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% Uuciaennsin MmeToj. Hecixknmaembie TeUeHUS '91
—

e MeToa KOHTPOJBHOI0 00beMAa JIJIsi HECTPYKTYPUPOBAHHOM CETKH;

« SIMPLE nomgoOHBIM METOA AJs CBS3M II0JICH JaBICHUS U CKOPOCTH,
COBMEIIIEHHBIE CETKHU ¢ MOHOTOHM3anuern Pxu—Yoy;,

* Hecranuonapneie ciiaraeMble — HESIBHBIN TPEXCIOUHBIN METOT, METO/
Kpanka—Hwukoscona

e AnmpokcuMarus KOHBEKTHBHEIX moTokoB — CDS, High-order CDS,
QUICK , family of TVD schemes ...;

e PelieHue cucTeMbl anreopandyeckux ypaBHEHUM:
CTaOMIIM3HPOBAHHBIN MeTOJ] OMconpsKEHHBIX rpaaueHToB (BICGStab),
anreOpandeckuii MHOrocetounsiii Meroz (amgcl, lemuaon /1.)

 PacnapannenuBanme — pazoucuue Ha nogoonactu (MeTiS), MPI
pacueT Ha GPU
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CoOCTBEHHBIC TeHEepaTOPhl CETOK 2. 'ubpuyiHas ceTka (KBaJpaTHBIN SeMeHT) "

1. MHoro6yo4Has CTpyKTypHUpOBaHHas CETKa
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GPGPU-Bepcusa z

Mogesn: TeueHue B «baHke>»
e JIAMHHAPHOE CTAIHOHAPHOE TeYeHHE T R T T
° JIAMHHAPHOE HECTAIIHOHAPHOE TeYeHHE \-E‘:i‘af/ b .:
« LES: WALE |
E P24 0.4 —
Peanmnzayums: :
. CUDA7.0 T ;
« MPI (GPU/GPU, CPU/CPU, CPU/GPU) T T

zH

Pewernne CJ/IAY:

°* BAapMALMOHHBIN MeTO/
CONPSIZKEHHbIX HEBSI30K

e amgcl (B padore)

Oopoxxka KapMaHa npu 06TekaHum unanHApa

Cerka:

°* HECTPYKTYPHPOBaHHas
n3 FeKcai)IlpaJII)HI)IX
AYECCK

MI'HOBCHHO€ I10JI€ JaBJICHUSA



% GPGPU TecTroBbI€ pPacCY&éThl

TeyeHue B «baHKe»:

800 ThIC. TUeek

GPU + 5 CPU

12 CPU

6 CPU

2xGPU

GPU

N L L
0 200 400 600
BpeEMSI pacueTa, ¢

Ob6TexkaHue umnuHapa:

5 MJIH. g4Yeek
1 GPU + 5 CPU

12 CPU

6 CPU

2 GPU

1 GPU

N L L L B
0 2000 4000 6000 8000 10000
6 BpeMs pacuéra, ¢

o)

GPU: Titan Black
CPU: Core i7-5820k, 3.3 I''u, 6 spep

5 MJIH. g4Yeek

1 GPU + 5 CPU

12 CPU

6 CPU

2xGPU

1 GPU

T | T | 1
0 10000 20000
BpeMs pacuéra, ¢

1 GPU + 5 CPU
12 CPU

6 CPU

2xGPU

10 MmJuIH. sTUYeeK

N L L
20000 40000 60000
BpeMs pacuéTa, ¢

Takum oOpa3om:

(6 sinep )

ceTOK (>8 MJIH. siueeK)

e GPUB 2 — 3pa3a npousBoaurteibHee 1 npoueccopa

e MacmrTadtupoBanue Ha HecKoJIbko GPU nmo3BoJisier
MPOBOAUTHL MOAEJTUPOBAHME C HCII0JIb30BAHUEM




MoaeanpoBaHUe TYPOYJI€HTHBIX TEUeHUN

RANS Mmoaesu TypOyJIEHTHOCTH
1. k-0 SSTmodel (Menter, 1993)
2. Elliptic relaxation eddy viscosity modkite-{-f (Hanjalc et al., 2004):
3. Differential Reynolds stress model (Speziale, Sarkar and G&gskiy, simplified
analytical wall function (SAWF)
4. Elliptic blending second-moment closur&BM) (Manceau and Hanjalic, 2002),
integration up to the wall (WIN), blended wall treatment
5. Non-linear Eddy-Viscosity Models (NLEVM)

LES moaesmn
1. Dynamic LES (Lilly, 1992)
2. WALE (Wall-Adapting Local Eddy-viscosity, Nicoud and Ducros, 1999)

Hydrid RANS/LES approach
1. ¢-f/Dynamic LES (Hadziabdi2006, Hanjalt 2005, Delibra et al. 2010a)
2. RANS (- /SGS turbulent kinetic energy transport equation
3. Partially Averaged Navier—Stokes (PANBasara et al, 2011)
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Elliptic blending second-moment closure

In complex flows it is difficult to make a mesh that will satisfy theteria
for WF (y+>30) orWIN (y+<1) everywhere.

Blended wall treatment (BWT)
(Popovac and Hanjalic, 2005)
A unified blending strategy for all variable

Elliptic blending SMC (EBM)
(Manceau and Hanjalic, 2002) +
LowRe SMC model based blending of
near-wall and far-frosthe-wall forms

¢+ — ¢I;I-e—l' +¢t+ e—l/l_ I_ — a.( y-l-):-1
g =(1-a*)g +a’q 1+by

For channel fl
D%H%(l—a):o m a(y+)=1—exp(—?;jj

van Driest damping function

c,=80 C, =0.16!

B K32 Y 1a 0 — _ _ y+
L=C, max[T ,Cn(?j ] a—yuiq( =0 a,, =1- GX%— X j
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% Pipe flows -

—
Pipe flows for Re=1142 (DNS by Wu and Moin, 2008)

y+ at first cell ~20 (WF) y+ at first cell <1 (WIN)

— ww, DNS
— -, DNS
- = =« yu, DNS

Na——

0 T T T T T T 1T

1 - - R UL R | e
E

1 10 y+ 100 1000

Mean velocity and turbulent stress components. Lines — DNS, symbh&d-—

Xiaohua Wu and Parviz Moin "A direct numerical simulation study on the mean velocity characosrist
turbulent pipe flow", Journal of Fluid Mechanics, Vol. 608 pp. 81-112, 2008
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Hybrid LES/RANS model
The hybrid model is a zonal LES/RANS scheme couplingk-&-{-f RANS mode| s

—

-

(Hanjali et al. 2004) with LES based on SGS turbulent kinetic energy transport equation

(Yoshizawa and Horiuti, 1985).

%+Dmpvk):ﬂ[](y+
9pe +00pve) =00 pu+
ot ]
9 L ntfpv¢) =01 u
ot

1 (2
HYBsz f= (g_z

HYB

A weighted sum of LES and RANS mod@lys = ¢RANS(1_ F) t9l

In the RANS mode:

3/2

k1/2

L=C ma{min[k
L £ 'C,/6/58¢
_ k y 1/2
T—ma{mln(‘g C f«/S,SJZJ ( ) }
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ERANS

£4)

Pre-defined RANS/LES interface location

y*[11500-2000
Uk |+ P= 0&,s P=42535

I'csl Z@AN
L, 210}, (LES)

P
+0f e~

0¢

(le -1+ sz

J,c (V” Hhms= PO, KT
"\ &

=&

'*npll;led Analytléél Wall Functiong

(Popovac qsd anj&li 2007)
og. Y, H100-300

In the LES mode:

Lies =CA H es :O(Ckkl/ZA) ¢ =0.07
312
Tes= Liee Eles = K C=028
kY2 Lies
. P
fLES = mm(f ’Hzisoj
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I'mopuaabivi RANS/LES moaxon
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% Jagzauu

TeyeHUusaA HEHBIOTOHOBCKUX Cpe/x
1. RANSMoaenp TypOyIeHTHOCTH
2. IlpsiMoe uyncieHHOEe MOJICIMPOBaHUE TYPOYJICHTHOCTH
2. O6Tekanue chepbl

RANS u LES moaespoBaHue TypOy/JIEHTHBIX T€YE€HUH
1. Teuenue B ruApOTypOUHE
2. KaBepHa ¢ OABUKHOM KPBIIIKOH
3. MozenbHbIe 3aKpyYEHHbBIE TCUCHUS

JucrepcHbIEe IOTOKU
1. MoaenupoBaHHe JBMKCHUS YaCTUI] B TyPOYJICHTHOM ITOTOKE
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% I O0001IEHHAA HBIOTOHOBCKAA pPeoJIorn4yecKas ‘.
| MOACJ/Ib e

O =0 pa—V+DEvav):—Dp+DEI'

ot
TZZ@S, S :i an +auj , y:«/ZSES: 5 §
o2\ 0x,  0x |

Tenzop BA3KUX HAPSHKEHUM, TEH30P CKOPOCTEN Ae(popMaliiyi U €ro BTOPOil MHBApUAHT

Peosiorust —mopean I'epmens—bankin

7=k yn t1y, T = Iy K —MHIEKC KOHCUCTCHIINH, KeKyHaAc BASKOCTD

N — noKa3aTenb CTEIICHU CPEDI, ,U( J/) — kyn + TO

y=0 r<T,
T =|T|

To— OPEAEIBbHOE HAIIPSKEHUE CABUTA y

e TMceBAOIUIacTHYECKas cpena (cremeHHas cpena) N<1,1,=0
* BS3KOILJIACTUYECKas cpenaa n=1,1,>0
* HEIMHCHHAS BSI3KOILIACTHYCCKAs Cpelia n<1,1,>0
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% I 1. MopgeJb TypOy/IECHTHOCTH /I CTEIICHHOU CPEeAbl g

kK-&-{-f RANS model (Hanjadi et al. 2004) HenbrotonoBckue criaraemsie:
HW=0

I, =2(UuS
PUMU=-Tp+Of2(u+ )| ¥0 e " W)

PU(K) =00 (+ 4/0,) K]+ P- pe+(D, +1 ) rv=-2(1S)$
| B3
1
pUD(e)=0 [E(,LH&jDe}hr (C..P-C,,p¢) @ D, = -9 ({u)2S; +( ' |2 %ﬂ Teuenue B TpyOe, N=0.8,

g
£ 0X, Re = 5300MruoBenHas
é BA3KOCTD,

o) oc ot e[
oy

i -
L) | EEEET
ik 8 506E 04
T.B41E-04
7.176E-04
E512E-04
5.847E-04
5.182E-04
4.517E-04
3.852E-04
3187E-04

22 1 2 P
L0 f - f _?[Z_gjiclf —1+ Gy _j H :prkTZ

PE
3aMbIKaHUE MOJICIIN! U= c;,u gg [ =(n-1) i’f S[S Monens ocpeqHEHHON BA3KOCTH.
4
. . n-1
Ty =Cy24,S Hy = (n=1)pe [ 7 p=u(y) u=Kk,()>
n-1 ,USZ —_— CTCIICHHAA Cpclaa
My _CNIUNSZ Dy =0 CNLDK 2
y V> =S’+pel u

C,,C.\ = cons!



1. RANS MoaeJsb /18 CTENIEHHOU Cpeabl

CABUI'OBBIC Typ6y.HeHTHI)IC HaIIPS>KCHU
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DNS Prediction

M. Rudman, H.M. Blackburn, L.J.W. Graham, L. Pullum, Turni pipe flow of shear-thinning fluids // INNFM, 2004.
15 M. Rudman, H.M. Blackburn, Direct numerical simulation oftiulent non-Newtonian flow using a spectral element me&thaMM, 2006.
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2, IIpaMoe YucJaIeHHOe MoOzeMpoBaHue (DNS)
TYPOYJIEHTHBIX TEUEHHI HEHBIOTOHOBCKHUX CPE/]

0.0125 —
J1Be cepun pacy€Tos:
0.01
f
0.0075
e I (- S 7, B
MHa KaHana L,=15R 0.0025 T ‘ —
: 2 3 4 5678910 20 30 40
I[eTaJImauIm KOHEYHO- O6’I>CMHOI/I ceTku AX' = ,OuTAX/ oy Re(MR), 103
Yucno Re A(r 9+ IIOJIHOE YHCIIO STYeeK ceTKu | At+
y CTCHKH
Re—lﬁ OT 0.5105 1x10°
sEEZ3l Y o1 0.510 5 8.7 15 4%10° 0.3
Crarucruka: .
n=1 T,.<~200R/U_ A:<A>:<A>.
n<l T,.. = (400+ 600R /U time, r,¢
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Re = pu. R/ u

myJibCallul CKOPOCTH

2. DNS. TectupoBanue. TeueHue B TpyoOe

ImyJibCallul CKOPOCTHU

cpeansst CKOpOCTb 3 3
20 _ -
| == Wuand Moin, 2008 g . U+ --—- Wu and Moin 2008 | | ' Re=310
- Fukagata and Kasagi, 2002 72, 25 — - Fukagata and Kasagi, 2002 —— DNS
16 71 __ present, Re=180 [ — present Re =18C 4 exp.
| 7))
12 | £
+ i o
D +—
8 — ~:7
. -
o I T T TT ‘ I T TTT ‘
0 \\\HH‘ \\\HH‘ \\\HH‘
. 10 100 v+
01 ! 10 y+ 100 y Exp. — den Toonder and Nieuwstadt, 1997
Bnusauue neranuzaiuu cerku, N=0.6
02 —
3 ] F\. = ;-":-,~
AN Re = 21( ] - CKOPOCTH JINCCUTIALMH
[ ., ---- n=0.6 fine mesh
mesh | Ar+ A(r0)+ 1 \ — - n=0.6 coarse mesh 0.16 —
Y CTEHKH o 2 7,' \ |
c ! \\ YJIbCAIUN CKOPOCTH 012 —
0.5-5 8.7 0 = | "~ pe ]
- ] ~
0.25-25  ~4 8 £ I ugt e 008 ~ Re = 27C
I e il i =1
\ / .—_...-.._‘-i.:' ==l - =
’l/ ,/"‘G'r+ U=t =ceam .| 004 | ---- n=0.6 fine mesh
./ 4 — - n=0.6 coarse mesh
0 ‘ ‘ ‘ ‘ ‘ O \\\\H‘ \\\\\H‘ \\\\\H‘ I
0 50 100 150 200, 250 1 10 100
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2. DNS. TypOyjienTHas craTucrtuka, Re=104
n=1.0mm) n=0.5

25 12 1
- n=1, Re;=310 T
R
20 4 — - n=0.8 //’ b I-'\ — n=1
1----- n=0.7 ) o\ — n=08
— .- n=06 8 — lj\ ---- n=0.7
15 - _ A\ .
—- n=0.5 4
+ i N +
) - - - wall law 3, 5
10 > =3
5 —
o II L L IIIIIII L L IIIIIII L
1 10 100 y+ 250 Y* 300
cpeaHsass CKOpOCTb . .
KOMIIOHCHTEHI TCH30Ppa PCUHOJIbJICOBBIX HAIIPSAKCHUN
7
I Y o
1 ---- n=07 e <ﬂ>
s | — n=086 e u=—r
— n=0.5 s Hy
+ +, ] e
i 34 e -7
3 - e —
/ -
e
- R PP L L
P
- ] //"’,'/ e - = = —
8 .l'-,'/
0 T T T T T T T T T T T 0 T T T T T T T T T T 1177 T 1 1 | ! | ! | ! | ! | !
0 50 100 150 200 250 300 1 10 100 VYt 0 50 100 150 200 250 Y* 300

OCPEIHEHHAS BA3KOCTH
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o y =
2. DNS. YpaBHeHue O0aj1aHca TypOy/I€eHTHOMN DHEPIUN @

e
MIHOBEHHOE€ 3HAYEHUE = CPEAHEE + MYIbCALIUOHHOE = <(0> + (0'

* YPAaBHEHUE NIEPEHOCA KOMIIOHEHT TEH30PA PEUHOJbACOBBIX HAIPSI)KECHUN

pum<uiuj>:p(rﬂ)+ Djj + Qi,j —& + Qij +(I% B pij, +rNij, )

P — renepauus Hanpsbkenud, D, — Bsaskas nupysus, D, — typOynenTHslii nepenoc, Dp —
auddy3us 3a cuer myibcaluid aBiaeHus, @ — TeH30p mnepepacnpeaeeHus SHEPruu
1 € TEH30P CKOPOCTEM JTUCCUIIALINH.

pab0Ta HEHBIOTOHOBCKHUX HaNpPSKCHHIMA nuddy3us 3a cUeT IMyJIbCcaluii
BA3KOCTHU
ro—- 'ﬂZSK _ '%2§ 0
N, i H ox, { H ox, i DN’ij :a[<ﬂui2§j>+<,u l1l2§>J

* YPAaBHCHHUE MEPEHOCA KUHETUYECKOW SHEPTUHU TYPOYJICHTHBIX IMYyJIbCAlUN

pUM(k)=p(P+D+D,~¢+D,+ D +I)

O [(1u)28, + (1 y2 )]

pe= (25 §) {123 ) Mv=-2(4s)§ D ~ox,

19




2, YpaBHeHU e Oaj1aHCa TYPOYJI€EHTHOUN 3HEPIruu

1 10

100 Y+

0.016

0.012

,+0.008

Dtp

0.004

-0.004

Dtp Re;=310

‘ I
1 10

Y+ 100

n=1.0mm) n=0.6

1

10

100 VY*

BsA3Kas U TypOysneHTHas nuddy3un
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0.25
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02 - °F N
~ - SN — n=1
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] 1’ \\\:\\
0.05 — ) N
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B P L4 /
004 - Dyt /
'008 T T 1T

muddy3us 3a cUeT MyabCaluil JaBICHUs
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iif

cpeabl
' ouU _ou
— u,=e|U+—y| w=—-

ﬁ F, Lift force
i

O |:> Fo Drag force

w=0 oOTekadaue 0€CCABUTOBOM IIOTOKOM
w>0 cdepa B MOTOKE ¢ TMHESHHBIM CIBUTOM

Jluana3oH u3MeHeHHsl MapaMeTPOB:

0.3<n<1
0<Bn <100
0<Re<200
0<s<1
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3. O0rexanue cpepbl IOTOKOM HEHbIOTOHOBCKOU

-
o
CKOPOCTb HEBO3MYIIIEHHOTO
MOTOKA B IIEHTPE CPephl U
auaMeTp chepbl d
XapakTepHasd CKOPOCTh caABUra [ =U /d,
MoKa3arellb CTEIICHU n
— TO
yuciio bunrama Bn= el
Pei Re= oJdd pud
yucio PeitHonbaca = -\~ Lol
H () KE
. _ pd’w _ pdP "
CABUTOBOE YMCiO0 PeliHonmpaca R& = R—
— 'uapp(w)
be3pasmepHas xapakTepHas s=R& Sy = wd
Re U

CKOPOCTb CJIBHTa



n)/ Y(1)

Cuuta COnpoTHBIIEHHUS Y ( n) =

0.1

1

10

100

3. O0Texkanue cepsbl 0eCCABUTOBBIM IIOTOKOM
C, (n)Re,

I \m I \HHH‘ I HT\H?j
1

[ HHH‘
. 10 100

0.01 0.1
Re

YMeHblIEeHHE pa3MEPOB 00JIACTH BO3MYILIEHHOTO MTOTOKA
CrpemileHHE K MOJA3y4YEMY THUITY TEUEHUS MPH YBEIUYECHUU yncaa Bn
CTtpemiieHHe K HhIOTOHOBCKOMY THUITy 0O0TeKaHus npu yBenudeHnn Re (Bn<10]

Pacnipenenenus 3pheKTUBHOM BI3KOCTH J1JIsI cTeneHHoM cpenbl N=0.3




% 3. O0Trexkanue cepbl HIOTOKOM C JIMHEUHBIM CIBUTOM f?. /

C,(n)Re R
Cuiia conpoTuB/ieHus Y(n)= % S= % - —
JInHUM TOKa U 1aBJICHUE n=05 i — 0= s=04
Bn=10 o— =02
Re=100 s=0.2 '

YBCIIMUCHHUEC CKOPOCTU CABHUI'A

o

HHHH‘ HHHH‘ HHHH‘ HHHH‘ \ 10 HHHH‘ HHHH‘ HHHH‘ \

0.01 0.1 1 10 100 0.1 1 10 100
Re Re

» IlomaBineHne BUXPEBBIX CTPYKTYP 3a CPepoli — CHUKECHHIO
COIIPOTUBJICHUS (POPMBI U YBEIUUYCHHUIO ITOABEMHOM CHUJIBI.

e 3aBUCHUMOCTH CONPOTHUBIICHUS OT CKOPOCTH CIABUTA
HaOEeraroIero NoTokKa CyImeCcTBEHHA JIJI PEKUMOB MaJlbIX
yucen Re.C yBeJIn4eHHEM CIBUTa MOTOKA COIPOTHUBIICHUE
YMEHBIIIAETCH.

* C yBenuueHueM unciia Renaderaroinero noToka BIUsSHUE
CIIBUTa OTOKA YMEHBIIIACTCS.

————

13



3. O0Texanue chepbl IOTOKOM C JIMHEUHBIM CABUTOM
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4. MoaeinpoBaHHuE 3aKPYUYE€HHbBIX TEUE€HUM.
MoaeabHasa ruaporypouna Francis-99

Spiral distributor The Francis-99 workshops aim to determine the state of i
/ art of high head Francis turbine simulations under steac
and transient operating conditions.

Inlet

Draft tube

/

Runner
Drunner= 0.349 m

The whole Francis-99 turbine consists of a spiral casing, 14 stay vanes, 28 guide vanes,
a runner with 15 full length blades and 15 splitters, and a draft tube.

Operating Runner speed, Pressure torque, | Friction Hydraulic
point rad/s (Hz) efficiency
(%)

Part Load 12.29

0.07

42.537 (6.77)

PRGN 1261  0.22 38.7 (6.16) 598 7.63 90.66

Best 12.77 0.20 35.123 (5.59) 619.56 8.85 92.61

Efficiency
Point

o5  http://www.ltu.se/research/subjects/Stromningslara/Konfeenser/Francis-99




Geometry and mesh for draft tube simulation

Frozen rotor approach provides the inlet conditions for th@raft tube flow

‘ inlet \

26

runner

draft tube
L /o coarse mesh:
" runner ~ 3 million cells,

draft tube ~ 3.6 million cells

1-runner zone,
2—draft tube,
3—-zone interface,
4—inlet boundary for
unsteady draft tube
computations

outlet

e fine draft tube mesh
(~ 5.6 million cells,
hexahedral mesh)

diffuser

Rotating inlet conditions

After preliminary frozen rotor computation an

instantaneous flow fields distributions on the draft tube
inlet boundary are stored.

During the computation this inlet distributions are
rotated with angular velocity of runner.

"
_ / .
-
l .
| ) velocity magnitude
on the inlet
. J/
o .



, ——
% I Turbulence models -
| —

Reynolds-Averaged Approach (RANS, URANS)

1. Elliptic relaxation eddy viscosity modkls-<f  — EVM
(Hanjalic et al., 2004)
2. Differential Reynolds stress model RSM

(Speziale, Sarkar and Gatski, 1991)

Hybrid URANS/LES approach

3. RANSKk-&¢-f/ SGS turbulent kinetic energy
transport equation HYB

Near-Wall treatment for all models:
Simplified analytical wall function (Popovac and Hanjalic, 2005, 2007)

(blending the viscous sublayer formulation and logarithmic layer formounlatcounting
non-equilibrium effects)

27



—
Mesh resolution N = ¥
—

Z
The ratios of thecharacteristic turbulence length scales to the mesh siza the 1‘/
o 0
bottom reference line: NG
3 bottom line 3 bottom line
10" 3 Lsn/A 10" 3 top li (‘5
G sk Cf ] RSM SSG Op line |
10? 37..—...7,— ———————— 107 gereerimemm S — — LTA
§ SR Ly I 2
10" — — — — — — _ = """o‘— 10" =— — — — — —-—— — — tn bOttom |
- . e Ls line
10 &= — - = = = - = = = - 10— == - - = — 11
0 ¥ — — = = = - = — = | = 10" \
] Li/A ] \ /
107 ?-_- - -_.—_-._.-_“_--T__ 1 —
. 1 Scales:
10 | | | |
0 40 80 120 160 200 200 )
— L = K32 / E integral scale

Vertical dashed lines correspond to the RANS/LES interface positions
L, =(g/ S*)Y2  shear length

Away from a wall:

1/4
—{.,3 Kolmogorov
L = (V /8) sca?le

Al'L <1/12 at least 80% of the turbulent kinetic energy is resolved by LES
LY A =(AxAyAZ)"” mesh size

Al'L, <1 resolving the turbulent kinetic energy production S= \/ § §

28



Draft tube computations

Operating | Turbulence | Numerical CFL statistical averaging
point models schemes max./ave. | (runner revolutions)

EHEeEL S EVM () QUICK, CN 2.6/0.5 steady-state
RSM (SSG) QUICK, CN 2/0.3 110
HYB HOCDS, CN 2/0.3 310

1fy ﬁ I blade wakes runner speej= 6.77 Hz

throat diameteb=0.3466 m

bulk velocityU,=0.7525 m/s

kinematic viscosity (wateny= 9.57107 m?/s
Reynolds number Re 2.7x1(P

low-pressure regions

29



1.000E+00
5.833E-01
1.667E-01
-2.500E-01
-B.667E-01
-1.083E+00
-1.500E+00
-1.917E+00
-2.333E+00
-2.750E+00
-3 1E7E+00
-3.583E+00
-4.000E+00
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i

ﬂ EVM

(¢=)

instantaneous flow

Flow structures

A\, [s?] vortex criterion colored by axial velocity




Flow structures

RSM HYB

A\, vortex criterion colored by axial velocity
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center of
solid-body vortex
(low pressure)

spiraling
vortices

pressure
iso-surface

Instantaneous wal
shear stress

'

Main vortex systems: precessing vortex
core enveloped by spiraling vortices.

32

Flow structures

HYB

Instantaneous
) wall shear stres

AdNERnaly v dYiefigfturdasiagtaneous
vortey o sHEFRHESraYisHRjged by Q

criterion (colored by axial velocity)



% Resolved pressure fluctuations Y

Power spectrum density of pressure signals

Instantaneous pressure iso-surface (HYB) at the cone wall at point DT11:

and locations of the pressure sensors 900
800 027 Lyt b YD

700 i)

el

Precessing
vortex rope

rotating large scale vortices 15f, blade passin
frequency

Both HYB and RSMpredict the same peak amplitude of ~200 Pa,
which is lower that the experimental 300 Pa.

33



Mean velocity. Radial distributions

axial velocity

top line
W, 1
m/s -lla ()IIO..O.chnnctci'.'Ci-~1
n 1
-1 =
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% Velocity fluctuations. Radial distributions

axial velocity

top line

O exp éﬁﬁ%
O
O

v
s - C_f
.- RSM (88G) S

cewoam o . “ am o om oo

tangential velocity
W', top line
, 0.6
m/s .
0.4 —
02 4

0
0

0.7

0.3 ) I ) I ) I ) I )
0 40 80 120 160 200

r, mm

35 for eddy viscosity modelv' = w =,/2k/3

top line (5

bottom
line

[o]



0.6

m?2/s?

<
foN

e
~

k(res)/k(tot)

36

top line

I I RSM (SSG)
| — Hyb.
) I I )
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0.4
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Turbulent kinetic energy. Radial distributions
experimentalk = 0.75W* + v*)
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PANS RSM model in a zonal hybrid RANS/LES formulation

*

C.E

bottom line

A,=-400 &
colored by axial velocity
0.5
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€r

0.2

0.1

(e)
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RANS u LES moaesupoBaHue TeUEHUA B KaBEepHeE C
% ABYEKYIENCA KPBIITKOU

CTpyKTypbl OCPETHEHHOTO
TEUCHUS

2/~ A=-0.1c?

Dynamic LES
ceTKa — 4 MJIH. TYEEK
ocpeanenue — 1000 T

Re=Uh/v = 50x10°

T
|||F||||| il

KMHETUYECKasl SHEPIUs
k=0.001 U TypOyJIEHTHBIX MYJIbCALUN

f CTPYS ]

CTpyKTypbl MTHOBEHHOTO TCUCHUS

AN\ =S
§) Vs

K A
|
| |
i \ / a Y
3 !f \/ '
<</ . ;‘/: ;\
N (F. ‘
S ey
v/ N/

&
MOJIKOBOOOPA3HbIC BUXPU -~

TPAEKTOPUHU YaCTHI] BOIU3U
HIDKHEH CTEHKH U BSI3KHUE HAIPSKEHUS
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2D RANS Moze/IMpoBaHNE TEUEHHUA B KaBEPHeE C JABHKYIIeNc
KPBINIKOM Re=U h/v=50x10°

MOJICTb TIEPEHOCa PEHHOJIBICOBBIX HAMPSDIKEHUN C SJUIMNTHYCCKUM cMmerrBanueM (EBM),
K-€ Mozenb ¢ amIMnTHYEeCKOM penakcaiueii (zeta-f),

K-€ MomeIb ¢ UIMNTHYECKUM CMelInBaHueM (zeta-a),

nByxcioiinas K-w SSTmonens Mentepa (Msst) CpeHsisi CKOPOCTb

1

0.8
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0.4
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0.2

0
-0.2
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0.002

0.0016

0.0012

k/U?

0.0008

0.0004

0.0025

0.002

0.0015

k/U?

0.001

0.0005

RANS MoaeipoBaHNEe TEUEHHUA B KaBEPHeE C JABHKyIIeHcs

KPBITIKON

Re=Uh/v = 50x10°

Kunetnueckas sHeprust TYpOyJICHTHBIX MYJIbCAIIH

-cames EBM
- = = zeta-f
] = TN °°ccee msst

zeta-a

\ \ \ \ ! \ !
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% MoaeupoBaHUE ABUKEHUA YACTHUIL B TYPOYJIEHTHOM IIOTOKE

TpaekTOpHOE MOJECIMPOBAHUE TUHAMHUKN HEB3AUMOICHCTBYIOIIMX YaCTHUIL

dr (t)_ dup(t) _ 1 L — dpzpp
ZI'[ _up(t) dt (uf up(t))+ Iy 18y, f

drag

CKOPOCTb HECYIIEH Cpebl: U, = (u,) + u

CroxacTuueckoe ypaBHeHHE TUMA JIaHKeBeHA Ha HOPMAIN30BaHHYIO CKOPOCTb
(Cuxosckuii /1., UT CO PAH): W, =aU e’ = (W)

dt + ,lde
T3,

dU = [dz’v(faT)—TLgU

Lp

pacnapaJuieJuBaHue kojaa!
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% MoaeupoBaHUE ABUKEHUA YACTHUIL B TYPOYJIEHTHOM IIOTOKE

YcraHoBuBLIEECA TEUEHHE B INIOCKOM KaHaze, ynciao Re= 2105, Re150.
Moesib KOHTaKTa 4YaCTHUIbI CO CTEHKON — YIIPYTO€ OTPAKEHUE.

Mogzens TypOynentHoct — RSM (EBM) ITynbcanuu CKOPOCTH YaCTHIL
08 T ————
yrcno Ctokca yacTuiel St = Z'p/’[T 06 — .-
104
i ' RANS DNS
HopMmupoBaHHast KOHIIEHTpaLUs 02 | St=1 —— -
St=5 ——  -----
] ] | St=25 ——  -----
10 - 0 | | | |
] : 0 40 80 120 Y+
| 7 3
10" = =
o i i )
© 10° = =
g g +
_ | =}
10-2 I T 17 \‘ I T 17 \‘ I T 1T \‘ 0 ‘ ‘ ‘
0.1 1 10 100 0 40 80 120 Y+

y+

42 DNS - (Marchioli et al., 2008)
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1. JIByX:KUIKOCTHAsI/ IBYXKOMIIOHECHTHAS MOJE/Ib INIOTHOM JUCIIEPCHOM Cpe/Ibl
2. I'mopugusie RANS/LESMmonenu

3. ConpsikeHHBIN U pagualliOHHBIN TEINIOOOMEH
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