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JIABOPATOPHAS PABOTA Ne 1
H3yuyenne nnrepdeiica cpeapl mogeaupoBanus FlexPDE

1. HEJIb PABOTEI

WN3yunts uHTEpEiic cpeapl MOAEIUPOBAHUS METOJOM  KOHEUYHBIX
anmemeHTOB FleXPDE, 3akpenuTh TeOpeTHYECKHWEe 3HAHHS, NOJYYCHHBIC IIPH
W3YYEHUU TUCLUUILIAHBIL.

2. TEOPETUYECKMHE ITOJIOXKEHN A

3anyck FlexPDE. [{ns 3anycka FIexPDE moctaTtouHO ABaXKIIbl Ha)KaTh 3TOT

3HAYOK & WIM Haxojsach B mpoBoanuke WIndows, mepedTd K mamke, Tae
ycranoBieH FlexPDE, u 3arem nBaxknael mmenkate Ha (aiine FlexPDE.exe. B
ar000M citydae, mociie 3anmycka FIeXPDE Ha akpane mosiBUTCS clieyromee OKHO:

|| Fle  Controls View Stop Edt Help “JD@ %[@;gv[@@|

=== I

[TyHKTBI MEHIO UMEIOT CIIEAYIOINE (PYHKIUU:

New

Hcnonb3yiiTe 3TOT MyHKT MEHIO, YTOOBI CO37aTh HOBBIN JECKPUIITOPHBIN
daiin. FlexPDE ununmanusupyer onucareib ¢ Haubojaee OOMMMH 3arojOBKaMH
pazaena. B OonbmmHCTBE ciiydaeB, OyAeT Ooljiee YI0OHO CO37aThb HOBBIM
onucarellb, PEAAKTUPYS CYLIECTBYIOMINI, KOTOPBIN SIBISIETCS OJMU3KUM IO CMBICITY
K HOBOM mpobiieme.

Open

Hcnonb3yiiTe 3TOT MyHKT MEHIO, YTOOBI OTKPBITh CYIIECTBYIOIIMMI (aiin 1is
BBINIOJIHEHUS 33/lauu uinu ee moaudukauuu. Ilocie BpIOOpa 3TOro MyHKTa MEHIO
nosiBuTcst cranAaptHeiii auanor Windows Open File. Ilepemecturech k marke,
coJieprkalleil nmporpammy, KOTopyto TpeOyercs OTKpbITh. Hampumep, mepexon k
cTaHfapTHOM manke mpumMepoB "Samples\Steady State\Heatflow" otoGpasur
CHEAYIOLINMI YKpPaH:

ooen 2

Nanka: Iuﬁ heatflow ;I - =5 ER- | +i -

i3d, bricks:

L axisymmetric_heat
i\, Example

4 Example_10

i Example_zD

i heatbdry

i, radbdry

radflow

L, slider

HrA gakina: I ;I OTtepere I
Tun dafinos IScripts[".pde] =] Otriena |

A

Puc. 1.1.



Import

Hcnonb3yiiTe 3TOT MyHKT MEHIO, YTOOBI UMIIOPTHUPOBATH TEKCT MPOrPaMMBbI
u3 ¢opMmata, OTIUYHOIO OT HcIoyib3yemoro B cucteme FlexPDE. EnuHcTBeHHas
omiusi, AOCTymHas B Hacrtosiee Bpems - "DXF", koTopslii uMnoptupyet daii,
co3nanubiii B AutoCad.

View

Hcrnonb3yiiTe 3TOT MYHKT MEHIO, YTOOBI MOBTOPHO 3aIlyCTUTh IrpauyecKuid
BbIBOJ 3a1aun FlexPDE, kortopas Obuta BeimonHeHa u 3akoH4YeHa panee. [locie
BbIOOpPA 3TOTO MYHKTa MEHIO MOSBUTCS cTaHaapTHbIN nuaigor Windows Open_File.
Bribepute manky, cogepxainyio HyxHbIH ".PGX" ¢aitn. J[BoiHON mmIem4ok Ha
3TOM (paiine, WiIM OAMHOYHBIN MIETUOK M Haxkatue Open OTKpBIBAIOT (haili (CM.
cienyroui pasnen, paccmarpubatoumii Coxpanennsie ['paduyeckue Daitnbl 15
noapobHoi uHpopmanuu). Bbl MoxkeTe paccMarpuBaTh OOJBIIE YEM OJIHY
COXpPaHEHHYIO 3a7auy, U Bbl MoxkeTe OTKphIBaTh (Pailiipl JUisl paCCMOTPEHHUSI, B TO
BpeMsl KaK JIpyrue 3aJayd YK€ OTKPBIThL, HO BBl HE NOIKHBI OTKpPBIBATH Ty XK€
caMyro 3ajady i1 OJHOBPEMEHHOI'O PACCMOTPEHHUS M BBINOJHEHUS, TaK Kak
MOTYT MPOUCXOUTh KOH(IIUKTHI TOCTYIOB K (aiiiy.

Exit

HaxxmMuTe 3Ty KHOMKY, 4TOOBI 3akOHUUTH padoTy FlexPDE. Bce oTkpeiThie
(aiinbel 1 npeacTaBiaeHuss OyayT 3aKpbIThl. Eciin n3MeHeHus: ObUIM ClleJaHbl U He
coxpaHeHbl, Bbl OyieTe 3anpoiieHsl.

HaxxmuTe 3Ty KHOIKY, 4TOOBI YBUJIETDH (Daiisl cripaBKU

PepakTupoBanne u BbInOJHeHHMe (ailjioB. Bbl  MoOXeTe OTKpBITh
JECKPUTITOPHBIN (DAl OJTHUM U3 IBYX MYTEH:

1) mocne 3amycka FIexPDE BriOpaB myHkT MeHro "Open';

2) nBaxxabl Haxkumast Ha .PDE ¢aiine B [IpoBoguuke Windows.

B mo0om ciydae, necKpunTOpHBIA (aiti OyneT OTKPBIT, U MOSBUTCS OKHO
penakTUpoBaHus. TakKe MOSIBUTCSI OKHO "COCTOSIHUSI' Ha JIEBOWM CTOPOHE DKPaHa.

Hanpumep, npeamnonoxure, 4To Mbl ciiegyeM 3a "Open” mocnenoBaTenbHO K
nanke " Samples\Steady state\Heat Flow " u Beioupaem "Heatbdry.pde". Oxno
peIaKTUPOBAHUS BBITJISIUT CIEAYIOMMM 00pa3zoM (puc. 1.2). D10 - cTaHgapTHOE
okHO penaktupoBanusi Notepad, koTopoe oka3bIBaeT coiep:KaHie BEIOPAHHOTO

Print
3Ta KOMaHJ1a I/ICHOJ'IBSyeTCSI JJI1 BBIBOJIA HpOI’paMMBI Ha 11€4YaThb.

Run

Hawamno BeimonHeHust OTKpbITOro (haiin. Ota (QyHKIMS aBTOMAaTUYECKHA HE
COXpaHsieT mporpaMMmy Ha aucke. BmecTto sToro, mporpamma OyZeT coxpaHeHa BO
BpeMeHHOM daiiyie B Tekylen namnke. Eciu npousomien cOol, uaMeHsieMbli (aiin



MOXET OBbITh BOCCTAHOBJIEH M3 ITOTO BPEMEHHOIr'o (CM. ONMHMCaHUE COOOIICHHH B
OKHE COCTOSIHMSI BO BpeMsI BHITIOJTHEHUS 3a71aun) (aitna.

HBIE Controle  View Stop Edt Help HJDE’:E %[@ﬁ@v[@:$|

~ Status {HEATBDRY.FDE }

{

This problem shows the use of natural boundary conditions to model
insulation, reflection, and convective losses.

The heatflow equation is
div(K*grad(Temp)) + Source =0

The Matural boundary condition specifies the value of the surface-normal
companent of the argument of the divergence operatar, ie:

Matural Boundary Condition = normal <dot> K*grad(Temp)

Puc. 1.2.

[Tocie 3amycka nporpammsl (IyHKT MeHIO Run Script nim 3Ha4ok Z ) OKHO
FlexPDE Oyzaet uMeTsb BUJI, MOA00OHBIN IPUBEICHHOMY Ha puc. 1.3.

: Al -0l x|
| e cotms vew s ER Hep H]DB” & ﬁ?f@v[@\?)‘

[ hestody |

CPU time 0:04
3

Nodes 8062
Cells 3946
Unknowns 8062
Mem(K) 14462
RMS Error 7.190-6
Max Eror 4242e-5

In Plot Window:
Double-click to maximize
Right-click for menu

ot
In Siatus Window: .
Click to select font -

Puc. 1.3.

¥

OxHo cocTosinus (Status)
B neBoil wactu Haxomutcs OkHO "Status", KOTOpoe COIEpKHT aKTHBHbBIE
COOOILEHUSI O COCTOSIHUM pPEIICHHWS W BUJA TEKYIIEH BBIYUCIUTEIBHOW CETKH.



dopmMaT HameyaTaHHBIX JAaHHBIX OyJET 3aBHCETh OT BUJA pPEIIaeMOM 3a7adyu, HO
OOIIIKE 3JICMEHTHI TAKOBBI:

Hazpanue(title)

Yucio y30B cetku (Nodes)

Ywucno koHeuHbIX 3eMeHToB (Cells)

Yucno crenenert cBo6o; 161 (DOF)

OObeM nmamsTH, pa3MenIeHHBIN 11 3a1aun (Mem)

Texymas onenka RMS ommOku pemienus

JIpyrue myHKTBI, KOTOPBIE MOTYT MOSIBJISITHCS BO BPEMsI BHITIOJTHEHUS 3a/1a4H:
Texyiiee BpeMs v BpeMEHHOH miar (timestep)

Homep IUKIMYeCKOro MOBTOPEHMS pellleHus 3aaaun (Stage)

RMS ommbxka perenus s mociaeHel nTepanuu

Howmep ureparuu (Indecs)

CocTrosiHME CXOTUMOCTH TEKYIIEeH UTepaIiu

Coo01ieHue TeKyIero 1eMCTBUS

Mento HaBepxy okHa Status mmeer aBe Gopmbl. Bo Bpems BBINOTHEHHS
3aJla4y ITYHKTBI MCHIO!

Stop

10T IIYHKT OCTAHOBUT PCIICHHUC 3aJa4M KaK MOXHO CKOPCEC, 0€e3 IIOIBITKU
COXpaHUThb PE3yIbTaThI.

Finish

OTOT MYHKT MPUBEAET K TIAIKOMY 3aBEPIICHHUIO PEIICHHs] B CIEIyIOIIEH
yIOOHOM TOYKE OCTAaHOBKHU. TeKylue perieHusi OyayT 3aKOHYEHBI, HO HUKAKHE
MOCTPOCHUSI HOBBIX CETOK HE OyayT HaudaTbl. TeKymui mar BpeMeHUu OyaeT
3aKOHYEH, HO HUKAKHE HOBBIC IAr¥ MO BpeMEHM He OyayT HayaThl. KoHeuHbIe
(3aKIroUnTENBHBIC) TpaQUKU OYIyT 3alUCaHbl, U 3a7a4a OCTAHETCSI OTKPBITOM, HO
HEAKTUBHOM.

Kor):[a 3aJladya HCAKTHBHA, KaK B IIPUMEPEC BbIIIC, ITYHKTBI MCHIO CIICAYIOIINC:

File

DTOT MYHKT BBI3BIBAECT PACKPHIBAIOIIEECS MEHIO C HECKOIBKUMHU (PYHKIIHSIMH
paboThI ¢ (aitiamu:

Exit - 3akpeiBaeT JecKpUNTOPHBIN (hailyl, CBS3aHHBIM C ITOM 3ajauci, W
CTHpAET BCE €€ OKHA Ha dKpaHe IUCIUIes. ITO TO K€ caMoe JeMCTBHE KaK KHOIKa
'X' B BEpXHEM IPABOM YTJI€ OKHA COCTOSIHHUSI.

Save - 3anuchIBaeT MporpaMMy Ha JUCK MOJ aKTUBHBIM Ha3BaHHUEM(MMEHEM ).

Save as - BbI3bIBaCT CTAaHAAPTHBINA Save AsS TUAJOr U 3allUChIBACT MPOrpaMmy
B HOBOM (haiijie Ha JTUCKeE.

Print all - moceTaeT Bce BUAMMBIC B HACTOSIICE BPEMsI OKHA Ha MPUHTEP.



Modify - BbI3bIBacT BCTPOCHHBIH pEJaKTOp, Kak OyATO IMpOorpaMMa TOJIBKO
4TO OBbLJIa OTKPHITA.

Continue - DTOT MyHKT B HACTOsAIICE BpeMs HEAKTHBEH. JTO CTAHET YaCThIO
MIPUOCTAHABIIMBAIOIIETOCS / MPOAOJIKAIOIIETOCS CPE/ICTBA.

Kuomka "Minimize" B okxHe Status MOXKET HCIOJIb30BaThCS, YTOOBI
MUHUMHU3UPOBATh Bce Tpaduku, cBs3aHHble ¢ 3amadeil. Knomka "X" B okHe
COCTOSIHUSI MOXET MCIIOJIb30BaThCS, UTOOBI 3aKPHITh MTPOOIEMY.

I'padpuueckne oxna (Thumbnail). Ha npaBoii cropoHe sKpaHa - OTICIBHBIC
okHa "Thumbnail" mis kaxmoro u3 'PA®UKOB (Plot) wmm MOHUTOPOB
(Monitor), TtpeOyeMbIX oOmHCATEIEM. B ycranoBuBmIMXCS — mpoOiemax
MOHUTOPHI Oynyt ortoOpaxkaTbCs B XOJi€ BBINNONHEHHS 3anadd. OHu OyayT
3ameHeHbl [ PAO®UKAMMU, korma pelieHHe 3aKOHYEHO. B HEeyCTaHOBHUBIIMXCA
3anayax, Bce MOHUTOPBI u TPAOUKU O6ynyT oToOpakeHbl OJJHOBPEMEHHO U
MOAU(UIIMPOBAHBI, KaK 3TO JUKTYeT crHenuduKaluyu OmucaTels sequencing
(mocnegoBatenbHOCTh). [PAOUKU OynyT 3amucanbl Ha JIUCKE C pacIIUPEHUEM
".PGX" nnst 6onee nmoznuero npocmorpa, MOHUTOPDI 3anucanst He OyTyT.

B 3amauax o coOCTBEeHHBIX 3HaueHUsAX OyaeT umerbcs Habop MOHUTOPOB
win 'PAGUKOB nns kaxnoro tpedyemMoro pexuma. B Apyrux OTHOLIEHUSAX
3aJlayu O COOCTBEHHBIX 3HAUYECHUAX BEIYT ce0s KaK yCTAHOBUBUIMECS IPOOJIEMBI.
Kaxnplii rpaguk  MOXeT ObITh WM3MEHEH  MEPEeMEIICHUEM TpaHUlbl WM
MAaKCUMM3UPOBAH CTAHIAPTHON KHOIIKOM.

[IyHKTBI MEHIO:
Setup - BeI3bIBaET CTAaHAAPTHBIN Auaor "YcTaHOBKa puHTEpa'.

Print - mocelmaeT OKHO TPUHTEPY, HCHOJB3YsS CTAaHAAPTHBINA JAHMAJIOT
"ITeuars".
Black Print - moceimaeT OKHO TpPHHTEPY CO BCEMH  IIBETaMH,

OTOOPaKEHHBIMH K YEPHOMY. DTO TOJIE3HO Ui co3aanus Viewgraphs, wim B Tex
ciyyasix, kKorma cranmapTHeii Windows maeT HecooTBeTcTBYyRoliee greyscale
oTOOpaxeHue

EXxport - BbI3bIBa€T MOJMEHIO, KOTOPOE IMO3BOJIIET BBIOpaTh (opmar aJis
IKCIIOpTa rpaduka K IPyruM MPUIIOKEHUsIM. B Hacrosiee BpeMs €IWHCTBCHHAS
omuus - "EMF"( Windows Enhanced Metafile). Dtot dopmar nmo3posier rpadpuky
OBITh UMIIOPTUPOBAHHBIM B JII000€ MPUIIOKEHHE, KOTOPOE MOAAEPKUBAET hopmaT
Windows Enhanced Metafile ( Tuna Word MicroSoft ).

I'papuueckoe mapkupoanue (Plot Labeling). Tunmuusiiit KOHTYPHBIN
rpaduK UMEET CIICAYIOIINIA BU/I:




Coolant Pipe Heatflow 11:34:55 97 98
FlexPDE 2.06
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HEATBDRY: Gricd#4 pZ 319 Modes 135 Cells RMS Err= 5.4e-4

Stage 1 Integral= 1.535445
Puc. 1.4.

HaBepxy nucrmies B J€BOM YIUIy Ha3BaHUE 3aJladyd, B IIPaBOM YIUIy
BpeMsi/laTa  BBIIONHEHHs, a Takke Bepcust FIexXPDE, xotopas BbimosHMIA
BBIYMCIICHUS. BHU3Y CTpaHMIBI - pe3lOME MPUKIATHON CTATHUCTHKH, MOJOOHON
IIOKa3aHHOMY B OKHE COCTOSIHUSL:

Ha3zBanue

Yucao mukiIoB MojepHu3anuu cetku (gridding), BBIMOTHEHHBIX Ha JaHHBIH
MOMEHT

[TonmnHOMUANBHBIN TIOPAIOK Oa3uCHBIX (QyHKIUN (P2 = KBagpaTHbIUA, P3 =
KyOM4eCKuil)

Yucno y3710B BIUUCIECHUS

Yuciio stueex BbIYUCICHUS

Ouenennas DOOEKTUBHASA BEJIMUMHA oTHOCUTENBHOW MOTPEUIHOCTH
pereHus

B nukimmyeckux 3agayax HoOMep IHKIa OyaeT cooOrieH (Stage).

B 3agadax 0 coOOCTBEHHBIX 3HAUEHUAX HOMEP MOABI OYyJIeT COOOIIEH.

B HeycTaHOBHBIIUXCS 3a/1a4ax TEKyIlee BpeMs M BpeMeHHOU miar (timestep)
OyIyT COOOIIEHHI.

[To ymonmuanuio FlexPDE Bbrumcisier HHTErpaj Mo 0ToOOpaKeHHOM KPUBOH, 1
3TO 3HaYeHHE coodIaeTcs kak "Murerpan".

JIro6ble TpedyeMble cooOLIeHNs Oy Iy T MOSBIATHCS B HIXKHEN CTPOKE.

Tunuunbelii rpa@uk GyHKINN UMEET CICTYIOIINM BU:
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Coolant Pipe Heatflow 11:34:55 9795
FlexPDE 2 .06

ELEY ATIOMN
On INMER:

R

2 & normal] flux)
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narrmalifiug

L=
=
A

Distance

HEATBEDRY: Grid#4 p2 319 Modes 135 Cells RMS Err= 5.4e-4
Stage 1 bintegral= 2 627955 Integral= 26275

Puc. 1.5.

3I[€CB TaxKoKC BBIBOAATCA BCC OAHHBIC rpa(bmca U OCKH3 00JacTH. I[JISI
I'PaHUYHBIX Fpa(bI/IKOB, COCOAMHCHUA I'PaHUIBI IICPCUUCIIAIOTCA Ha 9CKU3C.

IIpocmoTp coxpaHeHHbIX rpaduyeckux ¢aiiaos. Bcesaxuin pas, korma
3ajava BeimotHeHa FIeXPDE, rpaduueckuii BeIBOJ, cienanHbiid paszaenom PLOT
omnucaTens, 3anuceiBaeTcs B ¢aitne ¢ pacmupenuem ".PGX". Dtu ¢aiinasl MoryT
no3xe paccmarpuBathes FIeXPDE 6e3 moBTopHOTro 3amycka nporpammsbl. [TyHKT
"View" Ha ocHoBHOM MeHI0 FleXPDE BeiOupaer 31y ¢yHkimioo. CTaHIapTHBINA
Windows-auanor "Open" ucnosab3yercs s BBIOOpa OHO U3 JOCTYIHBIX (DaijIoB.
Kak tonpko (aitn BeiOpaH, mepBblii 0JI0Kk TpadukoB OyneT oToOpa)keH, Mogo0HO
TOMY:

." FlexPDE 2.04 3D

MNew Dpen  Import Yiew Exit Register Help

. HEATB... EIEE|| . xy =] I .
Bestart  Previous - Lo -
MNext  Print All ] ;
HEATEDRY
STAGE 1
MODES M8 [ e - e
CELLS 135 - -
RMS Error PRl | “ Heat Flow [EEIEE||.* source O]
g s - e

Cnesa - okHo "Status", ouenp mogo0HOE TOMY, KOTOPBIN TOSIBIISIETCS B XOJI€
pacuera. He Bca nnpopmaius Bo BpeMs BBITOJHEHHs Oy/IeT MOSBIATHCSA 37€Ch, a
TOJIKO T€ TYHKTHI, KOTOpbIE€ HYXXHBI JJI1 HMACHTU(UKAINUKA JaHHOW TPYIIIBI
rpacdukoB. B cranmonapasix 3amagax Bce okHa PLOT OyayT otoOpaxkensl. Ecnu
3aJa4a [MUKINYECKas, TO KaXIbIi UK OyJeT MOSABIATHCSA B OTACNIBbHON Tpymme. B
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HEYCTAaHOBHUBIIIMXCS 3a/Jadax Kaxaoe rpaduueckoe BpeMs, yKa3zaHHOE B pas3zelie
PLOT omnucarens, opmupyet rpynmy. OkHo Status Tenepb UMEET Jpyroe MEHIO,
4eM B TE€YCHHE BBHITIOJTHECHHMS 3a1aHus. HOoBbIC TyHKTHI TaKue:

Restart - stor nyukr 3acraButr FlIeXPDE BosBpararbcs nauany daiina u
0TOOpa)KaTh MEPBYIO TPYIITY.

Previous - stor mynkt 3actaBut FIeXPDE kommpoBaTh W BOCCTaHABIUBATH
n300pakeHne mpeablayiieit rpymnmel. Ecam He uMmeercs Hukakux Ooliee paHHHUX
rpynn, cooOIieHne OyAeT MOsSBISATHCS.

Next - ucrosib3yiTe 3TOT MYHKT, YTOOBI MPOJIBUHYTHCS K CIEAYIOIICH rpyIine
rpajuxkoB B Qaitne. Ecium He wmmeercs Oomnblie rpynm, cooOiieHue Oynaer
MOSIBIISITHCAL.

Print_All - stor mnyHKT BCe BHIUMBIC OKHA  IOCBUIACT IPHUHTEPY.
WuauBuayaibHble OKHAa MOTYT OBITh HamedaTaHbl W3 UX COOCTBEHHBIX CTPOK
MEHIO.

Ucnonb3yiite "X" KHONIKY, YTOOBI 3aKPHITH (haiill.

3. OBbEKT U CPEACTBA NCCJIEJJOBAHUA

B kagecTBe cpeicTBa HUCCIENOBAHUS CIIYXKUT MPHUKIAIHAS MporpamMma Ijis
YUCIICHHOTO MOJICTUPOBAHUSA METOJIOM KOHEUHBIX 3jeMeHTOB FIeXPDE, o6bekTOM
HCCIICIOBAHUS SIBISICTCS MHTEpQEHC ITOM MPOrpaMMHOMN Cpelibl — KOMaHIbl MEHIO
Y MMaHEIU UHCTPYMEHTOB.

4. TIOPAJOK ITPOBEAEHMUA NCCIIEAOBAHMAL.

1. U3y4nTh TEOPETUUECKHUE CBEAECHUS.

2. OTKpBITh (ailfibl ¢ MpUMEpPaMH, YKAa3aHHBIMH B TEOPETHUYECKOW YacTH,
3aIlyCTUTh IPOrpaMMy U O3HAKOMHUTHCS ¢ OKHOM PE3YJIbTaTOB MOJEIUPOBAHUS.

3. [ToaAroTOBUTH OTYET O BBHIITOJIHEHUHU PaOOTHI.

5. ®°OPMA OTYETHOCTH
Otuer dopmupyercs B Buzae ¢aiima WinWord, B KoTopblii omnwcaHus
OCHOBHBIX KOMaH]l MCHIO U HHCTPYMEHTAJIbHBIX MaHenei cuctembl FlexPDE.

6. KOHTPOJIBHBIE BOITPOCHI
1. Kako#i METO/I YMCICHHOTHO PEIIeHUs HCIoJb3yeTcs B cucteme FlexPDE?
2. OnumuTe MyHKTHI MEHIO BEpXHETo ypoBHs cuctembl FlexPDE.
3. Kakas undopmarust oto6paskaercss B OKHE COCTOSTHUS ?
4. Kakwe KOMaHABl HWCIOJNB3YIOTCS JJIA TPOCMOTpa COXpPaHEHHBIX
rpaduueckux Qaitnos.
5. Kakoit Bug nMeeT KOHTYpHbIH rpaduk B cucteme FlexPDE?

7. UCITOJIb3YEMAS JINTEPATYPA
1. JBopeuxuii C.U., EpmakoB A.A., HBanoB 0O.0O., Axkymunun E.N.
KoMrmproTepHoe MojaenMpoBaHUE TIPOIECCOB M amnmapaTtoB MHUIIEBOW, Ouo- u
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xumMuuecko TtexHojorun B cpeae FlexPDE: Vuebnoe mnocobue. - Tam0oB:
WsparensctBo TI'TY, 2006. - 72 ¢.  http://window.edu.ru/resource/586/38586

2. Macnos 1O.A., Mepunos W.I'., Psa6oB H.O. MogenupoBanue
TEIUIOTUIPABINYECKAX IPOLIECCOB B PEAKTOPHBIX YCTAHOBKAX W 3JIEMEHTAX
TEII000MeHHOTO 000pynoBanus DY : nabopaTopHblil npakTukyM. — M.: MUDU,
2008. — 156 c. http://www.studfiles.ru/preview/413352/page:8/

3. FlexPDE 6: User Guide-
http:/Amww.pdesolutions.com/help/index.html?user_guide.html

4. FlexPDE - yncnenHoe pemieHne cucteM audQepeHInaabHbIX ypaBHEHHHA
B YaCTHBIX MTPOU3BOHEIX - hitp://www.1024.ru/studentam/flexpde



http://window.edu.ru/resource/586/38586
http://www.studfiles.ru/preview/413352/page:8/
http://www.pdesolutions.com/help/index.html?user_guide.html
http://www.1024.ru/studentam/flexpde
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JIABOPATOPHAS PABOTA Ne 2
OcHOBBI IPOrpaMMHPOBaHUsI B cpee MoaeaupoBanus FlexPDE

1. HEJIb PABOTEI

NM3y4nts TUIIBI pa3fenaoB IIPOrpaMMbl, OCHOBHBIE KOMaH/IbI, UCII0JIb3yEMBbIE
JUISl OIIMCAHUsl PEIIaeMON 3a7a4M, HAYAJIbHBIX U TPAHUYHBIX YCIIOBUM, T€OMETPUN
pacuyeTHOM 00JacTH, a TaKXe JUIsl BBIBOJA IMOJYYEHHBIX PE3YyJbTaTOB, 3aKPEIUThH
TEOPETUYECKUE 3HAHMS, TIOJIYYEHHBIE IPU U3YUEHUN JUCIUTUINHBI.

2. TEOPETUYECKMHE ITOJIOXXEHN A

Co3nanue peckpuntopHbix ¢aiiios. Ilepen npencraBieHreM 3aaadd IS
ananmmu3a FlexPDE Bl J0KHBI TOTOTOBUTE IECKPUIITOPHBIN (ailt (mporpammy).
Jlns 3anucu nporpaMM HUCTOIb3YETCSl TPOCTOM JUIsl U3YUYEHHS €CTECTBEHHBIH S3bIK,
nepBOHAYaAIbHO pa3padoTaHHbli Pobeprom  Henbconom. HebGosbmioe yucnio
pacipeHuid ObII0 J0OABICHO, YTOOBI YBEIUYHUTh BO3MOKkHOCTH FlexPDE.

[Io cpaBHEHHIO C  A3bIKAMU MPOrPAMMHUPOBAHUS  E€CTECTBEHHBIN S3BIK,
UCIIOJIB3YeMbId B MPUKIAIHBIX MporpaMmax, HaMHOro ©Oojiee MPOCTOM.
BONBIIMHCTBO CTYJIEHTOB, UHKEHEPOB M YUYEHBIX, KOTOPbIE UMEJIH MO KpailHEeH
Mepe BBOJHBIN Kypc auddepeHInanbHbIX YPaBHEHUI B YACTHBIX MPOU3BOIHBIX,
MOTYT JIOCTaTOYHO OBICTPO OBJIAJIETh SI3BIKOM, YTOOBI TOTOBUTH IPOCTHIE
MPUKJIAJAHbIE JECKPUNITOPHBIE (paiiibl U HAUMHATH peliaTh CBOM 3aJa4H.

HaGop xomann FlexPDE moxer paccMaTpuBaThCsi Kak sI3bIK cTeHOrpaduit
UIT  CO3JaHHUSI KOHEYHO-DJIEMEHTHBIX Moxaeined. Komanael o00ecrneuynBaroT
uHpopmanuto, HeoOxomumyto  FlexPDE, 4roObl TpaHCampoBaTh 4YHCIOBBIC
MPOLIECCHI AJI PELICHUS 3a1auH.

A3pik  FlexPDE ~ onwmcarenbHbIi, a He npoleaypHbiid. Ilonb3oBarenn
OIMKCHIBAET, KAK PA3TMYHbIE KOMIIOHEHTBI CUCTEMBI CBSI3aHbl ApYyT ¢ Apyrom. OH He
3alaeT  MOCJENOBATEIbHOCTh IIIAar0B, KOTOpPBIE HYKHO  BBINOJHUTH IS
dbopmupoBanus pemreHus. Ha ocHoBaHUUM CBsi3el MEXIy MEPEMEHHBIMHU 3a/1auH,
FlexXPDE caMm cocraBiasfer MOCIEIOBATEIBHOCTh IIArOB, HEOOXOAUMBIX IS
pemieaus. FIexPDE nenmaer pasnuunble MPEANOIOKEHUS OTHOCHUTEIILHO CBOMCTB
MEePEMEHHBIX 3aJ1a4H, B 3aBUCUMOCTHU OT pa3jiesia O0bsIBICHUS.

Hampumep, ecnu nepemennast HazBaHa B pazjaene VARIABLES, To npunsro:

1) sTa mepeMeHHas - CKaJIpHOE IMOJie, KOTOPOEC MPUHMUMAET 3HAYCHHS B
00JacTH MpOOIIeMBI,

2) oTa mepemMeHHas OyJIeT CMOJIeTMPOBaHa KOHEYHOW MHTEPIOJISIIUEH MEXTy
y3J1aMU CETKH,

3) 3HaueHUs MEPEMEHHON HENMPEPHIBHBI B 001aCTH,

4) nuddepeHnmanbHOe YpaBHEHNE B YaCTHBIX MTPOU3BOJIHBIX, OMUCHIBAIOIIEE
MOBEJCHUE MEPEMEHHOM, OYIET YOBIETBOPEHO.

Ecmm nepemennas nosiBisiercs B pasznene DEFINITIONS, To oTHocuTenbHO
HA3BaHHOW BEJIMYMHBI IPUHUMACTCS:

1) orta BenumumHa BermomoraTenbHas Mt PDE cuctemsr,
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2) 9Ta BeJIMYMHA MOXKET OBbITh pa3pbiBHA B 00JIaCTH,
3) oTa BelMuyMHA 00s3aTENIbHO YAOBICTBOPSET ycaoBusaM roboro PDE.

[TpuknagHple JOECKPUNTOPHBIC (aiinbl a1 ucnoiab3oBanus ¢ FlexPDE
HamOoJiee JIETKO TOJMOTOBUTh W OTPEAAKTUPOBATh, HCIOJB3YS BCTPOCHHBIM
penaktop FlexPDE . Jlnsg OTKpBITHS HOBOTO JECKPUNTOPHOTO (hailia mpocTo
Haxumaror NEW B ctpoke wmenro FlexPDE. YtoOwsl pemakTupoBaTh
CYIIECTBYIONMUK omucaTesb, BMecTo 3Toro Haxkmute OPEN. YmoOubiii croco6
CO3/1aBaTh HOBBIM OMHCATENh COCTOMT B TOM, YTOOBI Ha4yaTh C CYIIECTBYIOIIETO
onucartens s NoJo0HOW MpoOJeMbl U U3MEHSTh €ro, YTOOBl YAOBIETBOPHUTH
HOBBIM MPUKJIATHBIM YCIIOBHUSIM.

Berpoennsiii  pepaktop FIexPDE  wpentuuen pemaktopy Notepad wu
npou3BoauT TeKcToBbIM ¢ainm ASCIl 6e3 moOBIX BCTaBJICHHBIX CHMBOJIOB.
JleckpuntopHbie (ailibl MOTYT TakXe OBITh IMOATOTOBJICHBI, UCIIOJIB3YS JIFOOOH
penaktop Tekcta ASCIl wumm m060i pemsakTop, CHOCOOHBIA K IKCIOPTY
tekctoBoro (aitna ASCII.

HNmena u pacmupenus dgaiiaa. [IpuxkinanHoi neckpuntopHsiid Gaiia MOXeT
UMETh JII000e Ha3BaHWE, KOTOpoe siBisiercss coBMecTuMbiM ¢ Windows. Jlyamre
BBIOpAaTh MMS, KOTOPOE€ SBJSETCS HAMSAHBIM Ui 3aj1auu. [lpukinagHbie
JECKpUIITOpHBIE (haiiiibl TOJKHBI uMeTh pacimpenue .PDE '. Ilpu coxpanenun
daiina ¢ MCHOIB30BaHHEM BCTPOCHHOTO penakropa, FlexPDE aBromarmyecku
npu6aBut pacmupenue .PDE '. Ilpu ncnonas30BaHUM OTAEIBHOTO WJIM BHEIIHETO
penakropa, yoeaurech, uro nanu ¢aitny .PDE ' pacmmpeHue BMeCTO 3aJaHHOIO
10 YMOJIYaHHIO IAHHBIM PEIAKTOPOM.

Crpykrypa ACCKpPUNTOPHbIX ¢aiioB. IlpuknagHele onwmcarenu
OpPraHU30BBIBAIOT 3a/lauy, pa3feiisisi MX Ha paslielibl, CBA3aHHBIE MEXIy COOOM.
Kaxxnprii pasmen o3ariiaBiuBaeTcsi COOCTBEHHBIM MMEHEM, BKIIIOYAET OJIHY WIIU
OomnpIliee  KOJMMYECTBO  HMHCTPYKIMW, KOTOPBIE  OMPENENSIoT  MpodiieMy.
Pa3zpeniennbie Ha3BaHUs pa3AeioB:

Title - OTIPENICIIACT 3aroJIOBOK

Select - YCTaHABJIMBAET PA3IMYHBIC OIIUN U CPEICTBA yIPABICHUS
Coordinates - ompenenser cucteMy KOOPAUHAT

Variables - HA3bIBACT TEPEMCHHBIC

Definitions - onpexensieT BcmoMorateIbHBIC BETUUWHBI U ITAPAMETPHI
Initial values - ycranarinBaeT HayabHBIC 3HAYCHUS IEPEMEHHBIX

Equations - ompenmensier cuctemy auddepeHIHaTIbHOIO ypaBHCHHS B

YaCTHBIX IMPOMU3BOJHBIX
Constraints - ompezaernser HeoOs3aTeIbHbIC HHTETPAIbHBIC CBSI3U

Resolve - BBIOMpAET JIOMOJIHUTEIBHBIN KOHTPOJIB(YIIPABICHHUE) CETKOU
Extrusion - pacmmpsieT 00J1acTh Ha TPU U3MEPEHUS
Boundaries - omnwuceiBaer < 2- < WIM  NPOSKTUPYEMBIH  3-MEpHBIi

noMeH(001acTh) U 3a/1a€T TPaHUYHBIE YCIOBUS
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Time - OIpeieNIieT BPEMEHHOM MHTEpBa

Monitors - BRIOMpAET MPOMEKYTOUHBIN rpaduuecKuil Jucriien

Plots - BbIOMpacT KOHEUYHBIN(3aKIIOUUTENbHBIA) TrpaduuecKuit
JUCIUIEH

Histories - BBIOMpAET UTOTOBBIE TTO BPEMEHU JIUCILIICH

End - HICHTU(DHUIUPYET KOHEI] OTMUCATEIS

Yuciio pasnenoB, HUCIONb3YEMBbIX B MpPOrpaMMe, MOXKET H3MEHATHCS,
BBITIOJIHSISI TOJIBKO TpeOoBaHWE, 4YTOOBI Bce (albl COACPKAIH  Pa3feibl
IIEPEMEHHBIX, YPABHEHNW, TPAHULl 1 KOHEUHBIN pa3iell.

B TO Bpems Kak cCymiecTByeT HEKOTOpass TMOKOCTb B Pa3MEIIEHUU 3TUX
pa3denoB, TOpemIaraeTtcs, 4YTO  IMOJIb30BaTellb  TBEPAO  NPUACPKHUBACTCA
ynopsgodeHus, omucanHoro Beime. Definitions u Select moryr mnosBisThes
Oonblie yeM ojnHaxabl. IlockospKy omucaTenn AMHAMUYECKU 00pabaThIBAIOTCS
CBEpPXY BHHM3, OHM HE MOIYT COJEpXkaTb CCBUIKM Brepen. OnpenenceHuss MOryT
CoJiep>KaTh IEPEMEHHBIE U IPYTUE ONPEIEICHHbBIE UMEHA, €CJIA 3TU ITIEPEMEHHBIE U
uMeHa ObLIM ONpENENCHbl B MPEALIECTBYIOIEM pa3/ieiie WM MPEIBAPUTEIIBHO B
TOM K€ CAMOM paszJene.

IMpukaaagnoii geckpunropublii  ¢gopmar. FlexPDE [IpeaIoaraet
WCIIOJIb30BAaHUE CIIEAYIOIMIEW CTPYKTYpbl MU BCEX MNPUKIAAHBIX ONUCATEIEH
(BIIpoueM He CTporo TpedyeMon):

Pa3men 1
NucTpykius
Pa3nen 2
Nuctpykius 1
Nuctpykius 2
*

*

Pa3znen 3
Nuctpykius 1
NucTpykius 2

*

*

OtoT dopmar mpocT U IS YelOBeKa, roToBsmero ¢Gania, u s APYTHX,
YTOOBI YATATh U TOHUMATh.

YyBCTBUTEJIBHOCTh K BbIOOPY perucrpa. 3a UCKIIOUYECHHEM JIUTEPaTbHBIX
CUMBOJIbHBIX CTPOK, KOTOPBIE BOCIIPOU3BOASATCSA TOYHO TaK , KAK OHHU MOSIBIISIFOTCS
B MPUKIAJHOM OIHUCATENE, CIO0BA, CUMBOJIBI U JAPYTH€ TEKCTOBBIE SJIEMEHTHI,
UCIIOJIb3YyEMbIE B MPUKIAAHBIX OIUCATENSAX, HEUYYBCTBUTEIbHBI K PETUCTPY.
CHUMBOJIBI BEPXHETO PETHCTPA U CUMBOJIBI CTPOYHBIX OYKB SKBUBAJICHTHBHI.
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Bkiarwuaembie ¢aiiabl. FlexPDE noanepxuBaer wmexanusm sizbika C
BKJIFOUEHMSI BHEITHUX (DAIIOB B IPUKJIAIHOMN onrcaTeab. MHCTpyKIms

#INCLUDE " <Uwms ¢aiina> "

3aCTaBUT HAa3BaHHBIN (aill OBITh BKIIOYCHHBIM IIETUKOM B OMKCATENIb HA MECTE
9TOM UHCTPYKLIUH

Ecnmu daiin He HaxomaWTcs B TOW K€ CaMOW MManKe, 9YTO W OMHCaTeNlb, TO
HY’KHO yKa3aTh MOJIHBIN MyTh K (aiiny. Briouaromascs HHCTPYKIHS MOXKET ObITh
MOMEIICHa KyJa-HuOyJh B OIMUcaresie, HO I yI000YMTAeMOCTH, OHA JOJDKHA
OBITH TTOMEIICHA B OTJACIHHYIO CTPOKY.

DTO CpeACTBO MOXKET HCIIOJIb30BaThCsA, YTOOBI CO3/1aTh JIECKPUIITOPHBIC
daiiner 6onbimue, yeM npeaen 32Kb, nanoxennsnii Windows, WM BCTaBIISTh
oOI1Ie rpyMIbl ONpeAeICHUN B HECKOJIBKO OIHCaTEIICH.

IIpocroii mpumep. Kax npumep neckpuntopuHoro ¢aitna FlexPDE, mbl
coznagum mojaenb Heatflow (TemnoBoii moTok) AJi KBapaTHON 001aCTH.

YpaBHEHHE TEIIIOBOTO MOTOKA

div (K*grad (T)) + Source =0
OT0 ypaBHEHHE yAOBIETBOPseTCS (QyHKIIHEH
T=const-x**2-y**2
eciu K mocrostaao 1 Source = 4*K.

Mgl  onpenensieM KBaApaTHYIO 00JacTh(PErMOH) MaTepuana yAeJIbHON
npoBoguMocTi K = 1, ¢ 0THOpOAHBIM UCTOYHUKOM SOUICe=4 eUHUIL TEeTJIOTHl Ha
eAVHMILY II0Iaau. Mbl fajee onpenesnseM rpaHMYHOE 3HaYEHUE

T=1-x**2-y**2

Tak Kak  aHaJUTUYECKOE pEIICHHE H3BECTHO, Mbl MOYKEM CpaBHUBAaTh

touHocTh FlexPDE pemenus.

TekcT onucanus 3a0a4u CIEAYIOIIUN:
{****************************************************************

SIMPLE.PDE
DTOT NpUMep JEMOHCTPUPYET camoe mipoctoe npuiioxkeHue FlexPDE
K Ipo0JieMe cralrmoHapHoro Tertonepenoca (Heatflow).

****************************************************************}

Title "Simple Heatflow "

Variables
T (range=1) {"T" - mepeMeHHast CUCTEMBI, range - IpernoaaracMplit
WHTEPBAT U3MEHEHUS }

Definitions
K=1 { yaenbHas OpoBOAMMOCTD }
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Source =4  { UCTOYHUK TETUIOTHI }
Texact = 1-x ** 2-y ** 2 { ]I cpaBHEHUS OTNPEICIISICTCS TOYHOE PEIIeHUE |

Initial value
T = 0 {Ha‘IaJIBHLIC JaHHBIC, H€06$I38,TGJ'ILHBI B JIPIHGI?IHI;IX YCTaHOBI/IBHII/IXCSI
npobieMax, HO HEOOXOAUMBI 111  HECTAIlMOHAPHBIX WM HEIMHEHHBIX CHCTEM |

Equations  {(heatflow) ypaBHEHHE TEIUIOBOTO ITOTOKA }
div (K*grad (T)) + Source =0

Boundaries {Onpenenenre 00IaCTH ¥ TPAHUYHBIX YCIOBUH }

Region 1 {... TOJIbKO OJTHa 00JIaCTh (PETHOH)}

Value (T) =Texact {Omnpenenser ycinoue [upuxie Ha rpanuie T=
TOYHOMY PEIIECHUIO }

Start (-1, -1) {OnpenenseTr OTIpaBHYIO TOUKY }
lineto (1, -1) {Unet rpanuna}
to (1,1)
to (-1,1)
Finish {Bo3sBparaer rpaHuily K OTIPaBHON TOYKE }
Monitors

Contour (T) {IToka3bIBacT JUHUH IIOCTOSHHOMN TeMIIEpaTyphl B IIPOIECCe
pELICHUH }

Plots { IToka3piBacT OKOHYATEIbHBIC TPa(UKH, 3aMTUCHIBAIOTCS B (haiiy mpu
3aBEPILICHUH }

Contour (T) { TMHUM TTIOCTOSTHHOW TEMTIEPATYPHI }

Surface (T) {TOBepXHOCTHBII rpaduk }

Contour (T - Texact) as "Error" {OrtoOpaxkaeT OmMOKy pemieHus }

Vector (-dx (T), -dy (T)) as "Heat Flow" { BexTopHBII Tpaduk
TEIJIOBOrO IMMOTOKA}

End {Konen neckpunropHoro gaiina}

Onucanue pa3iesoB NporpaMmel.
KommenTapuu

Tekcr, 3aKII0YEHHBIN B PUTYpHBIC CKOOKH  { }

Tekct mocie BOCKIIMLATCIIbPHOI'O 3HAKa !

COORDINATES { 3aganue Tuna cucTemMbl KOOpIUHAT |
CARTESIANL1 - 1D cucrtema koopauHart (och 'X¢)
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CYLINDER1 - 1D nununapuyeckasi cucrema koopauHat (ocb 'R°)

SPHERE1 - 1D cdepuueckas cuctema koopauHat (och 'R)
CARTESIANZ - 2D cuctema koopauHat (ocu 'X' u 'Y)
XCYLINDER - 2D nwmmaapudeckas cucTeMa KoopauHaT (oceBas

KOoOpAnHAaTa 'Z' HampaBjieHa TOPU30HTAIIBHO, a paauanbHas 'R' — BepTHKaIBHO)
YCYLINDER 2D - 2D munmuaapudeckas cucteMa KOOpAuHAT (paguaibHas

koopauHaTa 'R' HanmpaBieHa ropu30HTAIBHO, a 0ceBast 'Z* — BEPTUKAJIBHO)
CARTESIANS - 3D cuctema xoopauHat (ocu 'X', 'Y'u 'Z°)

VARIABLES { mepemeHHBIE }

u, v, Pot, Temp { umeHa UCIIOJIb3yEeMbIX IEPEMEHHBIX |

Bce Ha3BaHus, mNosBIAIOUIMECS B AITOM pasjene OyIOyT HpeICTaBIICHBI
KOHEYHORJIEMEHTHOW  amnmpokcuMmanue 1o mnpukiaaHod cerke. Kaxnas
NEpEeMEHHasl OMpeNesieT HEeMpepbhlBHOE CKalsipHOe Tmosie mo obnactu. Jlamee
OpPUHUMAETCSA,  4YTO  Kakaas  TepeMeHHas  OyJmeT  COIMPOBOXKAATHCS
nuddepeHIMaTbHbIM YPaBHEHHEM B YACTHBIX MPOU3BOAHBIX, MEPEUNCICHHBIM B
pazaene EQUATIONS.

[Tpu Ha3HAUEHUU UMEH 3aBUCUMBIM IIEPEMEHHBIM, IPUMEHSIOTCA CIIEAYIOIINE
paBwIa;

1) umeHa nmepeMeHHBIX TOKHBI HA9aThCsl C OYKBBI.

2) WMeHa TEepEeMEHHBIX JOJDKHBI OBITh YHHKATBHBIMH W OTJIMYATBCS OT
CHMBOJIA t, KOTOPBII 3ape3epBUPOBAH IS IEPEMEHHON BpPEeMs.

3) UMEHa MEePEMEHHBIX MOTYT UMETh JIIOOYI0 JIMHY M JII0OYI0 KOMOMHALIMIO
CUMBOJIOB, LIU(p U-UIIU CUMBOJIOB, OTJIMYHBIX OT 3apPE3EPBUPOBAHHBIX CIIOB.

4) uMeHa TepEeMEHHBIX He JOJDKHBI COJEp)KaTh JIIOObIE pa3JeIUTENH.

L]

CocTtaBHbIE MMEHA MOTYT OBITh C(HOPMUPOBAHBI C CUMBOJIOM (HampHuMmep

temperature_celsius).
' '

5) uMeHa MepeMEeHHBIX HE MOTYT COJEpXKaTh '- ', KOTOPBIM 3ape3epBUPOBaH

IS 3HaKa "'MuHyc'".

SELECT { mapameTpbl YMCIEHHOTO PEIICHU |

NGRID 20 - onpenensieT yncio sueek CeTKH B MAKCHMaIbHOM U3MEPECHUH.

NODELIMIT 10000 - onpeaenser MakCUMMaIbHOE YHUCIIO Y3JI0B

NONLINEAR AUTOMATIC - BpiOupaeT HeIMHEHHBIA METO IJIs PEIICHUS
NONSYSMMETRIC Automatic - BeiOMpaeT HECUMMETPUYHBIN METO]] PEIICHUS

QUADRATIC On - ucnons3ytoT KBaJpaTuyHble 0a3ucHbIe (QYHKIINH
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REGRID On - no ymomuyanuio FlexPDE ocymectBisier agantuBHOE
YCOBEPILICHCTBOBAHUE CETKH. OTOT CEJIEKTOP MOKET HCIOJIb30BAThCS, YTOOBI
BBIKJIFOYUTH 3TO U HCIIOJB30BaTh (DUKCUPOBAHHYIO CETKY.

DEFINITIONS { mapameTpsl perraemMoit 3a1auu }
d
L=10
Q=exp(-a*t)*(x"2+y"2)"0.5

Pasnmen DEFINTIONS wucnons3yercsi, 4ToObl OOBSBUTP U HA3HAYUTH
HA3BaHUA  CHCLMATBHBIX  TMOCTOSHHBIX, KO3(p(dUUIMEHTOB U  (QYHKUUH,
UCIIOJIB3YEMBIX B IpUKIAgHOW 3amade. Ilpm HasHaueHUMM Ha3BaHUU K
OINIPEIENICHHUAM IPUMEHSIOTCS CIEAYIOINE TPaBUJIa;

1) Ha3zBanus onpezeneHuii J0KHbI Ha4aThCsl ¢ OYKBBI.

2) Nmena omnpeneneHuidl AOHKHBI ObITh YHUKAJbHBIMU M OTJIMYATHCS OT
CUMBOJIA t, KOTOPBIN 3ape3epBUPOBAH ISl IEPEMEHHON BPEMSI.

3) HaszBanus omnpegeneHuit MOryT HMMETh JIOOYI0 JJWHY U JIO0YIO
KOMOMHAILIUIO CHUMBOJIOB, IU(p M CUMBOJIOB, OTIMYHBIX OT 3ape3€pPBUPOBAHHBIX
CJIOB, KOOPJIMHATHBIX UMEH WJI UMEH IIEPEMEHHBIX.

4) Has3BaHusi ompenesneHuid He JOJDKHBI COAEpXkaThb JIIOObIE pa3iIeIUTelNu.
CocTtaBHblE Ha3BaHUs MOTYT ObITb CHOPMHpPOBAaHbI ¢ ' '
temperature_celsius).

CUMBOJ (Hampumep
5) HaszBanus omnpegeneHuii He MOTyT cojepxkaTb '- ', KOTOpBIA
3ape3epBUPOBAH JJIsl 3HAKA "MUHYC".
OObIYHO, KOTJa OIpeneseHre OOBABICHO, TO TNPUMEHEHHEM oIlepaTopa

n_n

Ha3HAYCHUS 3a1aeTCsl €ro 3HauY€HUE WM BbIpaxkeHwe. OmnpeneneHus -
JTUHAMUYECKHE JJIEMEHThl M KOTJa 3HAUYCHHE HA3HAUYEHO, ATO OYyJeT TOJIbKO
HayaJbHOE 3HAYCHHME U OHO MOXET OBITh MOJUPUIMPOBAHO, B Cllydyae

H€O6XOIII/IMOCTI/I, B COOTBCTCTBHUM C PCHICHHUCM.

EQUATIONS { nuddepenumanbabie ypaBHEHHUSI, 111 KaXKIOW IEPEMEHHOM }
Paznen EQUATIONS UCIIOJIB3YETCH, YTOOBI NEPEYUCITUTh
muddepeHIanbHble YPaBHEHUSI B YACTHBIX MPOU3BOJIHBIX, KOTOPBIE ONPEACIISAIOT
3aBUCUMBIE ITIEPEMEHHBIE 3a7a4l. [I0OJDKHO UMEThCS OJJHO YPaBHEHHE ISl KaXAOW
3aBUCUMOW MepeMeHHO#, nepeunciieHHod B pasnese VARIABLES. Bzaumuo-
OJIHO3HAYHBIE OTHOIICHHS] YCTAHOBJIEHBI MEXKIY NMEPEMEHHBIMHU, YPABHEHUSIMU U

I'paHUYHBIMHU YCIIOBUSIMH.
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Ecnu B 3agade MCHOJB3yeTCs HECKOJIbKO IMEPEMEHHBIX (ypaBHEHHUM), TO
nepes KaXIbIM ypaBHEHHEM TpeOyeTcsi yKas3aTb, KaKOW TMEepEeMEHHOM 3TO
YpaBHEHHE COOTBETCTBYET.

OnHo ypaBHEHUE

div(grad(u))=0

/IBa ypaBHEHUS
u: div(grad(u))=0
Temp: dxx(Temp)+dyy(Temp)=0

HpaBI/IJIa 3aliucu HpOI/ISBOI[HI)IXZ

du/dx =>dx(U), dU/dy =>dy(U), dU/dt => dt(U)

d2U/d2x => dx(dx(U)) = dxx(U)

B nunuHapuyeckux U B cpepruuecKuX KOOpJAMHATAX ONPEIEIEHbI OepaTOpPbl
- DR, DZ, DRR, DRZ, DZR u DZZ

CONSTRAINTS { unrerpanbHbie OrpaHUYECHUS }

Paznen CONSTRAINTS, KOTOPBIN SIBJISICTCS HeoOs13aTeIIbHEBIM,
UCIIOJB3YETCsI, YTOObl MPUMEHUTh WHTETPAJbHBIE CBSI3M K CHUCTEME. JTH CBSI3U
MOTYT HCIIOJb30BaThCsA, YTOOBI YCTpPaHUTh HEOJHO3HAYHOCTh, KOTOpas HHaye
npou3onuia Obl B YCTAHOBUBIIUXCS CHUCTEMaxX, WM KOTJa TPAaHUYHBIC YCIIOBUS
colepKaT  TOJbKO  NPOU3BOJHBIE  3aBHCUMBIX  INE€PEMEHHbIX.  Pazmen
CONSTRAINTS 0OBIYHO COJEPKHUT OJIUH WJIA OOJIbIIEe KOJTUYECTBO MHCTPYKIIHIMA
dbopmbl

INTEGRAL (argument) = Expression

CONSTRAINTS HE  JIOJDKHBl  HCHOJIb30BaThbCsI  C  CUCTEMaMH
YCTAHOBMBIIIETOCSI BHUAA, KOTOPBhIE OJHO3HAYHO OINpEJEieHbl WX TPaHUYHBIMU
YCJIOBUSIMH, WJIM B CUCTEMAX, 3aBUCAIIUX OT BPEMEHH.

CONSTRAINTS HE MOTYT UCIOJIB30BATHCS, YTOOBI MPEANUCATH JIOKAIbHBIE

TpeboBaHwMs (TUIA Positivity) K IEPEeMEHHOM.

BOUNDARIES { onMcaHue rpaHUIIbl pACYETHON 00JIACTU M TPAaHUYHBIX
yCJIOBHIA }
REGION 1 { obnacTp, 3aMoIHEHHAs! OJTHUM MaTEepUaJIOM |

START(0,0) { HayanbHAs TOYKA TPAHUIIBI 0OJIACTH }
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BOUNDARY CONDITION { rpanuunbie ycnoBus mnsi 1-ro ydacTtka
TPaHUIIBI }
LINE TO (1,0) { cnenyronuii yyacTOK I'paHUIIbI OOJACTH }
BOUNDARY CONDITION { rpanuunbie yciaoBus mas |-ro ydacrtka
I'PaHUIbI }

TO CLOSE { 3aMbIKaHNE KOHTYpa, 33JIAI0IIETO TPaHUITy 00IacTH }

Paznen BOUNDARIES ucnonbs3yercs, 4ToObl OMucaTh IBYMEPHYIO 00JacTh
WIM TPOEKUIUI0 TPEXMEPHOM OO0JaCTM HAa OCHOBHYIO IUIOCKOCTh, M 3a/1aTh
IpaHUYHBIE YCJIOBHMS M BHEIIHME HWCTOYHMKU Ha TrpaHuiax 3anayu. Kaxmas
NMpUKIAIHas Mnporpamma aobkHa uMmersh pasznen BOUNDARIES. B npenene
BOUNDARIES ¢usuueckas o6nacts genutcst Ha yacti REGION, FEATURES u
EXLUDE (moapasaensi). Kaxnas nporpamma J0JbKHa UMETh MO KpailHEH Mmepe
omun  mnonpasgen REGION. FEATURES wu EXLUDE  noxpasnenst
HeoOs13aTebHBIE.
REGION 1 { obnacTp, 3aMoTHEHHAs! OJTHUM MaTEepUaJIOM }
START(0,0) { HayanbHAs TOYKA TPAHUIIBI 00JIACTH }
BOUNDARY CONDITION { rpanuunbie yciaoBus mias 1-ro ydacTka
TpaHUIIBI }
LINE TO (1,0) { cnexyrouiuii y4acTOK rpaHUIlbl 00JaCTH }
BOUNDARY CONDITION { rpanuunbie ycioBus misi |-ro ydacrtka
IPaHUIBI }

TO CLOSE { 3aMbIKaHMe KOHTYpA, 3a/I1a0IIETO TPAHUILY 00JIaCTH }

[Toapaznenst REGIONS ucnonbs3yroTcs, 4ToObl OMUcaTh 3aMKHYThIE 00J1aCTH,
KOTOPBIE COCTABJISIIOT (PU3NYECKYIO T€OMETPHIO 33Jlayd B IBYMEPHOU IUIOCKOCTH,
WIN JABYMEpPHBIE MPOEKIMU HAa OCHOBHYIO IUIOCKOCTh B TPEXMEPHBIX 3ajadax.
[Toppaznenst REGIONS BkitouaroT 00jacTH U MOAOOJACTH € ONpeneTuMbIMU
MatepuanbHbiMu Tlapamerpamu. [lompaznenst REGIONS chopmupoBanbl Takum
oOpa3oM, dYTrO Ha4YMHAIOTCA C  3apesepBupoBanHoro cioBa START,
COIMPOBOXAAEMOTr0 (U3MUECKMMH KOOpJIWHATAaMU HAYaJbHOM TOYKH, 3aTeM
ClelyeT HWATH BJOJb TpPAHULBI 00JIACTH, OMNHUCHIBAS HX MPAMOIUHEHHBIMU
OTpe3KaMyl  WJIM  JYTrOBBIMM  CETMEHTaMH, M  3aMbIKaeTcs  00JacThb
3ape3epBupoBaHHbiM ciioBoM CLOSE. KoopauHatel HMEOT CTaHAAPTHYIO
MareMatuueckyto popmy (X, Y).
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[TpstmonuHeHBIE oTpe3ku 3anatorces B cienyromieM Buiae LINE TO (X, Y)

JIlyroBbIE CETMEHTHI UMEIOT OJIHY U3 CIAEAYIOMHUX (Hopm:

ARC to (X1, Y1) to (X2, Y2)

ARC (RADIUS=R) to (X, Y)

ARC (CENTER=X1, Y1) to (X2, Y2)

ARC (CENTER=X1, Y1) ANGLE=Fi

Fi - ectp yrona, W3MEpeHHBIH B TIpaaycax, C Y4ETOM CTaHIAPTHOTO
COTJIAIICHHMSI, TI0 KOTOPOMY TOJIOKHUTEIBHBIC YIJIBI OTCYMTBHIBAIOTCS TPOTUB XO7a
YaCOBOMW CTPEJIKH, a OTPUIATENbHBIE YTJIIbI - IO X0y YaCOBOW CTPEJIKH.

UtoObl u30eraTh pa3HOUYTEHUH C TPUTOHOMETPUUYECKUMH (YHKIUSIMH,
KoTopble OepyT yribl B paauaHax, cneruduxatopsi RADIANS u DEGREES
MOTYT CJICIOBATH 32 YTJIOM.

Korma ucnomssyercs ARC (CENTER=X1, Y1) to (X2, Y2) u CENTER
(X1, Y1) He paBHOOTCTOUT OT HAYAJIHLHOTO M KOHEYHOT'O ITYHKTOB, TCHEPUPYETCS
CETMEHT JJUITMIITHYCCKHUH TyTH.

Korna UCIIOJIb3YIOTCS MOCJIEIOBATEIbHBIC CErMEHTBI LINE,

3ape3epBupoBaHHOE C10BO LINE MoxkeT He TOBTOPATHCS:
LINE to (X1, Y1) to (X2, Y2) to (X3, Y3) to ..

EXLUDES (uckarwouenust). [logpaznenst EXLUDES uncnonb3yrorcst, 4TO0BI
omnucaTh 3aMKHYThI€ 00JacTH, KOTOPBIM MUMEIOT OBEpJICHHBIC (TEPEeCEKArOITUECs)
4acTH B OJHOM wid OosbiieM konuuectBe mojpaszzaenoB REGIONS. Oo6nacts,
onucanHaa noxapasnenoMm EXLUDES, wuckmtouaercs u3 cucremsl. Iloapasaensl
EXLUDES, nomxen cnemoBath 3a monpasiaenamu REGIONS, kotopsiM oHu
nepekpoiBatorcsa. I[logpaznenst EXLUDES  ¢dopmupyrorcss Tem ke cambIM
criocoboM, kak u nojapasnesisl REGIONS, u moryt ucnons3oBats LINE u ARC

CCIMCHTHI.

FEATURE (3nemenTtsl). Tlonpasznenst FEATURE wucnons3ytorcs, 4ToOBI
ONMHCaTh HE3aMKHYThIE OOBEKThI, KOTOpPbIE HE BKJIIOYAIOT MOA00JaCTh C
3aJlaHHBIMU  MaTepuanbHbiMu  mapamerpamu.  llompazgenst  FEATURE
bopMUPYIOTCS TEM K€ caMbIM criocoboM, kak u nojpasaensl REGIONS, u moryr
ucnosib3oBaTh LINE u ARC cermeHTsi.

[Togpaznenst FEATURE nHe 3akanuuBaroTcsi pe3epBHbIM ciioBom CLOSE.
[Tonpasnenst FEATURE wucnons3yrorcs, Korga 3ajgadya HMMEET BHYTPEHHUE
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JUHEHHBIE WCTOYHUKHM; KOTJA JKEJNATeTbHO BBIYUCIATH HHTETPAIbl IO
HEpEryJIpHOMY MYTH; WIH KOrJa TpeOyeTcs SBHOE YIPABICHUE BbIUMCIUTEIBHON
CETKOM.

IlocaenoBaTesbHOCTh omuUcaHusl obJjacteid. PexoMeHnmyercs, 4ToObl BCe
obnmactu REGIONS Obmn ontucanbl pansbiie, yeM EXLUDES unmu FEATURE, u
yT00bI Bce EXLUDE mnonpa3znenst 661tk onucans! 10 3aganust FEATURE.

Pexomennmyercsi, utoOb1 mepBas o6iacte REGIONS 6wuta chopmupoBana
JBIDKCHUEM BJIOJIb BHEIIHEH TpaHUIBl pacueTHOM oOnactu 3amauu. [ns
MePEKPHIBAIONINXCS 00JacTeld, CBOMCTBA B 30HE NEPEKPBITUS OINPEACSIIOTCS

CBOMCTBaMU HOCJICI[HGﬁ O6JIaCTI/I, B KOTOpOﬁ OHU OBLIIH OIIPCACIICHBI.

Hymepauusa ob6aacreit. [logpaznenst REGIONS, EXLUDES n FEATURE
MOT'YT UMETh HOMepa U uMmeHa. Koryma Homepa Ha3Ha4YeHbI, OHU JOJDKHBI ObITH B
MOpSIAKE BO3pacTaHus, HauMHasi C MepBOro. PekoMmeHayeTcss HOMEpa Bceraa
Ha3HayaTh. Korjga vimMeHa Ha3HaueHbl, OHU JIOJDKHBI UMETh (OpPMY IUTUPYEMOM
CTPOKH M JOJDKHBI OBITH IOMEIIEHBI HEMEIJICHHO IIOCJIE 3ape3epBUPOBAHHOTO
caioBa REGIONS, EXLUDES umu FEATURE. Ha3naueHnHble MMEHa JOJKHBI
oeiTh yHuKambHbIMH IS REGIONS, EXLUDES, u FEATURE. Haznauenue
MMEHM 00JIACTH TOJIE3HO, KOT/Ia KelaTeIbHbI TPaUKU UM 0O0BEMHbBIE HHTETPAJIbI
OrpaHUYEeHHbIE 00JIACTBIO.

I'panuunbie ycaoBusi (Boundary conditions). Crenyromue ¢GopMsl
IPaHUYHBIX YCIOBHUM MOTYT MPUMEHSITHCS:

VALUE(VARIABLE) = BripaxeHue

NATURAL(VARIABLE)

LOAD(VARIABLE) Bripaxenue

NEUMANN(VARIABLE) = Bsipaxkenue

DNORMAL(VARIABLE) = Beipaxenue

DTANGENTIAL(VARIABLE) = Bsipaxenue

NOBC(VARIABLE)

Bripaxenue

VARIABLE — ums nmepemeHHO#, 0003HauYeHHOE B CHCIMPUKAIINN yCIOBHUS,
UISHTUPUIIUPYET ypaBHEHHE, K KOTOPOMY 3TO T'paHUYHOE YCJIOBHE JOJDKHO
TIPUMEHUTHCH.

VALUE - 3amaer 3HauyeHue MNepeMEeHHON (IpaHUYHOE YCIOBHE IIEPBOTO
poaa). NATURAL (LOAD — cuHOHHM) — 3a/aeT 3Ha4Ye€HUE MOTOKA (MPaHUYHOE
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YCJIOBUE BTOPOTO POJIa)

NEUMANN (DNORMAL — cuHOHHM) — 3a/1aeT 3HaYCHHUE IMPOU3BOIHOM 11O
BHemHed HopMmanu. (B dactHom ciywae ypaBHeHusi DIV (Grad (U)) +f=0,
rpanuyHbie yciaoBusi NEUMANN u NATURAL »kBuBaneHTHBI) .

DTANGENTIAL —3angaet kacaTeabHYIO MPOU3BOAHYIO

NOBC - oTMeHsieT mpeaBapUTENbHO 3a/JlaHHOE TPAHUYHOE YCIOBUE Ha
tekyuieM nytu (3kBuBajgeHTHO NATUAL(VARIABLE) =0)

TIME { nyist HecTAUMOHAPHBIX 32/1a4 }

Paznen TIME ucnonbs3yercs B HeCTallMOHAPHBIX 3aj/1auax, YTOObI ONPEACIUTh
JIMara3oH BpEMEHH, B KOTOPOM JIOJDKHA OBIThH perieHa 3amada. [loanep:kuBaroTcs
CJIEAYIONINE aTbTEPHATUBHBIE (POPMBI:

FROM timel TO time2

FROM timel INCREMENT TO time2

FROM timel TO time2 increment

rjae: Timel - HavyambHOE BpeMeHs

Time2 — koHeYHOE BpeMs
Increment — mar mo BpemeHu
3aJlaHHBIN M0 YMOJYaHHWIO HaYaIbHBIH IIar BpeMeHu - 1e-4 * (time2-timel).

MONITORS { oToOpaxxeHue X012 pelieHus }

PLOTS { oToOpaxkeHue pe3yJIbTATOB PelICHHS }

Pazgen Monitors, koTopwlii SBISETCS HEOOS3aTEIbHBIM, HCIOIB3YETCH,
4YTOOBI MEPEUNCIUTh IpaPUUecKue IUCIUIEH, KeNaTeIbHble MPU MPOMEKYTOUHBIX
miarax, B TO BpeMs Kak 3a/iaya peraercs.

Pasznmen Plots, kotopelii siBisieTcss HeoOS3aTEbHBIM, HCIOJIB3YETCS, YTOOBI
NEePEeUnCInTh TpaduuecKre TUCIUIEH, kKeNaTelIbHble MPU 3aBEPLICHUU MPOOJIEeMbl
WIM cTaguud (B cllydyae MHOTOKPAaTHOTO TOBTOpEHUsl pelleHus). ['paduku
OTJMYAIOTCI OT MOHHUTOPOB TaKXE€ TEM, YTO OHHU 3alMChIBalOTCA B (aii c
pacumipenneM .PGX s mocineayromero paccMOTPEHMs IOCJE  BBITOIHEHUS
3aJ1a4yu.

Wuctpykuuu Plots u Monitors umeror oguHakoByo GopMmy 1 GyHKIIHH.

CONTOUR (arg) — BBIBOAUT JBYMEPHBI KOHTYPHBIH TpauK JTHHUN
MOCTOSIHHOT'O YPOBHSI IMapaMeTpa arg

GRID (argl, arg2) — BBIBOAUT CETKY KOHEUYHBIX 3JEMEHTOB C Y3JIOBBIMHU
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KOOPUHATAMH
SURFACE(arg) — BBIBOAMT KBa3HTPEXMEPHYIO TIOBEPXHOCTh, KOTOpas
otoOpaxaeT napamerp ARG 1o BepTukamu
VECTOR(argl, arg2) — BEIBOAUT BEKTOPHBIH rpaduk.

3. OBBEKT 1 CPEJICTBA UCCJIEJJOBAHUMS

B kadecTBe cpeacTBa MCCIICIOBAHUS CIYXKUT MPUKIAIHAS IIpOrpamMma Jiis
YUCIIEHHOTO KOHeuHOo-diIeMenTHoro anaimsa FIexPDE, oO0bexkroM ucciienoBanus
paszeasl ¥ KOMaH bl ONMCAaHUS 3a/1a4.

4. TIOPAJJOK ITPOBEJAEHU A NCCJIIEJJOBAHUM L.

1. I3y4uTh TEOPETUICCKHE CBEICHUSI.

2. BBINOMHUTHL TEKCTOBBIE pacueThl MO TMporpaMmaM yKa3aHHBIM
IpernoaaBaTesieM.

3. Bectu B cucremy FlexPDE Ttekct mnporpamMmbl, NpHBEICHHBIA B
TEOPETUYECKOW YacTH, W BBINOJHUTH pacueThl. BHECTH HW3MEHEHHUS B TEKCT
MIPOTPAMMBI T10 33JJaHUIO MPEIOTaBaATEISI

4. TIoaAroTOBUTH OTYET O BBHIMOJHEHUU PAOOTHI.

5. P°OPMA OTUETHOCTH

Otuer dopmupyercs B Buzae daitma WinWord, B KOTOpsIii BKIFOYAIOTCS
ONMCaHUs OCHOBHBIX pa3leioB omnwcanus 3amad B cpene FlexPDE, Tekcr
MIPUKIIAIHOM MTPOTPAMMBbI U IMOJYYCHHBIC PE3yJIbTaThl MOJICTUPOBAHUS.

6. KOHTPOJIbHBIE BOITPOCHI
1. Yto Takoe IeCKpUNITOPHBIN (haiii?
2. Kakoe pacmpenue UMEIOT IeKCpUIITOpHBIE (aitibsl cuctemsr FlexPDE?
3. Kakue pa3znensl MOTYT ObITh BKIIFOUEHBI B IECKPUTITOPHBIN (haiin?
4. Yto onmuceiBaercs B pasaene Definitions?
5. Kakasg komaHzIa MCIONB3YyeTCs Ul 3a/laHusl HAYaIbHOW TOYKHU TPaHUIIBI
JIBYMEPHOU pacdyeTHON 00IacTu?

7. UCTITIOJIb3YEMAS JINTEPATYPA

1. HBopeuxuit C.M., EpmakoB A.A., UBanoB 0O.0., Axymunun E.W.
KomrmproTepHoe MojenMpoBaHuE TPOIECCOB M amnmapaTtoB MHUIIEBOM, Ouo- u
xumudeckoit texHonoruun B cpene FlexPDE: VYyebnoe mocobue. - TamOoB:
MsnarensctBo TI'TY, 2006. - 72 ¢.  http://window.edu.ru/resource/586/38586

2. MacnoB [0.A., Mepunos W.I., Psg6os H.O. MonenupoBanue
TEIUTOTHIPABIMYECKUX TPOIIECCOB B PEAKTOPHBIX YCTAHOBKAaX W DJIEMEHTax
TEMI000MeHHOTO 000pynoBanus DY : nabopaTopHsblil npakTukyM. — M.: MUDU,
2008. — 156 c. http://wwwe.studfiles.ru/preview/413352/page:8/

3. FlexPDE 6: User Guide-
http:/Amwww.pdesolutions.com/help/index.html?user_guide.html

4. FlexPDE - yncneHHoe penieHue cucteM qudepeHnaibHbIX YpaBHEHUIH
B YaCTHBIX MMPOU3BOHBIX - hitp://www.1024.ru/studentam/flexpde
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JIABOPATOPHAS PABOTA Ne 3
MopenupoBaHue CTAIMOHAPHOTO TEIIONEPeHOCca

1. HEJIb PABOTEI

N3yunth 0COOEHHOCTH ONMUCAaHUS 33aJad CTALlMOHAPHOIO TEIJIONEpPEHOCca B
cpene FlexPDE, uccnenoBarh BIMSHUE TApaMETPOB CHCTEMBI Ha paclpe/ieiicHue
TEMIIEpaTypbl U BEJIMYMHY TEIIOBOTO MOTOKA, 3aKPENUTh TEOPETUUECKUE 3HAHUS,
MOJIyYEHHbIE TPU U3YYECHUH JUCLHUIIIINHBI.

2. TEOPETUYECKMHE ITOJIOXXEHN A

CrauuoHapHblid TEIUIONEPEHOC B JABYMEPHOM oOsacth (2, OrpaHMYEHHON
rpanuueil I' (puc. 3.1) onuceiBaerca ypaBHeHueM Jlamiaca:

div(gradT)=0 (3.1)

divA:%+%
oXx oy

rac - OIc¢parop AUBCPIrCHOHUH BCKTOPHOI'O IIOJIA A,

grad = i&"'ja - omepatop TrpamueHTa; T(X,y) — Temmeparypa, 3HAYCHUS
KOTOPOH 3aBUCST OT KOOPAHUHAT (X, Y).

1—ﬂH
P, P,

0§

/ Ly
1_‘I/ll
\ P, P,
o

O

lﬁVI4

I'=T.ul,ul UL, Ul ULy,
Puc. 3.1.

VpaBuenue (3.1) MOKHO 3anucaTh B CAEAYIOIIEM BHUJIE!



27

o°T o
o oy 32

Bynem cuuTaTh, 94TO y9aCTKH TpaHUIlBI, 0003HAYCHHBIC HIKHUM HHIEKCOM
(T'mi, Tz, Tuz 1 Tyg) SIBASIFOTCS TEMIIOM30IMPOBAHHBIMU, TO €CTh TETUIOBOM MOTOK
4Yepe3 3TU TPAHULBI PABEH HYIIIO:

oT
— =0 (3.3)
1—‘l/llf l—‘1/12 ' 1—‘1/13' 1—‘1/14
rae N — eIWHUYHBIA BEKTOP BHEIIHEH HOPMalIM K COOTBETCTBYIOIIEMY YYacTKY
TpaHMIIBI 00JIACTH.

Bepxusist (I'y) u Hokasis (I'c) rpaHuIbl SBISIOTCS U30TEPMUUECKUMHU, TO €CTh

Ha HUX MOJJICP>KUBAETCS MOCTOSIHHAS TEMIIepaTypa:

T =Ty T, =Tc (3.4)

JIJIS YUCIICHHOTO peIIeHUs paccMarpuBacMmoil 3amaun B cpene FlexPDE
MOXET OBITh UCII0JIb30BaHA ClIeIyIolasi MporpaMmma
TITLE Steady State 2D Heat Transfer
COORDINATES
cartesian2
VARIABLES
Temp
DEFINITIONS
L=5 L1=2
H=2  H1=4
xP1=0 yP1=0
xP2=L yP2=0
xP3=L yP3=H
xP4=L1 yP4=H
xP5=L1 yP5=H1
xP6=0 yP6=H1
TempH=10 TempC=0
FluxC=LINE_INTEGRAL(normal(grad(Temp)),'C")
FluxH=-LINE_INTEGRAL(normal(grad(Temp)),'H")
EQUATIONS
Temp: Div(grad(Temp)) =0
BOUNDARIES
REGION 1
START(xP1,yP1)
VALUE(Temp)=TempC
LINE TO(xP2,yP2)
NATURAL(Temp)=0
LINE TO (xP3,yP3)
NATURAL(Temp)=0
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LINE TO (xP4,yP4)
NATURAL(Temp)=0
LINE TO (xP5,yP5)
VALUE(Temp)=TempH
LINE TO (xP6,yP6)
NATURAL(Temp)=0
LINE TO CLOSE
Feature 'C'
START(xP1,yP2)
LINE TO(xP2,yP2)
Feature 'H'
START(xP6,yP6)
LINE TO(xP5,yP5)
PLOTS
GRID(x,y)
CONTOUR(Temp) notags nominmax
REPORT FluxC AS "FluxC"
REPORT FluxH AS "FluxH"
REPORT (FluxC-FluxH)/(0.5*(FluxC+FluxH)) AS "delFlux"
SURFACE(Temp) VIEWPOINT(-10,-1000000,90)
VECTOR(grad(Temp))
END

P C3yJIbTaTbl MOACIIMPOBAHUSA, IIOJIYUCHHBIC IIPHM YKAa3aHHBIX B TCKCTC

MporpaMmsbl 3HAYCHUAX MTAPaAaMCTPOB IMPUBCACHLI Ha CJICAYIOIIUX PUCYHKAX.
Steady State 2D Heat Transfer

0 1 2 3 4 5
X
Teplo 2D: Gridsl p2 Nodes=667 Cells=306 RMS Er=0.0017

Puc. 3.2.
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Steady State 2D Heat Transfer

Temp
max 10.0
4.7 r u: 10.0
t 9.50
s 000
1 8.50
Mo B o 7.00
. n 6.50
I m G.00
- 1 5.50
- K 500
i . 4.3
R f 100
h 3.50
- 3.00
f: 2.50
€ 2.00
1. = d: 1.50
¢ 1.00
b: 0.50
a: 0.00
min 0.00
0. 3
0 1 2 3 4 5
X
Teplo 2D: Grid#l p2 Nodes=667 Cells=306 RMS En= 0.0017
FluxC=-5.811349 FluxH=-5.811039 delFlux= 5.344953e-5 Integral= 40.00043
Puc. 3.3.
Temp
Steady State 2D Heat Transfer VIEWPOINT(-10.-1000000.90)
(-10..-1.e+6, 90.)
p%{ 10.0
- 9.50
9.00
8.50
8.00
7.50
7.00
6.50
6.00
5.50
= 5.00
4.50
4.00
3.50
3.00
2.50
2.00
1.50
1.00
= 0.50
= 0.00

L]
—
]
i

-0.125 X

Puc. 3.4.
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Steady State 2D Heat Transfer

arad(Temp)

7.00
6.00

5.50
5.00
4.50
4.00
3.50
3.00
2.50
2.00
R 1-50
T 1.00
oy 0.50
T S 0.00

?f’ﬂ

A0
P
sF
L]
I
£ s
PRI

P s T e,

e e -

-
P
-
r
’

O PP L PO
e o e e e e |

A N T

R R I I e, JE S

Lt o b ok b T T 7 b e ke ke _obe| g

o o e e e
T

L o p e
e e e e
I gy S e S
e I W N I
T I U,

_._._._._._._._._._._.._.._.._.._.._..
e e e e e
A
I
R Y

T i
R
R S R
F - — = = = r mr s
I R
R
e

3navyenus nepeMeHHbIX FIUXH 1 FIuXC (cm. puc. 3.3) cOOTBETCTBYIOT OTOKY
TEIJIa Yepe3 BEPXHIOK W HIDKHIO TPAHMIBI, COOTBETCTBEHHO. [Ipu TouHOM
peIIeHUH 3aJadyd BEJIMYMHBI JTUX TIOTOKOB JIOJDKHBI OBITH paBHBI, TaK YTO
pasHocTh ux 3HadeHuidt delFlux (cm. puc. 3.3) sBisgercs XapaKTepUCTHKOM
TIOTPEITHOCTH YHCIICHHOTO PEIICHHUSI.

3. OBBEKT 1 CPEJICTBA UCCJIEJJOBAHUSI

B kauecTBe cpencTBa MCCIENOBAHUS CIYXKHUT MPUKIQIHAS TporpaMmma Jjis
YUCIEHHOIO KOHEYHO-dJIeMeHTHoro ananmsza FIeXPDE, o0ObekToM sBiseTcs
CTAIlMOHAPHBIN TETUIONIEPEHOC B IBYMEPHOM 00JIaCTH.

4. ITIOPAJOK ITPOBEAEHU A NCCIIEJOBAHNM L.

1. I3yuuTh TEOpETUUECKUE CBEICHHUSL.

2. CocraButh 1 BBecTH B cucteMy FIeXPDE TekcT mporpamMmbl, BBITIOJTHUATh
pacyeTsl. BHECTH H3MEHEHUS B TEKCT MMPOTrPaMMBI 110 3a1aHUsI IPENOAABATEIS

3. [ToAroTOBUTH OTYET O BBHIITOJIHEHUHU PaOOTHI.

5. ©°OPMA OTYETHOCTH

Otuer dopmupyercs B Bujae daitna WinWord, B KOTOpsIi BKIFOYAIOTCS
ONMCAHMS MPOrpaMMBbl PELICHHs 33a4d CTAlMOHAPHOIO TEIUIONEPEHOCA B Cpele
FlexPDE, Ttekct mnpuKIamgHOW TPOTpaMMbl W  TOJyYCHHBIC PE3yJIbTAThI
MOJIETTUPOBAHUSI.

6. KOHTPOJIBHBIE BOITPOCBHI
1. Kakoii Bug umeer ypasHenue Jlamnaca?
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2. B kakoil reomeTpuueckod oOmacTu pemiaercs ypaBHeHue Jlammaca B
cnenpanusupoBanHoi cpeae FlexPDE?

3. Kakue paznensl umeet 3ananue Kk FlexPDE?

4. Yemy 110 yMOJTYAHUIO paBHA OTHOCUTEIbHAS MOrperHocTh BO FlexPDE?

5. Kak 3agaercsa npousBoaHas Bo FlexPDE?

6. B kxakoM Bujae MoJiydaeM pPe3yiabTaT YHUCIECHHOTO MOJICTUPOBAHUSI BO
FlexPDE?

7. UCIIOJIb3YEMAS JINTEPATYPA

1. Hsopeuxuit C.M., EpmaxoB A.A., UBanoB 0O.0., Akymunun E.W.
KommbrloTrepHoe MoJeaupoBaHUE IMPOIECCOB U alMapaToB IHINEBOH, OHO- U
xuMuuecko TexHojornn B cpeae FlexPDE: Vuebnoe mocobue. - Tam0o0B:
WsparensctBo TI'TY, 2006. - 72 ¢.  http://window.edu.ru/resource/586/38586

2. Macno [0.A., Mepunos W.I'., Pg6op H.O. MonenupoBanue
TEIUIOTHIPABIMYECKUX IIPOIIECCOB B PEAKTOPHBIX YCTAaHOBKAX M DJEMEHTax
TEII000MeHHOT0 000pynoBanusd DY : nabopaTopHsblil npakTukyM. — M.: MUDU,
2008. — 156 c¢. http://www.studfiles.ru/preview/413352/page:8/

3. FlexPDE 6: User Guide-
http://Amww.pdesolutions.com/help/index.html?user _guide.html

4. FlexPDE - uncnenHoe pemeHne cucteM audepeHInaabHbIX ypaBHEHHHA
B YaCTHBIX MTPOU3BOHEIX - http://www.1024.ru/studentam/flexpde

5. Marematrnueckoe MOIeIMPOBAHNE KOHBEKTUBHOTO TEIJIOMacCOOOMeHa Ha
ocHoBe ypaBHeHul HaBbe-Ctokca / B.U. [lonexaes, A.B. byns, H.A. Bepe3y0 u
np. M.: Hayxka. 1987.

6. [lIu JI. Yucnenusie MeTOABI B 3a71a4ax TeriooomMena. M.: Mup. 1988.
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JIABOPATOPHAS PABOTA Ne 4
MoaenupoBaHue HECTAIMOHAPHOTO TENJIOMEPeHoca

1. HEJIb PABOTEI

N3yunth 0COOEHHOCTH OMMCAHUSA 33/1a4 HECTALIMOHAPHOT'O TEIUIONEPEHOCA B
cpene FlexPDE, uccnenoBaTh BIMSHUE TAapaMETPOB CHUCTEMbI HA pacIpeIeliCHHE
TEMIIEpaTypbl U BEJIMYMHY TEIIOBOTO MOTOKA, 3aKPENUTh TEOPETUUECKUE 3HAHUS,
MOJIyYEHHbIE TPU U3YYECHUH JUCLHUIIIINHBI.

2. TEOPETUYECKMHE ITOJIOXXEHN A

Panee ObTM paccMOTpEeHBI CTAllMOHAPHBIE PEKUMBI TEIJIOOOMEHa, T. €.
Takhe, B KOTOPBIX TEMIIEpATypHOE IIOJIE IO BPEMEHU HE HU3MEHSETCS U B
muddepeHnranbHOM  ypaBHeHHH —TeruionpoBogHoctd  ®Dypse — Kupxroda
npousBoaHas 0T / ot =0.

OpHako uenblid psJl BaKHBIX MPAKTUYECKUX 3a7ad TEMIOOOMEHA HE MOYKET
OBITh pPAacCMOTPEH B paMKax HPENOJOKEHUS O HEU3MEHHOCTH IapaMeTpoB
npouecca no BpemMeHu. K HMM OTHOCATCA 3aayd O MPOrpeEBE TEILTIO3aIUTHBIX
000JI04€K M KOHCTPYKTUBHBIX 3JIEMEHTOB CKOPOCTHBIX JIETATENIbHBIX aIlllapaToB, O
HarpeBe CTEHOK COIEJI PEaKTUBHBIX JBUTaTENE€ TBEPAOrO TOIUIMBA, O pacyere
II0JIS TEMIIEPATYP B DHEPIrEeTUUYECKUX AAEPHBIX PEAKTOPAX IPH U3MEHEHNUH PEKUMA
paboThl, O TEIJIOBOM pEXHUME UCKyccTBeHHOro cmytHuka 3emiuu (MC3). B stoii
rmaBe OyJyT pPacCMOTPEHbl HECTALMOHAPHBIE MPOLECCHl TEIUIONPOBOJAHOCTH B
HEIMOJABW)XHBIX cpefax (TBEpAbIX Tejax) W JaHbl aHAIUTHYECKHUE U YHUCICHHbIE
MeToabl pewmeHus auddepeHuuanbHoro ypaBHeHus ®ypoe — Kupxroda ans
HECTallMOHAPHOI'O CIy4as ¢ Pa3IMYHbIMU KPA€BbIMU YCIOBHUSIMHU.

HecraunonapHble TEIJIOBbIE MPOLIECCHl COMPOBOXKIAIOTCA HE  TOJIBKO
U3MEHEHUEM TEMIEPAaTypHOro MOJIA MO BPEMEHM, HO IMOYTH BCErJa CBS3aHbI C
W3MEHEHUEM DHTAJIBIIUU TEJA, T. €. C €r0 HAarpEBOM U OXJIAXKICHHUEM.

[IpakTHyeckue 3a1aydl HECTALMOHAPHOTO TEIJIO0OMEHA MOXHO pPa3AeiuTh
Ha JIB€ OCHOBHbIE Ipymmbl. K 1epBoil OTHOCITCS MPOLECCHI, MPOUCXOAALINE TTPU
nepexoAe TeIUla M3 HEKOTOPOro HayalbHOTO TEIIOBOTO COCTOSIHUS B HHOE
CTallMOHapHOE, OOBIYHO PABHOBECHOE TEIJIOBOE cocTosiHue. Ilpumepamu Moryt
CIIY’KMTb HM3MEHEHHE TEMIIEPaTypHOro IIOJs B TEJE, IMOMEIIEHHOM B Cpeny,
TeMIlepaTypa KOTOPOM OTJIMYAETCsl OT HaydajdbHOM TEMIIepaTypbl Teja, WU
BBIPDABHMBAaHHUE TEMIEPATYpP B TeJIe€ C 3aJaHHBIM HAYaJbHBIM DPACHpPEIEICHUEM
temriepatyp. Ko BTOpoi#l rpymnmne MOXHO OTHECTH MPOLECCHI, MPOUCXOMASIINE B
TeJgaxX, WCHBITHIBAIOIIMX TEIJIOBOE BO3JCUCTBUE W3BHE, M3MEHSIOIIMECS BO
BPEMEHU 10 HEKOTOPOMY 3aKOHy. 3JeCh MOXHO Ha3BaThb IPOLIECCHI
NEePUOIMYECKOTO U3MEHEHUs Temneparypsl npu aprwxennn MC3 no opOute, yacTh
KOTOPOH MpoJieraeT B TEHU 3€MJIM, CYTOUHbIE U TOJIOBbIE KOJIEOaHUs TeMIIEPaTyphl
B BEPXHHX CJIOSX 3€MHOW KOPBI, TEIUIOBBIE PEKMUMBI alapaToB, HAXOAAIMIMXCA Ha
noBepxHocTH JIyHBI, IPOLECCH B PET€HEPATUBHBIX TEINIOOOMEHHUKAX U Jp.
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B GonpmMHCTBE HECTAIMOHAPHBIX TEIJIOBBIX MPOILIECCOB MOKHO BBIJEIHUTD
TpU JTama, XapakTepU3YIOIIUMeCs pa3IMYHBIMH pPEKUMaMH, U3 KOTOPBIX
COOCTBEHHO HECTAI[MOHAPHBIMU OYAYT JIMIIb JiBa MepBbiX. Ha nepBom sTane mose
TEMIlepaTyp B TeJe OMNpeaeisieTcsi HEe TOJbKO HW3MEHUBIIMMCS TEIJIOBBIM
BO3JICHCTBUEM, HAlPUMEP M3MEHEHUEM TeMIIepaTyphbl OKpYXKaroueh cpeibl, HO U
HavdaJbHBIM pacrnpeaenieHrneM temmepatyp B Tene To(X, Y, Z) npu T = 0. [Tockonbky
HayaJlbHOE TEMIIEpaTypHOE II0Jie B OOIIEM cilydae MOXET ObITh BEChMa
MPOU3BOJIBHBIM, TO M TEIUIOBOM PEXHMM Ha 3TOM MEPBOM 3Tarie HOCUT XapaKTep
HEYNOPSAJOYEHHOT O ITpoLiecca.

Ha BTOpOoM »sTame BiHMsSHHE HA4YaIbHOTO COCTOSIHUSI Bce Ooniee u Ooiee
ocjlabeBaeT, U JalIbHElIIee NPOTEKAHUE MPOLIECcCa YIPABISAETCA JIHMIIb YCIOBUAMHU
Ha TpaHUIIe Teja, T. €. HACTYIAET PEXXUM YIIOPsII0YEHHOTO MPOIECcCca, B YaCTHOCTH,
PEryJSpHBIA PEXKUM.

Jlyis OONBIIMHCTBA MPOLIECCOB MEPBOW TPYIIBI XapaKTEpPEeH eIle U TpeTui
3Tam, B KOTOpPOM TeMIlepaTypa Teja BO BCEX TOYKax OJMHAKOBa M paBHA
TEMIEPATYpE OKpYXKaroIlel cpelpl. OTO COCTOSHHUE HAa3bIBalOT COCTOSIHUEM
TEIUIOBOTO PaBHOBECHSI.

Crporo roBopsi, ’TO HOBOE PAaBHOBECHOE TEIIOBOE COCTOSHUE HACTyHaeT
JIUIIb TI0 TPOIIECTBUU OECKOHEYHO OO0JIBIIOr0 MPOMEXYyTKa BpeMeHu. OgHaKo Ha
MIPaKTUKE TEJI0 OTHOCUTEIBHO OBICTPO JOCTUTaeT COCTOSHHMS, BECbMa OJIM3KOIO K
COCTOSIHUIO TEIJIOBOTO PABHOBECHS, TO3TOMY M MHTEPECYIOUIUE HAC JJIUTEIbHOCTH
HECTAIIMOHAPHBIX PEKUMOB OTHIOIb HE OECKOHEUHBI.

HuddepenunansHoe ypaBHEHHE HECTALIMOHAPHOW TEIUIONPOBOAHOCTH B
cllydae HEMOJABIKHOM CpeJibl U OTCYTCTBUSI BHYTPEHHUX MCTOYHUKOB TEIUIa NUMEET
BU/I:

or 1 ..
— =—div(Agrad T
P iv(AgradT) (4.1)

Cp
re ¢, p — yIenbHas TEIJIOEMKOCTh U IUIOTHOCTh CPEJbl, COOTBETCTBEHHO; A —
KO3 PHUIIMEHT TETUTONPOBOJHOCTH; T — BpeMsi.
Ecnu cBoiictBa cpeipl SIBISIOTCS TMOCTOSHHBIMH, TO ypaBHeHue (4.1) B
JIEKapTOBBIX KOOPAMHATAX MOKHO 3aIMCATh B CIEAYIOIIEM BUJIE!

oT 0T o7

at =a aXZ + ayZ (42)

rae a= M(cp) — k03 puimeHT TemMnepaTyponpoBOTHOCTH.

[Ipu ananu3e HecTalMOHAPHOTO TEIJIONEPEHOCca B IBYMEPHOU obsactu (puc.
4.2) Oynaem cuuTaTh, YTO YYaCTKU TPAHUIIBI, 0003HAYCHHBIC HUKHUM HHIEKCOM U
(T'mi, Tz, Tuz 1 Tyg) SIBASIFOTCSL TEMIIOM30IMPOBAHHBIMU, TO €CTh TEIUIOBOW MOTOK
yepes 3TU TPaHUlIbl PaBEH HYJIIO:

a

=0 (4.3)

l—‘l/llf 1—‘1/12 ! 1—‘1/13' l—‘1/14
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rie N — eIWHUYHBIA BEKTOP BHEIIHEH HOPMaIM K COOTBETCTBYIOUIEMY YYaCTKY
rpaHuIlbl 00IaCTH.

Bepxnuss (I'y) n mHukass (I'c) TpaHuIs! SBISIOTCS U30TEPMUUYECKUMU, TO €CTh
Ha HHUX TOJICPKUBACTCSI IOCTOSIHHAS TEMIIepaTypa.

T =Ty T, =Tc (4.4)

Kpome Toro, mpumem, 4To B Ha4aJIbHBIH MOMEHT BPEMEHH TeMIiepaTypa B
pacueTHoi obsiactu (Q OblIa paBHA T¢!

oo =Te (4.5)
r,
P, o P
It
FVB
l—‘I/Il
P, P,
[ <
y IﬂV[4
|4 Q
X

P, r Py

G

F = 1—‘(‘ U 1—‘I/MIJ FH3 U 1—‘I/I2IJ 1—‘H U 1—‘HI

Puc. 4.1.

B pesynbrare 4HCIEHHOro pemieHus 3aJadu TpeOyeTcs ONpeNeHuTh Kak
OyZeT M3MEHAThCS paclpelesieHne TeMIleparyp B paccMaTpuBaeMoil 00JacTH ¢
TEYEHUEM BPEMEHHU M ONPENEIUTh BEIMUYMUHBI TEIUIOBBIX MOTOKOB YEPE3 BEPXHIOO
Y HUKHIOKO TPaHUIbl 00JIaCTH.

JIJIs YUCIIEHHOTO pelIeHUs paccMarpuBacMmor 3amaun B cperne FlexPDE

MOXET OBITh UCII0JIb30BaHA ClIeIyIolas mporpaMmma
TITLE NonSteady State 2D Heat Transfer
COORDINATES

cartesian2
VARIABLES
Temp
DEFINITIONS
A=1
Tmod=20
dTmod=0.5
L=5 L1=2
H=2 H1=4

xP1=0 yP1=0
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xP2=L yP2=0
xP3=L yP3=H
xP4=L1 yP4=H
XxP5=L1 yP5=H1
xP6=0 yP6=H1
TempH=10 TempC=0
FluxC=LINE_INTEGRAL (normal(grad(Temp)),'C")
FluxH=-LINE_INTEGRAL (normal(grad(Temp)),'H’)
INITIAL VALUE
Temp = TempC
EQUATIONS
Temp: dt(Temp)=A*Div(grad(Temp))
BOUNDARIES
REGION 1
START(xP1,yP1)
VALUE(Temp)=TempC
LINE TO(xP2,yP2)
NATURAL(Temp)=0
LINE TO (xP3,yP3)
NATURAL(Temp)=0
LINE TO (xP4,yP4)
NATURAL(Temp)=0
LINE TO (xP5,yP5)
VALUE(Temp)=TempH
LINE TO (xP6,yP6)
NATURAL(Temp)=0
LINE TO CLOSE
Feature 'C'
START(xP1,yP2)
LINE TO(xP2,yP2)
Feature 'H'
START(xP6,yP6)
LINE TO(xP5,yP5)
TIME 0 TO Tmod
PLOTS
for t =0 by dTmod to Tmod
GRID(x,y)
CONTOUR(Temp) notags nominmax
REPORT FluxC AS "FluxC"
REPORT FluxH AS "FluxH"
REPORT (FluxC-FluxH)/(0.5*(FluxC+FluxH)) AS "delFlux"
SURFACE(Temp) VIEWPOINT(-10,-1000000,90)
VECTOR(grad(Temp))
history(FluxC)
END
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Pesynbrartel MonmenupoBaHHs, TOJYyYEHHbIE NPU YKa3aHHbIX B TEKCTE

[MporpaMmbl 3HAYCHUAX MMApaMCTPOB IIPUBCACHLI Ha CICAYIOIIMUX PUCYHKAX.
Steady State 2D Heat Transfer

X
Teplo 2D: Grid#1l p2 Nodes=667 Cells=306 RMS En= 0.0017

Puc. 4.2.

P
I t=0.5
. t=5

Puc. 4.3.
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Ha pHC. 4.4 IMPUBCACHO HM3MCHCHHC BCIMWYMHLI TCIIJIOBOI'O ITOTOKA 4YCPE3
HHWJ)KHIOIO T'paHUIY 00J1aCTH C TCUCHUEM BpCMCHHA

HISTORY

1: Flux(C

a\\x\—_—h

0. 3. &. 2. 12, 15, 18. 21.
T

Puc. 4.4.

3navyenus nepemeHHbIx FIUXH 1 FIUXC cooTBeTCTBYIOT MOTOKY Teria yepes
BEPXHIOI0 U HIKHIOIO TPAHUIIBI, COOTBETCTBEHHO. [Ipy TOuyHOM pemieHnH 3amaqn
BEJIMYMHBI ITHX MMOTOKOB TOJDKHBI OBITH PAaBHBI, TAK YTO PA3HOCTh UX 3HAYCHUUN
delFlux sBsieTcst xapakTepUCTHKOMN MOTPEITHOCTH YUCIICHHOTO PEIICHHS.

3. OBBEKT 1 CPEJICTBA UCCJIEJJOBAHUMS

B kauecTBe cpencTBa MCCICAOBAHUS COYXKHT MPUKIAAHAS IIporpaMma Jjis
YUCIEHHOIO KOHEYHO-dJIeMeHTHoro ananmsza FIeXPDE, o0ObekToM sBiseTcs
HECTaI[MOHAPHBIN TEIUIONEPEHOC B IBYMEPHOU 001acTH.

4. TIOPAOK IMTPOBEJJEHM A UCCIIEJOBAHNUA.

1. U3y4nTh TEOPETUUECKUE CBEIACHUS.

2. CocraBuTh u BBecTH B cucteMy FIexPDE tekct mporpaMMbl, BHITIOJHHUTD
pacueTbl. BHECTH M3MEHEHHUS B TEKCT MPOTPAMMBI TI0 3aJaHus MPEroaBaTelis

3. [ToArOTOBUTH OTYET O BHITIOJTHEHUH PAOOTHI.

5. DOPMA OTYETHOCTHA
Otuer dopmupyercs B Buzae ¢aitma WIinWord, B KOTOpbIii BKJIFOYAIOTCS
ONMCAHMs TPOTrPaMMBbI DPELICHHS 3aJayl HECTAIMOHAPHOIO TEIUIONEPEHOCa B
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cpene FlexPDE, TekcT npuKkiIagHOW MpOrpaMMbl W TOJYYCHHBIE PE3yJIbTaThI
MOJIETTUPOBAHUSI.

6. KOHTPOJIBHBIE BOITPOCHI
1. Kakoil BHI MMeEET ypaBHEHHME HECTALMOHAPHOM TEIIONPOBOIHOCTH B
HETOABMXHOU cpene?
2. B xako¥ reoMeTpruIecKoi 00JacTH perraeTcsl ypaBHEHHUE HeCTallMOHAPHOU
TEIUIONPOBOJHOCTH B criennann3upoBanHoi cpezae FlexPDE?
3. UemMy no yMoI4aHUIO paBHa OTHOCHTENIbHAs MorpemHocts Bo FlexPDE?
4. Kak 3amaercs mpou3BoHas 110 BpeMeHH B cucteme FlexPDE?

5. B kxakoM BuJe MOiy4aeM pe3yJbTaT UYUCICHHOIO MOJEIMPOBAHUS BO
FlexPDE?

7. UCITIOJIb3YEMAS JINTEPATYPA

1. HBopeuxuit C.M., EpmaxoB A.A., UBanoB 0O.0., Axymunun E.W.
KomMrmbroTepHoe MojenMpoBaHUE TMPOIECCOB M anmapaTtoB MUIIEBOM, Ouo- u
xumudeckoil texnonorun B cpene FlexPDE: VYueOnoe mnocobue. - TamOoB:
Nsparensctso TI'TY, 2006. - 72 ¢.  http://window.edu.ru/resource/586/38586

2. Macnos O0.A., MepunoB MW.I'., Pabos H.O. MogaenupoBanue
TEIJIOTUAPABIMYCCKUX IPOIIECCOB B PEAKTOPHBIX YCTAaHOBKaX MW JJIEMEHTaX
TEII000MeHHOT0 000pynoBanusd ADY: nabopaTopHsblil npakTukyM. — M.: MUDU,
2008. — 156 c. http://www.studfiles.ru/preview/413352/page:8/

3. FlexPDE 6: User Guide-
http:/AMww.pdesolutions.com/help/index.html?user_guide.html

4. FlexPDE - yucneHHoOe pelieHre cucteM AudQepeHImaabHbIX ypaBHESHHHA
B YaCTHBIX IIPOM3BOIHBIX - http://www.1024.ru/studentam/flexpde

5. Marematnueckoe MOACIMPOBAHUE KOHBEKTUBHOTO TEIIIOMaccOOOMEHa Ha
ocHoBe ypaBHeHuil HaBbe-Crokca / B.U. Ilonexaes, A.B. byns, H.A. Bepesy6 u
np. M.: Hayxka. 1987.

6. [lIu JI. Yucnenusie MeTOABI B 3a7a4ax Teriooomena. M.: Mup. 1988.
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JJABOPATOPHAS PABOTA Ne 5
MoaenupoBaHue Te4eHUs] (KUAKOCTH NMPH 00TeKAHUU TBEPABIX TeJ

1. HEJIb PABOTEI

I/ISY‘{HTL OCOOCHHOCTH OITMCaHMS 3aJad TCUYUCHMHA HEC)KHUMAEMOM BSI3KOM
KUAKOCTHU IIPpH 00TEeKaHUU TCJI, UCCIICAOBATL BJIIMAHUC I1aPaMCTPOB CUCTCMBI Ha
XapaKTCp TCUCHUA KHUAKOCTHU MW BCIMYHMHY CHJIbBI COIIPOTUBJICHHA, 3aKPCIIMTH
TCOPCTUUCCKUC 3HAHUS, ITIOJTYYCHHBIC ITPHU N3YUCHHUUN JUCIHUIIIINHBI.

2. TEOPETUYECKMUE ITOJIOXXKEHN A

JIBIDKEHME HECKUMAEMOM BS3KOM KUJIKOCTU MPU 0OTEKAHUM TBEPAOTO Tea
onuceiBaercs ypasHeHus MU HaBbe-Crokca:

ﬂ+(V-V)V:—1Vp+VAV
ot P

(5.1)
divV =0
rae V — BEKTOp TUIPOJIUHAMUYECKOM CKOPOCTH; P — IUIOTHOCTBH KUIKOCTH; P —
JaBlieHHE; vV — KO3 PUIIMEHT KHUHEMAaTUUECKOM BA3KOCTH.
B nexapToBhIX KoopAuHaATax cucteMa ypaBHeHuUi (5.1) MoxkeT ObITh
3amucaHa B CJIEIYIONIEM BUJIE:
2 2
oV, ny oV, +Vy oV, 2—3@4—1/ 8\/2X +8V2X
ot OX oy L OX OX oy

oV oV oV oV, 0%V
—+V, —+V, :—E@'FV L+ —

ot OX oy p oy ox® oy (5.2)
oV, oV,

R + _
OX oY
K coxanenuto, mociennee ypaBHeHue B (5.2) HE MOXKET ObITh UCIIOJIB30BAHO
B cpene FlexPDE. Vcnonb3yst ypaBHEHHS IBUKCHUS U YPaBHCHHE HEPA3PhIBHOCTH
3TO YpaBHEHHUE MOXKET ObITh 3aMEHEHO U PepeHIIMATbHBIM YPaBHEHUEM BTOPOTO
nopsiJiKa 1715l AaBJI€HUS, KOTOPOE UMEET CIAEAYIOIIHNI BUA!
Ap=—pV-[(V-V)V] (5:3)

Nim B 1ekapTOBBIX KOOPAUHATAX:
2 2 2 2 v RaY, o, (V.Y
0 p+a P__ [V o, Vv aVX+(aVXj +2 yaVX+V L+V J [ yj (5.4)

o o axay L ox x oy oy oy oy

ox* oy’

Xotsi ypaBHeHue (5.3) OBUIO TOJYYEHO C YYETOM  YpaBHEHHUS
HEpa3pbhIBHOCTU HE JI000E pEIICHHWE STOT0 ypaBHEHUS OYJEeT YyIOBIETBOPSTH
MOCJIEAHEMY YpaBHEHHIO cUCTeMbI (5.2). Jiig rapaHTUpOBAHHOTO BBHIMOJIHEHUS
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YCJIOBUSI HEC)KMMAeMOCTHU J>KUJIKOCTH CJeAyeT J00aBUTh K YypaBHeHHUI0 (5.3)
oV,
OX

. ov .
JOTIOJIHUTENIbHBIA YJIEH - fv( +WV , rae f, - koapuueHT, onpeaensieMbli

cdieayromum COOTHOIIICHUECM.
_c PV
fy =C ? (5.5)

rae L — xapakTtepHblii pa3mep (Hampumep, nauamerp oortekaemoro tena); C —
IMIOUpPUYECKUN KOd(D(PUIIMEHT, 3HaU€HHE KOTOPOTO JOJDKHO OBITh JOCTaTOYHO
00bIINM, YTOOBI TApPAHTUPOBATH BBIIOJIHEHUE YCIOBUS HEPAa3PHIBHOCTH, HO HE
OYeHb OOJIBIIUM, YTOOBI 00ECTIEYUTh CXOAUMOCTh YUCICHHOTO PEIICHHUS.

Takum oOpaszoM, /Ui MOAETUPOBaHHUS OOTEKaHHs TBEPJOIrO Tejla MOTOKOM
HEC)KUMAeMOH BSI3KOM JKUAKOCTH OyIeM HCIIONIB30BaTh CIEAYIONUIYI0 CHUCTEMY
nudepeHnanbHbIX YpaBHEHUM:

a—v+(V-V)V:—£Vp+vAV
x P (55)
Ap=—pV-[(V-VV]+ V-V
Ha moBepxHOCTM CTEHOK M TBEpPAOrO TeENa, HAXOIAIIErocs B IIOTOKA,
CKOPOCTb JKHMJIKOCTM paBHa Hymo. Ha Oonbmom ypaneHuun oT 0OOTEKaeMOro
MPEIATCTBUSA OTIIMYHA OT HYJIS TOJBKO TOPU30HTAIBHAS COCTABIISIONMIAS] CKOPOCTH.
B otnnuume oT ruapOaMHaMUYECKOM CKOPOCTH, Uil KOTOPOW T'PAHUYHBIE YCIIOBUS
Ha TPAaHULIAX PAcUyETHOM 0OJACTH M3BECTHBI, IPAHUYHbBIC YCIOBUS AJI JaBJICHUA
3apaHee HE 3aJaHbl U JIOJDKHBI OBITh IMOJY4YEHbl M3 YPAaBHEHHUU JBIKEHUS U
YCJIOBUSI HEPA3PBIBHOCTH.
W3 mnepBoro ypaBHeHust (5.6) Il JdaBiIEHUS TOJIYYUM CIEAyrolee
COOTHOILICHHE:
@:n-Vp:—pn- ﬂ+(V-V)V +pN-AV (5.7)
on ot
rae N — eAMHUYHBINA BEKTOP HOPMAJH K TPaHULIE PACYETHON 00JIACTH.
Tak kak Ha NMOBEPXHOCTH TBEPAOTO Tela TUAPOAUHAMHYECKAs CKOPOCTh
paBHa HYJIIO, TO U3 COOTHOLIEHHs (5.7) OKOHYATENBHO IOJyYUM CIEAYIOLIEe
COOTHOILEHHE, BBIPAXKAIOIIEE TPAHUYHOE YCIIOBUE JJISI TABICHUS .

op

—_— = pm . AV 5.8

an (5.8)
PaccMoTpuM 3agady 00 OOTEKAHMH LMIMHAPA, PACHONIOKEHHOTO B KaHAJE

(reomMeTpusl pacueTHON 00JIACTH U CETKAa KOHEYHBIX JIEMEHTOB MIPUBE/CHA HA PUC.

5.1).
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Puc. 5.1.

J1J1s1 BBITIOJTHEHUS pacueToB Oy/JIeM UCIIOJIb30BaTh CIEAYIOUTYIO TPOrpaMMy
TITLE 'Viscous Flow past a Circular Cylinder' { fex211.pde }

SELECT errlim=5e-3 ngrid=1 spectral_colors stages=2
VARIABLES vx vy p

DEFINITIONS

Lx=2.0 Ly=1.0 a=0.2 visc=1e4

delp=100 { Driving pressure }

dens=1e3 Re=dens*globalmax( vx)*2*Lx/visc

v=vector( vx, vy) vm=magnitude( v)

unit_x=vector(1,0) unit_y=vector(0,1) { Unit vector fields }
nx=normal( unit_x) ny=normal( unit_y) { Direction cosines }
natp=

if stage=2 then visc*[ nx*div( grad( vx))+ ny*div( grad( vy))] else 0
EQUATIONS

vX: dx( p)- visc*div( grad( vx))=0

vy: dy( p)- visc*div( grad( vy))=0

p: div( grad( p))- 1ed*visc/Ly"2*div( v)=0

BOUNDARIES

region ‘'domain’ start 'outer' (-Lx,Ly)

natural( vx)=0 natural( vy)=0 value(p)=delp { In }

line to (-Lx,-Ly) value( vx)=0 value( vy)=0 natural(p)=natp { Wall}
line to (Lx,-Ly) natural( vx)=0 natural( vy)=0 value(p)=0 { Out }
line to (Lx,Ly) value( vx)=0 value( vy)=0 natural(p)=natp { Wall }
line to close

start 'outline’ (a,0) { Exclude cylinder }
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value( vx)=0 value( vy)=0 natural(p)=natp

arc( center=0,0) angle=360 close

PLOTS

contour( vx) report( Re) contour( vy)

contour( vm) painted contour( p)

vector( v) norm vector(v) norm zoom(-2*a,-2*a, 4*a,4*a)
contour( div( v)) contour( curl( v)) painted

elevation( vx, vy) from (-Lx,0) to (Lx,0)

END

PesynbTaThl pacueToB mpeacTaBieHbl Ha puc. 5.2 — 5.6.

Viscous Flow past a Circular Cylinder

2.7 O VX
max 5.00
o 5.50
15 1 5.00
m: 4.50
L 1 4.00
1 - k 3.50
r j 3.00
1 2.50
h 2.00
0.5+ ~ P 1.50
b 0 -
b -1.00
L a -1.50
0.5 r min -1.52
Scale =E-4
14 L
1.59 -
-2 »
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Viscous Flow past a Circular Cylinder

2.1 -y
r max 1.95
r s 1.80
15 L 1 1.60
r q: 1.40
[ P 1.20
1 - — L e 1.00
o n 0.80
L m 0.60
r 1 0.40
0.39 r k 0.20
L 1] .00
[ 1 -0.20
- o - L h -0.40
F 4 -0.00
3 f -0.50
-0.54 r d -1.20
L © -1.40
3 b -1.60
1 [ a: -1.80
] J L min -1.87
L Scale = E-4
-1.54 L
2 L
T
-2, -15 -1 -0.5 0. 0.5 1. 135 2
X
Puc. 5.3.
Viscous Flow past a Circular Cylinder
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Puc. 5.4.
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Viscous Flow past a Circular Cylinder

2.1 - ey

6.00
5.50
5.00
4.50
4.00
350
3.00
2.50
2.00
1.50
1.00
0.50
0.0o
-0.50
-1.00
-1.50
-2.00
-2.50
-3.00
-3.50
-4.00
-4.50
-5.00
-5.50

0.5+

-0.54

-1.51 R

-6.50
-7.00
L -7.50
-2 = -3.00

'|-"'|""|""|""|""|""|'-"|-"'|'_ Scale=E-3

Viscous Flow past a Circular Cylinder

e-4 i
5 & VX
e / from (-Lx,0)

to (Lx,0)

avx
b: vy

VX
—
—

0

Puc. 5.6.

3. OBBEKT U CPEACTBA UCCIIEJOBAHUA
B kauecTBe cpeqcTBa HCCleIOBaHUS CIYKHUT MPUKIAJAHAS Iporpamma Jjist
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YUCIIEHHOTO KOHe4YHO-dJeMeHTHoro aHaimsa FIexPDE, oObexktoM sBisieTcs
TEUCHUE HEC)KMMAEMOM BSA3KOM JKHUIKOCTH IIPH OOTEKaHUH TBEPOTO TEIa.

4. IIOPAJOK ITPOBEAEHMA NCCIIEAOBAHMAL.

1. U3yunTh TEOPETUUECKHUE CBEACHUS.

2. BBINOJHHATH TEKCTOBBIE pacyeTbl II0 IporpaMMaM  YKa3aHHBIM
IIPETOIaBATEIIEM.

3. Bectu B cucremy FlexPDE tekct mnporpammel, mpHBEIEHHBINH B
TEOPETUYECKONM YacTH, W BBINOJHUTH pacueTel. BHECTHM H3MEHEHUs B TEKCT
POrpaMMBbl 110 33JaHUS TPENOIaBaATENS

4. TIoaroTOBUTH OTYET O BBHINOJIHEHUU PAOOTHI.

5. ©°OPMA OTYETHOCTHU

Otuer opmupyercs B Bujae ¢aitma WinWord, B KOTOpbIli BKJIFOYAIOTCS
ONMCAaHWsS OCHOBHBIX pa3leioB omnucaHus 3amad B cpenae FlexPDE, Ttekcr
MPUKIIATHON MTPOTPAMMBI H MTOJIYyYE€HHBIE PE3yIbTaThl MOACINPOBAHNUA.

6. KOHTPOJIBHBIE BOITPOCHI

1. Kaxoii ¢u3udeckuili CMbICI UMEIOT YpaBHEHMsI JABMXKEHUS HECKUMAEeMOPi
BA3KOM KUIKOCTU?

2. Kakoe ypaBHeHue wucnonb3yercs B cucreme FIeXPDE pmns pacdera
JTABJICHUS?

3. Kakme rpaHuuHble YCIOBHUS [JIsI CKOPOCTH JKHIKOCTH 3aJal0TCs Ha
MTOBEPXHOCTH TBEPIOTO Teja?

4. TlosicHuTEe TOJYyYEHHBIH XapaKTep ABMKEHMS >KMJIKOCTH IpU OOTEKaHUU
UIHHpA?

7. UCITIOJIb3YEMAS JINTEPATYPA

1. HBopeuxuit C.M., EpmakoB A.A., NanoB O.0., Axymunun E.N.
KoMmbroTepHoe MOAETMpPOBaHUE MPOLECCOB M amnmaparoB NUIIEBOM, Ouo- u
xumuyeckoi texHonoruun B cpene FlexPDE: VYueOnoe mnocobue. - TamOoB:
N3parensctBo TI'TY, 2006. - 72 ¢.  http://window.edu.ru/resource/586/38586

2. Macnos I0.A., Mepunos W.I'., Padbor H.O. MoaenupoBanue
TEIJIOTUAPABIMYECKUX IPOIIECCOB B PEAKTOPHBIX YCTAaHOBKaX W AJIEMEHTaX
TEMI000MeHHOT0 000pynoBanus A2V : nabopaTopHsblil npakTukyM. — M.: MUDU,
2008. — 156 c. http://www.studfiles.ru/preview/413352/page:8/

3. FlexPDE 6: User Guide-
http:/Amww.pdesolutions.com/help/index.html?user_guide.html

4. FlexPDE - yucneHHoe perieHre cucteM AudQepeHIaabHbIX ypaBHESHHHA
B YaCTHBIX IIPOM3BOIHBIX - http://www.1024.ru/studentam/flexpde

5. Marematnueckoe MOIeIMPOBAaHUE KOHBEKTUBHOTO TEIJIOMAaccOOOMeHa Ha
ocHoBe ypaBHeHuit HaBbe-Ctokca / B.U. [lonexaes, A.B. byns, H.A. Bepe3y6 u
np. M.: Hayxka. 1987.

6. Cnerrepu [Ix.C. Teopus mepeHoca WMITybCca, SHEPTHH U MacChl B
CIUIOIIHBIX cpenax. M.: Oneprus. 1978.

7. Tlarankap C. YucneHHble METOABI pEIICHUS 3a7a4 TEIUIOOOMEHa |
JTUHAMUKHU KUAKOCTU. M.: DHeproaromusaat. 1984.
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JIABOPATOPHAS PABOTA Ne 6
MopeaupoBaHue eCTECTBEHHOM KOHBEKIMY HEPABHOMEPHO HArpPeToM
KHJAKOCTH

1. HEJIb PABOTBI

N3yunth OCOOCHHOCTH OMNUCAHUS 3a/7a4 TEUEHUS] HECKUMAEMOUW BS3KOU
HEPABHOMEPHO HArpEeTOM >KUAKOCTHU, UCCICAOBATh BIMSHUE MapaMETPOB CUCTEMBbI
Ha XapakTep TEUYCHHUS >KUJKOCTHM W BEJIMYMHY IOTOKA TEIUla Yepe3 TpaHully
0o0JacTH, 3aKpeNUTh TEOPETUYECKHE 3HAHMS, TOJYYCHHBIC TPU HN3YICHHUH
JTVCHUIUINHBL.

2. TEOPETUYECKMUE ITOJIOXEHU A

B npubnmxennn byccuHecka ypaBHEHHS JBUKEHUSI HEC)KUMAEMOW BSI3KOU
YKAJKOCTHU U YPABHEHHS HECTALIMOHAPHOTO KOHBEKTHUBHOTO TEIUIONEPEHOCA UMEIOT
CJICIYFOIIUMN BUL:

ﬂ+(v-v)vz—in+vAV+iF

ot Po Po

divv =0

T (6.1)
—+V.-VT =aAT

ot

rae V — BEKTOp THAPOJAMHAMHYECKOW CKOPOCTH; Po — IJIOTHOCTH JKHUIKOCTH TIPH
Temriepatype To; P — JaBJIeHUE, V — KOIPPUIIUEHT KUHEMATHYECKON BA3KOCTH; | —
TeMIiepaTypa; a — Ko3QpGUIMEeHT TeMIepaTypOPOBOTHOCTH; F — BhITaIKMBaroIIas
(ApxuMmenoBa) cuiia B TOJI€ 3€MHOTO MPUTSDKCHHS, YYUTHIBAIOIIAs 3aBUCUMOCTD
MJIOTHOCTH YKUJIKOCTU OT TEMIIEPATYPHI.

B nunelitHoM npuOMMKeHMM IS TUIOTHOCTU — KUJKOCTH  MOKHO
UCIIOJIb30BAaTh CJIEAYIOIIEE COOTHOILIEHHE!

P =Po [1_ a(T _To)] (6.2)
_1dp

rne &= aT - TeMIlepaTypHbIi KOADPUITMEHT, XapaKTepU3YIOIUi H3MEHEHNE
0

MJIOTHOCTH XKHUJKOCTU OT TEMIIEPATYPhl, CBA3aHHOE C €€ O0BEMHBIM PACIIUPEHUEM
MIPU TIOBBIIIICHUU TEMITEPATYPHI.
VYuuteiBas (6.1) BelpakeHue At CUIIbl F MOKHO 3anucarh Tak:

F= g(p—p0)=—gp00{(T _To) (6.3)
r7e § — yCKOpEeHHe CBOOOHOTO MaIeHUS.
B nBymepHom ciyuae cucrtema ypaBHeHu# (6.1) ¢ yuerom (6.3) MOKET OBbITH
3amrcaHa B IEKapTOBOM CUCTEME KOOPJMHAT CJIEAYIOIIEM BHIE:



oV oV oV oV, oV

—L 4V, —L v, _Lop L+ —L |+ ga(T-T,)

ot X POy ox" oy

N, N, (6.4)

oT oT or 0T o7
—+V,—+V,—= [ + Zj
ot “ox Yoy \oxt oy

Kak Obuto ormeueHo panee (cm. Jlab. PaGotry Ne5) ypaBHeHue
HEPa3phIBHOCTH (TpeThe ypaBHEHHE B cucTeMe (6.4)) He MOXeT ObITh
HemocpeAcTBeHHO pemieHo B cpene FlexPDE. B mpeapiaymielr aGopatopHoid
paboTe ypaBHEHHE HEPA3phIBHOCTU ObLIO 3aMeHEHO JuddepeHInaIbHBIM
ypaBHEHHEM BTOPOTO TOpsAAKa Maisi nAaBieHUs. JlJig WCKIIIOYeHHs] ypaBHEHUS
HEPa3pbIBHOCTH MOXXHO HCIIOJIb30BaTh M JPYrue MOAXoAsl. B HacTosmiei
7abopaTopHOil padoTe JUIsl UCKIIIOUEHUS YPABHEHUSI HEPA3ZPBIBHOCTU HCIIOIB3YEM
METO/1, OCHOBaHHBIN Ha BBEJACHUH (PYHKIIUU TOKA U 3aBUXPEHHOCTH.

BBegem  QyHkmuio TOKa y, KOTOpas CBsi3aHa C KOMIIOHEHTAMH
TUJIPOIMHAMUYECKON CKOPOCTH CIIEIYIOIIMMH COOTHOIIEHUSIMU:

V, =- aalyﬂ V _aa—")[(/ (6.5)

[Toacrasnsist cooTHoeHus (6.4) B ypaBHEHHE HEPA3PbIBHOCTH

o, &, 3y b
L= g (6.6)
ox oy OXoy  OXoy

BUJIUM, YTO YypaBHEHHE HEPA3phIBHOCTU MJisi (PYHKIMU TOKA TOXKIECTBEHHO
BBITIOJIHAETCSI M TI09TOMY YPaBHEHHME HEPA3pbIBHOCTH TPHU BBEICHUU (DYHKIHH
TOKa BKJIFOYATh B MAaTEMaTHICCKYIO MOJCIb HE TpeOyeTCsl.

Huddepenuupys nepBoe ypaBHeHue B cucteme (6.4) mo Yy, a BTOpoe
ypaBHEHUE - TO X, U BBIYUTAS W3 MEPBOTO IMOJYYCHHOTO COOTHOIICHHWE BTOPOE,
MOJIYYMM YpaBHEHHE, U3 KOTOPOTO MCKITFOYCHO JaBJICHHUE:

oV oV oV
O ), 0fy My M)y My M)
otloy ox ) oy ox oy ) ox ox 7 oy

a(azvx azvxj_ 0oV, oV, aT (6.7)

- + -
oyl Ty | Vaxlae ar ) x

BBost 3aBUXpEHHOCTD, KOTOpast CBsI3aHa ¢ (PYHKITHUEH TOKA 1 KOMITOHEHTaMH
TUAPOAUHAMUYECKON CKOPOCTH CIEAYIOIIUM COOTHOIIEHUEM:
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2 2

w:{af+afJ (6.8)
OX oy

IToncraBnsist cootHomeHust (6.5) u (6.8) B (6.4) u (6.7) mnoiydum

CIIEYIOIIYI0 CHCTEMY YpaBHEHUH [UIsl JBIDKEHUS H  TEIUIONEpeHoca B

HEPABHOMEPHO HArPETOM KUIKOCTH:

2 2
0 1,//+6 v __,
aXZ ayZ
2 2
8_a)+vxa_a)+vy8_a)zv a_czo+a 2 —gaa—T (6.9)
ot OX oy oX® oy OX

oT oT oT o T 07T
—+V,—+V,—=a —+—;
ot OX oy oX~ oy

YuuTeiBasg, 4TO Ha IMOBEPXHOCTAX TBEPABIX TEJI BBIMNOJHACTCS YCIOBHUE
NPUWINIIAHUS, T.€. CKOPOCTh XUJAKOCTH paBHA HYJIIO, MOXXHO HPUHATH HYJIEBOE

3HAYCHUC (DYHKHI/II/I TOKa. rpaHI/ILIHOC YCIIOBHUC
yl. =0, (6.10)

(aKTUYECKU BBIpaXKaeT YCJIOBHE OTCYTCTBHE IMOTOKA >KMJIKOCTH Y€pe3 IpaHHUIly
pacueTHOM 00JIacTH, OJTHAKO KacaTeabHas COCTABIIAIONIAs CKOPOCTU MOYKET OBITH
oTaMyHa oOT Hynd. g oOecnedeHHs HyJIEBOIO 3HA4YEHMsl KacaTeJIbHOU
COCTAaBJSIIOLIEN CKOPOCTM Ha TIpaHulEe TpeOyeTcs 3anaTh JIONOJHUTEIBHOE
TPAaHUYHOE YCIIOBUE JUIsl 3aBUXPEHHOCTH. B KauecTBe Takoro ycioBus Mbl OyJeM
CUMTAaTh, YTO Ha T[OBEPXHOCTH JCHCTBYET HMCTOYHHUK 3aBUXPEHHOCTH
HaIlpaBJICHHBIN IIPOTUBOIIOIOKHO KacaTeJIbHON COCTaBJISIOLIEN
T'MIPOJMHAMUYECKON CKOPOCTH. ['paHMYHOE YCIOBHE ISl 3aBUXPEHHOCTU MOKET
OBbITh 3aIIMCAHO B CJIEIYIOIIEM BUJIE!

r ox oy

rne C — KOHCTaHTa, XapaKTepHU3ylollas WHTCHCUBHOCTh IOBEPXHOCTHOTO
UCTOYHMKA 3aBuxpeHHocTH. [lpm yBenmmuenmm 3Hadennss C KacaTenbHas
COCTABJIAIONIAs] CKOPOCTM YMEHBIIAETCS, OIHAKO MpPU OSTOM  YXYJIIAeTCs
CXOAMMOCTh YHMCIIEHHOTO pelieHus. 3HaueHue KOHCTaHThl C clieqyeT BHIOMpATh
TakuM o00pa3oM, 4TOOBl OOecnedyrBajach yJOBIETBOPHUTENbHAS CXOAMUMOCTb U
KacaTeJlbHasi COCTABIISIONIAs CKOPOCTH MMella Majloe 3HAUeHUe, He OKa3bIBalollee
CYLIECTBEHHOI'O CIMSIHUSI Ha JBMKEHHE KUJKOCTU U KOHBEKTUBHBIN TEIIIONEPEHOC
B YCJIOBUSIX €CTECTBEHHOW KOHBEKIIMH.

ow
V_

= ~Cai,, (6.11)

I ,xac

Jlns MomenupoBaHus paccMmarpuBaemoil 3amaun Bo FlexPDE mokHO
MCIIOJIb30BaTh CIAEAYIONIYIO TPOTPaMMy

TITLE 'Natural convection by Stream Function and Vorticity'
COORDINATES CARTESIAN2
VARIABLES

Temp(10) psi w(le-4)
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DEFINITIONS

visc=1e-6

atemp=1e-6

galpha=1e-3

L=2e-1

H=1e-1

C=0

TC=0

TH=10

I MESH_DENSITY =5
MESH_SPACING=0.01
u = -dy(psi)

v = dx(psi)
Sh=line_integral(abs(normal[grad(Temp)])/(L*TH),"s")

FINITGRIDLIMIT =5

SELECT
REGRID = Off
ERRLIM=0.001

NODELIMIT=3000
INITIAL VALUE
Temp =TH+y/H*(TC-TH)
I Temp=0;
psi=0.00
w=0.00
EQUATIONS
Temp: dt(Temp) + u*dx(Temp) + v*dy(Temp)=atemp*div(grad(Temp))
psi: div(grad(psi)) +w =0
w:  dt(w) + u*dx(w) + v*dy(w) =visc*div(grad(w))- galpha*dx(Temp)
BOUNDARIES
region 1
start 's" (0,0)
value(Temp) = TH
value(psi) =0
natural(w)=C*tangential(u,v)
lineto (L,0)
natural(Temp) =0
value(psi) =0
natural(w)=C*tangential(u,v)
lineto (L,H)
value(Temp) =TC
value(psi) =0
natural(w)=C*tangential(u,v)
line to (O,H)
natural(Temp) =0



50

value(psi) =0
natural(w)=C*tangential(u,v)
line to close
TIME 0.001 to 200
MONITORS
for cycle=1
contour(Temp)
contour(psi) as "Stream Function” NOMINMAX
contour(w) as "Vorticity"
vector(curl(psi)) as "Flow Velocity"
PLOTS
fort=0.1 by 0.1 to endtime
grid(x,y)
contour(Temp) contours=10 fixed range=(0.0,TH) as "Temp"” NOMINMAX
SURFACE(Temp) VIEWPOINT(-10,-1000000,90)
contour(psi) as "Stream Function™
contour(w) as "Vorticity"
vector(curl(psi)) as "Flow Velocity" norm
history (Sh)
HISTORIES
I history (Sh, Sh0) as "Sh" export format "#t#r #i" file="Sh"+$Var+".dat"
I history (Vav) as "Vav" export format "#t#r #i" file="Vav"+$Var+".dat"
END

Ha puc. 6.1 nmpuBenena reoMeTpus pacyeTHOM 00JaCTH M CETKAa KOHEUHBIX
AJIEMEHTOB.

Puc. 6.1.

Ha puc. 6.2 npuBeaeHbl pe3ybTaThl YUCIEHHOTO MOJICTUPOBAHUSI.



o1

SN

t=0
t=35
Puc. 6.2.

3. OBBEKT 1 CPEJICTBA UCCJIEJJOBAHUMS

B kadectBe cpeacTBa MCCIEMIOBAHUS CIYXKWT NPHUKJIAJHAS MIporpamMMma s
YUCIIEHHOTO  KOHEYHO- JIEMEHTHOro  aHaimmsa  FIexXPDE,  KOHBeKTHMBHBII
TEIIONEPEHOC B HEPABHOMEPHO HArpeTOi BA3KOU KUJIKOCTH.

4. TIOPAJJOK ITPOBEJAEHUA NCCJIEJOBAHUMAIL.

1. U3yuuTh TEOpETUYECKUE CBEICHUS.

2. DBBHINONHUATH TEKCTOBBIE pacueThl MO TMporpaMMaM YKa3aHHbBIM
npernoaaBaTesieM.

3. Beectu B cucremy FlexPDE tekct mnporpamMmbl, NpHBEICHHBIH B
TEOPETUUECKOW YacTH, W BBIMIOJHUTh pacueThl. BHECTH HW3MEHEHUS B TEKCT
MIPOTPAMMBI 110 3aJJaHUs TTPETIOIaBaTeIs

4. TloaArOoTOBUTH OTYET O BBHIMOJHEHUU PAOOTHI.

5. ®°OPMA OTUETHOCTHU

Otuer dopmupyercst B Buze ¢aitma WinWord, B KOTOpbIi BKIIOYAIOTCS
ONMKMCAaHUs OCHOBHBIX pa3jieioB onucanus 3amad B cpene FlexPDE, tekcr
MPUKIIATHON MTPOTPAMMBI U MOTYYEHHBIE PE3yIbTaThl MOJACITUPOBAHUS.

6. KOHTPOJIBHBIE BOITPOCHI

1. Kakoii ¢u3nueckuii CMBICT UMEIOT YpPaBHEHHS KOHBEKTHUBHOU
TETIONPOBOAHOCTH?

2. Kax wusmeHsieTcss BeIMYMHA TEIUIOBOTO TIOTOKA 4Yepe3 TMOBEPXHOCTh
IUIACTUHEI 1O €€ JUTNHE?

3. C Kakoil menpl0 BBXOMAATCS HOBBIC TMEPEMEHHbIE — (YHKIHSA TOKa H
3aBUXPEHHOCTH?

4, Tlpu KakOM COOTHONIIECHHUU MEX]Y TeMIlepaTypaMu BEpXHEW U HIDKHEH
TpaHMI] pAcCUYeTHOM obOmactTu OyJeT BO3HUKATh KOHBEKTHUBHOE JBIIKEHUE
JKUIKOCTH?
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7. UCIIOJIbB3YEMAS JIMTEPATYPA

1. Hsopeuxuit C.M., EpmaxoB A.A., UBanoB 0O.0., Akymunun E.W.
KommbroTrepHoe MojeaupoBaHUE IMPOIECCOB U alMapaToB IHINEBOH, OHO- U
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WsparensctBo TI'TY, 2006. - 72 ¢.  http://window.edu.ru/resource/586/38586
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TEIUIOTHIPABIMYECKUX IIPOIIECCOB B PEAKTOPHBIX YCTAaHOBKaX M dJIEMEHTaX
TEII000MeHHOTO 000pyioBanus A2V : nabopaTopHsblil npakTukyMm. — M.: MUDU,
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3. FlexPDE 6: User Guide-
http://www.pdesolutions.com/help/index.html?user_guide.html

4. FlexPDE - uncnenHoe pemieHie cucteM audepeHInanbHbIX ypaBHEHHHA
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5. Marematnueckoe MOJIeIMPOBaHUE KOHBEKTHBHOTO TEIJIoOMaccooOMeHa Ha
ocHoBe ypaBHeHul HaBbe-Ctokca / B.U. [lonexaes, A.B. byns, H.A. Bepe3y0 u
np. M.: Hayka. 1987.
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JIABOPATOPHAS PABOTA Ne 7
MopenupoBaHue HATIPSIZKEHHOTO COCTOSTHUE 1e()OPMUPYEMOTo TBEPAOTO TeJjia

1. HEJIb PABOTEI

N3yuuTh OCOOEHHOCTH ONUCAaHUs 3aJlad MEXaHUKU JepopMUpyeMoro
TBEPJIOTO Tejla, MCCIEAOBaTh BIMSHHUE MapaMETPOB CHUCTEMBI Ha XapakTep
pacripefielieHusT HanpsiKEHWW M TEePEeMEICHU B IUIACTUHE C OTBEPCTHEM,
3aKpENUTh TEOPETUUECKUE 3HAHUS, TTOJTYYEHHBIC TPU U3YUYECHHUH TUCIUIIINHEI.

2. TEOPETUYECKUE ITOJIOXXEHU A

PaccMoTtpuMm gedopmanio IUIAaCTUHBI C OTBEPCTHEM IMOJ  JEHCTBUEM
pACTATUBAIOIIMX HANPSOKEHUN. YpaBHEHUS I HaNpsDKEHHM/pegopManui,
ABJIAIOIIMECS CIIEJCTBUEM OanaHca CUJl B MaTepuale IUIACTUHBI, MOTYT OBITh
3alMCaHbl B CICAYIOIIEM BUE:

dx(Sx) + dy(Txy) + Fx=0
dx(Txy) +dy(Sy) + Fy =0

rae SX u Sy - HanpspKEeHUs BIOJIb KOOPJIWHATHBIX OCEM X U Y, COOTBETCTBEHHO,
TXy — kacarenbHOe HampspbkeHue (HampspkeHue capura); FX m Fy — oObeMHbIe
CWJIbI B HAIPSUUICHUSIX KOOPJAMHATHBIX OCEH X U Y, COOTBETCTBEHHO.

Hedbopmanusi Marepuana omnucbiBaercs mnepememnieHusmu U u V' BIoib
KOOPJIMHATHBIX OCEH X W Y, KOTOpBIC CBSI3aHBI C Je(GOpMAIUSIMH ITOCPEICTBOM
CHEAYIOIINX COOTHOLICHUN

ex = dx(U)

ey =dy(V)
gxy = dy(U) + dx(V).

Bocemb Bennuun U, V, ex, ey, gxy, SX, Sy u TXY cBs3aHbl MeXAy cCOOOMH
OTIPENICIIIONTUMUA COOTHOIICHUSIMH. B o0IieM cirydae 3T COOTHOIIEHUS MOYKHO
3ammcaTh B CJICIYIONIEM BHUJIE:

Sx = Cll*ex + C1l2*ey + C13*gxy - b*Temp
Sy = Cl12*ex + C22*ey + C23*gxy - b*Temp
Txy = C13*ex + C23*ey + C33*gxy

B uzorponnom tBepom Tene C13 = C23 = 0.
Y4uTHIBast ’TH COOTHOIICHUS, MBI TIOJTyYUM ypaBHEHUS JJIs1 IEPEMEIICHHIA

dX[C11*dx(U)+C12*dy(V)] + dy[C33*(dy(U)+dx(V))] + Fx = dx(b*Temp)
dy[C12*dx(U)+C22*dy(V)] + dx[C33*(dy(U)+dx(V))] + Fy = dy(b*Temp)
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B HpI/I6JII/I)K€HI/II/I IIJIOCKOI'O HAIIPSAXKCHHOT'O COCTOAHUSA, KOTOPOC AOIIYCTUMO
HUCIIOJIB30BaTh I TOHKHMX MW AJIMHHBIX INNIACTHH, MOXXHO HCIIOJIB30BaTh
CJICAYOIIHME COOTHOIICHMS.

Cl1=G
C12 =G*nu
C22=G

C33 = G*(1-nu)/2
rae G = E/(1-nu**2); E — moxyib FOnra; nu — kosddunment Iyaccona.

VYpaBHEHUS JUIS  ONpEJCICHHsS TEPeMEIICHUH MOXKHO 3amucaTth B
crnenyoneM Buae (MPH MOCTOSHHOM TeMIeparype W IMpU OTCYTCTBHH OOBEMHBIX
CHJI):

dx[dx(U)+nu*dy(V)] + 0.5*(1-nu)*dy[dy(U)+dx(V)] =0
dy[nu*dx(U)+dy(V)] + 0.5*(1-nu)*dx[dy(U)+dx(V)] =0

JIng  3amaHus  TpaHWUYHBIX  YCIOBMHM, pAacCMOTPUM YPaBHEHUS  JUIA
HaIpsUKEHUM B UX HAYAJIIBHOM BUJIE!

dx(Sx) + dy(Txy) =0
dx(Txy) +dy(Sy) =0

OTH ypaBHEHUS MOXKHO 3alMCaTh U TaK

div(P) = 0
div(Q) =0

rae P = [Sx,Txy] and Q =[Txy,Sy]

I'pannunbie ycmouss tuma “load” (wm "natural”) mms U onpenpenstor
COCTaBJISAIONIYI0 P B HampaBjeHWM BHENIHEH HOpPMalIM K TpaHUIlE, aHAJOTHYHbIC
IpaHUYHBIC YCIOBUS I V OmpeesstoT HOpMallbHYIO cocTaistonryro Q. Takum
obpa3om, rpannyHbie ycnoBusa trma “load” mis U u V coBMeCTHO ONpeaessior
BEKTOP HAMPY3KHU HA TOBEPXHOCTH.

Ha cBoOOHOI MOBEPXHOCTU BEKTOP HArpy3KH paBEH HYIIO, MOITOMY
I'PaHUYHBIC YCIOBUS MOTYT OBITh 3alMCAHBI CIEIYIONTUM 00pa3oM:

load(U) =0
load(V) = 0.

Paccmorpum  mmactmHy € OTBEpCTHEM, K KOTOPOM  IPUIIOXKEHA
pacTsruBaroiias Harpyska B HarpabiieHuu ocu X. Huke mpuBeneHa mporpamMmma
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AJI1 pacdeTa HAIIPSXKCHHOI'O COCTOSHUA ATOM MJIACTHUHBI.

Title Tlnockoe HANPsHKEHHOE COCTOSIHUE B IJIACTUHE C OTBEPCTHEM'
Select
errlim = le-4 { yBeaudeHrne TOYHOCTH pacyeTa HAMPSHKCHUM }
painted { mpuMeHATH 3aIMBKY JJIsl BCEX KOHTYPHBIX TpaduKoB }
Variables

U { U uV nepemennsbie}
\%
Definitions
nu=0.3 { xoapdurnment Ilyaccona }
E =21 { monyns FOnra x 10**-11 }
G = E/(1-nu**2)
Clli=¢G
C12 =G*nu
C22=G

C33 = G*(1-nu)/2
pl=(1-nu)2 {=C33/G}

Initial values
u=1 { HauanbHBIC 3HAYCHHUS IEPEMEHHBIX }
V=1
Equations { ypaBHEHHUS IS IJIOCKOTO HANPSDKEHHOTO COCTOSIHUS }

U: dx[dx(U) + nu*dy(V)] + p1*dy[dy(U) + dx(V)] =0
V: dy[dy(V) + nu*dx(U)] + p1*dx[dy(U) + dx(V)] =0

Boundaries
region 1
start (0,0)
load(U)=0 { cBOGOaHAs rpaHKIIa, OTCYTCTBYIOT HOpPMAJIbHBIC HAMPSKCHUS }
load(V)=0
line to (3,0)
load(U)=0.1 { 3amanue HampspKeHW# BIOJIL OCH X HA IPABOW IpaHUIIC }
load(V) =0
line to (3,1)
load(U)=0  { cBoOOmHas BepXHss rpaHuUIIa }
load(V)=0
line to (0,1)
value(U)=0 { ycnoBue ecTKO# 3a/1e/IKK Ha JIEBOM rpaHuIie }
value(V)=0
line to close
{ 3amanue oTBepCTHS B IIACTUHE }
load(U) =0
load(V) =0
start(1,0.25)
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arc(center=1,0.5) angle=-360
Monitors
grid(x+U,y+V) {oTobpaxenue nedopMUpoOBaHHON CETKH B TIPOIIECCE PEIICHNUS }
Plots
grid(x+U,y+V)  { BbIBOJ KOHEYHO Ne(OPMHUPOBAHHOM CETKH }
vector(U,V) as "Displacement” { BBIBOJ CMCIIICHHMI }
contour(U) as "X-Displacement"
contour(V) as "Y-Displacement"
contour((C11*dx(U) + C12*dy(V))) as "X-Stress"
contour((C12*dx(U) + C22*dy(V))) as "Y-Stress"
surface((C11*dx(U) + C12*dy(V))) as "X-Stress"
surface((C12*dx(U) + C22*dy(V))) as "Y-Stress"
End

Ha puc. 7.1 npuBeaensl ucxonnas (a) u aepopmupoBanHas (6) dbopma

IIACTHUHBI C OTBCPCTHUCM.

a 0

Puc. 7.1.

Ha puc. 7.2 npencraBiensl cMexxeHus 1mo ocu X (a) m mo ocu Y (0),

COOTBCTCTBCHHO.

ol |e

Puc. 7.2.
Ha puc. 7.3 npexacraBnenbl HanpsbkeHus no ocu X (a) u mo ocu Y (0),

COOTBCTCTBCHHO.

Puc. 7.3.
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3. OBbEKT U CPEACTBA NCCJIEJJOBAHUA

B kauecTBe cpeicTBa MCCIEIOBAHUS CIIYXKUT MPUKIIAIHAS MpOrpamMma Jajist
YHUCIICHHOTO KOHEYHO-3JIeMeHTHOro aHanu3a FlexPDE, HampspbkeHHOE COCTOSIHHE
MJIACTHUHBI C OTBEPCTUEM.

4. IIOPAJOK ITPOBEAEHUA NCCIIEAOBAHMAL.

1. U3yunTh TEOPETUUECKHUE CBEACHUS.

2. BBINOJHHATH TEKCTOBBIE pacyeTbl II0 IporpaMMaM YKa3aHHBIM
IIPETOIaBATEIIEM.

3. Bectu B cucremy FlexPDE tekct mnporpammel, NpHBEIeHHBINH B
TEOPETUYECKONW YacTH, W BBINOJHUTH pacueTel. BHECTHM H3MEHEHUs B TEKCT
IIPOrpaMMBl 110 3aJaHUs [IPENOIaBaTeIs

4. IIoaroTOBUTH OTYET O BBHINOJIHEHUU PAOOTHI.

5. P°OPMA OTUETHOCTHU

Otuer opmupyercs B Bujae ¢aitma WIinWord, B KOTOpbIli BKJIFOYAIOTCS
OMKCaHUs OCHOBHBIX pa3luejioB omucanus 3agad B cpeme FIexPDE, tekcr
MPUKJIATHON TTPOTPAMMBI M TTOTYYEHHBIC PE3yIbTaThl MOJACITUPOBAHUS.

6. KOHTPOJIBHBIE BOITPOCHI
1. Kakoii (pu3nueckuii CMbICT UIMEIOT YPaBHEHUSI JIJIsl HATIPSIKEHU ?
2. Kakoe mnpuOmmkeHue HUCHONIb3yeTCS JJId pacuera HalpsyKEHHOTO
COCTOSIHUSI TUTACTHHBI C OTBEPCTHEM?
3. Kak cBsi3anbl MexTy co00i1 nmepemMenieHus u aedoipmanuu?
4. Kak mo pe3ynbraraMm pacuera HalWTh KOA(P(UIHMEHT KOHLEHTpaluu
HANPSHKEHU?

7. UCIIOJIB3YEMAS JINTEPATYPA

1. HBopeuxuit C.U., EpmakoB A.A., UBanoB O.0., Axymunua E.U.
KomneioTepHoe MojJenupoBaHHe MPOLECCOB U annapaToB MULIEBOW, OHO- U
xumudeckoit texHonorun B cpene FlexPDE: VYyebnoe mocobue. - TamOoB:
MsparensctBo TI'TY, 2006. - 72 ¢.  http://window.edu.ru/resource/586/38586

2. MacnoB [0.A., Mepunos W.I., Psg6op H.O. MonenupoBanue
TEIJIOTUAPABIMYECKUX IPOLIECCOB B PEAKTOPHBIX YCTAaHOBKaxX W 3JIEMEHTax
TEMI000MeHHOT0 000pynoBanus ADY: nabopaTopHsblil npakTukyM. — M.: MUDU,
2008. — 156 c. http://www.studfiles.ru/preview/413352/page:8/

3. FlexPDE 6: User Guide-
http://mwww.pdesolutions.com/help/index.html?user_guide.html

4. FlexPDE - yncnenHoe pemieHre cucteM udepeHImaabHbIX ypaBHESHHMA
B YaCTHBIX MMPOU3BOHBIX - hitp://www.1024.ru/studentam/flexpde

5. babkun A.B. IlpuknagHas MexaHWKa CIUIONIHBIX CPENl: YYCOHHK JIs
BTy30B: B 3 T. T.1. OcHOBBI MexaHuku cruiomHbeix cpex / A.B. baOkun, B.B.
CenuBanoB / noj pen.B.B.CenuBanoBa. - M.: U3n-so MI'TY um.H.D.baymana,
2006. - 376c.
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JIABOPATOPHAS PABOTA Ne 8
MoaeaupoBanne MeXaHHYeCKUX BUOpauuid 1epopMupyemMoro TBepaoro rejaa

1. IIEJIb PABOTBI

N3yunTh OCOOEHHOCTH OMNUCAaHWSA 3a/ad MEXAaHWKH JAePOPMUPYEMOTO
TBEPAOTO TeJa IPU IEPUOAUYECKU H3MEHSIOUIEHCS Harpyske, HCCIEA0BaTh
BJIUSIHAE I1apaMETPOB CHUCTEMbI HA XapakTep pacupelesieHHUs HaIlpsKEeHUU U
NepeMENICHU B CTEpP)KHE, COBEPILIAIOIIEM FrapMOHUYECKHE KOJeOaHusl, 3aKpeuTh
TEOPETUYECKUE 3HAHUS, TIOJIYUYCHHBIE IIPU U3YYEHUU TUCUUILINHBI.

2. TEOPETUYECKMUE ITOJIOXKEHMA

PaccMorpuM npuMep wucmnojib3oBaHus cucteMbl FIeXPDE nmis anammza
MEXaHUYHECKUX KoJjebaHui n1eopMUpyeMOro TBKEpAOro Tea.

VYpaBHeHusa 115 HanpsbkeHuit / nedopmanuii B 1ehopMUpyeMOM TBEPAOM
TE€JI€ MOKHO 3aIlMCaTh B CIAEAYIOIIEM BHUJIE:

dx(Sx) + dy(Txy) + Fx=0
dx(Txy) + dy(Sy) + Fy =0

rae SX u Sy — HamnpspKeHHs B HampajeHusix X M Y, COOTBETCTBEHHO; XY —
KacarelbHOE HampsDKeHHe (HampsbkeHue casura); FX um Fy — cocraBisronime
00BEMHOM CHJIBI B HAITPABJICHUN KOOPAMHATHBIX OCEH X U Y, COOTBETCTBEHHO.

B HecrammoHapHOM cllydae YCKOpPEHHE MaTephalia W BS3KHE CHIIbI
BBICTYTIAIOT B KaueCTBE OOBEMHBIX CHJI U MO3TOMY JIODKHBI OBITh BKIIFOUEHBI B
CJICYIOIINE COOTHOIICHUS:

Fx1 = Fx0 - rho*dtt(U) + mu*del2(dt(U))
Fyl = Fy0 - rho*dtt(V) + mu*del2(dt(V))

rae rho — mmoTtHOCTh MaTepuana; MU — Bs3kocTh Matepuanda, U um V. —
MEPEMEIICHHS TI0 KOOPIUHATHBIM OCSIM X U Y, COOTBETCTBEHHO.

bynem cuuTaTh, 4TO MepeMenieHus IEPUOIMICCK U3MEHSIOTCS ¢ TeUCHUEM
BPEMEHH, TOTJ]a MOKHO 3aIlUCaTh.

U(t) = UO*exp(-i*omega*t)
V(1) = VO*exp(-i*omega*t)

3mecs UO(X,y) and VO(X,y) — KOMILJICKCHBIC aMILIUTYIbI IEPEMECIICHHUH;
Oomega — yryioBasi CKOPOCTb IS koJicOanuit (BUOparuii).

[ToacraBisis TH COOTHOIICHUS B ypPaBHEHUS ISl HAMPSDKCHUH, TOCIE
BBITTOJTHEHUS Psijia IPeoOpa3oBaHuil, MOTYIUM

dx(Sx) + dy(Txy) + Fx0 + rho*omega™2*U - i*omega*mu*del2(U) =0
dx(Txy) + dy(Sy) + Fy0 + rho*omega”2*V - i*omega*mu*del2(V) =0
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Bce d4nennl B IMIOJIYUCHHBIX YPABHCHHUAX ABJIIOTCA KOMIIJICKCHBIMMU.
PaSIICJ'II/IM I[CﬁCTBPITGJILHBI@ U MHUMBbIC YaCTH.

U=Ur+i*Ui
SX = Srx + i*Six
Sy = Sry + i*Sly
etc...

Onpez[enﬂfomne COOTHOHICHHUA MOHO 3aIlliCaTh CICAYHOIINM 06pa30M:

Srx = [C11*dx(Ur) + C12*dy(Vr)]
Sry = [C12*dx(Ur) + C22*dy(Vr)]
Trxy = C33*[dy(Ur) + dx(Vr)]
etc...

B pesyabTare moaydum cucteMy U3 4eTbipex ypaBHenuit mis Ur, Vr, Ui u
Vi.

Paccmatpum 3amauy kosieOaHU allOMUHUEBOM TIACTUHBI, UMEIOIICH JTUHY
1 M 1 TommMHY 5 CM, KOTOpas 3akpelvieHa clieBa, a Ha €€ NPaBOM KOHIIE
NPUWIOKEHA MEepUuoanYecKas Harpy3ka. HacTtora M3MeHEHHs Harpy3kd OJiM3Ka K
COOCTBEHHOM YaCTOTE TJIACTHHBI.

[Ipu BbIMYCHEHUS MBI PACCMOTPUM CIEAYIOIIME ciay4yau:. Oe3 ydera
BA3KOCTH, C YYETOM BSI3KOCTH.

Title "Harmonic Stress analysis"

Variables
Ur { Displacements }
Ui
Vr
Vi
Definitions
L=1 { the bar length, in Meters }
hL =L/2
W =0.05 { the bar thickness, in Meters }
hw = W/2
eps = 0.01*L
nu=0.3 { Poisson's Ratio }

E =6.7e+10 { Young's Modulus for Aluminum (N/M”2) }
{ plane strain coefficients }

E1l = E/((1+nu)*(1-2*nu))

Cl11 = E1*(1-nu)

Cl12=El*nu

C22 = E1*(1-nu)
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C33 = E1*(1-2*nu)/2
rho = 2700 { Kg/M"3 }
mu = staged(0,1e3,1e4) { Estimated viscosity Kg/M/sec }
cvel = sqrt(E/rho) { sound velocity, M/sec }
tau =L/cvel  {transittime }
tone =0.25/tau  { approximate resonant frequency }
omega = 2*pi*tone  { driving angular velocity }
amplitude=1e-8  { a guess for plot scaling }
mag=21/amplitude
force =25 { loading force in Newtons (~1 pound force) }
{ distribute the force uniformly over the driven end: }
fdist = force/W
Um = sgrt(Ur*2+Ui"2) { X-displacement amplitude }
Vm = sgrt(Vr'2+Vir2) { X-displacement amplitude }
Srx = [C11*dx(Ur) + C12*dy(Vr)] { Real Stresses }
Sry = [C12*dx(Ur) + C22*dy(Vr)]
Trxy = C33*[dy(Ur) + dx(Vr)]
Six = [C11*dx(Ui) + C12*dy(Vi)] { Imaginary Stresses }
Siy = [C12*dx(Ui) + C22*dy(Vi)]
Tixy = C33*[dy(Ui) + dx(Vi)]
Sxm = sqrt(Srx"2+Six"2)
Sym = sqrt(Sry"2+Siy"2)
Txym = sqrt(Trxy"2+Tixy"2)
Equations { define the displacement equations }
Ur: dx(Srx) + dy(Trxy) + rho*omega”™2*Ur + omega*mu*del2(Ui) =0
Ui: dx(Six) + dy(Tixy) + rho*omega”2*Ui - omega*mu*del2(Ur) =0
Vr: dx(Trxy) + dy(Sry) + rho*omega”2*Vr + omega*mu*del2(Vi) =0
Vi: dx(Tixy) + dy(Siy) + rho*omega”2*Vi - omega*mu*del2(Vr) =0
Boundaries
region 1
start (0,-hW)
load(Ur)=0 { free boundary on bottom, no normal stress }
load(Ui)=0
load(Vr)=0
load(Vi)=0
line to (L,-hW)
load(Vr) = force { Apply oscillatory vertical load on end. }
line to (L,hW)
load(Vr)=0 { free boundary on top, no normal stress }
line to (0,hW)
value(Ur) =0  { clamp the leftend }
value(Ui) =0
value(Vr) =0
value(Vi) =0



61

line to close
Monitors
elevation(Vr,Vi) from(0,0) to (L,0)
report(omega) report(mu)
Plots
grid(x+mag*Ur,y+mag*Vr) as "Real displacement™" {show final deformed grid}
report(omega) report(mu)
grid(x+mag*Ui,y+mag*Vi) as "Imag displacement"
report(omega) report(mu)
elevation(Vr,Vi) from(0,0) to (L,0)
report(omega) report(mu)
contour(Ur) as "Real X-displacement(M)"
report(omega) report(mu)
contour(Vr) as "Real Y-displacement(M)"
report(omega) report(mu)
contour(Ui) as "lImag X-displacement(M)"
report(omega) report(mu)
contour(Vi) as "lImag Y-displacement(M)"
report(omega) report(mu)
contour(Sxm) as "X-Stress amplitude"
report(omega) report(mu)
contour(Sym) as "Y-Stress amplitude"
report(omega) report(mu)
contour(Txym) as "Shear Stress amplitude"
report(omega) report(mu)
End

Ha puc. 8.1 — 8.4 nmpuBeneHa reoMeTpusi pacueTHOM 00JIACTHU W CXeMa
KOHEYHBIX 3JIEMEHTOB (puc. 8.1) v pe3ynbTaThl BEIYUCIUTEIBHBIX IKCIIEPUMEHTOB

(puc. 8.2 — 8.5).

Puc. 8.1.
Ha puc. 8.2 mpencraBnensl nedctBurenvHas (a) u  MHuMas (0)

COCTAaBJIAIOIINEC CMCIICHUA.

Puc. 8.2.
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Ha pwuc. 8.3 mpencraBnensl neiictBurenvHas (a) w  MHAMas (0)
COCTaBJISIOLIUE CKOPOCTEN CMEIIECHUS.

Harmonic Stress analysis

g-9 L
15 /\ 1f\ir‘::‘)111(0.0)
/ : to (L.0)
a2 r a Vr
(1] \
s 0 /

A \ /

a
e S L
0
5 ARSI N A IR A D SRS
B
Puc. 8.4.

3. OBBEKT 1 CPEJICTBA UCCJIEJJOBAHUMS
B kadecTBe cpeacTBa MCCIICIOBAHUS CIYXXUT MPUKIATHAS TIpOrpaMma Jiis
YHUCJIEHHOTO KOHEUHO-3IeMeHTHoro anaimsa FlexPDE, o6bexkToM uccienoBanus
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SBJIICTCSI HANPSHKCHHOE COCTOSHUE CTEPIKHS, COBEPIIAIOIIET0 TapMOHUYECKUE
KOJICOaHMs.

4. TTIOPAJOK ITPOBEJIEHUA NCCIIEJJOBAHU .

1. I3y4uTh TEOPETUICCKHE CBEICHUSI.

2. DBBHIONHATH TEKCTOBBIE pacdeThl M0 IMporpaMMaM YKa3aHHBIM
IpernoaaBaTesieM.

3. Beectu B cucremy FlexPDE Tekct mnporpammbl, NPUBEACHHBIA B
TEOPETUYECKOW YacTH, W BBITIOJHUTH pacueThl. BHECTHM W3MEHEHUS B TEKCT
IPOTPaMMBI 110 33JaHUS MIPETIOaBATEIIS

4. [ToArOTOBUTH OTYET O BHIMIOJTHEHUN PAOOTHI.

5. POPMA OTYUETHOCTU

Otuer dopmupyercs B Buzae daitma WinWord, B KOoTOpsIii BKIFOYAIOTCS
OMMCaHUs OCHOBHBIX pa3luejioB omucanus 3agad B cpexe FIexPDE, tekcr
TPUKJIATHON ITPOrpaMMbI M ITOJIYyYEHHBIC Pe3YIbTaThl MOJICIHPOBAHHUS.

6. KOHTPOJIbHBIE BOITPOCHI
1. Kakoi#i ¢pm3nueckuii CMBbICT UIMEIOT YPaBHEHHUS JIJIsI HATIPSIKCHUIA ?
2. Kakue cumbl TOJDKHBI YYUTHIBATHCS B KaueCTBE OOBEMHBIX CHJI B CIydae
HECTAllMOHAPHOI'O Harpy>KeHus?
3. Kak cBsi3anbl Mexay co00ii mepemerieHus u aeopmammm?
4., Kak Bauser BS3KOCTh MaTepuajla Ha MEXaHWYECKUE KOJIeOaHUs
nedopMUpyeMOil MIaCTUHBI?

7. UCITOJIb3YEMAS JINTEPATYPA

1. HBopeuxuit C.H1., EpmakoB A.A., UBanoB 0O.0., Akymunun E.W.
KoMmbroTepHoe MOAEIMpPOBaHUE MPOLECCOB M anmaparoB NUIIEBOM, Ouo- u
xumuyeckor TexHonoruu B cpene FlexPDE: VYyebnoe mnocobue. - TamOoB:
N3marensctBo TI'TY, 2006. - 72 ¢.  http://window.edu.ru/resource/586/38586

2. Macnos 0.A.,, MepunoB W.I'., Pabos H.O. MoaenupoBanue
TEIUIOTUAPABINYECKUX TPOIIECCOB B PEAKTOPHBIX YCTAHOBKAX U JJEMEHTax
TEII000MeHHOTO 000pynoBanus DY : nabopaTopHslil npakTukyM. — M.: MUDU,
2008. — 156 c. http://www.studfiles.ru/preview/413352/page:8/

3. FlexPDE 6: User Guide-
http:/Amww.pdesolutions.com/help/index.html?user_guide.html

4. FlexPDE - yucneHHoe perieHne cucteM AudQepeHiraabHbIX ypaBHESHHHA
B YaCTHBIX ITPOU3BOIHBIX - http://www.1024.ru/studentam/flexpde

5. babkun A.B. IlpuknagHas MexaHWKa CIUIONIHBIX CPENl: YYCOHHK JIs
BTy30B: B 3 T. T.1. OcHOBBI MexaHWKH ciuiomHbelx cpea / A.B. baOkun, B.B.
CenuBanoB / nona pen.B.B.CenuBanoBa. - M.: U3n-Bo MI'TY um.H.D.baymana,
2006. - 376c.



http://window.edu.ru/resource/586/38586
http://www.studfiles.ru/preview/413352/page:8/
http://www.pdesolutions.com/help/index.html?user_guide.html
http://www.1024.ru/studentam/flexpde

64

JIABOPATOPHAS PABOTA Ne 9
MopaenupoBaHue TEPMUYECCKUX HANIPSKEHUH B 1epopMupyemMom
TBEPAOM TeJie

1. HEJIb PABOTBI

N3yunth OCOOEGHHOCTH ONHUCAHMUS 3aJlad MEXaHUKU JAehOopMUPYEMOTro
TBEPAOrO Tela ¢ YyderoM Jedopmarueii, OOyCIOBIEHHBIX HEPaBHOMEPHBIM
pacmpeesieHueM TEMIIEPAaTypbl, UCCIEA0BATh BIUSHUE MAPAMETPOB CHUCTEMbI HA
XapakTep pACTIPENeICHNUS HaMpsSKEHUNH W TEepeMeleHnd B OMMETaUTHYECKON
IJIACTUHE, BIHYTPEHHSST 4YacThb KOTOPOM HArpeBaeTCs 3a CYET NPOTEKaHUA
AIEKTPUYECKOTO TOKA, 3aKPENUTh TEOPETUYECKUE 3HAHWS, IOJYYECHHBIE IpU
V3YyYECHUH TUCUUTLINHBI.

2. TEOPETUYECKUE IIOJIOXEHU A

Panee ObuM paccMOTpeHBl ciaydad JepopMHpOBaHUS TBEPIOro Tela,
MMEIOIIIETO TIOCTOSIHHYIO Temmeparypy. B ganHoil paGoTe OyaeT ucciaeaoBaHO
BIIMSIHUE HEPABHOMEPHOTO paCIpEETICHUs] TEMIIEpAaTypbl Ha HaIpPsSKEHHOE
COCTOSIHUE TEa.

CrammmonapHoe pacrpeieieHue TeEMIepaTypbl B TBEPAOM TEJI€ ONMKUCHIBACTCS
ypaBHeHueM Ilyaccona:

af. af.
%4‘ —_—— ,.'j{_‘l;‘_ﬁ'} =0
gx

rae f X u fy - cocraBnsgromme BekTOpa IUIOTHOCTH TEIIOBOro moToka f,
KOTOPBIA XapaKTepH3yeT CKOPOCTh MEpPEeHOca TeIlla Yepe3 CAMHHMINY ILIOMAIN 3a
CIMHUIy BpEMEHH. MOIIHOCTh BHYTPEHHEr0 TCIUIOBOTO MCTOYHHMKA h
XapaKTEePU3yeT HHTCHCHUBHOCTH BBIJCIICHHS TEIVIa B CIMHHYHOM OOBEeMe 3a
CAMHMITY BpeMeHHU. IIOTHOCTh TEIIOBOTO IOTOKA MOXET OBbITh NpEACTaBiICHA B
CJIETyIOIEM BH/IC:

: (.81 _.oT)
f=-—Agrad(l)=-A|iI—+]—
\ Ex Ty

rae A — KodhPUIMEHT TeTUTONPOBOAHOCTH, | - TEMpepaTypa.

BHyTpeHHE TemIOBBIACIICHHE MOXET OBITh CBSI3aHO, HAmpuUMep, C
MIPOTEKaHUEM DJICKTPUUYECKOTO TOKA Yepe3 MaTepuai JIeTaau, dJICKTPOMArHUTHBIM
U3ITy9CHUEM W XUMHUYECKUMH peakiusMu. C y9eToM ypaBHEHUS JIJIS TJIOTHOCTH
TEIUIOBOTO TOTOKA, ypaBHeHHE [lyaccoHa MOXKHO 3amucarh B CICAYIOIIEM BHIE:

ex | oyl oy
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3adaua 1. PagnomepHonacpesaemulii CMepIIceHb NOJIYKPY2l020 Ce4eHus

B pesynprare mpoTekaHWS AIEKTPUYECKOTO TOKA MPOUCXOJWT HArpeB
JUTMHHOTO TIOMYKPYTJIOTO CTEPXHS W3 HEP)KAaBEIOMICH cTadu. DTOT CTEP)KCHb
HACTIOJIO)KEH BHYTPH TPAaHUTHOTO OJIOKA, KOTOPHIN OXJIAXKIAaeTCsl CMECHIO U3 BOBI
u apaa. [Ipumem, 9T0 MOITHOCTh OOBEMHOTO TEIUIOBBIICIICHUS B CTEP)KHE paBHA
1le6, a B Omoke — 0. ['panmyHBIC YCIOBHS B paccMaTpUBAEMOM CiIydae
COOTBETCTBYIOT 33JIaHUIO MOCTOSTHHOW TeMIEpaTyphl Ha BHEIIHEH MOBEHPXHOCTH
rpanuTHOTO Osioka. I[lporpamma myis pacdera pacmpeneieHuss TeMIepaTyphl B
CTEp>KHE U B OJIOKE MPUBEICHA HUXKE.

TITLE 'Heated Semi-Circular Rod'’

SELECT errlim=1e-5 spectral_colors

VARIABLES temp

DEFINITIONS { Sl units (m, kg, s, K, W) throughout }
Lx=0.1 Ly=0.1 r0=0.05

k heat { Declared only }luxd x=-k*dx(temp) fluxd_y=-k*dy(temp)
fluxd=vector( fluxd_x, fluxd_y) fluxdm=magnitude( fluxd)
EQUATIONS

dx( fluxd_x)+ dy( fluxd_y)- heat=0

BOUNDARIES

region 'granite’ k=3.5 heat=0 { Assign for entire domain }
start 'outer' (-Lx,-Ly) value(temp)=273 { Ice-water }

line to (Lx,-Ly) to (Lx,Ly) to (-Lx,Ly) to close

region 'steel' k=45 heat=1e6 { Re-assign for steel }

start 'rod' (-r0,0) line to (r0,0) arc to (0,r0) close

PLOTS

contour( temp) surface( temp)

vector(fluxd) norm contour(fluxdm) painted

elevation( normal(fluxd)) on ‘rod'

elevation( normal(fluxd)) on ‘outer'

report( pi*r0”2/2* 1e6) as 'Heating power'

END

W3 rpaduka pacnpenenenus temmeparypsl (puc. 9.1) BUAHO, YTO BHYTpH
CTEP>KHS TeMIIepaTypa MMEeT MaKCUMaJIbHOE 3HAUYCHUE.
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Heates) S2nmi-Cisciler Rod T SR A0S

(51

it

maxlll: Gridel PI Noder=301 Cells=350 BMS Err= 00057

Puc. 9.1.

BexkropHsblii rpaduk (puc. 9.2) nokasplBacT HalpaBJIE€HUE MEPEHOCA TEIIa —
U3 CTEPKHSI, UMEIOIIETr0 HauOOJIBIIYI0 TEMIIEPATYPY, B TPAHUTHBIN OJIOK U Janee
B OKPYXaIOILIyI0 3TOT OJIOK Cpeay, KOTOopas MOAAEPKUBAETCA MPU MOCTOSHHOMN
temneparype. M3 puc. 9.2 Xopomo BHIHO, YTO MAaKCUMAaJIbHAs CKOPOCTH
TeIUIONEepeHOca HaOII0JaeTCs BOJIM3U YTIIOBBIX TOUYEK.

Heabad Semu-Cmenlar Bad D 2T AR A Sd IS
FlexPDE £ 0L0&

L v R T R OO R T T T
PCH AL T TET T O g o

Scale = E4

TEERTTE TS

mexl111: Grid=2 P21 Nodes=801 Celly=380 BMS Er= (0037

Puc. 9.2.

3aoaua 2. Tepmoynpyzocmo

B pesynbraTe HEpaBHOMEPHOTO HAarpeBa TBEPIOTO Tela W CBSA3AHHOTO C
OTHM TEIJIOBOTO PaCIIMPEHHs MOTYT BO3HHMKATh TEPMOHAIPsDKCHHS. B ciydae
HEPaBHOMEPHOI'O pacIpeIeCHHs TeMIepaTyphl 3aKoH ['yka, i aedopmaiuu B

HaHpaBHeHI/II/I KOOp}IHHaTHOﬁ OCH X, MOKHO 3aI1ucaTh B CJ'ICI[YIOH.ICMI/I BH]IC
_ du 1

g, _Tz—_(crx - uo, —,m:rz:l+ g AT
cx E
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AHanoruyHbple COOTHOIIEHUS MOTYT OBITh 3alMCaHbl U JJIsl KOOPAMHATHOU
ocu Y. 3nech, o0 — K03(pGUUUEHT JTUHEHHOro pacmmpeHusi; AT — OTKIOHEHUE
TEeMIIepaTyphl OT 3aJIaHHOTO 3HAUYECHHUSI, HAIIpUMEpP, OT KOMHATHOM TeMIepaTyphl.

B ciydae miockoro HampsbkeHHOTO cocTosiHust (6Z = 0) 3TH ypaBHEHHS
MO>KHO YIPOCTUTh

i

| & :%[:UI — 1o, |+ aAT

|, :%[:GJ —uo, )+ aAT

Pa3pemras tu ypaBHEHUSI OTHOCUTEIIBHO HAIPSKEHUMN, TOTYYUM

i

|'jx = " £ 3 [ £, + e, —(1+ ;fjua’ﬂ.,f]

o, = £ e, + e, —(1+ waAT)
7T ) |
KacarenpHble HampspkeHusi (HalpsDKEHHs CIBUTA) Tyy B SIBHOM BHJE HE
3aBUCAT OT TeMieparypsl AT, M IO3TOMY BBIp@KEHHEM IS KacaTelbHBIX
HanpspkeHuil (T Xy) OymeT TakuM jKe, Kak M Ui Tella, MMEIOLIEr0 OJUHAKOBYIO
TEMIIEPATYPY.

3aoaua 3. CmanbHoii 610K ¢ NOCMOAHHBIM 2PAOUEHINOM MEeMNepamypbl

PaccMoTpuM Tenepp rUnoTeTUYECKUI MPUMEP: CTAIbHON OJIOK PacnoJioKeH
Ha aOCONIIOTHO JKECTKOM OCHOBaHMH, wuMeromeM Temmepatypy 300 K,
IPOTHUBOIIOJNIOXKHAsA CBOOO/IHASI MOBEPXHOCTh MOJIEPKUBAECTCS MPH TEMIEPAType
600 K. JleBas m mpaBas TpaHHIBl TEIUIOM30JMPOBAHBI, HO MOTYT CBOOOJHO
nepemeniatbes. [ 3TOro mpumepa HYXHO HCIIOJIB30BaTh BKIIOYAeMbI (aiin

defuv.pde.

{ Include file for thermo-elasticity in (x,y) } { defuvt.pde }
C=E/(1-mu”2) G=E/[2*(1+mu)]

uv=vector(u,v) uvm=magnitude( uv)

ex=dx(u) ey=dy(v) exy=dx(v)+ dy(u)

sx=C*(ex+ mu*ey- (1+mu)*alpha*dtemp)

sy=C*(mu*ex+ ey- (1+mu)*alpha*dtemp) sxy=G*exy
fluxd_x=-k*dx( dtemp) fluxd_y=-k*dy( dtemp)
fluxd=vector( fluxd_x, fluxd_y) fluxdm=magnitude( fluxd)
p_ang=0.5* arctan( 2*sxy/(sx-sy) ) { Radians }
sSXp0=(sx+sy)/2+ (sx-sy)/2*cos(2*p_ang)+ sxy*sin(2*p_ang)
syp0=(sx+sy)/2- (sx-sy)/2*cos(2*p_ang)- sxy*sin(2*p_ang)
{ Test for highest algebraic value: }

p_angl= if sxp0>syp0 then p_ang else p_ang+ pi/2

sxp= if sxp0>syp0 then sxp0 else syp0
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syp= if sxp0>syp0 then sypO0 else sxp0
p_angle=p_angl*180/pi { Degrees }

mises=sqrt( 0.5*[ (sx-sy)"2+ sx\2+ sy"2]+ 3*sxy"2)
energy_d=(1/2)*( sx*ex+ sy*ey+ sxy*exy) { Energy density }

Tak kak pemeHue 3a7auyd TEIJIONEPEHOCAa UMEET 3JEMEHTAapHOE PEIICHHE,
HWKE J1A€TCS pEUIEHUE TOJBKO IS pacyeTa TEPMONEPEMEILICHUA.

TITLE 'Block Strained by a Temperature Gradient' { mex112.pde }
SELECT errlim=1e-5 spectral_colors

VARIABLES uv

DEFINITIONS

Lx=100e-3 Ly=200e-3

mu=0.3 E =200e9 { Steel }

alpha=1e-5 k=45 { Thermal properties }

dtemp=y/Ly*300 { Temperature above ambient }

#include 'defuvt.pde’

EQUATIONS

u: dx( sx)+ dy( sxy)=0

V. dx( sxy)+ dy( sy)=0

BOUNDARIES

region 'steel’

start 'outer' (-Lx,0) value(u)=0 value(v)=0 line to (Lx,0)
load(u)=0 load(v)=0 line to (Lx,Ly) to (-Lx,Ly) close

PLOTS

grid(x+100*u, y+100*Vv) contour(dtemp)

contour( u) contour( v) vector( uv) norm

contour( sx) painted contour( sy) painted contour( sxy) painted
elevation( u, v) on 'outer'

elevation( sx) on 'outer’ elevation( sy) on 'outer’

contour( p_angle)

vector( cos(p_angl)*sxp, sin(p_angl)*sxp) norm notips as ' "tension
contour( sxp) contour( syp) contour( mises)

contour( sxp) painted contour( syp) painted

contour( mises) painted

END
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JlepopmupoBaHHasi CeTKa MOKA3bIBAET M3MEHEHHE IMOIMEPEYHOrO0 CEUSHUS
U3-3a TEIUIOBOTO PaCIIMpPEHUs] BEpXHEH yacTu OJo0Ka.

Bk Srrained by & Termperaning Crakem 044099 52608
83 F FlexFDE 5.0.0s5

X
mealld: Orded PI Nodew=B04 Cells=372 RS Emr=3.%-4

Puc. 9.3.

Ha crenyromem pucyHKe NMpeCcTaBIeHO paclpeiesieHUe HAaPSHKEHUN BAOJIb
ocu X — SX. M3 pucyHka BUJIHO, YTO HAIIPSKEHUs PABHBI HYJIIO HA BEPXHEH, JIEBO U
paBoil TpaHuIax OJIOKA, YTO COOTBETCTBYET 3aJaHHBIM T'PAHUYHBIM YCJIOBHSIM.
Jpyrue coCTaBIIAIOLIME HAIPSHKEHUM TAKXKE PaBHBI HYJIO Ha COOTBETCTBYIOLIUX
y4acTKaX IpaHuULIb.

Block &tmained by & Temperatore Gradient QEAAR A A0S
+ FlexPOE S 00g

w1 1l

% W2
fArl LlD Gl P2 Nedee=B04 Colly=379 AMS Erg=3.7¢-4

Imegrel=- 520197 8
Puc. 9.4.

3HayeHus SX Ha OOJIbIIeH YacTbU OJOKa SIBISIOTCS OTPHUIATEIbHBIMHU, YTO
O3HAuYaeT HANpPSDKCHUS CKaTus, OJIHAKO B OrpaHWYEHHOM oOsacTu BOJM3U OT
OCHOBAHMUSI JICCTBYIOT PaCTITUBAIOIINE HATIPSKEHUS.
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3. OBbEKT U CPEACTBA NCCJIEJJOBAHUA

B kauecTBe cpeacTBa HMCCIENOBaHUS CIY>KUT MPUKIAAHAS Hporpamma st
YHUCJIIEHHOTO KOHeuyHOo-djieMeHTHoro a”ainmsa FIexXPDE, o0bexToM ucciienoBaHus
ABJISIETCSA HANIPSIKEHHOE COCTOSIHUE TIJIACTUHBI, Y€pe3 BHYTPEHHIOI YaCTh KOTOPOM
MIPOITYCKAETCS ANEKTPUUECKHUM TOK.

4. IIOPAJOK ITPOBEAEHMA NCCIIEAOBAHMAL.

1. U3yunTh TEOPETUUECKHUE CBEACHUS.

2. BBINOJHHATH TEKCTOBBIE pacyeTbl II0 IporpaMMaM YKa3aHHBIM
IIPETOIaBATEIIEM.

3. Bectu B cucremy FlexPDE tekct mnporpammel, NpHBEIeHHBINH B
TEOPETUYECKONW YacTH, W BBINOJHUTH pacueTel. BHECTHM H3MEHEHUs B TEKCT
IIPOTPaMMBI I10 33aIaHUS IPENOAABATENS

4. IToArOTOBUTH OTYET O BBHITIOJIHEHUU PaOOTHI.

5. ®POPMA OTUETHOCTH

Otuer dopmupyercs B Buzae ¢aitma WIinWord, B KOTOpbIii BKJIFOYAIOTCS
ONMCaHUs OCHOBHBIX pa3leioB omnwcanus 3amad B cpene FIexPDE, Tekcr
MPUKJITHON TTPOTPAMMBI H TTOTYYEHHBIC PE3YIbTaThl MOACITUPOBAHMUS.

6. KOHTPOJIBHBIE BOITPOCHI
1. Uto noHnMaeTcs noJi INIOTHOCTBIO TEIJIOBOTO MOTOKA
2. Ilpm Kkakux yCIOBUSAX B TBEpJOM Tel€ MOTYT BO3HHUKATh
TEPMOHATPSKEHUS ?
3. UTo MOXHO IPEIIPUHATD ISl YMEHBIIECHUS TEPMOHATPSIKEHU N ?
4. Kakue Quznueckre WIM XUMUYCEKHUE IMPOLECCHl MOTYT OBITh CBSI3aHbI C
00BEMHBIM TETUIOBBIICTICHUEM?

7. UCIIOJIbB3YEMAS JINTEPATYPA
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N3marensctBo TI'TY, 2006. - 72 ¢.  http://window.edu.ru/resource/586/38586

2. MacmoB [0.A., Mepunos W.I., Pg6op H.O. MonenupoBanue
TETUIOTUIPABIMYECKUX TIPOIECCOB B PEAKTOPHBIX YCTAHOBKAX M AJIEMEHTax
TeMI000MeHHOTO 000pynoBanus DY : nabopaTopHslil npakTukyM. — M.: MUDU,
2008. — 156 c. http://www.studfiles.ru/preview/413352/page:8/

3. FlexPDE 6: User Guide-
http://Amww.pdesolutions.com/help/index.html?user_guide.html

4. FlexPDE - yncnenHoe perieHre cucteM udepeHImanbHbIX ypaBHEHHMA
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2006. - 376¢.
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