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Architecture of multioperarors-based schemes

Ou /0t +of (u)/ dx = 0

* Conservative scheme (can be cast in the form of flux balances)

ou/ot+L,, f(u)+CD,,u=0, C=0
N\

High-order dissipation-frée approximation to High-order dissipation

the derivative

Multidimensional problems: use multioperators
for each spatial coordinate

N-S equations: use any type operators for viscous
terms



MynbTronepaTopbl B cxeme 16-ro nopsaaka (M=8).
lcnob3ytoTcs TONbKO ABYXTOYEYHbIE ONEPATOPbI

R, u,=(1+c)u,—cu, R u,=(+cu,—cu,,
szj = Rz(c)_l(fj - fj—1) >0 erj =R, (C)_l(fj+1 - f]) <0
] 0
Basis operators Ly(c)= E(LZ (c)+L.(c))= = +O(h%)
X

M
Multioperator Ly, (c,...,cp; ) = ZykLo (ck)fj = (Zi)j + O(th)
k=1 X

Basis operators D _1 T (V— T o
for dissipation () 2( ()= L(0))=O(h)

M
Dissipative multioperator Dy, (c;,....c,,) = Y7, D(c,) = O(h*"™)
k=1



BarkHble CBOMCTBA CXeMbl

* Boibop napameTpoB mynbTnonepatopa Ly, no3sonseTr obecnevntb
BbICOKYIO pa3peluatoyo cnocobHOCTb CXeMbI

* Boibop napameTpoB mynbTnonepatopa Dy, NO3BONAET yNpPaBaAAThb
CNEeKTPa/ibHbIMW CBOMCTBAMU AMUCCUNALUN

* Peanunsauma anropntma ocHoBaHa Ha 60/1bLLIOM KONNYECTBE
onepauun suaa (berywmin cyer)

U; = a;uj_q + bj, aj v bj - nssectrble KoaddnLUMeHT

JTO CO34a€eT BO3MOXHOCTb 3pPEKTUBHOIO pacnapaniennBaHus



NapannenbHana peanusaumua. Pacnpenenenue

Y3JI0B PACYETHOM CETKHU MEKAY
[PoIEeCcCOPpaMHU U cXxeMa 00MeHAa JaHHbIMU

MEXK1y HUMHU
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[Ipu BeIYMCICHUU TIPOU3BOIHON ISl CXEMBI 16-10 mopsiika Hajo0 OOpaTUTh 8
IBYXIMaroHaJIbHBIX MaTtpull. Juddepenuupyem 6 ¢pynkuumii. Beero
oOpautaem 48 Marpuil ¢ onepauuei u; = a;u;_ +b;,j=12,...n



BobluKciieHre MPOU3BOAHBIX 110 OJHOMY HANPABJIEHU IO

Wnst BOSIb KOOPAMHATHOW JIMHUM , HAIPUMED, OT JICBOM I'PaHMIIbI, HAXOIUM
3HAYEeHUA U; = a;uj_q + b; BO Bcex y3yax O70ka (npouexypa Move()).
3areMm JIaHHbIE C TIPaBOM I'PAHMIIBI IEPEAAIOTCS IPABOMY COCETHEMY
npoteccopy (mporueaypa Send())
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Parallel efficiency
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[loaxoa K YNCNeHHOMY MOAeNNPOBaAHUIO
HEeYCTONYMBbBIX TEYEHUN

* [Tpn ncnonb3oBaHUU AOCTAaTOYHO NOAPOOHOM CETKM BbINIO
0bHapyKEeHO, YTO OTKNOHEHUSA YNCNEHHbIX PELUEHUN OT TOYHbIX
peleHnn ypasHeHU Innepa nnam Hasbe-CTOKCa MOTryT CAYHKUTb TEMU

MaJIbIMN BO3MYLLEHUAMMU, KOTOpble BO3OYKAAOT HEYCTOMYMBbIE
Mo/bl

e JlocTaTOYHO NPOCTO peLlaTb HECTALMOHAaPHbIe 3a4a4m be3 BBeAeHUS
0bObIYHO NPUHATLIX UCKYCCTBEHHbIX BO3MYLLEHNN. CBOMCTBA CXEMDbI
NO3BOJIAIOT ONMUCbIBAaTb BOSHMKHOBEHWE, POCT U PAa3BUTUE
HEYCTONYMBbIX FAPMOHMUK.



MexayHapoaHbIN NPOEKT: HeycToMYnMBOCTb BUXPSA rayCCOBCKOro

TUMA B NOTOKe CKXKMNMMaAeEMOIO ra3a
Int. J. Numer. Meth. Fluids 2013; 72:811-845

TouyHOEe pelleHne - BUXPb NEPEHOCUTCA NOTOKOM H6€e3 N3MeHeHMs.
TecT: TpebyeTcs ero cpaBHEHME C PacYeTHbIMM AaHHbIMMK Npu t=50

e p = [1 - VT_lMZBZ exp(1 — rz)]l/(y_l)

. u_%—?—%exp (1_2r2 "

- v = g exp (1_2r2) 40? Buxpb
" E= V(V—legﬁ’zMz - %exp(l -7 2:

0-.0 0.5 1.0 x
r? = (x?+y?)/R?
x € [—0.5;0.5], y € [—0.5;0.5] =0.2, M=0.5

[lepnogU4YHOCTb MO X U Y

bblnn npoBeaeHbl pacyeTbl HAa OCHOBe cxembl 16-ro |
nopagka. JlononHeHUa K NnpeacTtaBAEHHbIM HUXeE 10)
AaHHbIM —B A.l. Tolstykh, M.V. Lipavskii, European '
Journal of Mechanics. B. Fluids,v. 87,2021
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Pe3y1'|bTaTbI TEeCTAa. CpaBHEHNE C TOYHbIM CTAUNOHAPHbIM pelleHnem
Npn t=50. err- HOPMa OTKRJ/IOHEHWNA OT TOYHOIO peleHnA
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CueHapum PA3BUTUA HEeYCTONYMBOCTM.
3aBMCMMOCTb NyAbCaUMMN AaBAEHUA OT BPEMEHMU

Ha PacCTOAHMM OT LUeHTpa SR

Cragus | Ctagus I, kBagpynonbHoe nU3ny4vyeHune

naas
poaz b
02des P
p20s
o

[+ ]

o -
L1008 -

La0ws -

L0 |

D a0Zs =

OTKNOHEeHMA OT CTaUMOHAPHOINo TOYHOINo 3Ha4eHUA

o b =" 1] Tl e i

h=1/256,
h=1/512




Ctagmsa 1. 3apoxgeHne Heyctonymsom moapl. O4eHb Mmasible
NyAbCaLnmM AaBAEHUA HA PACcCTOAHUM r=5R, oT ueHTpa, war h=1/512,
t<60
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(a)3aBucHMMOCTb Nynbcaumin AaBneHma (1.e. OTKNIOHEHUM OT Ha4ya/IbHOTO
3HAYeHUs) OT BPEMEHMN.

(b) CneKtp (yKa3biBaeT Ha HaM4YMe OYEeHb MabiX OCUMANALUNA TUNA
6enoro wyma)



Cragma 1. OTKNOHEHWe AaBsieHUA TOYHOro (CTauMoOHapHOro) B
nocneaoBaTe/IbHble MOMEHTbI BDEMEHM : POXKAEHME KBaApynoaa 13
Xaoca
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Ctagma 2: nons AasaeHus - BpallatoLneca KBaapynoam

76E-04 3.8E-04 76E-04 38E04 _7.6E-04 3.8E-04 7.6E-04 3.8E-04



Instability of subsonic boundary layers. Navier-Stokes

calculations in the framework of investigations into
laminar-turbulent transitions

* Calculations with scheme-generated small disturbances due to
controllable O (h'®) dissipation

* Problem formulation in the 2D case: rectangular domain

0<x/L<20, 0<y/L<0.2;], Re;=5%10°; mesh 3000 x 100

* non-reflecting upper boundary; sponge zone at x > 15

* N-S equations are normalized with L and speed of sound at oo
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Numerical results
part of them in
A.l. Tolstykh, D.A.Shirobokov, Journal of Turbulence, v.21, 2020
Unstable behavior of main boundary layer parameters
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Dashed line is the exact solution of the incompressible boundary
layer equations



Visualization of numerical solutions

* Flow characterization: U(x)= u(x,t), x-velocity u near surface (often
used in wind tunnel experiments) at selected t, y= 5.7e-4

* To detect small and very small velocity pulsations: calculated r.m.s.
deviations from fitting functions for selected x intervals and time
Instances T:

du =U(x) — P(x), Hc?ul‘ = min
P(x) is a polynomial with the Chebyshev basis functions

Snapshots of flow fields



Packets of the Tollmien-Schlichting waves: coming into being
from very small stable spatial pulsations near leading edge
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Direct observation of the generated wave packets of T-S waves
(no “microscopic” visualization is needed)

 Dominant wave packets at successive times: moving from x > 6 to sponge zone
at x > 14.5 with increase of the amplitudes (group velocities are about 0.15);

occurrence of negative velocities
* Packets with smaller amplitudes can be detected by calculating éu

* Some agreements with the linear theory of T-S waves was found
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Spatial spectra; snapshots of flow field details

 Spectra at selected times.
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* u-velocity fields at selected times; negative velocities are seen
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3D Case. Preliminary results vorticity
Delta criterion rot z

t=335

t=40




3D case. Preliminary results: vorticity (A — criterion)

Vorticity at t=42 Vorticity at t=44




3aKkar4yeHme

[peactaBneH aAropmUTM YNC/IEHHOIO pPELLEHMA 33434 a3POAMHAMUKM U a3 POAKYCTUKU C BbICOKOM
napannenbHon 3GPeKTUBHOCTbIO, OCHOBAHHbLIN Ha MY/IbTUONEPaTOPHOM cxeme 16-ro nopAaaka.

MpeanoxeHa cTpaTerna YACIEHHOrO MOAEINPOBAHNA HEYCTOMYMBBIX Te4YeHn be3 BBeaeHUA
MCKYCCTBEHHbIX BO3byamuTenem HeyCTom4ynmBoCcTH

[MpeacTaBneHbl YNCNEHHbIE PeLleHns YypaBHEHU dnepa ANA 3a43a4N O HEYCTOMYMBOCTU BUXPA
raycCoBCKOro Tmna. [Toka3aHo poXKAeHNe HeyCTOMUYMBbBIX MO, U3 OTKNOHEHUIW OT TOYHOTO
CTaLMOHAPHOIO peLleHns, UMeoWmMX NOPAAKM MaNIOCTU B OKPECTHOCTU TOYHOCTM MaLLUNHHOM
apnPmeTuKn

MpeacTaBieHbl YNCNEHHbIE pelleHns ypaBHeHUN HaBbe-CToKca 415 334a4M O HEYCTOMYMBOCTH
[03BYKOBOTO NOrPaHNUYHOTrO C/10 HA NOCKOM naacTuHe. [MoKa3aHo, Kak B ABYMEPHOM C/yyae
POXKAAKTCA NaKeTbl BOMH ToamunHa-LLUAnMXTUHIa B OKPeCcTHOCTM NepeaHEN KPOMKU U KaK OHU
PAa3BUBALOTCA , PACMNPOCTPAHAACL BHU3 MO NOTOKY. [TpeacTtaBneHbl npeaBapuTeNbHble pe3ynbTaThl
ANA NNAaCTUHbI KOHEYHOMW LUMPUHBI.



