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Introduction

Alargenumberofstudieshavebeencarriedoutconcerningtothefeaturesofflowandheat

transferaroundtubesof in-linetubebanksundertheuniformflowfield[1-5].However,itis

consideredthatall tubesofthemarenotalwayssituatedintheuniformflowfieldinpractice.

Fromthisstandpoint, thepresentauthorhaveclarifiedtheheattransfercharacteristicsaround

asinglecircularcylinderplacedintheplanewall,asafirststep[6].

Intheuniformflow, behaviorsofheattransferaroundthetubesofin-linetubebanksare

quitedifferentfromthoseofasinglecylinder[3-5].Eventheresultsofthefirstcylinder(also,the

secondcylinder)composedoffourcircularcylindersshowaquitecomplicatedvariationwiththe

in-linepitch, thoughitisgenerallyacceptedthattheheattransferofthetubeinthefirstrowof

thetubebankissimilartothatofasinglecylinder. However, theaverageheattransferresultsof

thethirdcylinderandfourthcylinderarenotsoinfluencedbythein-linepitch, ifthepitchisnot

smallerthanthecriticaloneindicatedasfollows:

(p/d)c=7.34Re-0.171 （1）

fortherangesRe=104～5×104andp/d=1.15～3．4,wherepandRearethepitchbetweencylinder's

centersandReynoldsnumberbasedonthecylinderdiameterd,respectvely[5]･ Thecriticalpitch

ratio(p/d)c increaseswithdecreasingRe. Atagivenvalueofp/d, theheattransferrateofall

fourcylindersislowerthanthatofthesinglecylinderintherangeofp/d<(p/d)c.

Theobjectiveofthepresentstudyistocleartheheattransfercharacteresticsoftubebanksina

cross-nowofairneartheplanewallbyinvestigatingtheseofthethirdcylinderoffourcylinders

alignedatequalintervals, comparingwiththeresultsofthesinglecylinderandfourcylindersin

theuniformflowfields.

Nomenclature

c=distancebetweenthecylinderandtheplanewall

Cp=(P－R)/(1/2)pU｡§=staticpressurecoefficient

d=cylinderdiameter

Nu=Nusseltnumber

P=staticpressure

p=longitudinalspacingbetweencylinders' center

Re=Ued/"=Reynoldsnumber

U=nowvelocity

ﾍ/万ﾃﾗﾉU｡｡=streamturbulenceintensity
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Fig. 1 Arrangementofcylindersand
coordinate system*Formerstudents
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6=thicknessoftheboundarylayer

6=circumferentialanglefromgeometricforwardstagnationpoint

X,P,"=thermalconductivity,kinematicviscosityanddensityofairatToo

Subscripts

ln＝rnean

lnax＝rnax1rnuln

w=wall

oo=undisturbeduniformstream

Exeperimentsandprocedures

Thewindtunnelusedinthepresentstudyisthesameasthatemployedinpreviousstudies

[4-6],andthetestsectionisarectangle325mmhighand225mmwide. Theworkingsectionwas

devidedbyahorizontalpartjtionplatemountedinthetunnel. Theplatewas4000mmlongand5mm
thickandhadaroundleadingedge・ Tripwireofdiameter1.4mmwasfixedacrosstheplatelOOmm

fromtheleadingedge. Thefree-streamturbulenceofupstreamuniformflowﾍ/言ﾃ胃/Uoowasabout
0.7percentthroughtheexperiments・ Aconstant-temperaturehotwireanemometerwithasingle

tungstenwireof0.005mmdiameterasthesensingelementwasusedformeasuringthedistribution

ofthevelocityandturbulenceintensityintheflowfieldaroundthetestsection.

FourcylindersspannedthewindtunnelhorizontallyasshowninFi9. 1(whichalsoshowsthe

coordinatesystememployed). Thetestcylinder(thethirdone)wasplacedat750mmdownstream

oftheleadingedgeoftheplate・ Thicknessoftheturbulentboundarylayeratthetestcylinder

position(butwiththeallfourcylindersremovedfromthetunnel)wasequaltoabout21mm. The

boundarylayervelocitydistributionobtainedagreeswiththatshownbySchubouerandKlebanoff

[7]・ Itwasalsoconfirmedthatthedistributionofturbulenceintensityonthewallatthetest

cylinderpositionwasalmostidenticalwiththatpresentedbyKlebanoff[8].

Fourcylindersweresettledatequal intervalsandwere l5mindiameter・ Theclearances

betweenthecylindersandtheplatewereO､75, 2．7, 5．7, 9．15, 12, 15, 18．5and60Ⅱ皿． Inorder

tomeasuretheclearanceaccuratelyablockgaugewasusedforallexperiments・ Thein-line

pitchratiop/dwasvariedfrom1．2to4.4andtheReynoldsnumberRebasedonthecylinder

diameterandundisturbeduniformflowvelocityfrom0．8×104to4×104.

For theheat transfermeasurementof the testcylinder, astainlesssteel ribbonwound

helicallyaroundthecentersectionofaplexiglass tubewas electricallyheated. Theinside

of the tubewas filledwithrigidurethane foaminorder tominimize theheat lossby

conduction・ The correctionof the lossbyconductionin the radial directionamount to

lessthanlpercentoftheelectricpowerinput. Thewall temperaturesweremeasuredwith

0.065mmcopper-constantanthermocouplesaffixedtothebackofthestainlesssheetatintervalsof

10deg・ Themaximumtemperatureofthetestcylindersurfacewaskeptunder38｡Ctoreducethe

radiativeheatlossasmuchaspossible. Theheatlossbyradiationfromthecylindersurfacewas

estimatedtobeabout0.6percentoftheheatsuppliedtothecylinder・ Thusthepresentdatawere

obtainedundertheconditionofconstantheatflux(theheatfluxqtothetestcylinderwasranged

from1.0to2.71W/㎡). ThelocalheattransfercoefficientandthecorrespondingNusseltnumber

aredefined,respectively,asfollows:

h6=q/(踊一n.);Nu6=h8d/ス

Inaddition, threedummycylinderswereunheatedduringtheheattransfermeasurements.

Measurementsof thewall staticpressureweremadeusinganothercylinderwhichhad
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Fig. 3Variationof local staticpressure
.withc/d,p/d
(-------;c/d=oo,p/d=1.2,Re=6.7x104 [2])
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Fig． 2Variationof local Nusseltnumber
forRe～3.4×104

pressureholeofO.5mmdiameterwithoutheatingatintervalsoflOdeg. Oilflowpatternsshowthe

flowfieldtobetwodimensional.

ExperimentalResultsandDiscussion

Localheattransfercharacterestics. ThetypicaldistributionsofthelocalNusseltnumbersNu8

arepresentedinFig.2. The resultshavebeenshownasNu6/Re2/3ataroundRe=3.4×104
consideringthattheaverageNusseltnumberintheturbulentwakeregionisproportionaltoRe2/3.
Inthecaseofc/d=0.05,themaximumNusseltnumber,Numax,occursontheuppersurfaceofthe

cylinder(6=0～+180｡).AlthoughNumax locatesinthevicinityof6=75．forp/d=1.2asshownin

figure, itshiftsupstreamwithincreasingp/d・ However, theresultofc/d=0.18isquitedifferent
fromthatofc/d=0.05,thoughthepitchratiop/disequaltol.2． Theheattransferratearound

cylinderlevelsupdrasticallycomparingwiththatofc/d=0.05.And,itcanbeobservedthatNumax

locatesonthelowersurfaceofthecylinder(6=0～-180｡)ataround6=-55｡. ThatpeakofNu8

isconsideredtoberelatedtothereattachmentofthefreeshearlayershedfromthelowersurface

ofthesecondcylinder・ Thebehaviorofthislayerisstronglyaffectedbytheplanewallmentioned

later. AnotherpeakofNuOataround6=60｡isresultedfromthereattachmentofthefreeshear

layershedfromtheuppersurfaceofthesecondcylinder・ However, thisvalueofNu8issmaller

thanthatofNumax,andtheyagreewitheachotherwithincreasingc/d， Inthecaseofc/d=0.61for

thesamepitchratiop/d=1.2, theheattransferratearoundcylinderincreasesmorethanthatof
c/d=0.18.

Theseresultsmayshowthattheheattransferphenomenatreatedhereinarecloselyrelatedto

theclearancebetweenthecylindersandtheplanewall.Forc/d=0.61Numax locatesataround

6=-20｡whenthepitchratioincreasessuchasp/d=3.2showninthefigure,andtheanotherpeak,

whichexistsintheneighborhoodof6=+30:isnotclear.
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Ingeneral, itcanbesaidthatvariations

ofNu6 around the cylinderdecreasewith

increasingp/d,whenc/dequalstoaconstant

(seeFig.6also). Thesetrendsmayberelated

tothevariationsofthefreeshearlayersshed

fromthesecondcylinder.

ThedistributionsofpressurecoefficientCp

correspondingtothesameconditionsinFig.2

areshowninthefigure3forRe=3.23×104. In

thefigure, theresultofEastopandTurner[2]

indicated by dotted line is included also,
whichwasobtainedunder theconditionsof

c/d=oo,p/d=1.2andRe=6.7×104.

ThedistributionofCpforc/d=0.05,p/d=1.2

changeslittlearoundthecylindercomparing

withotherresults. Itcanbeconsideredthat

theflowaroundthecylinderisverystagnant

inthis caseandNu6becomes tosmall as

showninFig.2． Intheresultsforc/d=0.18,

0.61exceptthecasep/d=3.2,thereexistsharp

peaksinthevicinityof 8=-45～-50｡.These

Cpmax arelarRerthantheresultofuniformfl{Cpmax arelargerthantheresultofuniformflo
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Fig. 6Local Nusseltnumberdistribution
withReynoldsnumber

wfieldobtainedbyEastopandTurner・ Another

peak'svaluesofCpontheuppersurfaceofthecylinderaresmallerthantheresultsofthelower

surface,andthelocationsofthesepeaksarenotalwaysclear.Theseresultsmayshowthatthe

freeshearlayershedfromthelowersurfaceofthesecondcylinderisdeflectedtotheupward

(say,ydirection)bytheexistenceoftheplanewall,andtheuppersidefreeshearlayershed

fromthesecondcylinderisalsodenectedtotheydirection・ Asaresult, itmaybeconsidered

thattherelativeslowvelocityflowintheuppersideshearlayerreattachestotheselocations, in

viewofthenowfieldmeasurements.

Inthecaseofp/d=3.2,Cpnmxlocatesataround6=-10｡t Thisindicatesthatthefreeshearlayer

oftheplanewallsidemayberolleduptowardsthefrontsurfaceofthecylinder・ Figure4

indicates the velocitydistributions of the flowfield inthecaseof c/d=0.61, p/d=1.6and

Re=3.5×104. Thevelocityprofileofx/d=-0.8,whereisthecentersectionbetweenthesecond
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cylinderandthetestone, issimilartothatofx/d=0.8, thoughthevelocitygradientsoftheshear

layerstotheperpendiculartothemainflowdirectionarerelativelylargerthantheseofx/d=0.8.

Fromthis, itisassumedthatthebehaviorofheattransferofthefourthcylindermaybeidentical

withthatofthetestcylinder[9]. Itcanbeseenalsofromtheprofileofx/d=-0．8thatthevelocity

gradientoftheshearlayerintherangey/d<Oislargerthanthatfory/d>0.Wherethevelocity

gradient of theshear layer is large, the turbulnce intensitytakes large valueand inthe

neigborhoodofthemostlargevelocitygradientitoccursmaximaasshowninthefigure5・ These

peaksoftheturbulentintensityinthesectionofx/d=-0．8canbeseenaty/d=0.58and-0.43. From

theseresults, itmaybeconsideredthattheoccurenceofNumaxofthelowersurfaceofthecylinderis

resultedfromthereattachmentoftherelativelargevelocitypartoftheshearlayerwiththehigh

turbulenceintensity,consideringalsotheresultsofothersectionsbetweenthesecondcylinderand

thetestone・ Anditmaybeconfirmedthattheflowvelocityoftheshearlayerwhichreachesto

theuppersurfaceissmallerthanthattothelowersurface.

Inspiteoftheproblemsofmeasurementinsuchflowfields, thehotwireanemometeris

possiblyusefuloneinordertoexaminequalitativelytherelationbetweentheheattransferand

theflow[4].

ThedistributionsofNu6versusReynoldsnumberhavebeendescribedinFig.6. Theresultsare

summarizedasNu6/RJ･7fbecausetheaverageNusseltnumberisproportionaltoR8.74asshownin
Fig.12intherangesc/d=0.18～0.61,p/d=1.2～3.2. ItcanbeseenthatthelocalNusseltnumberat

anyangularpositionisapproximatelyproportionaltoReo･74withinanaveragediscrepancyof

5percent.

Figures2and6showthatNunmx inthelowersurfaceplayan importantrolefortheaverage

NusseltnumberNumaroundthecylinder･ThereforeitisimportanttoknowthefeaturesofNumax.

Figure7illustratesthevariationsofNumaxagainstc/dwithp/dforRe=3.4×104. Inthecaseof
c/d=0.05(Numaxlocatesattheuppersideofthecylinderindependentofp/dandReinthiscase),the

resultsareinfluencedlittlebyp/dexceptthatofp/d=1.2. Intherangec/d>0.05, itisconfirmed

thatNumaxincreaseabruptlywithincreasingc/dandarerelativelyinfluencedbyp/d.However,for

c/d≧0.5～0.6theincreasingratioofNumaxversus c/dseems todecrease, and for p/d≦2.8

Numaxratherdecreasewithincreasingc/d.Moreover, itcanbefoundthatNumaxhaslargevaluesas

p/dissmallforc/d<O．61exceptthecaseofc/d=0.05. However, theyarenotsomuchinfluenced

byp/dwithinceasingc/dasseeninthecaseofc/d=4.0.
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Fig. 10VariationsofmeanNusseltnumberforRe: (a)c/d=0.05; (blo/d=0.18; (c)c/d=0.38;

(dlc/d=0.61;--------.,resultofsinglecylinderintheuniformflowfield

Inordertoshowtheheattransfercharacteresticsoftherearfaceofthecylinder, thevariations

oftheNusseltnumberof6=180｡,Nur,arepresentedinFig､8.NurhavethesametrendoftheNunnx

whichincreasewithincreasingc/dforc/d<0.61, thoughNurdonotvarysoabruptlywithc/das

thecasesofNu…exceptforc/d=1.2．Forc/d≧0.61, increasingratiosofNurforc/ddecrease,and

especiallytheresultsofp/d=1.2somewhatleveldown.

Meanheattransfercharacteristics･ Figure9showstheresultsformeanNusseltnumberwith

c/dforataroundRe=3.4×104. Fromthisitcanbeseenthattheyincreasemonotomcallywith

increasingc/dforc/d<0.61andtheincreasingratiosofNumforc/d>0.61decrease(Numrather

change littlewithc/d). Inthecaseofc/d=0.05, p/ddoesnotplayanimpoItantroleinthe

behaviorofNumexceptforp/d=1.2． Thesametrendscanbeseeninthecaseofc/d=4.0exceptfor

p/d=4.4． Theyhadbeenobservedalsointhepreviousworkintheuniformflowfield[9]・ Inthat

field, thecriticalin-linepitchratio(p/d)cdefinedbyeq.(1) isequivalenttol､23forRe=3.4×104

andthecriticalReynoldsnumberforp/d=1.2is3.9×104． Thereforetheresultsforp/d=1.2inthe

rangeRe<3.9×104mustbelowerthanthoseforp/d≧1.6intheuniformflowfield.

While, itisobviousthattheresultsshownintheFi9.9aredifferentfromtheseintheuniform

flowfieldforc/d>0.05． Thisdifferencemayberesultedfromtheflowstructurewhichisrolledup

tothefrontfaceofthecylinderbeingdenectedbytheexistenceoftheplanewall,despitethesmall

pitchratiosuchasp/d=1.2. Intherangec/d=0.18～1.23,Numgenerallyincreasewithdecreasing

p/d(thatis,Numoc (p/dTo･'2asshowninFig.11).

InordertoshowthedependencyofNumforRe, theresultsareillustratedintheFig･10for

c/d=0.05,0.18,0.38and0.61,respectively. ItisfoundthatthetrendsofNumshowninFi9.9donot

changebytheReynoldsnumbertreatedinthisstudy・ Theresultsofc/d=0.05aresmallerabout

from30to45percentinmaximumthanthatofthesinglecylinderintheuniformflowfield

indicatedbythedottedline. Forc/d=0.18, theyaresmallerthanthoseofthedottedlinealsoin

therangeRe<1.4×104, independentofp/d. And, theybecomelargerthanthatof thesingle
cylinderforp/d<2.8,whenRe>2×104. For~thebothcasesofc/d=0.38,0.61,Numarenotsmaller

thantheseofthesinglecylinderexceptthecaseofp/d=4.4, intherangeRe=0.8×104～4×104,andthe

increasingratiosofNumincreasewithincreasingReynoldsnumber(forp/d=1.2, thevaluesofthe

Numbecomeabout1.5thoseforthesinglecylinderintheuniformflowfieldforRe=4×104).

InviewofthefactthattheaverageNusseltnumbersareinverselyproportionalto(p/d)0･'2as

alreadynoted,theresultsofNum(p/d)0･12aredemonstratedasafunctionofc/dinFig.11.It
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appearsthatthedataarebettercorrelatedintherangesc/d=0.18～1.23andp/d=1.2～3.2. Inthe

rangeofc/d=0.18～0.61,Nunjp/dW･'2increasewithincreasingc/dandtheyareconnectedfollowing

relation;Nunjp/d)o･'2oc(c/d)0･23.AsalreadyshowninfigurelO, thedependencyofNumforReis

almostlinearindependentofc/d.

Consideringthesefacts, thedataofNunjp/dﾕ2(c/dTo23areplotedforthoseofc/d=0.18,0.38and
0．61asafunctionofReynoldsnumberinFi9.12. Thedatadisplayedinthisfigurearegood

correlatedagainstReynoldsnumberwithinai5percnterrorbandoffollowingequation(2)

exceptthoseforc/d=0.18,p/d=1.2and3.2． Theequationofthefittedlineis

Num=0.103(p/d)-0･12(c/d)0･23Reo.74 （2）

intherangesRe=0.8×104～4×104, c/d=0.18～0.61andp/d=1.2～3.2. However, thedataforthecases

ofc/d=0.18, p/d=1.2aresomewhat largerthantheresultspredictedbytheequation(2) inthe

rangeRe>1s5×104,andthedataforthecasesofc/d=0.18,p/d=3.2arelowerthanthoseobtained

byeq. (2) about l2～15percent independentofReynoldsnumber. Inthecasesofc/d=0.18,

p/d≧3.2, thedistributionsofNu6aresimilartothatforc/d=0.05asshowninFig､2． Furthermore,

theresultsofmeanNusseltnumberNumintherange0.61<c/d≦1.23arerelativelyindependentof

c/dasforegoing,andthereexistacorelationofsuchasNumocReo･73(thepowerofReissomewhat

smallerthanthatforc/d≦0.61).

ConcludingRemarks

Heattransferaroundthethirdcylinderoffourcylindersalignedin-lineincrossflowofair

nearaplanewallhavebeeninvestigatedasthefunctionsc/d,p/dandRe・Whenc/disverysmall

suchasc/d=0.05,NumaxoccursontheuppersurfaceofthecylinderandtheNuOaroundcylinderis

lowerthanthatforc/d>0.05independentofp/dresultedfromthestagnationoftheflowaround

thecylinder・ Nu8takesmaximumvaluesonthelowersurfaceofthecylinder(exceptthespecial
casessuchasc/d=0.05, andc/d=0.18, p/d=3.2)influencedbythefreeshearlayershedfromthe

secondcylinderwhichisdeflectedbytheexistenceoftheplanewall・ Numincreasesmonotonically

withc/dintherangec/d=0.05～0.61,andchangeslittlebyc/dforc/d>0．61(Fig.9). Thoughp/d

doesnotplayanimportantroleforNumthanc/d, itmustbenoticedthatNumisinversely
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proportionaltop/dexceptforthecasec/d=0.05.

Acorrelationoftheallovertheheattransferyieldedthecompactexpression

Num=0.103(p/dTo･'2(c/d)023Reo"4,withaspreadof士5percent intheranges

p/d=1.2～3.2,andRe=0.8×104～4×104,exceptthecaseforc/d=0.18,p/d=3.2.

c/d=0.18～0.61,
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