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Annotanmsi. OOBEKT HCCIIeI0BaHNS — KOMITO3UTHBIE MaTepHaibl, K OCHOBHBIM ITPEUMYIECTBAM KOTOPBIX OT-
HOCSATCS JIETKOCTh KOHCTPYKLIUU U BBICOKAs YCTOMUMBOCTh K MEXaHMUYECKUM U TEIJIOBBIM Harpyskam. it MporHo3upo-
BaHMS BO3MOXKHBIX HAarpy30K Ha KOHCTPYKIIMH M3 KOMIIO3MTOB M y4YeTa THX JIaHHBIX Ha HauyaJIbHOM dTare pa3paboTKu
JeTayieil TpedyeTcsi IPOU3BECTH KOMIBIOTEPHOE MOJAEINPOBAHUE MPOIIECCOB, CBA3aHHBIX ¢ HUMH. IIpemnoxen Gecce-
TOUHBI METOJ ONTHUMH3ALUKN U3AEIUN U3 KOMIIO3UTHBIX MaTepHajIOB HA OCHOBE BJACTUYHO CBSI3aHHBIX METAYacTHII.
[Tosyuensl pe3ynbTaThl ONTHMHU3ALMOHHBIX PAacYeTOB pa3MepOB JUIsl TECTOBOM Oanku 1moj JeHCTBUEM CTaTU4YECKOW Ha-
rpy3kn Ha mporu6. [IporpaMmHas peanu3anusi OCyIIeCTBIsUIach Ha si3blke JavaScript 0e3 CTOPOHHHX OHOJIMOTEK.
YMeHbIlIeHne Macchl cocTaBmio 25 % OT Macchl MCXOMHON Mojenu. Bepudukauns onTHMU3MpOBaHHOH reoMeTpun
BBINOJIHEHA MIPY aHAJOTMYHBIX YCIOBUSAX MEXaHUYECKOTO Harpy>KeHHs C UCMOJIb30BAHUEM IIPOrPaAaMMHOTO NakeTa Ansys
Student. Pa3paGoTaHHbIi MPOTOTHIT MOXKET HCIIOJIB30BATHCS MIPU ONPEACIICHUN BO3MOXHOTO MPOIIEHTA CHIDKEHUS Mac-
CBbI KOHCTPYKIMY M3 KOMIIO3UTHBIX MaTepHAJIOB.
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Abstract. The object of research is composite materials, the main advantages of which include low weight of the
structure and high resistance to mechanical and thermal loads. In order to predict possible loads on composite struc-
tures and take these data into account at the initial stage of parts development, computer modeling of the processes
associated with them is required. A grid-less method for optimizing products made of composite materials based on
elastically bonded meta-particles is proposed. The results of optimization calculations of dimensions for a test beam
under the action of a static deflection load are obtained. The software implementation is carried out in JavaScript without
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Beenenne. B coBpeMEHHOH NMPOMBINUIEHHOCTH MPOEKTUPOBAHUE U ONITUMHU3ALMS KOHCTPYK-
mui [1, 2] — 0AHO W3 MPUOPUTETHBIX HAMpPABJICHWN pa3BuTHs. [IpoMblliuieHHAs WHXKEHEpHUs Ha-
IpaBJI€HA Ha CO3/1aHue AeTanel, CHOCOOHBIX BBIAEPKHUBATH U3BECTHBIE allpHOpH Harpy3ku. Hampu-
Mep, TIpu pa3pabOTKe HOBOTO THIIA KPbLJa camoJieTa CIeHAIIUCTy TpedyeTcs BrIOpaTh GhopMmy Ta-
KUM 00pa3oM, 4TOObI KOHCTPYKLIMs ObUIa YyCTOMYMBOW, B TOM YHCIIE B MOMEHTHI MEPETrPy30K —
B3JIETA U IIOCAJKU. B nononHeHne Kk TpeOOBaHUAM 110 IPOYHOCTH CYLECTBYIOT OTPaHMUYECHMS Ha KO-
JMYECTBO MCIIOJIB3YEMOro Marepuaina. JpyruMu cioBaMu, HEOOXOAUMO IMPOEKTUPOBATH KOHCTPYK-
IIUH, KOTOPbIE MOTYT BBIIEPKUBATh JUANa30H HArpy30K IPU OTPAHUYEHHOM KOJIMYECTBE MaTepua-
Ja, 4YTO MOXKET OBITh PEaIU30BAHO C MOMOIIBIO TONOJOIMYECKOW ONTUMHU3ALMH, YYUTHIBAIOLIECH
CTPYKTYpHBIE OCOOEHHOCTH MaTepraia, B YaCTHOCTH KOMIIO3HUTOB.

3amaya MPOEKTUPOBAHUS MOXET OBITh paccMOTpeHa Kak 3ajaya ONTUMHU3ALMU JaBJICHUS.
Tpebyercst pa3MecTUTh MaTepuanl B HEKOTOPOW 00JIacTH Tak, YTOObl chopMHpOBaHHAsI CTPYKTypa
MorJia BbIIEPKAaTh MPUIIOKEHHYIO Harpys3Ky, a Macca MoJjiepKMBajlacb HAa MUHHUMAJIbHOM 3Haye-
HUU. DTO OCOOEHHO Ba)KHO JJIs JIeTaJel CIelHaIbHOr0 Ha3Ha4eHUs (3KapOoIpOYHbBIX, XJIaJO0CTOM-
KHX), O0JIAJAfOIIUX IIPH STOM CIIOKHOW T€OMETPHEH.

Tomnonoruyeckas ONTUMHU3AIMUS TTO3BOJISET:

— YOPOCTUTH POLECC U3TOTOBJICHUS U YMEHBIINUTD BIUSHUE YEJIOBEUECKOro (pakTopa Ha Ka-
YECTBO KOHEYHOI'O MPOIYKTA;

— YMEHBIINTh MacCy U3rOTaBINBAEMOTO U3JIENNs, COXpaHss (PU3NKO-MEXaHMYECKHE CBOMCT-
Ba IPAKTUYECKU HEU3MEHHBIMU;

— YBEJIMYUTh pEHTA0EIbHOCTh U3/EIHUS 3a CUET YMEHbILECHUS 3aTpaT Ha pacXoAyeMblii MaTe-
puan.

B HacTtosee Bpemsi 00JIBIIMHCTBO U3BECTHBIX PEHICHUN AJI1 MOJAEIUPOBAHUS KOMITO3UTHBIX
MaTepHaJoB OCHOBBIBAIOTCA Ha MeTone KoHeuHbIX anemeHToB (MKD) [3]. [IpeumymiectBo 3TOTO
MOJIX0JIa 3aKJI0YAaeTCsl B YHUBEPCAJIbHOCTH HCIIOJIb30BAHUS, Ojarojapss yeMy METOJ IO3BOJISIET
IIPOBOAUTH CUMYJISILIMM MPAaKTUYECKU ¢ J0O0bIMU MaTepraiaMu. CyTh MeTOAa 3aKII04YaeTcsl B IO-
CTPOEHUH KOHEYHO-3JIEMETHON ceTkH [4] ¢ MOCHeAYIOUIMM PEIIEHUEM CHCTEMbI YIPaBISIOLINX
yYpaBHEHUH JJIs KaXI0ro ydyacTtka. B wactHocTH, 3anuceiBaeTcs 3akoH I'yka, comepkaluil Tpu oc-
HOBHBIX KOMIIOHEHTA: MaTPHILY KECTKOCTH, XapaKTEPU3YIOLLYI0 CTPYKTYpY MaTrepHaia, TEH30p Je-
dbopmanuii ¥ BHEUTHIOIO HArPY3KYy.

OCHOBHBIMM M HauOoJee MOMYISIPHBIMU TUIAT(GOPMaMH JJIsl peau3alii TOMOJIOTHYECKON
onrtumuzanuu MerogoM MKD ssisrorcs COMSOL Multiphysics 1 ANSYS [5]. B wactHocTH, B
pabote [6] OHM UCTIOIB3YIOTCS B paMKax OJTHOTO MCCIICTOBAHUS.

OpnHako NMPOEKTUPOBAHUE HOBBIX M3JEIHI U Y3JI0B U3 YIVIEBOJIOKOHHBIX KOMIIO3UTOB — OJI-
HOT'O U3 CaMbIX MOMYJISIPHBIX KJIACCOB MCCIEAYEMBIX MAaTEpUAIOB — COMNPSKEHO C CYLLIECTBEHHBIMU
3aTpaTaMH BBIYMCIUTENBHBIX MOIIHOCTEH Uil TOYHOTO PEIIEHUsI CaMOCOTIacCOBaHHOM 3a/1auu cTa-
TUKU CIUIOIIHOW CpeAbl B MaTepuaie ¢ CHIBHOW aHM30TpONHel (PU3MYEeCKHX CBOMCTB. JTO, BO-
NIEPBBIX, CBS3aHO CO CIIO)KHOCTBIO 33/JaHHUS KOMIIOHEHTOB MAaTpPHUIIbI KECTKOCTH HEOJIHOPOAHOIO
MaTepuaia, a BO-BTOPbIX, C HEOOXOJUMOCTBIO UCIIOJIb30BAHMS PACUETHBIX CETOK BBICOKOTO pa3pe-
LIEHUS J1s1 MOZEJIMPOBAHUS CEYEHMSI KaXKI0TO MUKPOBOJIOKHA.

B pabore [7] yka3biBaeTcsi Ha TO, YTO Il KOMIIO3UTHBIX MaTepHaioB HEOOXOAUMBI MYJIbTH-
MacimTaOHble CUMYJISIMA U KaK MUHUMYM CMEIIAHHBIA TOJXOJ, BKJIFOYAIOUINA B ceOsl KaK JucC-
KpPETHOE MOJIEJIMPOBAaHUE, TAK U HENIPEPHIBHOE.
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Takum 00pa3om, METOJ KOHEUHBIX AJIEMEHTOB [8], XOpOIIO 3apeKOMEHIOBABIINN CeOs st
HIMPOKOTO KPpyra MPUKIAIHBIX TPOYHOCTHBIX PAacu€TOB, CTAHOBUTCS Manod((HEeKTUBHBIM MTPUMEHH-
TEIbHO K MOJIETMPOBAHUIO BHICOKOTEXHOJIOTHYHBIX M3JEIUI U3 KOMIIO3UTOB. DTO ONpeesseT aK-
TyaJIbHOCTb UCCJIEIOBAaHUI B JAaHHOM HaIlpaBJICHUU.

Hens Hacrosimiel crtaTb — pa3paboTKa YIPOIIEHHOTO, YUUTBHIBAIOIIETO CTPYKTYpPY M OCO-
OEHHOCTH MaTepuaja MeTOoJa TOMOJIOIMUYECKON ONTUMU3AIMY KOMIIO3UTOB JIJIsl YBETUYEHUS CKOPO-
CTH 3Tara CUMYJISILIUI MPU CO3/1aHUU U TPOU3BOJCTBE HOBBIX M3JIEIHM U3 HUX.

Beccerounblii MeToa. becceTounplli METO] MOIETUPOBaHUS Oa3upyeTCs Ha MPEACTaBICHUN
CIUIOIIHOTO MaTepuaia KOMIIO3UTa B BUJE CUCTEMBI IACTUYHO CBA3aHHBIX MeTadacTull. BoiokHa
KOMITO3UIIMOHHOT'O MaTepuasa 3aMEeHSI0TCS Ha SKBHUBAJICHTHbBIE 3JIACTUYHBIE CBSI3U, MPECTABIISIO-
e coO00l TOHKHE CTEP)KHU HYJIEBOM MAacCChl C K€CTKOCTHIO, TPOMOPIIHOHAIBHOU Moayato FOHra
peanbHOro MaTepuaia BOJIOKHA.

Peanu3zanus pacdera CBsI3aHHBIX JUCKPETHBIX METAYaCTUIl O€CCETOYHBIM METOJOM YCIOBHO
JIEJIUTCS Ha YEThIpe dTara:

— 3aJjaHU€ HAYaJbHBIX IOJOXEHUH Ui METayacTHI] U 3aJlaHue XapaKTePUCTHK YIPYTuX
CBOICTB MaTepHala, Takux Kak Moayss FOHra n koaddunment Ilyaccona (oTaensHO st HAOTHH-
TEeJIsl ¥ JJI BOJIOKHA);

— pacucT JUHAMHUKH YaCTUIL;

— pacyerT CBA3EM MEX/ly YaCTULIAMU;

— pacCyCT 3KBUBAJICHTHLIX JIOKAJIbHBIX HaprDKGHI/Iﬁ 10 CMCUICHUSAM U, Vv, W (I/l — CMCIIICHUC
BJIOJIb OCU X, V — CMEIIIEHHE BJIOJb OCH Y, W — CMEIICHUE BIOJb OCH Z).

HepBOHaanBHO BBIUHCIISIIOTCS Takue 0a30BEIE napaMeTphrl, Kak MacCa 4aCTUIIbI

re p — IUIOTHOCTh MaTepuana, V' — o0beM dJIeMEHTApHOU STYeUKU, N — YUCIIO YaCTHI B sTUeH-
K€, ¥ ICXO/IHOE 3HAUEHHE KECTKOCTHU AIACTUYHOMN CBS3H
E(1-v)
(1+v)(1-2v)’
rae £ — monynpe FOnHra s nanHoro matepuana, v — ko3ddunuent [lyaccona.

3(1)(1)6KTI/IBH8.$I JKCCTKOCTD OMPCACIIACTCA UCXOOA U3 TOT'O, YTO HAIIPAKCHUEC O CBA3U DKBHBA-

JICHTHO JaBJIEHUI0 P B Hel. DTH mapaMeTpbl ONMUCHIBAIOTCS CIAEAYIOIINMMH YPAaBHEHUSAMU:

G=E8=Ed—l; (1)

0
P= _FYHP = @
SO SO ’

ric € — ,Z[e(l)OpMaLII/I}I, dl — u3MmeHeHue JJIMHBI 3JIACTUYHOM CBs3H, 10— HaydaJibHasA AJINHA CBA3H,

2)

Fpr_ CuJia yupyrocrtu, SO — IUIoaab MOMEpPCUHOIO CCUCHUS CBA3U.

[TpupasauBas Gopmyisl (1) u (2), moaydaemM COOTHOIICHHE
= ES,
lo
Penienue ypaBHeHUs] TMHAMHMKH YacTULL (P, p2) BBIIONSAETCS B JIarpaH)KeBOI MOCTaHOBKE: JUIS
KaX/I0M U3 HUX PacCUMTHIBACTCS NMPUPALICHUE KOOPAMHAT 3a CUET JEHCTBHS BHEIIHUX chi (YCKO-
peHue, TpaBUTaIMsl) HA OCHOBE (hOpMalIbHOW HHIOTOHOBCKOW MEXaHHMKH. J[aHHOE BBIpa)KEHUE €CTh
YPaBHEHUE JIBUKEHUS:
r = F/ml .

IIocne pacucTta U3MCHCHUA KOOPAWHAT YaCTHUILl ITOJ HeﬁCTBHeM BHCIIHUX CHUJI KOOPAHWHATLI
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MOMAPHO KOPPEKTUPYIOTCS MOCPEACTBOM clBUTA (d) BIOJIb COSAMHSIIOMIMX UX MPSMBIX JTUHUN —
BUPTYQJIbHBIX CBSI3€H — JUIsSl yueTa AJIaCTUYHOIO B3aUMOJEHCTBUS Mexay HumHu (puc. 1; [ — wuc-
XOoJlHas JUTMHA HeaepopMupoBaHHOU cBsizu). [lomapHas KoppeKus KOOpAUHAT BEPIIUH 31acTUY-
HOM CBSI3U 3aTE€M BBIMOJIHAETCS JUIsl BCEX YACTHII, MPUYEM MHOTOKPATHO (peslakCallhOHHO) I J1OC-

THKCHUS 33IaHHON TOYHOCTH PEIICHUS.
l
- @
i
P P2

P1 P2

Puc. 1
Hanee pemarorcst ypaBHEHUs JI CBS3EH MEKy YaCTHUIIAMH:

[
u(pz)zu(pz)—dgkr;

)
u(pl)zu(p1)+d5kr,

rae d — eAUHUYHBIN BEKTOP BAOJb CBS3U.

Jlis onTUMM3alMK KOHCTPYKIMH CYIIECTBYET HECKOJIBKO OCHOBHBIX MPUEMOB: ONTUMH3ALIHS
pa3mepoB, GOpPMBI U TOMOJIOTUYECKAs ONTHMHU3aLuUs (pUcC. 2, a—6 COOTBETCTBEHHO), MOJAPOOHO
paccmoTrpenHble B pabote [9]. 11t MOTHOCTHIO CIUTONIHBIX TN UCTIOIB3YETCs TOMOJIOTUYECKAs Ol-
TuMu3anus. Eciiu ke Teno uMeeT OompeelieHHYI0 BHYTPEHHIOK GopMy Win CTPYKTYypy (huxcupo-
BaHHOE KOJMYECTBO OTBEPCTUH, MOPHI U T.1.), TO IPUMEHSIETCS ONTUMH3ALNS (POPMBI.

a) :D

” m - XTI
" N = [/SZSON

Puc. 2
PacnpocTpaHeHHBI NOAXO0A K pealu3aluy JaHHBIX METOJ0B — BBEJCHHUE IapameTpa ,,BUp-
TyaJibHasl IOTHOCTD , IPUHUMAIOLIET0 3HAYEHUS OT HyJIs (BHE MU3JENUs) 10 €IUHULbI (BHYTPU H3-
JIeNMs) ¥ UMUTUPYIOUIEr0 HajlWyMe WIM OTCYTCTBHE MaTepuasa B 3aJlaHHOM MUKpooObeme. Ilpu
MIPOYHOCTHOM pacyeTe 3amaeTcs 3¢ deKTuBHbIN Moxyab KOHra, 3aBUCAIIMI OT BUPTYaIbHOM IUIOT-
HOCTH P!

E(r)=Eop,(r) . 3)
rae Ey — uctunnbiii Mmonyns FOHra marepuana uznenusi, r — paanyc-BeKTOp TOUKHU [IPOCTPAHCTBA
BHYTPH U3JIEHs, S — (aKTOp YETKOCTH WJIM PE3KOCTH MOBEPXHOCTH (eciu s > 1, rpaHuna nepexo-
Jla Py CTAHOBUTCS Ye€TYE, MaTepuasl yAaIseTcs U3 AeTalnd 0oJjiee arpecCUBHO, U HA000pOT: dakTop
s < | mMpUBOJUT K IJIABHOMY M3MEHEHHUIO Py HA TPAHUIIE ,,/I€TaTb—ITyCTOTa™).

[Tocne pacuera aedopmary U3ACHHs MO 3aJaHHOW BHEIIHEW HArpy3KOM IMyTEM pEIICHHS
ypaBHEHUS CTATUKU CILIOIIHOM Cpeabl:

Vo =—F, 4),

Iie 6 — TEH30p HampsbkeHuid, F — BekTop BHEIIHEW Harpy3ku, 3 oObeMa JeTalld YAaJIsSIOTCS
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(myTem OOHYJICHHSI BUPTYAJIbHOM IUIOTHOCTH) 00JaCTH ¢ MUHUMAJIbHBIMA BHYTPEHHUMH MEXaHHYe-
CKUMU HaIPsLKEHUSIMU, TIOCKOJIBKY OHM BHOCSAT HE3HAYUTEIbHBIN BKJIAJ] B dKECTKOCTh KOHCTPYKLIMH.

[Ipouecc moBTopsieTcs, Moka He OyneT JOCTUTHYT HEOOXOJUMBbIM MUHUMYM MAacChl U3JeNus
IIPU COXPAHEHUH €€ MPOYHOCTHBIX XapaKTEPUCTHK:

(1/V)-[psdV — min, (5)
rae ¥V — UCXOomHbIN 00BEM IETaJIN.

KiroueBoil mpuHIIMI B JAHHOTO MOJX0Jla — COXpaHEHUE IUIOTHOCTH, a 3HAUUT, U MaTepHrala
u3JIenus B 00JIacTSAX MOJ BO3AEMCTBUEM CYIIECTBEHHBIX BHEIIHUX HAarpy3ok, U yJajJeHue MaTtepHua-
Ja ¢ MpUpaBHUBAHUEM IUJIOTHOCTH JETAIU B JAHHOW O0JIACTH K HYJIO MPU HU3KOH MHTEHCUBHOCTH
HanpsHKEHUH.

B nmanHo#t pabote ucciemyeTcss TPETUH THI — ONTHUMHU3ANMS Pa3MepOB, MPUMEHsIEMas s
YIIPOUICHHBIX AUCKPETHBIX CTPYKTYP B BUJE YacTUIl cO cBA3sIMU. CyTh JAHHOTO METOJIA 3aKII0UaeTCs
B PEIICHUU 3aJ1a4d OJHOMEPHON JIMHEMHON yNpPYrocTH IJi KaKIOW U3 CBSI3€M B CETKE, 3BEHbS C
HAaUMEHBIIUM OTHOCUTENIbHBIM YJIMHEHUEM YAAISIOTCS.

Jlns onTUMH3aIMK pa3MEPOB ABYXMEPHOTO 00paslia MpoBEJeHbl pacyeThl Ha IPOrud B ceve-
HUHM CJIOS MOJT CTATUYECKON MEXaHUYECKOW Harpy3KOM, HalpaBjIE€HHOW BHU3 110 OCH Y, C UCIOJb30-
BaHHEM 0€CCEeTOYHOro MeTozia. bOoKOBBIE CTOPOHBI 00pa3ia OBLIM KECTKO 3auKcHpoBaHbI. TwuIl
COCIMHEHMS TOUYEK B sUeHKax: KpecT-HakpecT. COOTHOIICHHE TOPU30HTAIBHOW U BEPTUKAIHHOU
CTOpPOH paBHO 1:4.

Pesynbrarel onTuMu3anuy pa3MepoB TECTOBOM OalIKM IPU YMEHBIIIEHUH Macchl MaTepuaia Ha
10, 14, 16 u 25 % npencraBiaeHbl HA PUC. 3, &—e COOTBETCTBEHHO; CHHUM IIBET 0003HAYaeT obJac-
TH MUHHUMAJIbHOTO HANpsHKEHUS, 3€JICHbIA U KPACHBIN — 00JIaCTH BHICOKOT'O U MaKCUMAaJIbHOTO Ha-
NPSDKEHUS, YEPHBINA [IBET — YKECTKO 3a()UKCUPOBAHHBIE TOUKH.

a)

0)

Puc. 3

BusyanbHO MOXHO OTCIEAUTH, YTO B OOJACTIX MUHUMAJIBHOIO HANpsyKEeHUs (CHUHUN LIBET)
MaTepuan yaanserca. B obmacTsax He MaKCUMallbHOTO HaIpsDKEHUs (CHHE-3€JIeHBbIN 1IBET) 3BEHbS
CTaHOBSTCS 00Jiee PeIKUMHU, YTO SIBJIAETCS CUMYJISIUEH YCTaHOBJIEHUS I'PaJUeHTa JIOTHOCTH B Ma-
tepuasne. O01acTi BBICOKOTO HAMPSKEHHsSI, B TOM YHCIIE MAKCUMAJIBLHOTO (3€JIEHBIE U KPaCHBIE), CO-
XPaHAIOTCSI HEU3MEHHBIMHU.

Jlnis Bepudukanyuy MOAETH BHIIOTHEHbBI aHAJIOTUYHbBIE PACYeThl METOJIOM KOHEUHBIX 3JIEMEHTOB
C TMOMOIIIBIO TTPOTPaMMHOTO MakeTa Ansys Student ¢ SKBUBaJICHTHBIMH yCIoBHsIMH (puc. 4, a—=6) —
MpoTuod MOJT CTATUYECKOW MEXaHWYECKON Harpy3Kou, HarpaBjIeHHOW BHH3 1O ocu Y. BokoBbIe CTO-
pOoHBI 00pa3iia ObUTH TaKXKe KECTKO 3aduKcupoBaHbl. Ha prucyHKe HCIIOIB30BaHbI CAEAYIOMNE 000-
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3HAUEHUS: remove — yJlaJeHHbI 00beM C MUHUMAaJIbHBIMU 3HAUEHUSIMU HaNpsDKEHUH; marginal —
OCTaBJICHHbIE B 00bEMeE Tella s[UEeHKH ¢ MAaKCUMaJIbHBIMU MEXaHMYECKHUMH HalpsDKEHUSAMU O] Ha-
rpy3Koii; keep — coxpaHeHHBIH 00bEM KECTKO 3aUKCUPOBAHHBIX STYCEK.

[Ipu Tononoruueckoit onTummu3anuu (puc. 4, @) TOCTUraeTCsl CHIKEHHUE MAcChl KOHCTPYKIIMU
Ha 25 % OT M3HAYaIbHOM, YTO KOPPEIUPYET C MPOBEIECHHON ONTUMHU3AIINEH pa3MepOB, TaK K€ Kak
U pacmpeesieHre MoJie CMEIeHU U HanpspKeHui (puc. 4, 0, ).

a)
. Remowve (0.0to 0.4)
[] Marginal (04t 0.6
. Keep (0.6ta 1.0
0 0,005 0.01 () | .
0,0025 0,0075
6) 1,5198e-10 Max
1,3500-10
1,182e-10
1,0132e-10
8.4437e-11
6,7545e-11
5,065%-11
3,3772e-1
v 1,6886e-11
0 Min
0 0,005 0.01 (M) | .
— —— ) X
0,0025 0,0075
6) 1145,5 Max
10136
293,73
767,84
641,95
516,05
39016
264,27
138,38
12,483 Min
0 0,005 0,01 (m) | .
— — ) x
0,0025 0,0075
Puc. 4

3akarodenue. [IpeacraBineHsl pe3ynbTaThl ONTUMU3ALNN PA3MEPOB TSl ABYXMEPHOTO 00pa3-
11a METOJIOM METa4YacTHUIl C FTACTUYHBIMU CBA3SIMH, BBIIIOJIHEH BEpU(PUKALUOHHBIA pacueT METOJ0M
KOHEUYHBIX JJIEMEHTOB C HCIIOJIb30BaHUEM MporpaMMHOOTO obecmeuenus Ansys Workbench.
YMeHblIeHHe Macchl JOCTUTIIO YPOBHS 25 % OT mepBOHAaYalIbHOM Kak MpU MCHOJIb30BaHUU paspa-
00TaHHOrO MPOTOTHUNA, TaK M makera Ansys. [lokazaHo, 4To Mo psAxy XapaKTEpUCTUK MPOTOTHUII
IpOrpaMMbl HE YCTyNaeT KOMMEPUYECKHM BEPCHSIM MPOrpaMMHOro oOecreyeHus, a Mo CKOpPOCTH
BBITMIOJTHEHHS PACUETOB J1a)Ke€ MPEBOCXOAUT UX.
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