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MN3YYEHUE BO3SMOXHOCTHU MOJAEJIMPOBAHUS
TOJICTOI'O TYPBYJIEHTHOI'O IIOI'PAHUYHOI'O CJIOs
HA IINIOCKOM IJIACTUHE OT'PAHUYEHHOM JJJIMHBI

BEImoTHEHB! SKCTIEpIMEHTABHBIE HCCIIE0BAHMS, HAPABICHHBIE HA W3y9YEHHE BO3MOXXHOCTH MOJAEIHPOBAHUS TOII-
cToro paBHOBecHOro (110 Kitaysepy) Hec)xumaeMoro TypOyJICHTHOTO ITOTPaHUYHOTO CJIOSl Ha INIOCKOH IIAaCTUHE OTPaHH-
4eHHOH JunHEL. [lokazaHo, 4To TypOynn3aTopsl, BHITOJHEHHEIE B BUJE IMINHIPOB BaPbUPYEMOI BBICOTHI, YCTaHOBJICH-
HBIE B ZIBa PsJa [0 HOPMAIIM K 00TeKaeMol CTEHKe, SBIIOTCS 3()(HEKTUBHBIM CPEeACTBOM MOAU(MHUKALNH TypOyIEHTHOTO
MOTPaHUYHOTO CJI0sl. B OOJBIIMHCTBE CllydyaeB OCPEIHEHHbIE U MyJIbCAlMOHHBIE apaMeTphbl IIOrPAaHUYHOTO CJIOSI UMEIOT
XapaKTepHbIE I €CTECTBEHHO Pa3BUBAIOIIETOCS TypOYyJIEHTHOTO IIOTPAHUYHOTO CJIOS 3HAUSHHUS] Ha PACCTOSHUY MOPsIIKa
530 xanubpoB umnuaapa. [Ipodunm cpenHel CKOPOCTH ¢ HCKYCCTBEHHO YBEIMYCHHOW TOJIIMHON MOTPaHUYIHOTO CIIOS C
Xopolieil TOYHOCTBIO aNMpPOKCUMUPYIOTCS B EPEMEHHBIX 3aKOHA CTEHKH M 0000IIAlOTCs eANHON 3aBHCHMOCTBIO C HC-

TI0JIb30BAHUEM DMITUPUYIECKOTO Maciirada CKOpPOCTH.

Kniouesvie crosa: MonenupoBanue, HEC)KUMAEMBIH TypOyIEHTHBI IOTPAaHUYHBIN CIIOH, TUIOCKAs IUIACTHHA, TypOyIH-

3aTOPbI, DKCIICPUMCEHT.

BBenenune

[Ipu Ha3eMHBIX HCCIIEOBAaHUSIX a3pOIUHA-
MHYECKHX XapaKTePHUCTUK MOJEJICH JeTaTeihb-
HBIX annapaTOB OIIHOI‘/'I U3 TJIaBHBIX 3aJa4
SIBIIICTCS. BOCHPOM3BEJCHUE HATYPHBIX WU
ONMM3KUX K HUM YCJIOBWH SKcrepuMeHTa. W3-
BECTHO, YTO B YCJIOBHSIX HCIBITAHUI B HECXKH-
MaeMOM IIOTOKE BaXXHCUIIUM KpHUTESPUEM
monoOuss HATYPHBIX M MOJEIBHBIX OJKCIIEPH-
MEHTOB SIBJISIETCS pPAaBEHCTBO uuncen PeitHoub -
ca. CoOmromenne mogo0Hs 10 dYHCIaM
Pelinonpaca umeer pemaroniee 3HAYCHUE HE
TOJIBKO B aBHAIIMOHHO-KOCMHUYECKOW TEXHHUKE,
HO Y TIPU MPOSKTUPOBAHUM M COOPYKEHUU Pa3-
JIUYHBIX OOBEKTOB TI'Pa)KJIaHCKOTO M IPOMBIIII-
JIEHHOTO Ha3HadeHHWs. Jlume B 3TOM ciydae
MOXXHO TOCTOBEPHO TIOHATH CBOWCTBa HCCIIC-
z[yeMoro TCUCHUA HpI/I HUCIIBITAHUNU KaK MOJICIN
00BbEeKTa B IIE€J0M, TaK U OTIAEJIBHBIX €ro 4ac-
TEH.

OtMmedeHHass mpobiieMa OCIOXKHACTCA TEM,
YTO B CWIIY psAJia IPUYHH HATYPHBIC UCTIHITAHUS
OYeHb TPYIHO, a MHOTIA U BOOOIIE HEBO3MOXK-
HO OCYIIECTBUTh. Torja perrarpiiee 3HaYCHUE

MpHOOpETaeT KOPPEKTHOCTH MOJIETHPOBAHUS
HCCIIEyeMOro 00beKTa M0 4yuciiaM PelHoJba-
ca B aspoAnHaMUYecKol TpyOe. B aToM ciydae
Bs3kue 3P GEKTH, OOYCIOBICHHBIE HAaTUIHEM
Ha TOBEPXHOCTH JIETATEIBHOIO arapara WiH
JMO00Tr0 JIPYroro JBIKYIIErocss OObeKTa pe-
AITBHOTO TOTPAHUYHOTO CJIOS, BEChbMa CYIIECT-
BeHHBL. OIIHAKO B YCIOBHSX adpPOJMHAMUUE-
CKOI TpyOBl Takoe MOJCIMPOBaHUE, Kak
MIPaBHIIO, OCYIIECTBUTH HE YNAETCS 1O TPUYH-
HE €CTECTBEHHOTO OTPaHWYEHUS IJTNHBI MOJe-
JIM, a CJCIOBATEIbHO, W TOJIIUHBI ITOTPAHHY-
Horo cnos. OTcrooma SICHO, 4YTO OJHUM U3
HEMHOTHX MPAaKTHYECKH OCYIIECTBHUMBIX CITO-
COOOB pEIIeHUsI JaHHOW MPOOJIEMBI SABJISCTCS
MOJICIMPOBAHKUE TOJICTOTO IMOTPAHHUYHOTO CIIOS
Ha TUIOCKOW MOBEPXHOCTH OTPaHUYCHHOW JJTH-
HBI, HalpuMep C TMOMOMIbI0 TypOyIH3aTOpPOB.
9toTr BOIIPOC UMECT NPAMOEC OTHOIICHHUE K MC-
TOJWMKE ONpEJEIICHUs BETPOBOM HArpy3KH Ha
MPOEKTUPYEMBIE OOBEKTHl TPaXAAHCKOTO H
MPOMBIIIUICHHOTO HA3HAYCHHMS, YTO, KaK CIIei-
CTBUE, CBS3aHO C HEOOXOAMMOCTHIO MOJICITHPO-
BaHUS MPU3EMHOTO CII0si aTMOc(hepsl 3alaHHON
CTPYKTYpPBI U TOJIIMHBL. 3ydeHne BO3MOXKHO-
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CTH KOPPEKTHOTO MOJAETUPOBAHUS MPOQPHIIS
CKOPOCTH BeTpa (CTENEHHBIM 3aKOHOM, SMIIH-
PUUYECKHMHU COOTHOLICHMSIMA M T. [.) BHOJb
MOJICTUIIAIONIEH TOBEPXHOCTH C IIENIBI0 OIIpe-
JIeTIeHUs] BETPOBOM HArpy3Kd Ha TOT WJIW UHOU
OOBEKT COCTABJIJIO OCHOBHOE COJEpXKaHHE
MHOTHUX BHIIIOJTHEHHBIX K HACTOSIIEMY BpeMe-
HU pabot [1-4]. [TomydeH psin BaXKHBIX U HHTE-
PECHBIX pe3yNbTaTOB, CBUAETEIBCTBYIOIINX O
BO3MOKHOCTH TPHOIIKEHHOTO MOJEIHPOBa-
HUsI 00TEeKaHUsI 0OBEKTOB FOPOACKOI 3acTpoii-
KH B YCJIOBUSIX adpOIAHMHAMUYECKON TPYOBI [5].
O0630p wWccneaoBaHU MOAOOHON HAINpaBJIcH-
HOCTH TIPUBEJIECH B paboTe [6].

He BnaBasicb B neTanu, OTMETUM, YTO K TH-
MUYHBIM METOAHMKAM, KOTOpPBIE HCIIONB3YIOTCS
JUTSI HCKYCCTBEHHOTO YTOJIIIEHUSI TIOTPaHUYHO-
TO €0, MOYKHO OTHECTH DAa3JINYHOTO pPoAa
BBICTYMAIOIINE 3JIEMEHTHI [7], PEeLIETKH C PaB-
HOMEpHOU sueiikoil [3], permeTku ¢ HepaBHO-
MepHoil siueiikoit [8; 9], ctpywu [7; 10], mynsca-
LUK, IIepOXOBaToCTh [2], cTymeHbku [11],
cetku [3], BuXpeBble TeHepaTopwl [12; 4; 3],
TepMUUecKyro crpatudukanuio [13]. Tlpu aTtom
paboT, MOCBALICHHBIX YCIEIIHOMY MOJEIH-
POBaHHIO TOJICTOTO TYypOYJIEHTHOTO TIOTpa-
HUYHOTO CJI0s, 00Ja/aloniero cBOMCTBaMu Ka-
HOHMYeCcKoro (paBHOBecHoro, mo Kiaysepy)
CABUTOBOTO TIOTOKa B OTHOIICHWH OCPETHEH-
HBIX TTapaMeTPOB TEYEHWs, MOYTH He BCTpeda-
ercs. YTo kacaercsi My bCallMOHHBIX MapaMeT-
pPOB TEYEHHSA, B TOM YHCJIE SHEPreTHUYECKOTO
CIIEKTpa, TO, HACKOJIBFKO M3BECTHO aBTOPY, Ta-
KHX IPUMEpPOB MpakTHuecku HeT. He cimyuaitHo
B HEKOTOpbIX EBpomeiickux mporpammax
(cm., Hanpumep, DARPA ATO Friction Drag
Reduction Program) Bompocy MomemnpoBaHHs
HATypHBIX 4Hcesl PeliHonbaca ynensioT camoe
MPHUCTATBHOE BHIMAaHUE.

VuuTeIBas cKka3aHHOE, BaKHEHIIICH 3ajadcii
COBPEMEHHOM NMPUKIaAHOW a’3pOAMHAMUKHU SIB-
JsieTCs M3y4YeHHE BO3MOXKHOCTH ObOecreueHHs
B YCIIOBHSX a3pOJUHAMHYECKON TPYOBI TOBBI-
meHHbIX umcen Peitnonbaca Re’ (HaTypHBIX
win ONM3KUX K HUM) Ha OOTeKaeMO# MOBEpX-
HOCTH OTPaHUYCHHOW IUHBI ITyTEM MOJEIH-
pOBaHHSA TOJICTOTO TypOYJEHTHOTO TOrpa-
HUYHOTO CJIOs, 00Jagaromiero cBOWCTBaMU
paBHOBecHOTO (TI0 Kiaysepy) cmBuroBoro mo-
TOKa. DJTO TO3BOJIIET KOPPEKTHO MOAEIHPO-
BaTh OOTEKaHWE MHOTHX a’3pPOJUHAMHYECKUX
00BEKTOB (HampuMep Te4eHUs B 001acTsIX co-
MPSDKEHUH DIIEMEHTOB JIETATELHOTO arapara
THTIa KPBUTO-(IO3EIDK, KPBUIO-MOTOTOHIOIA),
a TakKe Ipolecca BbIAYBa CTPYyH uyepe3 MHK-

pooTBepcTUsl B OOTEKaeMOH IOBEPXHOCTH B
TypOYJI€HTHBIM NOTPaHWYHBIN CIOH U Ipyrue
aspoduznueckue siBIeHUA. SICHO, YTO B CTpO-
rol MOCTAHOBKE 3Ta 3aJada JOJDKHA PelaThCs
IIyTeM KOMIUIEKCHOTO MOZEINPOBAaHUSA KaK OC-
PEAHEHHBIX, TaK U IYyJIbCALMOHHBIX IapaMeT-
pOB TEYEHHs, B TOM YHCJIE IHEPreTHUECKOTO
CIIeKTpa TYpOYICHTHOCTH.

Ycj10BHS 1 METOAUKA IKCTIEPUMEHTOB
MopeanpoBanue TypOyJIEeHTHOTO
NOTPAHUYHOIO CJ105I

OKCIIEpUMEHTHI IPOBOAMIIKCEH B 103BYKOBOH
MajoTypOyICHTHOH a’poIMHAMHUYECKON TpyoOe
T-324 UTIIM CO PAH B nuama3oHe CKOpO-
CTe HEBO3MYIIEHHOTO IOTOKA B KOHTPOJb-
HOoM ceueHnn U, =~ (12-22) m/c, 4TO COOT-
BeTCTBOBano uyuciam Pelnonpaca Ha 1M
Re; = (0,80-1,47) x 10° m', ¥ HOMHMHANBHO
HYJIEBOM IIPOIOJIbHOM I'PaJMEHTE AaBJICHUS Ha
MOBEPXHOCTH MOJIETH.

W3mepeHus BBIMOTHSUIUCH HA MOZCTH IUIO-
CKOW IUIACTHHBI, U3TOTOBICHHON M3 OpraHuye-
ckoro crekna c pasmepamu 2 500 x 993 MM
B IJIaHE U TOJIIMHOW 12 MM, yCTaHOBJIEHHOM
TOPH30HTAJIBHO B pabodeld yacth TpyOBl Ha
HanpaBISIOMIKX peibcax. Kak mepeanss, Tak u
3aHsIsI YaCTH IJIACTHHBI ¢ HepaOouel CTOPOHBI
BBINIOJIHEHBI B BUJIE IOJIY3JUIMIICA C COOTHOILIE-
HHeM moiyocedl b/a = 1:12. Ha paccrosHun
160 MM OT mepenHEel KPOMKH IJIACTUHBI pas3-
MEIAEeTCsl IUIOCKMH CMEHHBIM BKJIAIBIII
(puc. 1) ¢ pasmepamu 28 x 250 MM B IIIaHe,
paboyast MOBEPXHOCTh KOTOPOTO YCTaHaBIIMBa-
€TCsl CTPOro 3amlo[JIUII0 C OKpYyXaroIled Io-
BepXHOCThI0. CMEHa BKJIaJbIlIa JaeT BO3MOXK-
HOCTh HPOBOAMWTH OSKCICPUMEHTHl Kak Ha
OOBIYHON TIAJAKOM MOBEPXHOCTH (KOHGHUTYpa-
st 1), TaK ¥ OpU HAIMYUU LMJIMHAPOB (TYp-
OyJM3aTOpPOB) PETYJIMPYEMOU BBICOTHI /i Iua-
MeTpoM d = 3 MM, KOTOpbI€ YCTaHAaBIUBAINUChH
[0 HOpMaJll K CTEHKE B J[Ba psiia MO OCH X
(xordurypamuu 2-5). Kpome Toro, KOHCTPYK-
IUsl MOJENH II03BOJUIA HCIONb30BaTh IIH-
JUHIPUYECKUE CTEPKHHU (pelleTKa) IJIHMHOU
970 MM, pacmoJOXEHHBIE MapalielbHO 00Te-
KaeMOH ITOBEPXHOCTH Ha ()MKCHPOBAHHOM pac-
crostHAN X (KoHUTypaus 6).

s M3MepeHust CTaTUYeCKOTO JaBlieHHUs Ha
MJIOCKOM TMJIACTUHE BBINOJHEHO 19 mpuemHu-
KOB jaaBieHus nuamerpom 0,5 MM mepen BKia-
JBIIIEM M 103374 HEro, a TaKXKe B CXOJICTBEH-
HBIX TOYKaX, PACIOJIOKEHHBIX COOKy, T. €. Ha
TpaBep3e BKIAApIlA. 3aHAs 4YacTb MOJAECIH
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Puc. 1. CMeHHBII BKIaJBINI C YCTAHOBICHHBIMU B HEM PETYIHUPYEMBIMU 110 BHICOTE LIIIHHIPAMHI

000pyI0BaHa PpEryJUpyeMbIM XBOCTOBBIM 3a-
KpPBUIKOM C Xopaod 175 MM, yCTaHOBIEHHBIM
1o Bceil mupuHe padodel yacTu TpyOBl, ¢ mo-
MOII[BI0 KOTOPOTO OCYIIECTBIIATIOCH YIpaBJe-
HUE XapaKTepOM TEUeHHUs B OKPECTHOCTU HO-
CHKa.

JUid  nOCTHMXKEHHA H3HAYAJIBHO pPAaBHOBEC-
HOrO TYpOYJNIEHTHOTO MOTPAaHUYHOTO CIIOS
HCTIONIB30BAJICS TIECOYHBIN TYpOyIn3aTop, npen-
CTaBJSIIOIANA COOOW TIOJIOCKY KPYITHO3EpHU-
CTOW HaXJIa4HOM Oymard (CO CrJIa)KCHHBIMH
NepeAHUM H  3aJHAM YCTyNamM) JUTMHOU
20 MM, pacronoXeHHOU Ha pacCcTOSTHUU 12 MM
OT NIepeAHEN KPOMKH TIIIaCTHUHBI.

OcHOBHOE Ha3Ha4YeHHE TypOyIH3aTOPOB (CM.
puc. 1) — yMeHbLIEHHE KOJUYECTBA IBIKCHUS
B TIOTOKE HaJ MOBEPXHOCTBIO U, CIEJOBATEIb-
HO, UCKYCCTBEHHOE YBEIHMYEHHUE TOJIIIUHBI I10-
TPaHUYHOTO cJos. SICHO, 4TO AN pelleHud
3TOH 3ama4y Hy)KHO TeJla C JOCTaTOYHO BBICO-
KHM COIPOTHBIIEHHEM Pa3MECTHTh Ha HEKOTO-
poM paccrossHuM Az ipyT oT apyra. [Ipuuem nx
MECTOITOJIOKEHHE JOJKHO OBITh JAleKO BBEpX
0 TIOTOKY OT paboueil o0iacTu, ¢ TeM YTOOBI
pacnpenencHie KOIUMYeCTBa IBUKEHHS BHA3 10
MOTOKY JTOCTATOYHO OBICTPO JOCTHUIIO HEKOTO-
poro paBHOBECHOTO COCTOSHHUA. MeToauka
ompenesieHUsT pa3Mepa Tell, 00eCHeUHBAIOIINX
HEOOXOOUMbIE IIOTEPH KOJIMYECTBA ABMIKCHUS
U, KaK clieicTBUE, HOpPMUPOBAHUE CTEIEHHOTO
npoduiIs CKOPOCTH B MOTPAHUYHOM CIIOE ISt
YCJIOBUH TpPaHC3BYKOBOTO JHara3oHa CKOpPO-
crel, mpeacrasieHa B [1]. B coydae ucmomns3o-

BaHMsI KPYTOBBIX IWJIMHAPOB (CTepiKHEH) 3Ha-
YeHHe MapaMeTpa G, KOTOPBI XapaKTeph3yeT
KOHCTPYKLHIO TypOynr3aTopa, MOXKHO OIpe/e-
JUTH 110 popmyIie

o=NRh=38f,, (m)/C,,

rae N — 4ucio cTepKHeH Ha eOUHHUIYY [UIMHBI B
TpaHCBEpCAILHOM HamlpaBieHUH; R — paauyc
cTepkHs; h — ero Beicota; a Cp — K03 Puu-
€HT a’POJUHAMUYECKOTO CONPOTHBICHUS IH-
JIMHJPA, KOTOPBIHA C XOPOLIMM NPUOIIMKEHUEM
MOXKHO TpUHATH paBHBIM 1,29. Otciona, 3ama-
Basi TpeOyeMyI0 TOJIIUHY MOJAEIHPYEMOro IO-
TPaHUYHOTO CJI0S O, MOKHO HAWTH T€OMETPHUIO
HEOOXOOMMBIX MJISI 3TOW LeJNH CTEp>KHEM.
DyYHKIUIO

Jam, (m):

_(i:[1+0 2M2 (1 m* )T'S(m“ —mza)dm,

B KOTOpPOW m = )/d — OTHOCHTENbHAs KOOp-
JMHATa 10 BBICOTE IOTPAHMUYHOrO CIJIOS, a
o = 1/n — mokazaTenb CTeIeHH B MIPOQIIIe CKO-
POCTH, MOXXHO OIIPEACIUTHL YUCICHHBIM METO-
JTOM.

B 1a61. 1 npuBeneHsl pacyeTHBIC 3HAYCHUS
TFEOMETPUYECKHUX MapaMeTPOB HEKOTOPBIX TYp-
Oymm3upytonux ycrpoicts (Ne 2—-5), KoTopbie
JUTSL YCIIOBHM HACTOSIIErO 3KCIEPUMEHTa MO-
ryT o0O0ECHeunTh TONIUHY MOJIEITHPYEMOTO
MOTPAHUYHOTO CIIOSI 7O BEIWYHHBI TOPSIKA
80 MM.
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Tabnuya 1
I'eomeTpudeckue napaMeTpsl TypOyIH3aTOPOB
. Howmep xonduryparumn
ITapameTpsi 1 > 3 4 5 ;
hy, MM 0 10 15 20 | 30
ho, MM 0 10 15 20 | 30
Ax, MM 0 18 18 18 18 OnuH psif
Az, MM 0 10 10 10 | 10
Pacnonioxenue — [IlaxmaTHOE TlepemeHnHbI TIar

*
hy ¥ h, — BBICOTA IIEPBOTO M BTOPOTO PSIIOB LMIMHIAPOB, @ AX U Az — pacCTOSHUE MEXKIY LH-
JUHAPAMH BIOJb OCeil X (IpOIOJbHOE HalpaBiieHHE) U z (TpaHCBEpCalbHOE HANPaBICHUE) COOT-

BCTCTBCHHO.

Kak BuaHo, kaxnas w3 KoHUrypauui (3a
HCKITIOUeHEM 1) TpeicTaBiisia coOO00M MOENb
C OBYMs CIEIYIOIUMH APYT 3a JPYroM IpyIl-
NaMH BEPTHKAJIBHO PACHOJIOKEHHBIX LMIMHI-
poB. Ilpu sToM 00a psima koHpuUrypauuii 2—5
UMEIOT OJMHAKOBYIO BBICOTY h. IIpenmonara-
JIOCh, YTO OOJblIee KOJUYECTBO IMJIMHAPOB
Oymer cmocoOCTBOBATH JIYUIIEMY IIEpEMEITH-
BAaHUIO KPYHNHOMAcCHITaOHbIX CTPYKTyp IO-
TOKa.

Kondurypauus 6 npexacrasinsiina coboii pac-
MOJIOKEHHBIE B BEPTUKAJIBHOM IUIOCKOCTH IH-
JUHIPUYECKUE CTEPIKHH JTUAMETPOM 2 MM, IIIar
MEXKIY KOTOPBIMH OTNPENEIISICS C UCIIOIb30Ba-
HUEM METOJIVKH, U3JI0XKEHHOH B paboTe [5].

OcCHOBHbIE U3MEPEHHS BBINOJIHEHBI C IO-
MOLIBI0 MOJHOCTHIO ABTOMAaTH3UPOBAHHOTO
JUCTAaHIMOHHO YNPAaBIseMOr0 KOOPAWHATHOTO
YCTPOMCTBA JUI 30HAUPOBAHUSI CTPYKTYPHI I10-
Toka Ha oOrekaemol moBepxHocTh. I[lepeme-
nieHue pabodero opraHa KOOpPAWHATHUKA IO
BBICOTE MOTPAHUYHOT'O CJIOSI OCYILECTBIISUIOCH
M0 3apaHee 3aJaHHOM Iporpamme, IperycMmar-
puBaromiell BEIOop TpeOyemoro miara (1o 1 Mxm)
U TlapaMeTpoB cOopa HeoOXoauMoil mH(popMa-
LUK O MOJISIX CPEIHEH CKOPOCTH U TypOYJeHT-
Hoctu. IIpu sTOoM Kak cOop, Tak U 00paboTKa
PETUCTPUPYEMON B XOJAE HKCIEPUMEHTa WH-
¢dopMaLuy OCYIIECTBISUINCH HENOCPEACTBEHHO
B TEMIIE SKCIIEPUMEHTA W ONEPATHBHO aHAIM-
3MPOBAINCH MPOTPAMMHBIMU CPEACTBAMH, pa3-
paboTtanHbIME Ha 0a3e makera MatLab.

MruoBenHas ckopoctb U B uccienyemon
TOYKE IOJISI CIIBUTOBOTO IOTOKA M3MEpsUIach ¢
MOMOIIBI0 KOMIUIEKC2 TEpPMOAaHEMOMETpHYE-
ckoii ammapatrypel S5MO ¢upmer DANTEC.
Bbnok-cxema W3MepeHuil BKJIIOYana TepMoOaHe-

MomMmeTpudeckuii Moct S5M10, K BBIXOIy KOTO-
poro moaxioueH nuHeapusartop 55D10. Cur-
HaJl C BBIXOJa JMHEapu3aropa IOJaBajcs Ha
MHOTOKAHAJIbHBIM BBICOKOYACTOTHBIN 14-pas-
pAnHBIA BHemwHUH Monynb E-440 dupms
L-CARD, npennasHaueHHBIH 11 TpeoOpazo-
BaHMS BXOJHBIX aHAJOTOBBIX CHUTHAIIOB B IH(]-
poByro ¢opMy, U ¢ ero Beixoma depe3 USB-
HOPT IepeAaBaicsi B IEPCOHAIBHBIN KOMIIbIO-
tep. COop MHpOpMAIHK B KXKIAOH H3MEPIEMOit
TOYKE I0JIS1 TOTOKA OCYIIECTBIISIICS C YaCTOTOM
10 k' B Teuenue 15 c. B xauecTBe nepBUYHO-
ro mpeoOpa3oBareNst HCIOIH30BAJICS MHUHHUA-
TIOPHBIM JAaTYMK, U3BECTHBIN B TUTEpPAType Kak
JAaTYUK ITOTPAHUYHOTO CJIOS, C YyBCTBUTEIb-
HBIM 3JIEMEHTOM B BHJE BOJb(PaMOBON HUTH
JUaMeTpoM 5 MKM M JUIMHOM 1,2 MM, KOTOpBII
3KCIIIyaTUpPOBAJICS B pPEXUME INOCTOSHHOU
TeMIepaTypsl npu neperpese 1,7. B mporiecce
U3MEpPEeHUH KOPIyC IaT4MKa OPUEHTHPOBAICA
0] YyIJIOM NPUMEPHO 5° K BEKTOPY CKOPOCTH
Ha0eraromero noToka.

st onpenenenrs MeCTHOTO K03 dUIMEeHTa
IIOBEPXHOCTHOrO TpeHusi C; B HEKaHOHHYE-
CKOM TypOYJIEHTHOM TE€YEHHH, KOTOPOE MOXKET
BO3HUKHYTH MPU HAIUYUH HCKYCCTBEHHO CO3-
JAHHOTO MOTPAaHUYHOIO CJIOfA, MCIIONb30Bajach
METO/MKA, OCHOBAaHHAsI Ha TOYHBIX M3MEPEHH-
SIX OCpPEHEHHBIX II0 BPEMEHM JaHHBIX C OJHO-
HUTOYHOTO JaTYMKa TEPMOAHEMOMETpa BOIM3H
crenkn [14]. CyTh METOINWKH COCTOUT B TOM,
YTO OHA IMO3BOJISIET YUUTHIBATH OXJIAXKIAOIHIA
3hEKT CTEHKM Ha IOKa3aHHi TepMOaHEMO-
MeTpa, KOPPEKTHO OMHKCHIBAThH paclpelesicHue
CKOPOCTH B MPUCTEHHOM YacTH MPodUIIs U, KaK
crencTBue, onpeaenars C, He TOJBKO II0 JIoTra-
pudMIIecKoit yacT mpouiIsi CKOPOCTH (ECiu
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Tabauya 2
CrnyuaiiHas MOTpenHoCTh U3MEPEHHUS MHTETPAIbHBIX TAPAMETPOB OTPAHUIHOTO CIIOS
c8 + 368" " +368 oCy + 3cC;
TorperHocTh 0,00065 | 0,0114 0,00029 0,00767 | 2,68 x10° | 7,82x 107

TaKoBasi UMeEETCs), HO U HCIONB3ys Ui ITOH
Heny o0nacTh JIAMHHAPHOTO TOJCIOST TypOy-
JICHTHOTO TIOTPAHUYHOTO CJIOSL.

CryualiHas TIOTpeIIHOCTh G Hambonee xa-
PaAKTEPHBIX BEIUYHH, B YACTHOCTH TOJIIHH BbI-
TECHEHHMS U TIOTEPU MMITYJIbca & U & , a TaKKe
MECTHOTO KO3 (dHIMEeHTa ITOBEPXHOCTHOTO
Tpenust Cy, nmpejcTaBiIeHHas B Tabl. 2, onpese-
JSUIACh TO pe3yibTaTaM BOCBMHKPATHBIX U3Me-
PEHUI THX BEJIMYHMH B MOTPAHHYHOM CJIOE HC-
XOIHOH KOHQHUTYpaLHH.

Pe3ysbTaThl 3KCIEPUMEHTOB
HcxoaHoe TeueHne

Llenpro HaYaNBHOW CTaJUW IKCIIEPUMEHTOB
ObII0 obOecrreueHne paBHOBecHOTO (1o Kimaysze-
py) Oe3rpaJleHTHOr0 MOrPaHUYHOTO CJIOS IO
KpaiiHeil Mepe B paboueil 00nacTi HccieaoBa-
Huil. [IpeaBapuTensHble U3MEpPEHHs pacipere-
JICHUSI CTaTUYECKOTO JaBJICHUS OOHAPYKHIU
HaJM4Yue HEOOJBIIIOr0 OTPUIATEIBLHOTO TPajIH-
€HTa 3TOM BENWYUHBI 10 JUIMHE TUIACTHUHBI,
00yCIIOBIIEHHOTO HapacTaHWEM MOTPAHUIHOTO
CJIOST Ha CaMOW MOJEIM M BEPXHEHW CTEHKE
pabouell YacTH a’pOJUHAMHYECKON TpyOBI.
B aT10¥t CcBsI3M, 4TOOBI KOMIIEHCHPOBATH OTMeE-
YCHHOE YMCHBIICHHE JaBJICHUs, MOJCNb YCTa-
HAaBJIMBAJIACh IO/ HEOOJBIINM YTJIOM AaTaKH,
COCTAaBIIABILIUM OKOJIO 12 yrioBbIX MUHYT. Tem
CaMBIM XapaKTep TeueHWs, OMU3Kuil K Oe3rpa-
JTUCHTHOMY, OBUT OCTUTHYT. J{OMONHUTENBEHBIC
AKCIIEPUMEHTHI C TIOMOIIBI0 TEPMOAHEMOMETPA
MMOATBEPIMIA OTMEUEHHBIH XapakTep TEeUeHHS
P BCEX PabOYUX CKOPOCTSAX MOTOKA MPaKTH-
YEeCKH IO BCEH JUIMHE MOJICNH, 3a UCKITFOUCHH-
eM oOnacTtell B OKPECTHOCTH TepenHel W 3aj-
HEW KPOMOK MOJEIIH.

OCHOBHOE BHUMaHHUE NIPU U3yYECHUH UCXOJ-
HOTO TEYECHUS YACIIOCH IONYYECHUIO DKCIIe-
PUMEHTAJIBHBIX JAaHHBIX O MpodHisax cpemHeit
CKOPOCTH, CPEIHEKBAJPATUYHBIX 3HAYCHHUN €¢
MPOJOJBHBIX IYJNbCAUA ¥ TOBEPXHOCTHOM
TPEHUU B MONEPEUHBIX ceueHmusx x = 770, 870,
970, 1170, 1370, 1570, 1770 mm (X =x/I=
=0,308, 0,348, 0,388, 0,468, 0,548, 0,628,

0,708) mo mmuae Momenu. KoppekTHOCTh yKa-
3aHHBIX U3MEPEHUN KOHTPOJIUPOBAIACh, B Ya-
CTHOCTH, aHAJM30M BO3MOXKHOCTH OIHCAHUS
CBOHCTB TEUYCHHS BO BHEIIHEHW 00JIacTH TOTpa-
HUYHOI'O CJIOS U3BECTHBIMU B JIMTEPATYypE CO-
otHomeHusMu. [lo BHeNIHEH 00IacThIO 3/1€Ch
MMOHUMAETCS Ta YaCTh MMOTPAHUYHOTO CJIOA, KO-
TOpas B TPAAUIIMOHHOM CMBICJIE OITMCBIBACTCA
neeKTOM CKOPOCTH, HOPMHPOBAHHBIM Ha
TONIMHY TIOTpaHUYHOTO cios. llpu sTOoM 3a
OCHOBY OBII B3ST IMOAXOMA, pa3pabOTaHHBIA B
pabote [15], rae st BHEIIHEH 00JacTH MOrpa-
HUYHOTO CJIOS TPENIOKEH OMITHPUIESCKHN

macmtab ckopoctn U, 8 /699 (3mech Og9 —

TOJNIIMHA TOTPAHUTIHOTO CJIOS, ONpeneiIcHHas
U3 YCIOBUS u/UOo =0,99). OTMeTHM, KCTaTH,

YTO UCCleqoBaHUsAIMU [16] B paMKkax mpUHLIMIA
mogo0usT OBUTH TTOATBEPKICHBI CIIPABEIIIH-
BOCTh U OOOCHOBAaHHOCTh MPEIJIOKEHHOIO
Macmraba, Ha OCHOBE HCIOJb30BaHHs KOTOPO-
ro yJanoch IOKa3aTh, YTO W3MEHEHHE Xapak-
TEPHBIX TApaMETPOB IOTPAHUYHOTO  CIIOSI
00yCIIOBJICHO B OCHOBHOM OCOOCHHOCTSMU
(hopMuUpOBaHU TOTOKA BBIIIE OOJACTH H3MeE-
peHmii, a He W3MEHEHHEeM JIOKaJbHOTO YHCia
Peiinonpaca. B skcnepumenTe momoOHBIE 0CO-
OCHHOCTH HWMEIOTCS TPAaKTHYECKH BCETIa, B
YaCTHOCTH W3-32 KOHEYHOCTH NPUTYTIUICHUS
MepeaHel KPOMKHU IUTACTUHBI, HAJIWYMS JIO-
KaJIbHOTO T'PajJUeHTa NaBJICHHS M T.I. A pa3
TaK, TO BO3MOXXHOCTh MCIOJB30BaHMS yKa3aH-
HOTO MacmTa0a, IO3BOISIOMIEr0 H30eXkKaTh
BIUSHUS unciia PeliHonb/ca Ha pacnpeneicHue
CKOPOCTEH BO BHEIIHEW OOJIACTH, CTAaHOBHTCS
0COOCHHO Ba)KHBIM.

Ha puc. 2 npencraBieHbl 3KCIEPUMEHTAb-
HBIE TPO(QUIIH CKOPOCTH B BUJIE

(Uoc _u)/Uwa*/Sqo =f(y/599)

B HCXOJHOM IIOTPaHUIHOM clioe (KOHGHUTypa-
nus 1), HOpMUpPOBaHHBIE C HUCIOJIH30BAHUEM
YKa3aHHOTO BHIIIE 3MIIUPHYECKOTO MacIiTada
ckopocti U8 /8,,. B obmeii croxHOCTH
3/1eCh HMCIIOIB30BATHNCH 22 MPOQPIIS CKOPOCTH,
MOJIyueHHbIE B JMana30He CKOpocTed Hade-
raromiero moToka ot 12 go 22 m/c B morepeu-
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Puc. 2. Tllpodunm ckopocTH B UCXOAHOM TO- =0 o |
IPaHUYHOM CJIOE, HOPMHUPOBAHHBIE B MEpe-
MEHHBIX BHEIIHEH 00macTi g
7]
= 4T &
S 5
r.-% :
B3R B
[ i
= T
= W
|3 \i.:-
S 2 %
'l:.,"i
1F .y
- ]
-
L .-
gy -
o ! I I I I L S I ——
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Vidgq
Puc. 3. 3aBHCHMOCTB, XapaKTepHU3YIOILIAs 103 -
HW3MEHEHHE TONIIMHBI MOTEPU MMITyJIbCa OT L
yprcia Pelfinonbaca 5t
4 |
*
*
o}
[ L
3 L
® — BKCIECPUMEHT
= pacuer 1o meroguke [17]
2 3 . . .
Cx

HBIX CEUEHUSIX, OXBATLIBAIOIIUX 00JACTHL Teue-
Hua ot 770 mo 1770 mm. BugHo, uTto mpu
TakKOM CIOCO0€ HOPMHPOBKH TIPHBEICHHBIE
npoduiIn yaauHo 00OOIIAIOTCS €IUHOW 3aBH-
CHMOCTBIO. JTO JaeT OCHOBAHHUE I10JIaraTh, 4YTO
pacmpeneneHre CKopocTel Bo BHEIIHEW o0Jac-
TH HUCXOJHOTO TYypOYJEHTHOI'O MOrPAaHHUYHOTO
CJIOS HE COACPKUT HUYET0 HEOXKHUIAHHOTO H
BITOJIHE COOTBETCTBYET PAacCIIpPENIENeHUI0, KOTO-
pOe IMEET MECTO B KAHOHMIECKOM CITydae.
JlpyruM mpuMepoM SIBIISICTCSI PHC. 3, Ha KO-

/ (Remb)

MPHUBEIICHBI JaHHbIE 00 M3MEHEHUH TOJIIUHBI
MOTEPH HUMITYJIbCa IMMOTPAHHYHOTO CJIOS 8 B
MCCIIClyeMOM JHara3oHe CKOPOCTEH IMOTOKa.
(3neck Rey,g — uncno PeifHonbaca, BBIYMCIEH-
HOE 0 KOOPJHMHATE X,p, B3ATOM OT (hakThue-
CKOr0 Hayana pa3BUTUS TYpOYJIEHTHOTO IMo-

ok
TOPOM B BH/JC 3aBUCHUMOCTU Re

TPaHUYHOTO C10s1.) JI7si cpaBHEHUS PUBEACHBI
TaK)Ke pe3yJbTaThl KOHEYHO-Pa3HOCTHOTO pac-
geta 1o Mmeronuke [17]. JIunelHsIii xapakrep
3aBHCHMOCTH U XOpOIIee COOTBETCTBHE C JaH-
HBIMH pacyeTa Jal0T OCHOBAaHUE IMOJIaraTh, YTO
B OTMEUEHHOM JHara3oHe CKOPOCTeW Iorpa-
HUYHBIN CJIOW HAXOOUTCAd B PaBHOBECHOM CO-
CTOSIHUM U Pa3BUBAETCS B COOTBETCTBUU C W3-
BECTHBIMU KIIACCHUECKUMU TPECTABICHUSIMI.
Jauuenii GakT moaTBepikIaeTCs TakkKe pe3yiib-
TaTaMH M3MEpPEHHI MmapaMeTpa paBHOBECHOCTH
Knayszepa

* k%
roe H=0/0 — dopMmapameTp MOTrpaHAIHOTO
CJIOSl, OCPEIHEHHOE 3HAYCHHE KOTOPOro IO
JIUIMHE MOoJeau cocTaBisieT G ~ 6,6.
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3HaueHHS MHTETPAJBHBIX XapaKTEPHCTHK
WCXOJTHOTO TMOTPAaHUYHOTO CJOS, B YaCTHOCTU
TOJIIMH BBITECHEHHS O W IMOTEpH HMITYJIbCa
8", popMmapamerpa norpanuyHOro ciios H, a
TaK)Ke MECTHOTO KOd((HIMEHTa MOBEPXHOCT-
Horo Tperus Cynpu i = 0 1 BapbHPyEMbIX 3Ha-
yeHusix U, MOKHO HalTH B TabI. 3.

IIpencraBneHHble 37€Ch, a TakXke ApyTrHe
JAHHbIE, B YaCTHOCTU TPOQMIN MPOJOITBHON
KOMIIOHEHTBl IyJbCallUil CKOPOCTH, CBUJE-
TENBCTBYIOT O TOM, YTO XapaKTEPUCTHKH HC-
XOIHOTO TEYEHUs BIIOJIHE COIJIACyIOTCsA C 00-
HICTIPUHATHIME TPEACTABICHUSIMU O Pa3BUTOM
TypOyJIEHTHOM NOTPaHUYHOM CJIO€ Ha TIOCKOI

Tabnuya 3
HHTCI‘paﬂBHBIC XapaKTCPUCTUKU UCXOJHOTO NOTPAHUIHOI'O CII0A
Re, x10° | Uypme | hiyhovv | 8 mm | 87, MM H Crx 10°

1,253 21 0;0 2,503 1,841 1,360 3,397
1,253 21 0;0 2,480 1,826 1,358 3,424
1,396 21 0;0 2,673 1,972 1,355 3,370
1,538 21 0;0 2,876 2,132 1,349 3,296
1,823 21 0;0 3,380 2,488 1,358 3,156
2,1086 21 0;0 3,710 2,726 1,361 3,097
2,1086 21 0;0 3,777 2,761 1,368 3,063
2,1086 21 0;0 3,783 2,767 1,367 3,063
2,1086 21 0;0 3,814 2,788 1,368 3,054
2,1086 21 0;0 3,798 2,769 1,371 3,052
2,1086 21 0;0 3,766 2,752 1,369 3,060
2,1086 21 0;0 3,782 2,767 1,367 3,064
2,1086 21 0;0 3,783 2,761 1,370 3,054
2,1086 21 0;0 3,723 2,741 1,359 3,114
1,343 12 0;0 4,826 3,426 1,408 3,223
1,567 14 0;0 4,648 3,329 1,396 3,141
1,7906 16 0;0 4,514 3,256 1,386 3,084
2,0144 18 0;0 4,394 3,184 1,380 3,026
2,2383 20 0;0 4,272 3,112 1,373 2,990
2,4621 22 0;0 4,159 3,045 1,366 2,963

Puc. 4. Tlpoduu cpenneit ckopocti

30+ B IEPEMEHHBIX 3aKOHA CTEHKHU IIPH
U,~21,0M/cux=462,3d
20+
+
S

+
-—Uu :y

2

3
4
5

— u'=5,62logy’ + 5 [18]
+

0— )

logy+

3

4
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Puc. 5. llpodunu cpenHeit ckopocTH B mepe-
MEHHBIX 3aKOHA CTCHKH B MOIM(HULUPOBAHHOM 25 |-
HOTPaHIYHOM cioe (KoHpuryparms 6)

20 |
+
S
15
10
o — SKCIICPUMECHT
—u"=5,62logy" +5[18]
+ +
5} —u=y
0 1 2 ' 3 4
logy*

IJIaCTUHE B YCIIOBUSIX €€ 6C3FpaﬂI/ICHTHOI‘O 00-
TCKaHUAA.

MoanguumupoBaHHbIH
NOTrPAHMYHBIN C10H

B nwurteparype cBoiicTBa MOIUGDHUIIMPOBAH-
HOTO C/IBHTOBOTO TEUEHHS, KaK MPaBUIIO, aHA-
JU3UPYIOTCSA JIAIIL 0 JTAHHBIM O TPOQIIIIX
CpeIHEel CKOPOCTH B MIOTPAHUYHOM CJI0€, KOTO-
pbie OOBIYHO AINMPOKCUMUPYIOTCS CTEHCHHBIM
3akoHOM [l; 5] u gp. 3ameTum, OJHAKO, YTO
JaKe B HEMOJIU(PHUIUPOBAHHOM TypOYJIEHTHOM
MOTPAHUYHOM CJIO€ TaKOW MOAXOJ BPSJ JIU OII-
paBAaH, TOCKOJIBKY ITOKa3aTellb CTETNICHH 7 B
CTETIIEHHOM 3aKOHE pacIlpeaeIIeHus CKOPOCTEH

u/U, = (y/d)"
SIBHO 3aBHCHUT OT umciia PeliHonbaca. YUUTHI-
Basi 3TO, Ha puC. 4 AN MOMEPEYHOr0 CCUCHUS
Ax/d = 462,3 u BapbUpyEeMbIX 3HaYCHUH /i dKC-
MEPUMEHTAIIbHBIC TMPOMUIN CKOPOCTH TPEJ-
CTaBJICHBI B IEPEMEHHBIX 3aKOHA CTEHKU

u = flogy").

OoOpaiaet Ha ce0s1 BHUMaHKE TOT (PakT, 4T
pacrpeeneHue cpeHell CKOpOCTH, B TOM YHC-
Jie MpY MaKCHMAJbHON BBICOTE / LHMIHHIPA
(koHGUrypanus 5), IpeKpacHoO corjacyercs c
KJIACCHYECKUM MPOGHUIEM CKOPOCTH

u =Alogy +B,

Y =yu./v ¢ koadduumen-
Tamu A = 5,62 u B = 5,0, pekOMEHI0BaHHBIMU
B Ka4eCTBE KAHOHWYECKHX MaTepraliaMi U3BECT-
Hoi CteHIdopackoit konpepenmu 1968 T. [18].
(3mech L. — AUHAMUYECKAs CKOPOCTh, @ V — KH-

e u” =ujv.,

HeMaTHuecKui koaduumenT BsazkocTu.) Henmbss
TaKXe HE OTMETUTh, YTO U B JAMUHAPHOM IOJ-
CJIO€ pacIipe/ielIeHne CKOPOCTH yJIaYHO OIHCHI-
BaeTCs M3BECTHBIM 3aKOHOM u = ), CIIpaBejl-
JUBBIM B JIMHEHHOH 00JacTH MOTrPaHUYHOTO
cinost. [lpuumHbl naHHOrO (haxkra BIOJHE IIO-
HATHBL. M3BecTHO (cM. [19] m ap.), yTO BHYT-
pPEeHHsST 00JacTh IMOTPAaHUYHOTIO cjosi Oojee
KOHCEPBAaTUBHA K BO3JCHCTBUIO BHELIHUX BO3-
MYIICHUH, yeM BHEIHsI. [TockobKy aHan3u-
pyemble 3lech TpouiIM NpencTaBICHBl BO
BHYTPEHHHUX NEPEMEHHBIX U B OCHOBHOM OIpa-
HUYUBAIOTCS JIOTapU(PMUIECKONU 00JIACTBIO TTO-
TpaHUYHOTO CJIOsI, KOTOpas Oojiee KOHCepBa-
THBHa K BO3ACHCTBHIO TypOyIU3aTOpOB, TO
CTAaHOBMTCSI MOHATHBIM HaJM4YU€ aBTOMOAEIb-
HOTO XapakTepa IPHUBEACHHBIX MNPOQHIICH.
B »TOM cMBIcne mocTaBiaeHHas LEIb JOCTUTHY-
Ta. B camom zene, B MOZIEIBHOM IKCIIEPUMEHTE
peain30BaH OTHOCHUTENIBHO TOJCTBI TypOy-
JICHTHBIA IOTPaHUYHBIN CIIOM ¢ IapaMeTpamy,
AHAJIOTHYHBIMH KJIACCUYECKOMY.

HHTEpecHO, 4TO MOIEIUPOBAaHHUE TOJICTOTO
MOTPAHUYHOT'O CJI0 C MOMOIIBIO TOPU3OHTANb-
HO PAacHOJOKEHHBIX CTEpP)KHEH IOUaMeTpoM
2 MM (koH(HTypanus 6), TOIOKEHHE KOTOPHIX
BBEIOpAaHO HAa OCHOBE MOAX0Ma [5], Takke maeT
BIIOJIHE TpHEMJIEMBIH pe3yibTaT (puc. 5). O6-
paiaer, npaBja, Ha ce0sl BHUMaHHE HECKOJIBbKO
MCKa)XEHHBIM XapaKTep pacipeesieHus] CKOpo-
CTeH B OKPECTHOCTH BHEILIHEH IpaHHIBI ITOrpa-
HUYHOTO CJI0sl. SICHO, YTO B 3TOM CiIy4ae HeoO-
xoauMo Oojee TIIATENbHOE OIpelesiCHHUE
MOJIOKCHHSI CTepP)KHEH B 3TOH obiactu C 1mo-
ClenyIolel BO3MOXKHON UX KOPPEKTUPOBKOH B
IpOLECcCe IKCIIEPUMEHTA.
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PaccmoTtpum Teneps pacmnpezaeneHue cKopo-
CTeii BO BHENIHEH o0O0JacTH MOTPAHUIHOTO
cnos. Ha puc. 6 mpencraBieHbl 3KCIEPUMEH-
TaJbHBIE MPOQHIN CKOPOCTHU B BUIIC

(Uoo —u)/Um5*/699 = f()"/&;o)
B MOIUGUITMPOBAaHHOM TypOysm3aropamu Ne 2—5
MOTPaHMYHOM CJIO€, HOPMHpPOBAaHHBIE C WC-
MOJIb30BaHUEM  MacmTaba CKOPOCTH  JUIA
BHemHeil o6nactu U, 8" /699 . Hamuume typ0Oy-

JU3aTOPOB SIBISETCS JOTIONHUTENFHBIM OCIIOXK-
HSIOIUM  (PaKTOPOM, TO3TOMY BO3MOXKHOCTB
0000mIeHnst mpouiield CKOPOCTH C HMCIIONB30-
BaHHWEM YKa3aHHOTO MacmTaba MpencTaBiseT-
csl 0COOCHHO MHTEpPECHBIM. B 001ieit cioxHo-
CTH 37IeCh UCTIONB30Banock Oomnee 20 npoduneit
CKOpPOCTH, TIOJIy9eHHBIX B [HANa30HE CKOPO-
creii Haberaromero moToka ot 12 mo 22 m/c
B TMONEPEYHBIX CEYCHUSX, OXBaTBHIBAIOIINX 00-
nacth tedeHust or 1 170 no 1 770 mMm. Xotsa
pa3dbpoc SKCIEepUMEHTaTbHBIX JaHHBIX 37eCh
HECKOJIBKO OOJIbIlIe, YeM B HMCXOIHOM NOrpa-
HUYHOM cJioe (CM. puc. 2), B IIeJIOM IPHUBECH-
Hble TPOoGUIN TPUONMKEHHO 0000IIaroTCs
€IMHON 3aBHCHUMOCTBIO. DTO JaeT OCHOBAaHHE
nojaratb, 4YTO paclpelneNeHle CKOpocTedl BO
BHEIIHEeW 00JlacTH MOAU(UIIMPOBAHHOTO TYp-
OyJICHTHOTO TIOTPAHUYHOTO CIIOSI MOXKET C WH-
KEHEPHOW TOYHOCTBHIO OMHCHIBATHCS C HCIIOIb-

30BaHMeM Maciutaba ckopoct U, 3 / Oy -

3HaueHNs] WMHTETPANbHBIX XapaKTEPUCTHK
MOIU(UIIUPOBAHHOTO TIOTPAaHUYHOTO CIIOSI, B
YACTHOCTH TOJIIHH BBITECHCHHS & M MOTEPH
MMITyIbca &, (hOpMITapaMerTpa MOrpaHHIHOrO
ciost H=38"/8", a Taxoke MecTHOro kK03(Quim-
€HTa MOBEPXHOCTHOrO TpeHuss C; IpHU BapbH-
pyembix 3HadeHUsSX U, W h MOXHO HaWTH B
Tabn. 4. Ilo3ToOMy MBI OrpaHUYHMCSI KOHCTAaTa-
LHEN JUIIb HEKOTOPHIX CBOWCTB HUCCIIEyEMOIO
TEUCHHS, KOTOPHIC NPSIMO BBITCKAIOT W3 3TOH
TaOJIHIIEL.

Kak BuaHO, pocT mapamerpa /s MPUBOIUT K
€CTECTBEHHOMY VBEIHYCHHUIO HWHTETPaIbHON
BEJTMYMHBI O , @ CIeIOBATeIbHO, M CaMOil
TOJIIIMHBI TIOTPaHUYHOTO cios. [lpu makcu-
MajabHOM 3HaueHuu h (h; = h, = 30 MM) 31O
YBEIMUCHIE BEChMa CYIIECTBEHHO U COCTaBIISI-
er 3-3,7 paza B 3aBUCUMOCTH OT PaCCTOSHUS
Ax/d, 9TO0 COOTBETCTBYET POCTY TOJIIUHEI II0-
TPaHUYHOrO cJios B 2,629 pas.

Uro kacaercss MECTHOTO KO3(UIMEHTA I10-
BEPXHOCTHOTO TPEHUS, TO NMPU HATUYUH TYp-
Oynuzatopa BenuunHa C; yMEHBIIAeTCA MO
Mepe YBEIMYEHHs BBICOTHI /i IMIUHIAPA, YTO

BITOJIHE €CTECTBEHHO, MOCKOJBKY B 3THX CITy-
yasx C; MoiydeH B 0oJiee TOJICTOM IOTrPaHHY-
HOM CJIO€, a CJIe0BaTeNIbHO, PH 00Jiee BHICO-
KHX 3HaueHmsX Re .

Haubonee mnocroBepHyo uHGOPMALHUIO O
COCTOSIHUM NOTPAaHMYHOTO CcJ0si oOecreynBaeT
napaMmeTp HepaBHoBecHocTH Knaysepa G. Ilo-
BeaeHue 3aBucuMmoctu G = f{Ax/d) mpakTuue-
CKH{ TIOJTHOCTBIO OIPENENSIeTCsS TEMIIOM pelaK-
Callii COBUTOBOTO TIIOTOKa K COCTOSIHUIO
MOJIHOTO  THAPOJUHAMMYECKOTO PpPaBHOBECHSA
[20]. BuemmHss yacth moToka Ooliee BOCIPH-
MMYMBA K BHOCHMBIM B HEro BO3MYIICHHSM,
nosToMy oOnagaer OoJblIel TaMAThIO. AHAIN3
MOJTyYEHHBIX JAaHHBIX IIOKa3bIBAET, 4YTO MpPH
YBEIMYEHUH /i TEMII BBIXOJa Ha PaBHOBECHOE
cocTosiHME 3amesierca. B aTom ciydae maxe
Ha paccTosHUM Ax = 529d, KOHCTaTHPOBATH
JIOCTHKEHHE TTOIPAaHUYHOTO CJIOS C XapaKTepH-
CTHKaMH, OJTM3KMUMHU K KAHOHHUYECKUM, BPS JIA
BO3MOXKHO. BmecTe ¢ TeM ¢ HEKOTOpPBIM IIpH-
ONMKEeHHEM MOXKHO BIIOJIHE  OMpeesieHHO
YTBEPKAATh, YTO MPH OOTEKAaHWU KOHQUTYypa-
Uil 2—4 paBHOBECHOE COCTOSIHME CABHUTOBOTO
noToka pu Ax = 529d nocturaercs.

Ha puc. 7 B Buae 3aBucuMocTd

u'/u* = f(logy*),
NpEeACTaBICHHON BO BHYTPEHHHUX NEPEMEHHBIX,
MOKa3aHbl MPOMUIH MPOIOIEHON KOMITOHEHTHI
MyJbcaluii cKkopocTH mpu Ax =529d ans uc-
CJICIOBAaHHBIX KOHPUTYpanwii TypOyIH3aTOPOB.
OO6pamaer Ha ce0s BHHMMaHHE YBEJIUYCHHE
YpOBHA TYpOYJEHTHBIX MYyJbCALMi CKOPOCTH
mo Mepe yenudeHus: s. OTMe4eHHas! TEHICH-
Ul OCOOEHHO XOpOIIO 3aMeTHa BO BHENIHEW
yactu norpanuynoro cios (logy™= 2,5-3.5).
OpHako JeTanbHBI aHaiu3 TYpOYJIEHTHBIX
MOTPAaHUYHBIX CJIOEB, BBIMOJTHEHHBIH B [21],
MOKa3aJ, YTO aBTOMOENBHBIA XapakTep Tede-
HUSl B TaKUX NEPEMEHHBIX MMEET MECTO JIUIIb
1o logy" ~ 1,3, a Bo BHemHeil 061aCTH HUKa-
KOro 1oj00us BenuumHbl u'/v, He Habmona-
eTcs BoBce. Hampumep, n3MeHEHHE BEIUYHMHBI
Re"" mpubnmsutensHo B 7 pa3 JacT pasHUIY B
u'/U, B OTMEYEHHOW O6IACTH MOrPAHUIHOTO
ciosl B AecATKU npoueHToB. [logobnyro auHa-
MHUKY TIOKa3bIBalOT TAKXKE W PE3yNbTaThl Mpsi-
MOTO YHCIIEHHOTO MojenupoBanus [22]. [Ipu-
4eM MpH yBeIMYeHHH Re 3HadeHHs u'fv,
OTKJIOHSIFOTCSI BBEPX, KakK, COOCTBEHHO, TIPOUC-
XOMUT W B HameM ciydae. XOTS HaIu4ue
TNOBBILICHHBIX 3HAYCHUH u'/v, st KOHQUry-
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Puc. 6. IIpodunn ckopocTH, HOPMUPOBAHHBIE B IEPEMEHHBIX BHEITHEW o0nacTu (KoHpurypammu 2-5)
Tabauya 4
HHTerpansHbie XapakTEPUCTHKH MOIA(DHUIIMPOBAHHOTO TOTPAHIMYHOTO CJIOS
Re, x 10°° Uy, Mm/c | hi; hy,Mm 5", MM 8", Mm H Cyx 10°
1,823 21 10; 10 5,398 4,071 1,326 2,984
1,823 21 15; 15 7,288 5,333 1,366 2,641
1,823 21 20; 20 9,168 6,523 1,406 2,351
1,823 21 30; 30 14,251 9,282 1,535 1,700
2,1086 21 10; 10 5,808 4,383 1,325 2,922
2,1086 21 15; 15 7,602 5,620 1,353 2,654
2,1086 21 20; 20 9,297 6,748 1,378 2,465
2,1086 21 30; 30 13,976 9,442 1,480 1,889
2,3938 21 10; 10 6,166 4,661 1,323 2,881
2,3938 21 15; 15 7,850 5,853 1,341 2,668
2,3938 21 20; 20 9,290 6,846 1,357 2,538
2,3938 21 30; 30 13,892 9,653 1,439 2,025
2,679 21 10; 10 6,488 4,916 1,320 2,859
2,679 21 15; 15 8,036 6,034 1,332 2,685
2,679 21 20; 20 9,215 6,914 1,333 2,629
2,679 21 30; 30 13,672 9,726 1,406 2,158
1,343 12 30; 30 14,986 10,055 1,490 2,114
1,567 14 30; 30 14,581 9,906 1,472 2,111
1,7906 16 30; 30 14,265 9,773 1,460 2,088
2,0144 18 30; 30 14,053 9,700 1,449 2,075
2,2383 20 30; 30 13,791 9,593 1,438 2,066
2,4621 22 30; 30 13,562 9,495 1,428 2,064
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Puc. 7. TIpodunu mpogoIbHOM KOMIIOHEHTSI Iy IbCalHil CKOPOCTH B HEPEMEHHbBIX 3aKOHA CTCH-
ku ipu U, = 21,0 M/c mx = 529d
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Puc. 8. llpodunu mporoIbHOI KOMIOHEHTHI My IbCAII CKOPOCTH B MIEPEMEHHBIX 3aKOHA CTEHKH
mpu U, = 21,0 M/c 1 x = 529d (xorurypanms 6)
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paruu 5 ipu log y ~ 3,15 sBHO BBI3BaHO Ypes3-
MEpPHOH BBICOTOH /1, B LIETIOM UX OTKJIOHEHHE OT
COOTBETCTBYIOINUX 3HAYCHHH IS HMCXOTHOU
KOHQHTYpallul HE IMPEeBbIIACT TaKOBBIX B
KJIAaCCUUYECKOM TOTPaHUYHOM ciioe. BaxkHo npu
3TOM OTMETHUTh, YTO AMIUIMTYIHBIE CHEKTPHI
BO3MYIIECHUI Ha 4aCTOTE MAKCHUMYMa ITyJIbCALUI
B MPUCYTCTBUM LMIHHAPOB /1 = /iy = 30 MM [20]
HE copaepKaT HUYero HeoObluHOro, cinabo oT-
JMYAOTCd OT TOr0, KOTOPBIH IOIY4YEeH IpH
hy = h, = 0, 4, 4TO caMOe Ba)XKHOE, HE UMEIOT
BBIJCJICHHBIX JUCKPETHBIX YacTOT, KOTOPHIC
OTYETIMBO BBIPRXEHBI, HAIPUMEDP, B IKCIEPH-
MeHTax [8].

W3 puc. 8 cnenyer, 4yTo MOJEIMPOBAHUE
TypOyJIEHTHBIX IyJNbCalMi CKOPOCTH C IIOMO-
IIBI0 TOPU3OHTANBHBIX CTEpXKHEW (KOHpUrypa-
1us 6) He JaeT yAOBIETBOPUTEIHHOIO PE3yib-
TaTa BO BHEIIHEH 00J1aCTH MOTPAHUYHOTO CIIOS,
re BeNMYMHA u'/L, JOCTATOYHO JajneKa OT

HYJICBOT'O 3HAYCHHUS, MMOATBEPKIAsI TEM CaMbIM
BBIBOJBI PUC. 5.

BriBoabI

Pe3ynprarel SKCIIEpUMEHTALHBIX HCCIEO0-
BaHWI, HANPAaBIECHHBIX HA W3YYCHHE BO3MOXK-
HOCTH OOECIICYCHUS B YCIIOBUSX a3pOJUHAMH-
4ecKOol  TpyOBl  JO3BYKOBHIX  CKOPOCTEH
TOBBIIICHHBIX uncen PeitHonbaca Re' nyTeM
MOJIEJIMPOBAHUA TOJCTOTO TypOYJIEHTHOTO IIO-
TPaHUYHOTO CIJIOS Ha TUIOCKOW IJIaCTHHE OTrpa-
HUYEHHOW [UIMHBI, TTO3BOJIIOT CJIIENaTh Cle-
JTYIOIITUE BBIBOJIBI.

B uccnenoBaHHOM AMana3zoHe reoMeTpUYe-
CKHX IMapaMeTpOB W MapaMeTpoB TMOTOKA TYp-
Oynn3aTopsl, yCTAHOBICHHBIC B NIBa psa IO
HOpMaJIA K OOTEKaeMOMW IUIOCKOH CTEHKE, SB-
JISTFOTCSL TOCTaTOYHO A(h()EKTUBHBIM CPEICTBOM
MoAu(UKAUNA TYpPOYJICHTHOTO IOTPAaHUIHOTO
ciosa. [lpu yBenwueHWH A TOJNIIHMHA TOTEPH
MMITyJTbCa O  IUIABHO BO3PACTACT, JOCTHIras
MPH MaKCUMAIILHOM HCCJICJIOBAHHOM 3HAYCHUU
h (hy = hy = 30 mm) 3-3,7 pa3a B 3aBUCHMOCTH
OT paccTosHUA Ax/d BHU3 TIO TIOTOKY.

[Ipodmmm cpemHelr CKOPOCTH C HMCKYCCT-
BEHHO YBEJIMUYEHHOW TOJIIIMHON MOTPaHUYHOTO
CJOS C XOpOILIeH TOYHOCTHIO aNIpPOKCHUMHPY-
I0TCS B TIEPEMEHHBIX 3aKOHA CTEHKH W3BECT-
HBIM 3aKOHOM pAacCIpelleNieHnus CKOPOCTE,
CIPaBEUIMBBIM B KAHOHUYECKOM MOTPAaHHYHOM
clioe, a TPU HUCHOIB30BAHUUA SMIHPUYECKOTO
MacmTaba CKOPOCTH IJIsl BHENTHEH o0jacTw ¢
WH)KEHEPHOH TOYHOCTHIO 0000IIAIOTCS eAMHON

3aBUCHMOCTBIO. B OONBIIMHCTBE ciydaeB oOc-
PeAHEHHBIE U MYJbCAI[IOHHBIE MTapaMeTphl M0-
TPaHUYHOTO CJIOS UMEIOT XapaKTepHbIE IS
€CTECTBEHHO Pa3BHBAOIIETOCS TYPOYJIEHTHOTO
MOTPAHUYHOTO CIIOSI 3HAYEHUS Ha PACCTOSTHUU
nopsaka 530 xanmubpoB mwmHApa. [lpn Mak-
CUMAIIbHOU MCCIIEIOBAHHOW BBICOTE /1 IMITUH/I-
pa (hy= h, = 30 Mm) paBHOBecHBIH (110 Kimay3e-
py) TOTPaHUYHBIN CIOM HA ATOM PACCTOSHUU
HE JI0CTUTaeTCs.

XoTs mpenBapuTeIbHBIE PE3yNbTATHl TTOKa-
3BIBAIOT, YTO MOJEIHPOBAHHE HCKYCCTBEHHO
YBEIMYEHHOT'O0 paBHOBecHOro (mo Kiaysepy)
MOTPAHUYHOTO CJIOS IyTeM HCIIONb30BaHUS
pEIIeTKH B MPUHITAIIE BO3MOXKHO, OKOHYATEIh-
HBIH BBIBOA 00 3(PEKTHBHOCTU TaHHOTO CIIO-
coba MOXeT OBITh CAENaH JIHMIIbL Ha OCHOBE
JIOTIOJTHUTENIbHBIX 0OJiee AETaTbHBIX JKCIIEPH-
MeHTOB. [Ipenmonaraercs, 4To MogOOHBIE HC-
crenoBanus OynyT MpeaMeToM albHEWIIero
paccMoTpeHusl.

Crnucok JuTepaTypsl

1. Ommen IlI, Ban Kypen. YBenudeHue c
MOMOIIBIO TYpOYJIM3aTOPOB TOJIIUHBI TOTpa-
HUYHOTO CJIOS Tpu OonbImx 4Ywciax Maxa
no3ykoBoro notoka // PTK. 1976. T. 14, Ne 11.
C.31-38.

2. Schultz M., Schatzmann M., Leitl B. Ef-
fect of Roughness Inhomogeneities on the De-
velopment of the Urban Boundary Layer // Int.
J. of Environment and Pollution. 2005. Vol. 25.
No. 1-4. P. 105-117.

3. Barbosa P. H. A., Cataldi M., Frei-
re A. P. S. Wind Tunnel Simulation of Atmos-
pheric Boundary Layer Flows // J. of the Bra-
zilian Society of Mechanical Sciences. 2002.
Vol. 24. No. 3. P. 177-185.

4. Burton W. V. Wind Tunnel Simulation of
an Atmospheric Boundary Layer // Thesis in
Mechanical Engineering. Texas Tech. Univ.,
2001.

5. Kypaes A. A., Canenxo C. J[. Meronuka
MOJICIMPOBAHUS B a’3pPOJUHAMHUYECKOW TpyOe
pacrhpeieicHuss CKOPOCTeH MPH3EMHOTO T0-
rpanmuHoro cios // zs. CO AH CCCP. 1985.
Beim. 3, Ne 16. C. 110-114.

6. Hunt J. C. R., Fernholz H. Wind-Tunnel
Simulation of the Atmospheric Boundary
Layer: A Report on Euromech 50 // J. Fluid
Mech. 1975. Vol. 70. Iss. 03. P. 543-559.

7. Sargison J. E., Walker G. J., Bond V.,
Chevalier G. Experimental Review of Devices



56 DuanKka XMAKOCTU, HEMTPANBHLIX M MOHM3OBAHHBIX TA30B

to Artificially Thicken Wind Tunnel Boundary
Layers // 15" Australasian Fluid Mechanics
Conference. Sydney, Australia, 2004.

8. Frank W., Mauch H. Aktuelle Probleme
der Baumwerksaerodynamik // Stroemungs-
mechanik und Stroemungmaschinen. 1989.
Bd. 40. S. 81-97.

9. Sajben M., Krouxil J. C., Hoffman G. H.,
Sedrick A. V. Generation of Velocity Profiles
Using Screens of Nonuniform Solidity // AIAA
J.1975. Vol. 13. No. 4. P. 417-418.

10. Roberts J. L., Walker G. J. Artificial
Thickening of Wind Tunnel Boundary Layers
via an Array of Cross-Flow Jets / Experimental
Thermal and Fluid Science. 2003. Vol. 27 (2).
P. 583-588.

11. Okamoto S. Turbulent Shear Flows be-
hind Two-Dimensional Obstacles Placed on
Plane Boundary // Proc. of Symposium on Tur-
bulence, Sept. 21-23, 1981. Rolla, MO: Univ.
of Missouri-Rolla, 1983. P. 9—-14.

12. Arie M., Kiya M., Suzuki Y., Sakata 1.
Artificial Generation of Thick Turbulent Boun-
dary Layers // Bulletin of the JSME. 1981.
Vol. 24. No. 192. P. 956-964.

13. Carvalho J. L., Borges A. R. J. Interac-
tion of a Surface Mounted Hot Body with a
Turbulent Boundary-Layer // J. of Wind Engi-
neering and Industrial Aerodynamics. 1998.
Vol. 74-76. P. 475-483.

14. Bouxo A. B., Kopnunos B. H. U3mepe-
HUE JIOKATLHOTO KO3 QHIIUEHTa MOBEPXHOCT-
HOTO TPEHHUS ¢ TTOMOIILI0 TepMoaHeMomMerpa //
Temnopusuka u aspomexanuka. 2010. T. 17,
Ne 4. C. 613-623.

15. Zagarola M. V., Smits A. J. A New
Mean Velocity Scaling for Turbulent Boundary
Layers // Proc. of 1998 ASME Fluids Engineer-
ing Division Summer Meeting, June 21-25.
Washington D. C., 1998. P. 1-6.

16. Castillo L., Walker D. J. Effect of Up-
stream Conditions on the Outer Flow of Turbu-
lent Boundary Layers // AIAA J. 2002. Vol. 40.
No. 7. P. 1292-1299.

17. Cebeci T. Analysis of Turbulent Flows.
Oxford: Elsevier Ltd, 2004. 376 p.

18. Computation of Turbulent Boundary
Layer // Proc. Stanford Conf. AFOSR-IFP,
1968-1969 / Eds. D. E. Coles, E. A. Hirst.
Stanford, 1969. Vol. 2. 519 p.

19. Kopnunos B. U., Mexnep /[. K. Penax-
CallMOHHBIC CBOWCTBA TYpPOYJICHTHOI'O CIBUTO-
BOTO TEUCHHUS 32 MOMEPEYHO OOTEKAEMbBIM ITH-
JUHIPOM B MPUCYTCTBUU miacTuHb! // [IMTO.
1990. Ne 6. C. 101-108.

20. Kopnunos B. U., boiiko A. B. Moaenu-
pPOBaHHE TOJCTOTO TYpOYJICHTHOrO MOTpaHHUY-
HOT'O CJIOSl B YCJIOBHSIX DKCIEPUMEHTa B adpo-
auHamuuecko Tpybe // Temnodusuka wu
aspoMexanuka. 2012. T. 19, Ne 2.

21. Fernholz H. H., Finley P. J. The In-
compressible Zero-Pressure-Gradient Turbulent
Boundary Layer: An Assessment of the Data //
Prog. Aerospace Sci. 1996. Vol. 32. P. 245-311.

22. Spalart P. R. Direct Simulation of a
Turbulent Boundary Layer up to Rg= 1410 //
J. Fluid Mech. 1988. Vol. 187. P. 61-98.

Mamepuan nocmynun é peokoanezuro 10.02.2012

V. 1. Kornilov

STUDY OF POSSIBILITY OF SIMULATION OF THICK TURBULENT BOUNDARY LAYER
ON A FLAT PLATE OF LIMITED LENGTH

The experiments directed to the study of possibility of simulation of thick equilibrium (according to Clauser) incom-
pressible turbulent boundary layer on a flat plate of limited length have been performed. It is shown that the artificial ge-
nerators manufactured from circular cylinders (pins) of adjustable height /, which were mounted normal to the wall in a
staggered order in two rows in x in vicinity of the plate leading edge are quite effective means of artificial boundary layer
thickening. In most cases both the averaged and fluctuation boundary-layer characteristics at a downstream distance about
530 cylinder diameters have values typical for naturally-developed turbulent boundary layer. Mean velocity profiles in the
artificially thickened boundary layer taken in wall-law variables are approximated with a good accuracy by the well-
known velocity law valid for canonic boundary layer and they are generalized by a unified dependence using empirical
velocity scale.

Keywords: simulation, incompressible turbulent boundary layer, flat plate, artificial generators, experiment.



