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IpenucaoBue

B uccnenoBanusx TypOy/neHTHBIX TedeHHH 3aneHCTBoBaHO 6oJblioe
YHCJIO CMeLHalHCTOB B Pa3IHYHbIX 06JacTIX HAYKH MU TEXHHKH U pacXony-
I0TCA BecbMa 3HAaYHUTeJbHble CPeCcTBa, BblAeJsieMble NIPaBUTeNbCTBEHHBIMH
U KOMMepYeCKHMH OpraHH3alHsiMH, a TaKXKe HeKOMMepueCKHUMH H YacTHbI-
MH (DOHAAMH.

Tematuka, cBsi3aHHasi ¢ MOieIHpOBaHHEM TYpOY/IEHTHBIX Te4YeHUH MeTo-
[OM KDYIHBIX BUXpeH U CMeXHBbIMH C HUM MOAXOAaMH, HHTEHCHBHO pa3BH-
BaeTCsl KaK B YHUBEPCHUTETaX, TaK M B HayUHBIX LIEHTPaX, NOAJepXKHBaeMblX
MpoMbiLIJIEHHBIMH Kopriopauusimu (Hanpumep, Rolls-Royce ple, Airbus,
Boeing, Volvo Aero Corporation, Ford Motor Company) u dupmamu-
pa3paboTyHKaMH KOMMepYeCKHX BLIUHCJHTE/bHbIX TAKETOB, NMpeaHa3HayeH-
HbIX 1/ pelleHHs 3afay ra3oBoH AMHAMHKU M Temnjoo6MeHa (Hanpumep,
Fluent Inc, Ansys Inc, CD-adapco). HccnenoBanusi B gaHHOH 06sacTH
(MHaHCHpYIOTCA IPAaHTAMH HALLMOHANbHBIX OpraHH3alUuil U ¢GOHI0B, B YacT-
HocTH, PoccuiickuMm ¢oHgoMm dysaamedTanbHbuIX HccaenoBaHuit (PPPU)
B Poccun, Royal Society, Engineering and Physical Sciences Research
Council (EPSRC) B Benuko6putanuu, National Research Council (CSIC)
B Mcnanun, National Research Council (CNR) B Mranuu, National Council
for Scientific Research (CNRS) Bo ®panuuu, National Science Foundation
(NSF) B CLLIA, Japan Science and Technology Agency (JST) B Anonum,
a TaKXe OpraHusauusMd ¥ ¢oHaaMu Apyrux ctpad. HccnemoBaHus Ha-
XONAIT TaKXKe MOALEPXKY Ha MexXAyHapoiHOM ypoBHe. CoOTBeTCTByIOLLIHE
HccJleoBaHUS W pa3paboTKH MOAAEPXKHBAOTCH, B YacTHOCTH, PaMouHbIMH
nporpammaMu EBponeiickoro Coio3a Mo HayyHbIM HCCIeNOBaHWUAM W Tex-
Hosoruueckum paspa6otkam (EU Framework Programme for Research
and Technological Development) u EBponefickuM KocMHYecKHM areHCTBOM
(European Space Agency).

Cpeau 3apy6eXXHbIX YHHBEPCHTETOB M Hay4HbIX LEHTPOB, BHeCLIHX
CyLleCTBEHHBIH BKJal B TEOPUI0 U TNPaKTHKY TypOyJeHTHOCTH H ee
YHC/IeHHOe MoJeJlHpoBaHHe, cJenyeT oTMeTHTb Von Karman Institute
for Fluid Dynamics (Benbrusi), Imperial College (Jlonnon, Benuko-
6putanus), University of Cambridge (Ksm6pumx, Beanko6puranus),
University of Manchester (Manuectep, Bennko6putanus), University of
Tolouse (Tynysa, Ppanuus), Center for Modeling of Turbulence and
Transition (Kausnenn, CIHA), Center for Turbulence Research (Ct3H-
¢opa, CIUA), National Center for Atmospheric Research (Konopapo,
CIIIA), Massachusetts Institute of Technology (Kam6punx, CIIA),
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Sandia National Laboratory (Kanudopuus, CLIA), Chalmers University of
Technology (Tete6opr, IlIBeuus), Tokyo Institute of Technology (Tokwo,
finoHKs) a TaKXe HalHOHaJbHble aspokocMHyeckue LeHTpel ONERA Bo
®panuny, DLR B T'epmanuun, CIRA B Hranuu, NASA B CIIA. Un-
TEHCHBHbIE MHOTOJIETHHe HcCJ/eNoBaHHs 3a pybexoM Benytcs M. Breuer,
L. Davidson, J. W. Deardorfi, J.H. Ferziger, C. Fureby, M. Germano,
S. Ghosal, A.D. Gosman, M. Lesieur, P. Moin, U. Piomelli, W. Rodi,
P. Sagaut, P.R. Spalart, P.G. Tucker »u MHorumMu Apyrumu wuccrenosa-
TeJNSIMH.

AHrnos3biyHas 6Gubavorpadus Mo COBpeMEeHHHIM MeTogaM MOAesupo-
BaHHS TYpOYJEHTHBIX TeYeHHH, BK/loYyash MeTOl MOOe/HPOBaHHUsSI KPYMHbIX
BUXpeH M cMexXHble moaxoabl (NpsMoe YHCJIeHHOe MOAEJNUpPOBaHHe, Moje-
JHpOBaHHE OTCOeJHHEHHLIX BUXpeHd H [pyrue), HaCUHUTbIBaeT HeCKOJbKO
THICAY JKYPHa/IbHBIX CTaTel U HeciTKH MoHorpaduid. B To e Bpems,
pyccKosi3blyHas 6ubsnorpadus no faHHOM npo6aeMe CYLIECTBEHHO yXe.

B Poccuiickoit denepauuu pa6oTaioT CnelHalucThl H HayyHble LWKOJBI,
MoNy4YHBIUKME MHUPOBOE NpH3HaHHe B 06JaCTH MOAeNHPOBaHUS TypOy/eHT-
HblX TeueHHH. CyluecTBeHHbIH BKJaf B MoIesJHpoBaHHe TypOyJIEHTHbIX
TeyeHHH BHeCJH HayyHble rpymnnbl, pa6otatowe B CaHkt-IletepGypreckom
rocyAapCcTBEHHOM MOJHTeXHHYeCKOM yHHBepcHTeTe (paboThl M. X. CTpeJib-
ua 1 E. M. CMHpHOBa H COTPYAHHKOB Kadeapbl THAPOaspoaHHaMukH), Llen-
Tpa/lbHOM HHCTHTYTe aBHaUHOHHOro MoTopocTpoeHusi UM. 1. M. bapaHoBa
(pabotbl A.H. CekynpoBa, I.A. Jlio6umoBa), HcTHTYyTe TenjodHU3HKU
uM. C.C. Kyrarenanze CO PAH (pa6otel B.Bb. Uatowuna, 1. B. Kpacun-
ckoro), MHcTUTyTe npukaanHoi Mexanuku YpO PAH (pa6otsl A. M. Jluna-
Hoga, 0. d. Kucaposa), HcTHTYyTe TeopeTHYecKol U NpHKIagHOH MeXaHH-
ki UM. C. A. Xpuctuanosuya CO PAH (pa6otsl M. M. MBanoBa, A. H. Kyn-
psiBieBa), BoiuncautenbHom uentpe PAH um. A. A. JloponHuubina (paGoTsi
A . H. Tonctoix, B.E. fHuukoro). Pasymeercsi, npHBefeHHbIH CMHCOK He
IBJISIETCS MOJHBIM U MOXeT ObITb nmpopo/ixkeH. JlaHHast TeMaTHKa BXOAHT
B UHCJIO NPHOPUTETHBIX HaNpaBJleHHI Hay4yHbIX HCCJeOBAaHHH MHOTHX poc-
CHUHCKHX Hay4YHbIX LUEHTPOB U yHHBepcHTeToB. [losyyeHHble pe3ysbTaThl
OblH ony6/MKoBaHbl JH60 B TPYAHOLOCTYMHBIX U3JaHUAX (YacTb Hccae-
AOBaHHUH BbIMOJIHANACH N0 3aKa3y MPOMbIILJIEHHbIX KOprnopaudid U 6blia
npejcTaBJ/ieHa JKlib B COOTBETCTBYIOLINX OTUETHBIX MaTepHaJsax, a oToMYy
He NOCTYMHa IIHPOKOH Hay4yHOH OOGLIECTBEHHOCTH), JIHOO MOCBSALIEHbl HC-
C/Ie[IOBAaHUIO OTAe/NbHbIX KJACCOB TeUEHHUH, a TaKKe 06CYKACHUIO YACTHBIX,
nopo# BecbMa 060co6/eHHbIX APYT OT ApYyra, BOMNPOCOB YHCJEHHOH peaJiy-
3allUH.

OreyecTBeHHble MOHOIpadHH, NOCBSILEHHblE OLEHKe COCTOSHUA U YPOB-
HSl Pa3BUTHS COBPeMEHHLIX METONOB MOJEJHPOBAaHHA TYpOYJEHTHHIX Teye-
HHH WA OrpaHHYeHbl pacCMOTPeHHeM psiia YacTHBbIX BOMPOCOB HJIH OTCYT-
cTByloT. Cpefin UMeloLIUXCs TPYLOB caeayeT oTMeTHTh KHUrH O. M. Beuo-
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nepkosckoro '), A. M. Jlunauosa, 0. ®. Kucaposa, HU.T. Kniounuxosa 2),
H.A. Benoa, C.A. Hcaesa ®), O. M. Benouepkosckoro, A. M. OnapuHa,
B. M. Yeyetkuna %). B ocHOBHOM, B MepeuHc/IeHHbIX H3aHHAX PacCMaTpH-
BalOTCS BONpPOCH!, CBsi3aHHble C peasd3alded MeTONOB NPSIMOro U KBasH-
NPSIMOTO YHCJIEHHOTO MONENHPOBaHHA TypOy/NeHTHbIX TeUeHUH W HX NpHMe-
HeHHUsl Ha MHOTOINPOLIECCOPHBIX BHIYHCIUTENbHBIX CHCTEMAX.

K nepeuncieHHbIM H3JaHHAM chaefyeT N06aBUTb MOHOrpaduH, MOCBS-
LeHHble (PU3HYECKOMY U YHCJEHHOMY HCC/efOBaHHIO KpyMHOMacllTabHbIX
(KorepeHTHBIX) BUXpEBBLIX CTPYKTYp B TypOy/JeHTHOM mnoToke. B 3Tux KHH-
rax MeTO[ MOJeHpOBaHHS KPYMHBIX BUXpeH HemocpeiCTBEHHO He 3aTpa-
rHBaeTCsl, HO MpPH 3TOM pe3yJbTaThl, U3JI0)KeHHble B HHUX, UMeIOT BaXKHOe
3HayeHHe A/ 060CHOBaHHMS COBpeMEHHbIX METOAOB MOJeJHpoBaHHsA Typby-
JIeHTHOCTH, NOHUMaHHS ee NMPUPOJAbl U MEXaHHU3MOB, a TaKXe BepHGDHKALHH
YHcJeHHbIX pacyeToB. CpeH HUX ciaenyeT oTMeTHTb KHUTH A. C. ['MHeBcKo-
ro, E. B. Bnacosa, P.K. KapaBocosa ), 10.U. Xnonkosa, B.A. Kaposa,
C.JI. Topenosa ©).

Bonee npenctaBUTeNbHYIO TPYNNy COCTaBASAIOT AOKJalbl, CHeJaHHble
Ha HaUMOHaNbHBIX W MeXAYHapoiHbiX KoH¢peperuusx. Cpeau HHX cle-
AyeT, B YaCTHOCTH, OTMeTHUTb Jekuud, npouutaHHole M.X. CrtpenbloM
u E. M. CMupHOBBIM Ha LIKOJIaX-CEMHHapaX MOJIOJbIX yUeHbIX U CreLHalu-
cToB noj pykoBoacTBoM akagemMuka PAH A.H. JleoutheBa (Cankt-Iletep-
6ypr, 2001; Kaayra, 2005). |

Psan Bompocos, cBf3aHHbBIX ¢ pacyeTaMd TypOy/JeHTHbIX TeyeHHH pas-
JIMYHOTO KJidcca MPHU NMOMOLLY COBPeMeHHbIX MeTONOB MOfe/UpPOBaHHS Typ-
6ysentHoctd (DNS, LES u DES), paccmaTpuBaeTcs B KaHAHAATCKHX
aucceptauusix A.I. A6pamoBa, C.A. fky6oBa (HayuyHblii pPyKOBOLHTEJb
E.M. Cwmupnos), I1.E. CmupHoBa (HayuHbli pykoBomuTesab B.B. Puc),
I.B. Nenucuxunoil (Hayunsii pykoBonuteab M.X. Crpesen), sauiuiieH-
HbiX B CaHKT-IleTep6yprckom rocynapcTBeHHOM MOJNHTEXHUYECKOM yHHUBEp-
cutete B 2004-2006 rr., kaugupatckoil aucceprauud B. H. Jlanuna (nayu-
Hblii pykoBoauTenb C.T. UepHblil) H pokTopckoit gucceprauuu C.I. Uep-

') Beroyeprosckuii O. M. UnciieHHoe MofeNMpOBaHHe B MeXaHHKe CILIOUIHBIX
cpen. M.: ®usmaraur, 1994.

%) lunaros A. M., Kucapoes I0. ., Kawounukos H. . UncneHHblil 3KcriepHMeHT
B KJacCHUYeCcKoH rHapoMexaHHKe TypOyJeHTHbIX moTokoB. Ekarepun6ypr: Msa-so
YpO PAH, 2001.

%) Beaos H.A., Hcaes C.A. MonennpoBaHne TypGyneHTHIX Teuenuii. CII6:
Han-so BI'TY, 2001.

%) Beaoyepxosckuii O.M., Onapun A. M., Yeuemxun B.M. TypGyneHTHOCT:
HoBble noaxonbl. M.: Hayka, 2002.

%) Funesckuii A. C., Baacos E. B., Kapasocos P. K. AkycTHueckoe ynpaBieHHe
TypOyneHTHbIMH cTpyaMH. M.: ®usmataut, 2001.

%) Xaonkos 0. H., Xapoe B. A., lopesoe C. JI. KorepeHTHble CTPYKTYpHI B TYp-
6y/nieHTHOM norpaHv4HoM cnoe. M.: M3n-s0 MOTH, 2002.
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ioro, 3aiuileHHbIX B 2006 r. B MHCTHTYTe BBIYHC/IHTENbHBIX T€XHOJOTHH
CO PAH.

B To BpeMs Kak BompocaM 3aMblKaHHsl ocpelHeHHbIX no PeiliHosbacy
ypaBHeHH# HaBbe-Crokca, HcclefnoBaHUI0O H 060CHOBAHHIO MOJY3MITHPH-
eCKHX Mofesell TypOyJeHTHOCTH, a TaKXe HX BepH(HKaAUHUH yAeJsieTcs
JI0BOJIbHO 60JIbllIoe BHHMAaHHe B JMTepaType !), MMeeTcss cylleCTBeHHBIH
npobes B pyccKosiablyHOH GHUOJHOrpaHH, NMOCBAILLLEHHOH BoMpocaM Moje-
JIHPOBaHUSl TYpOYJEHTHLIX MOTOKOB Ha OCHOBE MeToda KpPYNHBIX BHXpeH
i CMEXHbIX ¢ HHUM NoaxofoB. JlaHHas KHHra MpU3BaHa BOCMOJHHUTb 3TOT
npobeu.

[nsi BbISIBNEHUS HCTOPHYECKHX TeHAEHLHH, TPyAHOCTEH H CMNOPHBIX
MECT B KHHTY BKJ/IOUYEHbl pe3y/bTaThl, MOABOASLIHE HUTOTH onpeleseHHbIX
)TaroB McclefoBaHUH B NaHHO# obnacTH. CobpaHbl pe3ysbTaThbl AJIHTEJb-
HLIX HCCJENOBaHMHA MO pa3paboTKe MOACETOYHBLIX Moesedl pas3/M4YHOro
Kjacca U pacyeTaM TYpOYJIEHTHBIX TeYeHH MpPH MOMOLIM MeTOAa KPYMHbIX
BHXpeH, a TaKXXe BOMPOCH, CBSI3aHHble ¢ AHCKpeTH3aLHed U UYHCJEHHBIM
pelleHHeM HecTalWoHapHbIX ypaBHeHHH HaBbe—-CToKca Ha HecTpPyKTypH-
POBAaHHBIX CETKaX.

Paspa6oTku H pe3ynbraTbl, NpUBefeHHble B MOHOrpaduu, ObliH NoJy-
YeHbl aBTOpaMH B BanTHiicKOM rocynapcTBeHHOM TeXHHYECKOM YHHBEPCH-
rete «Boenmex» um. JI.®P. Ycrunoa (CaHkt-Iletepbypr), yHHBepcHTeTe
[lentpanbhoro Jlankawupa (University of Central Lancashire, Preston,
UK) u yuuBepcutrere Cyppes (University of Surrey, Guildford, UK).
Yactb pesynbTaToB, NpeicTaBJeHHbIX B MoHorpauH, Bollja B JHccep-
taudio K.H. BosnkoBa Ha couckaHHe yuyeHOH cTeneHH HOKTOpa (PHU3HUKO-
MaTeMaTHYeCKHX HayK, 3awuuleHHylo B CaHkrt-Iletep6yprckom rocyaap-
cTBeHHOM yHHUBepcHuTeTe B 2006 r.

Bbluuc/ieHHsi NpoU3BOAU/IHCh HAa COBpeMEHHbIX MNapaJJesibHbiX BblYHC-
JIUTENbHBIX CHCTEMax B peXXHMe ylajleHHoro TepmuHana. Knactepsbl, Bbl-
nyckaeMble komnaHuamu Streamline Computing Ltd u Cluster Vision Ltd,
pacrnioJioxkeHbl B yHHBepcUTeTe Cyppesi. CynepKOMNbIOTepPHbIH LEHTP HaXo-
autcsi B Benukob6putanuu (Daresbury Laboratory, Warrington, UK). Cu-
crema nopaepxuBaercsi HPCx-koncopuunymom (UoE HPCx Ltd), B koto-
pbiii BXoaAT yHuBepcuTteT dnuHbypra (University of Edinburgh, UK), Llen-
TpaJibHas J1abopaTopus coBeTa no Hay4yHbIM HccsenoBaHusaM CLRC (Central
Laboratory for Research Councils, UK) 1 komnauus IBM. Yye6Ho-meTonu-
YeCcKYIo MOJEPXKKY OCYLLIeCTBJsieT MapaJjleNbHbli KOMMbIOTEPHbIA LEHTp
yHuBepcuteta dnuHbypra EPCC (Edinburgh Parallel Computer Center,
EPCC).

') YUncnennoe MomenpoBaHHe BHXpeBOii HHTEHCHHUKALIMK TeMI006MeHa B NakKe-
tax Tpy6 / 10. A. Brictpos, C. A. Hcaes, H. A. Kynpssues, A. H. Jleontses. CII6:
Cynoctpoenue, 2005.
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Kuura pazbuta Ha rnaBbl, pa3sesbl M nogpasjens. Popmysibl, pUCYHKH
H TabJiK1Lbl HYMepYIOTCA BHYTPH KaXKaoH r1aBbl (YKa3biBaeTcsi HOMep IJ1aBbl
U MOPSAKOBbIH HOMep).

[To BO3MOXXHOCTH B KHUIe HCMOJb3YIOTCS O6LIeNnpHHATEIE 0603HAYEHHS.
B HekoTopbIX c/yyasx B pa3HblX 4acTAX KHHUTH HCMOJb3yeTcsl OQHH U TOT
e CHMBOJI 1151 0603HaueHHUs pa3/HYHbIX BEJHYHH, H N0 psily NPHYHH OKa-
3biBaeTcs YNOOHBIM 0603HAYUTb OAHY H Ty Ke BeJHYHHY B pa3HbIX [V1aBax
M pasfenax no-pasHoMmy. O603HayeHHs, MCMOJb3yeMble B 3THX cJyyafx,
0co60 OroBapHBalOTCs B TEKCTe.

Bo BBemeHMM H3saraeTcsi KpaTkasi WCTOpHSI Pa3BUTHS HCCJIELNOBaHUM
TYpOYyneHTHOCTH U OCHOBHble JOCTHXeHHUs. [laeTcsa KnaccudbuKauus U Kpat-
Kasi XapaKTepHCTHKa MOJySMNUpPHYECKHX Mopesed TypOy/neHTHOCTH, 06-
CYyXKJalTCSl HX NOCTOMHCTBA H HENOCTATKH.

B ra. 1 obcyxnpaloTcsi JOCTOMHCTBA U HENOCTAaTKH PasJIMUHBIX MeTOJOB
MOJEJIUPOBaHHsl TypOyJEeHTHbIX TeueHHH (npsMoe YHCJIeHHOe MoJesHpoBa-
HUe, pelleHHe ocpefHeHHbIX no PefiHoabacy ypaBHeHu# Hasbe-CTtoKca,
MoJeJMpOBaHHe KPYNHLIX BHUXpeH, MOAe/JHpPOBaHHe OTCOeAWHEHHbIX BHX-
pe#l, KBa3unpsiMoe YHCJEHHOe MOJeJUpOBaHHEe U psill APYTUX KOMOHMHHPO-
BaHHBIX MOAXOMOB), a TaKxXe Npo6JieMbl, BO3HHKaIOLLHEe NPU UX YHCJEHHOH
peaJii3alHH.

B ra. 2 o6cyxpaloTes Bonpochl, cBi3aHHble C OCpeHEHHEM YpaBHEHHH
Haebe—Crokca no PefiHonbacy u ®aspy, a Takxe ¢ SBHOH U HesABHOH (uJb-
Tpauveil ypaBHeHuil HaBbe-Ctokca. IlpuBoasTcs ¢uabTpoBaHHBIE ypaB-
HeHusi HaBbe-CToKca i HeCXKMMaeMOH XHIAKOCTH M CXXHMaeMoro rasa
u popmyaupyertcs npobjema HX 3aMblKaHHS.

B rn.3 paccmartpuBaloTcsi BOMpOCH MOIE/NHPOBAHUS cJlaraeMbiX, CBSi-
3aHHBIX C TOACETOYHLIM IMEepPeHOCOM HMMyJbca, Temaa M Macchl. [IpuBo-
OUTCA KJaccHpHUKalUs NOACeTOYHbIX MojeJieli U BblAesSI0TCS UX OCHOBHbIE
rpynnel (Monend BUXpeBOH BSI3KOCTH, MOJeJIM NMofo6HLIX MaclitaboB, cMe-
LIaHHble MOJeJIH, CleKTpaJsbHble MOIEJH, MoAeJH ¢ obpalleHHeM CBePTKU
v pan Apyrux). O6CyXHaloTcsi NOCTOMHCTBA M HEHNOCTaTKH pas3iHYHBIX
MOACETOYHbIX MOJeJIeH.

B ra1. 4 cpaBHHUBaloTCs TpeGoBaHUS K BHIYHCJHUTENbHOH Npolienype H pe-
cypchl, Heob6XxoouMble OJiS1 MPOBeNEHHS] YHUCJEHHbIX pacueToB Ha OCHOBe
pa3/IMYHbIX MOAXOAOB K OMHUCaHHUIO TypOy/JeHTHHX TeueHUH. PaspabathiBa-
eTcsl NOAXOA K AMCKpeTH3auud ypaBHeHHH HaBbe-CTokca Ha CTPYKTYypH-
POBaHHbIX MW HeCTPYKTYpPHPOBaHHLIX CeTKaxX B paMKax MeTola KOHeYHbIX
06beMOB, a TaK»Xke KOHEeYHO-Pa3HOCTHBbIX CXeM IOBbIlIeHHOH pa3peluaiollei
CMOCOGHOCTH MO0 BPeMEHH H M0 MPOCTPAHCTBY.

B rn.5 npuBoasiTcs pesy/bTaThl pacyeTOB BHYTPEHHHX W CTPYHHBIX
TypOyJeHTHBIX TeYeHUH (TeyeHHe B KaHaJle C TBEPAbIMH CTEHKaMH, TeyeHHe
B KaHaJle ¢ paclpefleJleHHbIM BIYBOM, TeYeHHe B Cjloe CMelleHHs, TeueHHe
B U30TEepPMHYECKOH M HeU30TepMHUeCKOH CTpye, TeueHHe B 00JlacTH B3a-
UMOJleCTBHS MOTOKA C Nperpafod, TeyeHUs B MOIPAaHHUYHOM cCJloe H cJloe
CMellleHHS U CBSI3aHHble ¢ HUMHU aspoonTHyecKHe 3 deKThl B TypOyJeHTHOM
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I0TOKe), CpPaBHUBAeTCs TOYHOCTb M 3((eKTHBHOCTb pa3/IHYHbIX NOACETOU-
HBIX MOJeJeH.

B 3aknoueHHH (opMyJNHpYIOTCS OCHOBHble BbIBOJAbl M HEKOTOpbHE Ha-
lipaBleHHs AadbHeHWIHX HccaenoBaHui. CHcTeMaTH3auusi W o6o6lieHHe
l10JIyYeHHBbIX pe3y/bTaTOB M03BoJsieT cGopMy/HpoBaTh psig npob.eM, pe-
lIleHHe KOTOPbIX HMeeT Ba)KHOoe 3HayeHHe [JIi Pa3BUTHS MeToda MOJeJH-
POBaHHS KPYMHbIX BHUXpeH, W BBIAEJHTb KpPyr 3ajay, AJs KOTOpbIX €ero
IpUMeHeHHe NpeJCTaB/AseTcs] BO3MOXKHLIM H PallHOHAJbHBIM.

Cnucok JsuTepaTypbl naeTcss B andaBUTHOM nopsake (cHayana pyc-
CKOSI3blYHble HW3[aHMs, 3aTeM nNy6JHKaLMH, Bblllefline 3a py6eXoM Ha
aurauiickoM ssbike). [Ipu ccblikax Ha JUTepaTypy, NpHUBeleHHYO B 6HOJHO-
I'padhH4eCKOM CMHUCKe B KOHLle KHHUIH, B TEKCTe yKa3blBaeTcs MOpPSAKOBbIH
lloMep B KBalpaTHbIX CKOOKaX (3a HCKJ/IOYeHHeM BBelleHHs, rlle CChlIKa Ha
HCTOYHHK AaeTcs B BHOE CHOCKH).

B HeKoTOpbLIX c/yyasX CCblJIKH Ha OpUTHHaJbHble paboThl HCTOPHYECKO-
I'0 MJIaHa 3aMeHSI0TCH cChlIKaMH Ha 6oJiee Mo3qHUe U3LaHHA obobluaollle-
I'0 XapakTepa. B 3THX H3[aHHUSIX, TOMHMO CChIJIOK HAa OPHTHHAJ, NPUBOAATCS
O0Jlee UK MeHee NoApo6Hble KOMMEHTapUH K LIUTHpyeMoH paboTe.

[IpenMeTHbI# yKa3aTesb B KOHLIe KHHTH NPU3BaH 00JIerYUTb YU TATeJNo
HOUCK HYXKHOH HH(OpPMaLMH U OpHEHTaLHIO B TeKCTe.

ABTopbl HapelTcs, YTO COOpaHHbIK MaTepHas MOMOXET YHUTaTelo yBe-
DCHHO OPHEHTHPOBATbCSl B MHOTOYMCJAEHHBIX MyOJHKALMUAX Ha OaHHYIO
TCMY, a MpUBeJeHHble pe3ynbTaThl 6yoyT cnocob6CTBOBATb Pa3BUTHIO Hccile-
JIOBAaHHH B 3TOH 06J1acTH.

ABTopbl BbIpaXawT TIY6OKYIO MpH3HaTeJbHOCTb AUpeKTOopy LleHTpa
o MccnefoBaHusiM noxapoB W B3pbiBoB (Center for Research in Fire
and Explosion Studies, University of Central Lancashire, Preston, UK)
[ M. MaxBunanse, KOTOpHIi MOABHHYJI aBTOPOB Ha HCCJE0OBaHHUS B JaHHOM
obsacTH, 3aBenyoouleMy Kadenpbl ruapoaspomexaHukd CaHkT-Iletep6ypr-
ckoro rocypapctBeHHoro yHuBepcuTeTa C.K.MarBeeBy, npoyuTaBuieMy
lIpeABapUTe/bHbIA BapUaHT KHHUIH H CHeJaBlLeMYy psll LeHHbIX 3aMeyaHHH,
C. A. Hcaesy, H. B. Kopuesy, E. M. CMHpHOBY, BbiCKa3aBLIMM BaXHble AJIs
aBTOPOB MHEHHS MO CONepXKaHHI0O KHHUIH, AupekTopy LleHTpa mo uccre-
[OBaHUAM TeyeHHH XHAKOcTH YHHBepcHTeta Cyppess (Fluids Research
Center, University of Surrey, Guildford, UK) J.Chew u xopnopauuu
Ponnc-Poiic (Rolls-Royce plc, Derby, UK) 3a npenoctaBiieHHble BO3MOX-
HOCTH [JiIfl MPOBeJeHUs YUCIEeHHbIX PacyeToB H MOAAEPXKKY HccleloBaHHH,
A.1O. CHerupeBy, coTpyniHHKaMm Kadeapbl M1a3Mora3ofiMHaMHKH H TeMmJo-
TeXHUKH Dantuiickoro rocyfapcTBeHHOro TeXHHYeCKOro YHHBepCHTeTa 3a
NOCTOSIHHOe BHUMaHHe K paboTe, BceM KoJsjleraM, AHUCKYCCHH C KOTOPbIMH
crnoco6CTBOBA/NIH NPOSCHEHHIO BOMPOCOB, PACCMOTPEHHBIX B MOHOrpadHH, a
TaKXXe MHOTMM APYTUM, YbH HMeHa He M03BOJIsieT IPUBECTH OrpaHHYeHHbIH
o6beM KHHTH, HO 6e3 MOMOLIM H MOAJEPXKH KOTOpbIX H3JaHHE KHHUTH
oKa3saJiochb 6bl HeBO3MOXHbIM. Oco6yio 6/1arofapHOCTb aBTOPbl BbIpaXKaioT
akaneMuky PAH A.M.JlunaHoBy 3a moaiepXKy W BHHMaHHe K JaHHOH
pa6ote. CTUMYyJHpYIoLlee BAHSIHHEe Ha H3[aHHe KHHUIH OKa3a/Jd MHOro4HcC-
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JIeHHble 00CcyX/eHHsl Ha KoH(depeHLHUsAX, ceMHHapax W paboyHX BCTpeyax,
a Takxke Geceflbl C HaUIUMH KoJlJleraMd B YHHUBEpPCUTETe M APYTHX OpraHH-
3alUsX.

ABtopbl 6yayT 6s1aronapHbl 3a 3aMeYaHHsl U YTOUHEeHHUs, KOTOpble MOX-
HO MpHChLIaTh Ha ajgpec Kadeapbl Nna3MOrasofWHaMHKH M TeMNJOTeXHH-
K DBantuiickoro rocynapcTBeHHoro TexHuyeckoro yHuBepcutera (190000
Cankrt-Iletepbypr, yn. 1-1 KpacHoapmeiickas,, 4. 1) uau Ha 3J1€eKTPOHHbIE
anpeca k.volkov@surrey.ac.uk, vlademelyanov@mail.com.

K.H. Boakos
B.H. Emenvaros



OcCHOBHbBIe 0003HaYEeHUA

CucTeMa KoopaHHAT KoopauHaTbl KoMnoHeHTHl CKOpPOCTH

IlekapToBas T, Y, 2 WIH T, T2, T3 Vg, Uy, U; HIH U, U, W
[TonsipHas r, 0 Uy, Vg WIH U, v

Hununapuyeckas z, T, 0 Uz, Up, Vg WIH U, v, W

JlaTuHCcKHMe OYKBbI

a — CKOpOCTb 3BYyKa
A — nocTosiHHasA

¢, C — nocTosiHHble

¢p — TeIJIOEMKOCTb NPH NMOCTOSIHHOM [aBJIeHHH
Cy — ko3¢ dHLUHEeHT TpeHHUs

Dy — cTpyKTypHas ¢yHKUHA 2-ro nopsiaka
e — ToJIHasi 3Heprus

E — cnekTpanbHasi MJIOTHOCTb

f — dyHKUHSA

F' — BekTOp noToka

g — a0po ¢pUAbTpa

g — YcKopeHHe CBOOOAHOrO MajeHus

h — sHTanbNUSA

H — ¢yHkuus Xeucaiina

i — KOMIJIeKCHasi eIMHHLA

k — KWHeTH4YecKasi sHeprus TypOY/JE€HTHOCTH
| — macwtab Typ6y/neHTHOCTH

L — nunHelHb# MaciuTab

M — monspHas Macca

n — BeKTOp HopMaJ/u

N — 4HcaI0 Y3/I0B CeTKH

p — JaBJleHHe

¢ — TJOTHOCTb TEMNJIOBOTO MOTOKA

() — BeKTOp KOHCepBaTHBHbIX NMepeMeHHbIX
I — paguyc-BeKTop

R — HeBsi3Ka

$ — TeH30p cKopocTel nedopmauUit
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S — HCTOYHHKOBLII YJieH
{ — BpeMda

T — teMneparypa

u — BHYTPEeHHSil 3Heprus
U — macutab ckopocTH
V — BEKTOpP CKOPOCTH

V — o6bem

Y — PpacCTOsiHHE OT LEeHTPa KOHTPOJBbHOIO ob6bema 10 CTEHKH

Y — MaccoBas KOHUEHTpAaLHus

I'peueckne GykBbI

Yy — OTHOLIeHHe Ye/bHbIX TeNJoeMKocTel

I' — uupkynsauus

0 — TOJILLIMHA MOTPAHHUYHOTO CJIOSI UJIH 30Hbl CMeLIeHHs
A — wHpHHa QHAbTPa

£ — CKOpPOCTb JUCCHMALHUH KHHETHYECKOH 3Hepruu
K — BOJIHOBO€ YHCJIO

K — BOJIHOBOH BEKTOp

» — noctosiHHas KapmaHa

A — TenJonpoBOAHOCTb

1 — AMHaMH4yecKas BA3KOCTb

v — KHMHeMaTHyecKasl BA3KOCTb

p — MJIOTHOCTb

T — TeH30p BAI3KUX HaNpsiKeHUH

T — BEKTOp KacaTeJlbHOH

— ¢yHKUHSA-NIepeKaIoyaTellb

pe/nlakcalHOHHbIH MapaMeTp

€ % &
|

— YIJIoBasi CKOPOCTb
w =V X v — BeKTOp BUXpH

Yucaa nogpodous

M — yucsno Maxa

Nu — yucsao Hyccenbra
Pr — yucno Ilpanatas
Re — ymucno PeiiHonbaca
Ri — yucno Puuapacona
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Sc — uucno lImMuara
Sh — yucao Crpyxans

HuxHue MHAEKCHI

b — rpaHHua pacyeTHOH obJsacTH
eff — addekTHBHbII

1, ] — TeH30pHble HHAEKCHI

k — KOJIMOrOopoBCKHH

SgSs — MOACeTOYHbIH

t — TypOy/neHTHbIH

w — CTeHKa

0 — TouykKa TOpMOXeHHs

* — KPHUTHYECKHH

BepxHue MHIeKCHI
n — 1liar no BpeMeHH
+ — NpUCTEeHOYHble NapaMeTphl
* — cJlefl TeH30pa

OcpenHenue n puabTpanus

— ocpenHeHHe no PefiHosbacy

o~

— (puAbTPaLUA C CETOUYHLIM (HJILTPOM

— ¢UAbTpaLUs C TECTOBLIM (GHIBTPOM
( ) — ocpenHeHHe No aHcaMOJIIO peasn3alUi

Cokpaumenus
ADM — Approximate Deconvolution Method
CAA — Computational Aero Acoustic
CES — Coherent Eddy Simulation
CFD — Computational Fluid Dynamics
CSC — Coherent Structure Capturing
DES — Detached Eddy Simulation
DNS — Direct Numerical Simulation
ECM — Edge Collapse Method
EVM — Eddy Viscosity Model
HPF — High-Pass Filtered
LES — Large Eddy Simulation



16

OcHosHble 0603HaUEHUS

LNS — Limited Numerical Scales

MILES — Monotonically Integrated Large Eddy Simulation
PANS — Partially Averaged Navier—Stokes

PDF — Probability Density Function

PDNS — Pseudo Direct Numerical Simulation

QDNS — Quasi Direct Numerical Simulation

RANS — Reynolds-Averaged Navier—Stokes

RNG — Renormalization Group

RSM — Reynolds Stress Model

SA — Spalart-Allmaras model

SAS — Seli-Adaptive Simulation

SDS — Semi-Deterministic Simulation

SFS — Sub-Filter Scale

SGS — Sub-Grid Scale

SST — Shear Stress. Transport

TRRANS — Turbulence Resolving RANS

URANS — Unsteady Reynolds-Averaged Navier—Stokes
VLES — Very Large Eddy Simulation

VPA — Velocity Partitioning Approach

VRM — Variational Multi-Scale



BBenenue

TeueHHs XHAKOCTEeH M ra3oB, HabJjiogaeMbie B MPHUPOAHBIX YCJOBHUSAX
M TeXHHYECKHUX YCTPOHCTBaxX, Ae/NATCH Ha ABa NPHUHLMIHAJNBHO pasjnyalo-
UIMXCS THMA: JJAMHHapHble (CMOKOHHble, M/aBHble, peryJsipHble) H TypOy-
JeHTHbIE (XaOTHUYEeCKHe, HeyTopsiloueHHble BO BDEMEHH H B NPOCTPAHCTBeE).

JlamunapHoe (cneBa) u TypOyJieHTHOe (cripaBa) TeyeHHS

JlaMHHapHble TeueHHs SBJAIOTCH, CKOpee, HCKJ/IOYEHHeM, a He IMpa-
BujoM. MX oTaiMualoT Majbie pa3Mepbl W 6osibliasi BA3KOCTb Cpeibl. TH-
MUYHBIMH TPUMEpPaMH JIaMUHApHBIX Te4YeHHH cJay>KaT oOTekaHHe cdephl
HHU3KOCKOPOCTHBIM MOTOKOM M TeYeHHe CMa304HOro MagJsa B MOALIHMHHKE.

BoNbIIMHCTBO ABHXXEHUH XKHAKOCTEH, ra30B W MJa3Mbl, BCTPeYaloLHX-
csl B MIPHUPOJIE U TEXHHKe, SBJAOTCA TypOyJeHTHbIMH. TeueHuss BOAbI B pe-
Kax W KaHajax, TeueHHs He(pTH M NPUPOAHOro rasa B TpyOompoBoaax,
TeUeHHUs B MPOTOYHBIX YACTAX TYpOOMalIWH M ra3oBblX TPAaKTaX pakKeTHbIX
ABUrartesiei, cjenbl 3a CydaMH M JieTaTeJbHBIMHM annapatamu fBJSIOTCS
TypOyaeHTHbIMH. TypOy/eHTHOCTb OKa3biBaeT BJIMSIHHE Ha MPOLIECChl rope-
HHUS, CMEILEHHs U TIepeHoca YyacTHil AUCniepcHOH npuMmecH. CpenH TeyeHHH
¢ reoH3H4YeCKHUMHU MacliTabaMu cleayeT OTMETHTb TeUeHHs BO3[yXa B aT-
MOC(epHOM NOTPaHHUYHOM CJIoe, CTPyiHHble TeUeHHs B BepXHel Tponocdepe,
TeYeHHsl BOAbI HHXKe MOBepXHOCTH okeaHa. O6saka B aTMocdepe, obnaka
MeXX3Be3[IHOr0 ra3a, ra3oBble TYMaHHOCTH TaKXXe HaXOHATCH B COCTOSIHHH
TYpOYJIEHTHOTO ABHXEHHS.

HecmoTpsi Ha HHTEHCHBHOE pa3BUTHE BBIYMCJHTEJNbHOH TEXHHKH H JI0-
CTUTHYTble YCMeXd B 00J1aCTH MOCTPOEHHS UYHCJEHHbIX METOAOB H pa3pa-
60TKE COOTBETCTBYIOLIEr0 MaTeMaTH4eckoro obecnevyeHus, npobaema yuc-
JIEHHOTO MOJeJIUPOBaHHs TypOyJeHTHOCTH OCTaeTcs OAHOH W3 HauboJee
CJIOXKHBIX H BaXKHbIX Mpo6JieM MeXaHUKH XHAKOCTH W rasa. B orinuve or
JAMHHapHBIX TeUYeHHH, pacyeT KOTOPbIX CTaj BO MHOrOM PYTHHHOH IMpo-
LenypoH, HajexHoe MnpeicKa3aHHe XapaKTepPHUCTHK TYpOY/JIeHTHbIX TeYEeHHH
1Mo psiAy NPHUHH (TPeXMepHbIH XapaKTep TeueHHs, CTOXacTHYeCKas Npupoaa
W LIHPOKHH MPOCTPAaHCTBEHHO-BPEMEHHOH CHeKTp MacluTaboB) ocTaercs,
CKopee, UCKYCCTBOM, YeM CTPOrod HayKoM.

HccnenoBanuss TypOy/JeHTHOCTH BKJK0OYAlOT B ce0s BecbMa LIMPOKYIO
06J1aCcTh pa3HOOOpa3HbIX (U3UYECKHUX TMPHUJIOKEHHH, a HUX HCTOpPHA Ha-
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capTniBact oonee croserisi. Croab HeoOLitHo GoNLILOA CPOK OT NepBbIX
HAGJHOJLCHHIT 9TOIO SIBJICHHA JIO ¢TO0 TEOPCTHUCCKOIO OCMBICJIEHHsl CBfA3aH
CO CJOXHOCTLIO paccMaTpHBaeMoil npobaemsl. [lo cux nop He cyllecTBy-
eT obLlero nojixona K OMHCaHHIO TypOYJIeHTHOTO [BHXXEHHS XHAKOCTH.
B Teuenue nnuTesbHOro nepruoaa GblaM pa3BUThI pa3iHuHble MOAXOAb! (cTa-
TUCTHUYECKHUH, CTPYKTYPHbIH M NHHaMHUYeCKHH) AJnA onucaHUs (peHOMeHa
Typ6yneHTHOCTH !). PesynbTaThi, nosydyeHHble B paMKaX KaMJOro MOAXO-
Ja, 3a4acTylo OTHOCHJMCb K pa3HbiM 3ajayaM M OTBeyaJd Ha BOIPOCHI,
BO3HUKaAIOLIHe B KayeCTBEHHO pa3/IMUHbIX CHTyauusx. B nepuoabl cBoero
BO3HHKHOBEHHS W Pa3BUTHUS 3TH MNOAXOAbl NPEACTaBJSAJHCh HX CTOPOHHH-
KaM elMHCTBEHHO NpHeMJIeMbIMH U TO3TOMY OHH pa3BHBaJIUCh NapaJljiesibHO
U NpaKTHYeCKH He3aBUCHMO.

HecmoTps Ha To, uTO A/1s1 HcclleoBaHUH TypOYy/leHTHOCTH XapaKTepeH
«B3JIeT H NnajJieHde uied», NIPOUCXOAUT HelpepblBHO NMPOAO/IXKAOLLHHACSH, XOTH
U Me[JIeHHBbIH, NTporpecc B MOHUMaHUH PHU3UKU TypOyJeHTHbIX TeYeHHH.

Hctopusa uccnepoBaHuil TypOy/eHTHOCTH, OCHOBHblE JOCTHXKEHUS M UX
KpaTKasi XapaKTepHCTHKa, a TaKXe MoJy3MNupHyeckHe MoAe/H TypOyJieHT-
HOCTHU M3JI0XKeHbl B ()yHAaMeHTa/bHOM Tpyle MO CTAaTHCTHUYECKOH TeopHH
Typ6yentHocTH A.C. MonnHa # A.M. frnoma ?), a Takxe 0630pHOH
ctatbe 10. B. Jlanuua %), KOTOphIM, BO MHOTOM, ClleflyeT, HO He OrpaHHYH-
BaeTcsl, JaJibHelilllee H3JI0KeHHe MaTepHala.

Onpepenenue u cBoiicTBa TypOyJeHTHOCTH. J[laTb TouHOe ompefe-
JleHHe TypOy/JIeHTHOCTH NOCTaTOYHO TpyAHO. OnpenesieHHe Typ6yJeHTHOCTH
06bIYHO JaeTcsi NMyTeM Mepeuyrc/ieHHst XapaKTepHbIX 4epT, CBOMCTBEHHBIX
TYypOyJIeHTHBIM 1BHXXEHHSIM CIJIOLUIHbIX Cpe..

[lo-BunnMoMmy, HauboJsiee comep)KaTeslbHOe onpefeseHHe TypOyJeHTHO-
ctu npuHaanexut I1. Bpanwoy 4). «Typ6yneHTHOCTL — 3TO TpeXMepHOe
HecTallHOHAapHOe ABHXeHHe, B KOTOPOM BCJEJCTBHE DaCTsXKeHHUS BUXpeH
co3flaeTcsl HenpepbIBHOE pacnpefesleHHe NMy/abcaliid CKOPOCTH B UHTepBaJe
AJIKH BOJIH OT MUHUMAJbHbIX, ONpefe/sieMblX BASKUMH CHJIAMH, 10 MaKCH-
MaJIbHbIX, ONpefesieMblX IPAHUYHBIMH YCJOBUSAIMH TeueHUs. OHa siBiseTco
O6GbLIYHLIM COCTOSIHHEM ABHXYLIEHCS XHAKOCTH, 32 UCKJIOUEeHHEM TeueHHH
NpH MaJblX yucaax PefiHosbacas.

B knure A.C. Monuna u A. M. drnoma Typ6y/ieHTHOCTb OonpeseJisieTcs
KaK «3aBUXpeHHOe TeyeHHe C OYeHb OOJIbLIAM YHCIOM BO30YXAEHHBIX

") landay JI. 1., ugpuuy E. M. CratucTiueckas ruapomexannka. M.: Hayka,
1986.

2) Morun A. C., Slznom A. M. CraTicTHuecKas ruapoMexannka. B 2-x 1. CII6:
l'mnpomereounsnar, 1992, 1996.

%) Jlanun FO. B. CTaTHcTHYecKas TeopHs TypGyJeHTHOCTH: MPOLILTOe M HacTos-
wee (kpaTkud ovepk upuei) // HayuHo-texHuueckue Bemomoctn CIT6I'TY. 2004.
Ne 2. C. 7-20.

%) Bradshow P. An introduction to turbulence and its measurement. Pergamon
Press, 1971.
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cTeneHed cBOGOABI M C XAOTHYECKHUM pacnpejeseHHeM AHCNEPCHOHHBIX
COOTHOUIEHHH U (a30BbIX CABUIOB».

Cunienysi 3TUM onpefiesieHUsIM, NpUBeJleM Pa3BepHYTYIO XapaKTepPHUCTHKY
CBOUCTB TYpOY/JIEHTHOrO JBHKEHHSA.

Konmunyasornocme. TypbyneHTHOCTb o6JiafiaeT CBOHCTBOM KOHTHHY-
aJIbHOCTH, MOCKOJIbKY HaHUMeHblLUWe W3 MacliTaboB, NMPUCYLLUHX TYpOyJeHT-
HOMY JABHXE€HHIO, O6bIYHO 3HAYMTEJbHO MpPEBOCXOAAT MacluTabbl MOJEKY-
JISIPHOTO JBHXeHHs (CpefHIO0 AJHHY cBoGomHoro npobera mosekys). Hc-
XOHas MpeAnochblJKa MaTeMaTHYeCKOro MOAeNHPOBaHHUS TypOY/JeHTHOCTH
COCTOMT B NpeANoJIoKeHHH o npreMJieMocTH ypaBHeHHH HaBbe—-CToKca 45
HWHTepnpeTauuu TYpOyJeHTHbIX TeYeHHH W MpelcKa3aHHs WX MTHOBEHHbBIX
XapaKTepHCTHK.

Hepeeyasprnocme. Ins TypOy/neHTHbIX TeUyeHHUH MXHAKOCTeH U rasoB
XapaKTepeH Hepery/sipHblii UM CayYaHHbI XapakTep U3MeHeHHUs XapakKTe-
PHUCTHK NOTOKAa B MPOCTPAHCTBE U BpPeMeHH.

Boicokue uucaa Peiinorvdca. Typ6yneHTHOCTb BO3HHKAET NPH BBICOKHX
yucaax PeiiHosbaca (B HeKOTOpBIX ciyyasXx B pe3yJbTaTe HeyCTOHYHBO-
CTH JlaMHHapHoro TeyeHus). HeycToliunBOCTb CBAi3aHa C B3aUMOLEHCTBHEM
BA3KMX W HeJHHeHHbIX HHEpPLUHOHHBIX YJEeHOB B ypaBHeHUH H3MeHeHUS
KOJIM4YecTBa JBHUXKEHHUS.

Tpexmeprocms. Typ6yneHTHOCTb NpencTaB/isieT coboit BUXpeBOe ABH-
’KeHHe CIJIOLIHOHN cpelbl, U 3TO ABUXeHHe TpexMepHo. TypOyJieHTHoe Te-
yeHHe Bcerja HMeeT TPH COCTaBJSIIOLIMe CKOPOCTH, Jla)ke eCJH CpeHss
CKOPOCTb MOTOKa HMeeT TOJbKO OHY HUJIH [1Be COCTaBJSAOLLKe.

Buxpesas npupoda. Typ6yneHTHOCTb XapaKTepH3yeTcsl BbICOKUM YpPOB-
HeM (JYKTyalHil 3aBUXPEHHOCTH (3aBUXPEHHOCTb He paBHsleTCs HYJIO, MO
KpailHeH Mepe, B HEKOTOpOH 06/1acTH NMpocTpaHcTBa). MexaHusMm, noasep-
’KMBAIOLLHI 3aBUXPEHHOCTb (pacTsiKkeHHe BUXpeH), OTCYTCTBYeT B ABYMep-
HOM IBH>KeHHH CIJIOWIHOH cpefbl.

Heaunetinocms. OgHUM M3 BaXKHbIX CBOHCTB ypaBHeHWH HaBbe—CToK-
ca fBJSieTCA HUX HelHHeHHocTb. HenuHelHOCTb cHcTeMbl 0O3HayaeT, YTO
rnpouecchl, NpoTeKaiollle B Hel, He YIOBJAETBOPAIOT NPHHLHUNY Ccyneprnosu-
UMM (B3auMoneHCTBHe BO3MYLIEHHI pa3HOro Maciutaba BO3MOXHO TOJIbKO
B HeJIHHeHHOH cHcTeMe). AHaNUTHYeCKOe OMUCcaHKHe NMPOLEeCCOB B HeJIHHe-
HbIX CHCTeMaXx 3aTpyAHsieTCs B CBA3H C OTCYTCTBHEM OOLLMX MeTOJOB pellie-
HUSl HeJIMHeHHbIX ypaBHeHUH. [/ UcclefoBaHHUSA He/NHHEHHBIX CHCTeM, 3a
HCKJ/l0YeHHeM OrpaHHYEeHHOro YHUcJa CJyyaeB, MCMOJb3YIOTCS YUCJEHHble
MeTO[bl.

Huccunamusrocms. TypOysieHTHble IBUXKEHUS CIJIOLIHOMA cpelbl BCeraa
AHCCUNATUBHBI (B 6U3BUXPEBOM TeUeHHH B3Kasi AUCCHUIALLUS OTCYTCTBYET).
Bsskve HanpsikeHUs! CIBUTra BbINOJHSAIOT paboTy AedopMalMH, KoTopas
yBeJIHYHUBaeT BHYTPEHHIOIO 3HEepPrHIo cpelbl 3a cYeT KHHeTHUeCKOH 3Hepruu
Typ6yneHTHOCTH. CilyyailHble ABHXKEeHUs, HanpuUMep, cJydyaiiHble 3ByKOBble
BOJIHBI (aKyCTHYeCKH# WyM) 06/1a1al0T He3HaYUTeJNbHbBIMH BA3KHMH [OTe-
PAAMH H TypOyJeHTHbIMH He SIBJISIOTCSI.
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HAugppysuonnocms. BaxkHoe cBOHCTBO BceX TYpOY/NEHTHBIX ABHXKEeHHH
CMJIOLIHON cpefbl CBSI3aHO € (paKTOM ObICTPOro nepemellMBaHUsl U Bo3pac-
TaHUs CKOPOCTH oOMeHa WMIYJbCOM, TElJIOM U BelleCTBOM MO CpaBHEHHIO
C JIJaMHHapHbIMH ABHXKEHHSMH.

[Ipouecc Bo3HHKHOBeHHSI TYpOYJEHTHOCTH B TeYeHHH, H3HA4YaJIbHO fB-
JsiouMcs 6e3BUXpeBbIM, 06ycJioBJeH BA3KocTblo. M3 Teopembl KesbBHHa
cJleflyeT, 4TO HyJieBasi 3aBUXPEHHOCTb COXpaHsieTCsl B Mpolecce ABHXEHHS
uaeanbHoi XHUAKOCTH. [IpUcyTcTBHe TBepAbIX PaHHLl HAaKJaAbIBaeT yCJo-
BHe HYJIeBOH CKOPOCTH Ha CTeHKe, KOTOpoe MOpOoXK[aeT 3aBUXPEHHOCTb.
[IpousBoncTBO 3aBUXPEHHOCTH YBeJHYHBaeTCsl BCeCTBHe MeXaHH3Ma pac-
TAXKEHHS BHUXPeBbIX HUTeH, U B 3Tod 06/JacTH TeyeHHe, KaK MpaBHJIO,
CTaHOBUTCA TYpOyJIEHTHBIM.

C TeopeTHUYeCKOH TOYKH 3peHHs, TYpOY/eHTHbie TeUeHHUs NPeACTABAAIOT
co6oil nprMep HeJMHEHHOH MeXaHHYeCKOH OTKPBITOH CHCTeMbl ¢ 6OJbLIHM
YHCJIOM cTeneHell cBoGoAbl. B peasibHbIX TypOY/JeHTHBIX MOTOKaX CHEKTP
H3MeHeHHs BOJHOBbIX YKceJ (IHana3oH H3MeHeHHs MacluTaboB TypOyJeHT-
HOTO JBHXXEHHS) NOCTHTaeT HECKOJbKHX MOPSAKOB.

Typ6yneHTHocTh — He (H3MYecKOe CBOMCTBO XXHUAKOCTEH WJIM Ta3os,
a CBOHCTBO, CBfi3aHHOe C WX [BH>XXeHUeM. OCHOBHble XapaKTepUCTHKH
TypOyJIeHTHbIX TeYeHHI He KOHTPOJHUPYIOTCS MOJIEKYJISPHBIMU CBOHCTBAMHU
cpellbl, KOTOpasi HAXOAUTCS B COCTOSSHUH TYypOYJIEHTHOrO JBHUXKEHHUS.

Metoponorusa Peitnonbaca. CylecTBoBaHHe JaMHHapHBIX U TypOy-
JIEHTHbIX PeXXHMOB TeueHHs OblJ0 3aMeyeHo ellle B nepBoi nososuHe XIX B.
(Mo HeKOTOPBIM NaHHBIM, HabJIOleHHS 32 fiBJIeHHeM TypOYJIEHTHOCTH BOCXO-
aat eule kK Jleonapao na BuHuM, 0 4eM MOXXHO CYAHTb MO €ro 3apHUCOBKaM,
oTHocsawHuMest K 1510 r.), Ho Hayano HayyHbIX HcclefOBaHUH TypOyJeHT-
HOCTH 0ObIYHO cBAA3bIBAIOT ¢ pabotamu O. PefiHonbaca, ony6JMKOBaHHbBIMU
B 1883-1895 rr.

Msyuas ycnoBus mepexona JaMHHapHOrO TeUeHHUs XKHIAKOCTH B Tpybax
B Typ6yJeHTHoe, PeitHosbac !) ycTaHOBUA cylllecTBOBaHHEe KPHTepHs AHHA-
MHYecKoro nofobus TeyeHUi BA3KoN HecxxUMaeMoit xuakoctd Re =UL/v,
rie U u L — xapakTepHble MacuiTabbl CKOPOCTH M IJIHHB, ¥ — KHHeMa-
THYeCKUH K03 GdHULUHEHT BA3KOCTH (OJ15 TeueHHs B TpyGe B KauectBe U
u L ncnosb3yeTcs cpefiHepacxofHasi CKOPOCTb W JuameTp Tpy6bl). Hucno
Peiinonbaca uHTepnpeTHpyeTcs Kak Mepa OTHOCHTEJNbHOH 3HAUUMOCTH CHJI
HMHEPUHH H CHJ BA3KOCTH, AEHCTBYIOLMX BHYTPH XHAKOCTH. M3 omnbiToB
PefiHonbaca cnenyeT, uTo cyllecTBeHHOe BJHMsIHHE Ha XapaKTep TedeHHs
B Tpy6e oKa3biBalOT BO3MYLUEHHS BO BXOAHOM ceyeHUH. [Ipu Manbix yncnax
PefiHosbica 3TH BO3MYLIEHHSl 3aTyXalOT Ha HEKOTOPOM pacCTOSIHHH OT
BXOMHOTO Ce4yeHHsl, a TeueHHe B Tpybe sBisieTcs JaMuHapHbIM. [Ipu poctu-

') Reynolds O. An experimental investigation of the circumstances which
determine whether the motion of water shall be direct or sinous, and of the law of
resistance in parallel channels // Philosophical Transactions of the Royal Society
of London. Series B. 1884. V. 174. P. 935-982.
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)KeHHH yKrcoM PeifiHo/baca HEKOTOPOr0 KPUTHYECKOro 3HaueHHUs (B onblTax
PeiiHonbaca nns TeyeHus: B Tpy6e Re, ~ 2000) Bo3aMyleHHs He 3aTyXaloT,
H TeyeHHe B TPyGe cTaHOBHUTCS TypOyJeHTHbIM. [Ipu BeicoKHX yucaax Peii-
HOJIbJICA CHJIbl HHEPLIMH CyL1eCTBEeHHO NPEeBOCXOAAT CHJIbl B3KOCTH H BbI3bl-
BalOT MepeMelliMBaHHe KOHEYHBIX 06beMOB XHIKOCTH (MoJet), ABHXKYLUHX-
csl C pa3HBIMH CKOPOCTSIMH. B pesysbTate ocylilecTBisieTcs Nepefaya sHep-
FMH OT KPYMTHOMACLUTA6HbIX BUXPEBBIX CTPYKTYP K MeJKHM, 06pa3yolHuMcs
3a CYeT MOTepH YCTOHYMBOCTH GoJsiee KpynHbIX BUXxpel. [lornouas sxepruto
OCHOBHOTO NOTOKA, 3TH CTPYKTYpPbl OKa3biBAIOTCA CHJIBbHO aHM3OTPONHBIMH,
3aBUXPEHHBIMH H CYLLECTBEHHO OT/IHYAIOTCS OT TeYeHHUS K TeUeHHIO.

CoBpeMeHHble HCCJeOBaHHS TMOKa3blBalOT, YTO Mepexol K TypOyJeHT-
HOCTH NpH TeueHHH B TpyOe He fIBJsIeTCS pa3 M HaBCerAa MpPOM3OLIeALIHM
KaTacTpopuyeckKuM cobeitieM. OH 6oJiee MOX0X Ha KBa3HNepHOLHYECKHH
npolecc, H3BeCTHbIH NMoA Ha3BaHHeM GepcTHHra (bursting).

B pa6ote O. Peiinonbaca !) chopmynupopaHa o6las METOLOJIOrHS OMH-
caHusl TYpOY/JeHTHbIX TeYeHHH, COIIaCHO KOTOpPOH MTHOBeHHble 3HaueHHs
HCKOMBIX YHKUHHA (CKOPOCTH, MJIOTHOCTH, JaBJIEeHHs, TeMIlepaTypbl) npes-
CTaBJASIOTCS B BHAE CYMMbl cpelHeHd W MyJbCallMOHHOH COCTaBJSIOLLHX
f = f+ f'. Vsyuenue u omucaHHe MNOBeleHHsI CPeJHHX XapaKTepPHUCTHK
[I0TOKa, CPaBHUTE/IbHO MJ1aBHO MEHSIOUIMXCS B MPOCTPAHCTBE U BPEMEHH,
oka3biBaeTcsi 6Gosiee NpocTOH 3ajayed, yeM HCCJeOBaHHe TPeXMepHOro
HecTallHOHAPHOIO U XaOTHYECKOro IBHXKeHHs, KaKOBbIM B JeHCTBUTEJIbHO-
CTH siBJsieTcs TYpOy/IeHTHOe TeueHHUe.

MeTon PeiiHonbca vcnonb3yeTcs A/ OCpeqHEeHHs ypaBHEHUH, OMUCHI-
BalOLWIMX HH3KOCKOPOCTHble (HecXKHMaeMble) TypOyJeHTHble TeyeHHs BS3-
Ko#t XKHUAKOCTH. lnsi MomenHpoBaHUs TYpOY/IE€HTHBIX TeYEHHH CXKHMaeMbIX
cpen noaxopn PeiiHosbica ucnonbayeTcst cpaBHUTeNbHO penko. OcpeqHeHue
ypaBHEHHH, OMHUCHIBAIOLIHX TeYEHHS CXKMMaeMoro rasa, o6bIYHO MPOBOAUTCS
pu nomoly nopxona Pappa 2), B KOTOPOM BBOAATCSA CpelHeB3BelleHHble
llapaMeTpbl MOTOKAa TaKUM 06pa3oM, 4TOObl YNOBJIETBODHTb YDPaBHEHHIO
llepa3phlBHOCTH f = pf/p, rlle YepTa COOTBETCTBYeT OCPeIHeHHIO Mo Bpe-
MeHH.

Meton PeiiHonbaca cocTaB/sieT UesNylo 310Xy B TEOPHH TYpOy/aeHT-
HOCTH M [0 CHX [Op SIBJASeTCS OCHOBHbIM METOAOM, HCMOJb3yeMblM Ha
npakTHkKe. OQHaKO 3TOT MOAXOA He [03BOJISieT MOJYUYUTb pelleHHe TOH
WIM MHOH 3ajayd B paMKax CTpPOrod MareMaTHYeCKOH MOCTaHOBKH, MO-
CKOJIbKY YpaBHeHHUS, MoJyyeHHble PefiHONbACOM, ABAAIOTCS HE3aMKHYTHIMH.
B otnvuyue oT ypaBHeHUH NUHAMUKH BSI3KOH XKHAKOCTH, COEpXKallUX TeH-
30p BSI3KMX HamnpsikeHWH, KOTOpbIA A/ HBIOTOHOBCKHUX Cpell BbipaXKaeTcsl

') Reynolds O. On the dynamical theory of incompressible viscous fluids and
the determination of the criterion // Philosophical Transactions of the Royal
Society of London. Series A. 1895. V. 186. P. 123-161.

%) Favre A.J. Review of space-time correlations in turbulent fluids // Journal
of Applied Mechanics. 1965. V. 32. P. 241-257.
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yepe3 TeH30p CKopocTed AedopMaluil, ypaBHeHHs PeiiHoabaca cogepxat
KOMITIOHEHThl TeH30pa KOHBEKTUBHBIX (peiHOJbACOBLIX HJIH TypOyJeHTHbIX)
HanpsiXKeHHH, BO3HUKAIOIUUX M3 OCpelHEHHbIX NMPOU3BelleHHH PIYKTyaLHH
CKOPOCTH, NpHpOAa U CBOKCTBA KOTOPbIX OMNpelesloTCS XapaKTepUCTHKaMH
MYJbCALHOHHOTO ABHXXEHHUS.

Jlnsi 3aMblKaHUsSI OCHOBHBIX YpaBHEHHH HeoOXONUMO YCTaHOBHTb CBSi3b
MeX1y KOHBEKTHBHbLIMH Hanpsi)KeHUSIMH U CPeJHHMH XapaKTepHUCTHKaMH
notoka. MHorue TeopeTH4YecKHe U 3KCNepHMeHTaNbHble YCHIHUSA OblIH cdo-
KyCHpPOBaHbl Ha MOHMCKe CBsi3ed, NPHMEHHUMbIX KO BceMy MHoroo6pasuio
CpeIHHUX TeYeHHMH C HaleXOOH HalUTH YHHBepcaabHoe cooTHouleHHe. Her
rapaHTHH, 4YTO TaKoe COOTHOlIeHHe cyllecTByeT, H LeJb 3THX YCHJHH
ocTaeTcsl BO MHOIOM HeJocTHXUMOH. Hajexxia Ha yHUBepca/ibHY0 Mozesb
TYpOyJIEHTHOCTH NOCTEeNeHHO 3aMeHsleTCsl pacTylledl yBepeHHOCTbIO B TOM,
uTo (GOpMYJHpPOBKA afeKBaTHOH TeopHH TpebyeT 3HAUUTENIbHO Jy4llero
NIOHUMaHHUs PU3UKH TypOyJeHTHOro TeueHHUs.

KackagHblit MexaHU3M nepegaum sHepruu. B jaMUHapHOM TeueHHH
Mo [JeACTBHEeM Hamnpsi)KeHUH, 0OGYyCJ/IOBJEHHbIX MOJIEKYJSIpHOH BA3KOCTbHIO,
KHHeTHYecKasi 3Heprus cpefiHero TeyeHHUs HeMOCPeACTBEHHO NMpeBpalllaeTcs
BO BHYTPEHHIOIO TelJIOBYIO 3HEpruio.

B Typ6yneHTHOM noToke KpynHble BUXPH OTOMpalOT 3HEpPruio y cpen-
Hero Te4YeHHs M COXPAHSAIOT ee HEKOTOpoe BpeMs, [OKa OHa He nepedfeT
K MeJKHM BUXPSIM, PacCEeMBAIOLUIMM KHHETHYECKYI0 3Hepruio B TelmJo.

HUnnoctpauveit BuxpeBoii npupoabl TypOYy/NeHTHbBIX TeyeHUH U Hepap-
XHH BHXpeH pa3/IHyHoro macuitaba cjayxaTt TeHeBble POTOrpaPHH TeyeHUH
B CBOGONHOM cJoe CMelleHHs M CBOGOAHOH 3aTomueHHo# ctpye !). Bu-
3ya/JlbHOe CBHJeTe/NbCTBO MeJIKOMaclTabHOH CTPYKTYpbl TYpOy/JeHTHOCTH
oGHapy»>KHBaeTcsl, ec/iM B TypOy/JieHTHOM TeyeHHH HMeIoTCs TeMIepaTypHble
GbaykTyauuu. [panveHTsl TeMnepaTypbl U MoKa3aTeJb NpeJIOMIEHUS OKa3bl-
BaloTCA HauboJslee KPYTbIMH, €CJH OHU CBS3aHbl C BUXPSIMH HaHMeHbLLIEro
Macwtaba. Jliobas onTHuyeckasi cucTeMa, KOTOpasi YyBCTBUTeJbHA K TaKUM
GAYKTYHpYIOWUMM rpaaveHTaM, QUKCHpPYeT MeJKOMacluTabHYIO CTPYKTYpPY
TypOyJ/JIeHTHOCTH.

[lnactuHa, Haxonsllascs 3a JieBbIM KpaeM PHCYHKa, pasfesisieT BbiCO-
KOCKOPOCTHOe TeyeHHe (CBepXy) OT HHU3KOCKOpPOCTHOro (cHusy). B paHHOM
cJyyae JUcCHNalMs KHHeTHYeCKOH sHepruu TypOy/JeHTHOCTH MMeeT MeCTo
B AHanasoHe BoJIHOBbIX uHces 0,1 < kK/Kg < 1, YTO COOTBETCTBYET HHTEp-
BaJy MacwTaboB 6 < l/lx < 60, roe ki 4 I — BoJHOBOEe YHCJIO W MacluTab
Kosamoroposa.

Ha npyroit ¢otorpaduu nokasaHa TypOyneHTHasi cTpysl, HCTeKalollas
M3 KpyIJoro consa B 3aTolJleHHOe npocTpaHcTBo. [Ip Manbix OTHO-
CHTeJIbHbIX pacCTOSIHUSAX OT cpe3a COMJa CTpys fBJfeTCA JaMHHAapHOH.
Ha paccTosiHusx nopsiika HeCKoJIbKUX KaJuOpoB OT cpe3a colmJia BO3HUKaeT

) Van Dyke M. Album of fluid motion. Parabolic Press Inc, 1982.
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KpynHsie Buxpu ~ [ Menkue BUXpH ~ [

Teuenue B cs0e cMmellleHHs

TeueHue B cBO60OAHON 3aTONJIEHHOH CTpye

HeyCTOMYHMBOCTb CTPYyH C MNOCAeAYIOLIHM 0Opa3oBaHHEM BHUXPEBBIX KoJel
H nepexod K COCTOSIHHIO TYpOy/JIeHTHOrO ABUKEHHS.

OcCHOBHOH MexaHH3M, KOTOpPbLIH OTBeuaeT 3a pacnpejesieHHe dHEpruu
TypOyJIEHTHOTO NOTOKAa MO IIKPOKOMY AMana3oHy MacluTaboB (BOJHOBbLIX
ices MJM AJHH BOJIH), CBA3aH C pacTsKeHueM BUXped (MoJiei, CryCTKOB
saBUXpeHHOCTH). B mpouecce pacTskeHHs] BUXpel UX KHHeTHYecKas SHep-
I'MSl BpallaTe/bHOrO ABHXKEHHS yBe/JHUYHBaeTCs, a MacluTab yMmeHblIaeTcs.
YBesHyeHHe MEeCTHbIX CKOpocTeH AeopMalMH CTHUMYJHpPYeT PaCTs>KEeHHe
JIDYTHX BUXpeH, 3alycKas TeM caMblM KacKaAHbIH Npouecc HHTeHCH(HKa-
ILWH IBHXKEHHS C MOCTeNeHHOH peayKuHel MaciuiTaboB BUXPeH, MOABEpPrHy-
ThIX PACTSXKEHHIO.

OnucaHHe 3Toro npouecca npuHaanexut JI. Puuapacony !). Kackan-
HblA TIpOLECC Nepejayd dHeprud B TypOy/NeHTHOM MOTOKe, MCMOJb3YIOLHH
lipeiCTaBJe€HHe O CYLLeCTBOBAaHWH HepapXHHU BUXpell pas3jiM4HOro MaclluTa-
()a, 3aBeplIaeTCs Ha CaMblX MeJKOMAaclUTaOHbIX CTPYKTypax BSI3KOH NUCCH-
lnauved KMHETHYECKOH SHEPTHH B TemJo (B MpoLecce PacTsXKeHUs BHUXpel
11$13KOCTb HE MI'PaeT CYLIeCTBEHHOH POJH).

[IpeHeOperasi BA3KOCTbIO, U3 3aKOHa COXPaHEHHs MOMEHTa KOJIMYeCTBa
JIBUXKEHUS CcaelyeT, YTO IPOH3BeleHHe 3aBUXPEHHOCTH Ha KBajapaT paauyca
sIBJISieTC MOCTOSHHbIM. IpyruMH CJI0BaMH, B OTCYTCTBHE CHJl BSI3KOCTH,
I l1poliecce pacTsXKeHHS LHUPKYJAALHSA CKOPOCTH BOKPYT BHXPEBLIX 3JIeMeH-

') Richardson L.F. Weather prediction by numerical process. Cambridge,
C.ambridge University Press, 1922.
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ToB ocTaeTcs noctosiHHoi. CiieoBaTesNbHO, pacTsXKeHHe B OAHOM Hanpab-
JIeHUU NMPUBOAMT K YMEHbLUEHHIO pa3MepOB M YBeJHYEHHIO COCTABJSAIOLIUX
CKOPOCTH B [ABYX NpPYrMX HampaBJieHHSIX, BCJeJCTBHe 4ero pacTsKeHHIo
noaBepraioTcs BUXpeBble TPyOKH, HMeIoLLHe COCTABJISAOILMEe 3aBUXPEHHOCTH
BIOJIb 3TUX HamnpaBJjieHH#H. BcrencTBHe HeJMHEAHOCTH npoliecca HHTEHCH-
(MKalUMK 3aBUXPEHHOCTH, pacTskKeHHe Npeob/afaeT Hal CXKaTHeM.

I'pacduyeckas cxema npouecca pacTsixKeHHs BUXpeBblX TPyOoK U ApoO6-
JleHHs1 MaclutaboB npensoxena [1. bpaauwoy.

Z1

T) T3 %) 22 T2 23 T3 X3 T T3 T) T2 X2 23 T) T2
['pacdmueckas cxema Bpaaiioy

PacTsxeHre BoOJb OCH x| NMPUBOAMT K UHTeHCH(UKAUHUH [OBHUKEHHS
BIOJMb ocell To M 3, Bbi3blBawlleil pacTsiKeHHe MeHbLIHMX MacliTabax
BLOJb OCell To M T3 W MHTeHCH(MHKAUHUIO ABHXKEHHUS BHOJb OCed Ty, T2
MU T3 COOTBETCTBeHHO. TakHUM 06pa3oM, HCXOLHOe pacTsXKeHHe B ONHOM
HanpasJ/leHUH NMPHUBOAMT K MPOrpecCHBHO HapacTalolleMy pacTSKeHHIO BO
BCeX TpeX HampaBjeHUAX. BiusHHe HanpaBNeHHOCTH cpefiHell CKOPOCTH
fedopMauuu ocjabaseTcs NpH KaXKAOM HOBOM pacTsXKEHHH H, KakK clef-
CTBHe, MeJKOMaclliTabHble BUXPH B TypOY/JEeHTHOM TeueHHH HUMeloT Gosee
YHUBepCaNbHYIO CTPYKTYPY, KOTOpas sIBJsieTCs OAHOPOAHOH M H30TPOMHOM.

Teopus nokaabHO-U3OTPONHOM TypOyneHTHOCTH. [loHMMaHHe posn
MeJlKoMacliTaGHOH TypOy/JIeHTHOCTH B Npoleccax TypOyseHTHOro nepeHoca
npHuIo nocae ony6aukosanus pa6otsl Jx. Taitnopa !), B Kotopoit BBene-
HO MOHSITHe OfHOPOAHOH M M30TponHo# TypOyneHTHocTH. IS MOJHOCTbIO
pasBUTOH TYpOYJeHTHOCTH cJiyyallHble (YHKLHH [MOTOKa SABJSAIOTCA CTa-
THCTHYECKH He3aBUCUMBIMH INpPH MapaJse/lbHOM nepeHoce (OJHOPOLHOCTD)
U BpalleHUH (M30TponHOCTb). IHBIMHU cjioBaMH, 15 TypOyJeHTHOCTH, Xa-
pakTepusymwouleiics cnabod 3aBUCHMOCTbIO OT HHAMBHAYaJbHbIX OCOGEH-
HOCTeH TeyeHHsl, UMeeT MeCTO HHBApPUAaHTHOCTb CBOMCTB OTHOCHTEJIBHO
JIOOBIX OPTOrOHa/bHLIX Mpeobpa3oBaHUi, HanpuMep, NnapaJjefbHbIX Mepe-
HOCOB WJIM BpalleHHUH.

') Taylor G.I. Statistical theory of turbulence // Proceedings of the Royal
Society of London. Series A. 1935. V. 151. P. 421-478.
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Teopusi noKanbHO-M30TPONMHON M ONHOPOAHOH TYpOYJEeHTHOCTH Mpen-
cTaBasieT coboit HanboJsiee ry60Ko npopaboTaHHbIH pa3fen TeopHH TYpOy-
JIEHTHOCTH.

Hau6onee BaxkHble U NpUHUHNHAJbHbBIE Pe3YAbTaThl B H3yYEeHHH MeJKO-
MacluTabHoit Typ6yaeHTHOCTH moayyeHsl A. H. Konmoroposuim '), KoTophiit
BJIIeTCA co3jlaTesleM LeJOCTHOM TeOpHH JIOKa/JbHO-U30TPONHOA TYypOy-
JeHTHOCTH. KosIMoropoB fOMOJIHHJ NpeacTaB/eHHs] O KACKaflHOM MeXaHH3-
Me Mepejayd 3HepPruH, OTMeTHB ocJiabsieHHe OPHEHTHPYIOLLEro BJHSAHHSA
CpelHero Te4yeHHs MpPH KaxKIOM Inepexofle K 6oJiee MeJKHUM CTPYKTypam
H copMy/nHpoBas THUNOTE3y O TOM, YTO CTAaTUCTUYECKUH peXHUM MeJKo-
MacliTabHOH TYpOyJNeHTHOCTH fIBJSIeTCS YHHUBepCaJbHbIM U oONpefenseTcs
JULIb [ByMSl pa3MepHbLIMH NapaMeTpaMH — cpefHeil CKOPOCTbI0 AHMCCHMA-
LMK KHHeTHYeCKOH 3Hepruu U KosdduureHTOM BA3KocTH. CpefiHee TeueHHe
BJIHSIET Ha peXHUM MeJKoMaclITabHOH TypOyJeHTHOCTH yepe3 BeJHYHUHY
MOTOKA 3HEpPruH, Nnepefamollerocs oT caMblX KPYMHBIX CTPYKTYp yepe3 HX
HepapxHIo 0 CaMblX MeJKHX, Ha KOTOPLIX MeXaHHYyecKasi SHeprus rnpespa-
uaeTcsl B Teo.

KHHeTHueckasi sHeprusi U CKOPOCTb ee [JUCCHNALUH, XapaKTepH3yloLlas
cpelHee KOJHYECTBO 3HEPrHUH, nepexofsiilieil B Temyo B elHHHLEe Macchl
XKHUAKOCTH 3a eIMHHILY BpeMeHH, ONpeae/siloTCs COOTHOLIEHHSAMH

 — v v, v \°
k= - 'y’ = — ? J
g LV € 221 (axj +axi>'

rie v; — MIHOBEHHasi cKopocTb. YepTa o603HayaeT ocpelHEHHOe 3HaYeHHe.
tpux oTHocHTcs K nynabcalMoHHOH ckKopocTH. [luccunaudeit sHepruu
cpeHero TeyeHHUs MOJA BJUSHHEM MOJEKYJSIPHOH BI3KOCTH NMpH GOMbLINX
yucaax PefiHonbaca o6bl4HO npeHebperaeTtcs.

['Mnore3za KonmoropoBa 06 yHHBepcalbHOCTH CTaTUCTHYECKOTO peXXUMa
MeJIKoMacluTabHoi TypOy/JIeHTHOCTH H ero 3aBHCHMOCTH TOJIbKO OT CKOpO-
CTH IHCCHMALMH U KOodpdHULHEeHTa BA3KOCTH, a TaKXe COOOpaKeHUsl pas-
MEepPHOCTH MO03BOJISIOT OLEHHUTb HUXKHIOIO FPaHULY JUHEHHbIX, CKOPOCTHbBIX
H BpeMeHHbIX MacliTa6oB BUXpeH, y4acTBYIOLIMX B Mpolecce NUCCUNALHH
(KkoJIMOropoBCKHe MacluTabbl AJMHHbI, CKOPOCTH H BpeMeHH)

V3 1/3 1 1% 1/2
l = —_— , = /4, = (— .
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KosiMoroposckuii MacwiTab ANHHB XapaKTepH3yeT JHHeHHble pa3Mepbl BUX-
peH, Ha KOTOpble BAI3KOCTb ellle OKa3blBaeT CyllecTBeHHoe BausiHHe. Cre-
eHb MHOroMaclUTabHOCTH NpoLeccoB TypOyJeHTHOrO NepeHoca OLleHUBaeT-

') Koamozopos A. H. JlokasnbHas CTPyKTypa TypGy/MeHTHOCTH B HecXKHMaeMoit
MHAKOCTH TpH odeHb GoJbluux yncaax Pefnosnbaca // JAH CCCP. 1941. T. 30,
Ne 4. C. 299-303.
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csl, COOTHOCS XapaKTepHbIil pa3Mep TeYeHHs ¢ KOJIMOTOPOBCKHM MacluTabom
IUIHHBI (M3 COOGpaXKeHH pa3MePHOCTH cienyer, uto Uy /L ~ Re™3/%).

CnpaBeIMBOCTb KOJIMOFOPOBCKOH TEOPHH JIOKAJIbHO-H30TPOMHOH TYp-
6y/NeHTHOCTH MOATBEPXKAAeTCsi pe3y/lbTaTaMH MHOIOYHUC/IEHHBIX 3KCepH-
MEHTOB, B YacTHOCTH, JaHHbBIMH H3MepeHHH CINeKTpajbHOH MJIOTHOCTH
3HeprHHu NyJbcaluil MPOLOJbHON CKOPOCTH B Pa3/IHUHbIX Te4eHHAX (MOJIHO-
CTbl0 pa3BHTOe TypOy/JeHTHOe TedeHHe B TpyOe, 3aTyxarwluas TypOyJeHT-
HOCTb 3a pelleTKOH W ApYyrue)

TE(K) =u?,
0

e K — BOJHOBOe uuc/io. BeanuuHa, o6paTHas BOJHOBOMY YHCJY, TPaK-
TyeTcsl KaK pasMep TypG6y/JeHTHOro MoJif, IpHYeM MaJble BOJHOBble YHCJ/a
COOTBETCTBYIOT KPYMHBEIM BUXPSAM, H Ha060pOT.

[IpsiMonuHeiiHbI yYaCTOK Ha KPUBOH MPONOJILHOTO OJHOMEPHOTO CreK-
Tpa, OMKCHLIBAEMOr0o COOTHOLIeHHeM (K/kk)™>/3 rie kr — BOJHOBOE YHCIO
KosiMoroposa, MoJyuuBIIHNM Ha3BaHHEe «3aKOHA MATH TpeTel» WM 3aKOHA
Kosmoroposa-O6yxoBa, cBHIeTeJbCTBYeT O HaNMYMU HHepLUAJbHOH 06-
NacTH CNeKTpa, Ha KOTOpYIo BA3KOCTb BJHAHHE He OKasbiBaeT. Ha sToM
yyacTKe CleKTpa/bHas MJOTHOCTb YIOBJEeTBOPAET COOTHOLIEHHIO

E(k) = Cxe*Pk™%/3,

rae C, — nocrosinHas Kosmoroposa (Ck = 1,9).

Jns cxxumaemol XKHAKOCTH MOKa3saTesb CTeleHH Y BOJIHOBOIO YHCJa
6/1M30K K —2 (cnekTp 6osiee KPyToil).

YcTaHOB/IeHHe «3aKOHA MATH TpeTed» M ero 3KclepHUMeHTaJbHOe MOf-
TBEepXK/JEeHHe HMeloT NPUHUMNHA/NbHOe 3HayeHWe [/ MOHHMaHHS OOLMX
3aKOHOMepPHOCTeH NpoueccoB NepeHoca B TypOy/eHTHbIX NOTOKaX U UrpaloT
KJIIOUEBYIO pOJib NPH pa3paboTKe COBpeMeHHbIX MOAXOLOB K MOJAeNHpOBa-
HHIO TYpOY/NeHTHbIX TeyeHUH M UX Bepudukauuu. HesiBHO B uiee JoKab-
HOH M30TPOINHH COAEPXKHUTCS NperoNoKeHHe O TOM, YTO HenocpeACTBEHHas
CBSI3b MEXAY KpPYMHO- U MeJIKOMAaclUTaOHbIMH ABUXKEHHUAMH [JOCTaTOYHO
clabasi, a noBeleHHe MeJIKHX BUXpel ONMHAKOBO B Pa3/IMYHbIX TeUEHHUSX.

Jpyroii pesysbTaT KOJIMOrOpOBCKOH TEOPHUH JIOKaJbHO-H30TPONHOH TYp-
6yJIEHTHOCTH COCTOMT B YCTaHOBJIEHUM YHHUBepCa/JbHOH CBSI3H MeXAY TYp-
OyJleHTHOH BSI3KOCTbIO, KHHETHYeCKOH 3Heprueill TypOyJeHTHOCTH H CKOpO-
cTblo auccunauuu (popmyna Konmoropoa—Ilpanaras), nexaiueit B ocHoBe
MoJIly3SMINUPHUECKUX Mojeiell TYpOy/leHTHOCTH, HUCMOJb3YIOWHX YpaBHeHUS
nepeHoca BTOPbIX MOMEHTOB.

Craructuueckas Teopus TypOyneHTHOCTH. B craTucTHyeckoil Teo-
PHH TYpOY/JeHTHOCTH OObIYHO BBIAENSIOT CJeAYIOllMe HanpaBJieHHUs W MOA-
XO[bl:

— (PYHKUHOHaJbHBIA NMOAXON, OCHOBaHHbII Ha PacCMOTPeHHH XapaKTe-
pucTHUYecKoro gpyHKUHOHana U ypaBHeHUs1 KosmoropoBa—-Xonda;
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— (opMasiu3M KOHeYHOMEPHLIX pacrnpefiesieHHH BEPOSTHOCTH GJYKTYH-
PYiOLUMUX NMapaMeTpPOB MOTOKAa B MPOCTPAHCTBe U BpeMeHHU;

— (popMaJIu3M MOMEHTOB, CBfI3aHHLI ¢ GeCKOHeUHOH 3auensioulelcs
uernoukoil ypaBHeHHi1 Ppuamana-Kennepa.

[Ipu 3ToM JHIUb PYHKUHOHANbHbIA MOAXOL K TEOPHH TYpOYJEHTHOCTH,
OCHOBaHHBIH Ha pelleHHH ypaBHeHHs KonmoropoBa-Xonda, siBaseTcs 3a-
MKHYTBbIM, OHaKO OTCYTCTBHe MaTeMaTH4YeCKOH TeOpHH YpaBHEHUH B BapH-
allMOHHBIX NPOU3BOAHBLIX He M03BOJIfeT MOJYUYHTb Ha 3TOM NYTH [0 CHX NOp
KaKMX-TH60 KOHKpPeTHbIX pe3y/bTaToOB.

B cBAI3K €O CJI0XXHOCTbIO pellieHHsl 3alayd Ha YpOBHe KOHEYHOMEpHBIX
pacnpejieJleHUH BepOSITHOCTH, Ha NMpaKTHKe HcNoJib3yeTcsl psf GoJiee mpo-
CTbIX CTaTUCTUYECKHUX BEJIMYHUH, ONpelleNISIOLIMX YacTHble CBOMCTBA NOTOKA.

YpaBHeHUs 1/11 KOHEYHOMEPHbIX MJIOTHOCTEH pacrnpefeseHHs] BepOSITHO-
CTH MO3BOJISIIOT NOJYYHTb 6ECKOHEYHYIO 3alLeNJsIollYylocsi CUCTEeMY YypaB-
HeHUH Ppuamana-Kennepa pns BceBo3MOXHBIX MoMeHTOB. C Bompocom
0 pa3pellMMOCTH cHcTeMbl ypaBHeHUHl PpuamaHa-Kennepa TecHo cBsidaHa
3aja4ya 06 annpokcHMauHH OeCKOHeYHOH LeNo4YKH ypaBHEHHH KOHe4YHOH
CHCTeMOM, pelleHHs] KOTOPOH O/IM3KH K pelleHUSM LeMOYKH.

IIpo6nema 3ambikaHus. B ocHoBe mosysamnupuyeckux monened Typ-
OyJIeHTHOCTH JIeXKUT BBelleHHoe PeiliHonbacoM npenctaB/ieHHe MCHOBEHHbIX
3HayeHUH UCKOMBIX PYHKUHHA B BUIE CYMMbl cpefiHel (perysispHoi) U nyJb-
CallHOHHOH (XaoTHuecKoi) cocraBasitolnx. Ha npakTHke orpaHHYHBalOTCA
H3y4YyeHHeM Cpe[lHUX BeJHYHH, CPABHUTENbHO MJIaBHO MeHSAIOLUHXCS BO Bpe-
MeHH U mpocTpaHcTBe. [IpH 3ToM ocpelHeHHe mapaMeTpoB NOTOKa MOHH-
MaeTCsl KaK TeOpeTHUKO-BEPOSITHOCTHOE OCpelHEHHe MO COOTBETCTBYIOLIEMY
CTaTHCTHYeCKOMY aHcaMO6J/l0 peanu3auuid. Takas TpakTOBKa OTKpbIBaeT
NyTb K MpPUMEHEHHIO MaTeMaTH4eCcKOoro amnnaparta TeOpHH BeposiTHOCTEeH
[UIS1 U3YYeHHUs] CBOMCTB TypOyJIeHTHOCTH, a caMa Teopus TYpOyJeHTHOCTH
nprobpeTaeT CTaTHCTHYECKUH XapaKTep.

Bo3MoXXHOCTb HCMONb30BaHHS KOPpESILHOHHBIX GYHKUHH [Js onHca-
HUs TypOy/JeHTHbIX TeueHHH MokasaHa B pa6ore JIx. Taitnopa !), moces-
leHHOH H3y4yeHHUI0 TypOyJeHTHOH AUdGY3HH.

B pa6ote A.A. ®puamana u JI.B. Kennepa?) npennoxen o6uiuit
MeTOJ MOCTpoeHHUs NH(pdepeHLHANbHBIX ypaBHEHHH NepeHOCa MOMEHTOB
MyJbCallHi CKOPOCTH MPOH3BOJILHOTO NMOPSAAKA.

BceaenctBue HenuHellHocTH ypaBHeHMit HaBbe-Crokca, cucteMa ypab-
HeHul PpuamaHa-Kennepa ob6safaet TeM CBOMCTBOM, UTO ypaBHEHHS AJf
MOMEHTOB HHM3KOro Mopsfika coflepaT MOMeHTbl 6oJjiee BLICOKOro nopsiika
(4vcsio HeH3BeCTHbIX GoJiblle YHCJa ONpelensiollHX ypaBHeHHH). Jlio6as

') Taylor G.I. Diffusion by continuous movements // Proceedings of London
Mathematical Society. 1921. V. 2, No. 20. P. 196-212.

®) Fridman A. A., Keller L. V. Differential equations of turbulent compressible-
fluid motion. First International Congress of Applied Mechanics, 1924, Delft,
Netherlands.
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KOHeYHasi CHCTeMa 3THX ypaBHeHHWiH Bceraa siBjseTcs He3aMKHYTOH (Tak
Ha3blBaeMas npo6JseMma 3aMbiKaHus). [locrenyloulas uctopus craTUCTHYe-
CKOH TeopuH TypOyJEHTHOCTH BO MHOrOM CBfi3aHa C pelleHHeM Npob6JieMbl
3aMblKaHHs Leno4ykd ypaBHeHH# PpuamaHa—-Kesepa.

Jlns BocrosHeHus npobesa MeXAy peanbHbIMH TYpOYJNEHTHBIMU Teye-
HUSIMU W onpelesIOLUHMHU YPaBHEHHSAMH TMPHUXOAHUTCH HCIOJb30BaTb 3KC-
nepuMeHTaJ/JibHble [JaHHble, KaueCTBeHHble pacCyXAeHUS Ha (PH3HUYECKOM
YPOBHE CTPOTrOCTH, MeTofbl TEOPHH pa3MepHOCTeH, a TaKxKe MOJeJbHble
npelcTaBJeHHUs O KACKaJHOM [polecce nepejayd SHEPruu no CnekKTpy BHX-
pedl pa3quMyHOro macwtaba ¥ pacCMOTPEHHH JIOKAJbHO-U3OTPOMHOH U Of-
HOPOAHON TYpOyJeHTHOCTH (MoNysMNUpUYeCcKHe MOAENH TYPOYJIEHTHOCTH).
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