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KOHBEKTHMBHBIE HEYCTOMYMBOCTHU

HeyctonumBoctb Penesa-Tennopa

Heyctonumnsoctb Penesn-BeHapa



[TorpaHU4YHBIN CIIOH, JIJAMUHAPHO-TYPOYJIEHTHBIN EPEXO/T

CcHoBHOE TeqeHKHe
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MorpaHnWyYHbIN CNOW Ha NNacTuHe:
BOJiHbl TonmuHa-lUnuxTuHra,

anbda CTPYKTYpbl

Oblique breakdown on a 7 degree cone at Mach 3.56 initiated by azimuthal JNTamnHapHoO-TYpOyneHTHbIN Nepexon B
mode k, = 12 and F = 4.0 x 10 at NASA Langley M3.5QT conditions. BOCXOAsILLEen CTpye OT ropsillen caetm3



. Figure 1. Gértler vortices over a concave wall. .
HeycTtonumnsoctb MapaHroHum A i . i -

Centrifugal instability (Gortler instability) Mopdonormyeckas HeyCTOMUMBOCTb
. NMnnaTtos., 1990
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Heyctonuusoctb MNnato-Penes

CnoucTble CTPYKTYpbI B 4
cTpaTMdPULNPOBAHHOM XNUOKOCTU


http://web.mit.edu/nnf/people/jbico/paa100ppm-redtip.mov
http://www.math.nyu.edu/aml/wetlab/movies/MST1.avi
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Poligonal convective cells in a thin layer 0.81 mm.

Original Bernard’s photograph,

H. Benard, Les tourbillons cellulaires dans une
nappe liquide, Rev. Gen. Sciences Pure Appl.
11 (23) 1261-1271, 11 (24) 1309-1328 (1900).
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Mogorpee chuay M. Block, Nature, 1956.

Rigid walls: Ra,=1708 J. Pearson, J. Fluid Mechanics, 1958
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Stress-free walls: Ra,=657.5 =

«Cne3bl BUHa», MapaHroHm , 1855
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Smith, Davis, J. Fluid Mechanics, 1983

Yenosus Teopembl CkBaiipa (1933) He BEINOTHSIOTCS

bonee Hu3koe kauecTBO KpHUCTAaJJIOB,
BBIPAIICHHBIX B KOCMOCC

DKCIEpUMEHTHI B KOCMOCE (CMEHa HalpaBJIeHUs
BO3MYILIEHUIT)

Pr=0.01+500

MNoporpes c60oky I. Ryzhkov, Phys. Fluids, 2011 5



From Sand to Silicon “Making of a Chip” (Intel)




MeTtoabl HoXpanbCKOro U IIaBarOIEH 30HbI
pPOCTA KPUCTAJLJIOB

Polycrystalline
ngot

Moiten silicon

RF coil

Grown single
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<4— Single crystaline seed



HeycToM4mBoCTM Npu pocTe KPUCTAI/I0B

KoHBeKIMA ITpU POCTE KPUCTAIIIOB:
* XOpOoIlEee MEPEMENTINBAHUE
* OTCYTCTBUE HEYCTOUYHUBOCTEN




[ mapoamHaMuyeCcKre MOAEIIA POCTA KPUCTAJIIIOB

hot disk -5

. . - . | MeTopa nnasatoLemn
Muakuii moct 8 E = 8 i lﬁ
< = ! 30Hbl
zs |
[ = _ —Ji_-_ -
L'----._._l_._.----""
& = cold disk T __ =

free surface

coI{I cylinder

I\/IeTO,EI, c::__,, hot inner cylinder prrOBOH
YoXpanbCKoro "" ==—u "; bacceiin

Imt outer cylinder cold outer cylinder




BeHumapK no metoay HYoxpanbCKOro Ang
6onblioro Ymncna MpaHAaTna

Convective cooling: Bi=0.1

Thermocapillarity: MaPr= 586AT @ Qn-y-stal
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AHaNn3 TIMHEMHOWN YCTOUYMNBOCTU

YpaBHeHUA byccuHecKa:

divU =0 y] U, G
$+(UV)U =-VP+AU +GrTk P I(%.t)=| By |[(X)+] p [(X)xe”
ot T T, z
N L GVT =2 AT
ot Pr
ba3ucHoe peweHue: YCTOMYMBOCTD -
3a44a4a Ha cobCcTBEHHble 3HauYeHuUn:
divU, =0 divii =0
(UOV)OO =—VP,+AU, +GrT,k Al +(UOV)U +(@V)U, =—Vp+Al+Grok
U VT, :PiATO A0 +0VT, +U, Vo :PiAe
r I

+ rpaHUYHbIE YCNOBUA



AHau3 JUHEUNHONW YCTOUNYUBOCTH

(MaTpUYHBINA OJIXO.)
1. CrauMoHapHoe ocecMMMeTpuYHoe TeyeHue (2D) — basucHoe pelueHune

MpunoxkeHune metoga HotoToHa B MaTpuuHom suge ana | (Y) =0

J )= S (x)+17(%) - (x = x,)
f'(x[k]) ARy g _f(x[k]) + f'(x[k]) .yt

2. YcToMumMBOCTb Manbix Bo3myLleHu (3D)

JInHeapu3saumsa okono 6asncHoro pelueHusa. MeToa HOpMasibHbIX MOZ,
B a3MMyTa/IbHOM HamnpaBAeHUN:

(0, p.T) (r,0.2) = (& £,O7(r,2) exp(At +imp), m=0,£1+2,...
Ob6o06LeHHas 3a4a4a Ha cOBCTBEHHbIE 3HAYEHUSA:

Ax=ABX, Xe C”, A — KOMNAeKcHaa maTtpuua, B — aMaroHanbHasn
BbIPOXKAEHHAA MaTpMLua

MeTopa pelwieHuaA: obpaTHaa Utepaumna co caBuramm,
meTtoa ApHonbau (Arpack)



MaTpuyHble meToabl

He Hy>kHO pa3pabaTtbiBaTb METOM PELLEHNSA YPaBHEHWUN
OTcyTCcTBME pacllenneHns

Bbicokas CKOPOCTb CXOOANMMOCTHU

R

BO3MOXXHOCTb NOMYy4YeHNs CTaLMOHAPHbIX PeLleHnn, KOTopble NS
HeCTaLNOHAapPHbIX YPaBHEHUI SABMSAOTCA HEYCTOMYMBbLIMU

o

EcTecTBeHHbI 4n4a 3agad NMMHEUHON YCTOUYNBOCTU

6. Bbicokne Tpe6OBaHI/IFI K nMaMAaTn npun UCrnoJib3oBaHUN rnpamMbiX MeTo4oB
pelweHnd NMMHENHBLIX CUCTEM

MeToguka 6bina peannsoBaHa B nocrieqoBaTeribHOM BapuaHTe npu
ncnonb3oBaHmn naketa SRARSEKIT (ntepaumoHHbIn meTon)
Ana 12 I'b MK goctynHasa cetka coctasnana 300x300 y3nos.

Llenb: ceTka oo 5000x5000.
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Freely Available Software for Linear Algebra

http://www.netlib.org/utk/people/JackDongarra/la-sw.html

Spars Spars Sparse| Last
SPARSE DIRECT License Support [Type Langua Mode|Dense| e - Eigen| release
SOLVERS g° Direct Tterati value | date
ve
Real Cofple FF7975/ C |+ Sh;‘re Accel.| Dist SPD | SI | Gen | SPD | Gen | Sym | Gen

[DSCPACK PD yes X X X M X ?
KKTDirect PD yes X X X X LDL" 2010-04-21
MUMPS CeCILL-C yes X X X X X M X X X 2015-02-20
PaStiX CeCILL-C yes X X X X X X C M X X X X X 2014-12-18
PSPASES Own yes X X X M X 1999-05-09
QR-MUMPS LGPL yes X X X X X X 2012-08-01

uern PD yes X X X X X X 2009-02-04
SPARSE Own ? X X X X X X 1988-04-01
SPOOLES PD ? X X X X M X X 1999-04-08
SPRAL New BSD yes X X X X X C X X X 2015-04-20
SuiteSparse LGPL yes X X X X C X X 2015-03-24
SuperLU Own yes X X X X X C M X 2015-05-01
TAUCS Own yes X X X X X X X X 2003-09-04
Trilinos/Amesos LGPL yes X X X X M X X 2015-05-07
Trilinos/Amesos2 BSD yes X X X X M X X 2015-05-07
Y 12M ? yes X X X X X ?



http://www.cse.psu.edu/~raghavan/Dscpack/
http://en.wikipedia.org/wiki/Public_domain
http://www.cse.psu.edu/~raghavan/Dscpack/
http://www.cs.ubc.ca/~rbridson/kktdirect
http://en.wikipedia.org/wiki/Public_domain
mailto:rbridson@cs.ubc.ca
http://graal.ens-lyon.fr/MUMPS/
http://www.cecill.info/licences/Licence_CeCILL-C_V1-en.html
http://www.cecill.info/licences/Licence_CeCILL-C_V1-en.html
http://www.cecill.info/licences/Licence_CeCILL-C_V1-en.html
mailto:mumps-dev@listes.ens-lyon.fr
http://pastix.gforge.inria.fr/
http://www.cecill.info/licences/Licence_CeCILL-C_V1-en.html
http://www.cecill.info/licences/Licence_CeCILL-C_V1-en.html
http://www.cecill.info/licences/Licence_CeCILL-C_V1-en.html
https://gforge.inria.fr/forum/?group_id=186
http://www.cs.umn.edu/~mjoshi/pspases/index.html
http://www.cs.umn.edu/~mjoshi/pspases/index.html
http://www-users.cs.umn.edu/~mjoshi/pspases/download.html
mailto:mjoshi@cs.umn.edu
http://buttari.perso.enseeiht.fr/qr_mumps/
http://buttari.perso.enseeiht.fr/qr_mumps/
http://buttari.perso.enseeiht.fr/qr_mumps/
http://www.opensource.org/licenses/lgpl-license.php
mailto:alfredo.buttari@eneeiht.fr
http://www.cs.ubc.ca/~rbridson/quern
http://en.wikipedia.org/wiki/Public_domain
mailto:rbridson@cs.ubc.ca
http://www.netlib.org/sparse/index.html
http://www.netlib.org/sparse/spdoc
http://www.netlib.org/linalg/spooles/
http://en.wikipedia.org/wiki/Public_domain
http://www.numerical.rl.ac.uk/spral/
http://opensource.org/licenses/BSD-3-Clause
mailto:jonathan.hogg@stfc.ac.uk
http://faculty.cse.tamu.edu/davis/suitesparse.html
http://opensource.org/licenses/lgpl-license.php
mailto:davis@tamu.edu
http://crd.lbl.gov/~xiaoye/SuperLU/
http://crd.lbl.gov/~xiaoye/SuperLU/License.txt
mailto:xsli@lbl.gov
http://www.tau.ac.il/~stoledo/taucs/
http://www.tau.ac.il/~stoledo/taucs/
mailto:stoledo@tau.ac.il
http://trilinos.org/packages/amesos/
http://www.opensource.org/licenses/lgpl-license.php
mailto:trilinos-users@trilinos.org
http://trilinos.org/packages/amesos2/
http://www.opensource.org/licenses/bsd-license.php
mailto:trilinos-users@trilinos.org
http://www.netlib.org/y12m/index.html
mailto:jw@imm.dtu.dk
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Multifrontal parallel distributed symmetric and unsymmetric solvers (MUMPS)

CoBpEMEHHbIN CTPYKTYPUPOBAHHLIN MaKeT peLleHns paspeXeHHbIX NMMHENHbIX
CUCTEM, C OTKPbITbIM KOLOM, NOAOEPXKUBAET pacrnpenerieHHoe XpaHeHne
mMatpuubl 1 LU pasnoxeHusi, ocHoBaH Ha wabnoHax BLAS n ncrnonbayet MPI.

BkntoyaeT ctagmio npeasapuUTenbHOro aHannsa matpuubl ansa ee
nepeynopsagovmBaHma ¢ Lenbio ymeHblueHna obbema LU pasnoxeHusi. [llommmo
BCTPOEHHbLIX MPUBMMKEHHbBIX NOAXOA0B AN NepeynopsaaoyunBaHnNs BO3MOXHO
NCNosib30BaHMe Cneunanm3npoBaHHbIX BHELLHUX NakeToB paboTbl € rpadamu
METIS n SCOTCH.

YckopeHue ana nocneposartenbHon Bepcuun coctasusro 10x + 100x.

C TOuYKM 3peHUs NporpaMMmnpoBaHnda TPebyeTCsl TONMbKO 3anosiHeHne
pacnpeaeneHHon MaTpuLbl U CUMHXPOHHOE obpalleHne Kk MUMPS B nporpamme.



AsumyTanbHas O®yHKums Toka Temneparypa

CKOPOCTb
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Pe3ynbTaTbl HA PA3/1IMYHbIX CEeTKaX

ceTKa psi_min psi_max u_min u_max w_min W_max

Re=0 201x201 ~1.509168 0.0 -36.3208 14.6050 -230.9170 15.7189
10011001 ~1.529003 0.0 -52.2606 14.7333 -232.0528 15.9482
20012001 ~1.533083 0.0 -56.0440 14.7580 -232.2550 15.9902
30013001 ~1.534639 0.0 -57.4799 14.7674 -232.3312 16.0061
beck. ceTka -1.538914

Re=2000 201x201 -2.186575 12.743824 -60.4212 191.0589 -26.5429 85.6441
1001x1001 -2.172347 12.767028 -60.6481 191.1468 -26.5565 85.4437
2001x2001 -2.171820 12.768741 -60.6559 191.1682 -26.5648 85.4118
3001x3001 -2.171706 12.769186 -60.6578 191.1756 -26.5678 85.4010
eck. ceTka -2.171595 12.779751 -60.6599 191.1916 -26.5754 85.3787




Beaywme cobcTtBeHHbIe 3HAaYEHUA ANS
a3nMmyTasibHbIX moa m=0-+3

CCTKa

m=0

m=1

m=2

m=3

Re=0

201x201

(20.558, 457.718)

(-27.860, 496.822)

(-30.238, 102.882)

(-43.060, 120.064)

1001x1001

(18.984, 460.879)

(-35.766, 503.328)

(-30.207, 103.343)

(-42.766, 120.393)

Re=500

201x201

(265.490, 146.52)

(221.449, -251.408)

(127.105, -1069.192)

(48.604, -1520.996)

1001x1001

(256.690, 151.90)

(212.943, -247.481)

(119.836, -1091.355)

(41.982, -1547.494)

Re=1000

201x201

(241.164, 353.58)

(248.204, -120.173)

(203.529, -566.380)

(46.692, -2203.209)

1001x1001

(244.035, 358.84)

(251.080, -117.944)

(204.690, -568.771)

(46.440, -2221.724)

Re=1500

201x201

(115.338, 391.57)

(174.029, -22.166)

(199.206, -383.248)

(15.330, -129.513)

1001x1001

(115.010, 390.05)

(173.823, -22.520)

(199.319, -384.006)

(14.909, -127.671)

Re=2000

201x201

(70.630, -200.92)

(93.540, -11.711)

(67.061, -228.260)

(-9.924, -151.529)

1001x1001

(70.384, -201.39)

(94.246, -11.748)

(66.353, -228.851)

(-10.346, -152.051)

Re=5000

201x201

(-30.792, 576.42)

(-14.021, 54.585)

(33.165, -130.752)

(18.561, -1242.345)

1001x1001

(-31.476,577.27)

(-13.316, 54.849)

(33.432, -131.241)

(18.822, -1246.261)




MaTpuyHble meTtoabl. [1lamAaTb.

Pasmep matpuubl AkobmnaHa — 10 x pasmep BEKTOpa HEU3BECTHbIX (CUMNbHO
paspexeHHast)

Pasmep LU-pasnoxeHusa - 100 x pasmep matpuubl AkobrnaHa

Knacc 3agadn — Memory bound KPUTUYECKNIN PECYPC - NaMATb
MacwTtabupyemocTb Mo npoLeccopam — OTHOCUTESBbHO UCMOMb30BaHUA NaMATH
[Mpobnema - I3amepeHne namsaT npu Ncnorb3oBaHUN MNakeToB

1. Intel VTune Ampilier
2. MPI Performance Snapshot



Mcnonb3oBaHMe pecypcos

Pacuernas cetka Pa3smepHOCTB [TamsTH Konduryparus Bpems Bpewms
BEKTOpa s LU (k01-BO aHamusa LU
HEU3BECTHBIX pa3IOKEHUS MIPOIIECCOPOB X MaTpulbl | pa3IoKEeHUs
orepaTuBHasI U 00paTHOTO
MaMsTh) X0/1a

201x201 0.1M 0.8 GB 1x12GB 3" 3"

1 x64 GB 35" 50"

8x12GB 1 1
1001x1001 SM 40 GB

16 x 12 GB 25" 45"

33 x12 GB 45" 3

8 x 24 GB 8' s
2001x2001 20M 160 GB 17 x 24 GB 3 5.5

33x12 GB 1 4

16 x 48 GB 34' 17
3001x3001 45 M 360 GB

32 x 24 GB T 10'

17 x 48 GB 3 16'
4001x4001 64 M 512 GB

33 x 24 GB 2' 9

17 x 72 GB (supr.) g 24
5001x5001 100 M 800 GB

33 x 48 GB 9 14




CobcTBEHHbIE PYHKLU UK
TemnepaTtypa, KOMMNOHEHTbl CKOPOCTU
ONA pa3/IMYHbIX a3numyTanbHbIX mog, (1/4)




CobcTBEHHbIE PYHKLU UK
TemnepaTtypa, KOMMNOHEHTbl CKOPOCTU
ONA pa3/IMYHbIX a3uMmyTanbHbIX mog, (2/4)




CobcTBEHHbIE PYHKLU UK
TemnepaTtypa, KOMMNOHEHTbl CKOPOCTU
ONA pa3/InYHbIX a3numyTanbHbIX mog, (3/4)




CobcTBEHHbIE PYHKLU UK
TemnepaTtypa, KOMMNOHEHTbl CKOPOCTU
ONA pa3/IMYHbIX a3numyTanbHbIX mog, (4/4)




BbiBOAbI:

1. BbinonHeHbl pacyeTbl Ha CK «JlomoHOCOB» Ha OCHOBE MeToaa
HbloTOHa 1 npamMoro cornsepa anga nuHenHolx cuctem MUMPS ong
100M HeunsBeCTHbLIX C UCMNosfib3oBaHMeEM 40 33 NpoLeccopoB C
namaTblo 48 'b ana 6eHumapka no metoay HoxpanbLCcKoro npu
bonbwmnx yncnax MNpaHaTng.

2. [lNony4yeHbl cxoasLwmecs No ceTke pesyrnbTaTbl U MHTEPNONALUS Ha
«HYNeBYylO» CETKY Anst 6eHumMapka no metogy YoxpanbCcKoro.

3. Y3kum mecTtom mcnonb3oBaHusa naketa MUMPS aBnsaeTcs oobem
NaMATU Ha HYNEeBOM Yy3rne Ha 3Tane «aHanumsa» - MMHUMM3aunm
obbema LU-pasnoxeHus MeTtogom Teopum rpados.



Cnacmbo 3a BHMMaHue




