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POCCUWCKUIA HALMOHANBHBLIN CUMNO3UYM N0 IHEPFETUKE
Kr3Y, KA3AHb, POCCUSA, 10-14 CEHTAEPH 2001r.

B3AUMOCB3b IOBEPXHOCTHOI'O TPEHUS U
TEIIJIOBOI'O IIOTOKA B TYPBYJEHTHOM

IOr'PAHUYHOM CJIOE IYJIbCUPYIOLIEI'O TEYUEHUS'

®.C. 3aubko*, H.. Muxees**, I'.B. CTuHckHii**

*[Kasaickuii rocyapcTBeHHbIH Texuuyeckuii yunsepeuter uM.A H. Tynonesa
**Oraen sHepretuky Kasanckoro Hayynoro nenrpa PAH

Teuenne TypOyneHTHOro NOrpaHHUHOrO C0A C HAJONKCHHBIMH TFapMOHWYECKHMH [1y/bCaLHAMH

CKOPOCTH 4acTO BCTPEYAETCS B PABNHUHBIX TEXHHUUECKHUX NPHAOKEHHIX, HANPHMED, HA TIOBEPXHOCTH
HECYLUEro BMHTAa BEPTOJETa, Ha BbIXOAE MOPLIHEBOrO HACOCA, HA NOBEPXHOCTH SIONATKH ra3osoH '
TypGuHbI, BpalLaloweiics B CGAAX 3a JIONATKaMKu CTaTopa U T.n. [1p1 HCCeaoBaAHMM NYNLCHPYIOILHK -~

NOTOKOB, KaK NPaBUIO, H3IMEPSIOT NPO(HAH NPOAOILHOR KOMNOHEHTLI CKOpoCTH [1], ycpeatentble
XapakTepucTHku TypOynenTHoctH [2] M rernoobmena [3], a Taioke cpeaHMe M NyAbCALMOHHbIE
XapaKTEepHUCTHKK NOBEPXHOCTHOro Tpeuus [4]. B Hactoswed pabore npoBOAMAKCH OAHOBPEMEHIbIE
M3MEPEHHS MOBEPXHOCTHOrO TPEHMA W TEMNOBOro NOTOKA B CTEHKY. Kak U3BECTHO, B CTaLMOHApHOM
TYpOYNEHTHOM TNOrpaHH4YHOM CJIOE NpPH HyEBOM TIPAAMEHTE [AABICHHUA BLIMONHAETCS AHANOMHA
Peiinonbaca. B pamHoii paboTe npeAnpuHATA MONbITKA WMCCAEAOBATh BAHMAHME HAOMKEHHAIX

NynbCauuii CKOPOCTH Ha CTAaTUCTHYECKYKO B3aWMOCBA3L MyJAbCalMH MNOBEPXHOCTHOrO TPEHHA H

TEMAOBOIO NOTOKA4 B Typﬁ)’ﬂeHTHOM [IOrpaHHY4YHOM CJIOC.

YcnoxHeHue (l)H3H'-lCCKMX Nnpoueccos, MPOUCXOAALUHNX B TypﬁynCHTHOM NOrpaHu4HOM Cnoe, 3a cHer

HAOXKCHHOMA HECTALHOHAPHOCTH A1 UCCIICIOBATENS B KAKOH-TO MCPE KOMIIEHCUPYETCS MOABICHHEM
HOBBIX BO3MOMKHOCTCH aHANM3a IKCTIEPUMEITANBHBIX AaHHbIX. HMeeTcs B BHAY XOpOUIO W3IBECTHLI
MeToA (asoBOro yCpeaHeHMs, KOTOpLii 1 Obl1 MCNONBL30BAH B HacTOsLelH pabore.

DKCnepUMEeHTbl MPOBOAWINCE B @3POAHHAMUYECKOH Tpybe pasoMkHyTOro Tura. PaGoued cpexoi .

ABNIANICA  BO3AYX. HasnosketHoie rapMOHHYECKHE xonebaHus noroka CO34aBaIMCL C NOMOLULIO

3KCﬂepHM€HTaJIbHOﬁ YCTAHOBKH, obecneurBaBlied He3aBUCHMOE perynupoBarue 4acToTbi H.'
AMIUIMTYAbl HANOKECHHbIX nynbcaunﬁ. CXCM&, NpUHLUHKN NEHCTBHA ¥ TEXHHUYECKHE XAPAKTCPUCTHKH

5TOf yCTaHOBKW npusoasaTcs B padote [4]. PaGoumii yuacTox B HacTOAWMX 3KCMCPHMEHTAX WUMEN

npsiMoyronsHoe nonepeuHoe cedenue 100x130 mm. HMamepurenbnoe ceuenue pacnosaranoch Ha
paccTosAHui 630 MM OT TOYKH Ha4yana pa3BHTHS TypOyAeHTHOro MOrpaHW4HOro cios. Emkocts ¢
BONOI, 3akpennexHas Ha pabouem y4yacTKe a’poAMHAMHUUECKOH TpyObl, NO3BONANA MOAREPIKHBATL
TEMMepPATypy CTEHKH NOCTOsHHOMN 1 paBHoii 40°C. Pa3nocTb TeMnepaTyp Medicly NOTOKOM W CTEHKON
coctasnsna 19°C. TypOyneHTHbIA norpaunyuusiii CIOA B WIMEPHTEILHOM CCUCHHK WUMES ‘TOJILLMIY
O0=12 MM.

HM3nepenns noBepXHOCTHOrO TPEHHS M TEMUIOBOrO MNOTOKA B CTEHKY NPOBOAMINCH C TOMOLLBIO
KOMOHHIPOBAHHOrO AaTYMKa, CXEMa H onucaHue koroporo gaubnl B [S]. Ckopocts Ha ocH TpyGb
H3MEPANAch OObIHLIM OTHOHUTOUHDIM TEPMOAHEMOMETPHUECKHM aTHHKOM CKOPOCTH.

H3mepenns NOBepXHOCTHOrO TPEHHA, CKOPOCTH W TCILIOBOrO NOTOKA OCYLIECTRARAHCE [1PH NOMOLLH
TepMoaHeMoMeTpHucckoil annapaTyput DISA 35M, koropas no3sofsna NPOBOAUTb HIMEPEHHS
nyjascauuii TpeHus W cxopoctu no uacrtotht 10 klMu. Orpanuuenne no uactore ans nynbcauui
Tennosoro moroka cocrasnano | klu. Ouuo wusmepenue mwimnoct 4 c. Yacrora orpoca ALY
cocTassisna 2,5 kl"u.

OueHKH NOrpetHoCTY H3MEPEHHH NapaMeTPoB NOTOKA OfIPEAEANMCH B OCHOBHOM [OIPELIHOCTAMM

rpaaynpoBok. OTHOCHTEAbHAS NOrPELHOCTb H3MEPEHWH MNOBEPXHOCTHOIO TPEHHWA W CKOPOCTH

! PaGora sbinonnena npy Gpuuancosoli nomepxxe PODU (rpantni Ne00-02-16409a, Ne00-15-96690 n -

Ne01-02-06212), Munodpasosaniia (rpant MAH) u LI "Unterpauns” (npoext NeA0012).
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NOTOKAa COCTaBHAa OKoO 5% npu foBepHTenbHo# BeposTHocTH 0,9. OTHOCHTENbHAsS NOrpewiHOCThL
M3MEepeHHii TEMNOBOro NOTOKA B CTEHKY cocTaBuna oxkono 10% npu noseputensHoii BepostHocTy 0,9,
VisMepenus NpOBOAMAMCH NpU TMOCTOSHHONW CKOPOCTH NOTOka Ha ocH Tpy6ni U=5.8 Mm/c B
CTaUMOHAPHBIX H HECTAUMOHAPHBIX (YACTOTa BLIHYKAEHHBIX mynbcauni 2,25 u 21,75 M) yenosusx.
Cpenusa BeNMYMHA NOBEPXHOCTHOTO TPEHUS M TETUIOBOIO NOTOKA B CTEHKY B CTAUMOHAPHOM TEYEHHU
cocrasnsna 0,122 H/m® u 460 B1/M? cootseTcTBenHO. MHTEHCHBHOCTD mysibcauuii oceBoit CKOpoCTH,
NOBEPXHOCTHOTO TPEHHMS M TEMNOBOrO NOTOKA B CTEHKY B CTAaLUMOHAPHOM pPEXHME COCTaBlsfa

o, /U=0,015, o, /T,=0,344, O g / 9., =0,142, cooTBeTcTBEHHO.

B cooTBETCTBHH C KpHUTepHeM, NOAYYEHHBIM M3 aHAIW3a MOPAAKA Y4AEHOB B VpaBHeHusx [Tpauatns,
[6]; npenenbHas yacToTa HANOKEHHBIX MYAbCALUMH, N0 KOTOPOW MYNBCUPYIOLMH NMOTOK MOXHO
CYHTATh KBA3UCTALHOHAPHBIM, COCTABAET: -
) f<<L/U~9 I'u.

CnemoBaTenbHO, NpHM 4acTOTE 'HaNOKEHHbIX myascauuit f=2,25 TI'l NMOTOK MOXHO cYMTaThH
KBA3UCTALMOHAPHLIM, a npH yactoTe f=21,75 'l cnenyer OuAaTh NMPOABNEHHI HECTAUMOHAPHBIX
s¢dextos. B pabore [2] npemnoxena Gomee cTporas KnaccHMKauMs TeueHHH C HaNOKEHHO!
HECTalMOHApHOCTBIO, COMJIACHO KOTOPOM Ha OCHOBE aHaiH3a MEXaHM3Ma PpacnpoCTpaHEHHs
KMHETHYECKO#H IHEprHH TYpGYNEHTHOCTH BLIAENEHO NATH TPYNN PEKMMOB TEYeHHi, OTIHYAIOLUXCA
XapaKTepoM BIIHAHWA HANOKEHHBIX MyNbCAUMH CKOPOCTH Ha MapaMeTphl TeyeHus. [paHuubl Mexay
rpynnamu  ykasaHbl B NJNOCKOCTH ABYX Oe3pa3MepHbiX KOMNekcoB: Ge3pa3sMepHOil yacToThl

nynscaunii =28/ U. u otHocuTenbhoit amnauTyab koneGanmii ckopoctu B=A, /U, rae f -

YacTOTa mMyAbcauwii, O- CpelHss MO. BpeMeHH TOIUIMHA MyNbCHpYIOlero TypGynaeHTHOro
norpaHuyHoro cios, U. - ycpenHeHHOe o BpeMeHH 3HayeHHe AMHaMU4eckod ckopocTh, U u A;-

cpenHAs CKOPOCTb M aMMIHTYNa HANIOXEHHLIX MyNbCalHil CKOpOCTH B sape notoka. Hacrosuiue
IKCMEPHMEHTANIbHbIE JaHHbIE MOXKHO OTHECTH KO BTOpOH W YeTBepTOi, T.e. K "HHW3KOYaCTOTHOMH"
(f=2,25 Ty, B=0,15) 1 "BricokoyacToTHoi" (f=21,75 'y, B=0,15) rpynnam. CornacHo pa6ote [2], nns
PEXHMOB, OTHOCAUIMXCS K HM3KOYACTOTHOH rpynne, BIHAHHE HANOXEHHOM HECTaUMOHAPHOCTH
NposBnseTcs B NOSBAEHWH (Da30BOrO CABMra B KONEGaHMSX HHTEHCHBHOCTEN TypOyneHTHbIX

mbcaunit.  Ho  cpeanMe  npodMAM  CKOPOCTM  OCTAIOTCS  KBasHCTAaLUMOHapHbIMH.  Jis
BBICOKOUYACTOTHOMO PEKMMa XapaKTepHO CYUIECTBEHHOE H3MEHEHME BCEX NapamMeTpoB TeyeHWs oA
BO3ACHCTBHEM HANIOKEHHOI HECTALIHOHAPHOCTH.
AHann3 BIMAHHA HaNOXKEHHOH HeCTAUHOHAapHOCTH Ha CpeaHMe napaMeTpsl NMOTOKAa MOKasal, YTo
HaNOXEeHHas HECTaUMOHAPHOCTL HE NMOBAMSNA HAa CPEJHIO BENHYHHY MOBEPXHOCTHOIO TPEHHS H
'TENNOBOrO NOTOKA B CTEHKY MPH BLICOKOMACTOTHOM peskifMe. B To e Bpems o6a 3TMX napameTtpa
HECKOALKO YMEHBUIMNHChL NPH HM3KOYAacTOTHOM pexime. Onucanue mnonobHoro s¢dexrta B
OTHOLICHHH TMOBEPXHOCTHOrO TPEHHs BCTpevaeTcs B utepatype [7]. OnHako, H3MeHeHue cpenHero
‘TPeHHS M TEJIOBONO MOTOKA B HACTOSWMX 3KCMEPHMEHTaX MO BeJHYHHE COMOCTABUMO C
NOrpelHocThio u3MepeHuii. [Tosromy ana Gonee onpenesieHHbIX BbIBOLOB HEOOXOAUMO MOBTOPUTL
NaHHble SKCMEPHMEHTBI, NPHHAB CMeLHanbHbIE MEPbI JUI CHHXKEHUS NOrpeLHocTel H3MepeHHi.

G:x O'qw

M TEMJIOBOTO NOTOKA —— HpH
x Qw
HM3KOYACTOTHOM pexHMe Bo3dpocna B 1,5 u 1,62 pasa, COOTBETCTBEHHO, MO CpaBHEHHIO CO
CTAUHOHAPHBbIM MOTOKOM. [IpM BLICOKOYACTOTHOM pEXKHME 3TH BEIHYHHBI W3MEHWIHCh NOA
BO3AeHCTBHEM HECTAaUMOHAPHOCTH TMO-Pa3HOMY: OTHOCHMTEbHble MyAbCALMH TEMIOBOr0 MOTOKA B
CTEHKY BBIPOC/H He3HauHTensHo (Ha 11%), a OTHOCHTENbHbIE MyNbCALHH TPEHHS YBENUUNNCH Gonee
yeM B 1,5 pasa. ‘
Buinu onpenenens! NPOCTPaHCTBEHHO-BPEMEHHEBIE KOPPENAUHOHHble (GYHKUMH MyJbcaumii CKOPOCTH
1 TEMJI0BOTO NOTOKa Ry;, CKOPOCTH H NOBEPXHOCTHOTO TpeHHs Ryq H TENNOBOTO MOTOKA U TpeHHs Rg:..
Bennunna mMakcumyMa Koddduumnenta koppeisuuk K. H $azoBoe cMeuleHHe 3TOro MakcUMyMa @
NpH BBLICOKOYACTOTHOM M HH3KOYAaCTOTHOM peXWMax npeicTasiedbl B Tabnuue 1. B uensx
COTOCTAaBEHUS  YKasaHHble  NPOCTPaHCTBEHHO-BPEMEHHBIE  KOPPENIUHOHHbie  (YHKUHMM
paccuMTLIBAIMCHL TaKkoke B Cliyyae, KOrda M3 CHMrHaila MO TPEHU0 H TEN:J0BOMY NOTOKY ObiiH

HHTeHCHBHOCTD n_vnbcauuﬁ NMOBEPXHOCTHOI0 TpPEHHA
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* BbIPE3aHbl YaCTOTHI, COOTBETCTBYIOLUIHE YACTOTE HANOXEHHOH HecTauMoHapHOCTH. Jina cpasHenus
NpUBENEHbI M AHANOTMYHbIE PE3ynbTaThl AN# CTAUMOHAPHOrO pexkuma. OrTpuuaTeNbHas BEAHYMHA

(a3oBoro caBura Qxy o3Hauana, 4ToO MynbCaUWK napameTpa Y OTCTaBauu No (iase OT Nyascauwil
" napametpa X.

Tabmnua 1. Makcumym kodddunuenta xoppeastuuu K u gpasonoe ememenue
MaKcHMyMa KodhGHUIHEHTA KOPPEISIUHH @ NPOCTPAHCTBEHHO-BPCMEHHbIX
KoOppeastioHHbIX pynkumit Ry, Ryq n Ry, napamerpos noroka

[lapamerp CraunoHapHblii HedunsTposannsiii curnan DunbTpoBaHHLIA CHIHAR
pexHM
f=2,25T'u =21,75 'y f=2,25Tu | f=21,75Tu
Kug HeT - . ok. 0,56 0,44 Her Her
Qug “ Her. - cB. +4(0° -28° HET HET -
Kue . HeT S 0,56 - 0,77 - Her Her
QOus HET o +9° -31° HET HeT
Kae 0,9 0,86 0,84 0,86 0,86
Par -0,4 mc -0,4 mc (-0°) -0,4 mc (-3°) | -0,4 mc (-0°) | -0,4 mc (-3°

IIpexxae Bcero, HEOOXOAMMO OTMETHTD, YTO MEXKAY MylbCAUMAMM TEMIOBOTO MOTOKA B CTEHKY M
MOBEPXHOCTHOrO  TPeHHs Ha OOOWX  HECTALMOHADHBIX  PEXHUMAX  CYLUECTBYET - JCCTKAs
KoppenauroHHas cBs3b. HanoxkeHHas HECTALMOHAPHOCTL. HE BbI3bIBAET HMKAKOro ()a3oBoro casura
MEXKAY MyibCALUMSMH TPEHHA W TENJIOBONO MOTOKA. DTO XOPOWIO 3aMETHO M Ha OCLUANOrpamMmax
CHTHA/OB, KOTOpble 3Mech He npuBoaarcd. [lanee, nio6onbITHO, 4TO B TO BpeMA KaK MnpH
BbICOKOYACTOTHOM PEXHME TY/IbCALUMUH TEMIOBOrO MOTOKA M MOBEPXHOCTHOrO TPEHHS OTCTAIOT Mo
(aze oT nynbcauui OCEBOH CKOPOCTH NPUMEPHO Ha OAHY W Ty ke Benuuuny (=30°), npu
HM3KOYACTOTHOM PEAHME MYAbCAUHH TEMOBOrG NOTOKA ONEPEXAIOT MYAbCALMHK OCEBOH CKOPOCTH HA
BenuuuHy cebliue 40°, a nysabcauuu Tpennsa - Ha 9°. Meuay cobofi dasosoro casura y nynbcaumii
NOBEPXHOCTHOTO TPEHHA W TEMIOBOrO MOTOKA B 3TOM C/y4ae HET. 3TO FOBOPHT O TOM, YTO NpH
HHU3KOYACTOTHOM peKHME Ha BeauunHy (asoBOr0 CABMIa 3aMCTHO BJIMAIOT ABA MEXaliHiMa
B3aHMOCBA3M IMYNbCALMIA TPEHHUS H TEINOROrO NOTOKA: NEPBLIH - HA YACTOTE HANOKEHHbIX NYALCAIHHA
cxopocTd (ero BausHue cnabo), BTOPOH - Ha 4acToTe TypOYNEHTHLIX nyabcauuit (3TOT MEXaHuiM
nomuuupyet). CNEyeT 3aMETHTb, YTO B W3IBECTHBIX SKCMEPUMEHTAX KoNeGaHMA NOBEPXHOCTHOMO
TpeHus onepexany no gase konebaHHA CKOPOCTH Ha BeNHUHHY nopajka 5+45° [8-10].

C nomoutbio npoueaypbi ($pazoBoro yCpeAHEHHs Oblnu MOMy4YeHsl rpadukH HIMEHEHHS CPEAHHX H
NyNbCAUHOHHBIX XAPAKTEPHCTHK MOBEPXHOCTHOTO TPEHHS M TEMJIOBOFO NOTOKA B CTCHKY 8
3aBMCHMOCTH OT (pa3bi konebarns ocesoit ckopocTH (Puc. 1-2).

[Mo mannbine paborsi [11], B dase yckopenus noToka conpoTusienue TpeHus Bospactact. [lpu
3aMeqJIeHHOM NIBHXKCHHH Habatopaerca obpaTHas xapruna. Kpome Toro, M3BECTHO, YTO YCKOpEHHE
noToka TypOYAEHTHOrO MOrPAHHYHONO CNOA CMOCOOCTBYET €ro NAMHHAPHU3ALKMH, A 3aMEJUIEHHE,
Hao0opoT, YBEAHUHBAET YPOBEHL HHTEHCHBHOCTH TypOynenTHbIX nynbcauuii. Kak suaHo u3 Puc.l u
2, 3TH 3aKOHOMEPHOCTH OMPEAESEHHO MPOABAAIOTCA HA BLICOKOYACTOTHOM pexcHMe: rpaduku
YCAOBHO YCpeaHenioro no ¢ase TPeHHs M TENJIOBOH CKOpPOCTH GAM3KH 110 (OpMe K CHIYCOME,
oTrcratoleii no gase ot konebaHUii HaNOKEHHBIX MyNbCalUMil Ha BenuuuHy nopaaxa 30°. Makcimym
WHTEHCHBHOCTH TYPOVIEHTHBIX MYNbCAUMIA TPEHHA COOTBETCTBYET (pa3e TOPMOMEHHS MOTOKA C TeM
e CABHIOM Nno dase.
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Puc.1. 3aBHCHMOCTB CpeqHIIX XapaKTepHCTHK MOBEPXHOCTHOIO TPEHHS ('cx>/ T H

TENJI0BOro NOTOKA B CTEHKY (qw>/§w ‘0T ¢a3bl KosebaHHsA 0ceBOit CKOPOCTH @ IPH
Hu3kovacrotuom (f=2,25 I'n) 1 BeicokowacToTHOM (f=21,75 I'u) pesxnmax

T T T T
v2r f=2,25 My ] 12r f=21,75 Ny 1
1.0 — 1.0
<U>0 t _ \__—_/
08F .- <g >l<1> 4 0.8 <u>J g
<Uw> /(q'> oyen <o1,>/<1‘>
- 061 ' . 06} <°’w>l<qw> 4
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14 14

" Prc.2. 3aBHCHMOCTE OTHOCHTEILHBIX NY.THCAIHOHHBIX XaPAKTEPHCTHK
NOBEPXHOCTHOrO TPeHs <cr “ )/ < T, > H TemJoBOro NOTOKa B CTCHKY. <qu >/ <q, > oT

dasbl Koebanns oceBoii ckopocTH ¢ npu Hu3kodactotHoM (f=2,25 ') u
BbIcoxkouacToTHOM (f=21,75 I'n) pexnmax

Heckonbko cnokHee OGCTOMT HeN0 NpPH HHU3KOYACTOTHOM pexkume. (Da3oBoro CABHra Mexny
MyNbCaLMAMK TPEHHS U OCEBOH CKOPOCTH, €CNH CYAMTD N0 (opMe rpadHKoB YCIOBHO YCPEAHEHHBIX
CPEaHHX M MYIbCALUMOHHBIX XapaKTEPUCTHK 3THX NapaMeTpoB, npakTHYeckH HeT. OnHako,
cyuiecTBeHHble AedopMaurk npeTeprneBaeT caM BUA YCJIOBHO YCPERHEHHBIX 3aBHCUMOCTEl! TpeHUs U

TENJIOBOTO NMOTOKa MO (ase: YacTh ITHX rpaMKOB, NEKAlLan BbIIE AMHUH <tx>/ T, =<q“,>/ q.=1,

MO WMpHHE COCTAaBASET TOABKO TPETh OT AMana3oHa M3MeHeHHs (a30BOro yrna (BMECTO NOJOBHHbI
QMarna3oHa B Cllyyae BLICOKOYACTOTHOTO pexcuMa). MakcuMyM TypOYAeHTHBIX My:1bCalinii TpeHHs npH
HH3KOYACTOTHOM PEXHME UMET MeCTO B HavalbHOM (aze TOPMOXKEHHS MOTOKa.

Ipu oOomMX HeCTaUMOHApHBIX PeXHMaX XapakTep H3MEHEHMS CpeJHMX H MYJbCAUMOHHBIX
XapaKTEepUCTHK TPEHWS W TETIOBOro MOTOKAa B 3aBUCHMOCTH OT (a3oBoro yria 6bu1 cxoxum, Ges
KakMX-aM60 caBuMroB no ¢asze OTHOCMTENBHO ApYr Apyra. BpemeHHoM HHTerpanbHbifi Maciutab
MyAbCaUMii B CHrHajle TI0 TPEHUIO W TeMNOBOMY MOTOKY, M3 KOTOporo Oblia BhIpe3aHa 4acToTa
HAIOKEHHON  HECTAUMOHAPHOCTH, COOTBETCTBYET MO  MOPSAKY  BENHYHHBI  BPEMEHHOMY
HHTErpaibHOMy MacliTaby TypOyYIeHTHBIX MyAbCcaluii B CTallHOHAPHOM TYpOYIEHTHOM MOrpaHHYHOM
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cnoe (5,56 u 3,66 MC ansa nyjibCauuid TENAOBOro NOTOKA M TPEHHA, COOTBETCTBEHHO). JIMHewHui
MHTErpanbHblii MacwiTab MO TPEHHIO NPM CTALMOHAPHOM PEXHUME HMEET MOPAACK TOMLHHL
OMHAMHYECKOr0  MOrpaHW4HOro CNof. YuuThiBas, YTO YAAJE€HHE HACTOTLI  HAOMEHNOH
HECTALMOHAPHOCTH M3 CHCHANA NO TPEHHIO M TEILIOBOMY MOTOKY NPAKTHYECKH HE BAWACT Ha
BENMYMHY MaKCUMaIbHOro Koa(gguuuexra xoppensunu (cM. Tabnuuy 1) mexay atumu
napamMeTpamMu, TO, OUYEBHJHO, MOKHO YTBEPHAATb, 4YTO MEXaHM3M B3AUMOCBHA3H MNyNbCAUMi
MOBEPXHOCTHOrO TPEHM M  TEMUIOBOrO fOTOKA B CTEHKY B TEUCHMAX C  HAJOKCHIOH
HECTaLlMOHAPHOCTBIO PEaN3yETCA Ha 4AaCTOTaxX MOPAAKA HAaCTOT TypOYNEHTHbIX NyAbCauuil,

Takum o6pa3om, NMpH HU3KOYACTOTHOM M BHICOKOHACTOTHON HECTALMOHAPHOCTH MOTOKA HA BHELIHEH
rpaHuue TypOyNeHTHOro NOrpaHUYHOrO CNOS NapaMeTPbl Ha CTEHKE Ty U ,, B CPEAHEM orcne;kunam?
NyNbCaLMH CKOPOCTH B SAPE MOTOKA ¢ (ha30BbIM CABMrOM, 3aBHUCALIMM OT YacTOTbI HAJIOKEHHBIX
nynbcaid. UHTEHCHBHOCTL NynbcauHii T4 M Q. CYUECTBEHHO M3MEHAETCA MO (ha3e HaJIONKEHHLIX |
NynbCaLKii CKOPOCTH, NpHYEM NpH BCeX (Pa3oBbIX Yriax MHTEHCHBHOCTH Nynbcauui T, B 2.3 pasa
BbILIE HHTEHCHBHOCTH NYAbLCAUUMA . YCTAHOBNEHO, YTO HAJIOKEHHAA HECTALMOHAPHOCTL HC BAUAET
Ha XapaKTep CBA3H MexAY TyPOYJNEHTHBIMH NYALCALMAMH Ty H (. B NYJbCHPYIOWEM NOTOKE, KIK H 8
CTALMOHAPHOM, MEXAY 3THMH MapaMeTPaMH HMECT MECTO JKECTKAd KOPPEAsUMOHHAA CBA3b C
MAaKCHMaNbHBIM KO3(D(HUHEHTOM KoppensLuu cBoiwie 0,8 npu npakTHYeCKOM. OTCYTCTEHH (ha30BOro
casura.
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CORRELATION OF SKIN FRICTION AND HEAT FLUX
IN A PULSATILE TURBULENT BOUNDARY LAYER'
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*Kazan State Technical University
**Power Eng. Dept., Kazan Sci. Centre, Russian Academy of Sciences

Turbulent boundary layers with superimposed (external) harmonic pulsations of velocity are everyday
occurrence in different technical applications. Such flows take ‘place on lifting airscrew surfaces, at
- the outlet of a reciprocating pump, on a gas turbine blade which rotates after blades of the stator and
so on. Longitudinal velocity profile [1], mean turbulent characteristics. [2], heat exchange
characteristics [3] as well as mean and fluctuating components of skin friction [4] are usually
measured during experimental investigations of pulsatile flows. In the present experiments
simultaneous measurements of skin friction and wall heat flux were provided. It is common
knowledge that the so called Reynolds analogy takes place in a stationary turbulent boundary layer
. where pressure gradient dp/dx equals zero. In this paper we discuss the influence of external velocity
* pulsations on correlation of skin friction and heat flux in a pulsatile turbulent boundary layer.
+ Complication of physical processes in a turbulent boundary layer due to superimposed nonstationarity
is compensated to some extent by new possibilities of experimental data analysis. We mean a well-
known phase averaging technique, which was used in the present investigation.
The experiments were provided in a non-return-flow wind tunnel. Air was used as a medium.
. Superimposed harmonic flow oscillations were organized with the help of an experimental setup which
gives a capability to independently regulate frequency and amplitude of external pulsations. Scheme,
description and technical characteristics of the setup can be found in [4]. Working section used in the
present experiments had a cross-section looked like a rectangular 100x130 mm. The measuring cross-
section was located at the distance of 630 mm from the beginning of the turbulent boundary layer. A
vessel with water which was fixed on the working section made it possible to keep the wall
temperature constant (40°C). The wall temperature was greater than the flow temperature on 19°C.
Thickness of the turbulent boundary layer at the measuring cross-section was §=12 mm.
Skin friction and wall heat flux were measured using a combined probe. Scheme and description of
the probe can be found in [5]. Axial-flow vélocity was measured using conventional hot-wxre probe.
Skin friction and wall heat flux measurements were provided with the aid of hot-wire apparatus DISA
55M. The apparatus gives a capability to measure friction and velocity pulsations till the frequency of
10 kHz. The measurements of heat flux pulsations had an upper frequency limit of ' kHz In any case
the quantization frequency and the sampling time were 2,5 kHz and 4 s, respectively.
Mainly metering errors of flow parameters were connected with calibration errors. Relatlve metering
error of skin friction and velocity was about 5% (with confidénce probability of 09) 'Relative
metering error of wall heat flux was about 10% (with confidence probablhty of 0, 9) 3
During measurements the axial-flow velocity was constant ( U"S 8 mlc) ‘under stationary and
nonstationary (external pulsations frequency was 2,25 and 21,75 Hz respectlvely) conditions. Mean
skin friction and wall heat flux values under stationary conditions were 0,122 N/m u 460 W/m’
respectively. Turbulent pulsations intensity of axial velocity, skin frittion ‘and wall Heat’ flux under

stationary conditions were &, / U=0,015, o, /T =0, 344, o, .'/q,.=0,142, respectively.

In concordance with criterion which was obtamed with the help of analysis of order of Prandtl
equations terms [6], limiting frequency of external pulsations (a pulsatile flow may be considered as

' This research was supported by the Russian Foundatxon of Basic Researches (grants No.00-02-16409a,
00-15-96690 and 01-02-06212). Ministry of Education (grant of MAI) and Federal Special Program

"Integration” (project No.A0012).
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quasistationary one if,the corresponding frequency of external pulsations is less than the limiting
frequency) was:

f<<L/UA9 He.

Consequently, when frequency of external pulsations was £=2,25 Hz in our experiments the flow may
be considered as quasistationary one, and when frequency of external pulsations was f=21,75 Hz
nonstationary effects are possible. More strict classification of pulsatile flows was suggested in [2].
Analysis of mechanism of turbulent kinetic energy transport made it possible to divide all pulsatile
flows into five groups. Each group has it's own specific features of nonstationarity influence on flow
parameters. Boundaries between these groups are functions of two dimensionless numbers:

dimensionless frequency of superimposed pulsations f =213/ U. and relative amplitude of axial
velocity oscillations 3 = A, / U, where f is frequency of pulsations, & is time-average thickness of
pulsatile turbulent boundary layer, U. is time-average value of friction velocity, U and Ayare mean
velocity and amplitude of superimposed velocity oscillations in the flow core. Present experimental
data belongs to the second ("low-frequency" - f=2,25 Hz, 3=0,15) and the fourth ("high-frequency" -
£=21,75 Hz, 3=0,15) groups of the classification. According to the paper [2] low-frequency pulsating
regimes are characterized by appearance of some phase shift of turbulent pulsations due to
nonstationarity. But mean velocity profiles are quasistationary. On the contrary, high-frequency
pulsating regimes are characterized by essential changes of all flow parameters due to ‘superimposed
velocity oscillations.

Analysis of external nonstationarity influence on mean flow parameters showed that nonstationarity
didn't effect on mean skin friction and wall heat flux under high-frequency condition. At the same
time both parameters slightly decreased under low-frequency condition. Description of the
phenomenon (corresponded to skin friction) is known in literature [7]. But changes of mean skin
friction and heat flux in the present experiments are comparable with the metering error. Therefore, in
order to draw a more definite conclusion it is necessary to repeat these experiments making special
arrangements to decrease the metering error.

c c
. S x aw . -
Intensity of skin friction —= and heat flux —— pulsations under low-frequency condition became

X q\v
1,5 and 1,62 times as large, respectively, in comparison with the steady flow. These parameters
changed in a different way under high-frequency condition. Relative wall heat flux pulsations slightly
increased (11%), whereas relative skin friction pulsations became more than 1,5 times as large.
Space-time correlation functions of velocity and skin friction pulsations Ry, velocity and heat flux
pulsations Ry,, heat flux and skin friction pulsations R, were calculated. Maximal value of the
correlation coefficient Kxy and phase shift of the coefficient's maximum @xy under high-frequency
and low-frequency conditions are presented in Table I. In order to compare these space-time
correlation functions were calculated also in the case where the frequencies of external velocity
oscillations were cut from signals on skin friction and heat flux. Similar results for the steady regime
are presented as well. Negative phase shift gxy means that pulsations of Y-parameter lag behind
pulsations of X-parameter.
‘Above all it should be noted that rigid correlation between wall heat flux and skin friction exists
under both frequency conditions. Superimposed nonstationarity has no effect on phase shift between
skin friction and heat flux pulsations. Oscillograms of the signals (which are not presented herc)
confirm this statement. Then, it is interesting that whereas heat flux and skin friction pulsations lag
behind axial velocity pulsations (about 30° in every case) under high-frequency condition, at the
same time axial velocity pulsations lag behind heat flux pulsations (more than 40°) and skin friction
pulsations (9°). No phase shift between skin friction and heat flux pulsations takes place in th"l(: last
case. As a matter of fact two mechanisms of interaction between skin friction and heat flux pulsations -
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have an effect on the phase shift value: the first one - at the frequency of external axial velocity
oscillations (this effect is weak), and the second one - at the frequency range of turbulent pulsations
(this mechanism is dominating). It should be noted that axial velocity oscillations lag behind skin

friction pulsations (5+45°) in the known experiments [8-10].

Table 1. Maximal correlation coefficient Kyy and phase shift of maximal correlation
- coefficient @xy of space-time correlation functions Ry, Ruq and Ry, of flow parameters

: Stationary regime Unfiltered signal Filtered signal
‘| Parameter
f=2,25 Hz f=21,75 Hz f=225Hz . | f=21,75Hz
Kug - about 0,56 0,44 : - -
Qg - greater than +40° -28° - -
Ky - 0,56 0,77 - -
Ouy - +9° 31 -
Ker 0,9 0,86 0,84 | - 086 0,86
Qg -0,4 ms -0,4 ms (-0°) -0,4 ms (-3°) -0,4 ms (-0°) | -0,4 ms (-3°)

", With the help of phase averaging technique some plots of mean and fluctuating skin friction and wall
heat flux as functions of axial velocity phase were obtained (Fig. 1-2).

In accordance with [11], friction resistance increases at the phase of flow acceleration. The reversed
phenomenon takes place at the phase of flow deceleration. Besides it is common knowledge that
acceleration of a turbulent boundary layer leads to laminarization and deceleration of a turbulent
- boundary layer causes an increase of turbulence intensity. As it is shown in Figs.1 and 2, these rules
+! play an important role at high-frequency condition: form of phase averaged skin friction and heat flux
plots is close to a sinusoid which has a phase lag behind external velocity oscillations (30°).
-~ Maximum of turbulent skin friction pulsations intensity corresponds with the flow deceleration phase

with the same phase shift.

The situation is more complicated in the case of low-frequency regime. One can notice practically no
phase shift between skin friction and axial velocity pulsations if only form of the plots of conditional
averaged mean and pulsation characteristics of these parameters is taken into account. But the form of
conditional averaged skin friction and heat flux as functions of phase angle changes greatly. The part

of the plots, which is above line < )/ T, (q“_>/ q, =1, is only '1/3 of the whole phase angle range

(instead of 172 of the whole range in. the case of high-frequency regime). Maximal turbulent skin
‘friction pulsations take place during the first stage of flow braking under low-frequency condition.
Character of mean and fluctuating components of skin friction and heat flux changes depending on
phase angle was similar under both unsteady conditions. Also practically no phase shift between these
parameters was registered. Order of integral time scale of skin friction and heat flux pulsations (the
frequency of external oscillations was cut off the signals) agrees with the order of integral time scale
of the parameters in the steady turbulent boundary layver (5,56 and 3,66 ms in the case of heat flux and
skin friction fluctuations, respectively). Linear integral scale of skin friction under steady condition
was about the order of dynamic boundary layer thickness. Taking into account that cutting off the
frequency of superimposed velocity oscillations in the case of skin friction and heat. flux signals
practically doesn't effect on maximal coefficient of correlation between these parameters (see Table 1)
we can suggest that the mechanism of interaction between skin friction and wall heat flux pulsations
in pulsatile flows is connected with frequencies of namely turbulent fluctuations.
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Fig.1. Relative mean characteristics of skin friction (rx)/ 7, and wall heat flux (qw>/ q,

as functions of axial velocity oscillation phase ¢ under low-frequency (f=2,25 Hz) and
high-frequency (f=21,75 Hz) conditions
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Fig.2. Relative fluctuating characteristics of skin friction (c « )/ <1, > and wall heat {lux

<c - >/ <q, > as functions of z_i_iial velocity oscillation phase ¢ under low-frequency
(f=2,25 Hz) and high-frequency (f=21,75 Hz) conditions

So, wall flow parameters 14:and q, foltow external velocity oscillations in the flow core with some
phase. shift :which- depends on frequency. of external pulsations under low-frequency and high-
frequency ‘nonstationary -conditions.” Intensity of t, and q, pulsations changes essentially
corresponding to phase of external velocity oscillations. Besides intensity of t, pulsations 2...3 times
as large than intensity of q,, pulsations no matter what a value of phase angle is. It was determined
that superimposed nonstationarity doesn't effect on correlation between turbulent pulsations of t, and
qw Rigid correlation between these parameters takes place in a pulsatile flow as well as in a stationary
one. The maximal value of the correlation coefficient was more than 0,8. Nearly zero phase shift took
place in this case.
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