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[1naH npoknaaa

1. BeBeageHune
« Konnektus, 3agayn
 BosamoxHoctn naketa EWT-LATU

2. AnddepeHumanbHble Mogenu ang HanpsxxeHnn PenHonbaca (DRSM)
« [lpeunmywectBa nepeqg Moaensimm, OCHoBaHHbIMM Ha runotese byccuHecka
« 3agayn, B KOTOPbIX OXMOAETCHA YTOMHEHME pPEe3yrnbTaToB
» PeanusoBaHHble cTaHAapTHble Mogenu knacca DRSM: Stress-w, SSG/LRR-w
*  OcobeHHOCTM YMCNEeHHOro MeToaa

3. Hactpownka mogenu TypoyneHTHocTn SSG/LRR-w Ha 3agadn NCTe4eHnsa CTpyu
« Kanunbposka koadpunumeHToB
*  Moandukauma ypaBHeEHN ANA XapakTEPHOM YacToTbl TYPOYNeHTHOCTU w
« [lonpaBka Ha 0OCECUMMETPUYHOCTb

4. TeCTOBblE pacCYyeThl
« [1nockasa gossykoBas 3aTonneHHasa CTpys
« Kpyrnasa goossykoBas 3aTonneHHasa cTpy4
« Kpyrnaa ceepxsBykoBasi 3atonneHHas ctpysd NPR=2.8
« Kpyrnas cBepxs3BykoBas 3aTtonneHHas ctpyd NPR=5.0

5. 3aknto4veHue
« [NanbHenwune gencrBus
 BbiBOAbI
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[Tpumepkl 3agad

B3saumogeunctBue OueHKa BNMUSAAHUA NPOTOKA BOKPYr KUNEBOWU AepXXaBKU
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Mach number at the combustor entrance M=2.5
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BoamoxxHocTn naketa EWT-LAT U

Coneep ZEUS
MHOrobro4Hble CTPYKTYPUPOBAHHbLIE CETKM
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q-w Expl!c!t sl PeKOHCTpPYKUMA Ha rpaHun E.B. KaxaH
e Explicit global Kornran
= EXpI?C_it fractional Van Leer | Pacnan paspbisa N.A. KypcakoB
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2. Mogenu TypOyneHTHocTu krnacca DRSM

B yem npenmyiectsa DRSM-mogenen?

ByccuHeckoBbI Mmoaenu

aHarnormg mexagy MosiekynspHou u
TypOyneHTHOM anddysnen

I

TypO. NOTOKM MMMynbca:

u ou. =
0 =2ks, v M M2 i,
3 ou; ou; 3

NCMNOJIb3YKOTCA TMMNOTE3bI O.

* ManocTu macwtaboB TypOYNEHTHOCTH:
Lturb << Lmean

* U30TPOMHOM XapakTepe Typ6. nepeHoca:
v, — cKkansp

* paBHOBECHOM COCTOSAHMM TYpOYNEeHTHOCTH
(6bonbLUMHCTBO Moaenen):

Z-turb << z-mean

Mopenu knacca DRSM

TOYHblE yp-1s Ansa Typ6. NOTOKOB MMMynbCa:

OuUj 0 | = Ui}
at Xk T k
u, +p'(u; jk+ujé}k)/p
p -y o, _ry oU; — ToyHas popmyna
! “ox, | “éx, npoussoacTea ulu’

noTeHunaribHad BO3MOXHOCTb ONMNCaHUA.

* CUITbHON TYpPOYNEHTHOCTH:

I—turb - Lmean
* QaHM30TPOMNHON TYPOYNEHTHOCTH

* HepaBHOBECHOMN TYPOYNEHTHOCTN:
z-turb - 2-mean



2. Mogenu TypOyneHTHocTu krnacca DRSM

3agayun, B KOTOPbIX OXKXNOaEeTCA YTOHHEHNE PE3YIIbTaTOB

MCKpMBﬂeHHb|e 3.00%10°

obracTtu oTpbiBa NOTOKAa
_y NWHUKX TOKa

2.25%10°

PucyHkn 1-3 B34Tbl 13:
1. FR. Menter, A.V. Garbaruk, Y. Egorov. Explicit algebraic Reynolds stress models for anisotropic wall-bounded flows // Proc. EUCASS 2009.

2. D.C. Wilcox. Turbulence modeling for CFD. 3rd ed. La Canada, CA. DCW Industries, 2006.
3. P. Rautaheimo, J. Ojala. Description of the numerical methodology for the ERCOFTAC test case F3 // Memo CFD/TERMO-21-97, 1997.



2. Mogenu TypOyneHTHocTu krnacca DRSM

PeanunsoBaHHble mogenu TypobyneHTHoCTK knacca DRSM (1)
Stress-w [Wilcox, 2006]

opu? 0| —3. ou? k ou’? ( 2 j
+—1| pu'u, — — — =pl P, +I1, —=
o ta [P T [T Pt g
k=(u’2+v’2+w'2)/2 o o[ oo
pu'v —_ "t u'v'
— — —| puvau - — =p\P, +11
£=C ko, C,=009 o | P A G oy 5 } PP, +11,,)
i ou,
P, :_U{U&—J_U'U& oouw ol SUW K oUW
axk axk Py +_— ,OU'W'UK—,U UW_GR R e = (sz+sz)
o ox ] o,
1, =2pS]/p=C,Co(-R, + 2ks) Lot o o ot kavt ) (p . _Z)
i e vt Lol y— =&
—0('( S ) ﬂ(Du IJ) _
ap(;/tw +axi PVWU, — aW—JRpEagW } (P +11 )
- k(S ——d5) (mogenb LRR) L X @ X
oow? 8| —_  ow? K ow? ( 2 )
| pw, - - —p| P, 4TI, -2
8t an p k /,l an R W an p 7z 44
2
_8pa)+i paﬂk—,ua—w—awpk—a—w (C P-C, &)+ 94 max K aa),O
| At ox, o, cox |k o o%, O%,
KoadppuumeHTsl Mmogenu: koadppuument  C,,;  Cy,p, on o0, 04 C a B vy

3HayeHve 052 0.787 0.6 05 0.125 1.8 0.780.20 0.50




2. Mogenu TypOyneHTHocTu krnacca DRSM

PeannsoBaHHble mogenu TypobyneHTHOCTK knacca DRSM (2)
SSG/LRR-w [Cecora et al., 2012]

opu* | o
ot ox

5 ou’? k —— ou’? 2
pu“l, — p —CRP;UkuuaT}=P(PXX+HXX—§8j

opuVv' 0 —_ ou'Vv' k —— ou'V'
L 'Oat +6 puvuk—y?—CRp—uku, p }:p(PXyH'IXy)
k:(u’2+v'2+w’2)/2 %l ‘ ¢ s

¢=C ko, C,=0.09 oPuW 0| o, — &Y e Ky W e i)
8t 5Xk an & aXI
——ou; —— ou )
PJ——uuka——u uka _ _ — —
X X opv? 8| =5 av? ' ( 2 j
- +—| oV — —-Crp—uul — P, +II, —
o 6ka k ,Uaxk Rpgklaxl Pl Py Ty 3
_7 LRR (wall) - - o _
I1, =2p’Si'j l p 8pV'W'+ 0 o ovw c EW ovw' | (P LTI )
SSG (free) o ow | T e TR T [T T

12 7 - 7
apw +i pWIZUk_:uaW _CR/OEUI’(ul’aW :|:p(Pzz+sz_§gj

ot X oX, e X,
. , o,C
Gpa)+i Pl ,u@—a)—C pk ow (C P_C ) a),freepmax ok 60)’0
L at ox | OX, 8xk k C,w OX, OX,
2 Habopa Ko (PULMEHTOB:
Jk 500v | 44C,, gk ok o

F, =th(arg)), arg, =min| max , | ——oiree — = OR 00 41510
. =th(arg;y), arg, = ( ( Gy v | CD,y? CD,, max[z,ocwfree o o .10 j Cc=C,,F+C.(1-F)
obnactb Cui Cu2 Cr c, a C, C* C, C3 C& C, G4

NPUCTEeHHas 0.5556 0.8333 0.0675 0.045 0 18 O O 08 0 0.9710.578
csobogHoTypb. 044 092 022 0.077 2 1.7 09 105 0.8 0.650.625 0.2




2. Mogenu TypOyneHTHocTu krnacca DRSM

OcobeHHOCTUN YNCNEHHOIO MeToaa
npu ncnonb3oBaHuM mogenu knacca DRSM

* PeKoHCTpyKLMA napameTpoB TypGyneHTHOCTH (R;, w) Ha rpaHun — C TeM e NopsSAKOM
annpokcMMaLunn, Kak U OCHOBHbIX NepemMeHHbIX (T, U, vV ,w, p)

 3aga4a o pacnajge Npou3BOSIbHOMO paspbiBa peLlaeTcs B «HEBA3KOW» NOCTaHOBKe,
napameTpbl TYpOYyNeHTHOCTM BepyTcsl CO CTOPOHbI rPaHu, onpeaensieMon NornoXeHnem
KOHTaKTHOro paspbiBa

cy p1 KP (R )y = (Rij)L’ Ugp =0
ij Jprip =
/// BP J (Rij)R’ uKP<O
-
/////// _Jou U 20
<. Wprip =
4. = ¥ @, U <0
>

* Typ6yneHTHb|e NOTOKN MMMNYJIbCa Ha rpaHn onpenenAarnTCA VIHTGpI'IOJ'IFlLI,VIGI?I Haﬂpﬂ)l(eHMﬂ
PenHonbaca na LEHTPOB CMEXHbIX AYeeK

(R (RiR Ha paBHoznepHoﬁ ceTke:
(Ri)side (Ry)sice = 2 [(RiJ)L +(R, )R]




3. Hactpomnka mogenn SSG/LRR-w

HacTtpownka mogenn SSG/LRR-w Ha cTpynHble TeYeHus
1. KannbpoBka KOSCbeI/ILI,I/IeHTOB nepeHoca rno BpemeHHomy CIIOI0 CMeLLeHMs

= T 1F
1 naHHbie DNS ' | 0. 15 < Cx S 0. 40
Fl [Rogers, Moser 1994]
0.5 2KcnepumeHT 11>
—— | [Bell, Mehta 1990]
Uy —= i .
—
— OF 1
---------------- #om e 05
: | —— SSG/LRR-w | i
D 0.5} —— Stress-w -
<—: _uO . 4
- — LRR
I o akcn. n DNS |
-1 f . 1 ‘ 1 —
1. UmeeTca cummeTpusa ] 0 ) 1
OTHOCUTENBHO LieHTpa 1 4 2
I T ' T f T
2. MpoponbHble rpagneHTbI nepekanmbpoBaHHas —
paBHbl HYIO f I mopens SSG/ILRR-w sk

OntumarnbHble Habopbl
KoadhdpnUMeHTOB

3. OXeKunsa oTcyTcTByeT 0.5} akcn. u DNS o .

) | |
0 0.04 0.08 0.12 0.16

- -I1 | (|) £'(0)y 'i — MeToa nepeGopa Ha MHOTOMEPHOW CeTKe



3. Hactpomnka mogenn SSG/LRR-w

HacTtpownka mogenn SSG/LRR-w Ha cTpynHble TeYeHus
2. KannbpoBka koadhdunumeHToB NPON3BOACTBA M AUCCMNaUnmM Mo CoK CMELLEHUS 3a YCTYNOM

LA A O A A B

e

1. HeT HecummeTpun
OTHOCUTENBHO LieHTpa

2. [NpoaosbHble rpagueHThl
He paBHbI HYIO

3. ImeeTcsa axekuma rasa B
TypbyneHTHyto obnacTb

PaccmatpuBanucb 0.44<C_ <052, 0.80<C,,<0.92

Co=080  Cu=086  Cu=0.92
C,n=044 Cr=0.20 Cr = 0.22 —
C,=0.0627 C, = 0.0499
ag=0517  ay=0.995
C,1 = 0.48 — Cr = 0.20 Cr = 0.22
C,=0.0593| C,=0.0445
ag=0.566 | ag=1.158
C.1 = 0.52 — — Cr = 0.20
C,, = 0.0560
ag = 0.623

SKCNepUMeEHTanbHbIE
AaHHbIE:

[Liepmann, Laufer 1947],
[Wygnanski, Fielder 1970],
[Champagne, Pao,
Wygnanski 1976],
[Hussain, Zedan 1978]

{} —— nepekanunobp.

SSG/ILRR-w #
o SKCr. 7

Bce paccMmoTpeHHble Mogenu TypOyneHTHOCTU UCKaXKaloT Npo¢unb CKOPOCTU B Crloe CMeLLeHUs 3a ycTynom!



3. Hactpomnka mogenn SSG/LRR-w

HacTtpownka mogenn SSG/LRR-w Ha cTpynHble TeYeHus

3. YTO4YHEHME npocbmnﬂ CKOPOCTU B CII0€ CMELLEHNS 3a YCTYNOM
> ok Ow OU.

TFT | ' Nmeem: k, @
E | Vnes: "ox, | ox X,
08F | Yvenomte k 16, i cocTtaBnsieMm 6e3pasmepHble cKarnspHble KOMMEKCHI:
. NOBbLICUTb W . 1 ou; ok ok 1 o, ok ow
0.6 & _ “ ke ox, ox x| @' ox, ax Ox;
R | _Lldoodk | _ kool
0.4+ mf? — T “ @t ox, ox ox, " @ O, X OX;
YBenuuntsb K, C. =20
S Te. NOHU3UTL W | NCTOYHUKOBbIN YNeH: ox
0.2F .
| MY — (C N, +C,N,, +C,N, +C N Jo’=-C,N_ o’
J
0_0' > ' _0' 1 n (') ‘ 0'1 =0 B cnom?%wlemeva HeadppeKkTMBEH
1FT T
[lon. NCTOYHMKOBBLIN YneH |, B ypaBHEHUN =
ONA W OOIMKEH yYnUTbIBaTL: 0.8k
* MPOAOIbHYI0 HEOOHOPOAHOCTb '
ou ok Jw
TevyeHnsa (—, —, — BF
(é’x OX OX ) 0 6ﬁ
* 3(pdeKTbI IKEKLUNU
0.4r
ov ou
(—==-7) — 6e3 |MY) |
oy OX 0.2 |(ML65) LMpuHa cnos
: —¢C .
|, DOIMKEH ObITb «HEYETHON PYHKLUMNEN» ! i 8 o sken. | CMeLLeHns He
w (=)= =y, (1) o= ey | | MeHsieTca!

02 01 0 01



3. Hactpomnka mogenn SSG/LRR-w

HacTtpownka mogenn SSG/LRR-w Ha cTpynHble TeYeHus

4. [lanbHenwasa HacTponka rno OCHOBHOMY Y4acTKy MSIOCKOM U KPYrnown CTpym

Nnockas cTpys
MNnockas cTpysa: gopaboTKa AOMN. UCTOYHUKOBOIO YfeHa g1 15

r u fi —0e3 | |
(JET) _ 2 \ )
< ¢ (c Ni +Ci Ny +CotNos +C N oo 0.8l el -
~" H—J - @
OCTaBNsAEM HaCTPOWKY 1 o 3Kcr.

*0 0.6} :
Mo Crok CMELLEHNs |
x> pl ] Kanunbposka: C, =C, =C_, =20 0.4t i
I | 00:530
0.2} ’ -
Kpyrnasa ctpys. BKnroyeHue nonpaBku Ha 0OCECUMMETPUYHOCTb
[Pope 1978]: B kpyrnoun cTpye ecTb AOMNOMHUTESbHbLIA MCTOYHUK AMCCUnaummn K, cCBA3aHHbIN 00 0.1 'n 02 03
c paCTsm(eHmeM BUXPEWN B asmmyTaanOM HanpasneHuu: akcn. AaHHble: [Heskestad 1965],
- = = [Gutmark, Wygnanski 1976],
5,0 &s [ ] D p —&, + C(aX) P y = QiJ'QJ'kSki [Ramaprian, Chandrasekhara 1985]
ot ax k 1) iC,,a)F Kpyrnas ctpys
- - i . 1% T ‘ T ' —
« na SSG/LRR-w «pacnpegenvm» nonpasky Mo AByM K-Tam (aHanorn4Ho [Wilcox 1998)): ¢ B 663 nonpasky |
8,0(0 0] 0.8 C nonpasBkoun -
ot 87[ 1= ?(CMP/ ol =Coo| Tl C k0 )+ : o aKcr.
k 0.6 -
* [Lau et al. 1979]: cnoun cmeLlleHns Kpyrinom n Niockon cTpyn nogobHbl => nonpasky 04} _
HaJo BKMOYaTb 3a NpefenamMn HadanbHOro yyacTtka CTpym
0.2 -
1+C : N/
oy =1+[J—1] <Al Al = mln{ O 5 ,1} *
1+100[7] (N = No) 0 01 n 02 03
Al — nngukaTtop: B cnoe cmewennsa Al=0 3KC. AaHHbIE:
Ha NepexogHOM U OCHOBHOM y4yacTtkax ctpyn Al=1 [Wygnanski, Fiedler 1969],

[Panchapakesan, Lumley 1993],
[Hussein, Capp, George 1994]



3. Hactpomnka mogenn SSG/LRR-w

PeannsoBaHHble mogenu TypbyneHTHOCTK krnacca DRSM (3)
SSG/LRR-w-2 [TpowunH, 2014]

[ oou? 6| —.  ou? Kk —— ou’? ( 2 j
+—| pu’“u, — —-Crp—u Ul — |=p| P +I1, —=
6t an p k H an Rpg k™1 6X, ,0 XX XX 38
opuv' o | —_ ou'Vv' k —— ou'V'
_ 2+ 2| puva, - 4= ——Cop i }=p(ny+ny)
k:(u12+V12+Wr2)/2 ot OX, i OX, & oX,
¢=C ko, C,6=0.09 opuw 0 pu'_W’Uk—,uaUW _CRpkmauw _ (P, +11,)
— _ ot OX OX £ OX,
——0U;  —— 0, L “ !
“ “ PV, 0 oV _ﬂav -C ,o—u'u’aL =p| P, +I1 ——¢
ot ox < Tk, e W
k k {
7 LRR (wall) - - o o
IT; =2p'S; / p OpVW 0| oo VW Ko ovW | (P <1 )
SSG (free) ot ox, _p B
opw? 8| — . ow? K —— oW 2
pat +87 szuk—,u Ox —CR,O;UKU| Ox :|:p(Pzz+sz_§gj
Kk k |
2 ~ C 0.
P00 it -1 p* 02 = p @ e, B -C, ) e el | KOO o) ¢ ooath L L |0k KIol
ot ox, oX, oX, k o OX, X, 0.03 " o, | ox, &x, X, ox,

2 Habopa Ko (PULMEHTOB:

_ Jk 500V ) 40C,, ek 1k o
F, =th(arg;), arg, =min| max , ot _ @ 4010 _ B
, =th(arg;), arg, ( ( Gy yio | CD, v’ CD,, max[Zpr’ﬁeea)an aXk,lo j c=C,,F +C..(1—F)

obnacTb Cui Cu2 Cr Cu aa C,hs C C* C C3 C C, Gy
NPUCTEHHas 0.5556 0.8333 0.0675 0.045 O 0 18 O 0O 08 0 09710578
csobogHoTypb. 0.48 0.86 0.20 0.05930.566 20 1.7 0.9 1.05 0.8 0.65 0.625 0.2




4. TecTOBblE€ pacyeThl

TecToBble pacyeThbl
1. [103BYKOBbI€ 3aTOMSIEHHbIE CTPYM

[locTaHOBKa 3agayu CeTtka BONM3m conna
45
b ///
CTEHKa CO CKOMbXXeHNeM 35 ///
3= ]
msrkoe MY markoe 'Y o llll'.-
' il '====!=
2 =y I B P o
LT T L O s
] I e B s
CTEeHKa CO CKOMbXEHUEM 1.5 EEHRE T —
S Ssttaand inay I R 0IORE Sqn ==c===c=—"
CTeHKa C NpuUnunaHnemM notoka E =————
< //=i 05 E
PEIVARN
o ——
L | L L I L 4 L | l L L | 4 I | | L L I 4 L I | I Il | il L I | L Il | l
- T - - - - = -2 -1 0 1 X 2 3 4 5
NIOCKOCTb (OCb) CUMMETPUN . 60 sueek nonepek Crosi CMeLLeHUs CTPyU
OLOHOPOAHbIN NOTOK + 70 A4eek nonepek NofToBUHbLI CTPYU Ha
M;=0.3, T; =288 K, p = 101325 Na OCHOBHOM Yy4yacTke

- 25-30 A4eek nonepek NorpaHN4YHOro Crnog

- Mnockas cTpy4
. Kpyrraga cTpys (ocecuMmmMmeTpuyHasa noctaHoOBKa)

Rep = 6.7x108



4. TecTOBblE€ pacyeThl

TecT 1A: nnockas 3atonneHHas ctpyst M; = 0.3

moaudmumnpoBaHHaa mogenb SSG/LRR-w-2

100
I u, m/c

80

60

NcxoagHad Mmoaesib

SSG/LRR-w L,/ D=10.2

140

"0 5
OceBoe pacrnpeferneHme ckopocTu Ha
HaydyalibHOM 1 I'IepeXOﬂ,HOM y‘-laCTKaX CprI/I

OKCNEPUMEHTbI.
4<1,,/D<6

aKcnepumeHTarnbHble OaHHbIE:
[Gutmark, Wygnanski 1976]
[Ramaprian, Chandrasekhara 1985]
[Deo, Mi, Nathan 2007, 2008]
[Alnahhal, Panidis 2009]

10 xl D 15
'_m_‘.-__’ T T T T ]
T EBERD ncxogHaa mogens
UJupl oo SSG/LRR-w
0.9
0.8F
0.7r
0.6+ MoandmLnpoBaHHas
| Mofenb 8_
05Lllllllllltlllllllll?$8!j
' 5 10, ,~15 20 25



4. TecTOBblE€ pacyeThl

Tect 1b: kpyrnas 3atonneHHas ctpys M; = 0.3

100
u, Mm/c

L, D=5

MoandmymMpoBaHHas ini
moaenb SSG/LRR-w-2 }

80

60

140

ncxogHad moaerib

0 5

SSG/LRR-w
0 5 ‘x/D 10 15
OceBoe pacnpefeneHne ckopoctu Ha /1 2o0588B®o "\ 1cxomHas Mogens |
HaYyarbHOM M NepexodHoM yyacTkax ctpym U Uof SSG/LRR-w
9KCMEePUMEHTHbI: 0.8 -
4<L,,/1D<6 '
JKCrepuMeHTasbHble JaHHbIE: 0.6 .
[Hussein, Capp, George 1994] i
[Wygnanski, Fiedler 1969] | MoAncMUMpoBaHHas
[Lau, Morris, Fischer 1979] 0.4_— MoZaeslb _’
[Bridges, Wernet 2010] !



4. TecTOBblE€ pacyeThl

TecT 2: cBepx3BykoBas ctpyda NPR=2.8
[3anpsiraes, Kucenes, lNvBoBapos, 'y6aHoB 2014]

* Bo3gyx

« XonoaHasa cTpys

« Kpyrrnoe conno

* Yucno Maxa Ha cpe3e M=1

* Pexum NPR=2.8

» PerynsapHoe oTpaxeHune CKaykoB YNnOTHEHUS

[TocTaHOBKa pacyerTa:
1.4
CTEeHKa CO N
CKOINbXEHUem 112
CTeHKa C NoTOKa
npunnnaHnem 1
NMOTOKa
/ 0.8
_[0.6
0.4
N T — h
HTHOC- . B v i 0.2
OCb CTpyu



4. TecTOBblE€ pacyeThl

Ctpysa NPR=2.8. CxogMMoOCTb Mo CeTKe

1 Ap/p, < 0.3%

4 BNOXEHHbIX pacYEeTHbIX CETKN.
: ===—cc=———_=-_=c——JJ
0.95 —
3 680 a4e
: 0.9 —
a 0.85 — \}
T OoceBoe pacnpegerneHue
14 720 queek i nasneHuna [nto
L CeTKu
0.8 — 3680
Ap./D. < 4% 14720
_ _pt Py 58880
i | 235520
Liaa| 075 , | , | , |
1T T H\ O 4 X/R 8 12

* [TonoxeHne «dbo4Yek» Ha BCcex ceTkax 3a UCKIKYEeHneM camon
rpybon ognHakoBoe

» Ha ceTke 58 880 si4eek cyLiecTBeHHble oTnnums (bonee 1%) ot
camou nogpo6bHON — TONbKO Ha rpaHuLLEe NepBbIX ABYX «B6oveKk»




4. TecTOBblE€ pacyeThl

Ctpya NPR=2.8.

PPy — o
095 — _ UyBCTBUTENBHOCTb PELLEHUN
® O @O cxperiment
00 | — Tu=0% K BXOOQHOMY YPOBHIO TYp6-TK
. Tu=1%
| Tu=2.6%
0.85 — v Tu=4.4% SST.
7 e — Tu76.3%
08 — 3 SST L Tus79% * nepBble 4 «BOYKM» OMNUCHLIBAIOTCH
<

0k g KOPPEKTHO Npy Tu; <= 1%

* MMOHWXEHWE P, B AKCNEPUMEHTE Mpu
X/R > 8 He BoCnpon3BoanTCS

e OLLMOKa B AnNuHe «bouek» 6%
® O Oc:-pecriment
—_—— Tu=0%
—————— Tu=09% .
Tu=2T% SSG/LRR-w:
Tu=4.1% * nepBble 4 «6oYkM» onucbIBaKOTCA

TUj=5.5(yo

=10
Tu=6.8% KOPpEeKTHO npn Tu; <= 1%

* MMOHWXEHWE P, B 3KCNEepUMEHTE Mpu
Xx/R > 8 He BOCNpomn3BoaUTCS

 OLLMOKa B AnuvHe «bo4dek» 5%

® & Ociciment  SG/LRR-w-2:

Tu=0%
Iﬂi?j * nepBble 5 «6o4ek» onucbIBaKOTCS
Tu=4.1% KOPPEKTHO Mpy Tu; <= 1%

Tu=5.5%

* BOCMNPOU3BOAUTCH MOHMXKEHME P, B
aKkcnepumeHTe npu x/R > 8

* OLLMOKa B AnNnHe «boyek» 2-3%




4. TecTOBblE€ pacyeThl

Ctpys NPR=2.8. CpaBHeHM1e nonepeyHbix npodunen gaeneHus Nurto

® @O @cpcriment
- SST

SSG/LRR-omega

SSG/LRR-omega-2
T | T | | | T ] T T ] T T ] — 1 ' 1 ' T T T T
0 04 0.8 1.2 0 04 0.8 1.2 1.6 2 0 0.4 0.8 1.2 1.6 2
y/R y/R y/R




4. TecTOBblE€ pacyeThl

TecT 2. cBepx3BykoBasa cTpysd NPR=5.0
[3anpsiraes, Kucenes, Nnsoeapos, 'ybaHos 2010]

* Bo3gyx

« XonoaHasa cTpys

« Kpyrrnoe conno

* Yucno Maxa Ha cpe3e M=1

* Pexunm NPR=5.0

* HeperynsipHoe oTpaXXeHne cKkadkoB YrnioTHEHUS

3

M
[TocTaHOBKa pacyerTa: 25
CTEeHKa CO
CKOJTbXeHUnem 12
CTeHKa C NoTOKa
npunnnaHnem
NMOTOKa 1.5

0.5

/

OCb CTpyw



4. TecTOBblE€ pacyeThl

PacueTHaa ceTka. Bsanmopgencreume TypbyneHTHOCTM ¢ guckom Maxa

3
none M IM
2.5
+3-:. T « 58 880 a4yeek
_ o * PyyHas
Eessc aganTaums K
SEESERESS— 0COBEHHOCTSIM
RN NRNEnaEY TeyeHus
[T,
Mopenb SST / \ Mogenb SSG/LRR-w
7000
’\/ﬂ 16000
— - 5000

14000

13000

2000

1000
0




4. TecTOBblE€ pacyeThl

OrpaHununTens TypoOyrneHTHON anddoysunm ana mogerneun knacca DRSM

PeweHune 6e3 orpaHnunTens Habntogaemoe noseaeHue k

TYpOYNEeHTHbIX NOTOKOB:

B OKPECTHOCTWM CKa4Ka.

200

10G

M2/c?
00

00

N

| nonoxeHue
| CY

|<7—4

TypbyneHTHbIN ppoHT nepeq CY!

“B3pbIB” TypOyrneHTHOCTU! PelueHue:

orpaHnunTens anddya. notokoB napametpos T-T1 [Wilcox 2006]:

ot ox.| cﬂ o,

8,0(0+ 0 { ~C, ok 8(0}_

/ I,/
aPUin+ 0 { C ouy ul'auu }_

ot ox. |

N

= max(a), C,../2S. S, )c,im =29

-l

PelueHne c orpaHnyntenem
TYPOYIIEHTHbBIX NOTOKOB:

® Ka4eCTBEHHO

npaBunbHas
TypOynusauus
BHYTPEHHEro Crod
CMeLLeHuns

® CETOYHO-
He3aBucumoe
ycuneHue k Ha
CKayke YrnyioTHEHUS



4. TecTOBblE€ pacyeThl

1 S
P/Po _

0.8 —

0.6 —

04 —

SST

. -'l-'-
.

SSG/LRR-w

x/R

12

16

x/R

16

x/R

12

16

® O @Oc-xciment

Tu=0%
Tu=1%
Tu=2.6%
Tu=4.3%
Tu=6.2%
Tu=7.9%

® O @ cxperiment
—_— Tu=0%
Tu=0.9%

Tu=2.8%

Tu=4.6%

]

Tu=6.3%

J

® O @ cxcriment
—_— Tu=0%
Tu=0.9%

Tu=2.8%

Tu=4.6%

Tu=6.2%

J

Ctpyst NPR=5.0.
UyBCTBUTENLHOCTb PELLUEHUN K
BXOLHOMY YPOBHIO TypO-TH

SST:

* KOPPEKTHAs CKOPOCTb
BOCCTAHOBIMEHUNSA OaBNeHnsa Ha OCu
He OOCTUraeTcsa gaxke npwu Tuj ~ 8%

SSG/LRR-w:

e aBfIEHMNE Ha OCU
BOCCTaHaBNMBAETCH NOYTU A0
9KCnepuUMeHTaribHOro YpoBHS Npu
Tu; > 2.8%

SSG/LRR-w-2:

* JlaBlfieHMEe Ha ocU
BOCCTaHaBNMUBAaETCH NOYTU OO
3KCnepuMeHTaribHOro ypoBHS npu
Tu; ~ 2.8% 1 4yBCTBUTENBHO K
AanbHeunwemy noBbileHnto Tu;



4. TecTOBblE€ pacyeThl

Ctpysa NPR=5.0. CpaBHeHMe nonepeyHbIx npodunen aaeneHus Nurto

® O O :-xcriment

—— SST
SSG/LRR-omega
SSG/LRR-omega-2

I L L
0 04 0.8 1.2
y/R

PPy

PPy

0.6 —

04 —

0.2 —

04 0.8
y/R

1.2 1.6



5. 3akno4yeHune

[lanbHenwmne o0encTBus

1. TectmpoBaHue mogenen knacca DRSM B 3agadax, npudnmxeHHbIX
K NPaKTU4YECKNM.

2. HakonneHne gaHHbIX 0 paboTe pasnnyHbIX MoAeNnen u nx
AanbHeunwasa HacTponKka noa OTAENbHbIE Kracchl 3agad.

3. OnTnmmnaaumns anropuTMoB, peanusyrLmx mogenm knacca DRSM.



5. 3aknwyeHune

BbiBOAObI

1. Mogenu TypbyneHTHOCTU Knacca DRSM MoryT ObITb BKIMOYEHDI B
CYLLIeCTBYOLLNE KOHEYHO-O0ObEMHbIE CXEMbI A5 PELUEeHNS CUCTEMBI
ypaBHeHnn PenHonbaca 6e3 CyuwecTBeHHbIX 3aTpyaHEHNN.

2. CtaHpapTHaga gnddepeHumansbHasa Mmogenb Ans HanpsXXeHum
PenHonbgca SSG/LRR-w no3sonseT nonyy4ntb Ka4eCTBeHHO
npaBuUNbHOE ONMcaHue OCPENHEHHOIO TEYEHNS B PACCMOTPEHHbIX
CTpysx. B cBepx3BYyKOBOW CTPYye C HeEPErynaApHbLIM OTPaKeHNEM
CKa4yKoOB YMNJIOTHEHUA YTOYHEHO OnucaHne TevyeHuns 3a auckom Maxa
No CpaBHEHWUIO C MOAENbIO TypbyneHTHoCTU SST.

3. Ha npumepe mooenn SSG/LRR-w-2 noka3aHo, 4TO Modenun Knacca
DRSM obnagatoT noTeHumanom ans AOCTUXKEHNA KONMMYeCcTBeHHOro
cornacoBaHusa ¢ akcnepmMeHTanbHbIMU OaHHbIMKW B ONUCcaHUN
CBEPX3BYKOBbIX CTPYW.



J[lononHUTEeNbHbLIN cnana

Pac4yeTtbl no mogenam (g—w) n SST

mMoaens (g—w)

T +
+++ L S g

++++++\
9KCMNEPUMEHT

1 2 3 x/D

Moaenb SST

PP




J[lononHUTEeNbHbLIN cnana

u12_|_vr2_|_W12
[loBegeHue k= ; B pacyeTax

. (c%—w): nepenpon3BoaCcTBO
TYPOYNeHTHOCTK 3a auckom Maxa

« SST. 3amegneHHoe passuTme
TypOyneHTHOCTM 3a anckom Maxa

1000



J[lononHUTEeNbHbLIN cnana

[Tpon3BoacTBo k B OyccMHECKOBbLIX MOoaensx

OpK
ot

o 2| (s ) 2 (B
J

Pr ) X,

opw O 0w 0
P24 {Pwuj_(ﬂ a j }=,O PR (C P— Ca)Zg)
j

ot  OX.

Pr” axj

P=—>R,

I, ]

ou _ . -
8_)(7 dopmyna byccuHecka: F\’ij = % k5ij — Vi [2;:' + (ZL)J(J —%diVV@j)

J j i

2
du 1 du
CymmapHoe npon3BoacTBO K Ha NpsiMOM CKaydke YrnioTHEHUS: P= R V| —

CymMmmapHoe npon3BoaCcTBO B pacyeTe: Pz —

“ax 3 ' dx

2
1 AU. C
- == L h~ =
32( h—j ()

* Npon3BoacCTBO K Ha cka4yke 3aBUCUT OT Llara CeTKn

* Nepenpon3BoAcTBO K Ha MerKMx ceTkax

dopmyna byccnHecka HenpMMeHMMa Ha ckadkax!



J[lononHUTEeNbHbLIN cnana

Moaundukauuna nponssoacTtea k B mogenun SST

P =min(P,10¢) P:-ZRU%
N 8xj

B obnacTsx 6onblumnx rpagueHTos ckopoctn P >> ¢

1
CyMMapHOe Npou3BOACTBO Ha MPSIMOM CKauke ynnoTHerus P, == 2108 -h ~ C<h>

B pacyeTe: Tk

NPy N3MensYeHnn ceTkn NpomsBoacTBo k ctpemuTcs k 0

[ns KoppekTHoro onncaHnsa nponssoacTtea k B obnacrtax
HepaBHOBECHOW TYpOYyneHTHOCTN TpebyeTcs:
Ou.

* TOMHas dopmyna ansd nponsBoacTea k
1

* OTKa3 OT anrebpanyeckon CBs3n Mexay Rij " Fo
X .

i ,

OndpdepeHunansHble mogenu ans HanpsbkeHn PenHonbaca (DRSM)




J[lononHUTEeNbHbLIN cnana

Mopaenb TypOyneHTHOCTU Knacca DRSM
Stress-w (D. C. Wilcox, 2006)

opR;, o | . \OR; 2 .
CRE RuU —(u+oc u)l—>|=p-| P.+I1. —= B kad.
81: an _/0 Ij 'k (,Ll :ut)axk ) /0 ( 1j 1j Bﬁ uj
opw 0O I O | 0, u ok ow
= — | pau, —(u+ou, )— |=p-—-(aP - ko )+ o, =

o tax | P (1 oztt)ﬁxk_ p-laP = o)+ oy 4 o, o

ou j aui * TO4HblE popMyrnbl Ans NPpoM3BOACTBa R 1 K
Pij = =Ry 57 - Rjk 87 * R; OCTalOTCA KOHEYHbIMI Ha CKauKe
k Kk

CymmapHoe npomnsBoacTBo K Ha NpsAMOM cKayke B pacyeTe:

P :_Z R %'hi - <RXX>AU

cells

OHO KOHEYHO N He 3aBUCUT OT Lara ceTku!




J[lononHUTEeNbHbLIN cnana

PeannsoBaHHble mogenu TypobyneHTHoCTK knacca DRSM (1)

SST — mogernb, ocHOoBaHHas Ha rmnoTtese byccnHecka

2 OONONMHUTENbHbIX YPaBHEHUA.

9pK +i{pkgk —(u+i]§—k} = min(P,10&)—¢, P =—Tg%, &= pkao

ot OX, o, ) OX, j
opw O _ U, | Ow 72 5 1 ok dw
—+—| pal, —| u+—=+|— |=*=P-pPpo"+(1-F)2pc,,—————
po axip ’ [ﬂ wjﬁxk} ’ Bpo”+(1-F)2p 2 1 2%, %,
2 Habopa KoadhDULIMEHTOB:
: Jk  500v ) 4pc k
obnactb y B g o¢ Oy F, = th(arg;), arglzmln[maxiﬂ*wy, Vo 'C/[)) w;z
ke
NPUCTEHHas 0.5532 0.0/75 0.09 20 20
ceoboaHoTyp6. 0.4403 0.0828 0.09 1.0 1.168 CDkw:max[zp%zisx_ka_‘”,loloj
@ OXy O,
C= Cwall I:1 + Cfree (1_ Fl)
BblpaXXeHnqa an4d Typ6yﬂeHTHb|X MOTOKOB NMIMYyIibCa.
2 ou, ou; 2 .=
uu’ == ok — pt| —-+—L—-=diw o,
pl ] 3pk 1j :ut[auj aui 3 IJJ
L =p 3k , a,=0.3], F2=th(arg§), arg, = max| 2 \/E ,5020V
max(aia), J25s FZ) pay Yo

W. Vieser, T. Esch, F. Menter. Heat transfer predictions using advanced two-equation turbulence models // CFX Technical
Memorandum CFX-VAL10/0602, 2002



J[lononHnTEeNbHLIN cna

no

TecT 4: cTpy4, uctekaroLaa n3 AByXKOHTYPHOro conna

BTeKaHue; 3agaHbl Py, Ty u
napamMeTpbl TypOyneHTHOCTH

—

Bo3ayx
XonoaHble CTpym

OcecnmmeTpuyYHOE CONNMO, OTHOLUEHUE
paanycoB KOHTypoB 2.16

Yucno Maxa Ha cpe3se: 1 (BHeL.), 0.8 (BHYT.)
Pexxum NPR: 2.25 (BHeww.), 1.72 (BHYT.)
PerynspHoe oTpaxxeHne CKa4ykoB YyNsIOTHEHUS
BxogHow ypoBeHb TypOyneHTHocTH Tu < 1%

N



J[lononHUTEeNbHbLIN cnana

CxogmMMoCTb NO ceTke

3 BMOXEHHbIX PacYeTHbIX CETKMU:
PacnpeneneHune ctaTt. JaBneHus no

BHELLUHEN NOBEPXHOCTU o0bevankm
nepBoro KOHTypa (mogenb SST):

4
L 1 o o o oo o o i i

fEcacE e 37 696 a4yeek

11

0.56 —
P/Py ‘
S 052 — Ap/p, < 1.5%
150 784 auenkn -
0.48 —
0.44 —
603 136 ayeek i
0.4 —
’ CeTKMU
0.36 — — 37696
150784
] 603136
R L L L
1 0.8 0.6 XLy 0.4 02 0

» OTnnums mexay rpybon n noapobHon
ceTkamu B npegenax 1.5%

» OTnnuma mexay cpeaHen n nogpobHom
ceTkamu B npegenax 0.5%




J[lononHUTEeNbHbLIN cnana

CpaBHEHME OCEBbIX pacnpeneneHnn n nonepeyHsix npogunemn
nasneHus MNuto

~] ceYvyeHue ~1 ce4veHue
Pl | x/R, = 0.1 P/Po 1 /IR, = 3
0.8 —
0.6 —
04 T | T | I | 04 T | | I I |
0 0.4 y/R, 0.8 1.2 0 0.4 y/R, 0.8 1.2
' ceueHue
PPy X/R2 =6 p/p, ] OCEBOE pacnpeaerneHne asneHns [MuTo
0.8 — 0.7 —
0.6 — 0.6 — ssT
SSG/LRR-omega
7 7 SSG/LRR-omega-2
0.4 . I I | i 0.5 T | | | | | I | l |
0 0.4 YR, 08 1.2 0 4 8 XR, 12 16 20



