BazaHos A. b., KpacHokymckul U. /1. [pumeHeHue memoooe 8biyucsiumesnsHol

2UOPOOUHAMUKU 8 Kypcax MawuHocmpoumenosHoli 2udpasnuku // KoHuenm. —
2015. — Ne 07 (uwonb). — ART 15225. — 0,4 n. n. — URL: http://e-kon-
cept.ru/2015/15225.htm. — ISSN 2304-120X.

HaYYHO-METOANHEeCKIIA
SAEKTPOHHBIA >KyPH3A

ART 15225 YAK 378.147

BazaHoe AnekcaHOp Bopucoeuy,

OOKMOp mexHU4YecKuUx Hayk, rpogeccop kagedpbl meopuu Kopabris u 2udpo-
mexaHuku, @rb60Y BlO «Huxez2opodckul 20cy0apCmeeHHbIl mexHuU4ecKul
yHusepcumem umeHu P. E. Anekceesa», 2. HuxHul Hosz2opod
ab_vaganov@land.ru

KpacHokymckuii Meopb IMumpuesudy,

KaHOudam mexHuU4Yeckux Hayk, doueHm kKaghedpbl meopuu kopabris u a2udpomMexaHUKU,
@re60Y BlN1O «Huxezaopodckuli 2ocydapCmeeHHbIU MexHU4YecKul yHusepcumem umMeHu
P. E. Anekceesa», e. HuxHuti Hoezopod

ngtu_pool@mail.ru

MNpuMeHeHne MeTOAOB BbIYUCIUTENLHOW rMAPOANHAMUKM
B Kypcax MalMHOCTPOUTENbHOM rMAPaBINKK

AHHOMauyus. B cmamee usnazaromcsi MemooOuYeCcKUe OCHO8bI npernodasaHusi MexaHUKu
XXudkocmu u 2asza 8 ®I60OY Bl1O «Huxez2opodckul 2ocydapcmeeHHbIlU mexXHUYecKul yHU-
eepcumem umeHu P. E. Anekceesa» (HI'TY) Ha ocHoge ¢hu3uvyeckoao u Mamemamude-
CKO20 MOOenuposaHusi cmayuoHapHo20 rnpouecca 08UXeHUs Xudkocmu e mpyborpoeo-
Oax, e rnpocmedlwux a2udpaesuyecKkux cornpomuenieHuUsix u 8 c8obo0HbIX nomokax. Cmy-
OeHMbI 8bINOMIHSAOM 1abopamopHbie pabomsi Mo puau4eCcKoMy MOOEIUPOBaHUK Ha YHU-
gepcaribHOM audpasriudeckoM cmeHde u pabombl M0 MameMamu4yecKkoMy MoOesnuposa-
HUK Ha nepcoHasibHbIX KOMIbomepax.

Knro4veenle cnoea: xuGKocmb, /IUHUS MOKa, CKopocmb, daerfieHue, Harop, pacxod, cma-
UUOHapHbIU rpouecc, ¢husudeckoe ModesiupogaHue, Mamemamu4yeckoe ModesiuposaHue,
Memod KOHeYHbIX 06 BLEMOS.

Pa3den: (01) nedacozuka; ucmopusi nedazo2uku u obpasosaHusi; meopusi U MemoouKka
o0byyeHusi u eocrnumaHus (o rpedmemHbiM obriacmsm).

B pamkax npenogaBaHus obLeTeXHUYECKUX ancumnnuH: «fmapasnukay, «MexaHuka
XMOKOCTM U rasa», «AspormapoMexaHukay Ha kadeape «AsapornapoanmHaMumka, NPoYHOCTb
MaLLWH 1 CONPOTMBIEHNE MaTepuranoBy Hapsay ¢ TPaauLMOHHLIMU MeTogamm npenogasa-
HUS C UCMNONb30BaHUEM NaGOPaTOPHbIX CTEHAOB C (PUINYECKUMU MOAENAMM, OOMNOSHU-
TENbHO peLlarTCcs creayrLume HoBble 3a4auu:

— 03HaKoMIIeHMEe C COBPEMEHHbIMU MeTOo4aMM YUCINEHHbIX PACYETOB;

— OBNafieHne HaBblkaMu BbINOMHEHMUS BbIYUCIIUTENbHbLIX SKCMNEPUMEHTOB.

N3yyeHne ykaszaHHbIX OUCLMMNIINH UMEET CBOEN LieNbto OBNageHne OCHOBaMu 3HaHWI
B 0611acT TEXHUYECKON MMAPOMEXAHUKN N UX NPUMEHEHME K aHanun3y pabo4ymnx npoLeccoB
B rMapaBriMYecknx U NHEBMATUYECKMX CUCTEMAX, TMAPOMaLLVHaAX, MMOPOANHAMUYECKUX Ne-
pepdadax v rmgponpueoax. B xoge ydeGHoro npouecca CTyaeHTbl Hapsay ¢ TeopeTuye-
CKUM MO3HAHMEM MnpeaMeTa Mosy4yarT NpakTUYecKkMe HaBblKU BbINONHEHUS rMapaBnuye-
CKUX UCMbITAHWUIA N 3KCNEPUMEHTOB, Hanbonee YacTo BCTPeYaoLNXCa B UHXEHEePHOW Nnpak-
TUKe. MI3yyeHne aneMeHTOB Kypca BblMUCIUTENBHON rMAPOAVNHAMUKM TaKKe SBNSAETCS He-
06X0aMMbIM A5l 03HAKOMINEHMS CTYAEHTOB C COBPEMEHHBIMM YUCTIEHHBIMW METOAaMU pac-
yeTa rmapoaNHaMUYECKUX XapakTEPUCTMK, AN Pa3BUTUS Y HUX NPAKTUYECKUX HABbLIKOB MO-
[OOHbIX HXXEHEPHbIX PacYeToB.

KombuHupoBaHHbI nabopaTopHbIi CTeH UCNONb3yeTCs Ans BbINONHEHMs nabopaTop-
HbIX paboT No Ha3BaHHbLIM BbilLe aucumnnMHam [1]. Ha cteHae ans psiga o6bekToB (NpsiMble
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ANVHHBbIE TPYOONPOBOAbLI MOCTOSAHHOIO CEYEHWNS, KaHarn NePEMEHHOrO CeYeHUs, pasnnyHble
MECTHble CONPOTUBIEHNS, HACaaKN ANSA UCTEYEHUS XUOKOCTU, LEHTPOBEXHbIN HAcoc), reo-
MEeTpUYECKME XapPaKTEPUCTUKM KOTOPbIX U3BECTHbI, CTYAEHTaM NpeaoCcTaBnaeTca BO3MOX-
HOCTb M3MEpPEHUs pacxoda 1 NoTeHUuanbHOro Harnopa B XxapakTepHbIX ceveHusax. o atum
AaHHbBIM CTYAEHTbI, U3y4YMBLUME TeopU IO [2, 3], aKCNnepuMeHTarnbHO onpeaensoT rmgpoamHa-
MUYECKME XapaKTEPUCTUKMN U3ydaeMblX OOBbEKTOB (KOIMULMEHTbI rMapaBnnyeckoro Tpe-
HWUA, KO3(PPULUMEHTbI COMPOTUBIIEHUSA, KOIPPULNMEHTBI UCTEeYeHUsA 1 apyrue). ictedyeHne n3
OTBEPCTUN N HAcadKOB MPOUCXoauT B aTMOCMepy, NPy 3TOM CKOPOCTb Ha Bbixoe onpeae-
NSEeTCH KOCBEHHO HA OCHOBE COOTHOLLEHUN KMHEMATUKN OABMXEHUS MaTepuanibHOM TOYKU B
none AencTBua cun Tshkectn 6e3 yuéTta cunbl CoOnpoTUBNEHMS BO3ayXa:

X = V't — rop13oHTanbHoOE nepemMeLleHune;

(1)

y = g-t?/ 2 — BepTMKanbHOe NnepemMelleHue.

N3 cuctembl ypaBHeHUM (1), MCKNIOYNB BPEMSI t U 3aMepUB KOOPANHATLI MPON3BOSTbHON
TOYKM TPaAEKTOPUN OBMXKEHUS XXUAKOM YacTuLpbl (CTpyn), BbIYMCNAEM CKOPOCTb

v=x(g/(2y)°>® (2)

OKCnepMMeHTbI NPOBOAATCA AN CTaLUMOHAPHOIo ABMXKEHUS XXUAKOCTU. B aTOM criyyae
MeToauKa onpefeneHus rmapoanHaMUYecKnx XapakTepuCTUK OCHOBbIBAETCS Ha ypaBHe-
HUW BepHynNnn n ypaBsHeEHUU HEPA3PLIBHOCTU ANA HECXKUMAaEMOWN XUOKOCTH [2]:

zn+pi/(pg)+avi?/(2g)=z2+p2/(pg)+av?/(2g)+Zh (3)
Q = VviSi = const (4)

lMoTepun Hanopa 2h B aToM criyyae onpeaensioTca 3 ypasHeHu (4) u (5) Ha ocHoBe
3aMepoB MoTeHuuarbHbIX HAanopoB N pacxofa. 3HayeHns KO3aMUUNEHTOB MECTHbLIX CO-
NPOTUBNEHUI N KO3 DULMEHTA NOTEPL HA TPEHUE MO ASNIMHE BbIYUCIIAIOTCA HAa OCHOBAHUM

dopmynbl Bencbaxa-apcu [2]:
¢=(h29)/v? ()

A=(Zh2gd)/(Lv2) (6)

MopoamHammyeckne KoaduUMEHTbI CKOPOCTM U pacxoda OnpenensaiTcsa no pe-
3ynbTaTaM COOTBETCTBYHOLLMX NU3MEPEHWNIA:
¢ =Vv/(2gHnmp)®® (")
3HayeHne Ko ULMEHTa CKaTUA CTPYM BbIYUCIIAETCA HA OCHOBE YpaBHEHUS CBA3N
KO9(PPULMEHTOB NCTEYEHUS:
e=ple (8)
B xope BbinonHeHna nabopaTopHbix paboT CTyAeHTbl NONy4YaroT HaBblkM paboThl C
rmgpaBnuYecKMMm annapatamu, rmapaBinnyeckuMm MallmHamm n usMepuTenbHbIMK Nprnbo-
pamu (Nbe3omeTpamu, MaHoMeTpamu U poTameTpamu). Pabota Ha KOMOMHMPOBAHHOM
CTeHAe No3BONSAET YMEHbLUNTL 3aTpaTbl BPEMEHMW Ha BbINONHEHNE U3MepeHui (3—5 MUHYT)
N N3MEHATb pacxoj B LUMPOKUX npefenax. bnarogapst aTomy B Te4eHMe OQHOro 3aHATUSA
(2 no 45 MnHYT) Ha cTeHae, Nocrne BBOAHOIO MHCTPYKTaXa, MOryT BbIMOSTHUTbL U3MEPEHUS
15 ctyneHTOB (MHAMBMAYyanbHas pabota) unu 15 nap cTy4eHToB.
HepocTtaTtkom nabopaTtopHbix paboT Ha KOMOMHUPOBAHHOM CTEHAE SBNSAETCHA OTCYyT-
CTBUE BM3yanu3auum fMHUIA TOKa, OTCYTCTBME MHGOPMALMM O Nosie CKOPOCTEen M O none
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ﬂ H3Y4HO-METOANHECKNI
SNAEKTPOHHbBIV >KYPHAA
AaBneHun. ATOT HeAOCTaTOK KOMMEHCUPYETCA C MOMOLLLI0 MaTemMaTUyYecKkoro Moaenmpo-
BaHWs NOTOKA XMOKOCTU B UCCredyeMbIX OObeKTax.

PacuéTHble anroputmbl nporpaMmmMmHoro komnnekca Open FOAM [4], sBnstoLierocs oT-
KPbITbIM NMakeTOM, OCHOBaHbl Ha MPUMEHEHUU MeToda KOHEYHbIX PasHOCTEN U ero pasHo-
BMOHOCTN — MeTOoAa KOHEYHbIX 00bEMOB. OH MOXeT OblTb NPUMEHEH ANSA onpeaeneHus
rMapoauHaMUYEecKUX XapakTepUCTUK pasnuyYHbIX TeYeHUn. KoMnbioTepHbI aHanms Tede-
HWA XXNOKOCTU BKMOYaeT B cebs crneaytoLne OCHOBHbIE Liaru:

CospgaHne reomMeTpmyeckon Moaenu (CrnoXHbIX rpaHuL, 0651acTu XKXUAKOCTN).
3agaHne CBOMCTB XUOKOCTU, (PM3MYECKMX YCITOBUN MOLAENMPOBAHUSA TEYEHUS.
3agaHune McxogHom pacyeTHom 06n1acTn N COOTBETCTBYHOLLEN CETKMN.

3agaHne rpaHnYHbIX YCOBUMN.

lNpoBeneHue pacyeTa.

. [lpocMoTp pesynbTaToB pacyeTa B rpacduyeckon gopme («BUdyanmsauuns» pesyrib-
TaToB pacyeToB) M COXpaHEHME AaHHbIX B dhannbl (CM. puc. 1-8).

B Open FOAM He npeacTasneHbl B ABHOM BUAE KacaTefibHble HanpsxeHus t. Co-
NpoTMBREHME KaHana obycrnoBneHo AeNCTBUEM KaK T (CONPOTUBMEHUS TPEHUS), TaK N Aen-
cTBMEM p (conpoTuBrieHne aasneHus). NMoaTomy onpegeneHne NOTepb 3HEPTUN B KaHane
OCYLLEeCTBMNAETCA Ha OCHOBE 3aKOHa KONMYecTBa ABWKEHMUSI MO pasHOCTU OaBrfieHUA Ha
BXOJe W Ha BbIxoe 13 pac4yeTHon obnacTu.

B ParaViev (npocmoTpLimke) pesynbTaTt pacyeTa NpeacTaBrieH B BUAe nosnen gasne-
HWA N CKOPOCTU B LIBETHOM Obpase. MimeeTcs wWkana, NOABOAS KOTOPYIO B NOBYHO TOYKY,
onpenenMm BeNMYNHY AaBreHns UM CKOPOCTMW.
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Puc. 1. MNMpumep cemku pacyemHol obrnacmu 0nsi mpy6bi
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Puc. 2 a) lNpumep pac4yemHoul obnacmu 0na mpybbi nepeMeHHO20 1o OfuUHe cevyeHus rnone dasneHul
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Puc.3. lNMosopom Ha 90°
a) peskull nogopom KaHasna 6) nnasHbIl Nogopom KaHasna
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U Magnitude

Puc.4. lNone ckopocmel 8 mpoliHUKe

3
U Magnitude
1.24

Puc.5. [lsuxeHue Xudkocmu 8 KpecmosuHe
a) nosie ckopocmel 8 KpecmosuHe 6) rnone dasrneHus 8 KpecmosuHe

volPainfinferpolate(UdMagnitude
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Puc.6. icmeydeHue xudkocmu Yepes sHeuwHUl UunuHOpuYeckuli Hacadok
a) epaHUYHbIe MogepxHocmMu 6) nuHUU mMoka
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Puc.7. JluHuu moka npu eHe3anHoM pacuupeHuu mpybeol

Puc.8. BekmopHoe none ckopocmu ripu exode mpybbl 8 KaHall ¢ MOMOKOM

Cetka reHepupyeTcs moaynem blockMesh Ha ocHOBaHMM onncaHusa ceTkn B crioBape
blockMeshDict nytem 3anycka B TepMUHanbHOW KOHCOMWN U3 KaTanora npumepa npocTomn
komangpl: blockMesh. OpenFOAM Bcerga paboTaeT B 3 MEPHOWN AEKAPTOBOW CUCTEME KO-
OpAMHaT 1 BCe reoMeTprnyeckme KoHurypaumm npomsBogatcsa B 3 uamepeHusax. B 6novHon
KOHCTPYKLMWN MOKa3aHHOW Ha puc. 9 reHepatop CeToK, nocraensiembin ¢ OpenFOAM, —
blockMesh, cospaeTt ceTkn, ncnonb3ys KOMaHAbl U3 ONUCaHUS ONpeaeneHHoro B crioBape
BBoga. Crnosapb blockMeshDict pacrnonoxeH B katanore constant/polyMesh.

z
A 7 & 10 14

/
3/2 1

15

¥

1 B 12 ®
Puc. 9. brioyHasi cmpykmypa obrnacmu me4qeHusi
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Hwxe, B kKauecTBe npumepa, npmeenéH dann blockMeshDict ana Tpy6bl npsamMoyronbs-
HOro ceyeHund. BocknuuartenbHble 3Hakm 0603Ha4alT KOHEL, CTPOKMU Koda U OOITKHbI BbITb
yaaneHbl npy Ncnosrb3oBaHuu canna.

/* *_ C++ _* *\
| \\/ Field | OpenFOAM: The Open Source CFD Toolbox |
| W/ O peration | Version: 1.6 |
[ W/ A nd | Web: http://www.OpenFOAM.org |
[ \WV M anipulation | |
\* *
FoamFile!{! version 2.0;! format ascii;!
class dictionary;! object blockMeshDict;!
I/ * Bonean NMPAMOYIOJIbHOW tpy6wi * //lconvertToMeters 1.0000; !vertices!
(M1 * 0 * /I - Homep BepLumnH 6nokos! (0 0 0) // - koopanHaTbl BepwunH 6riokos!// * 1 * [/t (L 0 O)1// * 2 * I/
@a10)//*3*/1 (0 10)
*4a*ip@@on//*s5*/t@o1)/*6*/"(111)
I*7 >0 211)Y/*blok-21*/11*8*]/! (11 0 0)!
[*9*/ @101/ *10*/M (A1) *11*/!
(11 1 0)!// * blok - 2 * //\/f * 12 * /' (12 0 O)1// * 13 * /!
(120 1)U/ * 14 * /1 (12 1. 1)/ * 15 * /)1 (12 1 O)!);!
Blocks!(!// * 0 * // -> 16 000!
hex (0123456 7) (10 20 20) simpleGrading (0.51 1)
/I*1*/]->160 000
hex (181125910 6) (200 20 20) simpleGrading (1 1 1)
/[ *2~*]->16 000
hex (8 12 15 11 9 13 14 10) (10 20 20) simpleGrading (21 1)
);ledges!(!);! Patches!( ! patch inlet! (! (04 7 3)!)!
/I * HEnoaBwxXHbIE HKHAS, BEPXHAS U BOKOBbIE rpaHy TPYObI
wall movingWall! (! (1211 8! (1895)!
(2610 11)! (591086)!)!
/I * BokoBble rpaHun pasroHHbIX ydacTtkos! wall fixedWalls ! (!
(0154)! (3762)! (81213 9)! (1110 14 15)!
)/// * BepxHUe rpaHu pasroHHbIX yyacTtkos ! wall upperWall! (!
(456 7)! (91314 10))!
/[ * HUXHUWE rpaHn pasroHHbIX ydacTkos! wall lowerWall! (!
(0321)!(8111512)1)Y//*BbIxog * /!
patch outlet! (! (12 15 14 13)! )!
empty frontAndBack! (! )! );! mergePatchPairs! (! );!

// *hkkkkkkkkkkkkkkkhkhhhhhhhkhkkkkkkkhhhhhhhrrhkxx //

dann copepxut 6nok BepwmnH (X, Y, z koopamHatbl Touek) (block vertices). 3atem B
HEM onpegenatTcs camu 6nokm (blocks), ncnonb3ys BBEAEHHbIE BbILLE METKM UMW MMEHA
BepLluH (the vertex labels) n Homepa a4eek (cells) BHyTpu HUX. [anee onpegenstoTca no-
BEPXHOCTW A5 3a4aHusa rpaHnMyHbIX yenosun (the boundary patches).

CeTka reHepupyeTcsi npu 3anycke reHepatopa blockMesh, ncnoneaytowmm cann block-
MeshDict. 3anyck Ha BbINOSIHEHNE MPOU3BOAUTCS BHYTPU OMPEKTOPUM 3adaun. ITO AenaeTcs
Habopom komaHAabl Ha TepmuHane: blockMesh. Ha puc. 10 nokasaHa ceTka pac4eTHomn obnacTtu,
NpPaBUIIbHOCTb CO34aHNSA KOTOPOW KOHTPONMPYETCH CTYAEHTOM NPy ee NpOCMOTpe.

Puc. 10. Cemka pacyemHou obrnacmu mpy6bi
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KacaTtenbHble Hanps»keHUst 3aBUCAT OT BA3KOCTU. 3HAYEHWEe KMHEMATUYECKON BA3KO-
CTW, 3agaéTcsa n xpaHutcs B danne transportProperties [4]. Monb3oBaTenb MOXeT NpoBe-
PUTb, 4YTO KUHEeMaTuyeckas BS3KOCTb 3afaeTcs NpaBUNbHO, OTKPbIB ans crnosaps
transportProperties, 4To6bl YBMAETb NN OTPEAAKTMPOBATbL BBOAMMbIE BENNYNHBI.
MapameTpbl k n € Mogenu TypOyneHTHOCTM 3a4at0TCA NPY NOMOLLN OLLEHKM U3MEHSIH0-
LLIENCst KOMMOHEHTbI ckopocTn U’
k=0,5(UU) (9)

£=(CLKLS) /L (10)

roe Cy aBnseTca KoHcTaHTon ansa «kK — e» mogenu (npuHaTa pasHom 0,09); L — xapakTepHbIn
NNHENHbIN pasmep «k — e» mogenun TypOyneHTHOCTM.
B nekaptoBon cucteme koopauHart, k 3agaetcsa cnegytowen gopmynon:

k=0,5((Ux)?2+ (U)y)2+(U%)?) (11)

rae Uy, Uy n Uz — naMeHsitoLmecs KOMNOHEHTbI CKOPOCTU B HanNpaBIeHUsIX X, Y U Z COOT-
BETCTBEHHO.

[na gaHHOro npuMmepa rpaHuLbl COCTOAT TOMbKO M3 CTEHOK, pas3butblie Ha 4 rpynnbl
NoBEPXHOCTEN HaaBaHHbIX: (1) movingWall — HenoABWXKHbIE HUXHSSI, BEPXHSSI U OOKOBbIE
rpaHu Tpyb6sl; (2) fixedWalls — 6okoBble rpaHu pasroHHbIX ydacTkoB; (3) upperWall — Bepx-
HWEe rpaHu pasroHHbIX y4acTkoB; (4) lowerWall — HUXKHME rpaHn pa3roHHbIX ydacTkoB. Ha
CTeHKax 3afaHbl rpaHuYHble ycnosua zeroGradient HyneBon NPON3BOAHOM K HOpManu Ans
AaBMeHns P, YTO O3HaYaeT «HOpMasibHbIA rPagMEHT AaBreHUs paBeH Hymo».

B aTOM npumepe HavanbHble Nons 3agaHbl OAHOPOAHBIMU, MOCTOSIHHbIMK. B npumepe
AaBreHne ABMseTCs KNHeMaTUYECKUM, U Kak s HeCknmaemMon cpeapbl, abconoTHoe 3Ha-
YeHne ero He MMeeT 3HavyeHus (BO BCEX YPaBHEHMSX HET CaMoro 4aBrieHUsl, a TONbKO ero
NPOn3BOAHbIE), MO3TOMY OHO 3a4aeTCs HyNeBbIM 3Ha4YEHNEM.

BxoaHble faHHble, OTHOCALLMECS K KOHTPOSHO BPEMEHU, YTEHUIO U 3anncy AaHHbIX peLle-
HMA cunTbiBatoTCcA U3 charna controlDict. [Nonb3oBaTenb OMMKEH 03HAKOMUTBLCA C AaHHLIM doain-
nom. [Ins 3anycka Heobxo4MMO YCTaHOBUTbL BPEMS HaYarna 1 KoHLa, a Takke Luar rno BpeMeHu.

MpoBeneHne puran4eckoro n MaTeMaTmyeckoro MoAeNMpoOBaHUs Ans NepPeYNCeHHbIX
Bbllle 0OBHEKTOB AOMNONHAT Apyr apyra. CTyAeHTbl Ha rmapaBNYeckoM CTeHAe JKCnepu-
MEHTanbHO OnpeaenstoT XapakTePUCTUKN TMAPOANHAMUYECKNX OOBEKTOB M MOTyT CpaB-
HUTb NX CO CrpaBOYHbIMK JaHHbIMU [5]. MaTemaTnyeckoe mogennposaHme B Open FOAM
Nno3BOSISIET NOMAYYNTb NOfe CKOPOCTEN U None AaBneHnn. N3noxeHHbIn noaxon no3sondeT
dopmupoBaTthb y obyyatowmxca 6onee nonHoe n rnybokoe npeacrasneHne o6 nsyyaemblx
rmapoanHamMmMyeckux npoueccax.
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