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MoTuBaumA

Peann3soBaTtb He MeHee ABYX METOA0B BbICOKOIO
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MeToabl BbICOKOro nopAaKa TOYHOCTU

MeToabl KOHEYHbIX

pa3HocTen
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WENO (C.-W. Shu),
EBR (T. K. Ko3ybcKas)

HeT

YKecTKkue:
CTPYKTYPUPOBaHHbIE
KBa3nMpaBHOMEpPHble

cpepHue

Pa3pbIBHbIN MeToA [anepKuHa
(F. Bassi, S. Rebay)

Ad

cnabble:
HEeCTPYKTYPUPOBaHHbIE,
CYLLEeCTBEHHO HEPAaBHOMEPHbIE

BbICOKHe

2

n.
1
Qe

q
9%

o
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OUHaMUKU Ha HECMPYKMYPUPOBaHHBIX CEMKax»
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JKCNepMMeHTaIbHaA YCTaHOBKA U moAeNb
(UTMM)

3D traverse gea

N &Q 7 ,////ﬂj\ Inner nozzle contour (1)
s = n

A DAL LU &
Mt N

Outer nozzle contour (2)

S
ez 2 P77 2y
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""""""""""""""""""""" cid Schema of dual-stream jet nozzle
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Cxema mogenu conna (LATU, UTTTM)

Profile of dual-stream jet nozzle,
D,=38.54 mm, D, =83.74 mm

401 i
_ Flow 2 )
E 30 _- = 7\\\\\\\
> 20_ == \\\\\
| Flow 1 s
10 - a5l
1 centralbody Y. |Ys [Y2 |V,
1T T T T
-200 -180 -160 -140 -120 -100 -80 -60 -40 -20 O
X, mm

CEAA2018, 17-19 ceHTA6pAa 2018 roga, r. CBeTA10ropcK

mm mm mm mm mm
0 0.8 — — =
-46 13.96 19.48 20.07 —
=51 14.72 20.55 21.32 =
-56 14.19 21.56 22.56 =
-61 13.55 22.08 23.81 ==
-66 13.3 22.24 25.06 ==
-71 13.07 22.39 26.3 =
-76 12.84 22.54 27.55 =
-81 12.61 22.69 28.8 ==
-86 12.38 22.85 29.95 42.32
91 12.14 23 30.87 43
-96 11.91 23.15 31.4 43.52
-101 11.68 23.31 31.6 43.84
-106 11.44 23.46 31.46 43.99
—113 11.22 23.5 31.08 44
-116 10.98 23.5 30.68 44
-121 10.75 23.5 30.28 44
-126 10.52 23.5 30 44
=134 10.29 23.5 30 44
-136 10.06 23.5 30 -
-141 10 23.5 30 4=
-177 10 23.5 30 44




doTtorpadua moagenn ATIMM

Back view

Wire grid for reduction of stagnation
pressure at inner nozzle contour

CEAA2018, 17-19 ceHTA6pAa 2018 roga, r. CBeTA10ropcK



[lapameTpbl, 3a4atoLMe TeCTOBbIN CAyYau

Nprl=1.72, Mj1=0.915, Re,,=0.96*10°,
Npr2=2.25, Mj2=1.141, Re,,=2.872*10°
flow is cold air

PO Pc P01 P02 T0 Te
it of
~ kPa (N/mA2)
measure
269 273
199.17 | 8842 | 152.09 | 198.81
e (264-287) | (270-290)
accuracy 0.5% 1K

PO — stagnation pressure at settle chamber,

Pc — pressure at Eifel chamber,

P01 — stagnation pressure at inner nozzle contour,

P02 — stagnation pressure at outer nozzle contour,

TO — stagnation temperature at settle chamber (may be change for different runs),
Te- temberature at Eifel chamber (mav be chanae for different runs).

18.09.2018 CEAA2018, 17-19 ceHTa6pa 2018 roaa, r. CBETN0ropcK



Busyanusauyuna UTIM

Main flow regime - Nprl=1.72, Npr2=2.25

Exposure equal 0.01 sec Exposure equal 3 microsec

18.09.2018 CEAA2018, 17-19 ceHT6ps 2018 roaa, r. CBETAOropcK



OcpenHeHHaa npogonbHas ckopoctb (PIV UTMM)

Flow regime — Nprl=1.72, Npr2=2.25

y/D

ViVa

1.040 A
0.990
0.940 ]
0.890

T

0.6

L

0.4

-08 -06 04 02 00 0.2 0.4 0.6 0.8
y/D
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CtaTnyeckoe gasneHue Ha nosepxHoctu (UTIMM)

P/Pc |
1.10

1.05 +

1.00 ~

0.95

X,=-83 mm, AS= 3 mm D A
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MonHoe pasneHue B cevyeHmax (UTMNM)

1.0 4
PtP, |

0.9 1

0.8 4

0.7+

0.6 -

0.5 1

< 0 4 I . I ' I ; l ) I ree———

-1.0 -0.5 0.0 0.5 1.0 y/Ra
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CneKTpbl

ool mean square

for two character positions at jet shear layer (y/Ra

0,08 4

0,07

——x/Ra=0

0,06

x/Ra=3,03

mass flow rate pulsations at two jet cross
sections (left), measured by hot wire anemometer and frequency
amplitude spectrum (Fast Fourier transform) for jet axis (y/Ra =0) and

0,05

A

£004
v
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0,00

15

18.09.2018
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e

} ' ——x/Ra=0, y/lRa=0
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: ¥/Ra=0, y/Ra=-0,74

| ——x/Ra=3,03, y/Ra=-0,75

B
TN

100 1k

f Hz

CEAA2018, 17-19 ceHTA6pAa 2018 roga, r. CBeTA10ropcK

T IIII|
10k 100k



HaBuraTtop

MoTunBauma

[loaroToBKa TECTOBOrO C/1y4asn

OcobeHHOCTN meToaa LLATU

OcobeHHoCcTK meToaa UMM

[MpenBapuTeibHble pacyeTbl

[lononHUTENbHbIE SKCMEPUMEHTA/IbHbIE UCC/IEA0BaHUA
BbiaeneHme ckayka 1 MOHOTOHU3ALUMUA PELIEHUA
3aKNtounTeNbHAA CEPUA pacveToB

BbiBoAbl 1 npobaembl

CEAA2018, 17-19 ceHTA6pAa 2018 roga, r. CBeT10ropcK



CUAM N —

Pa3pbiBHbIM meToa, anepKmnHa

O6wnn BN CUCTEMbI YPaBHEHWUM: %ltJJrV-F(U ,VU)=S5(U, VU)
MpencTaBneHve peLeHuns: U(x,t)=> u;t)-¢;(x)
j
NHTerpanbHas dpopma ypaBHEHUN:. _[{%LtJ+V-F}(pi (X)dQ2 = _[S @ (X) dQ
Q

1 J

=il
du.
M, d”t+§ (f-n)cai 0902 = [ (F-V 0,0 +5 ()i

U3 peLeHns 3aaaqm obbem Q NOBEPXHOCTb 2
0 pacnage paspbiBa

AN
OPTOHOPMWPOBAHHbIN ‘ Mii - j(pi (X)(DJ' (X)dQ2 = é‘ij
Habop NonMHOMOB Q

MHTErpuMpoBaHne — MeToA0M ‘ I P(x)dQ = Z P(x,)o,
Q k

[aycca

_ du -
ABUXKEHUE No BpemMeHHU ‘ CTt _ R(u) N yd — chju(n +ckAtR(u‘k))

meTogom PyHre—KyTTbl

j<k






3-D DG koa Zoom (LLATA)

HecTpyKTypnpoOBaHHbIe rekcasapasibHble CEeTKU;
Roe PumaH consep ana HeBA3KUX NOTOKOB;
BR2 ana annpoKcnMmauunm BA3KUX YNEHOB;

K=0,1,2,3,415;

vV V VY V V

[nobanbHbIN War no BpemeHu. 5-u warosasa cxema P-K 4-oro nopsaka
TOYHOCTMU;

A\

YyeT KpMBU3HbI 06TEKAEMOW NOBEPXHOCTY;

A\

DDES (LLyp, Ctpeney, 2006) + SLA (2015), ocHoBa — moAaenb
TypbyneHTHOCTU S-A;

» nbpuaHaa MPI+OpenMP TexHonorms pacnapaniennBaHus.

24.09.2018 |CcAS 2016 @ DCC, Daejeon, Korea “

CEAA2018, 17-19 ceHTA6pAa 2018 roga, r. CBeTA10ropcK



CUATV—

TecTtoBblM cnydan «Buxpb Temnopa—TpmnHa»

u = Vysin (%) cos (%) cos (%) , /130r0BEpXHOCTH

v = -V cos (f) sin (2) cos (3) ° naeneHus .
— A = y 2y,

w = 0, @ a

¢ = B (o () on(3) ()9
Re = 1600 == DNS e°°

STanoHHble JaHHble [van Rees et al., 2001]

0.0157 CKOPOCTb | QHCTpOdus /

ancevnaumm — spectral 10- =

, — 064 | —oed

- ?gg 096

> 8

0.01 - ggi — 256

s ~512 6 B 3?;‘
E w =

h-]

0.005+




CUAMN—

Buxpb Tennopa—IlpnHa: cxoagumocTb U 3aTpaTbl BPpEMEHM

cxembl MKO cxembl PMIT
643 963 1283 1923 2563 3843 5123 nopsAok 643 963 1283
central 2.1 x 108 — KONIMYECTBO CTEneHen ceoboapl | |2 1.0 x 108 (3.5 x 10° [8.4 x 10°
0.36 h —BpeMms cyeTa (512 aaep) 0.23 h 1.0 h 3.7h
68% — OLWMBKa NO YPOBHIO HCTPOG UM 60% 45% 37%
WENO5 2.1 x 108 3 2.6 x 10% (8.9 x 106 {2.1 x 107
0.49 h 1.8 h 9.1h 32h
45% 25% 13% 6.9%
WENO9|2.6 x 105 |8.8 x 105 2.1 x 108 (7.1 x 106|1.7 x 107 [5.7 x 107 |1.3 x 108 |4 5.2 x 10% |1.8 x 107 {4.2 x 107
0.03h |0.13h [056h [23h [9.6h [39h 153 h 10 h 52 h 159 h
63% 50% 38% 23% 16% 8.0%  |4.7% 10% 4.2% 2.2%
5 9.2 x 108 [3.1x 107 |7.3 x 107
1001 39h 198 h 623 h
I 5.0% 1.7% 0.89%
N . 6 1.5 x 107
3 e T 136 h
© “oe 2.2%
G e
g \‘E]\\t\
@ 104+ FVWENOS . * PMI 3-ro nopsagka v Bbllle BbIUrpbiBaET
g o ek ‘“'\\‘ no addekTuBHocT Y MKO
1/ ¢ DGK3 .
% 1| DGK4 \  C pocTtom TpebyeMon TOYHOCTN OTPbIB
g [T DEKS oT MKO pactet
5 AN
O
=
o 0.1 1 10 100

3aTpPaTbl MAWUWMHHOIO BpeémeHu, 4
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® Mopudumrauma DDES metoaa [Shur et. al, 2015]

® BepwUHHO-UeHTpupoBaHHan EBR cxema
- He Bbille BTOPOro nopAaaka TO4HOCTU Ha NPOU3BObHbIX
HECTPYKTYPUPOBAHHbIX CTEKAX B paMKax KOHEYHO-0O6bEMHOro Nnoaxoaa
- 5-6 NOpAJOK TOYHOCTU Ha CETKAX TUNAa PaBHOMEPHbIX peLleToK
(TPaHCNAUMOHHO-MHBAPUAHTHbIE CETKM) B paMKax KOHEYHO-
Pa3HOCTHOro NoAaxoAa

® WENO-EBR cxema ans 3aa4 ¢ paspbiBamm

® ApantusHasa rubpmuaHas cxema MUHUMANbHOM AMccUNauum

® WHTerpupoBaHue No BpemeHU
- ABHaA cxema PyHre-KyTTbl 4-ro nopaakKa;
- HeABHaA cxema HbloTOHa 2-ro nopAagka;
- meToa 6muconpaxKeHHbIX rpaanenTos (BCGStab)

Kopn

18.09.2018 CEAA2018, 17-19 ceHTA6pAa 2018 roga, r. CBeTA10ropcK
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20 MNH g4eek

PacueTHana ceTKa ana DG K=1

CEAA2018, 17-19 ceHTA6pAa 2018 roga, r. CBeTA10ropcK
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Busyanunsauyuma peweHuA

18.09.2018 CEAA2018, 17-19 ceHTa6pa 2018 roaa, r. CBETN0ropcK



ConocTtaBneHne ocpeaHEHHOW NPOAONbHOM
CKOPOCTHU

X=0.15M

18.09.2018 CEAA2018, 17-19 ceHTa6ps 2018 roaa, r. CBETI0ropcK



ConocTtasneHMA NONHOro AaBaeHuA

XHa=-198
2580000 B
200000
—4— JHCNEePHMEHT
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=]
E 150000
&
=
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ﬁ 100000
S0000
0 |
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Koopaunara Y. m
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Pacuet LIATU DG K=1. CneKTpbl

pacueT
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[TMnoH B conne

270
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Pacnpe,u,eneHMﬂ NMNOJIHOIro AaBJ1eHUA

1.0 5
P/P,

0.9

0.8 -

0.7

0.7
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0.9 -

1.0~

270
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[MTpodnanm NoNHOro AaBAEHUS

P/, 11- x/R = - 1.9083
¢ =90
1.0 —— =65
——=90"2014r.
0.9
0.8
0.7
0.6 1
1 ! 1
1.0 1.1
y/R
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MOHOTOHM3aUMUA peweHUA N Bblaes1eHne CKayka

B cayuae DG

* YMeHbIIICHHE MTOPsAKa ToJMHOMA Ha paspeiBax (P. Sagaut)

* Orpannvenus Ha HeogHOpPOaHOCTH pemenus (B. Cockburn)

* HckycTBenHas Bsi3kocthb (P.-O. Persson)

»  @unprpanus nmons (A. Kanevsky)

*  WENO-pekoHcTpyKIms B ipoOieMHbIX staeiikax (C.-W. Shu)

» JlokanpHOE pazOueHue cetku u npumenenne merona FV (M. Dumbser)

P.-O. Persson, J. Peraire. Sub-Cell Shock Capturing for Discontinuous Galerkin Methods // AIAA
Paper 112-2006, 14 p.

18.09.2018 CEAA2018, 17-19 ceHTa6pa 2018 roaa, r. CBETN0ropcK



Npea co3gaHna n(MMUTOpPA

e JlekoMIIO3uIMs pa3pbIBHBIX MOJIEN MPU MOMOIIY HENPEPHIBHOTO 0a3uca MPUBOJIUT K

apdekty Gibbsa
* Pa3peIB 10oiKEH OBITH 3aMeIlleH HEMPEPBIBHBIM CJIOeM TouHOW o ~ h /K
» CriaXuBaHHE MOXKET OBITh IMOJYYCHO TPU MTOMOIIM HCKYCCTBEHHON BSI3KOCTH

* Pa3pbIB MOXKET OBITh «3aXBa4eH» MyTEM aHaIN3a KO3 UIIMEHTa PaCIIUPEHUS

0 ol o
n= 10 /\\/ \//\ n= 100

05 | 05 |

/\ /\ ho nVAVAVA Al
v \V, i

18.09.2018 CEAA2018, 17-19 ceHTa6pa 2018 roaa, r. CBETN0ropcK



ANrOpUTM

Nuaukarop paspbiBa B SYCHKE!

[(Fu™)y -t U™*M)*d
g —©

e

j f2U™ ) dO
Q

N (K) N (K-1)

Brece  UMI(x,y,2) = Z ue (X, y,z), U H(xy, z)= Z U (XY, 2)
= =

f(U) — Hekorapas ¢pyHKuus ¢ pa3spsIBOM, HAIPHMED IIIOTHOCTH

S, =O(K™) Hapaspsise S,=0(K™), a<4

Ha rmagxom mone

18.09.2018 CEAA2018, 17-19 ceHta6ps 2018 roaa, r. CBeTI0ropcK



ANropntm

HcckyTBeHHAs BA3KOCTD [,

ap_i_amk _O

8,oui+ 0

OpE | @

8p‘€+ 0

18.09.2018

PUU, + POy _z(lu"‘lut +&)Si7< } 0,

PEU + pu, —2(p+ 4 +&)Si7<ui _(Ifr +

i Mt M | O€
@, — + =S .
_,0 ‘ ( o GJ@XJ Pe

1

B nepBom npubnuxkennu g, = 1

Pexomennyercs
Pr,=0.75
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ANropntm

HCCKYCTBGHH&H BA3KOCTD.

* IOCTOSIHHA B STUCHKE

* 3aBUCHUT OT HHIUKATOPa pa3phiBa: Se = |Og 10 Se
HOT pe
0, Se <Sp ~ Schar - Hy
_JH : ”(Se - S0)
L, =<2 1+sin 5 v So—Sehar <S8 Sy + Sy 0.5F
Schar i
L Hos Se > S0 + Schar
0 SO - Schar SO + Schar

Bennuunsl k03¢ GUITMEHTOB:
« Sg=Cp — 4 |Og10 K, C, BbiOpan smnupuyecku
e S

char BPIOpaH SMIMPUYECKH

« Uy = Clhpa/ K, C, BsiOpan sMoupuyecku

18.09.2018 CEAA2018, 17-19 ceHTsi6ps 2018 roaa, r. CBeTA0ropcK



Hanaaka anropntma 1

M field in the calculation ¢ K =3
without monotonizer

Mach
1.7

1.65
1.6
1.55
1.5
1.45
1.4
1.35
1.3
1.25
1.2

1.15
*M;=16 1.1

Calibration results:

* sensor — pressure, ¢, = -1, S,y = 1, ¢, = 0.01

* it Is established that all sensors (pressure / Mach number / density /
entropy) work in the same way in this problem
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HanagKa anropnutma

Indicator fields in
calculationc K =3

“pressure” “Mach number”

b

“denSity” “entropy,

18.09.2018
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HaBuraTtop

MoTunBauma

[logroToBKa TeCTOBOro C/ay4yasn

OcobeHHocTM meToaa LIATU

OcobeHHoCcTK meToaa UMM

[lpegBapuTesibHble pacyeTbl

JlononHuTenbHble aKcnepumeHTanbHble nuccnegosaHua ATIMM
BblaeneHne ckayka 1 MOHOTOHM3aUMA peLlleHua
3aKn4YnTeNIbHaA cepuna pacyeTos

BbiBoAbl 1 npobaembl
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[locTaHOBKa 3a4a4u u pe3ynbraTtbl UATA

Buyrpennnii koutyp: M, = 0.85, NPR; = 1.72, Re;5 = 0.96-108
Buemnuii koutyp: M, = 1, NPR, = 2.25 (nenopacumpennas), Re,p = 2.872-10°

fusitrans

T
T

Kpusonuneiinas cerka, 2:10° sueek

[1o a3umyTy — NOJIHBIN KPyT

«ITocrostanoe naBienue’ BC BHENIHSS rpaHuIia

“zamannbie PO, TO" BC Ha BHyTpeHHHUX IpaHHIIaX
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[lepBble pe3ynbraTbl ocpeaHeHHbIX nonen LA

Yucno M Monotonuzatop 1 Temneparypa
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MonoTtonu3zarop 2
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[locTaHOBKa 3a4a4u u pesynbtathbl UMM
Pacyet NOISEtte.

* [loaxog Kk mogenupoBaHuio TypbyneHTHocTn: SA DDES ¢ A= Ag 4
* YucneHHaa cxema: rmopuaHasa EBR CD+Upwind+WENO

* Ha BxogHou rpaHuue: npodounu n3 RANS pacdeta (SST RANS B
OCECMMMETPMYHON MNOCTaHOBKE BMECTE C COMSIOM)

* BbluncnurtenbeHbI AOMeH: -10<x/D<90; -75<y/D,z/D<75

* BblyucnuTtenbHas cetka: 26.6 MnH. yanos; AT*** = D /200; 200 siveek B
asnMMyTanbHOM HanpasneHuu

\VAV.vaWANTAVAVATS' b
(RO
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STAVAVave ¥ SavS
AVAVAI R

S5 AV

AR e
SRS

ROERE
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Pacyet NOISEtte. MrHOBeHHble KapTUHbI Te4YeHUSs

=10

U: o0 02040608 1 12 schlieren: 0.50 092 1.71 3.16 5.85 10.81 20.00
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Pacuet NOISEtte. OcpeaHeHHble KapTUHbI Te4EeHUA
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Pacuet NOISEtte. Ocpea
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Pacyet NOISEtte. CneKkTpbl

10+

108

107 g

10
£
108
Exp. x/Ra=0, y/Ra=0
w08l T NOISEtte
1077 I 1 1 " i aaal 1
102 10° 10*
f(Hz)
18.09.2018

107 |

Exp. x/Ra=0, y/Ra=-0.74

- —— NOISEtte

2

10'45-

—— NOISEtte

Exp. x/Ra=3.03, y/Ra=-0.75

f(Hz)

10*

Exp. x/Ra=3.03, y/Ra=0
10" F|—— NOISEtte
% (3)
105 3
102 I03 4

f (Hz)
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3aKkn4YeHune

NmeeTca ycToMumBoe pacxorKaeHne pacyeToB C IKCMEPUMEHTOM B
OCPeAHEHHbIX U NY/IbCALLMOHHbIX XapPaKTEPUCTUK TEYEHUA B
LueHTpe cTpyun. Tpebyetca paboTa No BbIABNEHUIO NPUYMNH TAKOTO
PACXOXKAEHUS.

Heobxoammo npoBect AONOAHUTENBHYIO CEPUIO
3KCMepMMeHTaIbHbIX UCCneaoBaHU Ha APYroin ycTaHOBKe A/
onpeaeneHns gucnepcmnmn AaHHbIX.

PacueTbl UT1TM BbinoNHEHbI MOMHOCTbIO, KAYECTBEHHO U
NO3BONAKOT MX NCNONb30BATb B KayecTse pedepeHCHbIX 3HAYEHUN

Pacyetbl LATW c ncnonbzosBaHMem cxembl BbICOKOro NnopAaAKa
NOKa He 3aBepLUeHbl U byayT NPOAONKEHDI
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