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SUM4ARY

Experimentaldataon thevariationof thepointunitthermal
conductanceintheentrancesectionof a circulartubearepresentedfor ‘—.

16differentflowconditionsof theenteringair. Resultsarecompared
withvaluescalculatedfromexistinganalyticalsolutions.

Theaverage(integratedman withlength)unitthermalconductance
Isslsocslculat%dforeightentering-airconditionsendfs co~aredwith
valuesresultingfromsnal.yticalluhhods.h msnycasestheexperimental
valuesareappreciablyhigherthanthosederivedfromecnzationswhiahare
basedon over-aid.dat~-n on longpipes.

INTRODUCTION

Thepresentinvestigationwasconductedtodeterminethedistribution
of heat-transferrateresultingfroma variationof theunitthermal
conductanceat theentranceto a tubeforvariouscondltionsof the

—

enteringfluid.

Heretoforeexperimentaldatafortheunitthermalconductancefc

( (intheequationq = fcA~ - ta~) havebeenobtafnedas enaverageover
thstubelength.Equationsforthedeterminationof fc haveusuallybeen
expressedintermsof thefluidpropertiesandsom fixedphysical
dimensionof thesystem,

—.
suchas thetubedi- ter. Inmanycases,when

. it ismoreimportanttohow thevalueof thetemperatureat theparticular
pointalongtheheat-transfersurfacethanto lnlowtheove~ rateofheat
transfer,an averagevalueof theunitthermalconductancefc is in-

. adequate-end~al value f mustbe determined.Theequationsfor
‘x

theunitthermalconductanceshouldthenbeexpressedin tem of a
variablephysicaldimensionx.
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Dataon thelocalunitconductancemaybe appliedto thedesignof-
an exhaue~asandalrheatexchanger.Forexample,thelifeof an
exhaust-gasandairheatexchangermayde~nd on thedistributlonof
temperaturewlthlntheunit,whichdepnxlson thevariationof thelocal
unit conductancewithintheexchanger.Pointsof hightemperaturemay
oftencausenwtalfailure,andregionsof largetemperaturegradients
causedmgemnm thermalstresswhtchdecreasesthelifeof theheater.
A thoroughlnmwledgeof thedistributlonof thelocalor pointunit
thermalconductancef wouldallowa predictlonof theseeffects,and

Cx
thusa properdesigncouldbe established.

Theresultsofexperimentsreportedhereinshowthatthe f in
,,1 Cx

the“entrsncesection of a heatedcirculartubeIsverymuchgreater
thsnthatwhichwouldbe predictedfromequationsderivedfromexperiments
on verylongtubesenddependson thetypeof fluidentrance.Theunit
thermalconductancemaynotreacha constantvalueas faras 15 tube
diamtersdownstream.

—=
2 Thefollowingentranceconditions(fig.1)were

lnvestigated: .-

(a)
(b)
(~)
(d)
(e)
(f)
($3)
(h)
(f)
(J)
(k)
(1)
(m)
(n)
(0)
(P)

Bellnnuth
Beltiuthtithonescreen3
Bellmmthwithscreenholder

.

Bell.muthwithsixscreens —
Right-angle-edgeentrance
Baxesharp-edgeentrance
Large-orificeentrance
Small-orificeentrance
Shortcalmlngsection
LOngcslmingsection
45°-cn@.e-bendentrance
90°-an@e-bendentrsnce
90°-$n@$-bendentrancewithcalmingsection

—.

45°round-bendentrance
90°round-bendentrance
180°round-bendentrance

lIntlrlspaperthe“entrancesection”16 theinitialportionof thetubeIn
whichthelocalunitthermalconductancefc isapproachingthecon-

%
stantvalueattaineddownstreamin thetube. .

?@’orsmothpipeendconstanttubesurfacetemperature. .

%versen(reference1) obtainedexperimentaldataforthiscaseandcompared
theresultswiththeanalysesofLatzkoandofBoelter,Martlnelli,and
associates.

-. ... =
. ..—



Theresultsof tests(a)to(d)illustratetheeffectsof turbulencesnd
tests(a),(1),and(J)showtheeffectsofentrancevelocitydistribution.
Theremainderof thetestsshowtheeffectof thevariousnnrepracticaltentranceconditions,inwhicheddyingflow ispresent.

Latzko(reference2)developedanalytical=thcdeforapproximating
thevsriatlonof the pointunitthermal.conductanceforthreeentering-
g- con~tions:

CaseI: Bothvelocityandtemperaturedistributionsareuniformover
thecrosssectionat theentrance.(Thisis approximatelytheactual
systimof a heatingsectionwitha bellmmthat theentrance.)

CaseII: Thevelocltydistributionat thsentrancecorrespondsto
thatforfullydevelopedturbulentflow,andthetemperaturedistribution
isuniformoverthecrosssectionat theentrance.(Theactualsystem
maybe visualizedas a heatingsectionwitha longcalmingsection
upstream.)

CaseIII: TheintermediatecasebetweencasesI andII,inwhich
thecaladngsectionof caseII is tooshortforthefluidto haveattained
a fullydevelopedvelocftydistributionbeforeenteringtheheating
section.(SeeappendixA fordescriptionof analytical methods.)

A mthod notedinreference3 approximatesthevexlationof the
pointunitthermalconductanceforairforeaseI. An expressionfor
estimatingtheintegratedaverageunitthemmzlconductanceforanylength
of heatingsecttoneisalsodevelopedinreference3.

= additionto thepointunitthermalconductance,theaverageunit
thermal.conductanceforthecirculartubewerecalculatedasa function
of tubelengthforeightexperimmtelconditions(fig.15 casesasb~ g,
h, i, J,k,md 2). Fortwoof theseconditfonatheaverageunitthermal
conductenzeawereanalyticallyobtainedby usingtheequationsfor f

Cx
givenby Latzko,byBoelterandhisassociates,andby Iversen.

Theaversgeunitthermalconductance,themmn valuetakenoverthe
entirelengthof tubein question,isobtainedfromthefollowingequation

[

z
f 1

. =- fax
Cav Z o Cx

. Theeffectof theenterin&fluidconditiononvexationsof theaverage
unitthermalconductancewithlengthispresentedin tableI.

4-Adistinctionismadeinthisreportbe-en tWbUlOnCeandeddyingflow
conditions.Turbulencewillbe thoughtof asminutefluctuationsof
particlevelocities;whereaseddyingflowisconsideredtobe thatcharac-
terizedby relativelylargescalevortices,etc.
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Th9apparatus1s

e*ineering.

DESCRIPTIONOFAPPARATUS

essentiallya doublysteea+jacketedtubethrough
whichair~iowsandisheated.Me saturatedsta& intheinnerJacket
surroundingthetestpipeIs condensedby losingheatto theairandis
collectedat 19sectionsalongthetube.Heatlossfromtitsinner
Jackettothesurroundingatmosphereispreventedby theouterjacket
containingsteamat thesametemperature.Therateof-condensationof
thesteamobtainedineachsectionIsa measureof theheat-transferrata
occurringInthatsection.By also~asurlngthstubewalltemperature,
theinlettemperatureof theair,andtheweightrateof ah flow,theunit
thermalconductanceforseveralentranceconditlone(fig.1)andits
variationwithlengthisobtained.

Theassemblyof theteststandis showninfigure2. Figure3 is a
drawingof thedoublysteam-Jacketedtubeor theheatexchangerand
figures1 andh showtheapproachsectionsusedandthe constructionof
thebellmouthentrancenozzle.Photographsof thevariousapproach
sectionsareshownInfigure5. Figures6, 7, 8, and9 aredifferent
viewsof theapparatus,equippedwitha fewtypicalapproachsections.

ThetgstpipeIsa highlypolishedseamlesssteeltube32incheslong
havinga 2-inchoutsidedlan=ter(1.783In.I.D.).Partitionswerebrazed
to thetubsat approximatelyl-inchintervalsfromtheleadingedgefora
distanceor8 inchesandthenat 2-inchintervalsfor.theremaininglength
of thetube,toyield19separataheatingsections.Theseheatingsections
containsteamwhfchIscondensingbecauseof theheattransferredthrough
thewallof thetubeto thecoolair.

WhiletraversingthroughthepaxtitioneInsidetheinnerJacket,the
uncondensedsteamcanalsoentertheglasscondensatecollectortubes.
Itwillbe noticedthattheheatof condensationof thesteamintheinner

. —.

.
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Jacketsisnotonly”transferredthroughthetest-pipesurfaceto theair
streambutalsothroughtheglasscondensatecollectortubestothe
surroundings.Theconsequentheat10S6throughthecondensatecollector
glasstubesis a linearfunctionof theheightof thecondensatesin the
glasstubebecausethehat lossisa directfunctionof theheat-tr-sfer.
areaintheglasstube,which,inturn,variesdirectlyas theheightof
thecondensate.Thisheatlossoccurseventhoughnoheatistransferred
throughthetestsectionintotheairstream;thusit is calledthe
“no-load”heatlossendwasusedas a correctiontothe“load’;values.
Then-loadvaluewasabout10percentof theloadvalues~

The 19 glass condensate collector tubes were Installedbetweena
double-glass-partition chsmber. This actedas b insulatingJacketto
reducetheno-loadheatlosses.outsideof theglasspanelsa sheetof
paperruledto tenthsof ~ inchwasplacedinordertomeasurethswater
levelin thetubes.

Thedownstreamendof thetestpipe was connectedWItha M-inch-long
rubbertubebywayof a gatevalvetoa 3-inchpipeleadingto a calibrated
orificesectdonandthencetotheintakeof a centrifugalblowerwhich
exhaustedtheairto theatnnsphere.Therateof airflowwaeregulated
by theblowerspeedandby ~ans of thegatevalve.

Entering+irtemperatureswereobtainedbymesnsof twolaboratory
thermometersanda thernmcouple,allsuspendedintheairnearthe
entrance.Thesurfacetemperaturesof the testsectionwereobtainedby
meansof thermocouplesWbeddedin slotsmadein thepipe. Thedownstream
outlet-airtemperaturewasobtainedby mwansof a thermocoupleinthe
3–fnchpipeandwasarrangedfortraversingthecrosssectionof the
stream.

Theequipmentwasoperatedwiththevariousentranceappsratu~
attachedto theupstreamendof thetestsection;forinstance,a
bellmouthnozzlewasusedtoobtaina conditionofuniformvelocity
distributionandwirescreenswereusedtoobtaingreaterturbulencein
theairstream. Schematicdiagrsmsof alltheentranceeffectsareshown
in figure1. As showninfigure5, the shortandlongcalmingsections,
aswellas thetwoelbows,aremadeof pipeshatingthessmeinside
dimter (1.78s in. ) es the test pipe. The shortcalmingsectionis
5 inches long ( 1A = 2.8) end thelongcalmingsectionis20 inches
long(Z% = 11.2).Thelegsof boththe45° and90°elbows=e about
2 incheslongmeasuredalongthecentrelaxis. Thediametersofthe
twoorificesexe1.04and1.41inches,respectively.Theroundbendshave
slightlysmallerimide dimters thauthetestpipe,butthedownstream
endsarechamferedtagivea snmo+~fitwiththetastpipe.
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DESORIXTIONOF‘I!ESTIN3PROCEDURX .=

Whenf;teemat atnnspheric pressurewasadmittedtotheapparatusat
a lowflowrate(soadJustedthata strongwispof steamcontinuously
dischargedfromthelasttestsectfonto theatmosphere),thesections
werepurgedof airby thepassageof thesteamthroughthemandby the
steamflowthroughtheglasstubewhenthecorksat thebottomswere
removed.kL8 soonasequilibriumtemperatureswereestablishedthroughout,
alltemperCLtZUWSandallno-loadcondensatelevelsintheglasstubeswere
recordedat,l&minuteintervalsfora periodofnmrethank hours.Both
endsof theltestpipewereblockedduringthisoperation.Thisprocedure
gavetheno-loadlossesof thesystem.A duplicateno-loadrunwasalso
madewiththebellmuthnozzleattachedanditsvacuumpumpinoperation
inordertodeterminetheeffectof theseattachments.

.
Thetestsectionwasthenconnectedtothebloweranda constantrate

wasestablished.A testprocedure,similarto thatfortheneloe,druns,
wasperformdforseveral.a$rrateswiththevariousentranceconditions
shownfnfigures1 and5. Additional datacollectedweretheentranceand
exitairtemperaturesandtheweightrateof heatedair. Alldatafor
loadrunswereco~ectedat5-minuteintervals.Fortheentranceconditions
emplofingthebellmmuthnozzle,thevacuumpumpwasad@stedtodrawoffair
at theleadingedgeof thetestsectionin-anattempttodestroyanyboundary
layerbuiltup alongthenozzlesurfaceandtherebytoestablfsha uniform
averageturbulentvelocitydistributionat theentrancesectionof thetest
pipe.

Possibleerrorsofmeasurem?mtarethereadingof thecondensate
level,thedetcmminatlonof theno-loadcondensaterate,endthewalland
fluidtemperaturemeasurcnmnts.Thenmxdmumtotalexperimmtalerroris
estimatedatabout5 percent.Thereproducibilityofmdues of fc

x
wasfoundtobewithin3 percent.

Theirregularappearances(asshowninfigs.10to 20)oferratic
valuesof f /%at x of 1.03,4.41,and5.25areattributedto

Cx
leakagein thecondensatetubes;whereasthe f at ‘A of 15.40

Cx
and 16.50 am disregarded because of the influence, on theflowcondition,
of therubberhoeeconnecterprotrudingintothebackendof thetestpipe.
Asidefromthesepoints,theexperimentaldataindicatea regularvar~ation
of fCx dJ>ngthOpipelengthforthedifferententr~cecondftionsc

. —

.

CALCULATIONS

Eromthedatacollected,thefollowingitemswerecalculated:thehat
gainedby theairslxeamateachsection,thetemperatureriseof theair
stream,andfinallythelocalunitthermalconductanceateachsection.
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Forsczneof theentrancecotitions(a,b, g,h, i, #,k,andZ infig.
theaven%geunitthermalconduotance as a funotionofpipelengthwas
alsocalculated.

Theheatgainedby theairstresmat eachsectionisequalto the
productof theheatofvaporizationofwaterandthedifferencebetween

7’

1),

~heloadrateofcondensationandthen-loadrateofcondensation.The
neloadrateofcondensationvariedwiththeheightofthecondensate
levelin theKlaastubes.Itwasa linearvariation,however,andsothe
arithmeticav~rageno-loadvaluesbetweentheiniti~level
levelofthecondensateswereused. Thustheheattransfer

~d thefinal
to theair

S-treeln

where
load,
levels

fromeachsectionwas

qa ( )
=Ah Rav-R:avVap

I& is theaveragerateofcondensationin theglasstubeunder
R*av istheaveragezateofcondensationforno loadwithequal c
ofcondensatein the@ass tube,and ~ap istheheatofvapo~

izationforwaterat atmosphericpressure.

Tnetemperatureriseoftheairforeachsectionis obtainedby
makinga heatbalanoewithair. Therateofheatlossby condensation
calculatedintheprecedingpazw@?aphmustbe equalto theheatgained
theairstream,or

by

q = WcpAta

where q is theheatlossby thesteamfora certainlengthofthetest
pipeand Ata,theriseintemperatureinthislength.(Fordefinition
of symbols,seeappendix
measured,themixed+uean
testpipemlustbe

B.) Sincetheentering+irtemperatureis
temperatureoftheairstresmat sectionsof-the

t
% ‘ ‘% ‘ ‘ta

s-1

z
~~

q+~
1

‘ ‘w + w~p

Thelocelunitthermelconductanceforeachsectionisthencalculated
fromtheequation

(
=fAt

)
qs cx a8‘tw

.
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f ~~
cX=At -t

( a8 1?)
.-

where ~, thewalltemperature,is obtainedexperimentally.Thisisthe

definingexpressionforthelocalunitthermalconductancee whioh,when
obtainedexperimentally,isactuallythemeanvalueovertheindividual
heatingsecrtion. —

._— -..
DISCUSSION

-—

Thevxriationofthepointunitthemalconductancef. inthe
x

entrance section for 16 enteri~r conditions, with Reynoldsnumber Re
as a parameter, am showngraphically in figures 10 to ~. ti figures 26
to 29, the experimentalvalues of the point unit themal conductanceare
ompared with those pretictted by analytical methodsfor a particularvalue
of Re. Theaverageunitthemaloonductancesf werecalculated

cav
plottedinfigures30to 37aa a functionofthelengthofpipe.

In recapitulatingtheequationsofheattransferbetweena solid
surfaceandair,thefollawingequationsareobtafned:(Seeappendix

9.= )faA(tw- ta

ThefSrsteqpationisthemorefemiliiarexpressionwhichdef5.nesf.,

and

~.)

the
unitthermalconductance.A oonsi.derationoftiefluidlayerimmediately
ad~aaenttothesolidsurface,intowhiohheatistransferredby pure
o~nduotion,yieldsthesecondexpression(referencek). Cc%ubiningthetwo
equations ylelils,

Wa
()‘a ~

f. = Y=O
tw - ta

—
.
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or

‘c% 4 ),24
Nu =-=

ka tw - ta

Theseequationsindicatethatthepointunitthezmalconductanceis
direotlyproportionalto thetemperaturegxwdientexistinginthefluid
nexttothewall. In thedownstreamregionbeyondtheentrencesection,
by Reyaoldssanalogy,thetemperaturegra~entisproportionalto the
velooitygradientfortheeasewhere Fr isunity,anda definiterelation
existsbetweenthevelooitygzzuiientandthetempe=turegradientforother
valuesof Pr (referencek). In theentramesection,however,evenfor
Pr equaltounity,therelationbetweenvelooityandtemperaturegza.dients
dependsuponthetypeof entranoecondition,butitmaybe statedthat,
eve?@hingelsebeingconstxmt,an inoreaseinthevelocitygzadientwill
inoreasethetemperaturegratientendthusalsothe100alunitthemnal
conductance.In thesystemforwhichthefluidenterstheheatingseotion -”
witha fillydevelopedturbulentvelocitydistribution,thevelocitygradient
remainspracticallyunaltered,butthetanpemturegradientvariesfroxnan
infinitevalueat theentranoetotheheatingsectionto a finite,constant
valuefarfrantheentrancesection.In oontrast,whenthetemperatureand
velocitydistributionsareunifozmat theentranoe tothetube,boththe
velocityandtemperaturegradientsvary-frcxnem infinitevalueat thetube
entrenoetoa finite,constentvaluefarfromtheentremce section.

Asmentionedintheforegoingparagraph,forturbulentflowthrough
pipeswiththevelooityandtemperatuzwdistributionsunifomnoverthe
crosssectimat entrance,boththevelocityandtemperaturegradientaat
thesurfaoewilldecreaseframan infinitevalueat theentrante to some
finitevaluedownstream.Thegrowthoftheso-oalledturbulentboundaq
~er (refemmoe5)acccqaniesthesechanges.Unless a turbulence
prcmoterisused,a lsminerboundarylayerwillusuallypreoedethe
turbulentboundarylayer,as showninthefo~~w fi~.
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Growth of
boumlary -- ‘ .— -—
layers ------- ------- ------ ------

t

Variation of
veloci~

distribution

%x

Laminar\
boundary~bwellt boundary
layer layer

x~

.

~

Fully established
velocity distribution —

.

In thesediagramsareshownthetypicalgrowthsofi-thels@narand
turbulentboundary~ers, thevariationoftheveloaitydistribution
alongthelengthof thepipe,anda plotofthepoint@t the~l cox
ductanoeagainstthetistanoealon8thetube.Thedashedli~ intheplot
of f againstx~ isthevariationof f’ forlaminarflow,and

Cx ““ Cx

—-. ——

.

—
.

..—. —
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thedo&dashlineisthevariationof f forturbulentflow. Thesolid
‘x.

linewouldbe a pretictedvariationof thepointunitthermalconductance.
The100alunitthezmzaloonductanoef wouldrapidlydecreasefromem

Cx —
infinitevalueinthelem.ir?fluwregionandinoreaseat thepointwhere
theflowchangesfrcmLaninszto turbulent(locationusuallyunknown)and
thendecreaseagain,es- be predioted&cm thev@ation (alongthetube)
of thetemperaturegradfentat thewall. Fromthepointwherethetempera-
turedistributionis fullydeveloped(thetemperaturegradientwouldthen
be constant),fc shouldbe constantwithdistante alongthetu%e.

x

Thecurvesshowingthevariationof f in figure10 (bellmouth-
%

entremceoondition)exhibitthisexpecteddipat thelCYWReynoldsnumbers.
Figure11 (belhouthwithonescreen)showsthattheadditionofa screen
as a turbulente prcunoterel.imlnatesthedipswhicharedueto thepresente
oftheI.aminarboundaqylsyer.Theadditionofmorescreensas shownin
figure13 to Inoreaseturbulence(noteddyingflow}doesnotincrease.
f appreciahly.
‘x

Theentrsmceconditionwitha fulJydevelopedturbulentvelocity
distributionbuta uniformtemperatureat theentrsnoewillillustratethe
rapiditywithwhiohthetempemturedistributionbecamesfullydeveloped.
Theseeqerimentalvaluesof fc - shownin figure19 (long+almin&

x —
sectionentrsnceoondition).Figure18 (short+a3mi~ection entremoe)
isanapproximateillustrationofcaseIII(mentionedinINTRODUCTION),
forwhichIatzkoproposeda graphicalsolution.

,
Forthecaseinwhichtheairentersthrou@a baresh~dge

entrancea stagnantairpooketmaydevelopat theleti~ edge,yielding
an appreciableresistancetoheattransfer.ThecurvesIn figurela
(bare,Sadge entremcecondition)ccmfirmthisphenomenon.The
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introductionofthelargebaffleinconditione, figure1 (right-angh .
edgeentrance)reducesthesizeoftheairpocket@ alsotheresistance
toheattransferas shownby theresultsoffigure14. Thepresenceof
orificesat theentranceenlargestheairpocketandshiftsthepointof
highheattransferfartherdownstream.(Seefigs.16 and17 forexperi-
mentalverification.)

Theflowocm~tionsaffectidby thepresenceofanglebendsandround
bendsat theentrsmceareccanplexbutapproaohconditionsformany
practical:hwtdlations.Thedegreeofturbulenceisprobablyincreased.
Eddyingflnwispresent,anda stagnantairpocket~ alsoexist.The
velocitydistributionisno longersymmetricalabouttheaxisofthe
pipe(seereproducedphotographsshuwingfluwaroundbends,fig.38).
Erperfmentaldataaregiveninfigures20to 25forthefollowing
conditiom;h5°anglebend,90°anglebend,90°eaglebendwitha lor&
calmingsection,45°roundbend,90°roundbend,and180°roundbend.
Noticethattheresultsusingthe90° angle bendwerenotseriously
affectedby theadditionofthelongcakningsection.

Thepcdnt--unitthemalconductancef. asprediotedby theVSJ?1OUS
x

analyticalmethodspresentedintheappendixue plottedinfigwre26 at
a particuhrvalueofRe (*50,000]forccmqmrison.Itmaybe seen+Aat-
valuesof f givenby theequationsofhtzko (equati&s(Al)and

Cx
(A2)) imdIversentssimplificatim(equations(A~)and(A6)) ~e abouti--
20percentlowerthanthose~ivenby theOXP-i?eSSfOnSofBoelter,
Martinelli,andassociates(equations(A9)and(A1O)).It shouldbe .-
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notedherethatthevalueof f. predictedbymeeAsofequations(A9)
av

and(AM) areabout3 percentlowerthantheacce@edexpressionIn
reference6,whichwasobtainedby analyzinglargequantitiesofdata
takenforlongpipes.Thefourthtune inthisgraph(fig.26)isa
plotofIatzko*sequation(A13)forcaseII,inwhichtheinitial
velocitydistributionisthatoffullydevelopedturbulentfluwendthe
initialtemperaturedistributionIsuniform.

TheequationsofLatzkoandofBoelter,MartineUl_l,sndassociates,
previouslymentione~ereccmparedwithexpefientalvaluesin figure27.
Thefourexperimentalf uurvesareobtained,foroneRe (.u50,000),

Cx
frcmfigures10to 13whichincludethefollcmi~entrancecondltions:
bellmouthonly,bellmouthwithonescreen,beldmouthwithscreenholder,
andbelkuouthwithsixscreens.Itwillbe noticedthattheexperimental
curvesliebetweanthetwoanalyticalcurvesemdthattheincreaseInthe
degreeofturbulencebymeansof screensaffect=thevaluesof fc only

x
sL@ltly. Bothmethodsofpredictingthepointunitthezmalconductances
arewithin10pementoftheexperimentalvalues.

Figure28 indicatesthatLatzko’sequation(A13)isnotreliablein
thepretictionof fc forcaseII (initialtemperaturedistributlonis

A

uniformandinitialvelocitydistributionisthatof fullydeveloped
turbulentflow).Valuespredlctedby theequaticmarefrcm10to
30percentlow. Notealsothattheexpez%nentalresultsof fc for

x
sho~ almln&sectionentrance,right-angle-edgeentrance,andbares~~
edgeentranceereallhigherthanequations(A9)end(AIO),forvalues
of Xp= lSsSt~ about10. —

Thecomparisonin figure~ of thevariousbendsusedat theentrance
yieldssomeinterestingresultswhicharetentativelyexplainedas follows:
Forsharp+mglebendsthechengeft’au~5°to 90°increasesthe f

Cx’
whereasforsmoothbendsthereverseistrue.Thiseffectindicatesthat
apparentlyfors~ lebends the effect of eddyi~ flow predmdnates,
so that theImreseededdyingflowproducedby the90°bendincreasesthe
rateofheattransferat thetubeentrance.Forrovmdbends,however,
sinceeddyingisnotsopronounced,the45° bendyield=higherheaktransfer
ratesby actingas a shortcalmlngsection.In theceseofthel&1°round
bends,theM@ f maybe explainedby thefactthatthecentrifugal

‘x
forcedevelopedinthebendincreased.thevelooitygradientat thebottom
regionofthecircularpipeandthusproducedthehigherhea>transfer
rate. Alltheseexplanationsaretentative,ofcourse,andmustbe checked
by furtherexperimentsdesignedtoproveortisprovetheseargwaents.
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In fi~e 30, the fotiowkg entrenceccnditicmsarecc&ared
(at Re*27,000): right+n@e-edgeentrance,baresharpedgeentrance,
Iarge+rif:lceentrance,smd&orificeentrance,-d 9Q0~e~end

1

entrsnoe.Theextremelyhighvaluesofpointtit thermalconductance
resultingfrom,theoriflc~ntrawe conditionshouldbe noted.Theshfft
ofthepointofmaximumheattransfer
pointofhightemperaturegradienth
pointofhightemperaturegradientis
stressProl)lems.

Figures28,29,and30showthat

isaccompaniedby theshiftofthe
thewell. Thelwatt~.ofthis
importantincertainthermal-

noneoftheequationederived
analyticallyfor predictingf= couldbe usedforthefollowing

ent~e conditions:~@a* ent~e, ~ shamdf3e ent~e,
orificeentrance,shor&oahi~ection entrance,h5°-ang&bendand
rounibbendentrance,90°-smgl~endandround-bendentrance,andthe
180°.round-bendentrance.

In figures31 to 37 and 39 are shmn calculatedvaluesof the
avemgetit themalconductance‘fc aa a functionof Z/DH withthe

av
pxremeterRe.

I
If theratio f f isplottedagainst~/Z on

aav cm
Cartesiancootinates,ana~roximatelineerrelationisobtainedfor
valuesof 1/% greaterthan5. An equationofthefollowingform
3.susefultorepresent
(SeeappendixA.)

Thevaluesof K asa
analyticalmethodsand

intable1.

theaveragevalueof-f. ~orthelengthZ.

-.. -

functionof Re and W, as derivedfrm
thegmaphsof f f=

/
againstWZ, arelisted

Cav m

—-
—

coNcmIom
--

I&cman investigationofthedistributionofhea.btransferratethat
resultsfrcma variationoftheunitthemnalcOnductanceat theentrarme
toa tubeforvariousenteri.~fluidconditi.onsthefollowingooncIusions

.

weremade:

1. The
oonductanoe

Ytudes aswellas thevariekionofth6“yoin%-~~t ~he&al
intheentrancesectionofa tube,endconsequentlythe

‘x
.-

-..
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r~tudes sndthevariationof theaverage
f deperdgreatlyon theer.teri~fluid
=av’

15

urdtthermalcoxxiuctsxce
condltior=.

2. TIievaluesof fc , theunitthermalconductancedowrstreem
m

wher.boththevelocityandtemperaturedistributionsarefullydeveloped,
areFmctitallyindeper.dentoftheenteri~i’luidca.titions.

3. ‘IkeeffoctO;theunitthezmalcozductcnceof increasingthe .
degreecftmbulenceby additionof screensiano@i@ble.

4. Or.lyormidealsystemofturbulentflowincirculartubeshas
beensuccessfullyanalyzed.Forcase1, inwhichthevelooity and
temperaturedistributtonsareuniformat theentrante. thenointunlt
the&nalconductenceswerepredicted
oftheexperhnentaldata.

5= Values of theaverageunit
thanaboutfivemaybe approximated

by twomethodoto-withi=percent

thezmalconductsmcefor Z/~ greater
by theeq?m.tlonfc = f=

(
DH
)

l+K—.
av a ,2

ThecoefficientK Isgivenforei@t entranmeconditions~ntableI.

DepartmentofEngIneeriw
UrdversityofCalifornia

Berkeley,Calif.,Jan.3,1945

/-
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the variationofthepoint
unitthezmalconductancealongtheentranoeseotion.areoonfinedtocertain
Idealcasesonly.ThesystemsansdyticallyInvestigatedare:

Case1:Thevelooityandtemperaturedistributionsat entranoeare
un~formovertheorossseotion(similartoconditionb, fig.l).

Case11:ThetempenturedistributionisUniformovertheoross
nectionat theentranoebutthevelooity‘distributionIsthat-ofthe
establishedturbulentflowUstribution(sWllartocondition~,fig.1).

CaseIII:TheintamediatebetweencasesI and11,inwhichthe
oalmingsection of case (11)istooshortforthefluidtohaveattained
ccmplete h@xxiynmic flow before entering the heating section (approxi-
mately similar to condition i, fig. 1).

.

.. ... .-

CaseI
..’—

Latzko(referenoe2)gaveforcaseI thefolltingequationsforthe
pointunitthemaloonductanoe:

((a) for A< ~
)

o.== 0.625 Re
‘E %.

. .-.
where ‘o isthelen@hoftheentranaesectim,thatis,the
distenoetothepointwherethetempez%dau?edistributionhas
attaineditsfullydevelopedform.

f %?= 0.0384— Bt = f.Bt
Cx ~eo.25 a

-----

—

-. .—

—



. .
I

. .

where E
1.865

BI= 1.143-0.0?2?+ 0.W1485 i

1.340(4E2-
3/41/4

22g+ 165) E
[ (1- 0.133E+ 0.024E2+ o.oo148~~“% -0.032$(0.52E- 0.1452)]?

E

(~>—‘b)‘or% ; )= 0.625ReO”~

(“
-o.1510x -2.844x—_

o 40-~ + o.o@#e’’”25%rc = 0.0384~ “
x ~o.~ -o.1510x -2.8Ux

o.8’73eb O*25$.0,-- q
)

in
P

(A2)

where B“ isthetem inpmentheseatieqpation(A2).

themlal Comblct-moe foav could beobtatidIntenuaof 1,the tube length measumd frm the
leading edge. :%

I
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( )(a) For Y < 0.6% or $< $ = 0.625 Re0”3

.

NACA”-TNNO.1451

.

.

‘aw[Re-’’5(*
(b) For w >0.686 or

( )
~> $ = 0.625Re0”25
%

.-
.“

f 1 z. %N=- 1.IJ fc (0.686 )A”275$+ fc ~-— ~
cav w “%

(cm 1 + 0.144Ref
)

0.25~= (A4) . -
2

Iversen(reference1)wassuccessfulinsimpli~ingtheccmrplex
equationsgivenby Latzko,andpresentedthefoXlawing.equation8forthe
variationofthepointunitthenne.1oonduota.nceintheentrancesect.ion

—

withinitiallyunifomnvelooityandtemperaturedistributions.

(a) For ~ < #4
m

.-. ---

f“ 1
()

~ o.1144
= 0.0384 ccPJXzmy

(A5)
ax

(b) For ~ > Re’/4
%

,.

.

—.

,—r -_,. —

-.

-.-—

..—

—

..--
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Fortheaverageunitthermalconductancefora length 1,he gave:

(a) For ~<Re l/4

%

1 0.1144
f = 0.0434 Gcp

()
%

Cav Re0.2214~

(b) For ~>Re 1/4
%

f = fc
( )
1 + 0.128Re0”25~

Cav a z

(A7)

(A8)

The mthod ofMartinellf (reference 3) presents an approximate
methodof solving case I by postulating that the fluid flow along the. entrance section is similsr to that along a flat plate until the boundary
layer builds up to the radius of the pipe. Thushe gives f r air flowing?turbulently in the entrance section the followlng equations for the point
tit thermal conductance.

(a) For ~ <4.4
%

o.3Goa
f

-4 Tf
= 7.3(10)

Cx -0.2
A

(b) For ~ >4.4
%

‘4 T0.3G
0.8

f = 5.4(10)
Cx m

%

(A9)

(A1O)

—

i

lBeinningwithpartXVIIIof thisseries,theexponentof T
(and TfY andtheconstsntsin theseequationshavebeenslmpllfied.
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Andfortheaverageunitthermalconductanceasa functIonof length,
—

~—
-—

(a) For
.-

2 <4.4
%

0.3 G0.8
f = 9.1(10 )-4 ‘f
cav ~oo2

(All)

—

—

.—
-.

fc
_k $.3 ~0.8

av = 5.4(10) ( )
%l+l.l —

%
0.2 2 .-

i–

= ‘%4+‘01+9 (A12) ,

,- .:. -
. CaseII ,

Forthissystem,wherethetemperaturedistribution is uniform over
the cross section at the entranoe but the velocity distribution fs that
forfullydevelopedflow,Latzkopresentsthefollowingequation forthe
pointunitthermlconductanceforvaluesof x4 frcmlo tom.

f
Cx

= 0.0346
Gop

~eo.25

-0.1510x -2*844 x –29.42 X
v%T72’5% O.g&)$e0.3 ~ + 0*134J% ~ x +

1.07%Re
4.1510 x -2.84 –29.42 x——

0.25 ~ mq x%
o .970s Re + 0.024#e + 0.006eRe

( *L -29.27&

)

-Q@ .&
0.25 ~ 8

0.0384 ~ Reoo251~
1 + O.leRe

0.25~
= + 0.9e - 0.023eRe

~e0.25 P
8

(A13)

whereB*S~ is tlmterminparentheses.

—



The avmageunit.thermalconductanceasa functionof tube leng& is obtained k? direct integration.

(a) For all values of
1/%

fc =fc

[

1 + 0.067Re0”25 : +
av m

(

4.7 z -29.27 1 –31.961—. )1~~~eo”’5~e0”a~~A$I_Reo.S$80”25~,~~e0.25eRP % (A14)
t 2.7 q .27 31.96

(b) For ~ > (-5)tlmfollowlng may be used
%

fc =f
( )

1 + O 067lle0”25~
av %“ 1

Case III

For case III Latzko offers the following apprcmhmte graphl cal mthcd. First the point uuit
therml conductance at the particular Re of the problemiscalculat~dasIfItwwreforcaseI,and
thenthecalculationisrepeatedasifitwereforcaHeII. Bothcurmsforthepintunitthermal
conductanceeralaidoutata diaticeof x~ apart,equaltothedistancebetweenthebeginniw
of the calming eectlon aud the heating 8ection, ui~

for case II. ~ “enmJ.op3” of * two cU,t’veS WOW

the fc calculated for case I ahead Of that
x

be the solutionforthe~irstapproximation.

n)P
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Forexample,

I

fCx I

I

\

\

.

I X()

r--%——

fc
x

—— . caseI

—- —case ~

case111

—.

,

1--—— —

t--
x&

—

—

... .-.
,=----

... .- _
—.——

.—.—

-=

.—. -

..—
,--- ...—
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A

Ac

B#, Bt~,B??,~,Btav

CP

%

fc

f
Cav

f c=

fc
@

G

ka

K

2

20
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APFENDIXB

SYMBOLS

heat-transfersreaperpendiculartokat flow,sq ft

cross-sectionalareaof tube,sqft

functionsdefinedinappendixA

specific heat of fluid at constant pressureJ
Btu/(lb)(%)

hydraulicdismeterof tube

c )

X Cross+ectionsiarea
, ft

Wettedperimeter

unitthermalconductancebetween
Btu/(hr)(sqft)(OF)

averageunitthermalconductance
tube,Btu/(hr)(sqft)(°F)

pipe end fluid,

imlength Z of

local or point unit thermal conductance, x feet from
entrsxice of tube, Bti/(lu?)(sqft)(%?)

point unit thermal conductancedownstreamof the
entrance of tube where the tem@rature distribution
in the fluid is fully developed, Btu/(hr)(sq ft)(%?)

c)weight flowofairperunitcross-sectionalarea — ,
lb/(ti)(sqft)

heat of vaporization of water at atmosphericpressure,
Btu/lb

thermalconductivity of air, Btu/(hr)(sqft)(°F/ft)

coefficient defined by equation f = fcCav .$+K?) .
tube len@h masured from the lesding edge, ft

length of entrsnce section, ft

radial rate of heat transfer, Btu/’hr



24

fl*

r

Rav
R&

T

‘f

t
a.
ta
8

w

x

Y

P

v

Nu

. ...-—

NACATNNo. 1451

rad$al rate of heat transfer per section, Btu/hr

radius of test pipe, ft .

rate of condensation for load runs, lb/hr

rati of condensation for no-load

sd. thmstic average of mfxed+sn
ture of air entering and leaving

erithmtic average of mixed_~an

runs, lb/hr

absolutetempera-
tube,OR

airtempe~ature
r

and tube-wall temperature KW;’)+46J%

tube-wallbmperature,‘F

airtemperature,‘F

mfxed-mmnairtemperatureat

mixed~sn airtemperatureat-
section,%

weightrateof tluid,lb~

entrance,‘F Q

anyparticular

U stance from entranceof tube, ft

distance into fluid streammeasuredfromthe tube
wall, f t

.

specfftcweightofflufd,lb/cuft

thfcknessof boundaryhyer, ft

absolute viscosityof fluid,(lb)(see)/sqft

kinematicviscosityof fluid,sqft~sec

di?mmsfonlessratioofdistanceg
()

massdensityof fluid,(lb)(sec2)~ft4

functiondefinedinappendixA

()fc%Nusseltnumber
T

-.

-_—

.
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TABLEI

.

Entranceconditions K

Bellmouth

Experimental 0.7

Bellmouthwith one screen

Equation.(A4) 0.144 Re””25
Equation (A12) 1.1
Equation (A8) 0.128 ReO“25
Experhnental 1.2

short celming section with sharp-edge entrance

Experimental -3

Longcalmingsection with sharp-edge entrence

Eqwtion(A15) 0.067Re0”25
Experimental 1.4

k5°~le-bend entrence

Experimental -3

90°+ngleQbendentrence

Experimental -7

l-inc&square+m@-orificOentrance

Experimental m16

11;-inch-square-edge+rificeentrance

Experimental -7

—

--

‘=s=
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(b) EelhmthV!thumWREL

rl—

(c] E!&kc@htitb men Mder.

l–

7

(4]

u)

Right-mgla* ●ntrmca.

Eue dmt’p-adgeOllbucs.

—

(g)Lar@-orlmm @n@Jr.e,

—

[ml
~] SmI&.rnlea eMwxe.

(!1

m)

@-s@e Mad wifi dtnlng aedcm.

45Ql’owi-bmi emtmaw.

I&Tgcdmlngmuca , I

459.mg10-bml●ntrame.
(0) L@ rmmi-lmrd arm.

+

(1) WJ%@e-td mtmEe. (p) liw rod-bid ~.

●

m 1.- ~ clmllu@.
1

,1
m I
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1.

::

I

[

I-i

Twothermometersandthermocoupleforinlettemp. 11.
Approach section (see fig. 1)
Steam throttle valve
Testpipe(seefig. 9)
Steam hcket
Steam klief to atmosphere
Rubberconnector
Gate valve foradjustingah rate.
Thermocoupleforfhalairtemp.
Glesstubes(condensatecollectors)

12.
13.
14.
15.
16.
17.
18.
19.
20.

20thermocouplesfortubs-walltemp.
Condensate-
Water manometer for orifice pressure
OrEice
Draft gage for orMce differential pressure
‘Ihermoco@e for orifice temp.
Blower suction
Blowerdischargetoatmosphere
Resistancebox
110-volt d,+. for blower motor

Wure 2.-Test-staud sssemb~,



m
o

‘1 m’ n r3 A i

w-—II PI==Io

.

1.l/4-inch

u Uuu

steam Met 6. Condensate tubes
2. Sieam jacket l’. l/4-imlLhole to tUbSS

9. 3-im.?hpipe segments 8. l/16-iwh rubter gasket
4. PexUtton 9. l/Wnch rubber gasket
5. LwtiJlg edge 10. Scale kblmi SU tubes

P1
u

11. V’!Mnchdrain
12. Skim tn atmcqhere
13. Rubber tube conmctor
14. l/4-f,nch hole for stwun P&wage
15. Slote for thermocouples

Note (1) 20 Wrmccooplae for him-wall temperatures soldered tn corners of grooves; 5 fII
each groove epased evenly. Grmvee fflled withSmcdh-On, (2) steam at atmospheric
prssmi-e throughout. (3) First section 1.91 inches long; sections 2 to 8 apprcMmE@v
1 hub lo% sections 9 to 19 appmxdroatee 2 inches long.

-A F@-ul’es.- Eeat exchanger.

I

‘1 .



>

S.c+l’onA-ii

i
3.
4.
5.

-f-

* 7=’”
. -,’p-=-l

I

1

l/4-tich mesh wire screen over intake 6.
Strings to induce turbulence 7.
A.S.M.E. nozzle shape 8.
1/8- by l/8-inch collectir * 9.
l/16-inch spacer

Note: Strhgs allowed b wan freely.
Screenoverthewholeintakearea.

E@l’e4.- Bellmouth.

Back pklb3
Test pipe
Leadtng edge of test pipe
l/4-inCh tubes to VaCuUm pump
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Figure5.- Photographs of approach sections.
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Figure 6.- Front view and bare sharp -edge entrance condition.

—-

--i

Figure 7’.- Bellmouth entrance. Figure 8.- Short calming section.

Figure9.- 450-angle bend.

~
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20

16

●

“012 s456 789/o lllzi314/5 &617
/x ~H

m la-Variationofpointunit thermal cotiuctance in circular ‘de withballsnoutb
at entrance.
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Figure 11.- Variationof pointunit thermal conductamein circular tukewithbellmouthand
one screen at entrance.
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Figur9 12.- Variationof pointunit thermal cotiuche in circulartubewithbellmouthand

screen holder at entrance,
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Figure13.- ,Variationof pint unit thermal conductancein circular tubetvithbellmouthti
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~

x d ~9

II

\l’\
P, 286 54400

x r 265 15qsoo
+ 225 4som
0 192 36,760
● /39 26700

s

c \\ +
‘o.

\
● =0. \

c —0— 0
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01 2345678910 II /2#UlS /6/7
/x D~

~gure 14.- Variationnt pofntunit thermal cotiuctance iu circular tubewith right-engle-
edgeentrance.

I I I I l\ ‘1 /1 I I
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0/234 S678 9101/ 1213 M/!/617

x/Djl
Ftgure 15.- Variatfonof pointunit thermal cotiuctenca in circular tubewithhare eherp-

edgeentrance.
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i?a

a
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6

4

2

n
0 /2345676S &/Y4? .45.4/31&17

/’x Qf
Fi@me16.- Variatlonof pointunit thermal conductancein circular Mm withlarge

ortfice at entrance.
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Figure 17.- Variationof pointUMthermal conductanceLncircular tubewithsmall orifice
at entrance. . .——
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20
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0123456789 1011121.3 WIS 1617

=e 18.- Variationof Dotit tit thermal cotiuctance in circular tubewithshort
calming ssction at ~e.
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Figure 19.- Variationof pointunit thermal conductsncsin circuler tubawithlongcs.lmhq
section at entrance.
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Figure 20.- Vmiationof pointtit thermal conductancein circular tubewith45°-engle

bendat entrance.
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