Nl
MMHUCTEPCTBO HAVKH U BBICIIIET'O OEPA30BAHU S POCCUMCKOM ®EIEPALINN
OEJEPAJIBHOE 'OCYJAPCTBEHHOE BIO/KETHOE
OBPA3OBATEJIBHOE YUYPEXKIEHHUE BBICIHET'O OBPA3OBAHUSI
«TOHCKOU T'OCYJAPCTBEHHBIM TEXHUYECKHUHN YHUBEPCUTET»
(Ar'TY)

KOMIIBIOTEPHBIE TEXHOJIOI'MN B OJIACTU ABTOMATU3ALINN U
VYIIPABJIEHHA

MeTtonnueckue ykazaHus K KOHTPOJIbHOU padboTe 1o aucuuiuinie «KoMIbroTepHbIe
TEXHOJIOTUH B 00JIACTH aBTOMATU3AI[MU U YIIPABICHUS»

Pocros-na-/lony
2024



VJIK 681. 5

CocraBurenb: K.T.H. no1ent Jlecusk C.B.

Meronuyeckue ykazaHus 10 guciuiuinHe «KOMIBIOTEpHBIE TEXHOJOTMH B 00JIACTH
aBTOMATHU3AIMHU U YIIPaBJICHHUI». Pa3paboTaHbl B COOTBETCTBUH C YY€OHBIMU MPOTPAMMaMH JTUCITUTUTHHBI
«ABTOMaTHU3alMs MTPOU3BOJCTB HEPTETA30BOTO KOMILIEKCA» JJIs CTYJECHTOB HAIPABJICHUS MOATOTOBKH
15.04.04 ABTroMaTtu3zamusi TEXHOJOTMYECKHX MPOLIECCOB M MPOU3BOJCTB IS MArUCTPAHTOB 3a04YHOM
¢dopmbl 00yuenus. — Pocros u//l: M3natensckuit uentp AI'TY, 2024. — 42 c.

CopnepxUT 3a/1aHr€e K KOHTPOJIbHON paboTe, OCHOBHBIE aITOPUTMBbI U IPUMEP PELICHUS.

Ileuaraercs mo PCHICHUIO PCAAKIIMOHHO-U3AAaTCIbCKOTO COBCTA I[OHCKOFO rocy1apCTBE€HHOI'O
TEXHUYCCKOT'O YHUBCPCUTECTA

Hayunslii pegaktop a-p TexH. Hayk A.M. Ko3nnkuna

© Uznmarensckuit nerrp AI'TY, 2024



COJIEP)KAHUE

BBEJIEHUIE ...t en e s e ee e en e en s, 3
UCXOIHBIE JAHHBIE UL SAJAHUI ......ooeeeeeeeeeeeeeeeeeeeeeeeeeee . 4
1. KPATKUU OB30P METOJA KOHEUHBIX DJIEMEHTOB .......c.coovveeeeeene. 9
2. OB30P UHCTPYMEHTAPHS ANSYS. PACUETHA S OBOJIOUKA

WORKBENCH .....ooooieiee ettt ettt 16
3 DTAIIBI MOJEJIMPBOHIS B ANSYS WORKBENCH ........cocoviveeiian 19
4 UHTEPDENC MOJIYJISI SPACE CLAIM ..ot 20
5 TIPAKTUUECKA ST UACTD ...ttt s enes s 23

5.1 3apanue 1. IlocTpoeHue reomeTpuuecKkoil MOJEIH 00JITa B MOTyJie SPace
Claim 23

5.2 3aymanue 2. AHaJM3 MOJICITHM TIOPIIIHEBOTO KOJIbIia B Moy e Transient Structural

.................................................................................................................................. 35
5.3 3aganue 3. AHanu3 pabOThl KOHCTPYKIMH U3 IBYX IIACTHH, COSIUHCHHBIX

0oaTOM, B MOIyJIe Static Structural............cccoveiiiiie e 39
OD®OPMJIEHUE KOHTPOJIBHOM PABOTDL.....c.vcveveeeeeeeeeeeeeeeeee e 41
BUBJIMOTPADGUUECKUM CIIACOK ..o e e ese e e seereeen e 41



BBEJAEHUE

B Hacrosiimee Bpemsl MPOWCXOMUT WHTCHCHUBHOE Pa3BUTHE MHQPOPMAITMOHHBIX
TEXHOJIOTHIA, WCIIOJIB3yeMBbIX B TPOEKTHPOBaHWU. I[IporpamMMHBICE KOMILIEKCHI,
HaIlpaBJICHHBIC HA PEIICHHE WHXKCHEPHBIX 3a/1a4, MOKHO Pa3C/IUTh HA JBE TPYIIIIHI:
CAD-cuctemsr (Computer-Aided Design), mpeaHa3HadeHHBbIC JJIsi aBTOMAaTH3AIHH
nporiecca npoektupoBanust, u CAE-cucrembr (Computer-Aided Engineering),
KOTOpPBIE MO3BOJIIOT MOJICIMPOBATH Pa3HOOOpa3HbIe PUZNUECKUE TMPOIIECCHI.

HeoOxoaumocTh aBTOMaTH3aIIMU TPOSKTHPOBAHUS 00YCIOBICHA TPEOOBaHUEM
COKpAIlICHWsI BPEMEHH pa3pa0OTKH HOBBIX KOHCTPYKIMM 3a CYET IMOBBIIICHUS
IPOU3BOAUTEILHOCTH KOHCTPYKTOPCKHUX pabOT, TaK KaK CIOKHOCTH MPOCKTHPYEMBIX
U3JICIUN yIBAUBACTCS B TEUCHHUE KAXKIOTO JCCATHIICTHSI.

B pabore nznoxxen odmuii mopsaaok padotsl B miarpopme ANSYS Workbench
Ha TpUMEpE BBINIOJHEHHS Tpex jaboparopHbix pador. IlosicHenmst k 3amanuio 1
BKJIIOYAIOT B ce0sl MOApOOHBINA pa3dop cosmanHus rpaduyeckod Mojenu 0oJita B
npuioxennn  SpaceClaim, 3amanme 2 HalEIeHO Ha MOATANHBIA  pazdoop
MOJCIIUPOBAHUS TIPOIIECCOB PAOOTHI TMOPIIHEBOTO YIUIOTHEHHS Kommpeccopa. B
MIPOIIECCE BBIMIOJTHEHUS PA0OTHI CTYICHT 3HAKOMUTCSA ¢ HMHTEp(eicoM mporpamMmebl,
CTPYKTYpPOH TJaBHOTO MEHIO, OCHOBHBIM HWHCTPYMEHTApPHEM W BO3MOXKHOCTSIMH
KOMaHjJ  pa3lenioB MeHI0. Takke CTyJeHTaM TMpeajiaraercsi MpPOU3BECTH
CaMOCTOSTEIbHBIN aHaJIU3 pabOThl KOHCTPYKITUH B 33JIaHUU 3.

BrimmonHeHNE KOHTPOIBHOW pabOTHl SBISETCA O00S3aTEIBHBIM DJIEMEHTOM
y4eOHOTO TpoIecca, B X0A€ KOTOPOW NMPUOOPETAOTCS M Pa3BUBAIOTCS HaBBIKK 3-D
MOJIETTUPOBAHMUSI.

Hacrosime meronuueckue yKa3aHUS HAMpaBlIeHbl HA OKa3aHWE TMOMOIIU
cTynentaMm B ocBoeHuu mporpammbl ANSYS u B paboTte HaJ1 KOHTPOIBHOM paboTai.

ANSY'S - 53T0 MHOTOILIETIEBO MTAKET MIPOTPAMM JIJIsl YUCICHHOTO MOISTUPOBAHUS
(Gu3MUeCKX TPOIECCOB M SBIEHWW B 00JACTH MPOYHOCTH, TUAP Ta30/IMHAMUKH,
TEMI0(PU3UKH, dJIEKTPOMArHeTu3mMa, aKkycTuku [1].
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Puc.1 CxeMa K OCTPOCHHIO FeOMETPUIECKOi Moieau 6oaTta B Moayiie Space Claim

Tabmuma 1 Vcxonuple JaHHbIE IS CO3MaHUs MOAeIN 0oiITa

IlapameTpsl Howmep BapuanTa

BHHTA 1 2 3 4 5 6 7 8

96 84 72 63 54 45 36 30

Di 50 45 40 35 29 24 20 18

t 30 25 20 20 18 15 12 10

d 50 45 40 35 29 24 20 18

C 4 4 4 4 3 3 3 3

b 140 124 108 96 84 72 60 52




[Tpogomkenue Tadi. 1

ITapameTpsr Howmep BapuanTa
BUHTA 1 2 3 4 5 6 Il 8
I 120 120 80 70 50 35 30 20
k 63.26 | 55.26 | 47.38 | 41.38 | 35.38 | 29.48 | 23.48 | 19.48
e 52.53 | 46.83 | 41.13 | 36.57 | 30.85 | 25.15 | 21.73 | 19.44
S 46 41 36 32 27 22 19 17
f 4 4 4 4 3 3 3 3
R 3 3 3 3 2 2 2 2
IlapameTpsl Howmep BapuanTa
BUHTA 9 10 11 12 13 14 15 16
D 24 21 18 16 13 10 8.5 7
Di 14 12 10 8 6 5 4 3
t 7 6 6 5 4 3 2 2
d 24 21 18 16 13 10 8.5 7
c 3 2 2 2 1 1 1 1
b 44 40 36 32 28 24 22 20
I 16 14 12 10 8 6 5 5
k 1557 | 136 | 1157 | 9.64 | 7.64 5.7 482 | 3.82
e 16 13.72 | 1143 | 9.15 | 6.86 | 572 | 458 | 3.44
S 14 12 10 8 6 3) 4 3
f 3 2 2 2 1 1 1 1
R 2 1 1 1 0.5 0.5 0.5 0.5

P&SMepBI AaHbl B MUJIJIMMCTpax




Puc. 2 Cxema K TOCTPOEHUIO TEOMETPUYECKON MOJIENN MOPIIHEBOIO YIUIOTHEHUS

3ananue 2

Tabmanma 2 UcxogHplie TaHHBIE JJIS CO3TaHUS MOIEIIH

MBI R e | B | [T R e | D
1 20 3 0.5 | 45 9 36 4 1 160
2 22 3 05 | 45 10 38 4 1 160
3 24 3 0.5 | 45 11 40 4 1 160
4 26 3 05 | 45 12 42 4 1 160
5 28 3.5 1 | 45 13 44 45 2 190
6 30 [35 1 | 45 14 46 4.5 2 190
7 32 |35 1 |60 15 48 4.5 2 190
8 34 (3.5 1 |60 16 50 4.5 2 190




3amanue 3
[Inactuna umeet quny A, mupuny B, BeicoTy S u oTBepcTue aunamerpom D.
[TnactuHbl coequHeHbl 00ITOM, BhICOTA Tena Ooirra HTB=2S, BhIcOoTa roaoBku Ooiita
11r5 0,5S, nuametp tena 6onra Dy D, auametp ronosku 6onta Dy 2D. ITonoxenue
OTBEPCTHS B IUIACTUHE HA3HAYAETCS MPOU3BOJIHHO.

Puc. 3 Cxema k IIOCTPOCHHIO FGOMGTpH‘{eCKOﬁ MOACIIN ITIJIaCTHHBI

Taomuna 3 Mcxoauble JaHHBIE IJIS1 CO3AaHUS MOJIENN IIJIaCTUHEI

Ne Bap.,| D, S, | A | B, | NeBap.,, | D, S, | A, | B,

n/a MM |MM | MM | MM | /i MM | MM MM | MM
S) 3 | 25|45 9 6 4 120 |60

7 3 | 35|45 10 8 4 |30 |60

9 3 | 45|45 11 10 | 4 |40 |60

55 | 45 12 12 4 150 |60

13 85 | 65|45 13 14 45|60 | 90
15 35 | 75|45 14 16 45|70 |90
16 3.5 | 85|60 15 18 45|80 |90
4 35 95|60 16 20 |[4.5/90 | 90
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-
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1. KPATKHI OB30P METOJIA KOHEUYHBIX JIEMEHTOB

Meton koneunsix a3nemeHToB (MKD) mnpencraBnsier coboil addexTuBHbIN
YHUCIIEHHBIM METOJ pelIeHHs] WHXXCHEPHBIX U (usuueckux 3anad. [Ipenmonaraercs, uyto
LEeIbHAsl KOHCTPYKILMS pacCMaTPUBAETCS KaK COBOKYIHOCTb OTAEJIBHBIX KOHEUYHBIX
AJIEMEHTOB [2, 3].

OcnoBononoxxHukoMm Teopu MKO cunraerca P. Kypant (1943 r.). M. Tepuep, X.
Maptun u np. BHeApuwin MKD B CTpOUTENBHYIO MEXAHUKY U MEXAHHUKY CIUIOIIHBIX CPEJT
(KOHeI[ MATUIECATHIX - HAuajo IIECTUIIECATHIX TOAOB ABaAIaTOro Beka). CyliecTBEeHHO
pacumpuinn  obnacte npumeHeHuss MKD b. Cabo, O. 3enkeBuu u Ap. (KOHeI|
HIECTUIECATHIX - HA4YaJI0 CEMUAECITHIX T'OJ0B), OKa3aB, YTO €r0 MOXHO HCIIOJIb30BaTh
TUTSI pelIeHus TI00bIX aud depeHIManbHbIX YpaBHeHUN. bobmioit Bkiaa B pazsutue MKD
BHECJIM oTeuecTBeHHBIE yueHble JI. Po3un, B. Kopnees, B. I[loctHoB 1 ap. Pazsutne MKO
HEpa3pbIBHO CBSI3aHO C COBEPUICHCTBOBAHMEM BBIYMCIHUTEIBHON TEXHUKH, YCKOPSIOIIEH
CJIOKHBIE YHCIEHHBIE pacyeThl. COOTBETCTBEHHO COBEPIIEHCTBOBAIUCH
BBIYUCIIUTEIIbHBIC TIPOTPAMMBI, PEATU3YOIINE 3TOT METO [4].

OcHoBHbIe ujien MKD 3akiiouaroTces B CIEIYIONIEM:

1. JIroOble HempepbIBHBIC BEJIWYMHBI, TAaKUE KaK I[EepeMelIeHre, TeMIeparypa,
JABJIEHUE, W Tp. MOryT OBITh aNIPOKCUMHUPOBAHbl JUCKPETHON MOJEIBIO.
[TocTpoeHre MoJieI OCHOBAHO Ha MHOXECTBE KYCOYHO-HETPEPbIBHBIX (YHKIUH,
ONpeAeNEHHBIX HAa KOHEYHOM 4YHCJE MO0A00NacTed - 3JIeMEHTaX (KOHEYHBIX
AIIEMEHTaXx);

2. KycouHo-HenpepbIBHbIE (YHKUMU ONPEACNAIOTCS € IOMOLIBI0 3HAYEHUM
HEMPEPbIBHOM  BEJIMYMHBI B  KOHEYHOM  (PUKCUpPYyEeMOM  4HCI€  TOYEK
paccMaTpuBaeMoil 001acTH. DTH TOYKU HA3bIBAIOTCS y3J1aMUu;

3. 3HaUYCHWE HEMPEPHIBHOW BEIWYMHBI B KaXKIOH Y3JIOBOH TOYKE CUYUTACTCS
NEPEMEHHOM, KOTOPAasl 10JKHA OBITh ONPEIEIICHA;

4. HenpepbiBHasi BEeTUYMHA aNMpPOKCUMHUPYETCS Ha KaXKIOM JJIEMEHTE (PYHKIUEH,
KOTOpasi ONpPEAENsieTcsl C TOMOIIBIK) VY3JIOBBIX 3HAYECHUN HTOW BEIUYHUHBL.
HenpepbIBHOCTh BEIMUUHBI COXPAHSIETCS BAOJb IPAHULL SJIEMEHTA;

5. OOBEKTHI HCCAEOBAHUS MOTYT UMETh PANTUUHYI0 (OpMY U (PU3UUECKYIO IPUPOY,
OyIb TO TBEp/bIE TENA, )KUJIKOCTH, T'a3bl WM AEKTPOMATHUTHBIE CPEIbI U JP.

J11st Gosbiieit HaTrJIITHOCTH paccMoTpuM ipuMeHeHne MKD Ha BechMa 10CTyITHOM
npumMepe. 3aJaauMcsi HEKOTOPbIM 00bEMOM MPOU3BOJIBHOM (YOPMBI U MPUIIOKHUM K HEMY
COCpEIOTOYEHHYI0 Harpy3ky (puc.l). B naHHOM cnydae mnOpencTaBisieT HHTEpeC
IIOBEICHUE 3aJaHHOU CTPYKTYpPBI IO ACHCTBUEM HArPy3KHU.

YpaBHeHUs, KOTOPHIM TTOTUMHSAETCS paclpe/iesieHne HAMPSHKEHUH B IPUHSITOM 00beMe,
W3BECTHBI.



Puc.1.1 Cxema 00BbeKTa HCCIIeOBaHUS
OpmHako JJ1s1 CJI0KHBIX TEOMETPUIECKUX (DOPM pacdeT MOXKET ObITh HECKOJIBKO
3aTPYJHEH, B TO € BPEMsI YPABHEHUSI MOXKHO PEIIUTh JJISI POCTHIX T€OMETPUIA
(IpUMUTHBOB), TAKUX KAaK TPEYTOJIBHUK WM OpsIMOYTroiabHUK. MKD ucnons3yer JaHHYIO
0COOCHHOCTB: CJIOKHAsI TEOMETPHUSI 3aMEHSIETCA Ha OJIM3KYIO € CeTh MPUMUTHUBOB. Best
CeTb DJIEMEHTOB Ha3bIBACTCS KOHEUHO AJICMEHTHOM CeTKOM (puc.2).

Vi
B

-

Puc.1.2 TTokpeITHE pacueTHON reOMETPUN KOHEUHODJIEMEHTHOM CEeTKOM

JIns1 pellieHus: pa3IMyHbIX 3a/1a4 MOKHO MCIIOJIb30BaTh OJIHY U TY JKE€ CETKY, a
4yTOOBI €€ MOCTPOUTH, CIIEPBAa HEOOXOIUMO PELIUTh, U3 KAKUX AJIIEMEHTOB OHA OyIeT
cocTosTh (Tadmn.1.1):

Tabnuua 1.1 DneMeHThI pa30oueHus CETKU

1. OgHOMEPHEI 37TeMEHTEI ( { ) C nByMA y31aMH
(cTepKHEBEIE)

C YeTEIPEMA y3JIaMH
(KyOHdeCcKHIt)




-

TpeyroncHele

1. JIByMepHEIe 3JIeMeHTEl

HeTEIpexXyrolIbHEIe

MHOroyronsHEE

2. TpexMepHEIe 3]IeMeHTEI B dopme napaiienennnena

B dopme TeTpa3apa

CrnoxHOH (popMEI

3. CrienuanbHEIE 3]IEMEHTHI Hamnpumep, IIpH
PacCMOTPEHHH
OCECHMMETPHYHBIX 3a71a4

[Tponomxenue tadm. 1.1

YBenuueHue ynciia 3JEMEHTOB pa30reHus yBEIMYMBAET TOYHOCTh TPOU3BOIUMOTO
pacdeTa, HO MPU 3TOM BO3pacTaeT BpeMs ero BeruucieHus. [loaTomy nenecooOpa3HbIM
SIBJISIETCS] ONITUMAJTBHBIN ITOAOOP YKCiIa SJIEMEHTOB JIJIsl TpeOyeMOil TOUHOCTH B Pa3yMHBIX
BPEMEHHBIX IpeJeax.

Bribepem B Hamem mpuMepe BOCBMHYTOJBHBIN 3iemeHT (puc.l.3). Beprmmnb
AJIEMEHTA HA3BIBAIOTCS Yy3JIaMM, KaKIBIA y3€J1 MOXKET HW3MEHATh CBOE IOJIOKEHHE B
KOOpAMHATHOM cucTteme. VCKIIIOUeHHEe COCTABIISIOT Y3JIbl, HAXOSAIIUMECS Ha TpPaHUIIE



o0JacTu, UX Mbl CUMTAEM HEMOJBIKHBIMH, U B JAHHOM Cllydae 3TO OyAeT SIBISATHCS
IpaHUYHBIM ycToBHeM (Ha puc.l.4 0603HaueHBI 3eIeHbIM LIBETOM). Takum oOpazom,
ITPAHUYHBIE YCIOBUS NIO3BOJISIOT BBIACIUTD €AUHCTBEHHOE PELICHHUE.
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Puc.1.3 O630p oTeNbHOrO 3JIeMEHTa KOHEYHOAIEMEHTHON CETKH

Puc.1.4 3aganue rpaHuYHBIX YCIOBUI
Haxonen, Hy»XKHO yKa3aTh ypyrue CBOMCTBAa MaTepHasa U BHEIIHIOIO HATPY3KY.
Ha nanHowm stare pacueTHas cxeMa NpUHUMAET CBOW OpUTHMHANBHBINA BUJ (puc.1.5):

F

Puc.1.5 Koneunas cxema k pacuety MKD
C MareMaTH4yecKoi TOUKH 3pEHUS HY>KHO MOJIyYUTh YpaBHEHUE, KOTOpOe OyAeT

OIHKCEIBATh BCIO CUCTEMY.
HauHeM ¢ OCHOBHOTO COOTHOLIEHUSI, BBIPAKAIOLIETO TIEPEMEIEHHE U (X, ) B
KaKIOM y3J1e (X,Y): u (x,y) =A + Bx + Cy + Dxy + Ex? + Fy? + Gx2y +



+Hx)?. B IpMHATOM paHee BOCbMHYTOJIBHOM JIEMEHTE § y310B (cM. puc. 1.3), B Kaxk1om
y3j€ 3amuileM ypaBHeHHE il mepemerneHusa. [lomydeHHas koMOuHamms oOpasyer
Matpuiry U:

N

OCO000000 00

(A +Bx +Cy + Dxy + Ex? + Fy? + Gx%y + Hxy>

A+Bx+Cy+Dxy+Ex*+Fy*+Gx*y+ Hxy*

y A+Bx+Cy+Dxy+Ex*+Fy*+ Gx’y + Hxy”
3 A+ Bx+Cy+Dxy+Ex*+Fy? + Gx?y + Hxy?| =U
J1< A+ Bx+Cy+ Dxy+ Ex?+ Fy? + Gx*y + Hxy?
bl A+ Bx + Cy + Dxy + Ex® + Fy* + Gx*y + Hxy?

A+ Bx +€y+ Dxy+Ex*+Fy“+G +H

2 2 2 2
\ \A +Bx+Cy+Dxy+Ex“+Fy“+Gx“y + H_\'yj

B HaHBHeﬁMHX pacderax 6YI[€T HCIIOJIBb30BATHCA 3Ta MaTpUllda BMECTC C OCHOBHBIMHA
3aKOHAMH MEXaHWKH. VIMes: mpHIIOKEHHBIE HArpy3KH, IIPOTpaMMa, pean3yromas MEeTO
KOHCYHBIX 3JICMCHTOB, BBITHUCJIACT IICPCMCUICHHA B Y3JIaX:

1. 3nas mepemenieHus: y3JI0B (BHUJ ypaBHEHHS IepeMelieHuss 0003HA4YEeH BBIIIE),
ONPENEIAIOTCA HANPSHKEHUS,

2. U3 HampspkeHuii moirydaeM Aeopmaliim,

Jlanee HaXOIMM MOTEHIUAIBHYIO SHEPTHUIO;

4. U3 ycnoBuit MUHUMYMA MOTEHIIMATBLHON SHEPTHH MOTy4YaeM JBa ypaBHEHUS
cocrostHus Beero anemenTta: Fy = U{x }; Fy = U{y};

w

[TomyunBIITyFOCS MaTpPHUIly HA3bIBAIOT MAaTPUIIEH JKECTKOCTH dJIEMEHTA, TI0 aHAJIOTHH
C YpaBHEHHUEM JIJIsl IPYKUHBI. B TpyXUHE MepeMenienre X - 0JHO YHCIIO0, B HAIIEM JKe
ClIyyae X - BEKTOp NepeMelleHus A1 BCcero ayeMenTta. Takum obpazom: Fx = ufx}; Fx =
KX.

JlaHnHble pacyeTbl MPOJAETBIBAIOTCS ISl KaXKJIOrO 3JEMEHTA CeTKU, U y KaXJ0ro
jrieMeHTa OyAeT cBosi MaTpuua kecTkoctu. OOBeAMHUM BCE 3TH MaTpPUIbl B €IUHYIO
MaTpully, T.€. B MaTPHILy >KECTKOCTH Bcell cuctembl. JItoOble JBa COCEIHHMX 3JIEMEHTa
UMEIOT OO0IIMEe Y37bI, MO3TOMY HCKOMBIC 3HA4YEHHsS B JTHX y3JaX HUMEIOTCS B 00eHX
CONPSKEHHBIX MaTpulax (puc.l1.6).
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Puc.1.6 ConpspxeHHBIE MAaTPHIIBI C OOIITUMU y3JIaMHU

Martpuiisl MOXKHO OOBEAUHUTH MPOCTHIM CMsiHUEM. Ha mpakTuke perieHue Bcen
CHUCTEMBI TPOUCXOAUT OJHOBPEMEHHO CO CIMSHUEM MAaTpHUIL, BECh 3TOT TIPOLECC
Ha3bIBAlOT MpHBEJACHUEM. B mponecce MNpuUBEAEHUS OCYUIECTBISETCS Mpoleaypa
VCKJIFOYEHUS YaCTU MATPHIIbL: pelaeM ypaBHEHUSI CUCTEMbI, KOTOPBIM
COOTBETCTBYIOT CTPOKH MaTpUIl B OJHOM 3JjieMeHTe. CHaudasna pelaeM OJHO YpaBHEHUE U
MOJICTABIISIEM IOJIYYEHHOE PEIICHUE B OCTaBLIMECS, 3aTE€M NEPEXOAHMM K CIEAYIoLEMY
anemeHTy. Ilocne 00paboTKM Bcex MOIMATPHUL, OCTAETCA OAMH Y3€l, U HalJEeHHOE
3HAUYEHHUE B ATOM Y3JI€ HUCIOIB3YETCS B 0OpAaTHOM XOj€, TAKUM 00pa3oM HaXOJSATCS BCE
HEHU3BECTHbIE. B wWTOre MBI HAlIM MEPEMENICHUs, [ajee HaJeM HalpsKeHUS.
Hampsbxkenuss moka3zaHbl Ha KOHTYpHOWM mauarpamme (puc.l.7): KpacHbIM IIBETOM
BBIICNISIETCSI HAMOOJIBINIEE CKATHE, CHHUM - HAMOOJIbIIIEE PACTSIKEHUE.

IE

Puc. 1.7 Ynpoiennas Bu3yannsanus pe3ysibTatoB pacuera MKO
Pa3o0OpaHHblii B TaHHOM IYHKTE IPUMEp MOKa3bIBAET, yTO pernienue 3agady MKO

TIPOU3BOMTCS] B COOTBETCTBHH CO CJICIYIOIIMMHU dTallaMU:
1. TTocTpoeHne reoOMeTpUICCKON MOIeTTH 00BEKTA UCCIICIOBAHUS;
2. TlokpeITHE pacyeTHOM 00JIACTH CETKOW KOHEUHBIX AJIEMEHTOB/KOHEYHBIX
00BEMOB;



3aaHyue rpaHUYHbIX YCIOBHIA;
Br16op pu3uko-mareMaTnyeckoil MOIENH, OMUCAHUE PACUETHON CXEMBI;
IIpouecc pemienus 3a1a4u, KOHTPOJIb 3a CXOAUMOCTBIO PELICHHUS;

o ok w

O06paboTKa 1 aHAIN3 PE3YJIbTATOB.
W310>xeHHBIN aIrOpyUTM JICUCTBUN YCIICITHO Pean3yeTCs B IPOTPaMMHOM

komrurekce ANSYS.



2. OB30P UHCTPYMEHTAPHUSA ANSYS. PACUETHASA OBOJIOYKA
WORKBENCH

[Tporpammusiit komruieke ANSY'S Gazupyercst Ha MeTOIe KOHEUHBIX 3JIEMEHTOB U
s¢h(deKTHBeH MO CcBOoeMy HHCTpyMeHTapuio. IIporpammuas Bepcus 2019 r. (ANSYS
Student 19 R3) [5] oObeaunsier u cBs3biBaeT 30 MOAyJEH, B KaXKIOM H3 KOTOPBIX
pean30BaHbl HEOOXOoAWMAas I pCEIICHUS TOW WIM HWHOM (Qu3MyecKol 3ajayu
MOIXO/ISIIIAsi MaTeMaTHIeCcKasi MOJICNTb M YHCIICHHBIE METOJIBI €€ PEIICHUSI.

NHcTpyMeHTaMu 1711 TPOBEACHUS PaCUETHOTO aHAIHM3a SIBIISTIOTCS:

1. Fluid Mechanics - MmogenupoBaH#e TEUESHUH KUIKOCTH U Ta3a;

2. Structural Mechanics - moxenrpoBaHue 3a1a4 JMHAMUAKHA U IPOYHOCTH;

3. Electromagnetics - moaenupoBaHue padOThI pa3IMUHbIX KOMIIOHEHTOB
PAAMOAIECKTPOHUKHU, CUCTEM aBTOMATHKHU, AIEKTPUUECKUX MAIIIUH U TIp.;
Bo3moxxHO MozienupoBaHME€ HMHTEPAMCIUIUIMHAPHBIX 3a/lad  Ha OCHOBaHUU

KOMITJIEKCHOU CBSI3KM HECKOJIbKUX THUIIOB PEIIaTeleH.

PacueTHbie MOy, COOTBETCTBYIOIINE OMPEICICHHBIM HHCTPYMEHTAM, CBEIACHBI

B Ta0m. 2.1:

Tabnuua 2.1 [lepeuenn moayneir ANSYS
Fluid Mechanics Fluent, CFX, Icepak, CFD-Flow, Vista TF, Icem CFD,
TurboGrid, TGrid, BladeModeler, CFD-Post
Structural Mechanics (Static Structural, Transient Structural, Rigid Dynamics,
Steady-State Thermal, Transient Thermal, Linear Buckling,
nCode, Harmonic Response, Random Vibration, Modal,
Response Spectrum, Explicit Dynamics/AUTODYN

Electromagnetics Maxwell, RMxprt, PExprt, Simplorer

B3auMocBs3p 1 nepenayy HE0OXOAUMOM MHOOPMAIIUK MEXKIY MPHUIOKECHUSIMH C
pasHBIMH BUAaMH aHanmu3a ocyinectBisser Iuiatpopma Workbench, ona Taxke
JIEMOHCTPUPYET TOCICIOBATEIbHOCTh PACYETOB, WX CHUCTEMATHU3AIMI0 W XPaHCHUE.
Pa6ouee okno Workbench npezacrasieno Ha puc. 2.1.
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Puc. 2.1 OcHoBHoe padouee okno Workbench

B o6mem ciryuae uarepdeiic Workbench Bxirodaet B ce0st cnemyromue okHa:

1. Project Schematic - ocHoBHOE OKHO mpoekTa. OKHO 0TOOpaXkaeT CXeMy MPOeKTa
(MOITyH U IPUIIOKEHUS TPOEKTA);

2. Ilanens wHcTpyMeHTOB. [lo3BONsieT ympaBisATh HACTPOWKaMU U OILHUSIMU
IIPOEKTA;

3. Properties - okHO cBOWCTB 0OBekTa. SIBisieTcs TAOMMYHBIM IMPEICTABICHUEM
CBOMCTB BhIOpaHHOTO 00BekTa. [lepBrIif cTONMOEI - Ha3BaHUE CBOWCTBA, BTOPOI
- €r0 3HAUYCHHE WIM UHAUKAILMSA 00 ero akTUBaIMU (Tajouka);

4. Toolbox - okHO wHCTpyMeHTOB mpoekta. OTOOpa)kaeT HHTErPUPOBAHHEIC
MOYJTU U TIPUIIOKEHUSI TPOrpaMMHON 00010ukn. Brittodaer B ce0s ciienyronme
pazzenbl:

* Analysis Systems. ComepkuT periareiu A1 BCeX BUA0B YUCICHHOTO
(MHXKEHEpHOTO) aHaJIH3a.

* Component Systems. Bkitodaet B ce0s1 BCIIOMOTAaTEIbHBIE MOTYJIH
YHUCIIEHHOTO aHaJIN3a: TeOMETPUIECKasi MOJIENb, CETKa KOHEYHBIX
AJIIEMEHTOB H TIp.

e Custom Systems. Hwmeer B ceOe 1m1aGa0HBI 151 TPOBEICHUS
MEXIUCUUIUIMHAPDHOrO  aHanmm3a  (Hampumep,  Thermal-Stress -
TEPMOMNPOYHOCTHOM ).

* Design Exploration. Pemaer 3aiaun onTHMHU3AIMH 3a/1aBa€MbIX TAPaMETPOB
MOJIENIH;

[TonpoOHee OTACIbHBIC U3 MPEACTABICHHBIX KOMIIOHEHTOB OKHa T00IboX



OyayT paccMOTpeHBI B MaTepHaiax K J1a0opaTOpHbIM paboTaM.

5. OkHo 3TanoB MozenupoBanus. [IpencraBiser camy CTPYKTypy YUCIEHHOTO
ananu3a. [IpoekT MOXeT BKIIIoYaTh B c€0S HECKOIBKO TAaKUX OKOH, CBSI3aHHBIX
MEXy cOOO0M;

6. Messages - okHO coobmienuit. OToOpaxaer Bce BUIBI CIYKEOHBIX COOOIICHHIH,
OIIKUOOK.



3 ITANBI MOAEJIUPBOHUSA B ANSYS WORKBENCH

OOpatumcs K OKHY 3TarnoB MozenupoBanus (puc. 3.1):

Static Structural

v A

[

2 0 EngineeringData v
3 @ Geometry Y .4
4 @ Model ? .
5 a Setup :
6 § Solution T 4
7 @ Resuts % 4

Puc. 3.1 OxHo, coneprkaliee HeOOXOIUMBbIE STAbl MOICTUPOBAHUS

brnok (1), nanpumep Static Structural, cocrout u3 Mmoyneit:

Engineering Data (2). /lanHoe mpHIOKECHHUE SBISETCS 0a30iM JaHHBIX
(U3MYCCKUX ¥ MEXaHUYECKHX CBOMCTB MaTepHAJIOB U BXOIHBIX ITapaMeTPOB
MaTEeMaTHUYCCKUX MOJICIICH;

Geometry (3). IlpeacraBineHHbI MYyHKT BKJIIOYaeT B ceOs Momynb Design
Modeler u o3Bossiet co3naBath reomerpudeckue 2-D u 3-D mozgenu. Uepes
MOJYJIb BO3MOXEH HMHOPT Mojened u3 mpounx CAD-cuctem mns ee
JAJTEHEHIIIETO MCIIOJIb30BAHUS WU PEAaKTUPOBAHUS;

Mesh (4). Moxaynp mnpeaHa3HAYMT JJIS TCHEpPAIMHd PACUETHOW CETKH.
Brurodaer B ce6s mupokuii HabOp HHCTPYMEHTOB;

Setup (5). IlepeBogWT TIOKPHITYIO CETKOWM KOHEUYHBIX DJIEMCHTOB
TrCOMETPHUYECKYI0 MOJICIb B OTICIBHBIA MOJYJb JUIS 3adaHHUS TPAHHYHBIX
YCJIOBU;

Solution (6). Ilpomecc pemieHUs 3ajJadd, KOHTPOJb 3a CXOIAMMOCTBIO
pCIICHUS;

Results (7). O6paboTka u aHaIU3 pe3yIbTaTOB.

[Ipouecc MomenupoBaHus (pelIeHUs 3aJayur) MOJApa3yMEBAET MOCIIEI0BATEIbHOE
npoxoxaeHue 3tanoB (2) - (7). Pe3ynbratoM OyAeT SBIATHCS PEIICHUE 3a/1aun

[Tepeuncnennsie 3tamnsl (2) - (7) BU3yalbHO IMPOJAEMOHCTPHPOBAHBI Ha puc.3.2 Ha
pUMEpPE UCCIICAOBaHUS MMOPITHEBOTO KOJIbIIA MPH IMOMOIH MoxyJieit Transient Structural
(B) u Transient Thermal (T').
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Puc.3.2 Ananus moaenu nopmHeBoro kosbia B ANSYS [6]:

A -oramel 2 -4; b -5; B -6, 7 (Transient Structural); I" - 6, 7 (Transient
Thermal)

4 UHTEP®ENC MOJYJIA SPACE CLAIM

SpaceClaim - 3to MHOTrOdYHKIIMOHATBHOE MTpHUIIOKeHUe Tt 3D- MoaenupoBaHus,
obecrieunBaromiee 3PpGEKTUBHOE pelIeHne O0mux 3amad MoaenupoBaHus. [Iporpamma
HalleJieHa Ha CO3JaHKe, peJaKTUPOBAHNE WM BOCCTaHOBJIEHUE TeomeTpun. Harmsiinelie u
MHTYUTHBHO TIOHSATHBIE HHCTPYMEHTHI MIO3BOJISIOT CO37aBaTh OOBEKTHI, AETAIN U y3JIOB C
LEJIbI0 UX MHOTOKPATHOT'O MCIIOJIb30BAaHUS B ITOCIIEAYIOLIEM.

I[J'IH Ha4dalia pa6OTI>I B OKHC 3JTaIlOB MOJCIMPOBAHHA npaBoﬁ KHOIIKOM MBIIIN
BeiOepem Geometry N New SpaceClaim Geometry (puc. 4.1).



ownpE

b A
ifl 7=, Transient Structural

2 & Engineering Data v 4
3|@ Geometry ) |
4 @ Mode 4 New SpaceClaim Geometry...
5 i a e m New DesignModeler Geometry...
. - ﬁ Shion Import Geometry 3
7 @ Results 23 Duplicate
Transfer Data From New b
Transient Structural .
Transter Data To New 3
4 Update
Update Upstream Components
|¢] Refresh
Reset
ﬂ Rename
Properties
Quick Help
Add Note

Puc. 4.1 Hauaio padotsr B SpaceClaim

Hutepodeiic SpaceClaim npezacrasieH cieayonumMu sineMenTamu (puc. 4.2):
3akiaaKu MEHIO0 OBICTPOTO J0CTYTIA;

OKHO CTPYKTYpPBI IOKYMEHTA;

BcnomoratenbHbIe HHCTPYMEHTHI;

Pabouee noe.
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Puc. 4.1 Uurepdeiic momyns SpaceClaim




5 IPAKTUYECKASA YACTDb

B nmanHOM pasnerne mpejacTaBlieH MOPSIOK BBHIIOJIHEHHS JIAOOPATOPHBIX PadOT.
[TpuBoaUTCS MaTepral, HEOOXOUMBIi JIJIsl TOJTYYEHUSI HABBIKOB PA0OTHI B CIICAYIOIINX
MPUTOKCHUSIX

e Moayb MOATOTOBKH I'eoMeTprueckux Mojenei Space Claim;

* Monyns Transient Structural. ITo3Bonsier pemate 3ama4yd JTUHAMHUKH
KOHCTPYKIIMA W OCHOBBIBACTCSI HA HESIBHBIX CXEMaX HHTETPHUPOBAHUSI
YPAaBHEHUM JIBUKCHUS,

e Monyns Static Structural. Pemaer 3amaun MexaHuku aeopMHUpyeMOro
Tella B CTATUYECKOM OCTAHOBKE.

5.13ananmue 1. IlocTpoenue reomeTpuueckoil Mojaean 600J1Ta B MOJ1YJI€E
Space Claim

[Ipumep UHTEpPECEH TEeM, YTO B MPOIIECCE MOCTPOCHUS TEOMETPUICCKON MOIEIH
00Oy4Jarouiicsi moJiy4aeT HaBbIKK pa0OThl C OCHOBHBIMU HHCTPYMEHTAMHU MPOTPAMMBI.
Pewenue

1. Hauano nocmpoenus ceomempuuieckoi modeau boama (puc. 5.1):

1. Beioupaem unctpyment Cylinder;

2. B mpou3BOJIBHOM TOUKE 00JIACTH TOCTPOCHUS KIIMKAEM MBIIIIKOM B TIEPBOI
TOYKE M BBITATHBAEM OTPE30K J0 BTOPOI TOYKH Ha MJIOCKOCTH, 3371aBast OCh
Oynymiei monenu. BBonuM HeoOXoIMMOe 3HAYCHHE JJIMHBI LUJIUHApPA B
MOJICBEYCHHOM OKHE;

3. Bpyunyro mepemeras Kypcop OT BTOPOW TOYKH B MEPHEHAUKYJISIPHOM
HaIpaBJICHUH, 331a€M 3HAUCHHUE TUaMeTpa IUIHHPA.

0+ e S

b I - Equation O Sphers ~
rsed Create Body : 7

< & 2

Puc. 5.1 Hagano noctpoeHus reoMeTpuIecKoi Mojiesu 0oJiTa
2. Ilocmpoenue conoexu boama (puc. 5.2):
1. BriOupaem Ha maHEM HHCTPYMEHTOB OKPY>KHOCTB;
2. BpiOupaeM mJIOCKOCTH TOCTPOEHMS Ha TOBEPXHOCTH Teja OoJTa.




Haxxumaem na kaonky Select New Sketch Plane u ykassiBaem Ha BUAMMYIO
TOPIIEBYIO TOBEPXHOCTH IMJIMH]IPA (CTAHOBUTCS JKEITHIM IIBETOM).
3. CtpouM royioBKy 00JITa COOCHO Telly 00jiTa (IIOCTPOCHHOMY HUJIUHAPY),

BBOJMWM 3HAUCHHUC ANaMCTpPa,

4. BeiOupaem Ha maHenu uHCTpyMeHTOB Pull. BeiTsruBaeM MaockocCTb,
00pa30BaHHYI0 OKPY>KHOCTBHIO Teja 00JiTa, U TUIOCKOCTh, 00OpPa30BaHHYIO
OKPY>KHOCTBIO TOJIOBKH IHJIMHIPA, HA HEOOXOUMYIO BBICOTY (C 3a5KaTOM

knaBuineit Ctrl, ctaHOBATCS OpaHKEBOTO IBETA).
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Puc. 5.2 Tloctpoenue rosoBku 601Ta

Solect faces to offsat, revoive. sweep. draft, scale
orcopy Select edoes to round, , extrude,
wa/ormﬂAl d-clmomgednuvddmalm
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®

3. IHocmpoenue wecmuepanto2o omeepcmust (puc. 5.3):

1.
2.

Bribupaem unctpyment Polygon;

VYka3biBaeM MOBEPXHOCTh HMOCTPOCHUS, MPUPABHUBAEM LIEHTP OYIyIIEero
OTBEPCTHS K OCH, BBITSATHBAEM U BBOJUM HEOOXOIMMEII pa3mep;

Ctpoum yriay0OlieHHe BHYTPb TOJOBKH 0OJTa MJIOCKOCTHIO, OTpPaHUYEHHOM
miecturpanaukom. Pull  ~  BBIOOp TUIOCKOCTM »  BBHITATHBAaHHE HA
HEOOXOUMYIO TITyOHHY;

Yea£e 8 DT e em
o) Z >x32 O ’ci ul ove i 2 ombine & Proiect “ L:

Sketch

Mode Edit Intersect C

>Na
}

pping to Cur

!

ve (

enter, Grid 19 1o Nimancinn Value, Midpoint

Puc. 5.3 ITocTpoeHue mecTUrpaHHOTO OTBEPCTHUS

4. Ilocmpoenue gpacox (puc.5.4). HeoOxoaumo nocTpouTs 3 mpsMbIX packu u

1 ckpyriaeHHnyto.

1. Ipu BrimoueHHOM uHCTpyMeHTe Pull BeIOMpaem HeoOXxoauMbie pedpa
(otmeuarotcs skenaThiM 1BeToM). Ha manenu General BeiOmpaem Tum
(hacku ¥ BBOJAUM HEOOXOMMbIC 3HAUCHUS.

2. TloBTOpsiem omneparuio Ak CKpyIJIeHHON (hacku;



Structurs 7
4 |4 Designt*
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Puc.5.4 Tloctpoenne acok

5. llocmpoenue yenyonenus 6 wiecmuepanHom omsepcmuu (puc.3.5).

1. Beioupaem Select N Kiukaem Ha ock Oonra ~ BeiOupaeM WHCTpYMEHT
Plane;

2. BoiObupaem wuHcTpyment Plan  View (takum o0pa3om Mojenb
oroOpaxkaetrcst B 2-D) u 3arem BoiOupaem mHcTpymMeHT Sketch Mode
(mepexo MM B peKUM ‘‘CKeTda’ - CO3/IaHMs TEOMETPUHN );

3. BeiOupaem uHCTpyMeHT Line ~ oT BepxHEH rpaHu yriryOJCHUS TSHEM
JUHUIO IO OCH TOJA TpeOyeMbIM YIJIOM " CO3[aeM MPSMOYTOJIbHBIN
TPEYTOJIbHUK (3aMKHYTYIO MIOBEPXHOCTH), Kak Ha puc.5.5 (3);

4. Haxxumaem Ha kiaBuatype kiasuiry “D” (nmepexoaum B 3-D pexxum) * B
Structure BeiOupaem Design * Ha Bkiaake Display 3agaem npo3paunsiii
pexxum (Transparent);

5. [Monydennsiit Ha sTamne (3) 3aMKHYTBIN MPSIMOYTOJIBHBIN TPEYTOJbHUK
HEOOXOJMMO “‘3aKpPYTUTh’ MO OCH 00JITa, TEM CaMbIM “BBIYECTh’ U3
noBepxHOCTH OoiTa 00BeM B hopme KoHyca. [l atoro Beioupaem: Pull
A BBIOMpaeM MJIOCKOCTh ‘BBIYMTAEMOMN TOBEPXHOCTH "




R

BbIOMpaeM uHcTpyMeHT Revolve » B mapametpax Pull Options

BBIOMpaeM - 7 Cut (BrIUMTAaHUE U3 TIOBEPXHOCTH) ** BHIOUPAEM OCh
BpaieHus ~ Beioupaem kHonky Full Pull (Berautaemas moBepXHOCTD

COBEPIIUT 000POT BOKPYT BhIOpaHHOM ocu Ha 360°).

gl s

% " @shel
222 & onset

z acyhdu Homa'-

P+ Spin =

NBOITLIXN

R

Sketch Mode (<)

@ Werk onthesketch gridin 2D
M

Selact : i 2 1 wfbren NP O e ) #F @
B | Pull  Move Fill Combine S oon Equation ‘ -
o S i W 500 Qe R Qzon- " ®@ DM 5 3 3
S - Lonsta. Eody Orieat Sketch
.g K 12 30kt the highlighted clject. Drag to box: i Creste a plans based ontha S o v)

ot an lick 1o s ebect 4 i3 o a on

k :g}ecl Cirl~click and Shift=click to add or remeve ) glwwm?ﬁuﬁgma it - ;nmmuummatywmvmm

Djects. ns.
selected sketchentities Solid
@ Press F1 for mose help, o F3 for s video T o Plane W Press F1for more help, o F3 for a video

o
(o]

Line )
N\, Dwegtodey s stosght line: Orclick to creste
eaci
the

h pont of & polyline, then double-click o end
hne

© Proass F1 lor more heip, or F3 for o video

Spapping to Cune, Dimension Valoa

Z

# Press F1 for mom help. or F3 for o video.
lick to sERETT S Bngent cham. Douple-ticK a0am

z
wors Salection Groups Views |BEEuE: |
| |
oo U ey T~
) |
sketch connactivity | |
3rid
angle
A @rome s ' — LT
-B O % w [a*’ 2 m m
Fi@-@ e e I fow _~ |
Cipboand Overt Style: O opsd
= © Seeseiected
B > - 1o
‘J&"‘ T regandiens of the
B Surfoce oo
2 3 Plane

I‘Ammwluym Selection Greupe Views

i2 r" Optians - Sketch
o s N\, Line
105.0° i ‘
— | Defineiine |
§ Skerch 4
L TEAVE S Snop 10 gre
m i Snap to angle
T Craste leyout curves
low! Dimensions
T dnshonens
@ Properten
Subyect A
Spucire i Rotale 1 lace around sxis
4 /|| Designt s
@ solid l k ]
< R Burface \
v a Pane

Revolve (Altecick)
Chick the straight fine,
. of axis sound
& :fhymwmlm
Ievolve the selected
faces and edges.

I&maurelLuyeu Sslection Groups Views

“
£ Genersl

4 ca [ERRRD e

Nio X PT W
BERSD

¥ Revolve Options

__ Revoive helix
¥ Fiight hondnd hafix
Hotatonel nty

Revoive 350 degress or swoe
I;q tathe end of the trajsctory

# Press F1 for more help.

Puc. 5.5 Topsinok mocTpoeHus yriryOJIeHUs B MIECTUTPAHHOM OTBEPCTHH



Jliis mpocMOoTpa pe3yibTaTa JaHHOIo dTama (puc. 5.6) Beioupaem Select * B cTtpykrype
nokymenta Designl* ~ mepexomum Ha Bkiagky Display um Bmecto pexnma
mpo3padHocTy Transparent Beiompaem crutomHOW 1BeT Opaque (puc. 5.6, a). s
OO0JIbIIIel HATJIITHOCTH ITOMECHSICM BU3YaIH3aIHI0 HA PEKUM OTOOpaKEHUS MaTeprasa
Ha pexxuMm Metallic (puc.5.6, 0).

Puc. 5.6 IloBepxHOCTh MO/IEIN, IOJYYEHHASI B PE3YJIbTATE BBIIIOJHEHUS 3TAIIOB
noctpoenust (1) - (5). A - B pexxume crutomHoro neta Opaque; b - B pexxume
orobpaxenus matepuana Metallic



Jlns mpocMoTpa B pekuMe paspe3a BbiOupaem: Select " miuockocTh, Ha KOTOPOH
BBITIOJTHSUIOCH TTOCTpOCHHE “‘BbluMTaeMoro” konyca ” Plan View " pexum Section
Mode. PaccmoTpeHHas onepanus npecTaBieHa Ha puc. 5.7:

~ < \
N AN > S
L L K \
\\ . N ¢ oS \\
N N N\ N\
N \
\\ > % \\
N G LY N N\
\ .
R
N \
NG \ \
~ N, N\
- N\
\ \\
\\ N .
S N

Puc. 5.7 N3o06pakenne MOJeH B MPOAOILHOM pa3pe3e

6. 3adanue pazodensaroweli n1OCKOCMU - HAYALA NOCMPOoeHUs pe3voul (puc. 5.8).
1. Boibepem NMOBEpXHOCTh, HAXOSAIIYIOCS MEXIY IBYMs (packamu (HIKHSS (acka

TOJIOBKM 0O0JTa W CKpyTJieHHas Qacka), U MPOBEAEM 4Yepe3 Hee IUIOCKOCTh
uHCTpyMeHTOM Plane;

[lepenBuraeM IJIOCKOCTh Ha 3aJaHHOE pACCTOSIHUE, BBIOPAB HHCTPYMEHT
nepememienuss Move. IlepenBuwkeHue NpPoOU3BOAMM B COOTBETCTBHHM C
HaIpaBJICHUEM CHHEW CTPEJIKU, Ha)kaB Ha Hee (BJI0JIb OcH 00JITa).

NTAXDN| i

&
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DY > T [y e © Bl o .t .

ook

& sp
= Select Pull | Move| Fil Combme
r Combine ~ . o ows ou £ - 3
Move ombine & Pt L (i i E0UEten (o2 > 8 5 i 2 €83 Project (111
Skateh Moos ras Intersect Creow Be Shwich Mo e f
y Move (M)
— R e e » Drisg 2 Hand to mave the selscted obio \ Select the chysct you wanl to move, clek on s of
Dot i) 8076 100§ hick 1o se ! 8 ”"?‘E’?Bf,:(::’ - K the Move handle then dma 1o move the sbject
oot toat ot e L™ "= Hold At and click n object o arent the Move
stectedsketchenics R A e i soncalus Wl g 13
7 © Pross FY fosmam el 7 ? © Pross F1 for mos hoip, or F3 for o video

Puc. 5.8 3amanue pa3aenstoniei miocKoCTH - Havalia MOCTPOCHUS PE3bObl
7. IHocmpoenue pezvbol Ha mooeau boama (puc. 5.9 - 5.12)

1. Beibupaem miIoCcKOCTh MMOCTPOEHUs (COOCHAst ocu 00JITa) " MEPEXOAUM B PEKUM
Plan View " mnpousBogum rmepexoq B pexum uepuyenus Sketch. [lamee
HEOOXOIUMO 3a/aTh 2 BCHOMOTrareibHble JuHMH (MHCTpymMeHT Construction

Line). IlepByro nuHHMIO TOMEIIaeM Ha TIpaHb Tena Oonta ” BbIOMpaeMm



uHcTpyMeHT MOoVe u ¢ 3axkaroit kinaBuiiei Ctrl nepemeriiaem BcrioMmoraTelibHY 0
JVHSIO Ha 33/IaHHOE PAacCTOsSHUE (B HAMPABIICHUHU 3€JIEHOM CTPEJKH), 3a7aBast
BBICOTY pe3bObl  HCTpyMeHTOM Line oTpucoBbiBacM (hopMy BUTKa Oymymieit
pe3bObl. BermomorarenpHast THHUS 0TOOpaXkaeTcss MyHKTUPOM. BTopyro nmHMIO
yCTaHaBJIMBaeM Ha rpaHb Tena 06onTa. JlaHHbIN 3Tam npeacTaBieH Ha puc. 5.9:

\NOOMLIXN 74 <M ® P spm 4« @snan
‘oo RI LG IO+ g T Gom

e D RLE Select Pull M Fill Comb e ‘ b 9 e Q
o D z >XI O ! t ove i 2 ombine & Project k T Equation Sphere
Sketch Mode . Edit Intersect Create Body

~ | Construction Line

= Click and drag to draw & straight line. or click to
create each point of a polyline, then double-click to
end the line Construction knes become axes in 30
mode

| % Press F1 for more help, or F3 for a video
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Puc. 5.9 Tloctpoenue dhopmbl BUTKA pe3bObI



2. 3agaauM CKpyTJeHHe pe3pO0bl MHCTpyMeHTOM Tangent Arc, ayru 1o
KacaTenbHOW. BpiOupaem 2 nuUHUM, MEXAY KOTOPHIMH HEOOXOIUMO
BBITIOJIHUTH CKpYyTJICHUE, 3a7aeM TpeOyeMoe 3HAUYCHHs yTiia M ThaMeTpa.
(puc.5.10). AHajOrMuHyI0 OINEpanuio MPOBOAUM MEXIY JUHUSMU IpaHen
3y0a pe3bObl U rpaHbio Tela OoJITa.

O[T YXN & R @:’ ) @ ¢ S spisoty ]
O ° ﬂ & @ Select  Pull Move Fill Combine %Sph.t . L/:
10} ") z z X Z 0 8 €& Project *

-

Sketch o Mode Edit - Intersect Cr
| Tangent Arc :
pPpIng to CUurvey = Click a line or curve to start the arc tangent to that
line, then click to set the radius and chord angle.

© Press F1 for more help. or F3 for a video.

Puc. 5.10 CkpyryieHue yriioB BUTKa Pe3b0bl



[locne  BBIMONHEHHA  CKPYIJIEHMs ~ yOepeM  JIMIIHIOK  T€OMETPHIO.
BcmomorarenbHbie JMHUE BhIOEpeM mpaBod kHomkoi Mbimmm ” Delete. Dnementsi,
BMECTO KOTOPBIX BBITIOJHEHBI CKPYTJICHUS, YIAISIOTCS WHCTpYMEHTOM Trim Away.
CoenuHNM BEpUIMHBI 3yObeB HHCTPYMEHTOM Line, 4ToOBI MOCTPOUTH 3aMKHYTYIO
JI0CKOCTH (puc. 5.11).

OTNTULTYIXN & k 3 (;,N @ Q @ 8 split Body g % ® she
‘ iR =

O™ ¢ I|HF 0 B $ & spiit _ I 2 & ofte
7 ~ Select Pull Move Fill Combine e N ey,
G -) z > X Z ﬂ = 8 f%Project i ~ 222 [N Mirr
Sketch Maodea Edit Intersect Create
Trim Away (T)
k to select. Double{{ #¢ Click the line segments you want toremove.  jlagain fo select a closed loop. Drad to edit your sk

& Press F1 for more help. or F3 for a video.

Puc. 5.11 Ilpunanue okoHYaTEIbHON T€OMETPUH BIIAIUHBI 3y0a

3. Iloctpoenue pe3nObI. [lepexoaum B 3-D pexum (Hakatue kiapumu D) 7
Beibop Designl* u custre otobpaxenus miockoctedt (Plane) ma manemn
Structure ~ B manenu Design BeiOMpaeM Mpo3pavHblil PEKUM OTOOPaKECHUS
mMozenu Transparent * BeibupaeM MOCTPOCHHYIO TUIOCKOCTh OymyIero 3yoa
unctpymentoM Pull » Beioupaem unctpyment Revolve B mapamerpax Pull
Options BeiOupaem “ - ” Cut (BIYMTaHUE U3 TIOBEPXHOCTH) ” BHIOMpPAEM



och BpameHuss ~ B ommusax Revolve Options ormeuaem Revolve helix
(Bpamenue no crupanu) - Right-handed helix (ciupans mpasas) » Brogum
3HadeHus Height (Beicota pe3bObl) m Pitch (mmar pe3wObl). JlaHHBINA dTan
NpEACTaBIECH Ha puc.5.12:

4 @Home- Pspn- NDO O TLIXN & ” (V4] 5 Spit Bady -9--"'“ Cylinder
gn Branview Fren NV O o 48 8 k ?‘ @Gsn o 1 @ ot z g
78-8 Qum- ~O0ODHSXxZ B > 8 ®™ Gerjec HE (R S0 (St
Skatch Mode

Puc. 5.12 Iloctpoenue pe3nOb

3amaua pemiena. [loxydyennas Moaens npeacrasieHa Ha puc. 5.13.



Puc. 5.13 Mopens 6onra, moctpoeHHas B moaysie SpaceClaim



5.2 3apganme 2. AHajau3 MOJeJH TOPIIHEBOro KoJblIa B Moayiae Transient
Structural

3amanne  moApasyMeBaeT aHanu3  AehOopMamnMM  MOPIIHEBOTO  KOJbIA
KOMITPECCOpa B PE3yJIbTaTE BO3ICUCTBUS ra30BbIX CHIIL. [Ipu 3TOM ra3 AeiCTBYET Ha ero
IpaHU, HWKHSS TpaHb HMMEET KECTKYIO0 3aJelKy (IJIOTHO MpHUieraeT K TOPIEBON
KaHaBKe MOPIIH).

Pewenue

1. Engineering Data. IlpuiokeHune ocCyInecTBIsSCT BBHIOOpP MaTepHaia MOJEIH,
yIpaBJIeHUE €ro PU3NUYECKUMU U MEXaHMYECKUMHU CBOMCTBAMU U BXOJIHBIX TapaMETPOB
MaTEMaTUYECKUX MOJIEeTIEH.

I Fiter Engineering Data ﬁEngineer’ng Data Sources
Toolbox [ FEFEE Outiine of Schematic A2: Engineering Data i -« g3 X of Properties ROW 2 * QX

@ Physical Properties A B c
B Linear Elastic A Contents of Engneering = 'g‘ @gtme‘ e 1 | VatiableName | Unit | DefautData
B Hyperelastic Experimental Data bata 2 | Temperatre @ C ¥| 22 Pre
@ Hyperelastic 3 MeanStress | pa w| 0 Pre
Fi e Data at zero '
B Chaboche Test Data vk s it o
B Plasticity 3 | |2 G 1998 ASME BPV Code,
Section 8, Div 2, Table 5
8 Creep -110.1
@ Life = Click here to 3dd a ne ‘
& Strength ol e
B Gasket = <
B Viscoelastic Test Data
- = m o G r = X
B Viscoelastic X i
@ Shape Memory Alloy A & c D|E
B Geomechanical 5 Property Value unit 8|5
@ Damage 2 i T2 Materis! Field Variables 1 Table
B Cohesive Zone 3 | A pensty 7850 | kgm.. =T E
ass b Isotropic Secant Coefficent of
B Fracture Criteria 4 s § Thermd iy
B Custom Material Models
6 a2 TE| Isotropic Easticity
12 |8 ?d Strain-Uife Parameters
20 72 Tensle vieid Strength 2,56408 | Pa Rd|
21 %8 Compressive Yield Strength 2,56+408 Pa ==
22 T4 Tensle Uitmate Strength 466408 | Pa - (@] 5]
23 %ﬂ Comgpressive Ultimate Strength | 0 Pa _:] |
v vew Al Custonie... |
; Ready L‘Jobmmr @Nou’SConnecﬁm i Show Progress % Show 0 Messages fae

Puc. 5.13 Mento Engineering Data
2. Geometry. ITopsmok co3maHust MPOCTEHIMX IeOMETPUid MOAPOOHO PACCMOTPEH B
n.5.1 (3amanue 1). KOHCTpyKIMS TOpPIIHEBOTO YIUIOTHEHUS B OOIIEM Ciy4ae
IPEeICTaBIsCT COOO0M KOJIBIIO KBaapaTHOro ceueHus b*b u umeer paspes (3aMok). 3aMOK
MOKET OBITh MPSIMON MJTM HAKJIOHHBIN K IIOCKOCTH KOJIbIa (1o yriioM 45° wiu 60°).
3. Mesh. TTokpeiTHE MOJCIIH KOJIbIIA CETKOW KOHCYHBIX 3JIEMEHTOB MPOU3BOJUTCS B
CIIeyIolIeH mocienoBareabHocTH (puc.5.14):
1. B nepeBe pemenuii Beioupaem Mesh;
2. Bo Bkiaake Details of “Mesh” nactpanBaem mapametpsi Settings ~ Relevance Center,
TaKuM 00pa30M HaCTpauBasi KaYe€CTBO CETKU;
3. Beioupaem Mesh ~ Generate Mesh



| Relevance lo
|- Sizing

|Use Advanced Size Fun... Off r

Coarse - |]

|| Element Size

Initial Size Seed —  — — "
TSty 1 2000 60.00

| Transition |Fast

Puc. 5.14 IlokpsiTHEe MOJIENN KOJIbIIA CETKON KOHEUHBIX 3JIEMEHTOB

Pacuetnas cetka crenepupoBana puc. 5.15:

0.00 40.00 80,00 (mm)
[ S— S—
2000 380

Puc. 5.15 Utor srana Mesh



4. Setup.B nepeBo pemrenuii 1o6aBuMm (puc.5.16):

1. Loads ™ Pressure. Jlanee BbIOMpaeM NMOBEPXHOCTH KOJIbIIA, HA KOTOPHIC
OyneTr peilcTBOBaTh JdaBiieHHWE (BEpXHsis, Hapy)KHas, BHYTPEHHAI U
oOpa3oBaHHbIE 3aMKOM). Ha Mojienn BBIIEISIOTCS 3€JI€HBIM [IBETOM;

2. Bo Brmagke Details of “Pressure” B crpoke Magnitude ykaspiBaeM
3HAYCHHE JABJICHUS, JEUCTBYIONIErO Ha rpanu KoJbla B MIla. Ha monenn
BBIJICIISIETCS] KPACHBIM LIBETOM;

3. B nepese pemennii Beioupaem Analysis Settings u 3amaem: Initial Time
Step = 1's, Minimum Time Step = 1 s, Maximum Time Step = 1s;

B Show Vertices oW —
Enviconment @ Inertial Q.Load{} @, Suppons v GL
Outline R, Pressure

VT PRI

> fiv A2 A~ Aiv A M lThicken Annctations D showMesh A M Random Colors ) Annotation Preferences
onditions v @ DirectFE > [

Fiter: Name «

o @, Hydrostatic Pressure
4 @ Model (a9) P Force 7

Ha3HaveHue epaHeu Modenu

=& Geometry @, Remote Force
» @ Partiody @, Bearing Load

ol
= .,,,\c:.vmns“.‘mp on

B
& @) Tronsient (a! R Moment
® -l Intel Cor F Genernlizad Plane Strain
{ 73 Anslysis 5@, Line Pressure
o @ Thermal Condition
(3] soul
P Pipe Temperature
@ Joint Load
G, Fluid Solid Interface

%) Detonation Paint

Vj

Setails of "Pressi

= Scope
Stoping Method Geometry Selection
Geometry Mo Selection

= Definition
Type Pressure

[Ddim By :ngu\ fo

Number OF Steps 1
Current Step Number 1
Step End Time 11
Auto Time Stepping  On
Define Time
—
Initial Time Step 1
Minimeums Tise Step 1.4
Masimges Time Ston K

Puc. 5.16 Haznauenune noBepXHOCTEM AEMCTBUS Ta30BbIX CHII U MAPAMETPOB
JNEUCTBYIOLIETO JIABJICHUS

4. HwKHIOI TOBEPXHOCTh KOJIbIIA ONpEeaeNseM KaK I'paHb, B CCUYCHHH
KOTOPOM HWMEET MEeCTO JKEeCTKas 3aaenka. Ha Mopenmu BwIgenseTcs
CUPEHEBBIM LBETOM; (pHC. 5.17):

Supports ” Fixed Support * Bei6op rpasu.



2

Details of “Transient (AS)"
= Definition

-~ e [ ———

Puc. 5.17 HaznaueHre MOBEPXHOCTU KOJIbIIA C JKECTKOM 3aJ1€JIKOM

3aJaHue rPaHUYHBIX YCIOBUN OKOHYEHO.

5. Solution. Ananu3 nedopMariuii o IeHCTBUEM YCIOBH, 3aIaHHBIX HA dTaIe
Setup. B pabouem mnosie ycranasiuBaeMm (puc. 5.18):

» Deformation » Total, Directional;

* Strain ~ Equivalent;

* Stress Equivalent.

@ Middle Princinal SNSRI
Puc. 5.18 YcranoBka xapakrepa aehopmMarmii

6. Results. B nepeBe pemrenwuii Beioupaem Solution ~ Solve. B pesynbrare
noJiy4aem moJst AeopMalifu MOPIIHEBOTO YIJIOTHEHHS (puc.S5.19):

Puc.5.19 Pe3ynbpratel penieHus 3a1auu



5.3 3aganue 3. AHaM3 pad0Thl KOHCTPYKIMH M3 ABYX IJIACTHH, COeJIUHEHHBIX
6oaToMm, B MoayJie Static Structural

['eomeTpuueckass MOAENb MPEACTaBISIET COOOM NIBE PacIOJIOKEHHBIE APYT Ha
Apyre TUTACTHUHBI, KaXAas M3 KOTOPBIX UMeeT UMHYy A, mupuHy B, BbeicoTy S H
otBepcTue nuamerpoM Dy. IlnacTunbl coenuHeHs! 00aTOM, BbIcOTa Tena 6onta H=2S,
BbIcoTa rojoBku 6onta 11rs 0,5S, nuamerp tena 6onrta Dt D, nuamerp ronosku 6onta
Dri=2D.

B nannoit mabopatopHoii paboTe HEOOXOAMMO TPUMEHUTH HABBIKH, TTOTYICHHBIC
MIpU pelieHn  3a1a4 MyHKToB 5.2 1 5.3. [lociaenoBarenbHOCTh pelieHui COOTBETCTBYET
anroputmy permienus 3agad B ANSYS:

1. Pacuetnas reometpus (puc. 5.20):

| em

Puc. 5.20

2. TlocTpoeHHEe CETKM KOHEYHBIX 3JIEMEHTOB (puc. 5.21):

Puc. 5.21



3. 3aganue rpaHUYHbBIX YcIoBuUH (puc. 5.22):
_—

Puc. 5.22

4. Pemenue (puc. 5.23):
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0022607 Max "es
0008165 56
“0.0064772 31355
0.021419 R
0.095762 AR
0050404 15730
= -0.0650% 105.34
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0,0y 12375 Min
“0.18097 M
0.000 15,000 30,000 (e 0.000 15000 20,000 ()
- - ] - —
7.600 2550 7.500 2,50

469,71 Maw
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%509

319,99

.07

2016

1%

2034

oA Lo
20.525 Min b

Puc. 5.23




O®OPMJIEHUE KOHTPOJIbHOM PABOThI

KontponbHass pabGota odopmisieTcs B BUJIE TMOSCHUTEIBHOM 3alKMCKU U

rpadguueckux matepuasioB B coorBeTcTBUM ¢ TpeboBanusimu ECK]I. [osicHutenbHas
3aMKCcKa JOJKHA COJIEPKaTh CIECAYIOIINE JIEMEHTHI:

1. TuTynpHBII JUCT.
2. TeKCT MOSACHUTEILHOMN 3aIiCKH:

* 1eb paboTHI,

* WCXOIHBIC JAHHBIC JIJIS TPOCKTUPOBAHUS,

* OMHUCAHHUE TIOCIEAOBATEIILHOCTH pabdOThl B MPOTPaMMHBIX MOIYJSIX B
COOTBETCTBUHM OCHOBHBIMU MOJIOKEHUSIMH, MPEJCTABICHHBIMU B HACTOSIIEM
y4eOHOM MOCOOHH.

3. I'padbuueckue Matepualibl.
[Ipumeyanue: npu opopMIIEHUHU IrpapruuecKoro MaTepuaia B MOSICHUTEIHON 3alliCKe

PUCYHKH TMPOHYMEPOBBIBAIOTCA C IPUCBOEHUEM COOTBETCTBYIOUIUX MOAPUCYHOUYHBIX
Ha3BaHUMU.

4. 3akmouenue. Ilo pesynapTaramM NPaKTUUECKOM pPabOTHI PE3IOMUPYIOTCS
MOJTY4YE€HHBIE B MPOIIECCE BHIMIOJIHEHUS 3a/IaHUN HABBIKH.
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