U. A. Hlupoxoe, T.I'. Enuzaposa

NMpumMeHeHUe KBa3urasoguHaMmMyeCKux ypaBHeHUM K
MOAENUPOBaHUIO NPUCTEHOUYHbIX TYPOYNEHTHbIX TeYeHUn

AHHOTAIIUSA
M bl npeagcTtaBnaemm BO3MOXHOCTMWN YN CNEeHHO
KBa3nrasogmHamMmyectkmnx (K4 ypaBHEH

TYPOYNnNeHTHOT O norBpakHaAHeHOT BOEe CcHomwMe pa W
AO3BYKOBOEe TeyeHmenKpIrowma 3Baaswne LWt
yncna nBRaictmo cocTtaBnanuc nlcsrema HI By K& ¥
CUCTeEeMbl ypaBi{awkica HA®BB® THUTE€/NbHDBMMNU

mccumnaTtuUuBHDBMMU cnar aemmMmb Mn C ManblM r
KO3 dhpnmumeHrta. Mpwn MOAEeNnNUnpPpoOBaAaHMUM TYC[
cnar aemwmble onunuceoBawT Hepas3pewaemmble H ¢
9 e K T bl. CpaBHeHMWMe MO/TYYeHHBbIX O aHH bl
cpeAgHeKkBagpaTUWMHEX O0@oyolbic)a Ly it pe3ynbTa
UyncneHHOro wMoON&nmnwobaBAMOBHHKBLIMN I3KCNepwu

AAaHHbBMMNW NOKa3bBaertT, ytTo KIA anropuntwm
norapmdpMumueckunmnm cnon mbpaABHEeBEmMBRHEMUWME T
DNS B bIC O K O i T olu/ll o caTnr ,0 p KT M nos3BondaerT
OTHOCUMTEeNbHO 6GONbWOKW WaAar nNpocTpaHCTBE.
BA3KOTO nopgcnosqa. Takunmw obpasom, 006 L
TYPOY/NNEeHTHOM MNOrFrpaHMYHOM Cc/a10€e MOXeT
pa3/iInyHbX BapwuaHsBRB BMERSeHaaK(Mkdp yaanr opurT
TpebyerT BBeaAEeHNSHd NMPUCTEHOYHDBLIX GQYHKLUMWMI
cnaraemmbe ob6bpawawTCcsa B HYNb BOANWMU3IKM C
PeliHonbpAaca, K anroputTmM onucoelBaeT nail
sdzts yjor § MEPp®d®GH/BEAHT N OT PpPaHMYHBIN
KBas3uWrasoguHamMumuyeckmue ypaBHeHMUSA, 4O o

nogcetToOoO4dYHad4d gnmccumnauymnms

BBenenue
B A aHHOI paborTe BMNepBbLE npepgcecrtTaBne.l
pa3HOCTHOTI O anr opunmtT Mma, OCHOBAQHHOT O H c
YypaBHEHUE N EeHBOT OYUmMogenmpoBaHuma Typobyn
cnos. B kKkauecTBe npumepa BblOpaHO T asc
MTOCKOM KaHai/ne.
M3 BecCcTHO, 4YToO TYPOYNeHTHBbIE rasogunH

TBEepPAOMN CTEeHKMU B o6GNaAacTU K aKn OBASC3IKOOAT, O ,
MOTYT OGbITb ONMUCAaHBL NYyTeM NPSAMOTNO YUCI
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0OBE ypaBHRTHOMKAC a HaBB b &€ XM Ma e MO i nnu
My nunp8lBxkaeH a[klo DNS wmMeToab TpebywT A
CTPAaHCTBEHHOTIO pas3pelweHNnsdayanupHmecxo:-
KOJ/MbKMUX TOYecKk ceTKM B BA3KOM noaAa
HONMNR@ACaBb(UWUNCAUTENDHEBbIE 3aTpart bl npwu
AennposBaHUMU NMPUCTEHOYHBIX NOTOKOB,
P
7

SO OT T

onopuun Re&aReb HH 4. 3T 0 Henpuemnemo A4

AenunpoBaHM4 BbBICOKOCKOPOCTHBbIX MOTOK (
BPEeEMEHHbBLX MHOTONPOLECCOPHBIX BbYUCAN
Uncno TOoOYeK CeTKWU B NPUCTEHOYHON 06
n MmcnHWm 3 meaoda K p LEBSH K,x3]. BOiOxHpaekiio (B

nocpeagcTBeHHON 6nmsocTwu oT CTEeHK.
ccumnaunmn, 06 blY HBES MO OI/AX3 Yy enMMoeile TB H e (pu
pakTep. A n s TOTr o, 4yTOObB 3 akKOoOH cTel
efeHb TKMKEe HRABWEBBE®HOYHbE QPYyHKUUMN [ 3,
Mcnonb3o0oBaHME MPUCTEHOUYHBbIX by HK U w©
CNONOXNTbL MNepBYW pacyeTHYW TOYUYKY CE€
ACnNnoSA. QT 0 CHMuXaeT TpebBoBaHWMA K pas

UYNCANAUTENDbHEBLIE 3 aT paHTabn b REF c[ T3y] T.  NCPAOHMNAOK PO
AeNnNaM NPUCTEHOYHBbIX @MYHKUMWIA He xBarTa
n 0 0 1 XXH bl ObITb TwarTtTenbHO oTKanumoépo
NONb3yeMOlro YMUC/EHHOTNo anropurtmMa nu
NP W CYIyEeHHKOLMHIBI X Y C M € WH 0 npumeHsancA
OB@BA@RAPLIBABEBHMIMU O bl pacuwunpeH
OBaHWMUA OTPbLIBHBLIX TeuyeHum [ 3].
M cBA3KM, pa3paboTKa HOBbLX BblYWU
TeNbHBX K Bblynmcnumrtenb NGM pec)
npucrtTeHOUWHBphIX aBy HET MM, BAEKOIN 3
OBaHLB O K@BRKB A B X 7 OT P blB H blX np.t
HTHBIX TeuyeHuimn.
Aaps npocTOTE€ NMOoOCTaHOBKMU 3apga
OB aHHBIX SKCcCnepumeHmanpeasXnibpaer
oro MOoOagoenunpoBaHMSA, TeyeHUe Ky 2
BaHMUMU YN CNEeHHBbIX anropumtT Mo B,
0GBEABHONTAD bIBMHWIXT E HOUY HBIXB Teaee@amBe
bl X 4 aHH blX MCNoOnNb3YylHlTCA npoduwrs
B BA3KOM n norapum@Muyeckom
MaktTaxnpodmnum ocCcpepgHEeHHOW CKOPp
KyasaTrTa, 3aBMUCUMOCTb KO3 hphpunuywue
nmpmuyueckasa dGopmyna, BbipaXatwuwasa 3T
] . Mpodpunum cpepgHekBagpaTUUYHbBX n0yn
] B pa6oTtax [ 10, hz2Tahd3HoRa apbvC

@) T BN @) N0
jab)
|
S SSITOIXOMDT wH 0T T
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PpeaHeHHOoI CKOpPOCTMU BONU3W CTEHKMU

SPPUuUMEHTHB B ABYXCNOWUHON Moadenum nNpud
UncneHHoe MopgenumpoBaHuWue TYypoOYyneHTHDO

DNS mMmopagenei npoBepne[4oll, Bl41lPpd 60TRX3 Yy NbTa

no
n 3
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H e
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00T oK
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NyyeHHbe B [11], xopowo corfnacytrtcsd
-1[ 06] . PesynbTartbl, n{dlgeneHawnege Bp als
rnacytkTc4 Cc AAaHHBMMN KCnepumumeHTOB.
YyXCNMTOWHOMW MO genu TYypobyneHrtHl6]c T ®,

CKONNbKO MeHbWwWe 3KcnNnepwl@leHTanbHbBX 3H:
B kayecTBe anbTepHaTWMWBHOINIO noAagxoga
POY Me HYTEeHHbUXI1 TBEA 3 K O T O CXmmMmaemor o rasa
nonb3o0BaTb Tak Ha3blBaeMytl cucTemMy

aBHeHNM, n YN CNEHHBbN anropuntT m, noc
ropumrtm) .

KT A ypaBHeHNd4d OCHOB QH bl Ha CrnaxeH
aBHeHamBaxe ok cal 9] 17 31 u YypaBHeHMU4d 6 bl /|
nee TpwuwapuatTwn nerT Ha3apjg pA4n4 Moagenup
eanbHOKIo[ rcamscarrenwiyy aloT OT CUCTeMb Yypa
OKuma cyuynaTtWMBHELIE cnar aemwble, Be/InyunHa
pamMeltTaemar aeMbiETN Ccnaraemmble UT pawT
rynapumsartopos, KOTOpble CcCTabunumsunpye
NbWNX T pajneHTOB MNapamMeTposB, HO CTE
nacrtTax CcTaLulkoHDPHOEeOYR HMAA@AWM N T OTMNY EC
NMGNUXEHNMN norpadwewmaorae vgetomcydjatwT,
aBHeHMWNH nNPpUHUMAWT dbopmy Knaccunuyec
anorMyHo c@rarkme Hh&] e

OaHUM uns3 LOCTOMUHCTB MOUMCTI[EOE BIKblXa NTH
HoBe KIAd ypaBHeHMUIN, aBndeTrTca TOT @a
3 pa3HecCeHHbBX CeTOK W pa3nNUWUYHBIX NPpPpoO
OCTpPpaHCTBEHHDLBIX MPpous3BOAHBbBIX MOXeT
nNpokKcuMMaLuMNAag LeHTPaAaNbHLMMEPAIHOEGEAMID
BHOCTHMHOCX@MEJIEHHbBIE NpPUMEpPbL YyCNeLwH
O anroput mMa anA pac4yeTOB WMpokKoOT
3 BYKOBBbIX M CBEepPX3BYKOBBbIX rasoguHaml
6 o 11da-R0], a TakxXe B ULMUWTUPOBAHHBbIX T a
6numkKkauyumax.

B yacTHOCTM, B [ 20] H a OCHOBE KT A
MMeHeH H a npakTMuKe anropuntwm
rHmrtrorumagpoagumHamMmnyeckunx (Mra) TeyeHMN
oagnMMOCTHDb npepnoOXeHHOT O MeToAada 6 I
OFf 0O4YKnC/eHaHN™XH bl T aMIipg/ TecTax, BKI/KY

epX3BYyKOoOBOe HeBA3Ko&ameaeHuUue (BUXPDb,
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HepagaBHMNX paboTax [ 19, 2 0] npwuB.

Yy U eHHblX H a OCHOBE K4 Moaenwu, B

BYKOBbLIe TecTb WU TeopearamoHTeec KMbe Heebl BOOY,
TOPpATbL O9TOT 063O0Pp.

O6bwnmpHasd npakTuKa pac4yeToOB MOK a3 blE

naeTc4 BecbMa NnepcneKkTMWBHBbLM AN A M

YeHWN npud nycwieapxe HPHebXH 0 Nb A C a .

MepBOE cmcrtemMmatTmyeckKkoe mccnepgosadd

ropumTtmMa AN MOJAEenumpoBaHMS TYypoOyneH:-

nmMmepe BA3KOTO TeyefprHa(BBXpEBOODA
ocTpdHCclT]B e BblumcneHwnsd NnpoBOAUNNUCDH

AMMWHaAPHOTO pPeXMWMOB-TYPOypmMeReaSHBAMRPNBAPN

cnamos/Pegica oT1T 100 pgo 5000. PaccwmarTp
MnepaType HoOpMa/nbHMBXNyICaieowBial . p dliipwn SO
CNeHHOe peweHMe ANAa nNaMUHaAPHbBX Teye
ecneynmsBarnT MeXaHU3M NOoA4C ®@TEEHMHIA A
pa3pewaemMble H a ceTkKe ocob6eHHOCTM
Kas3bBawT, 4yTO Krg anropumtm Tpebyer
TKW Ana pocTuxXxeHunms DNBMme k@ br.o HHDIC T 8 7
il anroputTwm OKa3bBaeTclLES MweoTier MW H

COonMib3 O0OBaHMWMUMU TaKoOTrla® o Xe Uynmena TOYeK. B

N wmMopgenein um  unx nocTpoeHMWe nocpepgc
ctTemvmMb-CHamrG @, a TakK Xe KpaTKoe onwuc
HEeP&ADHOCTHBLIX anNnroputTmMOB.

an s npakTMnyecKkunuxeaopaBEAERm N IGomp WO I

w

AenunpoBaHMe TYpObyneHTHbIX TeyeHUMR

acToswen paboTe Mb BNepBbEe M3IyyaeM B

AennpoBaHNA MPUCTEHOUYHBbIX TYpPOYyneHT
nmMmepa mMcnonb3yerTcHd KamHmweH M KgorRoa mMe
yMa OE€CKOHEeYHbIMNU TMNNOCKOCTAMMU, npu 3
MnepaType HOpPpManbHBLX YCNOBWUIN.

B paspgpene 2 onmcaHa noctTaHoOBKa 3 a/
SoOgQMHaAMMWYEeCKNUNX nNapamMeTpoB. B pas3pgen
KapTioeelxagnHarTax, 4yToO yAo0b6HO anA p
ropmrTmMa Ha UX OCHOBE.

B pas3pagene 4 AaHb 06wWwne 3aMeyaHwns4

nwyada onpepenneHMne HacTpPpOEeUYHbIX NapamMmdt
MopopobHOEe M3INOXeHWE pe3ynbTampmB YunCc
300C (urToO cooTBeTCTBYEeT AMNHaMMUYecCKDO.l

Re =155) p[aHoO B pas3pgene 5. B pas3pagene (

p e

3y nb T ReF4R5(( Rep=19¢).
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PesynbTart bl Moaenunpom aHHLmsyRea88C) n@mwun Hap
CpaBHeHMUE Koo pdpuMumeHTOB TPpeHund AnA [
npmnBepgpeHb B pas3pgenax 7 wu 8 coo0oTBEeTCTHB
KpaTtTKWui o6300p MONTY YeHHbIX B paborTe |
npumMeHeHna KIAvMagaeoppoRaHBPBAATYPOYNeHT

2. [TocTanoBKAa 3a1a4u
PaccMOTpPUM ppexNee@PR®POTbL B AeKapToBbhblX
O¢xeL,0¢ycCL, - L/2¢z¢L,/2 (p n t).

y U,

PnéeéO6wmm BMAO pacyvHeTHON obGnacrtTwu

Fr'paHay=0npepgcTaBnserT Cco06OW HenopagBMWUXNXH
MpoTWBONOI/OXHYFL ArBplaAeMricad  TBep Aol CcTeH
ABUXeTcHAa ¢ nocTolBHOHIA NEKBPIEHMBI N O /1 0 X

3Havyed®@®B®nacThb 3AINOICHMCHTa0 9 H U e rasa onwu
N1O0THO ¢y, KOMMNDOHEHT aAMM MaKpPOCKOTMNMUNL

u(x,y,zt), u(xyzt), u(xyzt), wu A a B e p(yezt).
Mpeapononraaaempe PAERITbI®H ay erHanzso A N HaAaMUMNU e C K
napamMmegTK @G ®BrHasbln

v OB d&Zdyo 1
I'azopuHaMuYecKue mapaMeTrpbl
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R=2970x/ ( kT

a3 0Basd MOCTOHAHHAaA

g=7I/5 MokasaTtTenboamunaoba
Pr=14/19 Uncno MNMpaHpaTnsa a
T, =27ZK TemMmnepaTtypa Hauyansb
m=m(T IT,)" BA3kocTb a30Ta B 3aBMu
m =167Q0° BAas3kocTb BzdD/'TKa npwu
Kr/ (m-c
w=0.74 [lokas3aTenb MeEX@DAIEMY M
U, =1685 m/c CKkopocTb ABUXeHUA
¢ = /JRT CKoOpoCTb 3BYKa
Co =+/RT, =337 M/ CKopocTb 3ByKa npu H
Ma=U,/c,, =05 HayanbHOe 4yucno

HauyanbHas
pLaBneHUe n

HadyanbHGLbE

YypaBHeHUEM
[ PaHWMWYHDBIE
TBeEepA,gblx

u=U,, u=u,=0 npw=L), a

Ha
y=0;

W/ un=0wn w /pn=0,
B KayecTBeE
Mcnonb3yemm

Mpwn

npomcxoagnrt

M3 BecTHO,

HayanbHOT O
npuMBOAUT K
ABNSAEeTC S

TAaKOT®O®MY RBOHMNSA

Ma N bl X
Re=r,U,/2)(L,/2)/fmT eueHne

CNOXHOMW

TeMnepaTtypa no=xllfa273KH. a

NMAOTHOCTHWb
COCTOAHMNEA.
yCcCnoBwus4
CTEeHKax

M O C KCOTJEBHKKW CUMNTaewmwm

HayanNnbHOT O
naMmHapHbh npodcdune AnNH

ux :on/ I—y' (1)

3HaAayYeH!saXx
oyper
nepexoag K
yTo MHULUNMNPOBAHMNE
BO3 MY LWeHNSA, pas3BuUuTMUMeE
bopmMumpoBaHUIO
MaTeMaTMnyYeCcKOMW

3agakwT cCc A HaunmwvmeHe®ee

T O Xe

ABNAKRTCAXMZpPUMNOLN
cTaByswu,=Qopasuns=
Tak xXxeil/pneGioB K A

agunabar
ycnoBwus

HadyanbHOTO
namMmunHaReH bl M.

TYPOYNNeHTHOMY
TYypoy

HeycTaHOBMUBLWE
3apga
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by HK UMM KpaeBoWu 3apgay-domvogwesp g papae H vBS
Tonnwdmmax TuHra) [ 3], [ 11], [ 22] .

B pgaHHOW paboTe p[ANd nNonepeyYyHbIX KOMI
nNnpocTOe HayYa/nlbHOEe BO3MYyLUWLeHWE chnepgywuwer

u, =u,=0.2 U, sin@ux/L,). )

omMe TOT O, BBOALATCA AONONHMUTENDbHEBbLE
bynmsaTtopbl) BAONb pebep pacuyeTHOMW
OCTMW Ha 4eTs/bUpe/Kb HPbEXDO pcakxg p oncatpya T e 4 e
OCTUW CTeHKNn, a OepyTcsda M3 cocepfHel

3.MaremaTnueckas Mo/eJb

TypbyneHTHOe TeyeHMUe Tras3a b6yapgemM ONwUCBbLII
KI'd ypabBéaOhnikpatkninh BbBOA KOoOTKOpdon npl
cmcrtema onpepgenaert 3BOOYKNIO B O BpemMm
AaBneHU4d rasa, 3aBunc4dauwmx oT anneposBt
BoinuvmwemMc KdleMmy B AeKapToOBbLX KoopAauHaTa

Bripji=0 3

T i (3)
U B (0 +Dp=DPY, (4)
[ E*P(:H)+D.d =B, (Pu)). (5)

MonHsaweprma eguHMM bBUHA S bANM@B I HT aNnbnu
H Bbolunmcnawtca nbE=rutPpdHypig- i) aumH =(E+p)/r .

BekKTOp NNOTHOCT VONMPETIEKIaZ M WC @Bam@ay oL

= - w), ':%(Djruiujﬂ-)i D). 6)

BblpaXeHUsa ANA TeH3O0pPd MB AT3EKIWIXO BHO@ MDP STIHOET K
3anuncboBE@ERT C A

P! =Pls+t ur(uby +%Djp)+l‘ d'(uD“p+g pbu,), (7)
Pirj\|s = n(Din +Djui B %Dkuk)+z wkuk’ (8)

. . . 1 _ _
q=0ws-f ur(ube+pubd’ 7), Qe=-kD'T. (9)
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3pe€xnmBon eapd flexpu=j nad=0npn, j) 7
e=pl(r(g-1)) —BHYyTpeHHAA 3Heprwuna Pemuwe#nuyub Ma
TEHBAPKNUX HanpaXeHUN M TenHACOTBKIC NOTOK
KoasddpmuyumeHT Tennonp O BOOTAHHOOLCETHMM eBVbl P a] »Lade

_ MR
“Prg- 1’ (10)
ragoer—-uymncno nNplgeKkoadppnumeammny@gckKkoim BAS3I
m B Bbipaxe@wXXx onaPis n g ONpeneulepve 3
TeMnepwrmys3aBuUttOh mocTtb
m=m(T IT,)", (11

roew onunucolBaertT MeXMonekynapHoe[23B3 anmo
KoasddpmumeHt BTOpPpON (OOBEMHOW) EBRABKOCT
[19]:

z=m(5/3- 9). (12
PenakcawmapamMe TRPX 0 A4BHI, M oBnpegennm K at
t =ah/c,, 13f

roe=JRT — MmecTHas*1 CKoOpolt FbBeBaBYWaaa W«

NnpocCTpaHCTB.E€HlOBEMBIEK L KbapeépogmasnamwT
cobom nogCeTOYHYH anccunauymui, KoToOp
rasogunHamMmy e C KHMax MBaec/uMTHambHa X nopsapagka |
Ko s dpdaen i@ MO X H O paccMaTpuBaThb K aK HacT
onpepgensdwwWmMimn BeNUMUYUHY NOoOQCETOYHOW AUC
Boinunwem c(3H)C) @ MW e p e MBENHEHPLEXM €4 M, K8

bopmMe, YAO6HOW AGEHAHODCTAORGPMAT MaC N
YpaBHeHUe ANA NNOTHOCTMWU
oW LM LB
_r+_me+_Jm +_sz_ ) 14
Mt X "z (14)
rae
i = Uy - £ i(ruf + p)- t % ruu, - ¢ i ruu, (15)
jmy = Uy - & ruu,y - t %(rui + p)— t i rugu, (16)
. 0 " W o
o= ru,- t—ruu,- t—ruu, - t-—\ru’+p
™ Y IJZ( ) (17)

YpaBHEHXIOMMBAHEHTbLL MMNYNbCa
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rux=L—*;((©xx- il - p)+u—*§,(©yx- jmyux)+u£z(ézx- ),

~ _°‘4 2 6“ u a 2 6“
O, =F-mzy+t gt wotu +2fu = p+e cmrz+t gp-=u +
c 3 E o OpX pr Ee %Hy Y

w

Hootruu MPu+d 2omz+r P+ M p+r wu Hu
ywp quyx 833 %uzz ZlJZp XZUZ X1

O, =(mt w)hu+mPu+t wu Hu+r wu, Hu+eu, Hp,
TR T™ X iz X

O, =(m+t w)Hu +mblu+t wu Bu+r wu, Fu +mu, P p
iz M X by X

YpaBHEARY-EROMNOHEHTHLI MMNYyNbCa

A

&ruyzu_l‘:((oxy' jmxuy)+“_";,(ow_ jmy y "~ p)+u_pz(02y' jmzu)’)’
rge
O, =(mt )+ perr gy B r g, By W
MX My Ky Mz Ky
A _a4 gpu a2 guu
OW—Z%erzH W+t wgé%ﬂtuy%%g Smez+t gpg“W+
+7 WVUX&+[UXE+§I@ gm+z+z‘ @g%ﬂ‘ wyuzﬁﬂ‘uzw,
XX E 3 01z TR
O, =(mt w)ry+ e ap wu MY v r g By HP
Mz Ky MX Ky Ky

YpPaBHEHAKCOMMGIHEHTbL MMNOYANbCa:

&rUFH—*j((@xz- jmxuz)+u—‘;(©yz- jmyuz)+%(©u- [T
roe
O, =(mt w2)Me+ vy gy P vp o W +py HO
TRT by T
O, =(m+t @)t S 1p gu B p g, By B0
TMT" X T2
~ a4 ,OHU, a 2 O,
OZZ_E;%WZH Wt uz§&+2tu2$+§g Sz +t p%””‘:( +
+t wu, ”“Z+tuxw+§g 2z +t g+ uu, By WP
HX HX ¢ 3 +|J-y I»ly W

YpaBHeHUEe AN NONHOW 3Hepruu

&Ez&(OXXUﬁC)WUﬁC)XZuZ- joH - qx)+u—‘§/((5yxux+0yyuy+

+O,u,- joH- qy)+pﬁz(©zxux+© u,+0,u,- j.H-q

zy =y
rne

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29

(30)



H :%(u§+u§+u§)+%7p, (31)
q.=-kb-uR, g=ktC-uR, a=-kEl-uR. @)
+t p{uxu—%(gag}_§+uy%§ag%§+u2%§er§ (33)

KomnoHR'HT|hIB X 0 4 sBYBA)®O N p e 4 eB(LB)+{209).

CtraunmoHapHOE naMmHapHOT O opmelweaH N3 K
npumepos, N3 B&XMTOHEEPOERWE HNE ypaBHEHUNR
CToHi@am nNnwbbIX 3HaAayYyeHUMAX u@rtenpbarane R
CXXMM@eo TenaonNnpoBOAHOT O rasa ©O6bn1o np
MnnunHresoptom [ 24]. Cnepgysa [18], nok a
aBnderTcsa Takxe KO HewdIp«EIR)E H N e M

AHanmnTmnueckoe peweHnme pgna TeyveHwuma K
B nNpepgnonoxXxawrmBW,ANHBMNYEeCKNE NapamMeTQpet
HopManbHOW KoopAaAWHAT bI

u, =uly), u,=0,u, =0, p=p(y), 7 =r(y).
NMpeanonmpavrRIgnonyyulwT(y). MoacTaHOBK a 91
BblpaxXewHMui B (Mp4&3B)HIepHBSIO A4 N T K YyNpouweHH-C
KOMMNOHEHTOB:

. : dp
me:rux; me -[d_y’ szzol
6,=06,=06,=0,0,=0,=0,=0,=0,

quo’ qX:qz:O’ qy:_kd_'

Taknum o06pas3ofs4), (18)p(22B R6HEBBN pnuBogaTCSAa |
Bunnay
da@.dpo 0. dLLQ g@xdpo 0,
dy& dy? dyae dy2 dy&™ dy?

du, § dT§g dp$
dyg7|Zl dyg dyg dyg dyg dyg ’

dp
dy
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MpMHMMaAass BO BHMUMaAaHWUE nNnocnegHee ypas
YT O QAJAaBAeHMWe B NOT o KGET camyraa ecT/icens yfeorc, T ousT

cnar aemwmble paBHB HYIIO. Takumum ob6Gpasom,
npumaeT BMULJ
i%nd_l'&gzo’
dyg& dy 2
d&, dug, d4. drg_,
dy@ ™ dy 9 dy& dy?
T ypaBHEHMNH coBnapgatrT Cc cucre
ayumoHapHOro TeyeHusa KyzasnbEaodaxopgs
Kum obpasowm, aHanutTmnmyec kdDTeo K g @ W eH/visie

YeHMUA KysTTa 4a9BNngaeTcCa4 TaKXe QT @ Y H blM
anmtTunyecekKkoe peweHne 6blNno NOoOTyyeHoO
KcBennoscCcfmrEr)nmameakiyb/HOT O BuUAga T paHMUY
ceopwmnAnnaHna Agna cKopocTwu, M3 0TeEepmMml
noBMA ANA BepxXHehn N HWNMHIEAN HCEeTOSOHTKbML N >
avyeHWMNMN ymcecna Ma x a , peweHNe MnnwuHr
bipaxXeHuemMm A8 MW wawijg kHoecctkm m(ale) .

MO X H O nokasarThb, 4ToO an4a TeyeHNA M
M3 BECTHBIX 3agauy, TOYHGBIE peuweHNHA cTatL
CTokca aBNAawLWTCA Takxe #u TOYHBMU pewe

o<~ 929 4 40
IO QT O

4. YucJaeHHBII aJIropuT™M:. 001He 3aMeYaHUus

ANnpewe Hanusia O EBDOMEN-(B3)CH a 4 @ 1 byHCLIMOMB U 51 M U
(1) and(2) MeTOHEOME YHDBIXH QBB E BEHPM C U ET BHHOHC T U
pPpaBHEVMBE POCTPAM@PERWE & WMWYy =w3 w3 w3,

w,={x, i=0, N,- 1, x=-h/2+hi}, w,={y;, =0, N,-1

y; =-h/2+hj, w, ={z., k=0, N,- 1,z =-L,/2- h/2+hk,

w={t, n=0, N,t=hn}. Yncno waroB NO3aP@ASRE&H UH e

onpepgeneHo. [paHuub o6nacTtTu pacnonar al
ANCpPpUWTM NOCTPOEHMUA ABHOW NO BPEMEHM!

K aK B pPpRH 035a x26] NnpocTpaHCTBEHHEbIE npc

ANPOKCUMMUNPYWTCA LeHTpPandbHbBMWU paB/HAOCT A M
NMPOM3IBOAHbBIX NO BPeMeHUW MUcCNoOoONb3yeTca AL
PacuerT JTICPSO B OHOaM MHOT ONMBPKYIELCTIDIPEOBIH O
o Mn n e kKl@Oe[27],K npu NzZTNoMBGPyacnapangenunsa
bl HMCNeHUWN,0e W@8HOBAKBMNO3NLUMN pacuyerT
nockocx=gomsn Takas4 T € XOHCOH/OBravH®AT a H@ a p T

epegayn MPlmbloewywwimexom npunNdHLRsS ABhcb B

3 W X
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Mpor pamMMHBbIN KoMNAeK-cC obnapgaert MOJ/TH OV
nnaTtgopmMmamMmu, noappepxnsawwBumum a3 bk Cu |
3HaueHMUda pacyeTHbBLIX NapamMeTpoB YyKas3al

v OB dZdyoO 2
ITapamMeTpsbl pacueToB

L =016 m OdnvHa KaHana

L,=0.08m PaccTodaHuUe mMexpay T
(BbBICOTA KaHan

L,=0.08 m LinpunHa KaHana

N, =162, N, =82, N,

82 Pas3mMep pas3HOCTH

h=0.001m llar pa3HOCTHOM

h = bh/cy, =5.936Q07 ¢ lar no BpeMeH

b=02 UnckKypypaHTa

t =ahl/c, Penakc awpmapamvmeTp

a=0.1 HacTpoeuyHbn nay

N c
efgunH
nopac
peuwe
B O/H
nNok a
crna
napa

O n

NONMTb3yeMblil B HacT oea/ueaip mmpMa@® D T €

CTBEHHUBIN HacTpa,e Y HObNVP € [ e /p sa g T ip Y |
eTOYHOMU Bmegwmme | vour.or o napameTpa
Hne AOon4 naMWHAaARPpHbIX TeyeHUNMm n T e
bl , 6 bl 10 mccnepoBaHoO odBTT@EXa Mnb bB1 O
3a@W0HOEMOENIbHO 6 @/NbPUNMBED A3FHIANYKEHHENVEY

XNBaAaHWIW peweHnda, B TO BpemMsa Kak N\
3MTHbBe KonebaHma B obnacTtax 601b Wl
A9 O60NbWMNHGCTBEAX TRHIBHMNA N3 HAUYEHNA e X:

0.05<a<05. BnumaHwue KoadaphnygaeHMMad eTUNPOBaAt

TYypobyn
Tennbdbp

onTMu
B Aar
cpaen
Teue

B
Tpex
ncekKn

€ HT H bl X TeyeHUN [21§ dHmo npauawee 0 B R IH >
aHa 6 blno noKa3aH@az01l wBOI 9 e3THaAY €
MaJ/bHDbM aon4 MOoOgenumpoBaHMA cBob6Gop
n omPecyaibar@T bl, NMoNyyeHHbLEe B HacTO
aThb BblBOA, YyToO o n s MOAgenupoBAaHMSA
HUMNW MOXHO B3gTaEOILakoe Xe 3HayYeHMUe
HacToswWwWenm paboTe nNpoBenfeHO MoAaenwu
3HaAaYeHUWN HayanbRes300( 425€ @ A0K. P3ai H 0 n
YyeHMNeEM HayanbHblX 3Ha4YeHnuMm NAOTH
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onpependawTResHaBeBM@apamMeTpbl pac4yeToOB
cnyuélepuegypa 3apgaHu4 Haya/nbHBbIX 3 Hay
OCHOBEe 3afjaHHbLX 4uYumcen Maxa n PeWHONb A

Mp MRe=300C 1 Re=425(, Haya/lbHOEe BO3MYyLlWeHMUE
pa3BUTUNW TypoyneHTHOT 0Rex300i e HM&aAY ailpyHDE
BO3MYLWeHUE 6blCTpPoO crnaxmseaerTca4a 3 a C
obpasyeTcd namMumHapHOe TeyeHune KyasaTTa.

B 1a6n. 3 onNnpeywyecrRWECHaAapaMaAamMpPb Teyel

v OB d&ZdyoO 3
I[I/IHaMI/I‘leCKI/Ie mapamMeTpbl

Re =r,U,/2(L,/2/m HayanbHOEe 4YwucIAN(

Re“=(r’“(U0/2)(Ly/2)//77")|y=0 OcpefHeHHOEe 4YHuc

Re:(rmu[(LYIZ)/nT)\y:O AnHamMmuyueckoe uwu
ur, nt, re OcpepgHeHHbBEe NO B
AVNHaMmyeckas BSAS3

u, =((1‘W/r"“)1’2)\y:O AnHaMmnmuyeckas

l, =(nT/(rmu,))|y:O AnHamMmuyeckas
z‘w=(/77“(duj/dy))\yzo KacatenbHoe Hang
u, =ul/u, Bes3pas3mMepHasd
y, =y/l, BEes3pas3mMepHasa K

C. =2 1(r"U,/2? KosddpmumeHnt T

3pemfbr"aBnawTca OCpPpegHEeHHbBMU MW BPpeM
reg Toxrkeé2, y=0,z=0(B cepeguHe HUXHEWN CTert
u—-3TO0O OCpejHEeHHasa NnNOoO BpPeMeHW mpBo a4 ONbH
cevyewnunwy/2, z=0.OcpepHeHNe BeNUYUH n o Bpe
cornacHo doopmyne (3anumcaHHOM UB:a NpPpuUuME |

an Q
== 0 (34)

N, - Ny +1gﬁ :I"I[l X9
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Homepa war oBn, Mm@y, SBBp/ESMKBTHCUS T paH UL aMMU

ocpepH®eHmmMmy. na (34) MOXeT ObTb 3anucaH-t
yoobHoOoM AgnAa nNporpaMMHOW peanumsauummn:

N 1

u P ) 35

Tt n.-n, 2 2%, < (35)
2

34ecb 3HauyeHWe cpenHeRibICKOPDET NS Hae |
3HaAayYeHNUe cpeaHelh CKOPOMLTM Ha npenbiay L

Ona c Rea3@ B Re=425(ocpegHeHNe nNpoBOAUTC
n,=3Q0C¢ a4 n,=8aA¢. OTMeTWM, UYUTO NONHOE UYUCANO

n,=8AC°cooTBe tet0MBSxem TpebByeT OoKono 160 Y
MaWMWMHHOT O BpewasHIB AW PRA2NeOCICOP OB KacT
100 (Intel Xeon X5670) [27B p e ma o0 c plé =ah{fne -H) 110.297c
MOXHO BbipasnTb UYepe3/2unnoagBYIOWOCYORAE AL
T euelyiRaT"=625(L,/2)/U,/2).

Anccwmmsa saHeprumMm HayvanbHbLX ycnoBuun ( z
eMnepaTtypb Ta3a OTIH.dIQWT S/TEOHIO0 BH a Yas/ObyH1

T
TeyeHUU TemMnepaTypa MaKcumManbHa BOAMU
TeMnepaTypa nNpakKTUWYecKWU DBO@ATOSAMHHKEKOBLb |
BA3KOCTbL Tlas3a 3aBUCWUT OT TemMneparTypbl
TEeYeHUUN BSA3KOCTbL TakxXe nNpeBbWAaeT Haua,

Ana yyeTa 9TO0ro adgdpekTtTa Mb BBOAMUM O
Re™, BbHE&MMOlE Ha OCHOBe ocmMiepHeBHEBXYeHma:

Re" oka3bBaerTcCH HeCKONbKO Rane HB HI&i we HH &

ANHAMMWUYEeCKUX MnNapamMeTposB, NnonyGi/e.HH4IX B
OTMeTuUuM, UYUTO ob6bWenNnpuUHATHLE MoAagenun A[ns
He YUYUTbBAWT HarpeBaHWe 3a CUYET AUCCMUI

v OB d&Zdyo 4
3HavyeHNs1 IMHAMUYECKHUX MMapaMeTPoOB B HACTOsIIIEH padoTe

Pexunmwm Re Re" Re C,
NNamwnHap| 300 286 17 0.007
Typ6yne 3000 2804 153 0.0059
Typb6ynei4250 3994 198 0.0049
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KnHnertTunuyeckas S Hepr ms rasa B pac4ye
dbopmynoin
Nx- 2 Ny- 2 Nz- 27 ) 2 > ()
Ekin(t): a a a _rijk(t)(uxijk(t)+uyijk(t)+uzijk(t))®|1 (36)
i=1 j=1 k=1

rge CYMMMpPpoOoBaHME npoBoOoOANTCH no TOYKawm

5. PesyabTarnl pacueros aas Re =300C

Ha pwuc. 2 nNokKas3aHa 3aBUWCUMOCTb KWUHETMN
ob6na@ut Texywer o 4ywucnaan(unaprvo gEhndom B p e M

Mocme=2Q¢F ycTaHaBnuBaeTCH TYPOYNEeHTHBbIN

KUNHEeTMYeCcCKONW S9Heprmm CcTaHOBUTCSHA KBasMuil
Ha pBda.pepcTtTaBieH BblY4UCNEHHBbLIN npodu

BPEeMeHMU npo,u,ombtuoﬁ:KmmL)K(ﬂmaomeaBMCMMOCTm

Koop,qmyH(aKprmlyaﬂCKau;Bm)m:pMmpOBaHa Ha CKopo

U, KoopyimoimmmpoBaHa HalL,.BbiCOTY KaHana
I .- 107,
7.5
7_
Averaging
6.5 interval
-l ol
6_
55— 2 4 6 .8
n, /10
Punc. 2. BAB@TMUMWMOCHRBIN SHeprmum r a

OT TekKkyuwero uunmcna BexBOOB Nno BpemMeH



-16-

u /U,

L mean u™ Present data,
0.8 ’ X QGD-based simulation,
| 22— u, t=0475s

Re=3000, Re. =153

0.6}

0.4

3 0 meanu’, experiment, Re=28500
(El Telbany and Reynolds, 1980) i

4 v meanu , experiment, Re=8200 i
(Robertson 1959)

0 0.2 0.4 0.6 0.8 y/Ly 1

Puc. 3. PacnpepeneHune nNpoAaoONbHO
cKopocCcTM

Ha puc. 3 9K CNnepwunMmecHITEaO/HbEHbI € N PriopacodnuE
cepocTunu B Teye HRe#285R(7211]T aReBROE[6, 11]
oObo3HavYeHb 3cduMEOCOaTaBERE@d®dY NbTaThb 1A pa

yncen PeilnHonbpca MaJsno oTnNnMnyawTCA ap
MOge/nTMpoBaHMUe Ha o0ac HxooBpeo UKol [On eapnerpocapentT NIXE
npodPnunb cpepgHelm CKOpPOCTWUW B TeyvyeHUNM Ky:

Kpome npodwuns cpl)’(%,,mjlaeﬁpmazxopsocmpvmsep,e

M T HOBeHHof/'luXc(K(quMa)cavBm MO Me H tT=0.4/5ce MTeBH U

Bpewms K a K npoounns.b cpepgHei CKOpoOCTM
TYpObyneHTHOT O TeuyeHNSH B KaHane, MT H
CNydyanhmHbe Konedbawmoae OEmpaam(epbd-7).
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20 L \I T T L \I T L \I
l"|+ |
1, @ Present data, QGD-based
151 simulation, |
Re=3000, Re; =153
[ 21 l‘|+ = y+
101 .
3, 0 Re = 9500
[ 4, v Re = 18960

5, u=255Iny+5.2

Experiment (El Telbany

2 and Reynolds, 1982)
0 \II\IO L II\II\\I1 L \\\\\I\Iz
10 10 y+10
Puc. 4 . PacnpegeneHune o0CpPe OKHOCMHOHCOTAN NBY O
6Ge3pa3MeEpPHbBIX MNepemMeHHbX
Ha pwuc. 4 noKas3aH BblqmcneHHu)I%rllTB npodi!
be3pa3MepHbBX nepémMmeaHBAKKenmanvHAbE, noJ

3KCNepuMeHTanbHOM mnccnepoBaHMU TeyeHil
Re=950(n Re=1896(0 6 0 3 Ha 4 e H bl 3@ 4cvoBooT/IBaeMTMEK BB € H H O .
BULOHO, JaHHbBe pacyeTa no KIjg anropumtm
aAnA P asHblX yunmcen PenHonbpaca nouyTMNn H ¢
pacnonoxXeHule oOMrMBEORPEOCBIYaG HON ceTKe KIA

CornacHo ABYXCNOWMWHOM MOAde nu npucrt
npodnnb cpepgHem CKOPWYESMB /B €BTSAC3AK O/IMM HMNEOA

u=y, (kpmnadagsa aynrldunor apudpmuy =AnywB
(npasyasa B pab6ote [ 10] No/TyyeHb cnepgyto

A=255 B=52. Ha puc. 4 BuagHo, 30<y<l06C B N H
pe3ynbTart bl MOAeNnNunpoBa-MmpB@ge nwa nNPEKTBE €
coBnapjgamwrT G =269y, m™21 Takmum ob6pasom, p e 3

pac4yyerTa no KA anropumtmy OYeHb X0po
NPUCTEHOYHONW TYypowressSny ex2mmma.k xlép sXMgso Wwo
COOTBEeTCTBYeT pes3synbrTaTamMmeuyurenaHHKyna T
npoBepgeHHoro B [ 11].
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paboTax, NMoCBSALULEHHBbIX mccnepoBaH™
Ta, MONYyUYeHbl pa3nnnNyYHA& B3 HakeHUNA
NbTaTbl YNCNEHHOT O MO j e JlaMHp/oOXBEeaHHHoAe U
Ar24no cpasAERSbuw [ 10] ,B=®mp,n K3arko mu
0] . AZFREw 8rm0an 44, 15], A=244un B=51ns3 [ 16]
ONNb KO HUNXe n o CpasBHI®HYWTOO cloa c3aHearyce
cnepuMmeHTanbHbX pabdAxr255@aBa4dpbiB [ 18]
pemvMsa [ &84 BlOA{FQ.SlOemBHS.S,anefOZOC.

Ha puc. 4 BULOHO, 4yToO pe3ynbTarT bl [
O0OTBEeTCTBYIT 3KcCNnepumMeHTanNnbHBbBM AaHH
MHEeNnHoW) (K norapuwdogmwil)eckwac T(Kk a X, HO
nepexonH/EY <B20OHe

I o<

)

W WIWWDT X
S

30

3t | .I Presentdlata QGD—b;lsed ]

. 4, simulation, R’e:BOOO, Re. =153

Simulation, Re=3353,

25 L 2 —o= Re. =185 (Skovorodko, 2012)
2} e S —
J

1.5 | -

Uy /U,

__"__'_____.......‘LM

1] oo -

p / . .

A 3 e Re=2250,Re, =125 [ Simulation

0.5 f 7 (Avsarkisov

e 4, — — — Re=3150, Re =180 |etal, 2014)

/ 5, —o— Experiment (El Telbany and Reynolds, 1982)

0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
y/L
b
Punc. 5. PacnpepgpeneHwue CpLEXMH'fKBa,EI,paTI
Ha puc. 5 npuBeseHbl npodaomunu cpepaH

KOMMNDOHEHT UCXKVDp'BPBTa/I]BVICVIMOCTI/I OTy,KoopAg

HOpMUpPOBaAaMHOWMMEBOOHMB HAYECHbB [JaHHbBLE H
paborT bl. MWy BblBAGQMNAKTCA Nno dGopmMyne



& 5 5 &Q
. A 1 & r_]sz 0 2L
Ve e d W )] @)
é = Ny éa?]t =n, 0 EI
MW HOPMUPYITCSHA Ha Amwam&mwmawmm?mwmwmaL

uonpepfensorcs aHanor M4 HO.

Ana cpaBHeHWA Ha puc. S npuBepgeHbsbl
nynbcauuni,e noenyuHGflH el MmogenumpoBaHMUN Teuy
npwu 6NM3kKNMx RS HauyuReH f £ ¥ M B @i A)bl a Takxe

KcnepumMeHTanbHbEe 3HauyYeHWE. nynbcauui |
MakcunumanbHblal 6 3 Hja@ieeHHHIbAE 3 K CNepuUMeHT al

ANnNAa Te4dyeHWUA KyaTtTta npab0(a ns500(a xn éxeai™ 0Bt
Ananas3ocBA® 3121 8 3 HaueHNHA O4YeHb 61K3KMU

HacTosuwWwenm paboOTe Makwxmwa/RIes&OOCM)Z.:BQQHMH
K pe3ynbTatam UyncneHHOT Re=3a5(a[&651 vBp 0 B a H U
KcnepumeHTax [ 10] u@mmmmam&mm@ﬂ3mammb
(punc. 7) MU He 3aBUCUT OT YyumMmcna PewnHONI

7 . Present data, QGD-based
' simulation, Re=3000, Re =133

| Simulation, Re=3353, Re_ =185
2.5 2 T°7 (Skovorodko, 2012)  ©
3, oo Re=2250,Re =125 [ Simulation
2 B {Avsarkisov
4, — — -Re=3150, Re_ =180 | etal, 2014)

Experiment (El Telbany
and Reynolds, 1982)

00— 01 02 03 04 .05

y/lL,

Pur . 6 . PacnpepeneHwune Cpe%HeKBaApaT
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Puc. 6 nsobpaxaeT 3HaYeHUs OpepHEK.

Obo3Ha4vYeHMUH Takune Xe, Kau'gpa/lcqrearOEpmm.
3 KCnepunwmMemMHAarTac sHaBx XopouwemM corgacummu.
Ha pwnc. 7 3 Haw'Xe,H MBSbl UMMYCJVIbECHAHUUXA B  HacCc T O

(cnmmBDnANbIN MO/TY YeHHBbIX KcneRnB.epTanbH
mM3obpaxeHb B 3aBucumocTwun WVICWOEHHEA 3 Mep
O6ObeagUNHAKWT pfaHHbLE U3 [ 10] A nasot ncen

1896(. JaHHbe WRe=13&(n ponasH H bile Re=15P@ ] anA
Obo0o3HaAa4YeHbL 34 MED@OABRT CTBEHHDO.

| ! | ! |
!
u, /u
3-
2_
Present data, QGD-based
: simulation, Re=3000, Re =153 |
2 —n— Experiment, Re (8500-18960)
’ (El Telbany and Reynolds, 1982)
1 3, —g— Experiment, Re=13800 -
- (Hussain and Reynolds, 1975)
—A— Experiment, Re=15200 -
% (Clark, 1968)
0 | 1 | 1 |
0 20 40 y, 60
+
Puc. PacnpepeneHwue Cpep,HuéXIBBB,Q}Bal'CLmlMIEDIEI)T
OoT 6e3pa3MepHONn KoopauHaT b
BupagHo, 4yTo KCNepumMeHTa anbHEble O aHHBblE
3 TOM He Ha6n+o,u,aeTc;| 3aBNCUMOCTWNU oOT
pa3bpoca ARHMBNTOEKCNPE3ynNbTaTb MOAOEeNWN
K anropuitmMa pa3yMHO COOTBeTCTBYWT 3I
B HacTOoSsuwei paborTe mcnonb3yeTcd B

npocTpaHcTBeHHaRR=300eme@aBbleJNAMATH oT
pacuyeTowaK UWMelWT yk=001Ph .A3a%54, 13.3& [ 3]

anA pac4éTosB NMPUCTEHOYHOW DN$p 6y nei
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peKkoMeHgOBaHO, UTOO6b MWUWHUManNbByH—=Ae 3 Hau.
ymcno TOUYUekO<p<l06HAOT HeE MBmWBRHMIE@, 34Y4TO
HacToswen paboTe ypgpoBnerTBoOpsAeTcHa TONb
6onbwytw Benunmuby Y9l wapeas y b Tart bl MO e lunf
ocHoBe-anklopuntwma XO0opowuwo COOTBETCTBYIHT
AaHHBMYBRMM AT EKYITTa.

an A NnpoBepKMWU 3aBucmmMmocCcTMHU UMNCTEHHDO
NnpocCTpPpaHCTBEHHOMN ceTKMU, 6 bl1O nposBe

Re=300Cc wmcnonb3oBaHuMeM 3arpyo6neHHOW cC
wa m=0.0012tm wu pNa 3180e N, =66, N,=66). [To N1y 4 e HHble

pe3ynbTaThb NpakKTMyecKuUm coBhnapgarwT Cc pfga
4 npubDyF226MIppwacuyae@aNO®OoONEPY OGIXT K a X
TypbyneenemnapepmMumpyerTtcs4

OTmMeTUM, 4YToO B 60ONbWMNHCTBE paborT
MOAEeNUWPOBaAaHUIW TYPOYNEHTHBX TeuyueHUWUN B
6onee noapob6bHas npolamp@aHNe g BENHBEHEINIK C € T |
copgeplXinTtTouew pma®P,me 7] T o4 e K22]BT apkamGvo T e
obpasowm, ANA [OCTUXeEeHUAa pes3ynbTaTos,
UYNCNMEeHHOT O MoOagenupoBAaHMA, B Chnydae 7
MOXHO BblObMpaTb nNnpocTPpapasBepyeoeceTKy

0.08
y, m
0.06f

X 30 40 50 60 70 80 90 100 110

Puc. 8 . M3 onoBepxXxXHOCTN TemMnepaTypb Wu
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0.08 ol e
y’ m : :{;ﬁh;
0.06 ygb
0.04 ‘ty4~g’\ ?% ‘

0

02
0.04

:.;3«:
/

x-component of

-ﬂ?’l||

the vorticity, s*  “5000 4000 -2000

Pne.Msonose @ xHpucmeip n A

2000 4000 6000

N-K @ MAT N @ BIT bl

3aBUXPEHHOCTMN

Ha pwuc. 8 M3o06paxeHb MnNoBEeElp=RILK TN Vyp
B pacueTHOa MoelT/HaOC TMO B bllUEHMNE TemMneparTy
3HavyehRhwra/iK, a TakKkXe BONHOOOGOpas3HbLW Xxap
TemMnepamay pmeD.BEeEpPXHOCTWN YPOBHA TewmMnepart
MI HOBEHHOM npoguxn%mmme CTKm@rpm,c Tma pwuc.
npocTpaHCTBEeHHEBO@CKIMMHWPY yT/DEKHAT HO € T e Yy eH
BUXPEBOW XapakTep, nNpocTpaHCTBEHHbDBE /I
Ha puc. 9 MOKas3aH bl N@KBEIPTXEHDIC A N
=(WW-SS)/2, rpage S=(u/px+uu/ux)/2 "

=(pu /X - pu, /) /2 ABNAWTCHA CUMMETPWUUYH b

AHMMCME T PUUYHBIMUHZI OPAT TWPA A& HTIBEB ECR B PO C

4TO 3 TMH
B mone
KOHT YXpKBD MM OHE€HT bl

BMnNAOeTb MHOTI o4Yynmcne
rasognmnHamMmyecKNMX

M30MNoBEpX

[2, @94 8OHH1as50 B e p X H 0 ¢ TQUK PymMpT 0EBPHNSA
3 aVB AP Y HIMLEHZ.TMO X H O

HOCTWU XapakKTepusyiwrT

H H blé BMUXpwn, 4UTO

TeyeHumn.

HaHeCcC

ABNA
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Top wall
0.08 Pressure,
y’ m Pa

13235
1323.25
1323
1322.75
1322.5
1322.25
1322
1321.75
1321.5

0.06

0.04

0.02

O = ¢ _—
-0.04 -0.02 0 0.02 0.04
Bottom wall Z, M

PWa@.KoHTYpb AgaBneHuda U NUHUMW ToKa nNo
ckopocTun x=0@eyeHNUWU

Ha pwunc. 10 KuvosHOTOYpPabIK eMaiB 1 e HXEGO8, B ac e u e
TakXe /NWUHUWUWN TOKa nonepelsuyHub%xs K9OT MOMVIO HXeeH T

cCeyeHUN. Xopowo 3amMeTHa BuUuxpeBas CTPp
MO X H O YBUOLETH NPpOCPPa@ASOB©BHHWEOKIY 06
NMOHWXEHHOT O fJaB/eHUNAa U pacnoioXeHUEM I

6. PesynbTaTel pacueros s Re =425(

MopgenupoBaHMUe HaanraomwsBeaRe3F50A
npoBoannocsb Tak Rexk80( KaKHemwMeE MAd HayalbH
3HauYeHN NnNoTHOCHaA muncpgaslnlempsd®.pOHpAXE!
NPOAONbLHOMNW KOMONOHEHTHL CKOPOCTMW. O6 03+
AaHHbBE Takwune xe, Kak Ha pwuc. 3. Bupg n
Re=425CmMmano oT1T/nuy apemncaaRaeBA0((i pac. 3) n Ta
XOpPOWO COOTBETCTBYET 3KCNepuUMeHT aNnbHBbII
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- /== mean u;
| 2 — U,

Present data,
QGD-based simulation,
Re=4250, Re ;=198

]

t=0.475

3,0 mean u, experiment, Re=28500
(El Telbany and Reynolds, 1980)

4 v meanuy, experiment, Re=8200
(Robertson 1959) 1

0 0.2 0.4 06 0.8 y/Ly 1
Puc. 11. PacnpepeneHwue
20 I\Il\l 1 I\II\\I 1 \\\\I\l

lJ+ |
1, & Present data, QGD-based
15 simulation, |
Re=4250, Re, =198
i 2’ u+ = y+ 5 i
10 .
3, 0 Re =9500
i 4, V Re = 18960 |
5, u=255Iny+52
5t -
i Experiment (El Telbany
and Reynolds, 1982)
0 |\||\IO ||\||ul1 ! \\\I\Iz
10 10 y, 10
Puc. 12. PacnpepeneHwue

6e3pas3 MepHblX

NPoOAONbHOI

NPpoOAONbHOI
NMepemMeHHblX
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JeTanaHalins pacnpepgeneHNs OCpPenHEHH:(

AnRe=425C( punc. 12, obo3HayYyeHMa cooTBEeTC
HEeCKONbKO 3aBbllleHHbLIE 3 HauyveHWNHd CKopoC"
3KCNepuMMeHTOB, a TakKxXe NOoO COPBaBMHIEH NDHN L

Re=300(( puc. 4) .
Takoe HecOOTBeTCTBMUWE,3BOBMOMHON B[O

acuyeTHON ceTKU ReHaBBNVE pBeTek MM.e T bifh/ed 0T
acyeTHbBE TOYUYKMN ny=eow 2.47,K o0 &t d g n Hlazr.uB 6 . i
6pasom, KOHMUrypaumsA npocCcTpaHCTBEHH
puTtTepunam n 3 [ 3] . Tewm He MeHee, p

cnonb3o0oBaHMEM pgaxXe TaKoOW T pybonm ceTKk
ornacme € SKCcCNnepwumeHT an bOHBbANMHMM A [, ar HEHYbENHV
pun 60NbLWNX 4nmcaax PenHonbAaca war
eob6xoagmnMmMo yMeHbWaThb.

I 00 X X 0 T

7. PesyabTaThl pacueros gas Re =300
MpRe=30CTeuvueHne KysaTTa daBNAeTcsda namMuHanp

anropuntmM™m N O 30BO06/PSiae3TH O € OIMpHO B O A U T b MO A e S
nNnamMMWHAaAPHBbBIX, TakK U TYpOYyNneHTHBX pPexXxunmmmo
[ 21] . Mpun 3TOM He FIMmedooy ermapia MVBETHRSLIT ba JIKr
AOCTATOYHO MU3IMEHUTb TONMNbKO HayvYanbHOEe

B goaHHOWN paboTx:TaompakpwnedOBo KI [ .
NPUMEHEHUUN K NPUCTEHOYHOWU TYpOYNTEeHTHDO:I

A UMEeHHO, MO e RerBUEBIpHWB® o NP U K ouncecewu
HayanbHOTO BH3XVNY ue HMW Ay TIdgHOBNEeHNIW namm
TeyeHna KyosTTa. CooTtBBTEMBHBREMOUARCRAKANO

TekKyuwer o 4ynmena war OB no BpeMeHWN NOoKas3:
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0.8F E,"10%,J

0.78
0.767
0.74H
0.72—\
o1 2 3 Antmf,é
Puc. 13. KNaHBEUT CUMMMBOCCKTOBA 3 HEe P T UK T &

OT TekKkyuwero uumcna BexB06B nNo Bpewme.l

N3 puc. 13 BReBA K MHeEXKURAPN 2 HEepPT U A r
CYUEeTHOMW obnacTtwn cTamocdsCc a NMpocm o s H |

OAONbHOMW UCKPOMP OB TEM CTAaHOBUTCA /NUHE

YyanbHBLW MOMEeHT BpemMeHu (1). HauyanbH
NHO MTCHI® 3 aerT, T ak 4YTO nonepeuyHuoble K
e B bl widfom/ c . Odnccuvmnayuma aHeprumm Hayvant

X 33T 30O
T O 92 T 9

NMOoOBbLIWEHNWID TeMnepaTypb rasa B o6nacrtTl
OTMEeTNMWM,[AHOT M TO Xe 3HayvyeHUeKIHAHCTPpPO:
nmomaaeE0l NpUMEHNMMO K NaMUHaApPHBM N Type
TeyeHUMN Kak Bpanum OT TBelpmmwxa)c,TEeHDK |
NPpUCTEeHOYHOUW ob6GBnactTunm (TeyeHunme KyaTTa).
AoexKxBaTHOE YUncneHwHoOeE MTYOOYP @B HIOE
nepexomaieB O3 a&fLyYyeHUn 3a o0b6paTHBLM ycCcTyHn
ABYMeEpPHOT o cnydyasa 0065ecOBg3ijmBhnocb npwu

QD
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8. 3aBucumocTh Ko3(puiueHTa TpeHus oT yuciaa Peitnoabaca

B naMumHapHOM TeyeHuun Kye€T(Toan p ekaoeyidadeur Le s
Tab6bn. 3) BblpaxaeTcsa dGopMynoi

C, =2/Re". (38)

BoipaxeHunue (38) nerko nNOoOAYyYuUTb U3 NUHE]
KOMNOHEHTbBN CBKOP@QOGMHAPHOM TeyeHuUM (1]
ocpegHeHHOro uYurEfaaPanHBNbAOcCa

B cnyyae TypobyneHTHOro TeyeHuna Kyar
ObITb annpokcummpoBaHle,lOlnegaywwmm o6pas3o0ol

\/C,/12=G/log,,Re". (39)
OrTmMeTUnM, YUTO B HacToOAwWenWw paboOoTe 3as
C nNOMOLWbI OCpefgHeHHOE®MeILT/oa HRReAHIG/HO
Boipakknd&e yymrtbolBaerT yBe/nnnmyeHwune OWHaAMUV

BcCneagcTtTBMUeE NOoOBbIWEHUSH TemMnepaTypb B n
Haya/lbHOIMIEHNBO3IMYCXXKNMaeMOM 3H@WEHWIA 4y u
PelnHonbpaca W KosadpdhuuvmeHTAB TReAHRIAM loiBla
Ha oOCHOaer okpindr ma npusBepneHb B Tabn.

3HaAauYeHMNH NG BT O(AHH)OMHECKONbKDO pas3nuu
pab6boTax. B 3=®.19, n @ "GEQIBA. o

Ha pwunc. 14 nokas3aHb 83laBunci@OPR)T L K O & 8
aons=0.182, a TaKXe OaHHbe pacyeToB HacrtT
(cumB3)./BoM o HO, UyTO0G=0DH82Am3e HpaoboThb [ 10] >
cooTBeTCTBYET pe3ynbTaTtam HacToSsuei
SKcCnepumMegaanmbEbLI@CCNegOBaHMM TeyeHUNHA
nocTaHOBKAax MWMewWT 3aMeTHbBWN pas3zbpoc o
(pnc. 5 wmu3 [10]).
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00'012 R 1, laminar flow, C=2/Re"
f I 2, turbulent flow,
001F (C,/2)"2=G /log, Re",
[ G=0.182 (El Telbany
0.008 and Reynolds, 1982)
0.006
0.004
[ 3, present data,
0.002 QGD-based
i simulation
O_ 1 IIIIIIII 1 IIIIIII| 1 L1 11
2 3 4 m
10 10 10 Re
Pnc. 14. 3aBucCcuMmMoCcTb KO3 hphpuuyumeHTtTa T|
9. BuIBOabI

B HacToSduei paborTe BnepswMmMaocaremmo K€ fAp
anropmtmMa gNng MogenumpoBaHMA NPUCTEHOUY
3ToOro npoBeageHoO MoaenunpReBMHmMEA25(T y poyn
Re =152¢and198) v naRerBp HMoDBYKDEOEHUNA Ky:

B a3o0Te.

Bbino NOoOKas3aHO, 4yToO C NnomMO Wb 10 KT A
BocnpounmsseoaunuTcCaA MPUCTEHOUYHBIN npocdunn
TOYEeK B MNOrpaHMyYyHOM cnoe MONSME&EBOJOERM
BbICOKOT O AlOpMe@HKR®Re =1a:/11Aa 1 paBHOMEPHOI

cocTalyAh9An B BA3KOM NnopgcCc/oe HaxoaMUTOCLE

Ncxops n 3 npakTuWKMU pacuyeToOB n p
NPOCTPaAaHCTBEHHOW CeTKM B HOpPMaAaNbHOM
OblTb MOHBLBONU3INU CTEHKMU, M YMCcno pacuy:i
ngcnoe He AONXHO [ ®C MO TNDEAH b3uk@a 4 § H @ A
NPOAONBHOW CKOPOCTMWN, NoONyyeHHbLEe nNpu v
no4YyTmM coBNapgawT C SKcCNepuMeHTaANbHbBMMU

paewosB u3 [ 11].

PacnpepgpeneHune nynbcauuMim nNnpopoONbHOM
cornacwume ¢C 3KcnepunDONSHwT3I0O M[, 1 SHe M1 GOsalHHILI e
HOpManbHOW WU NONEPBRANANTKOP @@HMK bBIMU |
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[MoBepXHOCTUNRQKYPDEBPMAA MOKas3iblB axkaTp a B M [P
TYPOY/TEeHTHOrIo TeyeHWHI BO BCeW pacuyerTH(

KI'dAd anropwmtTmM nos3BonderT eaAnHOoOOOGpasHC
K a kK TYPOYNEeHTHGBbIX, T aKk n nNamMuHAaAPpPHBLIX
NaMnHAYPOY NeHTHbBN nNepexopn peannsyerTecs
PelHOmMPMC &, TOM MOAMPUKaAauMa anropmrtma H

Ncxops n 3 MOJSTYYeHHbIX pe3ynbTaTtoB,
MOoagoenmpoBaHUAa -IBMWHaa Wise kK[ADdPpla,fenaTb BbIB
K anroputTmM AaBAdeTcd BecbMa nepcnexTtT
NaMWUHaAPHBbBIX, BAR HBIX TIyPUWOE/HIN I npwu ymMmenp
PenHoabRgRAa®A BAanNnuWm OT CcTeHWmgomea akomo,nphk
anropmTtTmM onNunuceobBaeT TeyeHUAa, copepxaluwu
npwu pacnapafiaenmBaHpm.3 0M, KA anropw
MCNONb30BaH poBAHVMMOABBAUNMOLENCTBMUS y [
TYPOY/NTEeHTHbBMNW NOTOKAaAMM, B TOM 4Yyucne n|

baarogapuocTu
M bl NPMU3HATEeNbH b B. . Mpuninnmacky n . £
O6CYy XBEOHINPEOCOB MOAge/TnpoBaHMUAd NPUCTEHOUY

DuHAHCHUPOBAaHHE
PaboTaH@ewamompu noagapepxke Poccumckoro
mccnepnos aHMING U -01480763a. T
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