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TeMbl

[Tponpmxenns B pa3sutuu VP2/3 B 2016 romy

URANS, MHOT00/104HbIE BEIUYUCIIUTEIIBHBIE
texunonoruu u VP2/3 (ckopocth-gasnenue, 2D/3D)

Kitacc 3a1a4 — OTpBIBHBIE TYPOYJICHTHBIC TCUCHUS

Crangaptabie Bepcun MSST n koppekiu
C YYETOM BIIMSIHUSI KPUBU3HBI JIUHUM TOKA

ITogxonsr Pogu-Jlemmumuaepa-licaecsa u CMupHoBa-MeHTepa,
koHcTaHTa M caeBa-XapueHnko-Ycadoa Cc=0.02

TecThl: CpaBHEHUE ITAKETOB

UIIM um.M.B.Kennpima, nexkabps 2016
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[Tporpecc VP2/3 B 2016 romy
 Pazsutue MBT B

HaIIpaBJICHUHU

HNCITIOJIB30BAHUA
KOMITIO3UTHBIX CCTOK

* I myOokas nepepaboTKa

KOMIIJICKCAa

UIIM um.M.B.Kennpima, nexadps 2016
roaa

A3pOoJIMHAMUKA
YTOJIILIEHHBIX TEJ
C BUXPEBBIMU
SYECUKaAMH

(Hucnennoe u pusngeckoe MOACIUPOBAHUE)




e RANS&URANS. I1akeTHbIE TEXHOJIOTHH
B-A%ﬁggﬁgg PACY i (c 1974)

ViIPABTIEHUE Matemartuyeckue momenu. MBT(VP2/3)
@ETE[@—[{[{ENI e gonyuiexus: 1) £ = MR, . 2) noaxop PenHonbaca 2

CBUXPEBBINIV
AYHENK/AVA

B MPUNOXEHUN

K JIETATENIbHbIM ANMAPATAM
VIHTETPAJIbHO/ KOMMOHOBKMN

(YUCTIEHHOE 11 OU3UHECKOE MORENUPOBAHYE) j RNG k—S (1986)
Realizable-k-¢
k-w - MSST
\/2F

HM.A. BENIOB, C.A MCAEB

Lo — 6€e3 yueTa KpnBN3HbI; T ¥
e coYyeTaHne MeToAa NPUCTEHOYHbIX PYHKLWIA U
HU3KopenHonbACcoBbIX Mogenen [no MeHTepy (2003)]
MacwTabbl
cKopoctb U AnuHa d

CKOPOCTb BHELUHEro NoToKa |ANamMeTp LUMNUHApPa, NyHK
WMPUHA TpaHLUeW, KaBepHbl
cpeaHeMaccoBasi CKOpOCTb | ANMHa XOpAbl

[ v ana3o H bl U3MEHEHUS PEXUMHbIX NapaMeTpoB:

MHIOLOHXDL SIHANDLNLINh IS SIHKOLQOIJOHN

MOLEINWPOBAHKWE
TYPEYNEHTHLIX TEHYEHUA

YueGroe nocotne

Cepreit Ucaes
Masen Bapaxos
AnekcaHgp Yca4os

MHoOro6s04HbIe

2 7
BbIYMCAUTESNbHbIE Re 10°+10
2001 TexHosnorum B VP2/3 no Pr 0.7 = 4000
a’;poTepMoaUHaMMuKe
Pa3paboTka, Bepudukaums u npuMmeHeHune MO 0 = 9

aonedL ‘soHedeg ‘asedy

Prr=0.9; Ty=const (373K); Tiet = 293K;
20% M LEMBERT Tu=1.5%
UMV B KCITAbIIIS abpp 2016

Carr-TeTepGypr
2001




CpaBHEHHE MOJICIIEH.
MeToandecKue UCCJICIOBaHMS.

CraHaapTHas HU3KOperHOJIbAcOoBass MSST
aByX THNOOB (1993 n 2003) u MogudpuKauuu
moaenu 2003 roga ¢ nmorpaBKkaMu HA KPUBU3HY
JTUHUM TOKA B paMKax noaxoaoB Poju-
Jlemmuuaepa ¢ kouctanTou Mcaepa-XapueHKo-

Ycauona (Cc=0.02) u CmupHoBa — MeHnTtepa
(SM)

UIIM um.M.B.Kennpima, nexkabps 2016
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k- SST (1993) k- SST (2003)
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Koppeknus SST-moaenu 2003 roga (moaxon

Poz[H-IﬁemuHHepa-I/IcaeBa)

MpAMmas KoppeKunsa TYpbyneHTHON BA3KOCTH
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Kanan B.1.Tepexosa. MmmrocTpariyss MHOTOOJIOYHBIX

BBIYMCIIUTEIIBHBIX TEXHOJOrUM pemeHus RANS
b E

NIIM um.M.B.Kengpima, gexadps 2016
roza

OcecuMMETPUYHBIE
cepuueckas (a) u 10°-
koHn4eckas (D) BcraBku B
MHOTOOJIOYHBIE
CTPYKTYPUPOBAHHBIC CETKU B
y3KOM KaHaJIe ¢ OJUHOYHBIMU
cheprueckoii (C,e),
KoHHYecKoi (d), oBaIbHBEIMHU
(f,g) myakamu pa3anaHON
TOIOJIOTMH U IIUpHHLL C,d,f,g
— BHU/I CO CTOPOHBI HATPETOU
CTCHKH; € — CPSIUHHOE
ceuenue kanana; f — b= 0.731;
g — 0.346.

A=0.13,
Re=10000
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MHoro0/104Hasi ceTka /I y3KOro KaHajla ¢
YAJIMHEHHOH O0BAJIbLHOM JIYHKOH € OAPOOHOM CeTKOH B
00/1aCTH JIYHKH ¥ C BbIIeJIEHHEM KPOMKH (2), y4acTOK
pasmepom 3%2 ¢ ayHkoii (D) um BbIEeseHHas

NPSIMOYTOJIbHUKOM OKPECTHOCTH OBAJIbHOI JIYyHKH (C).
I[lonepeunble cedyeHuss kaHaaa A-B cayxkar pas
onpeeeHUsi THAPABIHYECKUX MOTEPb M0 METOTHKE

Isaev S.A., Kornev N.V., Leontiev
A.l. and Hassel E., Influence of the
, Reynolds number and the spherical
G dimple depth on the turbulent heat

s 7 transfer and hydraulic loss in a
narrow channel, Int. J. Heat Mass
Transfer, 53 (1-3) (2010) 178-197
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Err_U, Errp, ErrT, Errk
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Bepudukanusi: cpaBHEHUE C
skcnepumenToMm B.M. Tepexosa
(HarpeB Ipu =CcOnst rsaTHa
c(hepruueCcKoil TyHKH)

0_24
Ve

020

. MBT, naket VP2/3 n 6a3oBasa mogenb

- NepeHoca caBuUroBbix HanpsikeHun (MSST)
. B Bepcun 2003 roga ¢ BBeAEHUEM

L KOPPEKUMN Ha KPUBU3HY NIMHUIN TOKa B

* paMmKax nogxoga Poau-JlewunHepa-

Ncaesa (RLI)

1,3 — akcnepumMmeHT TepexoBa

2,4 — pacyert

3,4 —rngpasnuyeckmue nortepu
5 — Vlgenb4uk (CcrnpaBoYHMK)
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N 119 g=const Ha
HarpeTou CTEHKE
Y3KOTO
0.8 197
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: 0.0 05 <
1.01 KaHaHa
1 - g=const Tor
2 — T=const ‘
100~ - g=const
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Tabuuna. CpaBHEHHE TEIUIOBBIX U TEIUIOTHUAPABINYECKUX XAPAKTEPUCTUK TPEX
y4aCTKOB Y3KOT0 KaHaja co cpeprudecKoi JIYHKOW MPU TPaHUYHBIX YCIOBUH (=CONSt u
T=const

Tun rpaHuYHBIX Nunlo/Nunpl10 Nunzo/Nunplzo Nun30/Nunp,3o
YCJIOBHMH

g=const 1.098 1.072 1.138 1.085 1.010

(1.083) (1.083)

T=const 1.094 1.071 1.17 1.16 1.064 1.008
(1.08) (1.11)

d' = Tconst. 5= =const




MeToanyeckum pesynsrar

CpaBHeHuMe rpaHuYHbIX ycnoBumn T=const n g=const Ha 3agaye o TennooomeHe
oKoro cchepuyecKkom HernyoboKom JsiyHKN B Y3KOM KaHarne nokasaro, 4To
UHTerparibHble TensoBble U rmapaBrindyeckne xapakTepmMcTUKU KaHarna co
chepuyecKoU JFIYHKOU NMpPaKTUYECKU He 3aBUCAT OT TUNa rpaHUYHbIX YCIIOBUM MO
TennooomMeHy npu TYpOyneHTHOM peXumMme TeYeHuUs.

OpHako nokarnbHble pacnpegeneHnsa pasnuyarlrTca 3HaYMTeNnbLHO B
NMPUKPOMOYHOM 30HE U B LieHTpe NyHKU. MakcumanbHoe oTnuymMe B MakCMMyMax
OTHOCUTENbLHON NIOKanbHOW TeNNooTAAa4Yu cocTaBnsAeT BeNnMUuHy nopsaaka 1.5,
npuyem npu T=const Harpy3ku Ha KPOMOYHYIO 06nacTb 3aMETHO BbiLle, YeM Npu
g=const.

WUIIM um.M.B.Kenapia, gexadbps 2016
roja



a— MSST1993
b—- MSST 2003
c — MSST 2003
RLI correction
d — MSST 2003
SM correction
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1.222
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1.069

1.068

1.064

1.082

Ta6anua. CpaBHéHe fiportio3ds Teff1OBHIX U Tetinortipapiiraeckux
| XapPaKTEPUCTHUK JABYX YYACTKOB Y3KOI'0 KaHaJjIa ¢ OBaJIbHOM JIYHKOU IIUPUHOU
0.383 o paznuyHbIM BepcusaMm SST-Monmenu U Ha pa3HbIX ceTkax (* - ceTka 3

(Nuny/Nung,,)/ | Nun,/Nung, &l (Nun,/Nun,,)/
(Cll gpll) (CZ/ CpIZ)
1.151 1.953 1.150 1.698
(1.108) (1.518) (1.320)
1.152 1.933 1.134 1.705
(1.109) (1.502) (1.325)
1.155 1.949 1.132 1.726
(1.111) (1.515) (1.338)
1.154 1.950 1.127 1.730
(1.112) (1.516) (1.345)
1.129 1.836 1.144 1.605

(1.427) (1.247)

M vyt M- Kennia, nexaper J856)

roaa



1 - MSST 1993

B 2 — MSST 2003
P 3 — MSST 2003 nonpaBka
0.00 : 0.000 PJ-”/I
4 — MSST 2003 nonpaska
Vi 01; CM

Rel,

k.m 104




MeTtoaoundyeckumn pesynesraT

ConocTtaBneHue ctaHgapTHbix Bepcun MSST 1993 n 2003 ¢ moauduumnpoBaHHOU
C y4yeToM KpuBu3Hbl nuHun Toka MSST 2003 B pamkax nogaxoga RLI n CmupHoBa-
MeHTepa (SM) noka3asno 4OBOSIbHO XOPOLUYI ONIN30CTb YNCIIEHHbIX MPOrHO30B
MHTEerpanbHbIX XapaktepucTuk no BceMm Bepcusam MSST. HekoTtopbie otnnyunsa
MSST 2003 HeBenuKu, HO 3aMeTHbl B 0COOEHHOCTHU B 30HaX NMOKamnbHbIX
3KCTPEMYMOB.

OpHako oTMeueHo 3aBbiweHue k u Re v, B aape cnupaneBUaHOro BUXpS, YTo
yKa3biBaeT Ha NPUCYTCTBME NOrpeLHoCcT! B ctaHgapTtHon mogenun MSST 2003
roga npu pacyerte NPOCTPaAHCTBEHHbIX OTPbIBHbIX UHTEHCUBHbLIX TEYEHUHN.

NIIM um.M.B.Kengpima, gexadps 2016
roma



Basmjanus: cpaBHEHHME NPOrHO30B Ha ceTkax B 1.5 (a) u 3

(b) Mok, staeex (Re=10000, Pr=7, L=1.75 )

MU U

375
35
325

275
25
225

1.75
1.4
1.25

075
05
025

Banunanus nakera VP2/3 npu cpaBHEHUH MPOTHO30B KCTPEMAIIBHBIX XapaKTePUCTUK TEUCHUS,

TEIUIO00MEHA U TypPOYJICHTHOCTH JIJIsl Y3KOTO KaHalla ¢ OBaJIbHOM JIyHKOW mupuHou 0.383
Ll v v Lwee Lwe ke 1 ove [T

-0.473 -0.349 0526 -0.847 0.331 0.0412 0.00141 1.083
-0.472 -0.337 0508 -0.818 0.377 0.0405 0.00142 1.085

HIIM nm.M.B.Kenpapima, nexkadps 2016
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PUCTEHOYHbIN Lar —

Cern conepxar 200- Lior coreor b cnege
350 TbIC. aueek 0.025 -0.05

Pasmep b-cetkn — 20-40

I T R upna st A
MHorobsiouHble CETKM C NepPeEKPLITUEM. a — AeKapToBasa ceTka H-Tuna, nokpbiBatowad
pacyeTHyo obnacTtb; b - gononHuTenbHas gekapToBas ceTka H —tuna ans nydwero
paspeLlleHns BUXPEBOM OOPOXKKU; ¢ — umnnHapuydeckas cetka O-tuna, cornacoBaHHasi C
KOHTYPOM MOSTyKpyrosoro unnuHgpa co ckpyrneHnem R=0.002. ®parmeHTbl O- CETOK B
panoHax CKpyrrieHHon nepeaHen (d)  un 3agHen (e, f. g) KPOMOK C pasfnmMyHbIM pagnycom
ckpyrneHus. d,e — R=0.002; f — 0.003; g — 0.005.
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dparMmeHThl
HECTPYKTYPUPOBaHHbIX
CETOK: TMNnoBomn (13
NPOM3BOSIbHbIX
pa3Hopa3MepHbIX
YeTbIPEXYTOSbHbIX
Aa4yeek) MF (a,b) n
KOMMO3UTHOM (13
KBagpaTHbIX N BrIN3KUX
K NPSIMOYrOSibHbIM
slyeeK pasfnyHoro
pasmepa) M1 (c,d,e)
08 rnosyKpyrosoro
npodounsa ¢ OCTPbIMU
KpOMKamu. a,C — OLHO:
N MHOTOAPYCHbIE
KOHLIEHTpUuyeckue
CETKWN BOKPYr KOHTYPa;
b,d — 30HanbHbIE
N3MeribMeHHble CEeTKU
anga nyduwero
paspeLleHns BUXPEBOV
OOPOXKU; e — ceTKa
BONM3N nepeaHen
KPOMKK npodunng.
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BrnnsHne Bbibopa
Bepcun MSST u
Koppekumn MSST
2003 Ha KpuBU3HY
NVHWIA TOKa

Naket VP2/3.

1 - SST-mopenb
2003 ropa;

2- SST-moaenb 1993
roaa;

3 - MSST 2003 roga
C Moaudukaumen no
Poaun-JlewunHepy-
Ncaesy;

4- MSST 2003 roga
C KOppekuneun no
CmMupHoBy-MeHTepy.
5 — aKcn. AaHHble
CnyyaHosckon 3.11.
6 — 9KCNepuMeHT
['yBepHtoka C.B.



e —— e
¥ 2003st 0.459 -0.66
1993st 0.476 -0.833

2003RLI 0.512 -1.040

2003SM 0.494  -0.959
—

CtaHpapTHble SST-moaenen TypbynentHocTn 2003 (a) n 1993(b) roga, a Takke
MOAUPUUMPOBAHHBIE C YHETOM BIMsHHivsA ‘KPUBUSHBI Fintitt TokE Bepcun SST-moaenu 2003 roga B
pamkax nogxonos Poau-NewumHepa-Ncaesa (c,e.f) u CmupHoBa-MeHTepa (d). Maket VP2/3.



0.30 : ' : '
Rx
0.36

0.27 4
0.32 4

[No Maker Cerxa

0.24 4 L 028+

0244 Lo

0214 Z

0.2

0.4

0.4 1

-0.6 4

06 087 %2

0 1 2 ¥
HNHTerpaibHbie XapakTEpUCTUKHU VP2/3 M1 0464  -0756 0457
6 H*k 0.464 -0.786 0.439
OCPEIHEHHOTO OOTEKaHHUS MOJIYKPYTOBOTO L T EE—
AJIWHPA Ha aBTOKOJI€0aTeIbHOM pekuMe, EIIEENTIE M1 0460 0738  0.459
Fluent M1 0.480 -0.818 0.472
pacCUMTaHHBIE 110 CTaHAAPTHON SST- I T T
mozenr 2003 rojia Ha pa3IMYHbIX TTAKETaX Soes M2 T
1IN BB MRS StarCCM+ M3 0.446 -0.690 0.459

N CCTKaAx roaa OpenFOAM Rl 0.486 -0.826 0.455



M HTEeTpanbHBIC XapaKTePUCTUKN OCPETHESHHOTO OOTEKAHMUS
MOYKPYTOBOTO IUJIMHIPA Ha aBTOKOJIEOATEILHOM PEKHME,
paccuuTaHHbIC 110 MoguduIpoBaHHOM SST-Monenu 2003
rofla Ha pa3IMYHBIX IMAaKeTax U CETKaX, a TAk)Ke C IIOMOIIbIO
mopenek (T u {(a Ha nakere SigmaFlow

IMaker IMonpaBka K [ Cerka
SST-monean
2003 roga

VP2/3 RLI 0.514 -0.880 0.467

RLI 0.550 -1.072 0.465
RLI H*k 0.522 -1.032 0.453
RLI H* 0.514 -1.048 0.455

SigmaFlow RLI MF 0.488 -0.886 0.469
RLI M1 0.514 -0.982 0.468

Fluent SM MF 0.514 -0.920 0.472
SM M1 0.516 -0.952 0.457
SM H*k 0.530 -1.048 0.463

CFX SM M2 0.526 -0.995 0.458
Durbin M3 0.528 -1.100 0.457
4x-
- napaMEeTpUUICCKHUC
MOAeIn
SigmaFlow C-a MF 0.526 -1.015 0.452
M1 0.541 -1.092 0.440
i MF 0.541 -0.962 0.413

M1 - 0.522 -0.794 0.393

roaa



BEIBOOBI

1.HabOmronaercsa 3HaUMTEIbHOE KOJIMYECTBEHHOE PA3INUMNE PE3YIbTAaTOB
0 cTaHAapTHOW 1 MoauduimpoBaHHbIX Bepcusx MSST 2003. bosee
BBICOKME 3HAYECHHUS JJOOOBOTO CONIPOTUBICHUS M HU3KUE 3HAUCHHUS
OABEMHOM CHJIBI XapakTepHsbl 111 moaudukamuii MSST 2003.

2.0OcHoBaHHBIE HA MHOTOOJIOYHBIX ¢ HajoxxeHneM ceTkax MCT c
ucronab3oBanreM craggaptHort MSST2003 (kpuBsie 4 Ha Puc.,a,b) xoTs
M TIO3BOJISIIOT ITOJIYYHUTh IBYTOPOBIi Xapakrep 3aBucuMocTu RX(1*),
OJIHAKO KOJIMYE€CTBEHHBIC OTIIMYMS OT JIPYTUX 3aBUCUMOCTEM BEJIMKH.

3.IIporuossr RX(t*),Ry(t*), nomyueHHBIC HA PA3IMYHBIX 110 CTPYKTYpE
KOMIO3HUTHBIX ceTkax M1 m H*k npu ucronap3oBaHny OJIU3KUX 110
IIPUMCHSIEMBIM BEIYUCINUTEIIFHBIM TEXHOIOTHAM mmakeToB VP2/3 u
SigmaFlow mis craggaptaoit MSST2003, oka3sIBaloTCS BeChMa
OJIN3KUMH.



4.Hanbornee BbICOKYIO TOYHOCTb pesyrnbraTtoB no Rx(t*),Ry(t*) nokasanu
pacyeTbl Ha naketax Fluent, Star CCM+, OpenFOAM, BbINOMHEHHbLIE HA
BeCcbMa noapobHbIX ceTkax. bonbLioe pasnuune oT cpeaHnx pacnpeneneHum
Rx(t*) nony4eHo onsa nakera CFX.

5.AHanm3 npueeaeHHbIX B Tabnuue ocpegHeHHbIX no BpemeHn Cx n Cy,
paccynTaHHbIX Ha ocHoBe ctaHaapTHou MSST 2003, nokasbiBa€eT, YTO cpeaHune
BENUYMNHbI HArpy3okK, OLEeHEHHbIE N0 BCEM NaKeTam, OTNNYaKTCS OT OXXUOAEMBbIX
npumepHo Ha 10% no Cx u Ha 25-30% no Cy. IHTepeCHO OTMETUTL, YTO
camMble HM3KKne (no moaynto) nporHo3bl (Cx=0.45;Cy=-0.69) okasanucob
oanHakosbiMu anga VP2/3 (MHorobnoyHas ¢ HanoxeHmem cetka H*) n gnga
StarCCM+ (goBosibHO Mernkasa HeCTpYKTypupoBaHHas ceTka M3). lNakeTsl
Fluent n OpenFOAM npogeMoHCcTpMpoBann Brmnskne nNpPorHo3bl ¢
HanbonbLwmMn (No Moayso) BennymnHamm, a naket CFX npenckasan Hanbonee
Bbicokuun Cx.

6. B Tabnuue noMmMmo pesynsratoB METOANYECKMX PpaCcHETOB N0 PasfnyHbIM
MoandnunpoBaHHbIM Bepcusim MSST ¢ ucnonb3oBaHMEM pa3HOODpPa3sHbIX
CceToK (MHOrobMnMoYHbIX C HAaNOXEeHNEM, KOMMO3UTHbLIX U HECTPYKTYPUPOBAHHbIX)
npeacTaBrieHbl NPOrHo3bl OCPEAHEHHbLIX MO BPEMEHWN a3pOoANHAMUNYECKNX

KO3 (PULIMEHTOB NOMYKPYroBOro LMIMHApa npm ero ooTekaHnn B pexmve
aBTOKonebaHumn, BeIMOSTHEHHbIE MO YETbIpeEXxnapamMeTpruieckum moaensam (t, (a,
NpuYeM NOCneaHsisi onMCbIBagTCcs B AaHHOW paboTe.



6.1. C ynyJlleHnem CETOUYHbIX XapakKTEPUCTUK Ha NpUMepax NPUMEHEHNS
naketoB VP2/3, SigmaFlow, Fluent noBblllaeTca TOYHOCTb YNCINEHHbIX
NPOrHO30B, KOTOpble NpubnmxatoTca K oxnaaemMmoiM BenndnHam Cx=0.52-0.54 n
Cy=-1.04-1.08.

6.2. NHTepeCcHO OTMETUTb BIIN30CTb YNCIIEHHBIX NPOrHO30B, MNOSTYYEHHbIX Ha
pa3HbIX NakeTax rnpu Ucnosib3oBaHMM ogHUX 1 Tex e cetok (VP2/3, SigmaFlow,
Fluent, ceTka MF).

6.3. Ha MHOorobno4yHou ¢ HanoxeHmem cetke H* n nocTpoeHHoOW Ha ee OCHOBE
KOMMO3UTHOM ceTKe H*K nony4deHbl 6nmskue pesynberaTbl C MPUMEHEHNEM
naketa VP2/3. OHM XOpOLLO KOPPENUPYIOT C YNCIIEHHbLIMW NPOrHo3amu no
mogaenu ¢-a.

6.4. Hanbonee 6nmakmne K akcnepuMeHTanbHbIM JaHHBIM HAXOOATCS
yucneHHble peayrneraThl No Cx u Cy, nonyyeHHble ¢ nomMoLbio naketoB CFX,
StarCCM+ Ha NUCKNOYUTENBLHO NOAPOBHBLIX CETKAX.

6.5. PelueHnst AByMmepHOW TECTOBOW 3aa4n aBToKonedaTenbHOro pexmuma
obTekaHMsa NONyKpyrosoro unnuHapa no ¢-f ycrynaroT aHanorM4yHbIM NporHo3am
no ¢-a.



