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CopepxxaHue

» Komnnekc nporpamm SINF

- OOwas xapakrepucTmka
- OcHOBHbIE MOAENN N anropUTMb
- [Npumepbl pacyeTos

» MNocnegHue poctuxeHus (2014-2015r)

- 3D pac4eTbl HeCTaUNOHAPHbIX TEYEHUIN CO CBODOAHOM
nosepxHocTbto (Metoa VOF)

- arfiomepaumoHHbIN MHOMOCETOYHbIM MeToA, ANS
pelleHns ypasHeHus lyaccoHa

- MOAennpoBaHMeE CONPSKEHHOIo TEMNSO- U
mMacconepeHoca (3D pacuyeT TennoBbiX TPyO)
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KoMmnnekc nporpamm SINF

(Supersonic to INcompressible Flows)
pa3pabamsieaemcsi ¢ 1992 a.

Llenu u 3ada4yu

« OCBOEHME COBPEMEHHBIX U pa3paboTka HOBbIX METOAOB U TEXHOSOMN
BblYNCNUTENBbHOW M’MAPOANHAMUKN

* [NpoBegeHne pyHOameHTanbHbIX UCCregoBaHUm
* PelwleHne 3agay npoMbILLNIEHHON rMaporasoanHaMmmnKkm n TennoobmeHa

Pa3pabomyuku

« CTyOeHTbl, acnupaHTbl U COTPYOHUKN Kadpenpbl ruapoasapogmHamMmnKu
Crerty (~15 yenosek)

Pe3ynbmamebi

» 10 kaHangatckux n bonee 20-Tn MarncTepPCKNX auccepraumnm
* 'paHTbl POOU (12), nogaep’kkm Hay4YHbIX LLKOJST, 3apybexHble (3)
» KoHTpakTbl ¢ poccnnckumm (>30) n 3apybexHsimu (>10) npeanpuatmamm
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ba3oBbin Kog komMmnnekca SINF

J10- U CBEPX3BYKOBBIE TEUCHUS T'a3a U HEC)KUMAEMOM KHUJKOCTU
CTallMOHAPHBIC U HECTAIIMOHAPHBIC IOTOKU

a0COJIIOTHAs 1 BPAIlAONIAsCs CUCTEMbI OTCUETA

CKOJIB3SIIIUE CETKH; B3aUMOJICHCTBHUE CTAaTOP-POTOP
nedopMupyemMbie CETKH; OMIIUUA a3pOYyNPYyroCTH

CONPSIYKEHHBIN TEIJI000MeEH (0e3 paaualiim)

3((HEKTHI IJIaBy4YECTH

KOHBEKTUBHO-IH(PHY3MOHHBIN ITEPEHOC TPUMECH

coBpeMeHHbIe Mojienu TypOymenTHocTH RANS (k, v-SA, K-¢, k-,
MSST, v4f, y-Re,); onmun RANS/LES (DES)

~

("
-
C
.

OJI0YHO-CTPYKTYPHUPOBAHHBIE CETKH; OIIINHA CTHIKOBKH OJIOKOB
MeToa KoHeuHoro oonema (cell-centered);

IPOTUBONOTOYHBIE cXeMbl 2™ nopsaka; HCUSP nisa cBepx3Byka
HEesBHAs cxeMa 2™ mopsiKa 1o BpEMEHH

CJIAY: AFM, ADDI, CG

napautensHbie Berauciierns (Domain Decomposition; MPI)
Fortran-90 (77); Windows/Linux

/
~

/

Komnnekc npoepamm SINF - 2015 3aduues [.K.

4/27



Komnnekc nporpamm SINF: KOMMOHEHTDI

Br10YHO-CmMpYyKMypuUpo8aHHbIE CeMmKU

Basosbin pacyeTHbIN kKo SINF (3D HaBbe-CToKC, ras/xuagkoctb; 1992-2010)
NHTepakTmBHLIN 2D reHepatop ceTok + 3D ytunutel (1993-1998)
Busyanusatop FLAG (Flow Analysis Graphics; 1993-1997)
CneuunanmsnpoBaHHble Koabl/BEPCUMN:

- TedyeHuna c gucnepcHolMn Yactuuamu (Jlarpanx-Ounep; 1996-1997)

- MI'] TeueHuns (1998-1999)

- NHTerpupoBaHHbIN y4ebHbIn nakeT FLOS (Flow Studio; 2000-2003)

- MC-TK (MHOrokoMnNoHeHTHasi NaporasoBas CMeCb, paBHOBECHAs
oObeMHas n nneHo4vyHas KoHgeHcauus, ...; ana Clr16 A3rl1, 2009-2012)

HecmpykmypupoeaHHbIe (ronuadparibHble) cemku

» basoBbin kog SINF/Flag-S (2005-H.B.)
« CneuyunannampoBaHHbI€ KOAbl:
- Flag-FS (Te4eHnuna co csoboaHom nosepxHocTbio; 2009-2013)
- TEMBP (kngkne metannol; ana 'K Pocatom, 2012-2013)
- CKAT® (conpshkeHHbI TennomMmacconepeHoc ...; Pockocmoc, 2014-2015)
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HeKkoTopblie npumMepsbl
ncnonb3oBaHus lNK SINF



X0r100Hast y4
cmeHkKa

—

T~

' mensiou3orn.

CMeHKU

copAaYan
CMeHKa

Pr=7

Ra = 5x108; 5x10°

Mone TemnepaTypbl

Komnnekc npoepamm SINF - 2015

TypOyneHTHass KOHBEKUMSA BOAbI B
nogorpeBaeMon CHU3y NofocTu

3auues [.K.

Uncna Hyccenbra

B CpaBHEHUU C SKCNMEPNMEHTAMMN

IIII T T lllllll T T T T7TTrTT
NU X - HacTosAwwme pacyeTsl (Boaa)

100 |

10k

@ - HacToslMe pacyeTbl (PTyTh|
- aken. [Cioni, 97]

-+ - 9Ken. [Xin,97]
------ - aken. [Glazier, 99

N
.o
Ra
1 lll 1 lll 1.1 1.1
1E+8 1E+9 1E+10
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TypOyneHTHas KOHBeKUMA pacnnaBa
KpeMHUA B Turne metoana pacnnas
Yoxpanbckoro Kpemius

meepobie
371eMeHMbI

spauwarowutcs

rnodsec
pacmyujutii oMok '
Kpucmarnsn ’
Ds=10,8cm apeoka
pacnnas
KpeMHUsi

Hazpesamerib
T’ [K] I

2000 i R

1500

1000

500 epauwarowuticsi
mueerb [lone memnepamypsl 8 pacriase
D. =356 cm pamyp P
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T gewm

Bbixon

Tenno-
Bblaensowmne
/ neHansbl

Ctpym
oxnaxgatoLero
BO3ayxa

PacnpegeneHue TennoBoro \
NMoTOKa No BbiCOTE

CmellaHHas KOHBEKLMA B KaMepe
CYyXOro XxpaHeHust oTpaboTaHHOro
apnepHoro tonnuBa (RANS pacuer)

sl / \
\ . JInHnKM TOoKa, OKpaLleHHbIEe Mo
% NE 3Ha4YeHndaM TemMmnepatypbl CeTtka 3x10°
S oz s« s s 1 sZ, m /I
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Conceptual Design of a Large
Steam Turbine Control Valve (CV)
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CV Seat and Disk
Redesign

CFI{E)-based / \

Streamline Patterns within the
Original Valve

Original
redesign design
I
Ap’Ipo, %
Section of flow path SN
CFD, SPSPU Exp.
Upstream of the strainer 0.54 0.54
Downstream of the strainer 0.81 0.79
Inlet to the CV chest 1.61 1.84
4.5 m downstream of the CV 2.88

Redesigned Seat and Disk




CFD-analysis of 3D flow and
pressure losses in a gas-
turbine-unit air-heater

= S5
= TN

pae A AR R

Eal A A A A L

Computational mesh
(300,000 cells)

T T S S R Y 2 4 1

SINF code computations, July 2002
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Euler equation solution for transonic flow around the
NACA-0012 airfoil at M_=0.8 and a=1.25°

AM = 0.05

15‘.;'
.
[
v ' :“b
R
| | X 42x161

SINF computations,| |

08---§ + 84321 HCUSPscheme |7
[ —&— 168x641
- 00 Iole | I0!4I | Iof6l | Ioflel/(fl.o
Data source O-type grid CL Co
SINF code 42x161 0.3717 0.02716
Same 84x321 0.3577 0.02286
Same 164x641 0.3569 0.02224
Swanson, Radespiel and Turkel,
AIAA-Pap. No 97-1945, 1997 128x768 0.3582 0.02278
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Numerical simulation of transonic turbine cascade flow

(H-CUSP 2nd-order scheme; Spalart-Allmaras turbulence model; Re=109)

15

AV

LA L/

) / = ) /

=

0.0 05 X/C 10

Pressure distribution over
the blade (isentropic M)

H-O-H grid of
11,000 cells

Mach number

H @ n
0 0.5

1 1.5
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BuxpeBble CTPYKTYpPbIl 1 TENSIOOOMEH B TYPOMHHBLIX pelueTKax

PeweTtka NASA GRC PeweTtka Langston

I'Ipe,u,eanble JINHAN TOKa

2
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1 E
\
08k
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PocT notepb BOoonb
MEXIONaToOYHOro KaHana

Q= _%ui,’juﬂi =i["9"2 _"8"2) >0
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| @ Experiment 1
03k ¢ FLUENT,SA o
CeueHune B obnactn dopMmmnpoBaHmns A SINF, SA ° Q
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0.1F 23 [ P =
! I a8 2. npocunbHble |
e norepu
0.0 1 l 1 l 1 l 1 l 1
04 00 04 08 12 16
X
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TeyeHue, HAYLUNPYEMOE KONedbaHUAMM
yNpyron nnacTuHbl Nbe30BEHTUNATOpPA
(nedopMupyemblie ceTkn + asapoynpyrocTsb)

M z(x,1) * —

FV-ALE formulation
(Arbitrary Lagrangian-Eulerian)

PacueTt oBmxeHus (geopmaunm) nnacTuHbI

Mz + Kz = q(x, 1)

Kz A 2:_4
pw

M . K ol?
:E, K Re:

M” = ,
Mao?L* v

Komnnekc npoepamm SINF - 2015 3atiues [.K.

(41 o fids = 0 A
= J,pd0+ [p(V-V,)-idS =
2 [ovde2+ [pu((v-,) RS [ (c-1 + pi)as
\dtQ S s V.
Re = 2105 M’ =10

K* = 0.0809 (15t mode)
b=0.25L; Z,,~0.1L




TeyeHune, UHAYUMpPYEMOE KonebaHnsimu
yNpyron nNnacTuHbl Nbe30BEeHTUNATOpa

Axial velocity

Domain: 3x3x4 L
Grid: 1.5mlIn. cells

“‘a‘&w\\x‘\‘\\\\\\\“‘\\\\

NN \\ \\
X \\\\x\\\\\\\\\\\\\\\\\\\\\\\\ \\\\ \\

\\\\§

NN
SR \\\ \\\\\\\\\\\\
i MR NN
//,,,,,,,;/,;/;;;;mm.meet&\\\*\\\\\\\\\\\\\ .
il “\\%&\\\\QQ\\QQ\\\\QR\\\\ \\\\\\\\\\\\\\\\\\\

Q - criterion
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TennomacconepeHoc B Moaenu KOHTenHMmeHTa A9C
B YCITIOBUSIX, TUMNUYHbIX OJIS NPOEKTHON aBapuu

ondensgrs

A

-5 0 5 X

is

Grid size 3x106 Streamlines (temperature) Steam mass fraction

Value Experiment CFD
Total heat flow, kW 316 310
Pressure, kPa 374+2 370
Temperature, °C 122+2 120

1%




TennoodbmeH cnnaBa Pb-Bi B nonepevHo
obTekaemMoM ny4dke Tpyo

M3orosepxHocmb Q-Kpumepusi PacuyemHsbie u aKkcriepuMeHmarsibHble
OKpalwleHHas ro ckopocmu romoka OdaHHble o 4ducry Hyccenbma
307 - i -
: ] URANS o
[ v URANS g =-9.81 L~
| A URANSg = 9.81 e
25 i ¢ 3Kcn. HaTpui » -
L L ] WMLES o ”
H — — — Nu=Pe®® |
20 i Nu =219 + 0.109 Pe™ *
~ |.
e m
2 15 - n
=z » . :
g ’
10 »
5 f—_: BT s il HiEE Koeppensii
M
Pacyem WMLES .

100 200 300 400 500 600 700 800

Re=18900 (Pe=610) oo

Cemka 8x10° (y*<1)
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lNMocnegHue QOCTUXEHUSA
(2014-2015r)



TeuyeHus co cBoboaHoOM noBepxHoCcTbLIO (MeTon VOF)

Triangular obstacle
test case

. w0 ﬁ\ ““““ .
Experimental setup : i Z 16.5 50

(Soares-Frazao, 2007)

I (dimensions in centimeters)
1
I

0.1

Results of 2D simulation (Y*< 1):

P N
4.2 4.4

flow-time: 0.00 s 0

4/"

separation Zones

Wall friction effects
are well pronounced:

— several separation zones can
arise

— these zones lead to formation
of «hills» on free surface
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Triangular obstacle test case: 3D computation

t=3.7s

vorticity lines

Grid: 106 cells
3D-effects are very middle
pronounced g (symmetry) plane

Much better
agreement with
the experiments
Is achieved on
the base of 3D
formulation
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3D mogenunpoBaHue CoOnpsAXXeHHOro
TensioMacconepeHoca B TenJioBbIX TPybax

AKkcunanbHble TT " ——

lNMopucmbil
dutnnb ¢umunpb
XXuokoctb - - ;
Tenna |
| Kanaeyamabili
b *‘ | ¢pumuns
MaponpoBog
: i
i : , : KoHpeHcaTop
i i i WcnapuTenb
WG| el e f )
e T
~. _ XKugkocTb 2
Pesepsyap T ----- ???
Map
Moasoa Tenna
MaTemaTuyeckas » 3D HaBbe-CTOKC (’KMAKOCTb, Nap) 5 Mo6LIX
* (ounbTpauus B nopuctom putune CoUeTaHMSIX
Mogenb (kog CKAT?) * aHWU30TPOMHOE TBEPAOE TEMNO

* VcrnapeHne/KoHaeHcaUus Ha rpaHuLe pasgena gas;
NMOBEPXHOCTHOE HaTSHKEeHNEe; CONPsSKEHHbIN TennooobmeH
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MHoroceTto4HbIn MeToA
Ana peweHusa ypaBHeHus [lyaccoHa

Pa3paboTaH MHOroceTou4HbIN
Mpobnema! [lonro pelaetcs => MeToA Ha OCHOBE OPUrMHanNbLHOro
ypaBHEHME TENNONPOBOAHOCTM anroputma arnomepauum sivyeek

(maTpuua cBsasen + norvka gnsa 6onee

«XOpOoLNX» arfiomepaToB)

AP PEKTUBHOCTL MHOTOCETOYHOIO ariropmMtma

1X1O4 |57~~~ T T T T Tt |
3| &—e— gmres ; ;
Temperature 1X103 é_ —a—a mU|t|gr|d o _: __________ :
05 _ 3 ----- Y=1.1+108X? : :
04 (&) 1 | 1
0% g 1x10°g - Y=1.1:10X SRR |
8_35 q)" - |
015 = 1] '
= 1x10° ¥ !
:) N |
o 1x10° 4
O 3 :
1x10™ 5 ; ,
1X10-2 T T T T 1111 T T ||||||i T T ||||||i
1x10° 1x10* 1x10° 1x10°
NCells

w



PacuyeTtbl Ansa akcvanbHbIX TT

OcecummeTpuyHbIn (2D) pacueT
OkcnepumeHT: Huang, EI-Genk, Tournier (1993)

¥, MM
9.55
94 DHTHIL
8.65
Ilapoeoi KaHAT
Q _._._._._._._._._._._._._._E .............. T
0 600 690 890 Z. MM
T.K - ' ’
i TemnepaTtypa napa 1 CTeHKU (BHYTP.)
= el St - sl el S
aso} ©
. e _m__ e _ e __*__* 9 L _.
asf B
—— CKAT? (cTenra) \
3O _ _ CKAT? (nap) \ 1
ass) —— AHalHTH4YecKoe pemeHne [57] 04
- - Pacuér [55]
*  DrcnepuvenT (map) [54] =
3201 O  DRchnepHMeHT (CTeHKa) [S4] ="
315} °
1% o1 0z 03 04 05 06 o7 08 09 z, M

HecTauuoHapHbI pexum

CHuMaemasi MOLHOCTb Temnepatypa napa

BnusaHue HeCMMMeTpum TennonogBsona

090 0005

BnusiHue «nyXu» B 30He KOHOeHcaLuum

rx NN e - am

312 316 320 324 328 332 336 340 344 348 352 356 360 364 368

Q, Br
400
300 oot
V. M
200 Lo m— CKATS i Bt 0005
w0odlL....|® Experiment ’
HPTAM -0.005
o+ T 290+ 7 . -
o 500 1000 1500 2000 0 500 1000 1500 2000 spems, © 001
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«MukpoypoBHeBOoe» MoAenupoBaHue TensiomacconepeHoca
Npu KOHAEeHcauun napa Ha pebpax kaHaB4yaToro ouTuns

Mesx(asHasg TpaHna MEHIICK o
: , OnpepeneHue popmMbl MexdcasHON rpaHULbI
I 1
ILIeHKA KOHICHCATA L. py ! (peanu3saumns Ha aedpopMMpyeMbIX pacHeTHbIX CeTKax)
KHIKOCTB
pedpo

[(ﬁl_pv)+GK:0} rae K:(;_Z 5I:pl_rnn

\ T

CHMMETPHS — |

~ ~

; - 1%
S —> [a(s) — J'q%:pl . ds} rme <P, >:§_([ p,(s)ds
0

Tb Pour
BnusiHue nepenaga AaBneHUsA nap-XuaKocTb BnusiHne chopmbl pebpa
AP = P, — pout
36000 | | | | |
2 it ety M Mt Rt el et ey i Sl
32000 ! I I T |
[ I |~ | el
R Rty o el s e
</ 28000 : s Topent ;_
i% Tt _p"ﬂ =~ \B—&—8 Opavoyramsazit
CE 24000 : : &—=6—-& CKpyIIeHHE YIIa
<] | TD’_ )
20000 —+
AP*=1.5a 16000
302
30 9.0 Na
303 12000 | | | | |
22.5MNa 0 5 10 15 20 25
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TennomacconepeHoc B moaenu ucnapurtena KTT

Mpototun: COTP
MUKpoCnyTHUKa TacSat-4

TemnepaTypa N CKOPOCTb BTeKaHUA
XNAKOCTU B NonepevyHOM cevyeHuun

Cetka 1.3x106°

Temperature

270
268
266
264
262
260
258
256

Boixoa napa

IMTapoBoii nmieHyM

TemnepaTtypa B NpoAofbHOM
U nonepeyvHbIX Ce4YeHUsAX

T,K: 256 258 260 262 264 266 268 270 272 V,m/s: 5 15 25 35 45 55 65 75 85 95 105

1%




Cnacnbo 3a BHUMaHue!




