaHHS, B COOTBET-
CTBUU C KOTOPBIMU KaKIblii BHOBb CO3JaHHBIM KOMMepueckuil JIA nomKeH mpoi-
TH TPOLEAYpY CepTH(PUKALMOHHBIX UCTIBITAHUN U MIPOAEMOHCTPUPOBATh Oe3omac-
HOCTb TPH CTOJKHOBEHUSX ¢ mTuiaMmu. st pasnuuneix Tuios JIA ycTaHOBJICHBI
00s13aTeNbHBIE BUIBI U TApAaMETPhI CTOJKHOBEHU. CKOPOCTh COYAapeHHUs JIEKHT B
mpenenax 100 — 400 m/c. B pamkax TpeOoBaHmii pa3paboTaHa mporpaMma uccle-
nosanmii HagexxHoctu JIA the European Union Research Programme CRAHVI
(Crashworthness of Aerocraft for Hygh Velocity Impact) [8], cBs3annas ¢ usyue-
HUEM BBICOKOCKOPOCTHOTO yJapa JIETAIIMMH o0bekTamu 1o JIA, Hanpumep OTu-
uei, rpazom, o0JIOMKaMH ABUTaTessl Wi Kosec. i uccineqoBaHui coynapeHuit
MPUMEHSIETCS] KOMIIBIOTEPHOE MOJICIMPOBAHHE.

PaGota [7] omuchIBaeT pe3ysibTaTbl MOJAEIMPOBAHMS Il OLUEHKH BIMSHUS
¢opMbl NITHLBI (YETHIPEX(PYHTOBOIO KaHAACKOIO I'yCsl) Ha MPOLECChl IPU CTOJNK-
HOBEHHH €€ ¢ MOBepXHOCThI0. [TapameTps! Tymiku rycs moiydens! ot International
Bird-Strike Research Group. Paccmotpens! obmienpunsTas B pacuerax Gopma Mo-
JeNy NTULB! (HUIHHIDP ¢ Moayc(heprIecKUMHU 3aKOHIIOBKAMHU) U CIIOKHAs MOJAETb
(TynmoBu1ie, KpbUIbS, 11es), MO3BOJIAIONMIAs y4ecTh HEOJHOBPEMEHHOCTh U HEOJHO-
ponHocTh ynapa. Ucnons3yrotest ALE u SPH MeTosr quckperuzanuu.

PesynbTaTel 11 MHUIIEHHM NPU B3aUMOJEHCTBUHM CO CTaHIAAPTHON MOMAEIBIO
ntuilpl, nmoydeHasie ALE u SPH, ouenp Omusku no amrmutyzae u no ¢ase. Pe-
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3yJBTATHl JJIs CTAHJIAPTHOW MOJIENIM U «TYCsD» Pa3iH4aroTcs, B OCOOCHHOCTH, IO
BPEMEHH.

B pabote [9] oTMeueHO, YTO CTOJIKHOBEHHE C MTHIIAMH IIPEIACTABIIACT PacTy-
IIyI0 yrpo3y, OCOOCHHO Ui 3JIEMEHTOB M3 KOMITO3UTHBIX MarepuayoB. [Ipemmo-
JK€Ha HOBAasi MOJIENIb MaTepralia, OCHOBaHHAsI Ha TEOPHH MEXaHUKH MOBPEXKICHUH,
JUTST KOMIIO3UTHBIX MaTepHajoB Ha TKAHEBOW OCHOBE C BO3MOXKHOCTHIO MOJIEIINPO-
BaHUSl TPOTPECCHUPYIOLIETO paspylieHus. lIpuBeneHsl mpuUMepsl NpPUMEHEHHS,
[IOATBEPKAAIOIIME TOCTOBEPHOCTh MOIeM MaTtepuaia. B cratee [10] ¢ ucmonp30-
BanreM SPH mojxonma uccnemyercss BIMSHHE KOJIMYECTBA U OPHCHTAIMU CIIOCB
KOMIIO3UTa Ha XapaKTep MOBPEXKACHUS 3JIeMEHTa KOHCTPYKIIUHN TPY yAape ITHIIBL.
B pabote [11] npuBeneHs! pe3ynbTaThl HCCIEIOBAHMS IO COYIAPEHUIO KOMIIO3HT-
HOW KOHCTPYKIIMHM KpbUIa C NTHIEH (WCIONBh30BaHA JIarpaHKeBa KOHEYHO-
snementHas (KD) Mozens), a Takxke ¢ TBepabMu obaomkamu aias Airbus A300. B
crathe [12] omucaHo McciaeaoBaHue B paMKax moaxoqa ALE cronkHoBeHus ¢ nTH-
el MmepeaHel KpOMKHM Kpblla caMoiieTa ¢ obmuBko#t tuma flexor; 8 ommmame or
npeapaymux padot, ucnonp3oBaBmmx 10 LS-DYNA, nanHoe wuccienoBanue
nposeneHo ¢ ucnonbizoBanuem [10 DYTRAN [13]. Bo Bcex ciaydasx OTMEYEHO
XOpOIIlee COOTBETCTBHE PE3YNIBTATOB HCCIEAOBAHUS OKCIEPUMEHTAIBHBIM JIaH-
HBIM.

B cratse [14] oTMewaercs, 9TO TpoIlecC COyIapeHUsl ¢ NTHIEH OTHOCHUTCA K
Hanpasiennto mexanuku FSI (Fluid-Structure-Interaction), tak kak Tymika mpu
ynape He nepxuT Gopmy, «redet». C ucrnonb3oBanneM SPH moaxoma momenupy-
eTCsl KaK MepBUYHOE, TaK W BTOPHUYHOE CTOJIKHOBEHHE MTHUIBI C KOMIO3UTHBIMH
aNeMeHTaMHu KOHCTpyKuuu JIA.

B pabote [15] oTmMeuaeTcs OMacHOCTh COyIapeHUs] KOMIIO3UTHBIX SJIEMEHTOB
KoHCTpyKIuH JIA ¢ rpamom. [IpuBeneHs pe3ybTaThl MOICTHPOBAHUS COYAAPEHUS
rpaga W yriIeBOJIOKOHHOTO Kommo3uta. OTMEYEHO COOTBETCTBHE XapaKTepa pas-
PYIICHHS B MOJICTH U B DKCIIEPUMEHTE.

B crartpe [16] npuBeneHs! pe3ynbTaThl MOASIHPOBAHKS U SKCIIEPUMEHTOB 10
KOCOMY yAapy TBEPABIM TEJIOM CO CKOPOCTHIO 5 M/C TI0 TIOBEPXHOCTH TPHUILIEKCA,
COJIepIKaIllero HavallbHbIe MOBpekAeHus. OTMEUeHO XOpOoIliee COOTBETCTBUE JIaH-
HBIM SKCIiepuMeHTa. Moielh MOKeT ObITh PUMEHEHA /ISl aHaJIN3a MPOYHOCTH U
paspyuienus GoHaps KaOMHBI THJIOTOB.

B pabote [17] ommcaHbl pe3ynbTaThl MOJEIUPOBAHUS M SKCIIEPUMEHTOB I10
coyAapeHuio 0OpBIBKa MPOTEKTOpa Koyieca CO CKOpOcThro 7 — 50 M/c ¢ maHenbro
KpbLIa ¢ sHeprueit ynapa no 400 Jx.

Crarba [8] omucsiBaeT MOJEIMPOBAaHUE COYIAPEHHUsI HA CKOpocTH 39 m/c ro-
pHU30HTaIBHOTO cTabmmu3aropa JIA U3 KOMIIO3UTHOTO MaTepuasa coO CTOJIOOM MPHU
aBapwifHON Tocajke, a Takke ¢ nrTunei. Mcmons3oBansl narpamkeB MKO u ALE
TOJTXOJT 111 MOZEITN TITHIIBIL.

YaapHble noBpe:kieHUs1 U pa3pylueHue apuaasuraresieii. OcoOyo posb u
3Ha4YeHUE C TOYKM 3peHHs 0€30MacHOCTH MojeTa uMeroT noBpexaeHus All. B nu-
TepaType pacCMaTPUBAIOTCS BAPUAHTHI COYyIAPEHUs OTIMYHBIX IO CBOMM MEXaHU-
YECKHM CBOHCTBaM OOBEKTOB C Pa3TUUHBIMU yacTIMU A/l

B pabotax [18, 19] ormeuaercs, 9TO CTOWKOCTh K yJIapy ITHIBI — OJHO W3
HanboJiee BaKHBIX CEPTH(PUKALMOHHBIX TPEOOBaHMH, MPEABABISIEMBIX K COBpE-
MeHHbIM A/Jl. Y1oBneTBOpeHHE yKa3aHHBIX TPEOOBaHMN JOCTUTAETCS CIOXKHO M
o0ecrieunBaeTCsl JOPOTUMH HKCIIEPUMEHTaMHU. 3aTpaThl MOTYT OBITH CYILIECTBEHHO
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YMEHBIIIEHBI MTOCPEACTBOM MojenupoBanus. B padore [18] paccmatpuBaroTcs u
CPaBHHMBAIOTCS TPHU TMOXO0Ja K MOJEIMPOBAHUIO COYNApPEHHs (MOAENH) NTHULBI U
sJonaTouHoro Koneca AJl: uncro marpamkeBa MKD Monens NTHIBI; MOAETH MITH-
el SPH; Mmomens runet ALE.

Bo Bcex Momemnsx KoJeco W JIOMATKH JKeCcTKue Heaeopmupyemsle. Mcmons-
3YIOTCSl pa3iNdHble KOHTAaKTHBIE WHTep(derchl. CpaBHUBAIOTCS CHIIBI B3aMMOJIEH-
CTBUS JIONATKU U NTHIIBI, TApAMETPhI CETOK, a TaKXKe HeOOXOANMbIE PeCypChl KOM-
neroTepa. [IpeamouTuTenbHOM OKa3pIBaeTCs Jarpamkesa Moaeb MKDO.

B crarbe [20] mpenacraBieHo MoJieIMpOBaHKE MONagaHus 2,5-pyHTOBOW MTH-
II6I B KOMIIPECCOP HU3KOTO JIABJICHHUS M B KOMIIPECCOP BHICOKOTO AaBIICHUS TypOO-
Bentuisropaoro AJl PW6000. Mcnonp3oeansl moaxoasl ALE 1 SPH. B kauectse
pe3yIbTaTOB MOAETUPOBAHMS TOKa3aHb! AeQOopMaIy JOMATKH KOMIIpeccopa BbI-
cokoro jgaBieHus. OTMEUEHO COOTBETCTBHE PE3YJIbTaTOB MOJIEITHPOBAHUS M DKC-
MepUMEHTA.

B pabore [21] omucaHbl pe3yNbTaThl MOJACITHPOBAHKS W KCIEPUMEHTOB IO
COYAapEeHHIO MTHUIBI C KOKOM BHHTA MOBOPOTHOTO AJl. OCOOEHHOCTH KOHCTPYK-
uu AJl TakoOBBI, YTO TIOBpPEXKICHHE KOKAa TTOBOPOTHOTO BHHTA M3-3a Pa3pylICHUS
AJIEMEHTOB CHCTEMBI YIPABJICHHS IPUBOIUT K aBapHH U MOTEpe camoera. Pe3ynb-
TaThl WUCCIEOBAHMS WCTIONB3YIOTCS IJIsl YTOYHEHHS TapaMeTpoB pa3paboTaHHON
KOHCTPYKITUH. B pabote meMoHCTpHpyeTCs COOTBETCTBHE PE3YIbTATOB PACUETOB U
SKCIIEPUMEHTA.

B cratee [22] ommcaHO MOIENHPOBaHUE CTONKHOBEHUS NTHIBI C JOMATKAMHU
BeHTHiATOpa AJl. Jlns reHeparuu ceTok ucmonp3oano [10 ProStar. Mcmonb3oBa-
Ha MaTepualbHas MOAEIH YIPYTOIIACTUIHOCTH s ionatok AJl, a Takke yITeHO
TpEeHHE MEXIy JIOTIaTKaM{ M TYIIKOM NTUIBL. Vcronb30BaHa narpaHkeBa MOAETHb
nTullsl ¢ quckperm3anueit mo MKD u SPH. Hcnons3oBana HeobmenpuusaTas ¢hop-
Ma MOJIETM NTHLEI B BUAE MWJIUHAPA C KOHMYECKUM OrojioBKoM. Jlyis marepmana
TITUITH UCTIONB30BAHO YpaBHEHHE cOCTOsHIUS | proHaiizena.

HccnenoBanne BIUSHUS TapaMETPOB TYIIKU NMTHIBI HAa XapaKTep MOBPEXIIe-
Hult nmomatok AJl mpencrasieno B [19]. B pabote ucmons3yeTcs garpankeBa Mo-
JIeNTb ITUIBI ¢ muckpeTtn3anueit SPH u ypaBHeHne cocrostaus [ roronmo.

B pabore [23] mpexncraBieHBl METOIWKA W PE3yNbTaThl MOAEITHUPOBAHUS
CTOJIKHOBEHHS 4YETHIPEX(YHTOBOTO KAaHAJCKOTO TyCS W BXOJHOTO KOMITO3UTHOTO
obOrekarenss AJl. B Momenu rycst BeIIENEeHBI TYJIOBHUIIE, KPBUIBS, IMIesS U TOJIOBA.
Juckpernsanus rycs BeimoHeHa 1o Metory SPH. Jlaetcs cpaBHeHHe pe3yiabTaToB
SKCIIEPUMEHTa W MOJETUPOBaHUs (BHI OOTEKaTelNs IMOCie CTOJKHOBEHHS), Ode-
BHIHO OTJIMYHOE cooTBeTcTBUE. [10 pesynpraram moaenupoBanus B [24] chopmy-
JIUPOBAH MPHUHIIUT IPOEKTUPOBAHUS HA/ICKHBIX KOMIIO3UTHBIX KOKOB BUHTA C y4e-
TOM CTOJIKHOBEHUS C IITUIIAMH.

Crates [25] mocBsmeHa pacmupenuto noaxona ALE ¢ ncnonszoBannem 060-
JIOYEeK, B 4aCTHOCTH [yt sionatok AJl. B oTnmume oT HCIONB30BaHHBIX B BHIIIIE-
YIIOMSIHYTHIX paboTax Mojelel, y4TeHa TONIIMHA 000JI0UYeK, YTO MOBBIIIAET aJeK-
BaTHOCTh Mojienn. Panee, nanpumep [20], ans tena nmonatku AJl MCTIONB30BATUCH
00BEMHBIE AJIEMEHTHI, YTO MPUBOMIO K YBEIHUYECHUIO TOTPEOHBIX PECYPCOB KOM-
meloTepa. B kadecTBe MpUMEPOB NMPUMEHEHHS Ha3BaHBI PAa3lIMYHBIE CHUCTEMBI,
BKJIFOUAIONINE KOHCTPYKIMHM THIIA OOOJOYKH, B3aMMOJICWUCTBYIONIME C TEeKyuel
CpeJIoii: yap MTHIIBI 110 MOBEPXHOCTU WK 10 JonatkaMm AJl, yaap nomactu Bep-
TOJIETAa O BOJIE, OOOJIOUKH, WCIBITHIBAIONINE BO3ACHCTBHAE yIapHOW CTPYH O]
YIJI0OM, CEpCUHBIN KIIanaH.
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B pabote [26] MonmenupyeTcs CUTyallysi OTphIBA Iepa JomnaTtku. B aTom ciydae
JIOTIATKA WM €€ OOJIOMKH HE JOJDKHBI MMPOHHUKATh CKBO3b Kopiryc AJl. Bo m36exa-
HUE TPOOOJICHNST KOPIYC OOBIYHO MMEET YTOJNIICHUS, YTO 3aMETHO YTSKEISIeT
JBUTaTeNlh. B paboTe paccMOTPEHO yCHIICHHE KOpIyca MyTeM W3MEHEHHUs He TOJ-
UIMHBL, HO GOPMBI B BUJIC PeNbeHBIX MPOIITAMIIOBOK. BIHsiHUE TapaMeTpoB ycu-
JICHUsSI aHATM3UPYETCsl HA OCHOBE PE3yNIbTATOB MOojeIupoBaHus. OTMEYCHO XOpo-
1Iee COOTBETCTBUE TAHHBIX MOJICITUPOBAHUS SKCIIEPUMEHTAIBHBIM JaHHBIM.

B crathe [27] omucaHO MOJCIMPOBAHHWE BO3ACHCTBHUSA I'paja Ha DJICMCHTHI
AJl. s rpaga ucnons3yercs moaens SPH, ast obomouku — mojens MK3. Jlano
CpaBHEHHE Pe3yJIbTaTOB MOJCIHPOBAHUS C Pe3yJIbTaTAMU SKCIICPUMEHTA, OTMEYe-
HO XOpOIliee COOTBETCTBHE.

KatacTpodnl ¢ yuacTuem JerarejbHbIX annapaToB. Kpymabie katacTpodsl
HEBOCIPOM3BOAMMEI B IIOJJHOM 00BEME M C YIETOM BCEI0 KOMIUIEKCA 0OCTOATEIb-
CTB, B CBSI3H C YEM BO3MOXXHOCTb BUPTYaJIbHOI'O (IIpH HEOOXOIUMOCTH BapUAHTHO-
r0 M MHOTOKPAaTHOIO) BOCIPOM3BEIEHHS IPOLIECCOB, CONPOBOKAAIOLINX Karta-
cTpo(bl, sABIsSIETCS] OECCIIOPHBIM NMPEUMYIIECTBOM MOJEIUPOBAHUS NIPHU PACCIIEI0-
BAaHMM MHLIUICHTOB, a TAK)XXE IUIAHUPOBAHUHM MEP AJISI CHW)KEHHUSI HEraTUBHBIX IO-
CJEICTBUM.

B pabore [28] ommcano MomennpoBaHuE yaapa caMmoieTa Mo 3aHHI0 TOPTo-
Boro nentpa B Hero-Mopke. Pe3y/IbTaThl MOJETHPOBAHAS HCIIONB30BAHBI JUIA TIPO-
BEACHUS PA3IUYHBIX 3KCIIEPTU3: JUHAMHUKHU I0XKapa, KHHETUKH TEPMUUYECKUX H3-
MEHEHHUU B AJIE€MEHTaX KOHCTPYKUUHU U paspylieHus 3aaHui. [IpuMeHensl noaxo-
met SPH u ALE. llpuBeneHo MopaenupoBaHHE HCIBITAHUA OOpPaslloB, OTMEYCHO
XOpOIlIee COOTBETCTBUE pe3yIbTaTaM HKCIIEPUMEHTA.

B cratee [1] oTMeueHa TEHICHIWS WCIOIL30BAaHHUS CMEIIAHHBIX MoJelei
(xomOuHaruii narpamkeBoro MKD, sitneposoro MK3J, ALE wunm narpamkeBoro
SPH). Jlns neMOHCTpanuy MpenMyIIecTB CMEIIaHHON JUCKPETHU3allN PacCMOTpe-
HBl YeThIpe MPHUMEpPA: a) CTOJIKHOBEHHE CaMoJieTa ¢ OalIHeld M ee MOCIeoyIOINM
paspymennem B Hero-Hopke; 6) Kocoit yap 1o xene300eTOHHOI IINTe; B) TO-
BOJIHBIN B3PBIB U €r0 JEHCTBHE Ha MOJIBIH HWINHID; T') B3PbIB 000JI0YEYHOr0 3apsi-
Jla B JKEJIE3HONOpPOXKHOM BaroHe. CpaBHEHHE C KCIIEPUMEHTAIbHBIMU PE3YbTa-
TaMH IIOKa3bIBACT MPEUMYIIECTBA CMEIIAHHON TEXHUKU. B oTnnuume ot mpensiay-
e padoTsl, 1 MoAenupoBanus ucronb3oBano [10 AUTODYN [29].

YnapHble noBpexIeHUs] KOCMUYeCKHX 00beKTOB. Oco0bIe YCIOBUS OTKPbI-
TOT0 KOCMOCa TPYIHO BOCIIPOU3BECTH KOMIUIEKCHO B 3KCIIEPUMEHTE, YTO OIpelie-
JsIeT NpeuMyILecTBo MoaenupoBanus. VckycctBennsle cytHuku 3emin (MC3),
kocMmudeckue anmapatbl (KA) pasnuyHoro Ha3Ha4deHUs! SKCIUTyaTUPYIOTCS B JKC-
TPEMAJIbHBIX YCIIOBHSAX M UCTIBITHIBAIOT YIAPHOE JEHCTBHE CO CTOPOHBI PA3IMUHBIX
TeJI, ABWXKYIINXCA C KOCMHYECKUMH CKOPOCTAMH. MOJEenUpOBaHNE HCIOIb3YETCs
Ul UCCIIEIOBAHUS TMOBPEXKIAEMOCTH W OOOCHOBAaHMS CHUCTEM 3aIlUTHI OT yAapa
NC3 u KA.

B pabote [30] onucano MoaenpoBaHue, IPOBOANMOE B paMKax pacciieioBa-
HUs KaTacTpodsl marmia «KomxymOus» 1 ¢espans 2003. PaccnenoBanne no3Bonu-
JI0 YCTaHOBHUTH NPUYMHY KaTacTpoQsl (OTPBHIB IUIMTKH TEIUIO3ALIUTH U YAAp IO
nepeAHed KpoMKe Kpbuia npH 3amycke 16 saBaps 2003) v mo3BONMIO NpOaHAIHU-
3UpOBaTh IOCIEN0BATENBHOCTh Pa3BUTHA M TSDKECTh MOBpexaeHUH. CpaBHEHUE
Ppe3yJIbTaTOB MOAEIUPOBAHUS M 3KCIIEPUMEHTOB IMOKa3bIBAET XOPOILIEE COIIacue
KaK XapakTepa pa3pyleHHs, TaK U KOJINYECTBEHHBIX 3HAUEHUH TapaMeTPOB.
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B cratbe [31] BBICKA3aHO CYXICHHE O TOM, YTO BCEBO3MOYKHBIC OOJIOMKH
(KocMUYecKU Mycop) TPEACTABISIOT B HACTOSIIEE BpeMsi HAWOOJBITYIO OIac-
HocTh st IC3 m KA Ha okonozemHoi opOute. CoymapeHusl 4acTHI] Mycopa U
3aIUTHBIX KPAHOB MIPOUCXOIAT CO CKOPOCTSMH Topsnka 4 — 8 KM/C, MpH KOTOPHIX
METaJUIbl MIPOSIBIISIIOT CBOMCTBA TEUEHHUS, YTO U IOPOXKIAET TPYIHOCTH B U3YUCHUH
MEXaHMUUYECKUX MPOLECCOB. ANEKBATHbIE BBIYMCIMTEIBHBIE MOJEIN IO3BOJIAT I10-
BBICUTh ACHCTBEHHOCTh 3AIIUTHBIX MEP U OLICHUTHh BO3MOJKHBIC IOBpEXAcHUs. B
paboTe 0TMEUEHO, 4TO OOBIYHO U YAAPHUK, U MUIICHb MOJEIUPYIOTCS C IOMOLIBIO
SPH uyacrteii. B nanHoM ciiyyae mMcnonb3yeTrcs KOMOMHUPOBaHHAS MOJIENb MUIIIC-
HU, BKJIIoUaroImas crersieansie SPH Monens 30HbI ynapa u jgarpamkeBy MKD mo-
Jieqib BHE 30HBI MOBpexAeHUs. Takol moaxol cHukaeT obliee KOJIM4eCTBO Iepe-
MEHHBIX B MOZEJH U 00111ee BpeMs MOJEITUPOBAHUS.

B crartpe [32] nist yMeHBIICHNS KOJTMYECTBA IEPEMEHHBIX 1 SKOHOMHH Pecyp-
COB KOMIIBIOTEpA HCIOb3yeTcsi ocecummerpuuHas SPH Monens coynmapenus co
CKOpPOCTBIO 6,7 KM/C ¥ TIPOHUKAHUS yAapHUKA B MHUIIIEHb ¢ 00pa3oBaHneM o0iaka
OCKOJIKOB U KpaTepa. PaccMOTpeHBI yaap CTaabHOIO CTEPXKHA O JKECTKYIO IIperpa-
ay (tect Teiopa), ymap mo TOHKO#M miacTuHke (dKcrepumenTsl Piekutowsky),
yaap 1o ABOWHOW cTeHKe. B oTimume oT mpensimymux padoT, B KOTOPBIX MOJIEIH-
poBanme Benock ¢ nomomsio 110 LS-DYNA, B 1anHOM HCCIeI0BaHUH UCTIOIH30-
BaHo [I0 AUTODYN. Otmeuaercs xopolee COOTBETCTBUE C pe3ylbTaTaMH dKC-
MEPUMEHTA U pacdeTaMH B pPaMKax diliepoBa IOIX0Aa.

OcobenHOCTEIO paboTHI [33] ABNSETCS HCCIeNOBaHIE OAITUCTHYECKOTO yaapa
IO TOHKUM TUTAaHOBHIM IUTACTHHKAM, B TO BpeMs Kak B pabote [34] Moaenupyercs
psiMOH M Kocoit yaap (co ckopoctsio 4000 m/c) amroMuHIEBOH ChEephl THaMETPOM
3 MM 10 aTFOMUHHEBOH ke MulieHd. Mcmonp3ytores moaxoast SPH u ALE.

IIpoueccsl B TOIVIMBHBIX cucTemMax. TomuBHbIE cucTeMbl JIA mpencTaBiis-
10T c000i1 reTeporeHHsie IByX(a3Hple MEXaHUIECKHE CUCTEMBI, KOTOPBIM MPHUCY-
M OoJpIIME TIepeMelieHns U nedopMalii B BUAE TEYCHWH CO CBOOOTHOU TO-
BEPXHOCTBIO, JIsl KOTOPHIX HETPUMEHHUM JIarPaHKEeB METO]] KOHEUHBIX 3JIEMEHTOB.

3HaunTENFHOE BHUMAHHE YNIEJICHO MCCIEIOBAHUIO OCOOEHHOCTEH MOBEIEHUS
TorumBa B Oake W TpyOompoBomax JIA. Mccnenyrorcs nBa Buma cucteM: 1) 3a-
MKHYTBIE 00BEMBI )KUIKOCTH (IUIsI HUX OIaCeH THAPOYAap) U 2) )KHUIKOCTh CO CBO-
00IHON MOBEPXHOCTHIO (11 HUX XapakTepHo Iuieckanue — Sloshing). B cratbe
[35] aT; 3a7aun OTMeUarOTCs Kak THIMHYHbBIE 3a1a4u FS| u pa3nmuvarotes cienyro-
e acTeKThl MpoOieMbl: 1) Tuleckanne Kak MpUYWHA OTEPh TOILUINBA; 2) TUIeCKa-
HUE Kak CIeMu(UIecKoe MEXaHMYEeCKOe BO3MYIeHHEe 0aka W TMOAKPEIUISFOIINX
0aK KOHCTPYKIHIA; 3) TUIeCKaHHe Kak 0co00e ycloBHe pabOThl TOIUTMBHON CHCTE-
MBI M HACOCOB.

[Ineckanust BO30YKIAIOTCSA B Pa3IUYHBIX YCIOBHSX: 1) pu pe3koM HM3MEHe-
HUU CKOpocTH (yHape); 2) mpu pe3KoM M3MEHEHHH HAaIlpaBJICHUS IBWOKEHUS (Py-
nexke). [loBTopsiromuecs BO BpeMeHH BO3MYIIIEHUS MOTYT BBI3BaTh CBOSOOPa3HBIN
«PE30HAHC)» B TOILTMBHOW CHUCTEME.

OTMmedaeTcsi, YTO KOHCTPYKIUSI TOILUTMBHOW CHCTEMBI BO3IYIIHOTO CYyJHA U
HHCTPYKIIMH IO €€ IKCIUTyaTalliK JODKHBI TIPOUTH crienuanbhbii sloshing test.

TpaauIMOHHBI METOJ| aHajK3a IUIECKAaHUS (IIPOCThIE PYyYHBIC BBIYUCICHUS)
OTpaHHYEH PaCCMOTPEHHEM ciiydaeB: 1) caaboro BoMHEHUS; 2) HE pacCMaTpUBaeT-
Csl TUIECKaHWE C YIapOM B CBOJI M KPBIMIKY 0aka; 3) pacCMaTpUBalOTCS TOJIBKO Oaku
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C TBEPIBIMH CTEHKAMH IIPOCTON (OPMBI U )KECTKHE TIEPETOPOIKH Oe3 OTBepCTHil 1
Ap.

B cratbe craBuTCA BOIpOC O pa3pabOTKE YHUCIEHHONW METOAMKM aHalIn3a
TUIECKaHWHA C y4eTOM CBOOOIHOHN IMOBEPXHOCTH Ha ocHOBe moxxoma ALE. Pac-
CMOTPEHBI IIPUMEPBI MOAETUPOBAHUS JBIKEHHS KHUIKOCTH B HETIIOIHOM Oake 0e3
HEPEropoioK U ¢ MepPOpUPOBaHHBIMU NEPETOPOIKAMHU.

B pabore [36] paccMOTpeH elile OAMH MPHUMEP MOICIMPOBAHMS ILICCKAHHUS
(6ax coxHo# GopMmbl) ¢ mpumeHeHeM ALE.

B cratbe [37], B oTIHuUMe OT MpPEJBIAYIINX, UCTIONB30BABIINX SIBHBI METON
peLIeHUs 3a/1a41 110 BPEMEHH, IPUMEHEH HESIBHBIM METO[, 4TO MOBBIIIAET 3 dek-
TUBHOCTb MOZIENUPOBaHMA. 3ydeHbl OCOOEHHOCTH IBIDKEHHMSI HEC)KUMaeMOM
JKUJIKOCTH C HU3KUM 4nciioM Maxa Ha OO0JIBIIIOM NIPOMEKYTKE BPEMEHH.

B pabGore [38] paccmaTpuBaeTcs 3ajada TCUEHHSA KHUIKOCTH CO CBOOOIHOM
IIOBEPXHOCTHIO. B KauecTBe MpUMEpOB NPUBEICHBI: BOJIHEHHE B pe3epByape, CBO-
0oaHOE UCTEeUYEeHUE U3 pe3epByapa, BUXPEBOE TEUCHUE B pe3epByape. Vcmonb3yer-
cst monxox ALE.

B cratpe [39] nccnenyercs IBImKEHHE C)KMMaEMOU KHUIKOCTH B TPyOOIPOBO-
ne. PaccmoTpeHs! B kauecTBe IpUMEPOB: THAPABINYECKUN yaap B Tpyoe, audpax-
LIMs1 BOJIHBI AABJICHUS OKOJIO yTIJIa TPYOBI.

B pa6ore [40] monenupyeTcsi B3anMOIEHUCTBHE aTFOMUHHEBOTO KOHTEHepa,
HAIOJIHEHHOTO >KUAKOCTBIO, M YAAapHHKA, MPOOMBAIOIIEr0 KOHTEHHEP C IEepBOHA-
YaIIbHOM CKOPOCThIO 2 KM/c. XOpOIIO BUAHA yJapHas BOJHA, KaBUTAIIMOHHBIN
clell B BUAE KaHalla CIelOM 3a yIOapHUKOM. PaccMOTpeHBI BapHaHTBl YHCTOH U
a’pUPOBAHHON KUAKOCTH, COJEpIKaIIel mapoByio ¢azy. [I[poBeneH sKCIiepuMeHT C
BOJOW UIsl CPABHEHUS C pe3yJbTaTaMU MOJEIUPOBaHUA. B 6 Toukax peructpupo-
BaJIach 3aBUCHMOCTh JAaBJeHusl oT BpeMeHH. [lomydeHo xopoiuee coBnaneHue 3a-
BUCHMOCTEH 10 aMIUIUTyZAe U ¢asze. OTMEUeHa 3aBUCUMOCTh PEe3yIbTaTOB OT CTe-
IEHU a’paiuy. Mojaenb MOXKHO HCIOIb30BaTh I aHAIN3a MTOPAKEHUS TOILUTUBHO-
ro 6aKka CHapsA0M UM OCKOJIKOM.

B pa6ote [41] onucaHo MOAEIMPOBAHUE MOPAXKEHUST OCKOJIKAMH pa3pylLeH-
HOT'O JIBUTaTeNs XECTKOrO0 TOIUIMBHOrO 0aka ¢ TOINIMBOM. B oTnuume ot panee
IUTHPYeMbIX padoT, ucnonb3oBaBmux [10 LS-DYNA, B nanHo#i pabote ucnosns-
3oBano [10 AUTODYN.

IIpuzemisienne n npusogHenue JIA m KA. OtMedeHHas Bbllle Iporpamma
CRAHVI [8] mpemycmarpuBaeT W3ydeHHE YCIOBHH O€30MacCHOTO TPU3EMIICHHS
JIA Ha pa3nu4Hble HOBEPXHOCTH (TBEP/bIC MM BOJHBIC) MPU PA3IUYHOIN CTEIECHN
BonHeHus. [Ipuzemnenue JIA u KA conpsbkeHo ¢ ymapoM u paspyuieHueM. s
YMEHBIICHUS YAAPHBIX HArpy30K HCIIOJB3YIOTCS Pa3IUYHBIE METOAbI M YCTPOM-
ctBa. Pemraercs obmas 3amauya 00 oueHKe BO3AEHCTBHA ynapa U 3()()EeKTUBHOCTH
CUCTEM 3alllUThl KOHCTPYKUuHU U skunaxa. I[IpuBognenue JIA m KA cBsizaHo ¢
0COOBIM XapaKTepOM B3aMMOJEHCTBUS TBEPABIX TEN M KUAKOCTH. DTO TUIHYHAS
npobiema FSI.

B wuccnenoBanuu [42] paccMOTpeHO MOAETMPOBAHUE MAJCHHS HA TBEPAYIO
MOBEPXHOCTh M ynapa cekiun KA MHOropazoBoro MCHoib3oBaHMA. I 3alIHTHI
KOHCTPYKIIMM M DKHUIaXKa MCIONb30BaH CHEUUAIBHBIA pa3pymaeMblii 61ok. MU3y-
yeHa 3 QeKTUBHOCTH Takoil 3amuThl. [IpoBeneHo cpaBHEHUE ¢ pe3yibTaTaMu Te-
CTa, B KOTOPBIX HMCIIOJIb30BAaH JaTYMK BHEJIPEHHS B NMOBEPXHOCTh. CpaBHUBAIOTCS
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Kpatepbl, 00pa3oBaHHBIC MPH yAape 0J0ka Ha moBepxHocTH. OTMEYEHO OYeHb XO-
poliiee COOTBETCTBUE PE3yNHTaTOB MOACITUPOBAHUS 1 SKCIIEPUMEHTA.

B pabore [43] npoBeneHO MOACIMPOBAHKUE B3aUMOICHCTBHS I1aCCH CaMoJIeTa
1 MCKYCCTBEHHOTO TMPEMATCTBUS M3 pa3pyliaeMoro BCIEHEHHOTO MaTepuana, pas-
MEIIIEHHOTO B KOHIIE B3JIETHO-TIOCAJ0YHON TOJIOCHI NMPU COBEPIIEHUU aBapUUHOU
nocanku JIA. Ilpu paspymeHnn marepuana TUCCHUIIMPYETCS KHHETHYIEeCKas dHep-
rust JIA, on GezomacHo TopmosuTcs. Mcmonb3yloTest 1Ba crocoba AUCKpeTHU3aluu
Matepuana — yarpamkeBsl MKD u SPH. BrimonHeHo cpaBHEHHE pe3yabTaToB MO-
JIETMPOBAHUS C MCIIOIB30BaHUEM JIBYX CITOCOOOB AMICKPETHU3AIINH.

B crarse [44] mpencTaBieHsl pe3yiabTaThl MOACTUPOBAHUS IPUBOIHEHUS KO-
MaHIHOTO MOAYNsA Kopabisi «Amomno» u cuctem KA Oyaymero nokonenns. Hc-
monb3oBaH moaxon ALE. Otmedeno xopomree cOOTBETCTBHE pe3ylbTaTaM dKCIe-
pUMEHTa.

B pabore [45] ommcano MoaenupoBaHUE MPHU3EMIICHUS W TPUBOTHEHUS Kall-
cynsl Kopadis «Opuon». [IpenBapuTensHO MOIENUPYETCS CHUIKEHHE KaICyJIbl C
WCTIONb30BaHNeM mapamntota. OJHIM U3 3JIEMEHTOB MOJENN KopaOis SBISETCS
MaHEKeH acTPOHABTa, YTO JAaeT BO3MOXKHOCTH OIIEHKH MEXaHWYEeCKOTO BO3JEH-
CTBUS Pa3NTUYHBIX ()aKTOPOB KaK HAa KOHCTPYKIIMIO KOpaOs, Tak U Ha SKHITaX.

B pabGore [46] mpuBeneHbI pe3yabTaThl MOACIHPOBAHHS yapa O BOAY THITHY-
HOM aBHAllMOHHOM MaHENH, a TAKXKE CpaBHEHUE ¢ dKcnepuMeHToM. Ipu monenu-
POBaHHMH XHUAKOCTH KCIIOJNB30BaHbI OECCEeTOUHBIE JIarpaHXkeBbl MeTonsl SPH u
EFG (Element Free Galerkin) [4]. Bropoii MeTox mepBOHAYAIBHO MPEIUIOKEH IS
3aJla4 paclpOCTPaHEeHUs TPEUINH, a Il KUAKOCTH puMeHsieTcs peako. [Ipu mo-
JENPOBaHUY XKUAKOCTH TPUMEHEHBI HEOTPAXKAIOIINE TPAHUIIBI, BSI3KOCTh, KABH-
tarus. OTMedaeTcs peaTuCTHYHOCTh Pe3yJIbTaTOB MOJEIHNPOBaHUS, HAIPHMEpP
OpbI3rH. AMIDTUTY/IHBIE U B OCOOCHHOCTH YacTOTHBIE XapaKTePUCTUKH PEIICHUN ¢
npumeneHneM EFG Ommxe K aKkciepuMeHTaIbHBIM 3HAYCHUSM.

B cratpe [47] oTMeuaeTcs, 4TO MPUBOIHEHUE BEPTOJIETa, HAIIPUMEp TIPH Ma-
HEBPHUPOBaHWH, 3a00pe BOJBI IPH TYIICHUH MOXKapOB, NMPU aBapUH YaCTO UMEET
Tparndeckue mocieAcTBus. [IpuBeaeHbl pe3ynbTaThl MOJACTUPOBAHUS yIapa TaHe-
Jiel KOHCTPYKIMHU BepTOJieTa WM BHHTA IO MOBEPXHOCTH BOABI. Vcmomb3yroTcs
noxaxonsl SPH u ALE.

AKycTHYeCKOe U TelJIOBOe BO3/1eliCTBUS HA 3J1eMeHThbl KOHCTpYyKuuu JIA.
Arperatsl JIA, B 0COOEHHOCTH ABHUTraTeb, SIBISIOTCS KICTOYHUKOM M OJHOBPEMEH-
HO YyBCTBUTEIBHBIM OOBEKTOM aKyCTHYECKOI'O M TEIUIOBOTO BO3JCHCTBHUM, MMe-
IOLIMX paclpeieleHHbIA 1 OBICTPO MEHSIOLIUICS BO BPEMEHH XapaKTep.

B pabote [48] B kauecTBe pa3sHOBHIHOCTEH aKyCTHYECKOTO BO3IEHCTBUS
Ha3BaHBI: OCHOBHbIC BHOpAalWH, IUIOCKHE BOJHBI, IPOIPECCUBHBIE BOJHBI, peBEp-
OepupyIoLIHii 3BYK, TypOyJIEHTHBINA ITOTPAHCIION, yaapHble BOJIHBL. OTMEYEHO, YTO
HEKOTOpBIE 3JIEMEHTHI, KPOME aKyCTHUECKOTO BO3ACHCTBHSA, HCIBITHIBAIOT ACH-
CTBHE NOTOKOB Teruia (Bo3ayxo3abopHukH AJl, TepMo3alluTHBIE MaHEIH), YTO
yCIOXHSET uX paboTy, a Takxke aHaiau3 cocTosHuA. HeoOxommmo mucciepoBaTh
OJHOBPEMEHHOE BO3JECHCTBUE 3THX (PaKTOPOB, YTOOBI HCIOJIB30BAThH MOTyUECHHBIC
3HaHUs TPH MPOEKTUPOBAHMHU. PaccMoTpeHB! JBa 00bEKTa MOAEITMPOBAHUS NPH
CJIO’)KHOM TEPMOAKyCTHUYECKOM BO3/ICHCTBHU: TJIACTHHA U BO3yX03a00pHUK A/l

B uccnepoBannu [49] onucaH BapHalMOHHBIA METOJA TPaHUYHBIX 3JIEMEHTOB
JUTSL MOJIETIMPOBAaHMS aKyCTHUECKUX TOJIEH U Bo3AelcTBUl. B KauecTBe npumepoB
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pPaccMOTpPEHBI: MyNbcHupyromas cdepa, MPSIMOYTONbHAA KaMepa, *KeCTKas MOJIO0CTh
C yIpyroi CTEHKOM.

B pabote [50] paccMoTpeHO MOAETHUpPOBAaHKE METOIOM KOHEYHBIX Pa3HOCTEH
HEJIMHENHOT0 aKyCTUYECKOIO B3aUMOJECHCTBUS ABYMEPHOM MJIACTUHKU U CKHUMae-
MOW HEBS3KOW KuaKocTh. TexHudeckas mpobiema cBs3aHa C aKyCTHYECKHM BO3-
JIEHCTBHEM Ha KPYITHBbIE 0OBEKTHI a9POKOCMHYECKON TEXHUKH, a TAK)Ke HA OPTaHbI
CITyXa 4ellOBeKa.

B crartbe [51] onmcanbl HOBbIE BOBMOXKHOCTH aKycTHiyeckoro ananmsa [10 LS-
DYNA. B xauecTBe mpumMepa paccMOTpeHa akycTadeckas moaens UC3.

TepMoMexaHnUYecKoe B3anMOAelHCTBHE MOTOKOB U arperatoB JIA. Oganm
13 HampaBlieHui uccienoBanui FSI sBisieTcs MomenupoBaHUe JBMIKEHHI M TEIll-
m000MeHa THOKMX 31eMeHTOB JIA B HM3KOCKOPOCTHOM HEC)KMMAaeMOM WIIH CXKH-
MaeMOM TTOTOKE.

B pa6ore [52] ncnonb3yeTcs anroput™ penienus ypaBHeHuii HaBbe—Crokca
JUTST HECKUMAEMBIX T€UCHHI W OMMHMCAHO MOJENMPOBAaHNE MAapaIliOTOB Pa3IMIHBIX
CHCTEM, BIIMSHUE CITyTHOTO TEUEHHUs OT mpoieTaromero JIA Ha mapamror, Moje-
TUpOBaHME Taparuiana, MOJAeTUpoBaHNe Habopa BOJBI «HA XOIY» B €MKOCTh, TIPH-
KPEIUICHHYIO K BEPTOJNETY IIPH TYIICHUH TTOKaPOB.

B cratee [53] omucana noacucrema CESE makera LS-DYNA mnst pemenus
3a/1a4 0 HeC)KUMaeMoM MOToke. OCOOEHHOCTh ATON MOICHUCTEMBI B TOM, YTO OHA
JIOITyCKaeT 0ObeqUHEHNE C TBEPAOTENBHON MoJenbio B pamkax 3amgad FSI. Teue-
HUE MOXXHO CUMTATh HECKHMMaeMbIM, ecid 4yuciao Maxa He mpeBocxoaut 0,3. B
nakere LS-DYNA CESE-noacucrema obecrieunBaeT BBICOKYIO TOYHOCTH peIlie-
HHH 719 COKUMaeMBIX skuakocTer, a ALE-mogcucreMa — v Iist COKMMAaeMBIX, B JUIS
HecoknmaeMbix. Meron CESE mis cxmmaeMbIx cpell: MOJTHOCTHIO KOHCEPBAaTHB-
HBII [0 MPOCTPAHCTBY U BPEMEHH, BTOPOrO MOPSIIKA TOUHOCTH, HOBEHIIMM U Mpo-
CTOW METOJ| CKBO3HOTO CYETa, YAapHbIE BOJHBI U MaJble BO3MYIICHUS MOJEIHPY-
IOTCSI OTHOBPEMEHHO.

[IpuBeneHsr mpuMepsl: OOTEKaHHE W JIEHCTBUE BETpa HA TMaHENh CONHEYHOMN
Oarapeu, TOK KpOBH MPH MaKCUMAIIBHOM OTKPBITHH CEPJEYHOTO KIIallaHa, CBSA3aH-
HBI TETUIO-MacCOOOMEH B TEILIOOOMEHHHKE-3MEEBHKE, OOTEKaHHUEe Tella CIIOKHON
thop™mel.

B pab6ore [54] mpoBeneHO COBMECTHOE MEXKIUCITUTLIMHAPHOE MOJIEIIMPOBAaHNE
JUTSE M3YYEHUsI TEMIIEPATYpPHOTO TOJsl B TYpOMHHOM JIONATKe, PacHoJOXKEHHOH B
PETYIATOpE BHICOKOTO AABIIEHUSI BEPTOJIETHOTO JIBUTATENs. MCIIONB30BaH MOIX0]
Large Eddy Simulation (LES) msst pac4eToB HeCTAI[MOHAPHON PEAaKIMK MOTOKA B
KaMepe CropaHusi U 00ObeIUHEHHUS MOJISITUPOBAHUS PaIUAIIMOHHOTO M KOHIYKTHB-
HOTO TeIuI000MeHa B KOPITyce KOMIPECCopa BBICOKOTO JIABICHMUSL.

BbIBOIlLI. MexaHuKO-MaTEMaTHIECKOe MOACIIUPOBAHUC HINPOKO MPUMCHICT-
Cs ISl U3YUCHUSL CI/ITyaLII/Iﬁ " NIPOLCCCOB B PA3JINYHBIX CUCTEMAX AKT wu Bo B3au-
MOHCﬁCTBHH C paSHOO6paSHBIMI/I BHEIIHUMH OOBEKTAMH M MOJISIMH. PaSpa6OTaHLI
MCETOJAUKH MOACIIMPOBAHNA, U3YUCHBI UX BBIYUCIUTCIbHAA 3(1)(1)CKTI/IBHOCTL n TO4Y-
HOCTh. MHOrOYHCIICHHEIC CpaBHCHUA PE3YJIbTATOB 3KCICPUMCHTOB U MOACIIUPO-
BaHUS MMO3BOJIAIOT YTBCPXKAATh JOCTOBECPHOCTD IMOCIICAHUX. MOZ[GJ'II/IPOBaHI/Ie nMe-
€T psAd NPpEUMYHICCTB IEPC/] OKCICPUMCHTAJIbHBIMU UCCICAOBAHUSIMU.

B oriauuune or OKCHCPUMCHTAJIBHBIX METOJ0B, MOACIUPOBAHUC MOXKCT OBITh
IMMPOBCICHO HAa AOIIPOCKTHOM J3TaIlC IJIA 000CHOBAHHUS BO3MOKHOCTH HOBBIX pemie-
HHﬁ, COKpaliass TaKuM 06pa30M CpPOKH IPOCKTUPOBAHUS. MOZ[GJ'II/IPOBaHI/Ie HC
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HYX/aeTcsl B HCIIOJIb30BAaHUU OIBITHBIX OOpa3lloB, COKpalas TPYJOEMKOCTb U
CTOMMOCTb pa3paOOTKU U3JENIUM, U IPU 3TOM I103BOJISIET CPABHUTH IUPOKUM KPYyT
BapHaHTOB UCIIOJIHEHUs1, 00ecIeurBas BbIOOp I peanu3aluy Hanbonee yJauHbIX
IIPOEKTHBIX pelIeHui. MozaenupoBaHue MO3BOIIET 0OOCHOBATh PELICHUS B CIIy-
4ae, KOIZla 3aTPYAHUTENBHO BOCIPOU3BECTH YCIOBUS (DYHKIMOHUPOBAHUS CUCTEM
(HampuMmep, NOHIKEHHAs WIN IOBBILIICHHAS TPABUTALMA), U IIPHU 3TOM IO3BOJISIET
pa3fenuTh BIMAHUE Pa3NUYHbIX (PAaKTOPOB U CBOMCTB, KOTAA 3TO TPYIAHO CHENIATh B
9KCIepUMeHTe. MoaeIpoBaHUe II03BOJIIET PACKPBITh IPUYMHBI WIIN YCIOBHS OT-
Kaza CHCTEM, ITOCKOJIBKY ITO3BOJISICT MONYYUTh 3HAYUTENHHO OONBIINK 00BeM Ka-
YECTBEHHO MHBIX JaHHBIX O IpoLEeccax, YeM B 3Kkcnepumente. Hakonen, monenu-
pOBaHHME MOXET OBITH STAllOM WJIH 3JIEMEHTOM OoJiee OOIMPHOI MPOIeTyphl HC-
CJIEZIOBAHMS, HApPUMEpP C IPUMEHEHHEM 3KCIIEPUMEHTa WM HEMEXaHHYECKUX
9KCIEePTH3.

JlocTOBEpPHOCTH PE3yNbTAaTOB MOJECIUPOBAHNS OCHOBAHA Ha aJIcKBaTHOCTH Me-
XaHUKO-MaTeMaTudeckux monenedt (MMM) mpoleccoB W TOYHOCTH YHCIIOBBIX
METOAMK UX peaTu3aLuy.

s MMM xapakTepHa BCE BO3pacTarollas CI0XKHOCTb, BRITEKAIOLIAsl U3 Ieo-
METPHUYECKOTO, CTPYKTYPHOTO M MaTE€pUaIbHOTO PasHOOOpasus 3JIEMEHTOB MoJie-
TUPYEMBIX OOBEKTOB, Pa3sHOOOpa3usi BO3MEHCTBUI Ha OOBEKT M B3aWMOJCHCTBUS
3JIEMEHTOB 00BEKTa, pa3Ho00pa3us MaTepHaIbHBIX CBOWCTB M 3HAYCHUI MaTepu-
IBHBIX XapaKTEPUCTHUK, KOJINYECTBA JIEMEHTOB M 00beMa MOJIENIN, JOCTHUTAIOLIe-
T0 M3JIeNHs B 1[esIoM. MHOTHE 00BEKTHI SBISAIOTCS npeacTtaButesiMu FSI — HoBoro
HampaBJICHUs] NPUKIATHOW MEXaHHUKH CHUCTEM B3aUMOJCHCTBYIOLIMX TBEPABIX H
TeKy4ux cpen. B3zanMoAeicTBUE 3JIEMEHTOB YacTO HMMEET KOHTAKTHO-YAAPHBII
XapakTep, 4TO MPEdbIBISET 0cOOble TpeOOBaHMS K METOAWKaM perienns MMM.
Jns mpoueccoB, NPOTEKAIOLIMX B O0BEKTaX, XapakTepHa CBA3aHHOCTH 3a/1ad
(MmynpTHU3MYHOCTE). YacTO OOBEKTH MOIBEPTaloTCs IOCIIEIOBATEIHHBIM BO3-
JNEUCTBUSIM, B PE3YJIbTATE KOTOPBIX MEHSIOTCS HUX CBOWCTBA, U 3TH H3MECHEHUS
HaKaIJIMBAIOTCS, YTO JOJDKHO OBITH OTPaXXEHO B (popMyIrpoBkax MMM.

O¢ddexkTuBHOCTS MOJEIUPOBAHUS O0ECTICUNBACTCS HAMYMEM PsiZia TOIXO0H0B
(atinepoB, narpamxeB u cMmemanubiii ALE moxxoser) u MeTonoB uncneHHOH pea-
nu3anuu (METOAbl KOHEYHBIX Pa3HOCTEH, IPAaHUYHBIX M KOHEYHBIX 3JEMEHTOB,
SPH, EFG, CESE u np.), a Taxxe nx komOuHanwmii. Hangre pazHooOpas3HbIX Mpo-
IrpaMMHBIX TPOIYKTOB, wucronb3ytonmx 3th Meroabl (LS-DYNA, DYTRAN,
AUTODYN wu np.), TO3BOJISET MPaKTHYECKH MPUMEHATh MojenupoBanue. Mc-
MOJIb30BaHUE PA3TUYHBIX METOAOB U MPOIPAMMHBIX NMPOAYKTOB ISl PEaTHU3alluu
onHoit MMM mno3Bosisier 000CHOBAaTh JOCTOBEPHOCTH MTyTEM CPAaBHEHUS Pe3yJIbTa-
TOB 10 Pa3jIMYHBIM MOJEJSIM, YTO OCOOEHHO Ba)KHO, KOTJa MHBIE METOMAbI HCCIIe-
JIOBaHUSI HEBO3MOJKHBI.

Paznuunble METOABI M MOAXOABI K AMCKPETU3ALMHM HUMEIOT MPEUMYIIECTBA U
HEIOCTAaTKH B OTHOLIEHWH MOJAEIMPOBAHMS KOHKPETHBIX MAaTEpUAJIOB M yCJIOBUI,
MO3TOMY MPUMEHSIOTCS KOMOMHUPOBAHHBIE IUCKPETHBIE MOJENH, HalpuMep Jia-
rpamxeBa MKD-monens metammmueckoit netanu u CESE-monens oOtekatomero
MOTOKA.

Oo6unocTh ocHOB (MMM, Moaxon0B, METOJOB M HPOTrPaMMHBIX MPOAYKTOB)
MO3BOJISIET UCCIIEOBATh MPOLECCH B CUCTEMaX H 00BEKTaxX MHOTO MPOUCX 0K ICHHS
u HazHaueHus, yeM AKT. Pa3zpaboTka, 000cHOBaHHUE aIeKBaTHOCTH, Y3PPEKTUBHOE
ucnonb3oBanne MMM 11 nccneoBaHus TAKUX 0OBEKTOB TPEeOyeT CrielUualbHBIX
3HaHUH W HaBbIKOB. HeoOxommmo pa3BuBaTh 00pa3oBaTelbHOE HAIPABICHUE II0

62
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