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KOMII'I'OTEPHE MOJEJIIOBAHHS Y ®I3UIII

YK 532.5 PACS 02.60.Cb, 02.70.-c, 05.10.-a, 05.20.Dd, 47.11.-
A.A. Ocranenko, O.H. bynanuyk, I'.I'. By1anuyk

W CCJIEJOBAHUE BJIMSTHUS IEPEMEHHON CKOPOCTH 3BYKA B
SAYEWKE ITPU MOJIEJIMPOBAHUM TEYEHUS B INIOCKOM KAHAJIE U
OBTEKAHMS KPYTOBOT'O IIWJINHJIPA IIOTOKOM BSI3KOU KUJIKOCTH
P PACYETE METOJOM PEHIETOYHBIX YPABHEHHI BOJBIIMAHA

B oannou pabome ucciedyemcsi memoouxa mooeiuposanusi O8YMepHuIX MedeHull
8A3KOU HCUOKOCIMU MEMOOOM peuemounsix ypasHenuil bonvymana, koeoa ckopocms 368yKa 8
Auelike He A8NIAemcs GUKCUPOBAHHOU BeTUYUHOU, A 3A8UCUN OM PA3MePA AYeUKU PACYemHol
cemKu u wiaza no epemenu. Taxkoil n00xXo0 NO380a5em U30eHCamov HeyCmouuu8oCmu Memood,
VAPABAAMb PA3MEPOM PACYEMHOU CEMKU, Wa2om no epemeru u yuciom Maxa. Hccreoosarul
CnocobObl 3a0aHUs HEKOMOPbIX MUNOE CPAHUYHLIX VCA08UL U NPeOdloNHCeH HOBblll Cnocod
3a0anus  yCio8usi NOCMOAHHO20 OagieHus. Ilokazanvl pe3yrbmamovl mMecmMupo8aHus
aneopumma Ha 3a0a¥ax 0 meyeHuu JHCUOKOCMU 68 NIOCKOM KAHale U 0OMeKaHuu Kpy208020
YUNUHOpA 6 NJIOCKOM KaHale. B pabome makowce npednosicen memoo pacuema uucia
Cmpyxans o1 HeCmMayuoHapHo20 BUXPEBO20 MeUeHUS.

KiroueBble c¢jioBa: METOJl PEUICTOYHBIX ypaBHEHUU bonbllMaHa, CKOpOCTH 3ByKa B
s4eiKe, Bs3Kasl KUAKOCTh, yucio Maxa, BuxpeBas nopoxkka Kapmana, uncno Crpyxans

BBenenne

Meton pemierouHbix ypaBHeHuwil bonpimana (LBM ot anrm Lattice Boltzmann
Method) — xmacc MeromoB BbluMcIUTENbHON ruapoaunHamuku (CFD), ucnomb3yromuit
KUHETUYECKYIO TEOPUIO Ta30B JJIsl MOJIEIUPOBaHUA TUHAMUKU *uakoctu [1]. JlaHHbI MeToq
B OTJIMYME OT KJIACCMUECKHUX TOJX0/I0B, TAKUX KaK, HAIPUMEP, METOJ] KOHCUHBIX JIEMEHTOB
[2], MeTo1 KOHEYHBIX 00BEMOB [3], METO MTUCKPETHBIX Buxpel [4], MeTon aud@y3nOHHBIX
CKOpPOCTEH [5], rTMIApOMHAMUKA CTJIQXKEHHBIX YacTHIL [6], HE NCHOJIB3YyeT ypaBHEHUs Jiliepa
nu HaBpbe — Crokca mnsi MoJAEIMPOBaHUS JMHAMUKH JKUIKOCTH. BMecTo NpUBBIYHBIX
XAPAaKTEPUCTHK ITOTOKA, TAKMX KAaK CKOpPOCTh, IUIOTHOCTh M JAaBieHue, LBM onepupyer
JUCKPETHBIME (PYHKITUSMU PACIpeIeIeHUS IIOTHOCTH YaCTHII.

Meton LBM nosiBuncs B 1990 roay u npooynkaet OypHO pa3BUBATHCs. ITO CBS3aHO C
IIMPOKUM CHEKTPOM €T0 BBIUACIUTENBHBIX BO3MOXKHOCTEN. B HccneqoBaHUAX MOCIEAHUX JIET
METO/I PEIIETOYHBIX ypaBHEHUH boJbIiMaHa MPUMEHSIICS IS MOICIHPOBAHUS MHOTO(A3HBIX
cucteM [7], Temoneperoca [8], MHOTOKOMIOHEHTHBIX T€YEHUH [9], CUCTEM C MOABUKHBIMU
rpanunamu [10], a Takke cucreM co cBoOomHoil moBepxHocThio [11]. Co3manbl Kak
kommepueckue (PowerFLOW, XFlow), Tak m cBoOomHo pacmpoctpansiembie (Palabos)
MaKeThl MPOTpaMM JUIsl pacyeTa 3a1ady BbIYUCIUTEIHHON TUIPOJWHAMUKHN, OCHOBAHHBIE HA
LBM.

[Ipn MonenvpoBaHUM H30TEPMHUUYECKUX OJHOKOMIIOHEHTHBIX TEYEHHl METOJ0M
PEIIETOUHBIX YpaBHEHUH bosbIMaHa MCMONB3YIOT Oe3pa3MepPHYI0 CKOPOCTh 3ByKa B SUEHKe
¢, [m/c][7]. HecmoTpst Ha TO, 9YTO B TEOpUH, B YAaCTHOCTH B pabore [12], ommcana cBs3b

CKOPOCTH 3BYKa C APYTMMH IapaMeTpaMu, B IPAKTUUECKUX pacdyeTax, B YaCTHOCTH B paboTax
[13-26], ckopocTh 3ByKa B siU€KE MPUHUMAIOT (PUKCUPOBAHHOW BEIMYMHON, @ UMECHHO
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1
c =T. Bapuanuu gaHHoro mapamerpa MOTYT OTKPBITH JOIOJIHUTENIbHBIE BO3MOKHOCTH
3

METO/1a, CPEAH KOTOPBIX yIPAaBJIEHNE TOYHOCTHIO U CKOPOCTHIO BBIUMCIIEHUN OJTHOBPEMEHHO C
3a7]aHUEM BSI3KOCTH JKUIKOCTH. OTO TO3BOJIMT M30€XaTh HEYCTOMUMBOCTH peLICHHUS,
BO3HUKAIOIIEH PU BAPHALIUU CKOPOCTHIO MOTOKA JKUIKOCTH.

Llenmbto maHHOM pabOTHI SIBIISIETCS MCCIEI0OBAHUE BIMSHUS CKOPOCTH 3ByKa B SYEHKe HA
QITOPUTM METOJA PELIETOYHBIX YpaBHEHUH bousbliMaHa, MOCTAaHOBKY IPAHUYHBIX YCIOBUH U
pe3ysbTaThl YUCIEHHOTO PELIeHNs] HEKOTOPBIX 33a1ay THAPOIUHAMUKH.

1. Metoa pemeroynbix ypasHeHuii boasumana: D2Q9 BGK mopenn

B pamkax LBM BbruncnuTensHast 001acTh pa3douBaeTcs Ha SYEHKH HEKOTOPOil (hopMBbI
(2D: npsMOYTOJIBHUK, LIECTUYTOJIbHUK; 3D: mapauienenumnen), 4To 3a7aeT Ha Hell pemeTKy
[15]. B siueiikax 3TOM pelIETKH HAXOJATCA MICEBIOYACTHUIIBI, KOTOPBIE OTIPEACIISIOT TUHAMUKY
KUAKOCTH. BO3MOXKHBIE HanpaBieHMs MEpEeMEIEeHUsI MCeBI0YACTHULl ONPEENIAIOTCS TUIIOM
pemietku (puc. 1) Hampumep, D3Q18 — TpexmepHblii Tunm pemerkd ¢ 18 BO3MOKHBIMU
HalpaBJIECHUSAMH IIEPEMELLEHUS T1CEBIOYACTHL.

[IceBnovacTuIlbl OMUCHIBAIOTCS CTAaTUCTUYECKH TOCPEICTBOM JHUCKPETHOM (PyHKUIMU
pacnpeneneHus IoTHOCTH vacTul f, [15]. OTMerum, 4To B pamMKax KUHETHYECKOH TEOpPHU
razoB (DyHKIHUS pachpesieNieHus] TUIOTHOCTU YacTUI[ — IUIOTHOCTh BEPOSTHOCTH HAXOXKICHUS
YaCTHUIIbI OKOJIO TOUKH LIECTUMEPHOTO (pa30BOro MPOCTPaHCTBA (KOOPAMHAT U ckopocTeit) [27].

B pamkax manHOW paboTHl JMHAMHUKY >KHJIKOCTH OyIeM MOJECIUPOBATH JIBYMEPHOU
JNEBATUCKOPOCTHOM MOJIEIBI0 METOJa PEImIeTOYHBIX ypaBHeHmit bombimana (D2Q9) [16].
Ob6nacte pa3oObeM sueiikamu KBaapaTHOM ¢opMbl co crtopoHoil d. Kaxmas suyeiika
pacueTHOil ceTku OyIeT conuepaThb IeBATh 3HAUEHUH (YHKIUHN pacHpeneieHus MIOTHOCTH

Ji» k=0,8, KOTOpBIE COOTBETCTBYIOT IEBATH BO3MOXXHBIM HaIpaBICHUAM IE€pEMELICHUSA

IICCBJOYaCTHII. Ha PUCYHKC 2 MOKa3aHbI BO3MOYKHEIC HaIrpasJICHUA IICPCMCUICHUA YaCTHULL €y .
HaHpaBHeHI/Ie €9 COOTBCTCTBYCT COCTOSIHHIO ITIOKO4.
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D3QIS
Puc. 1. Tuns! penieTox. Puc. 2. Bo3MokHbIe HanIpaBIeHU

nepeMelIeHHs YaCTHIL I JBYMEPHOU
JIeBATHCKOpOCTHOM Moemn D2QQ9.

Kunemarnueckast Bs3kocth B LBM omnpenensiercst mo popmyne [28]:

v=cfAt(r—%) [M*/c] (1)
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. . . d
rac ¢, — CKOPOCTb 3BYKa B AYCHUKC, CBA3aHHAsA C 0azoBoi CKOPOCTBIKO B AYCHUKE C :Z
t

COOTHOIIeHHeM [12]:
1 1 d

CS=$C=$E [M/C] (2)

rae At —mar no BpeMeHu

7 — Oe3pa3mepHblii nmapamerp penakcauuu [16]. Ucexons u3 (1) u ycnoBus v >0,
noJiyuum orpannyeHue: 7 > 0.5. [lockonpky Bapuanuu v MOT'yT IPUBECTH K HEYCTOMUUBOCTH,
TO cnenys padore [16] mpumeM 7 =1, 4T0 0OECIEUUT YCTOUYNBOCTH PELICHHUS.
[Toncrasus (2) B (1), moyunm:

2
v=1czAt(T—l)=ld—(T—l) (3)
3 2" 3 At 2

[Ipu MojenupoBaHUM TEYEHMSI JKUJIKOCTH METOJOM pEIIETOYHBIX YypaBHEHHI
Bonbumana, B wactHocTH B pabotax [13-26], monaratotr ¢ =1, Tak 4TO B COOTBETCTBUU C (2):
d = At. ukcupoBaHHOE 3Ha4eHue ¢ =1, B COOTBETCTBUM C (opMynamu (2, 3) 0OIHO3HAYHO
ONPEACNIUT 1Iar Mo BPEMEHU U pa3Mep pacueTHOl ceTtku [29]. Mbl oTOiieM OT JTaHHOTO
YIOPOIIEHUS, YTO MO3BOJIUT HaM YIIPABJISTh TOUHOCTHIO BBIUMCICHUN (pa3MepamMH pacuyeTHOU
CeTKH) M TPOW3BOAWTH pacueThl d3(dexkTuBHEe (3a MEHbIIEe YHCIO HUTEpAluid, YIPaBIisis
marom 1o BpeMeHH). Takum oOpa3oM, mocie 3aJaHus BSI3KOCTM V U pa3sMepa sueeK
pacueTHOM ceTKU d MO>KHO BBIYMCIIUTS ILIAr 110 BPEMECHU:

1d°( 1
AZ—ET(T—EJ [C] (4)

Cucrema TUCKPETHBIX KHHETHYECKUX YPaBHEHHI, OMUCHIBAIOIIAS TUHAMUKY aHCaMOJIs
TCEeBA0YACTHII, UMeeT BuA [15]:

Si(r+ed.r+br)= £, (r1)+Q, k=08, )
rae (), — onepaTop CTOJIKHOBeHHS [15] (Moaenb UHTerpana CTOJIKHOBEHHS)
r=(x,») — BekTOp KOOp/WHAT,
! — BpeMs,
Janee OyzneM HCIONIB30BaTh MOJENb MHTErpana CTOJNKHOBeHMs B Buiae BGK

(Bhatnagar-Gross-Krook) mpubnuxenust [17], koTtopoe mnpezacraBisieT co0Ooil JIMHEHHYIO
penakcaIio K JIOKaIbHOMY paBHOBecHI0 MakcBeruia B Buje [17]:

A (r,t) -1 (r,t)
(6)
T
B pamkax LBM nns u30TepMUUECKUX T€YEHUH BOCHOJB3YEMCS PA3I0KEHHEM PaBHOBECHOM

0=

GbyHKIIUN pacripenenieHust MakcBeia B psit IO CTENEHsIM BEKTOpa CKOpocTH u B Buae [17]:

i, | (cenu(re)) (cea(re) pu(re)
S (i',l‘)ZWk,D(I”,Z) I+( c? )+5( ct ) 2 (cz) (7)

s N s

rae w, — BECOBBIC KOB(l)(bI/IL[I/IeHTLI; L — INIIOTHOCTD JKUIKOCTH,

U — BEKTOP CKOPOCTH,

4 1 1
Hnst mogenu D2QY BecoBbie kK03(h(DUITMEHTHI UMEIOT BUI: W, = E;Wl—“ = §;w5_8 Y3 [17].

[I70THOCTH o, CKOPOCTH U U JABJICHHE p KUAKOCTU BBIYUCIAIOTCA MO Gpopmynam [17]:
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M=

. 2 e 1 I, : =
p(r,t)z fk("af); M(i‘,t)=p—(;’—t)§cekfk(r,t); p(r,t):c;p(r,t) (8)

[IpeumyiecTBaMu paccMaTpuBaEMOIrO METOAA SABIIAIOTCA:

IIpocroTra B omMcaHuu M NPOTPAMMUPOBAHUU, MOCKOJBKY AJS ONUCAHWS JUHAMUKH
KUAKOCTU HUCIIOJIB3YETCSl CTATUCTUYECKUI MOAXOX W YaCTULBI HAXOAATCA B MOCTYIATENbHOM
JBUKEHHH;

IIpocToTa B ONIMCAaHUU I'PAHUYHBIX YCIOBHM, YTO II03BOJISIET MOAEIUPOBATH CUCTEMBI CO
CIIOHOU T€OMETpUEH;

Bosmoxknocts pacnapamienmuts anroputm Ha CPU u GPU, B wacTHOCTH HCHOJB3YS
texHosoruo CUDA, uTo faet cyiiecTBEeHHbIN IPUPOCT CKOPOCTH BbIUUCICHUM [25].

Henocratkom Meroma LBM sBisieTcs ero ycioBHas yCTOMYMBOCTh. Ha ycToM4MBOCTD
pELLEHNUs BIUSIET:

k=0

¢, — CKOpocThb 3ByKa B sueilke. Kak mokazano B pabote [15], merox ocraercs
o 2
YCTOWYMBBIM TIPH BBITIOJIHEHUU YCIOBUS: C, <«j1—UmaX , tne U, — MakcuMaibHOE

3HA4YE€HUE CKOPOCTU B pacueTHOM obnacTu.

7 — mapamerp penakcanuu. UYtoObl u30eXaTh HEraTHBHOTO BIMSHUS IapaMmeTpa
pellakcaluy Ha pe3ysbTaThl pacyeToB, mHojaratoT z=1[16].

¢ — 0a3zoBasg ckopocTh B sueiike. Kak moka3zano B paborte [31], merom ocraercs
YCTOMUYMBBIM MIPH BBITIOJIHEHUH yCloBUs: M <<1, rae M — uncio Maxa metoga LBM (nanee
mpocTo 4yucyio Maxa), BeraucisieMoe o (hopmyse:

M:&
¢ ©)
[Tockonbky B nmaHHOW pabore c¢#1, TO ciexyeT CIeAuTh 3a TeM, YTOOBI BBINOJHSIOCH
cooTtHomenue: U < c.

max

2. IlocTaHOBKA rPAHUYHBIX YCJIOBHH

KoppekTHass moCTaHOBKA I'PaHUYHBIX YCIOBUM SIBISECTCS HE MEHEE BaXKHOM, 4eM cam
QITOPUTM BBIYMCICHUH. B paMKax MeToa permeToYHbIX ypaBHEHUH bolibIMaHa CyIIeCTBYIOT
pasnuyHbie CrOCOOBI 3amaHusi TpaHW4YHBIX yciaoBud (I'Y), OJHAKO YETKO OMHUCAHHBIX H
YHHUBEPCAIBHBIX JHUPEKTUB HE cyllecTBYyeT. M XoTs, Kak M yTBEp)KJalOT MHOTHE aBTOPBI,
IIOCTAaHOBKA TPAaHUYHBIX YCIOBMM B pamkax LBM He mnpencraBisieT CIIOXKHOCTU BBUAY
paccMaTpuBaeMOro KHHETHUYECKOTo IOJIX0Aa, BbIOOp cmocoba 3amanus ['Y 3aBUCHT OT
pelaeMoil 3a1aum ¥ TpeOyeT HEKOTOPO UHTYULIMU, TOCKOJIbKY MOXET IMPUBECTH K OOJIbIINM
BBIYHMCIUTENBHBIM [IOTPEIIHOCTAM UM HEYCTOMYNBOCTH PEIICHUS.

B pamkax naHHO#i pa®oThl ObUIM UCMONIB30BAHBI TPH THIIA TPAHUYHBIX YCIOBHIA:

VYciioBre HelpoTekaHus. Y cJIOBUE HENPOTEKaHUs OCYILECTBIsIETCA Hanboee MpoCThIM
QITOPUTMOM, TIPH KOTOPOM BCE YaCTHIIBI, 331aBaeMble (DYHKITMEH TUIOTHOCTH PACIIpEeTICHHS,
IIOTIaB Ha FPAHMILY CPe/Ibl, OJTHOCTHIO OT Hee OTPaXKaIOTCsl B 0OpaTHOM HampasieHuu [32].

3amanue notoka Ha Bxoze. Ilpu 3amaHuy MoToOKa >KMIKOCTH Ha BXOJE BBIACISIOT ABa
YPOBHS OIUCAHMS )KUJKOCTH: MAKPOCKOIMUECKUN U MUKPOCKONIMYECKHii. MeToinKa 3a1aHus
JAHHOTO THITA TPAHUYHBIX YCJIOBHUH MOApOoOHO m3nmokeHa B [16, 33]. OnumieM moCTaHOBKY
yCIOBUSl TMOTOKAa Ha BXOJE Ul METOJa C IEPEMEHHOW CKOPOCTBbIO 3ByKa U TI'€OMETPHEH,
NOKa3aHHOW Ha puc. 3.
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Puc. 3. K nocraHOBKE rpaHUYHBIX YCIOBUH.

ChHavana, Ha MaKpPOCKOIIMYECKOM YpPOBHE 3aJalOTCSI KOMIIOHEHTHI CKOPOCTH ux(r,t) 17

u, (7‘,[ ) . ITo u3BECTHBIM 3HAYCHUIM (I)YHKI_[I/II/I pacnpeacicHus, ¢ UCI0JIb30BaHUEM MCTOUKU

M3JI0KEHHOW B paboTe [32], MOXHO BBIYHCIWTH IUIOTHOCTh Ha rpaHurie. C ydeTom
[IEPEMEHHOI CKOPOCTH 3BYKa B SUEHKE IJIOTHOCTh BHIYUCISAETCS 110 PopMyIie:

(ot L+ fi)+2(fi+fi+ 1)
l—lux(;,t) (10)
C

p(_"ot) =

3ateM, Ha MHKPOCKOITMYECKOM YPOBHE DPACCUMTBHIBAIOTCS HEU3BECTHBIE (YHKIUHU
pacripesieNieHus Ha TpaHuIle 1o (Gpopmyram:

0= 6.0+ 0w, (70

- T T e 1 - o

0= [0+ (L0 = L0.0)+— pr0u, ()
C

G0 =004 2 (L0~ £70) - plrt (0

I'pannuHoe ycioBue Ha BbIXoJe. Ha BbIXoJie ®HUIKOCTH M3 JIOMEHA 33JaeTcsl yCIOBUE
IIOCTOSIHHOTO JaBieHus. CyliecTByeT METOJIMKA, aHaJOrMYHas 3aJaHuI0 IIOTOKAa Ha BXOJE,
onucanHas B [16]. OHako, OHa HE IPUMEHUMA K OTMIMCAHHOMY B JJaHHOM paboTe alropuIMy,
BBH/y BBEJICHHBIX U3MeHeHuil. [loaTtoMy OyneM ncnosp3oBath cienyromuii cnoco6. CHavana
3aaiMM  u, KOMIIOHEHTY CKOPOCTM >KHMJKOCTHM Ha TpaHHIEe, pPaBHYIO CKOpPOCTH Ha

IpeAbIAyIeM cloe pacueTHoit cetku u, (N, —1,j)=u (N, -2,j). 3nece N, — KOIHYECTBO

ayeek Baosb ocu x. KomnonenTta ckopoctu U, TPUHUMAETCS PABHOM  HYIIO:

Uy(Nx -1 ]) =0, Bce zeBath 3HAYCHMM (DYHKIMM PACIpPENCICHUS HEPECUMTHIBAIOTCS II0

¢dopmyne (7). Takum oOpa3oMm, Ha MpaBoil TIpaHMIlEe MPOUCXOTUT penakcanus (yHKUHR
pacrpeiesieHusl K JJOKaJIbHOMY PaBHOBECHIO.

3. MoaeaupoBaHHe Te4eHHs B MJIOCKOM KaHaJle

Bce npuBenenHble nanee pacyeTbl ObLIM MPOU3BEAEHBI B OPUTHHAIBHOI Iporpamme,
HanmucaHHOM Ha s3bike CH++ B cpenme pa3pa®OTKH mporpaMmMHOro obecrneueHus Visual
Community 2015 ¢ mpuMeHeHreM TeXHOJIOTHN pactapayuienuBanns OpenMP.

[TpoTecTupyeM NpPUBEICHHBIA AITOPUTM HA OJHOW M3 CaMbIX PACHpPOCTPaHEHHBIX
TECTOBBIX 33J1a4 BBIUMCINUTENLHON THAPOAMHAMUKHI — 3a/1aui O TEUEHUH BSA3KOH KHUJKOCTU B
TUIOCKOM KaHaie. bynem mccienoBath HE TOJNBKO KOPPEKTHOCTH PAacdeTOB, HO W BIMSHHE
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yucaa Maxa Ha TOYHOCTb MOJIYYEHHBIX PE3Y/IbTAaTOB, MOCKOIBbKY CKOPOCTh 3BYKa CBs3aHa C
yucioM Maxa cooTHOmeHusAMH (2, 9).

Pacuetnas oOnacte — mpsAMOyroJbHHK ¢ pazMepamu [x3 (puc. 3). CBepXy U CHHU3Y
3a/laHbl yCJIOBHS HEMPOTEKaHWUs, clieBa 3a7aH MOTOK >KUIKOCTH, CTpaBa — CTOK JKUIKOCTH,
peanu3yemMblii uepe3 ycIoBUE MOCTOSHHOTO JaBicHUs. byneM paccmarpuBaTh CTalioOHapHBIC
JaMUHapHBIE TeueHus ¢ unciamu PeitHonmpaca Re =10,100,200. [ToxydeHHble pe3ynbTaThl, a
MMEHHO MPO(]UIL CKOPOCTH Ha BBIXOJIE, Oy/IeM CPaBHHUBATH C Pe3ylIbTaTaMu, MOJTYYCHHBIMU
MeTonoM KoHeuHbIX anemMeHToB (FEM, ot anri. Finite Element Method) B makere Comsol
Multiphysics.

[Tpu monemmpoBannn Teduenuii B maketre Comsol Multiphysics Oymem mcmosib30BaTh
(bu3uKy TaMUHApHBIX TeueHuit (laminar flow spf), B KOTOpoOH 3a7aiiM Takue ke HadaabHbIe U
IpaHUYHbBIE YCIOBHS, KaK OMUCAHO BhIle. B paznene materials 3apaqum BI3KOCTh JKUIKOCTH,
3HaYCHUE KOTOpPOM OyneM MEHSTh Ui JOCTHXKEHUS HeobOxoaumoro uucina PeiiHonbica.
PacueTHyio CeTKy MOCTPOUM CaMOCTOATEIBHO, BHIOpaB mapametp user-controlled mesh. Ilpn

MOJICIIUPOBAHUH 00OMMH METOaMHU MCIIOJIb30BAIMChH OJMHAKOBBIC PABHOMEPHBIC PACYCTHBIC
cetkn: 150%x450,200x 600,250x 750.

PaccMoTpuM mpoduiii CKOPOCTH Ha BBIXOJIE U3 KaHaja JUlsl yCTAHOBUBILETOCS TEUCHHUS
¢ uncioM PeitHonbaca Re =10, nonydennsie LBM u FEM Ha pa3ubix ceTkax (puc. 4).

U velocity magnitude with [150x450] grid U velocity magnitude with [200x600] grid
1 e T T T T T T ' T T T T T T T 1 T
g FEM FEM FEM

o8 08 4 08

U velocity magnitude with [250x750] grid
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a) 8) 6)
Puc. 4. ITpoduam Momynst ckopocTH, rmosrydeHHbie Metonamu LBM u FEM: (a) — ceTka
150%x450, M=0,017, Re=10, (6) —cetka 200%600, M=0,0125, Re=10; (8) — cetka 250%750,

M=0,01, Re=10.

[lo mnosydyeHHBIM pe3yabTaTaM I[OCTPOUM COOTBETCTBYIOUIUE TpaduKd OTHOCHUTEIHHON

MorpeuHocTu (puc. 5).
Relative error graph ([150x450] grid) Relative error graph ([200x600] grid) . Relative error graph ([250x750] grid)
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Puc. 5. I'padukm oTHOCHTENBHOM norpenrHocTr LBM: (a) — cetka 150%x450, M=0,017,
Re=10; (6) — cetka 200%600, M=0,0125, Re=10; (8) — cerka 250x750, M=0,01, Re=10.
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Kak BugHO U3 puc. 5, TOUHOCTh MOJy4YE€HHbIX MeTOJIoM LBM pe3ynbTaroB 3aBUCUT OT
yrcia Maxa. [Ipu M<0,017 oTHOCUTeIbHAS TOTPEIIHOCTD BhIUKcIIeHHH He mpesbliiaetr 0,6%.
Pucynkn 6 u 7 WUIIOCTPUPYIOT TMOJy4EHHbIE MPO(UIN CKOPOCTH U TpaduKu
OTHOCHUTENILHON TIOTPEIIHOCTH COOTBETCTBEHHO A1 uncia PelfHonbaca Re=100.
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Puc. 6. [Ipo¢uiis moayins ckopocty, nojiydennsle MetrogamMmu LBM u FEM: (a) — ceTka
150%x450, M=0,16, Re=100, (6) — cetka 200600, M=0,1, Re=100; (8) cetka 250%750,

Relative error graph ([150x450] grid)

M=0,1, Re=100.

Relative error graph ([200x600] grid)

Relative error graph ([250x750] grid)
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Puc. 7. I'padukn otHOCcuTENnbHOM norpermnoctn LBM: (a) — cetka 150%450, M=0, 16,
Re=100; (0) — cetxa 200%600, M=0,12, Re=100; (8) — cetka 250x750, M=0,1, Re=100.

Kak moka3aHo Ha puc. 7, OTHOCUTENIbHAs MOTPEUTHOCTh BHIYMCICHUI HE MPEBbIIIACT
0,7% npu M<0,16.
Paccmotpum Tewenue c¢ umciaoMm PeitHonbaca Re=200. IIpodummu cxopoctu
n300pakeHBl Ha PHC. 8, a COOTBETCTBYIOIIME MM TPapHKH OTHOCHUTEIBHON MOTPEHIHOCTH

MOKa3aHbl Ha puc. 9.

1

U velocity magnitude with [150x450]grid

U velocity magnitude with [200x600] grid

FEM
s + BMf|
A e 4
San,

—FEM
\“‘\“‘-«% + LBMf

o)

1

U velocity magnitude with [250x 750]grid

0s

08

07

06

0s

63
02

01

i}

' ';FEMl
L=

L L
ooz 004 00e 008 01 012 014 016

U
)

Puc. 8. ITpodunst moayinst ckopocTy, nonydeHHbie Mmerogamu LBM u FEM: (a) — ceTka
150%450, M=0,32, Re=200; (6) — cetka 200%600, M=0,24, Re=200; (8) cetka 250%750,
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M=0,19, Re=200.
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Relative error graph ([200x600] grid)

Relative error graph ([150x450] grid)
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Puc. 9. I'paduku otHOCHTENBHOM TIorpermHocTH LBM: (a) — cetka 150450, M=0,32,
Re=200; (0) — cetxa 200%600, M=0,24, Re=200; (8) — cetka 250 %750, M=0,19, Re=200.
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Kak MoxHO BuAETh Ha puc. 4-9, npennoXKeHHbIM AJITOPUTM MO3BOJISIET TOJIYYHUTH
pelIeHns ¢ Xopoleil TOYHOCThIO, C OTHOCUTEIBHON MOTPEIIHOCThI0 MeHble 1%, eciaun uncio
Maxa M<0.3. AHaoruuHble BbIBO/IbI ObLIN ceNaHbl B paboTe [29] U COOTBETCTBYIOT TEOPUU
[31], 4T0 rOBOPHUT 00 aZIEKBATHOCTH MPEUIOKEHHOTO AJITOPUTMA.

4. MoneanpoBanue 00TeKAHHSI KPYroBOro HHUJIHHAPA B IJIOCKOM KaHaJIe
[IpoTecTUpyeM alropuT™M Ha MPEAMET KOPPEKTHOCTH MOJECIMPOBAHMS OOTEKaHMs Tela
MOTOKOM BSI3KO# KHAKOCTH. M3MEHHMM MpeabIayIIyIo 3a1ady, 100aBMB B KaHal KPYroBOM
muuaap paguyca R =0.1 (puc. 10).
3 @

: : ~t3
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Puc. 10. K nocranoBke 3aiaun 06 00TekaHNUU IMIMHAPA B TpyOe.

BeimostauM MoienupoBanre 00TEeKaHUS IMIHHIPA KUIAKOCTHI0 METOJIOM PEIICTOYHBIX
ypaBHeHu#l bonbiiMana ¢ uuciamu PeitHonmpaca Re=10,60,100 u cpaBHMM moOJIydeHHBIE
PE3yABTaThl C CYHICCTBYIOIIMMHU TCOPCTUUCCKUMU HCCICIOBAHUAME U PE3yJIbTaTaMH JPYTUX
YHCJICHHBIX AKCIepuMeHTOB. COTJAaCHO HCCIEOBAaHUAM, B YacTHOCTH TPHBEICHHBIX B

pabortax [34, 35], xapakTep TedeHHsS NpPH OOTEKAHWW MHIUHAPA OMPEICIIICTCS YUCIOM
Pelinonpaca (puc. 11), a umeHHo:

IIpu Re <5 TeueHne MONHOCTBIO CHMMETPUYHO;

IIpu 5<Re<40 mozaam mwmHApa 0O0pa3yloTCs JABa CUMMETPUUYHBIX BUXPS 3a CUET
OTPBIBA TOTPAHUYHOTO CJI0sI, 00PA30BAHHOTO HA MEPETHEH MOJOBHHE IIVITHHIPA;

Ipu 40 <Re<10’, B pe3ynpraTe oTpbiBa BUXpE OT IHIMHAPA, 06pa3yeTcs BUXpeBast
noposxka Kapmana. I[Ipuuem ¢ pocrom uncna PeliHosibaca pacTeT U 4acTOTa OTpbIBA BUXPEN;

IIpu 10° <Re <10° wacrora oTpbIBa BUXpeil CTAHOBUTCS TIOCTOSHHON BEIMYHHOIL;

IIpu Re>10’ peryaspHOCTs OTpbIBAa HAPYIIAETCA U TEYEHHE CTAHOBUTCS MOJHOCTHIO
TypOyJIEHTHBIM.
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Re=161 O
Puc. 11. Biusiaue uncna PeitHonbaca Ha XapakTep TeUeHUs npu 00TEeKaHUH KPYrOBOTO
HUATUHAPA.

PucyHok 12 wiiroCTpupyIOT pe3yiabTaThl, HOJYyYEHHbIE METOJIOM PEIIETOYHBIX ypaBHEHUI
BosbumMana ¢ IepeMeHHOW CKOPOCTbIO 3BYKa B sIMCHKE, a MMEHHO [Marpammbl u ., U,

KOMIIOHEHT CKOPOCTM MW MOAYJISI CKOPOCTH u IIpH 00TCKaHNH Kpyroporo mnuJivuHApa B

IIJIOCKOM KaHaJjle JIJAMUHAPHBIM IMOTOKOM ¢ unciamu Pefinonbaca Re =10, 60, 100 .
Re=10 Re=60 Re=100

Puc. 12. OGtexanus uuianHApa JJaMUHApHBIM NTOTOKOM, BblNIoJIHeHHOe LBM nnst
pasHbIx yucen PeliHonbaca: @ — AuarpamMMa 4, KOMIOHEHTBI CKOPOCTH;

0— AuarpamMma I/Iy KOMITOHEHTBI CKOPOCTH; 6 — JJarpaMmma MoayJjist CKOpOCTH.

Kak BuiHO M3 puc. 12, npu 00TekaHUM LMIMHIpPA TEUYEHUSIMU C yuciaMu PeltHosbaca
Re=60,100 3a unmmMHApOM NOSABISAIOTCS 4Yepenyloliuecs BUXpH U oOpasyercss Tak

Ha3bIBacMas BuxpeBas gopoxkka Kapmana. [Ipuuem, oOpa3oBaHue BUXpPEH MPOMCXOAUT MPH
Re>4(0, 4T0 COOTBETCTBYET pe3yJibTaTaM, MOKa3aHHBIM B padoTtax [34, 35].

OI_IGHI/IM AACKBATHOCTb NPCAJIOKCHHOTO MCTOZAA AJIs1 HCCTAIMOHAPHOI'0 BUXPCBOT'O TCUCHMA,
BO3ZHUKAIOIIETO TP OOTEKaHHHM KPYrOBOTO IIMUIMHApPA MOTOKOM BSI3KOW JKUIAKOCTH. Jlis
TeueHuil ¢ Re=60, 100 paccuntaeM yucino CTpyxans U CpaBHUM IOJYYEHHOE 3HAUYEHHUE C
pe3yibTaTaMH, IpeIcKa3aHHbBIMU B padoTe [36].

Kak mokazano B padore [37], uncno CTpyxais MOKHO BBIYUCIUTH IO GopMyIIe:

Sh= O,809?

rae D — nuameTp KpyroBoro MUIMHAPA;
| — TOpU30HTATLHOE PACCTOSTHUE MEXKAY BUXpsMHU (puc. 13).
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Puc. 13. K Beruucnenuto yncna Ctpyxans o BUXpeBoi Aopoxkke Kapmana.

Jnst  BBIYMCIIEHHS TOPU30HTAIBHOIO PACCTOSHUE MEXIY BHUXPSMHM MCIOJIb3yeM
cnenyronuii moaxod. Pa3genum o6macTh 3a IWIHMHAPOM MPSIMOM, MPOXOJISIIEH depe3 HEHTP
00TeKaeMoro Temna TakK, YTOObI YepEeayIONINecs BUXPH OKA3aIMCh MO0 00€ CTOPOHBI OT MPSMON
(puc. 13). Beruncnus cpejiHee 3Ha4€HHE CKOPOCTU <> BJOJIb KaHala B paccMaTpUBaeMOM
001acTH NOJy4uM KpHUBYIO, M300paxeHHYyr0 Ha puc. 13. Ilo n1aHHBIM NOJIy4EHHOW KpUBOIA,
MUKA KOTOPOM COOTBETCTBYIOT IIEHTpaM BHUXPEH, HAWIEM TOPHU30HTAIBHOE PACCTOAHHUE
Mexay BuxpsMu [ m paccuntaem uuciao Crpyxans. CpaBHUM MOJTy4YEHHBIE pe3yibTaThl C
TeopeTu4ecKkUMHU JaHHbIMU. CornacHo pabdote [36], uucino Crpyxans paBHo Sh=0,1371 nipu
Re=60 wn paBHo Sh=0,1671 npu Re=100.

Tabmuna 1
Pesynbrartel pacuera uncna Ctpyxans, noixydeHHsie LBM
¢ pa3HbIMH uncinaMu Maxa M u Re=60
N=300 N=400
M=0,29 M=0,21
Sh B nanHo#l pabote 0,1480 0,1464
OTHOCHUTEIbHASI TOTPEIIHOCTb, Yo 8,0% 6,8%
Tabmuna 2

Pesynbratel pacuera uncna Ctpyxans noiaydeHHsie LBM

¢ pazHbiMH uncinamMu Maxa M u Re=100

N=500 N=700

M=0,34 M=0,21
Sh B nanHoil padote 0,1721 0,1651
OTHOCHTEIIbHAS TOTPEIIHOCTD, Yo 3,0% 1,2%

Takum 00pa3zoM, MOTYICHHBIC PE3yIbTaThl TIOJJHOCTHIO COOTBETCTBYIOT TEOPETHICCKUM
U SKCIEPUMEHTAIbHBIM JaHHBIM. Kak M mpeanonaraioch U3 TEOPETHUECKUX COOOpaKeHUH
[31], pe3ynbTaTOB YMCIEHHBIX HKCIEPHUMEHTOB, U3JI0XKEHHBIX B padore [29] u pe3ynbraTos,
IIOJIy4EHHBIX B MPEIBIIYyIIEM IIyHKTE HACTOSIIEH CTaTbU Ui IOJIYy4eHHsI pe3ylbTaToB C
norpenrHocThio MeHee 10% uncno Maxa moimkHO 6bITE M<0),3.

BoiBoawbl

B mnactosmieit pabore, B pamMKax MeTOJa PEIICTOYHBIX ypaBHeHH# boibiiMana,
HCCTIEIOBAIACh BO3MOXXHOCTh MAHMITYNISILIAM CKOPOCTBIO 3ByKa B sueiike. [lepeMmeHnHoe
3HAQUYE€HHE CKOPOCTU 3ByKa MO3BOJISIET MPU MOJCIMPOBAHUU 3a/1aBaTh BSI3KOCTh CpEIbl U
pa3Mepbl PacueTHON CETKM B OTJIMUME OT KIIACCHMYECKOIO MOAXO0JA, MPU KOTOPOM 3aJaHuE
BSI3KOCTH OJHO3HAYHO OTPEIENIeT pa3Mepbl pacdeTHOW ceTku u HaoOopoT. I[lomoOHBII
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MOJXO0/ MO3BOJISIET U30ekaTh HEYCTOMYMBOCTU METO/IA U YIIPABISITh TOYHOCTHIO U CKOPOCTHIO
BbluMciaeHu. HemocraTkoM mOJOOHOrO mNOIXoJa MOXET ObIThb BBEAECHHE B aJITOPUTM
JIOTIOJTHUTENIBHBIX MTEPEMEHHBIX M MOJU(PHUKAIIS CIIOCOOO0B 3a/1aHUs TPAHUYHBIX YCIOBUH.

[TpemnokeHHBIH anrOpuT™M OBIT MPOTECTUPOBAH Ha 3a/JadaX O TEYEHHH B TUIOCKOM
KaHale U OOTCKaHWM KPYroBOTO IIMUIMHIAPA TOTOKOM BS3KOM JKHAKOCTH C YHCIAMH
Peitnonbaca Re <100. IlpousBectu MoAenupoBaHHE TEUEHUH € OOJBIIUMH YHCIAMU
PeitHonpaca HE ynmanoch M3-3a HEOMPAaBAAHHO OOJBIIOTO BPEMCHH MojenupoBanus. Ha
OCHOBAHHUH IOJYYEHHBIX PE3YIbTATOB MOHO CHEJIaTh BBIBOJI, YTO HCCIEAYEMBIM MOAXO0A
MOJKET OBITh MCIMOJIb30BAH JJISl PEIICHUS 33/1a4 T'MAPOJMHAMUKU MPU MajbIX U YMEPCHHBIX
yrcnax PeliHosbica 1 mosydeHus peeHni ¢ BBICOKOM TOUHOCTHIO (<10%).

Cnenyer OTMETUTb, YTO METOJ PELUETOYHbIX YypaBHEHUM bosblMaHa oOnanaer
OTPOMHBIM TOTEHIMATIOM. B nanpHelIeM IIaHUpPYeTCs MPOU3BECTH MOAUQPHUKAIIIO
ITOPUTMA C 1EJIbI0 TOJYYCHUS YCTOMUMBBIX PEeUICHUH mpH 00sblnX yncnax PeiiHonbaca u
¢ 6oJiee CII0KHOU TEOMETPUCH.
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Summary. A.A. Ostapenko, O.N. Bulanchuck, G.G. Bulanchuck. Investigations of
the speed of sound in a cell variable influence in modeling of the flow in a plane channel
and flow of the circle cylinder stream of viscous liquid calculating by the method of lattice
Boltzmann equations. In this work the technique of modeling of two-dimensional flows of
viscous liquid by method of lattice Boltzmann equations when sound speed in a cell isn't a
fixed value is investigated. Such approach helps to avoid method’s instability and to control
the size of a settlement cell, a step on time and Makh number. Ways of setting of some types
of boundary conditions are investigated and the new way of setting of a condition of constant
pressure is offered. To test proposed algorithm we simulates flow of a viscous liquid in open
channel and fluid flow past a circular cylinder. The numerical solutions of the flow in a
channel were compared with the corresponding results obtained by the finite element method
in the Comsol Multiphysics package. The form of the Karman vortex path after the circular
cylinder is shown and it is discussed the dependence between the flow pattern and Reynolds
number. To analyze the accuracy of unsteady vortex flows we propose to calculate Strukhal's
number in a new way based on the horizontal vortex distance. In the paper there is also
investigated the dependence between the numerical result’s accuracy and local Makh
number. It is shown that results can be obtained with the relative error less than 10% and the
local Makh number should be less than 0.3.

Keywords: the method of lattice Boltzmann equations, sound speed in a cell, local
Makh number, viscous liquid, Karman vortex path, Strukhal's number.
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