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SUMMARY

An e~-ntal studywaamadeoffrictioncoefficientsneartheWet
ofmoth, roundlnibeswithbellmouthentrances:TherangeofReynolds
nmiber(basedontubediameter)wasfram39,000to593,000;thesevalues
mrrespondedtoturbplentflowintheregionofa fulllydevelopedvelocity
yrofile.Thetubesizerangedfrom3/8 inchto4 inches.Fourdiffermt
ccribinationsofa~proachsectionandbellpouthentrywereused.Tests
weremadebothwithwaterandwithairatkm Machnumbers.

Theresultsarereportedintermsoftheayysrentfrictioncoefficient,
whichisdirectlyameasureoftheyressuredroyandwhichincludesthe
effectsofbothfrictionandofchangesinrmnentumfluxassociatedwith
changesinvelocityprofile.

I?eertheInlettheteststiiMcateda zoneinwhichthedevelo@ng
boundarylayerislaminar,followedbya zoneinwhichtheboundarylayer
isturbulent.Transitionfroma lminartoturbulentboundarylayerwm
foundtooccurt aReynoldsnumber(basedondistaqcefromthetubeinlet)

3ofabout5 x M , whichcompareswe13withthecorrespondingvaluefor
a flatplate.

~ theinletregionthefrictioncoefficientwasfoundtorarywidely
fromtheK&6n-Nikhradsecoefficientforfullydevebpedturbulentflow
andwas.sometimesgreaterandsometimeslessthsmtheK&m6n-Nikuradse
value,dependingonthevalueoftheReynoldEnumber.About~ tube
diameterswererequiredforthelocalfrictioncoefficienttocomewithin
5 percentofthel&m6n-Nikuradsevalue
integratedfrictioncoefficienttocome
Nikuradsevalue.

Theeffects‘oftiaumgturbulence
byanobstructiononthetubewallwere

andabout&)diamtersforthe
within5 percentoftheK6rn&-

artifical.ly bytie screensand
studied.

,.
fithelaminarinletzonetheresultswerefoundtobeinaccord

tiththetheoryofLanghaar.

,
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2 NACATNNo.1785

Valuesofthefrictioncoefficientmeasuredatlargedistancesfrom
thetubeinletwerefoundtobesystematicallyabout1.3 yercenthigher
thanthevaluesgivenbytheK&m6-IUkuradseformula.

Anapproximatemethodforyredicttigthedis*ge coefficientof
rounded-entranceflownozzles,Wisedonthereportedresults,ispresentid
andisshowntocomparewellwithpubLLsheddataonflownozzles.

13?TROJXJClZON

General

Whena fltidflowssteatilythrou@a tube,theflowpatterninthe
region3mnetiatelydownstie.amoftheeqtrancetothetubedependsh great
degreeonthedistancefromthetubeentrance.Afterthisd3.stancehas
becomesufficientlygreat,thatis,oftheorderof~ tubeUameters

. inlength,thevariationsinflowpatternvanish,thevelocityprofile
remainsunaltered,andthefrictioncoefficientisindependentofthe
distancefromtubeWt.

Thechangesinvelocityprofileyhichoccurintheinletregion
immediatelydownstreamofthetubeentrancehaveaniqortanteffecton
thefrictioncoefficientinthisregion.Throughthecmibineaefforts
ofmanyinvestigatorsthevaluesofthefrictioncoefficientinthe
permanentzonedownstreamoftheinletregionhavebeenestab13.shedwith
gOOaaccuracy.Forthefit zone,ontheotherhand,onlyscantand
inconclusivedataareavsllable.

Therearemanyinstancesin.thedesignofengheeringequipment,
~articularQaircraftequipment,wherethelength-diameterratiosofducts
andoftubesarenotlargecomparedwiththeLm@h-diamsterratioinwhich
inleteffectsarestrong.As3nstancesmaybe citedthefollowingcases:

(a) Thettiesofradiators,intercoolers,audoilcoolers

(b) Theductsconnectingairscoopsinairc= withcooling
eqtipentorprozion devices

(c) Thepassagewaysk ram-jetandgas-turbine~owerplants

(d) Theconnecttigandreturnductsforwindtunnels.

.

.
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NACA‘I!NNo.176 3

ObJect

Theobjectofthisinvestigationwastodeteminee~er-tally the
valuesofthefrictioncoefficientintheUt lengthofround,strai@,
smoothtubesandtofindtheeffectsonthefrictioncoefficientof
Reynoldsnumber,distancefromtheentrance,andinitialturbulence.The
rangeofReynoldsnmiberwastocorrespondtoturbulentflawinthefully
developedre#on,endcompressibilityeffectsweretobeeliminatedasa
complicatingfactorbymakingtestswithwaterandwithairatverylow
Machnuuibers.

HistoricalBackground

Analytical.-Boussinesq(reference1),h 1890,employedanapproxi-
mateformoftheNavier-Stokesequationtoobtaina solutionforthe Y
devel.opnentofthevelocityprofileforEmrksrflowinroundtubes.His
resultsledtoa predictedlength-diameter‘ratio
inletzoneof

fora purelylamhar

(@)tit = 0.06zD

Schiller(reference2)investigatedthelaminarinletzonewiththe
aidofK&m&’s momentumtheoryfortheboundarylayer.Afterassming
thatthetypicalvelocityprofileneartheinletwascomyosedofa
straight-linesegmentterminatedbyparabolicarcs,heappliedthe
momentumequationtotheentirecrosssectionandtheBernou3Mequation
tothecentral,frictionlesscoreoffluid.Therateof’demlopent
ofthevelocityprofilewaacomputed,inadditiontowhichthepressme
dropfromtheentrancewaspredicted.Forthelengthofa yurely~
inletzoneheobtained

(xp)~t=o.02gR~

AtkinsonandGoldstein(reference’3), alsoustiganapproximateform
oftheI?avier-Stokesequation,improvedupontheresultsofBoussinesqby
emyloyingneartheentrya seriessolutionbasedinpartona generaMzekion
oftheBlasiusboundary-layerequaticm.

Langhaar’(reference4)presentedthe’mst completeanalysisfor
laminarflow.Heretained”moretermsoftheNavier-Stokesequationthan
hadbeenretainedbyotherinvestigatorsandobtaineda solutiaubya
linearizingprocedurewhichcanbepartiaUyJustifiedontheoretical
grounds./Hisresultsareintheformoftablesfromwhichvelocityprofiles

. . .. _ —,. — — -. -—---, .—— ———– —,.
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4 I’?ACATIVNo. 1785

and~essuredrqsmaybecmputed.Unlikethepreviousworkinthis
field,nodef~te inletlengbhwasfound,butWtead thevelocity
profilewasfoundtoayproachtheyarabo13.cformofI?oiseuillein
asymptoticfashion.Thelengthinwhichthecenter-ldnevelocityreaches
99Percentofitsasmotic valuewaspretictedtobe

,

s’

(XP)99yercentinlet= 0●U~D

Latzlm(reference5)_ed thedevelopmentofa turbulentvelocity
profileina tubebyamethodanalogoustothatofSchiller(reference2).
ThebasicassumptionofIatzko’samilysiswasthata tyyicalvelocity
profilefitheNet lengthisccmqxmedofa straight-ltnesegment
terndnatedbyarcs,thevelocitydistributionofwhichfollowstheone-
seventh-pwerlaw.Forthetotaltit lengthofa purelyturbulentflow
heobtained

“(xp)~et= o.69RD0“25

.
Experimental.-~sten (reference6) measuredvelocityprofilesat

variousdistancesfrm bell-mouth@ sharp-edgedentrancesfortheflow
ofairtbrou@smoothtubesatverylowMachnumbersandovera range
ofReynoldsnuniber(basedontubedlemeter)fram20,000to80,000.h
thecaseofflowwitha well-roundedentrance,thenatureoftheveloci~
profilesseemedtoindicatethattheboundarylayerneartheentrance
isatfirstlaminarandthatatsomedistancefromtheinleta transition
occurstothetypeofcombtiedlamlnarandturbulentlayercustomarily
associatedwithflowovera flatplateandwithfuJlydeveloped
turbulentflowh a yipe.Wsten alsomadea fewstatic-yressure
measurementsatthetubewallandwasabletocomptie‘frictioncoeffi-
cientsfortwoReynoldsnumibers.

Nikuradse(seereference7,y.27)reportedvelocityyrofilesfor
a pmelylaminminletregion.(Reference7 givesonlya setofcurves
attributedtoNikuradse;a detailedaccountapyearsnottohavebeen
yublished.) A coqarisonofthesemeammementswiththeth60riesof
Boussinesq(reference1),Schiller(reference2),AtMnsonandGoldstein
(reference3), andIan@a= (reference4) ti~cates,atleastonthe
basisofcenter-ltnevelocities,thatLsmghaar’streatmntismostcorrect
physicallyovertheentireinletregion.ThemethodofSchillerpredicts
center-Mnevelocitiesaccuratelyatpointsclosetotheentryandpoorly
atmointsneartheendoftheinletzone.ThemethodsofBoussinesqand.—
ofAtlclnson+ldstein,ontheotherWY cqme
measurementsneartheendoftheinletregionand
entryoftheduct.

we13withI?ikurati-e’s
ccmqarepoorlynesrthe .

.—— —.
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NMA TNNO● 1785 5

Thee~erimentalresultsforwaterflowreportedhereinfortubeI
wereobtainedbyBroob,Craft,endMontrello(reference8).

Theexperhnentalremiltsforairflowre~ortedheretifort@e IV
wereobtainedbySmith(reference9)..

Thispe8entprojectwas&criedouth theMechanicalEn@eering
DepartmentoftheMassachusettsTnstituteofTecbnolo~underthe
sponsorshipS@ withthef~cial assistanceoftheNationalAdvisory
C-ttee forAer~utics.Theworkwascerriedonduzdng1943-44and
aurmglg46-k7.

Thehelyandencouraganentof?&ofessorJ.H.Keenan,particularly
intheearlystages,areacknowledgedwiththanks.

Mr.Wil.liemVaismann‘gavevaluableassistanceintakingandreducing
data.
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cross-sectional

SYMBOK

areaoftube,squarefeet

dischargecoefficientforflownozzle,definedbyequation(l-l),
&lmensioIiLess

diameteroftube,feet

localapparentfrictioncoefficient,deftiedbyequation(4),
,.Ltblmnsiollless

integratedapyamntfrictioncoefficient,definedbyequatiom(5)
and(6),itimensio~ess

frictioncoefficientinregimofunchangingvelocityprofile,
&lmensionlMs

frictioncoefficient‘from&&n-Nikura&eformula(equation7)
correspxmiing

staticpressure,

Reynoldsnumber,

Reynolds.number,

tovalueof RD .

punds“persquarefoot

dimensionless(VDp/V)

dhensionless(Wj’h)

. .. —. ——. —...,. .—. _ _. ..___ __ . ..-. — .- —.—— .-— -— .+ _ —.,.,



6

meanvelocity,feetpersecond

massrateofflaw,slugsyersecond

distancefrombegimningofcylludricalpartoftube,feet

vi,scosi~,slugsperfoot-second.

density,slugspercubicfoot

.

.

TEEORETCCALconsiderations‘

Theusualprocedureh calclilstingfrictioncoefficientsfrompressure-
tiopdataistoassumethattheveloci~isuniformovereachcrosssection.
Sincethisi~oresthechangesinmomsntumfluxwhichaccompanya change@
velocityprofile,itfollowsthatsucha frictionfactordoesnotrepresent
thetruedragcoefficient,or,inotherworW,itisnotequaltotheratio
ofthesheartigstressatthewdl tothevelocityheadofthestream.
Frictioncoefficientscalculatedinthissimplewayarethereforecalled
“apparentfrictioncoefficient.”k ordertocalculatethe“truefriction
factor,”thatis,theratioofthewallshearingstresstothevelocity
head,itisnecessarytoconsidernotonlytheTressuredrOPSinv@l~ed “
butaho thechangesinveloci~profile.Thetruefrictionfactoris
identicalwiththea~parentfrictionfactoronlywhenthevelocitydis-
tributionisthesameatallcrosssectionsconsideredandwhenthefluw
isincompressible.

Whenthetubehasa well-roundedentiancetheformationofthe
boundarylayermightreasonably%eexpectedtobesimilartothebounderY-
la.yergrowthnearthelead3ngedgeoftheflatplate.Fora shortdistance
fromtheentrancetheboundarylayerwouldbelaminar~Then,atsoq
distancefromtheleadingedgepresumablydependentonthedegreeof
imitialturbulence,theouteryortionoftheboundarylayerwouldbecome
turbulent.Theturbulentboundarylayerwouldthenspreaduntilit
reachedthecenterofthetube,folI@wingwhichthevelocityprofile
wouldasymptoticallyapproachtheshapecorrespondhgtofullydeveloped
turbulentflow. .

Thenatureofviscous(lam~nsr)fkow,thestabilityofLaminarflow, ~
andthemechanismofturbulencearealJ_associatedwiththeReynolds
number.Furthermore,theam.owt@ s~~ct~eofturb~~ce~ tiestrfl
atthetubeentrancedoubtlesshaveq imfluenceonthelocationatwhich
thetransitiontoturbulenceocctisandonthemannerinwhichthe
turbulentvelocityprofiledeveloys.BothReynoldsnmiberandinitial
turbulence,therefore,mi@t beeqectedto~ve ~ effe~ontiefriction
coefficientinthetransitionregion.

●
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Itwasearlydecided.inthisinvestigationtomeasureapparent
frictioncoefficientsratherthantruefrictioncoefficients.This
d.ecisionwaspromptedfirst,bythefactthatthedesigneristiterested
prtirilyinapparentfrictioncoefficients,and-second,bythemanifold
greatercomplexityoftheapparatusrequired-tomeasuretruefriction
coefficients.

Onthebasisof

KE!l?JxRATusmTEsT

thOconsiderations

PROCEDURE

just outllned,thetestswere
carriedoutwithwaterandwithairatlowMachnumbers.Theprhciyal
datacomyisedmeasurementsofflowrates,static~essures.5&J.pressure
differencesatthewalloftheduct,andinlettem@atures.

Fourdifferenttestductswereused.Thoseusedforthewatertests
areidentifiedastubesI,II,andIII,andthes@le ductusedforthe
airtestsistubeIV. TheprincipalMmensions,nature”ofentrysectiq
andsizeandlocationofpresametapsforthesetubesareshownh
figurelandintableI.

Becauseofthea@hasisontheregionofchanghgvelocitydistri-
bution,the~ressuretapsweremostnumerousandmostclose=qacednear
theentranceofeachthe.

o WaterTests

Flowsystm.-Waterwaadrawnfroma largeheadersuy@iedbya
centrifugalpumpata pressurerangingfromaboutlf)Oto200poundsWr
squaretichgage,througha hand-controlledthrottlevalve,throughthe
ayproachsectiontothetestyiye,and,afterpsstigthroughthetest
pipe,wasdischargedintoanoyenweighingtenk.Theusualvariations
inflowrateduringa testwereoftheorderof1 percentorless. T

Designoftubes.-TubeI,whichhadaninside.diameterof0.373inch,
wasattachedbya reducinglushingtoa strai@trunof18feet(85diemsters)

1of2~inch,blackironpipe.Thereducingbushingwasmachinedonthe

insidetoprovidea smoothPssagefortheflow.Uystreamofthe18-foot
1runwasa 2-footsectionof2--tichTilefilledwithstraightemlngvanes.2

TheentrancetothetestductTroyerwas,in”crosssection,a circular
arcwitha radiusapproximatelyequaltothediameterofthetestsection,
t~t is,3/8 titi. Brasswasusedforthetestductandallattached
fittin&l.‘Pressuretaps,werecleeqlydrilledthrough
greatcarewesexercisedtoinsurethatthetapswere

thetfiewall,and
squareandwithout.

1

.

.-, ... , ,,. .— ———
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hmrs ontheinsideofthe$Ube.Connectionsweremade
tapsbymeans-ofsaddlessolderedtothetestpile.

NACATNMO.1785

totheyressure

Thetestyipewith”itsattachedbellmouthimletusedfortubeII
wastiesameone~ thatwed fortube1. Thesoledifferencebetweenthe
teatswiththe I andwithtubeIIlayintheapproachsectionusedfor
therespectivetests.l?orthetestswithtubeIIjthelo-inchcalming
chemhershownlufigureI(a)waaplaced.upstreamofthetestpipe,as
shownh figure1(c). Thebaffles,honeycmib,+ul.screensinthisstil.lhg
section,togetherwiththe~ea reductionof700:1betweenthestilMng
sectionendtestduct,yould,itwasbe~eved,reducetheinitialturbulence
inthetestsectiontoverysmallproportions.

Tube~, Gh& h figurel(d),wasofbrassandofO.735-inch
imbernaltiamter.Mlm tubelZ,“itwasattachedtothestilllngchsmlxm
offigurel(a),thecorrespondingareareductionbeing185:1.b construction
itwassimilartotubeI,exceptthatateachofthefirstfow pressure
stationstherewe$e-fourpressuretapsconnectedbya piezometerring.
Thisarrangementtendedtoreduceerrorsneartheentrancewhichmightbe
causedbya sllghtimperfectionina singlepressuretap.

AM.thetest“pipes‘usedintheinvestigationwerepolishedonthe
wide . ThediameterswerecarefulJymmsuredatasmanylocationsand
asmanyorientationsasconvenient.TheaveragediametersoftubesI,II,
andIIIovertheirentire‘lengthswerefound.byfillingwithwater.
Departuresfromroundnessandfromuniformityin&huneterwerewithin
O.001inch.Thebellmotihentrywasineachcasemachined-whileattachedto
thetubeproper,andtheinletcurvewaEburnishedsothattherewasno
observableJunctionbetweenthebellmotihandthetube.

For.runswithinducedturbulencewithtubesIIandIII,brass
screedng(24-mesh,30-gage)wasplacedneartheexLtofthecedming
chamber,flushwiththeflangeJustpriortothebellmoutientrytothe
.testduct.

Measurements.-“Eachofthepressuretapswasconnectedthroughtubing
andshutoffvalvestotwomamifolds.Eachmanifoldwasconnectedinturn
toeachlegofapmrqzry-waterU-tubemanometerandanair-waterU-tube
manometer.Withthismanifoldarrangement,pressure&lfferencescould
bemeasuredbetweenq pairoftaps,andthepressuretapscouldbe c
reversedrelativetothemanifoldsand.tothemanometerssoastoprmit

testsforleakageinallpartsofthesystem.Becauseoftheimportant
effectsthateventhesmalllestamcnmtofleakagemighthavehadonthe
measurements,everysetofreadjngswascheclmdforlealmgebyreversal
oftheconnectionsbetweauthepressuretapsandthemanifolds.All
connectionlineswerecareflillypurgedofairandfilledwithwaterprior
toeachtest.

.

.

!

,,

.

.
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Flowrates weremeasuredbydireotweighinginanoyentankmounted
onplatfomscales.

.AuxiM~ measurementsincludedthetemperateofthewaterleaving
theapparatus,thqyressuretithecalmingcbmiber,the~ressureh the
manifoldstoyermitcorrectionsfor‘theheadofairh theair-water
manometer,atmospherictemperature,andalmms~heric~essure.

AirTests

Flowsystem.-Airwasdrawnatatmxyhericpressurefroma largercom
tntothetestpiyethroughthebelJmouthentryshowninfigurel(e).After
leavingtheted ,duct,theairpassedthrougha sharp-edgedorificemeter
andwasthendischargedoutsidethebuiliMngbya steameJector.

Dwtigeachrunata specifiedReynoldsnumberthefluwratewas
maintainednearlyconstantbymud. controlofa throttlevalvedown-
streamoftheorificemeter.

Desi~oftube.-TubeIVwasofcopperwithaninternal&Lameterof
4 fiches. Theentry consistedofa spua-coyperbelhnuthattachedtoan
annulardisc ofy&od 34inchesh ‘tiameter.ThebeIlmouthwash .
crosssectionanel.liysehavingthedimemsionEshownh figurel(e).
l?resumablytheairdrawnfroma largeqpietroomintothetestyipethrough
thisbellmouthwasverynearlyfreeofmeamrableturbulence.

TheprecautionsfollowedfortubesI,II,andIIIinobtaintngclean
andsquarepressuretaps,a smoothfinishontheinsideofthepiye,and
a smooth,continuousjuncturebetweenpipeandbeldmouth,werefollowed
alsointhecaseoftubeIV.

Forrunswithinducedturbulence,twodifferentmethodsofcreating
turbulenceweneeqloyed:(a)A yieceofbraasscremdng4 inchesin
diameter(2h-mesh,30-gage)was@acedinthetestductattheendofthe
bellmouthentryuh6rethel.a~erjoinedontothecylindricaltestTile
and(b)a pieceofscotchtape1A inchwideand0.0033tichthickwas
placedaroundthetiideperiyheryoftheductatthesamelocationas
theaforemaxtioned.screening.

Messurements.-Thefirstpessuretapwasconnectedtoa water-
micromanameter.EacQoftheotherpressuretapswasconnectedthrough
a lengthoftubinganda valvetoa manifold,andthelatterwasconnected
toa secondmicrmanmeter.Bothmicromancmmtershadonelegopentothe
atmosphere.Treasuredifferenceswereineachcasemeasuredbetweenthe
firsttapandtheatmosphereandbetweeneachofthesucceedingtapsand

—.. - .—. — —.— — —— . . . . . .— — ——-



10 NACAM NO.1785

theatmosphere,sothattheyresswedropbetweenanypairoftapscould
befoundbysubtraction.Ailjointsandconnectionswerecoveredwith
glyptolsoastoavoidleakageinqofaraspossible.

Theflowmt: waacalculatedfromthepressureendtemperature~-
streamofthesharp-edgedorifice,theyressuredropacrosstheorifice
asmeasuredwitha“U-tubemsnometer,andstanderdA.G.A.-A.S.MOE?diSChw@
coefficients(reference10).

Measurementsofthepressureandtemperatureoftheairintheroom
whichs~pldedairtothetestductweremadethroughouteachrun.

.
MECHODSal?COMIUIATION

Definitions

Reynoldsnunbers.-TheReynoldsnumber
isdeftiedby

VDpRD=Y
,

whereV isthemeanvelocitywithrespect
densityp andviscosityw areevaluated
temperatureofthestreemo

.

basedonpipediameterRD

to
at

(1)

maimrateofflowandthe
themeanpressureand~

TheReynoldsnuriberbasedon&LstancefromtheInletR.
isdeftied~y

Rx=‘~P

wherex isthetial distancefrcznthepointwherethecyMrdrical
portionofthepipebegins(seefig.l(c)’).

Fromequations(1)end(2)itisevident

~ = RD (x~)

that

.- - ,- .- .,————-i --- .—,,.. - ,..>-.,:’” . . ,-, .. . ,)” . .

(2)

(3)

.
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Frictioncoefficients.-
isdef~edby

I-1

Thelocalapparentfrictioncoefficientfm

.kfm+; xlg+, (4)

where
duct)
fm

p2 and pl arethestaticpressures(measuredatthewallofthe
attheaxiallocationsq and xl, respectively.Thevalueof
calculatedfromequation(4)wastakentohethelocalvaluemid$?q

betweenstations1 and2,or,inotherwords,attheaxiallocation
(xl+ %2)/2=~is tme offrictionCoefficient~cl~es theeffects~oth
ofshearingstressatthewallandofchangesh mamentumfluxassociated
withchangesinvelocityprofile.Whenthevelocityyrofileisthesame
at ~ and xl, thelocalappa$entfrictioncoefficient-i identical

$withthetruedragcoefficient;itisthenequalto 2Tw/p, whereTV
denotestheshearingstressatthewall.Whenthevelocityprofileis
developing,itmaybeshownthatthelocalapparentfrictioncoefficient
isalwaysgreaterthanthetruedragcoefficient.

Theintegratedapparentfrictioncoefficient~~~ issimilartothe
local
fixed
ItiS

where
duct.
zero.

valuef~ butprovidesa
pointnearthebegiirgof
defined.by

measureofthetotalpressuredropfroma
theducttoany

theasteriskreferstothefixedpointnear
Fordesignpurposesitwouldbepreferable

otherpointdownstream.

(5)

theentranceofthe
tohave H equalto

Itwasnotpossibletodothisfortheeqerhntaltestsbecause
ofthedifficultyofobtainhgameaningfulpressuremeasurementatthe
pointwherethebehtih entryJOQSthecylindricaltube.lhthetests
withtubeII,forwhichvaluesof f~ arereyorted,@/D wasequalto
unity● Thetheoreticalresultsfor~ flowof~, s~~er,
andAtkinsonandGoldsteinarebasedon #/D equaltozero.

By comparingequations(4)and(5),thefollowingrelationbetween
thelocalandtitegratedapparentfrictioncoefficientsisobtahed:

(6)

.—. . ... . . . ..__— —. —— ,— .
,, . .
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The
friction

{ MACA~ NO.1785

develo~edfrictioncoefficientf~ isthevalueofthelocal
coefficientattial distancessogreatfromtheinlet,thatthe

effectsof‘changingvelocityprofilearenolongerobservable.It16
comyutedfromequation(4).Thevalueof fm wasassumedtobethe
sameas f~ wh6nthevariationswith x/D ofthelatterwerewithin
theexpe~ntalaccuracy. ●

TheK&man‘ ‘~iha~% fricti~coefficientfK-N isb=ed onthe
eqerhentalresearchoflLLkuradse(referenceIL)andtheanal@ical
formulationofTonK&m& (reference12). Itisgiwnby

i+=”=-0.8+2 logRD ~%

Precision

(7)

Durtigeachrunata syecifiedReynoldsnumler,there“wereslight
variationsh flowrate.Inordertoe13ndnatetheeffectsofthese
variations,allresultswerereducedtostandardconditionsforeachrun
h termsofanaveragevalusofthemeasuredpressuredropfromthe
calmingchambertothefirstpressuretap. Ihmddngcorrectionsitwas
assumedthattheflowratewasproportional.tothesqyarerootofthe
referencepressureby andthatyressuredifferenceswere“directly
proportimaltothereferenceyressuredrop.h nocasedidthese
correctionsexceed1 ~ercent.

Theavemgeflowrateswere,h thecue ofthenter tests>ac~~e
toaboutO.2percentand,fortheairtests,toabout1 yercent..

Thereportedfrictioncoefficientsforthewatertestswere,-
regardsprecisionofmeasurfint,accurateto‘about,0.5Tercent,except
fortworunsatlowvaluesof RD,wheretheacc~acy=S about1 Yerc@c
Intheairtests,becauseoftheemdl~ressuredropbetweentaps,the
frictioncoefficientswereaccurateonlytoabout5 percent.

.

●

Itishportanttonote,however,thatthereportedfrictioncoeffi-
cientsnearthetit eresub~ecttoa sourceoferrorentir&Lyinde~endent
oftheinstrumentation,namdy,theeffectsofnonuniformityinthe
clifferentpressuretaps.Forexsqle,thepressuredroybetveentwotam
1 tubediameterapartisof,theorderof2 percentofthevelocityhead;
inthatcaaea defectInoneofthetapswhichyroducedanerrorinthe
measuredyressureofonly0.1percentofthevelocityheadwouldcauseen
errorh thefrictioncoefficientof5 yercent.Theerrorisccmres-
poniklnglylargerforsmallerkapspacingsorforgreaterdefectsinthe

●
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taps.Therefore,althoughthetu%eswerecarefully~olishedwith
%ineemeryclothontheinsidesoastoobtaticleanyressuretaps,
appreciableerrorsduetotiperfectionsin&e tapseredoubtlesspresed
neartheinletstothetties.ThisisparticularlytruefortubeIV,where
thetapspacbgwasassmallas~ tubediameter.

KESCIITSANDDISCUSSION

ApparentLocalFrictionCoefficient

Theresultsofthetestsaregiveninfigures2 to5 h theformof
curvesinwhichtheratioofthelocalapparentfrictioncoefficientto
theB&m6n-IVikuradsecoefficientisplottedagainsttheratioofthe
distancefromtheinlettothetubediameter.Eachcurveisfora ffxed
valueof RD. StraightlineswereusedforJo=g theWtitsbecause.
oftheclifficultyoffairtiginsnmothcurves.

Atfirstsi@tthesechartsseemtohavenoregularitywhatsoever.
Closerexaminationdiscloses,however,thatatverylowReynoldsnumbers
thefriction-coefficientratioatfirstdecreaseswithdistancefra the
inlet,thenticreasesrather‘sharply,and,aftera sharpdropfollowed
somt~s bya sllgbtrise,fina12ydecreasesrelativelyslowlyuatilit
approachesanasymptoteofaboutunity.AtintermediateReyaoldsnumbers
thepattei-nissimilar,exceptthatovertheexper~ntalrangeof
x/D valuestheinitialdecreaseinthefriction-coefficientratiois
absent.AtthehighestReynoldsnumbersboththeinitialdecreaseend
theftiststidenficreaseareusuallyabsent.

Theseresultsarequalitativelyexylaimblebycompringtheflow
neartheinlettotheflowneartheleadingedgeofa flatplate.In
ordertomakethiscomparisonclearer,theresultsoffigures2 to5
arereplottedinfigures6 to9 aslocalayyarentfric~ioncoefficient
againstRx. &lEo,figure10showstheresultsofE3rsten(reference6)
onthisbasis.ForeachRD thepattezmofpointsh figures6 to9 is
thesameash figuies2 to5 becausethemalesofthetwosetsof
chartsareproportional.Ihtherepresentationsoffigures6 to10,
however,theMluenceof RD isrelativelysmallascomparedwithits
influenceh the-previouscharts.

In figures6 to10thereme plottedthellnesrepresenthgthe
dragcoefficientsforlamimarendturbulentflowovera flatplate.The
qualitativeshdlaritybetweenthepipeflowandtheflat-plateflow
isevident.Quantitativeagreementcannotbeexyectedbecausethe
valuesof f~ includetheeffectsofbothshearingstressandmumentum

-. .. —..,— ———-— —— ——. .—. — — -- -——. .—.. .--—.



change,whereasthedragcoefficientfortheflatplaterepresentsonly
theshearingstress;also,thepressuregradientsh thelengthwise&Lrmtion *

aredifferentforthetwocaaes,and.theflowh thebouudarylayeris
planaronlyattheveryinlettothethe.

Fromfigures6 toloitappearsthattherearetworegtmesnearthe
inlettothetfieandthatthec

9
e fromonere@metotheotheroccum3

ata valueofRx ofaboti5X1-o. Itistiotablethatthechangefrcm
lauinartoturlnil.entflowfora flat-plate(referentie7,pp.139-143)
alsooccursatalout~ . ~ x lo~. Thesimilarityintheslopesof
thecurvesforthetubeandtheplate.inboththelaudnarandturbu-
lentregimesisalsoworthyofmention.Forveryhighvaluesof ~
thecomparisonnaturallybreaksdownaltogether,forthebound&ry
~er intlxepipethen.%ecomeslergecomparedtotheradius,andthe
apparentfrictioncoefficientlecomesindependentof ~.

Withtheforegoingfactsinmhd, thefollowingsummaryofevents
neartheMet ofthetubeseemsreasonable.A lamimrboundarylayer
firstformsanddevelopsina mannerccqparablewiththatfora fht
plate,andthefriction,coefficientdecreaseswithticreasingRx. At
a am of Rx ofa%out5 x 105,theboundary~er -es from
lsminartoturlnilent,andthefrictioncoefficientrisessharply.
Subsequentlythefrictioncoefficientshowsa generaltrenddownward
towardanasymptotebecausetherateofchangeofvelocityprofileis
gra@aldYreduced.Theirregulareffects&oh occurshortlyafterthe
changefroma lmrlnartoa turbulentboundarylayerareprobablythe
resultofratherrapidailjusimentsofvelocityprof$lewi- theboundary
layer.

Fromthetrendofthedataandfrmuthesimplephysicalconsidera-
tionsjustdescribed,itappearsthatthelocalapparentfrictioncoeffi-
cientisimfiniteattheinlettothetubeandthatitthendecreases
approximatelyh inverseproportiontothesix-tenthspowerofthe
distancefromthehilst.Thehi eatreportedvalueof f~p h ~,e
lamharinletzone,measuredat%5=0”5’ isabout3.5 timestheKam&-
Nikuradsevalue.Thelowestmeasuredvaluesof f= w the~
inletzonearelessthanhali?theR&m6n-NikuradsevalueforfuIly
developedtmbulentflow.

b thetransitionzoneimmediatelyfollcndngthechangefrom-a
lamnarto
about1.5,

ItiS
hereinthe

a turbulentboundarylayerthe~ WUOS of f~/fK-N me
andthe~ vaJ_uesareabout0.8.

clifficulttodeterminewithprecisionframtheresultsgiven
valueof x~ atwhichinleteffectsbecomenegligible.

,
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However,it thatthevalueof f~ isconfinedwithinIQper-
centofthe -Nikuradsevaliiebegllngatabout’20to30tube
diametersframthetube-t. Thevalueof f~ isconfinedwith3n
5 yercentoftheK&&-Nikuradsevaluebe@nningataboutkOto@ tube
tiemetersframthetubeinlet.Thesex/D values&e farsmallerthan
thosepre~ctedbythelandnarinlettheoriesofBoussines~Schiller,
andIanghaarandareaboutthreetimesaslargeasthevaluepredicted
bytheturbulentinlettheoryofI@zko(refertosection‘!Historical
Background”underINTRODUCTION).

IntegratedFrictionCoefficient

Ford.esi~prryosesthemostimportantqpantityisthetotalpressure,
dropfromtheinlettoanyyointdownstream.Thisvalueisrepresented
bytheintegratedapparentfrictioncoefficientwhichinfigure3(b)is
shownplottedagainstx/D-forthewatertestswithtubeII. Because&
thecumulativenatureof f~, thecurvesoffigure3(b)showMUChless
variationthanthoseoffigure3(a),particularlyathighvaluesof x/D.

i%general,theintegratedfrictioncoefficientatany Xp value“
greaterthan20islargerthantheK&m&n-N>ti,adsevaluewhenRD is
greaterthan100,000endislms thantheKarman-lHkumdsevaluewhen
ii~ isleasthan”100,000.

Effectsoftiduced‘Turbulence

I?iguesK!_andK?show
artificially.

Therearetwoyossible

(a)hitialturbtince

theeffectsofintroducingturbulence

ex@anationsoftheresultsoffigure

movedtheyointoftransitionfromg
laminartoa turbulentboundarylayerforwardfromRx~ 5 x lop
to Rx~l x105.

IL:

c

(b)initialturbulencecausedtheboundarylayertobeturbulent
fromtheinlet.Thetrendupwardof f~ nebrtheinletties the
firsteqlanationphysicallymoreplausible,althoughthedataare
insufficientfora defMte conclusiontobedrawn.

Theeffectsofinducedturbulenceshowninfigure12arenotstriotly
comparablewiththeeffectsshowninfigure11becauseintheairtestsof
tubeIVthedeviceforproducingturbulencewastisertedatthebegiiug
ofthecylindricalsectionofthetube.Presumably,theturbulencefor
tubeIVwascomiderablygreaterthanthatfortubeII.

------- .—.—. –——.— ~.. — —— — -—. — -.——— _ .,. ... —.—. ——
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FigureX2showsclearlythatinducedturbulencemayacttoincrease .

considerablythevalueof f= intheregionwhichwouldnormallybethe .
leminmWLet zone.Fromtheabsenceofa sharptrani3itionzoneitapyears
reasonabletoconcludethatinthetestswithtubeIVtheboundarylayer
wasturbulentovertherangeof x/D valuesinwhichmeasurementswere
made.Theobserveddecreaseoftheapparentfrictioncoefficientwith
increasingx~, followedbya gradmltrendtowarda constantfriction
coefficient,isyrobablyattributablechieflytothemamentumeffectsof
thedevelopingvelocityprofile.

Itappearsfromfigure1!?thata smallobstructiononthewallis
muchmoreeffectiveintripptigtheboundarylayerthanisa screen
acrosstheentireduct.tifact,.intheregionwhereRx islessthan
5 x 105,thestripofscotchtapeledtoaboutaneightfoldincrease
intheayparentfrictimicoefficient,whereasthescreenatthetit
crosssectionledtoabouta threefold.increaseinfrictioncoefficient.
Also,thescotch-tapestripactedtoraisebya factorofabouttwothe
valueoftheapparentfrictioncoefficientinwhatwouldnormallybe
theturbulentzoneofdevelopingvelocitydistribution.Theeffectof
thescreenwasnotsomarkedinthisresyectandindeedisnoteasy
tosmmarizefromfigure12. .

4

LaminarInletZohe-

L9nghaar(reference4)arrivedthrou@analyticalreasoningata
relationbetweenf= andthesingleTarameter(x/D)~. Fromhis
tableIItherewasdeducedbycalculationa seriesofcurvesof f~p
againstRx forconstantvaluesof RD. ThesecurvesbasedonIar@aar’s
workhavebeenhsertedinfigures6 toID. Itisevidentfromthese
chartsthath thelanharportionoftheMet zonethetheoretical
resultsbasedoniknghaar’sworkcomparefavorablywiththemeasured
resuits.Thecomparisonisparticularlytqressiveforthewatertests
oftubeII,which,forvariousreasons,areprobablythemostreliable
testsofthoserepotiedherein. ,

Ynexsmlnlagtheresultsshowninfigure9 fortheairtestsw%th
tubeIV,itshouldbeborneh mindthattheapparentscatteringinthe
laminerzonewasnotphysicallypresentbutisarMficia31yintroduced
becauseoftheerrorsassociatedwithsmallspacingbetweenpressure
tqs. Viewedinthislight,theresultsoffigure9 supportlknghaer’s
theoryalmostaswellasdotheresultsoffigures6 to8.

Morepreciseagreementbetweenthemeasuredresultsandtheresults
basedonIanghaarcanscarcelybeexpected,sficbthereae seve~l
.-.nsiotentsourcesofdivergencetobeexpected>=ng whichare:

(

.

.
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(a)Ianghaar’stheoryis,basedona uniformvelocityprofileat
x= o. Thisconditionwa8-onlya~pro~ted h theexyerhwnts.

(b)J_en@aar’stheoqisbasedonuniformpressureovereach
crosssection.Theslightdeviationsfromthis,t@en togetherwiththe
smallpressureclifferencebbetwe”bntap,mightbea causeofdisagreement.

(c)Thetheoryneglectsanyboundarylayerwhichformsonthe
belhouth~try.

Inthelight oftheseremarksitseemsfair,toconcludethatthetheory
ofIanghaar~edictsappermtfrictioncoefficientsinthelamtmxrinlet
zonewithsatisfactoryaccuracy.

Beforeleavingthesubjectofthe“laminarinletzone,itisof
interesttocomparethetheoretic-alresultsofLa@aar withthoseof
SchilllerandofAtlclnson‘andGoldstein.Figwe13showsthatforvalues
oftheparameter(x/D)/RgreaterthanO.0005,theresultsofSchiller

Lnagreewellwiththoseof ghaar.AtkLnsonandGoldsteindisclalm
accuracyfortheirresultswhen (x/D)AD iSlessthen0.0075.Figure13,
however,showstheirr6aultsandthoseofLangha&tobestillwithin
about7 yercentatthisvalueof (x~)/Ry.Itisnotswortbythattheagree-
mentamongthevarioustheoriesthatconsderrateofdevelopnmtofthe
velocityprofileastothetotalpressuredro~fromthetit ismuch
betterthantheagreementastovelocity~rofile.Thisisnd surp?istig
~ viewoftheremarkablesuccessoftheK&m& momentumequationsfor
predictionofdra&a successbasedlargelyontiehmiti~ty ofthe
_ inmomentumfluxtothetyyeofvelocityprofileinitiallyasmnnai.

tiordertoillustratetheiiqortanceofthedevelophgvelocity
profile,figure13showsalsotheresultsbasedonYoiaeuilleflow,that
1s,laminarflowwttha yarabolicvelocityyrofileyresentfromtheinlet.

Fora tubelengthandReynoldsnuiubercorrespondingto p .0 .()()o~,

thetotalpressuredroppredictedbyLanghaaris10thesasgreatas
~ = 0.1,Wch isbeyondthatcorreaondingtoPoiseuilleflow.At RD

thevalueatwhichthetheoriesyredicta nearlyfuILydevelopedvelocity
profile,thetotalTiwssuredropbasedonI?oiseuilleflow(consideringa
parabolicvelocityprofile)isalmut20percentlessthanthat~redlcted
byLsnghaar. Whenthelengthoftubeisinfinite,orDre strictly,
~en (x~)~D isve~ &ge, thewet effects~e re~tive~hsi@fi-
cant,sothatthecurveofIan@aarapproachesthatofPoiseuiKLe
asymptotically.

.— .—— — .—
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ComparisonofMeasuredResultsObtainedwithDifferentTubes

b compartigthemeasuredresultsobtainedwithtubesI,H.,III,
andIV,therepresentationsoffigures2 to5 arealmstuselessbecause
theeffectof RD istoostrongonthesecharts.A bettercoqison
isaffordedbyfiguree6 to9,forwhichtheresultsof~ q be.
wed asreferencetiestoaidthecmpsrison.Talmnasa whole,the
agreementemrmgtheresultsforthOfourtubesseemsquiteE3atisfactory.
lathenextsectionitcanbeseenthattheagreementbmongtubesI,II,
andIIIasregardsthedevelopedfrictioncoefficientisverysatisfactoryq

Thedifferencesamongtheresultsshowninfigures6 to9 maybe
ascribedlargelytothe&U?ferenttypeofentryusedwithbathtube.Not
onlydoestheshayeoftheentryaffectthevelocityprofileattheinlet
tothetubeyro~er,butitzilsohasa greatinfltinceonthethicknessof
thebolmdarylayerattheinlettothetube.

Fromfigures6 and7 it appearsthatthechan~fromthelong-piye
entryoffigurel(b)tothesti~ng-chaniberentryoffigure1(e)acted
todelaythe~ointoftransitiontoa turbulentbounds@layerfrom
Rx=2x105 to RX24X105. Thisisdoubtlessa resultofthelesser
initialturbulencepresentwhenthestillingchamberwasused.

ThefewresultsreportedbyX3rsten,figure10,fitwellwiththe
resultsofthe~resentinvestigation.n

DevelqedFrictionCoefficient

TtiesI andIIweresolongthatitwasyossibletoobtaindata
ina regionwherethevariations,inf~ werewithhthelimitsof
experimental.accuracy.Thevaluesof fwy thusobtainedarecalled
thedeveloyedfrictioncoefficientf~. Presumably,thechangesin
velocityprofilewerenegligibleovertherangehereinconsidered.

Figure14showsthemeasuredvaluesof fw plottedagainstRD,
withthecurveofE&m6n-lHlmradseinsertedforcomparison.Themeasured
valuesareconsis&ntlyhi@erthantheK&z& -Nikuradsevaluesforthe
sameRD. ConsideringtubesI andlIConly,theaverageval.wof&he
developedfrictioncoefficientis1.3percenthi@erthanthe”value~f
theKi$r&-NilnmadsecoefficientatthesameReynoldsmmiber.The
precisionofthemeasureddatamaybe judgedfromthefactthat_&eaverage
deviationfrana smothcurvethroughthemeasuredvaluesof f~ is
aboutone-tMrdof1 ~ercen>.Whethertheconsistentdepartureofthe
measwedresultsfrom&e Karm&-Hikuradsevaluesistheresultof
systematicerrorsh eithertheformerortielattercannotbeascertained
withoutfurtherdata.

.

“

.

.

.
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Figure14showsaMo
toquestion”whetherthese

tievaluesof
resultsshould

19

f~ forttie~. Itisopen.
properlybeconsideredasthe

devOloyed.frictioncoefficient,sincethetwo x-~ valuesoverwhichfm—
wasmeammedwere:’M -.,:= x?6. Thedepartureofthedeveloyed
frictioncoefficient‘fromtheKarm6n-lHkuradsevaluebyasmuchas
6 percentistiubtl_esstheconsequenceof- changesinvelncity
profile. Thissupyositlonislentaddedwei@tbythequalitativeagree-
mentbetweentiOwayinwhichf~/fK-N VC&bSwithRD andthefact
tit (x@).$RDaPPearstobe~ a~ro~te ~~ter forre~~senthg
therelativehportancpofchangesh velocitydistrilnrbion.Ihother “
words,fora fixedvalueof x/D, largevaluesof RD indicatelarge
effectsduetoa chmgtagvelocityyrofile,endticeversa,whichseam
tobeinagreementwiththeresultsfortubeIIIshowninfigure14.

AypHcationtoDischargeCoefficientsforRounded-EntranceFlawNozzles

IVozzlesforflowmeasurementusualllycomyrisea belhouthentry
withenelMptical-orcircular-arccrosssectionfollowedbya short
Cylindricalsection.ThedownstreamTressuretapiscommonly@acedat
1/2throatdiameterdownstreamfromtheinlettothecylindricalsection
butmaytnsme desi~ heata differentlocation.

Departuresofthedischargecoefficientfreon*%Y erecausedby
frictionsndbya developingvelocityprofile.Boththeseeffectsonthe
pressuredroparetalmnintoaccountbytheintegrateda~arentfriction
coefficiant.b theaypmiiqitisshownthatthedischargecoefficid
maybeexpresseda~pxndmatelyby,theformnla

wherex~ isthelengbh-hiameterratiooftheshortcylindricalsection
ofthe.flownozzle.Iffrictioninthebellmmthentryisayyreciable,the “
foregoingfommilaisstillapproximatelyayyli~bleintermsofaneffective
x/D forthecurtibinedbellmotihendcy~dricalsection.A crudemethod
forevaluatingtheeffectivex/D ofthebellmouthisgiveninthe
ay~endix.

The
RX2’5X
fitsthe

resultsofthepresentinvestigationinticatethatupto
~5 tieboq w= islaminarsndthatthetheoryofIanghaar
eqe~tal datawithgoodaccuracy.Thecurveof=ghaar in

.—. .- —. ———— — .—— —,.., ,.
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figure13 wasaccordln@yamployedas
comptitigtheoreticallythedischarge

describedinthe aplendixfor
coefficientsforvaluesof x/D

correspmdingtostandardflownozzlesandovera rangeof RD values
whichh eachcasewouldinsurea laulnarboundarylayeru~tothe
downstreampressuretq.

Figure15(a)showsa coqeribonbetweentheccmquteddischarge
coefficientsandtheaverageofthemeasureddischargecoefficients
re~rtedinreferences13and14. Thenozzlesrefereedtoinreferences13
“and14hadcylindricalIortionswith~. O.x andeffectivex/D valms
fortheentirenozzleofveryneer~unity.h figure15(a)thecomputed
curveserethereforegivenforvaluesof x~ ofbothO.5and1.0.The
agreementbetweenthecamyutedandmeasured &Lschargecoefficientsis
remarlmblewhenitisconsideredthatthecurvefortheeffectiveratio
of ~ . 1.0 fitsthe-averagecurveofmeasuredcoefficientswithinthe
acctiacytowhichthelatterweremeaawed.

Figure15(b)showsa coqarisonbetweenthectiuted&Lscharge .
coefficientandtheaveragecurvebasedonmeasurementsatlowReynolds
numbersbyDownie%dth andSteele(reference15). Thenozzleusedby
DownieSmithandSteelehada cylindricalsection2.5diameteralong .
enda beldmnrbhentqwithaneffectivex/D ofaboti0.5. Tnfigure15(b)
thecomputedcurvesarethereforegivenforvaluesof Xp Ofboth2.5
and300.Theeffec%of thebellmtiisevidentlymuchlessluqortant
inthiscasethanh thecaseoftheA.S.M.E.flownozzle.Discrepancies
amongthetwocomputedcurvesandtheoneeqerimentalcurveoffigure15(b)
arewithintheeqazlmentalprecisionofthedataofbownieSmithand
Steele. .

Itseemsylahfromthecomparisonsoffigures15(a)and.15(b)that
themethod~resentedhereinforthepredictionofdischargecoefficients
iswellfoundedinitsphysicalconceyts.Themethodshouldfinduse
forestimatingthewayinwhichthedischargecoefficientdependson
thelocationofthedownstreampressuretq ofrounded-entranceflow
nozzles. Theanalysisaho eqilainsmuchofthe&Lsagreementamongthe
experimentallymeasured&Lschargecoefficientsforflownozzles“ofsll@tl.y
clifferentdesi~.

T= enexperimentalstudyoffrictioncoefficientsnearthewet
ofsmooth,roundtubeswithbeJJmouthentrances,thefolLowingconclusions

. .

cenbedrawn:

1. Neartheinlettoa tubewitha bellmouthentrancetheboun~
.

layerisatfirstlaminarendsubsequentlybecomesturbulentata value

—— ———-.——_- .— . . .. . .- —- .–——. ., .,.: -.
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ofReynoldsnumber(basedontubeinlet)ofabout5 x
thesam asthecorrespondingvaluefora flatplate.
frictioncoefficientinthelaminarMet zonevaries
inversely”withtheO.6powerofthedistancefromthe

~5, ~ch isabout
Theappxrent
apyroximatel.y
inlet. A sharyrise

inapparentfrictioncoefficientaccompaniesthe”changefroma leminar
toa turbulentboundarylayer.Neerthebeginningoftheturbulentinlet
zonetherearerapidand*e@Lsr changesinthelocalaypsrentfriction
coefficientwhichareprobablytheresultofrapidadjuslmaitsofvelocity
profilewithtntheboundarylayer.

2. Thereportedvaluesofthelocalapparentfrictioncoefficient
f~ varyh theXwLnarinletzonefrom3.5toO.5timestheK&rm&-
Ni~~e GoefficientfK-~forfollydeveloyedturbulentflow.Very.
neartheinletitisprobablethat f~ isalmost~inite cqed with
fK-N● b theturbulentMletzonethereportedvaluesof f- range
from1.o5to0.8timesfK-N.me v~ue of fw rmainswithin5 yer-
centoffK-N beginningatabout@ to@ Uamtersfrm thetubeinlet.

3. Theintegrateda~parentfrictioncoefficient~w, whi~hisa
measureofthe”totalpresswedropfromthainlet,rangesfromO.9to
1.25t-s tiev~~ of fK-Nforthetubeswhichare20diametersh ‘
length.Overa rangeofReynolilsnuu$erfrom40,000to250,~0shout
~ tubetiametersarereqyiredfor f- tormiainwithin5 Tercentof

‘K-N“ Ingeneml,2W/fK-N isles,sthanunitywhentheReynolds
number(basedontubediemeter)islessthan100,000andisgreaterthan

. unityforReynoldsnumbersgreaterthan100,000.
.

4. hducingturbulenceartificiallyactseithertomoveforward
theyointoftransitionfroma I_amMartoa turbulentboundarylayeror
toeMmtnatethelaminarboundarylayeraltogether.A strilofscotch
tapeonthewallwasmuchmoreeffectiveh tri@ng theboundary@er
thanwasa wirescreenovertheentirecrosssection.Inthelaminm
inletzonethescotchtayeledtoaboutaneightfoldincreaseb fe,
whereasthewirescreencausedabouta threefoldincrease.

5. Themeasuredvalwsof f~y inthelaminerinletzoi.e“suyport
thelaminartit theoryofLangham.Theintegratedayparentfrictiori
coefficientsgivenbythelaminarinlettheories
audAtl@sonandGoldsteinareingoodagreement
divergencesh pretictedvelocityprofiles.

6. Themeasuredresultsobtdnedwithfour
airandwaterusedastheflcndngmediumwme h

ofIan@aai,SchiIler,
desyitethewide

differenttubesM tith
satisfactoryagreement.

.. —-.———..—- —- ~.——, .,—. .—— - . . ~— —---
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Differencesintheapproachsectionandfithebellmouthentrywere .
probablyaccountablefortheobserveddifferencesbetweentheresults“
withthefourtubes.ThedataofKirstenfor& flowinginsmoothtubes
sreb gOOaagreementwiththepresentresults.

7. The.friotioncoefficientfordevelopedflowwasabout1.3percent
higherthenthel&&-I?ikuradmecoefficientatthesameRe~oldsnumber
andMqLlayedanavengescatteringaboutameancurveofonlyone-third
of1 percent.Thesourceofthesystematicdisagreementof1.3percent
betweenthemeasuredvaluesofthedevelopedfrictioncoefficientand
thel&m&-ItLkuradsevalueisnotlmuwn.

8. A methodbasedm theexyerhmntalresultsofthisinvestigation
waspresentedforesttitingthedischergecoefficientforrounded-
entranceflownozzles.Dischargecoefficientscomputedonthisbasis
werefoundtobeinexcellentagreement
flownozzles.

MassachusettsJnstituteofTechnolo~
Canibridge,Mass.,July29,1947

withpublishedinformationon
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AE!RonMA!rEKEIATIONlm’wEENDISCHARGECOEFFICIENTSOFl?IOWNOZZIES

ANDFRICTIONCOEFFICIENTSR?13?lIKWZOKE

Considera bellmotihentryleadingfrmna largesti~g chamberto
a shortcylindricaltnibeofctlameterD andlengthx. Letthepressures
inthestillingchamber,theinlettothetube,endthestationx be
denotedby po, 11, and ~, respectively.Theflowisconsidered
imcaqressible.

Asa firstaypro~tiontheeffectsoffrictioninthebellmmrkh
wilJbeneglected. h thatcase,

Forthecylindricaltube,fromequation

Addingequations(8)- (9),

L

Theflawcoefficientisdefinedby

Uponnotingthatw = @iv andCombildngtblswith
and(I-1),thereisfinallyobtatied

‘=+

(8)

.(9)

(lo)

(IL)

equations(if))

(12)

.- .—..-. .. —.- —. —-. .——. ——- —-. -—
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Iftheboundarybyeruptostaticmx islaudnar,theexpertintal .
datareyotiedheretiindicatethatthecurvemarlmd.“Ian@ar”infigure13
maybeusedforfindingthevalueof k~~(x~) correspo~gtothe
givenvalueof x/D andanyarbitrary.valueof RD. Usingequation(12),
~ naythenbefoundasa functionof RD, asillustratedbyfig&e15.

.. .

Thefrictionaleffectsinthebe12mouthentrymayonoccasionnotbe
negligible.Thereseemstobenosimplewayoftakingtheseeffectsinto
accountwithaccuracy.However,theorderofmagaitudeoftheeffectk
canprobablybefoundbytreatingtheflowh thebelJmotiasone-dhmsional
andbyassumin-gthatneitherthecurvatureofthestreamlinesnorthe
pressuregradientaltersthefrictioncoefficient.Theprocedurethen
tivolvesthecomputationofaneffectivex~ forthebelhouthwhichIs
thenaddedtothe x/D ofthecyl.hlrioaltubetogivetheeffectivex/D
oftheentirenozzle.
.

Infindingtheeffectivex~ ofthebelJmouth,itisfirstnoted
that

wherethesubscripti referatoconditionsintheenirysection.

AJso,”since

it followsthat

() J()oD5
A: =

effective F ‘5

.

(u)

wherethellmits.ofintegrationarefromthebegbningtotheendofthe
bellmouthentry.Asanexample,fora beldmouthmadeupofa circular-arc
crosssectionwithanarcradiusof D, theeffectivex/D ofthebell-
mouthisaboutO.4.
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10cf3moNm sim m mssumm

~, distancefromtube tit (see fig.l(c)),in.;D,internalUameter
oftube(seefig.l(c)),in.;d,diemeterofpressureta?jti~

Tay

1
2“
3
k

7
8
9
10
n
12
Z3
14

17
18
19

TubesI andIT
D= 09373

x I Xpl I d

0.37
“93
‘1.53
2*18
3“39
4.61
7●O5
9.49

11.g2
16.$3
21.67
31.42
41*17
50.91
60.66
88.s
98.68

m7.76

1.00
3.07
5.04
7.18
SL.20
15.22
23.26
31*3I
39”35
55●44
71.52
m3.69
135.86
168.03
20Q.20
237.38
264.55
288.67

0.020
.Ox)
.020
.020
.020
.020
●020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020
.020

TubeIII
D= 0.735

0.38
‘l.13
1.88
2.63
4.13
5.63
8.63
11.6a
14.63
m .63
26.63
32.63
44.63
56.63
68.63
80.63
92.63
I04063

0.51
1.53
2.55
3●57
5.61
7.65

11*73
1.5.89
19.89
28.05
36.2I
44.37
@.69
77.01
93”33
1o9.65
32’5.97
144.29

Q.020
a.o!m
a .020
a .o~

.040

.040

.040

.040

.040

.040

.040
●04Q
.040
.040
.040
.040
.040
0040

‘lubeIV
D = 4.ooo

1.00
3.00
5.00
9.00

13.00
17.00
21.00
25.00
29.00
33.00
37.00
41.00
49.00

.%%
73.00
81.00
89.00
g .00

0.25
“75
1.25
2.25
3.25
4.25
5.25
6.25
7.25
8.25
9.25
m .25
z .25
14.25
ti.25
18.25
20.25
22.25
24.25

.Oz-o

.040
●O-U
.040
.040
.040
.040
.040
.040
.040
.040
.040
..040
.040
.040
.040
.040
.040
.040

~

al?ourtapsweresyacedequalJ.yarokdthecircumferenceateachof these
stations●

,
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II F-tTes’t ‘
duct

(a) CalmingchamberusedwithtubesIIandIII. Distributingbaffles
weredrilledso‘astoprovideuniformflowovercrosssection.Honey-
combsectionwasformedbyasolidbankofthinbrasstubesof
1—-inchdiameter.2

Brass screening,24-mesh, W-gage,wasusedfor
removingturbulence.

.\\\v

Inches (

(b) Inletto tubeI, usedfor Watertests.

Figurel.- Testapparatus.
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.

4Iv/////1 Inches

~
o I 2

-t-= *f’fl- -iiiiii””

(c)Inletto tubeIt, usedforwatertests.Thesametestpipewasused
fortubesIandII,thesoledifferencebeingintheapproachtothetest
section.Bellmouthentrywasin cross sectiona circular arc witha
radiusof 3/8 inch.

Inches

ST! i ,

ll’1l’!, J!I; - —--’--&-

(d) Inletto tubeIII,usedfor watertests. At st+tionsA, B, C, andD
therewere four pressure tapsof 0.02.0-inchdiameterconnectedbya
piemmeterring. Thetapsof stationsA, B, C, andD were displaced
from eachotherbyanangleof 45° lookingalongaxis of tube.
Bellmouthentrywas in cross sectiona circular arc witha radiusof
3/4 inch.

Figure1.-Continued..
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2.2

2.C

I.e

? 1.6

1.2

Lc

i.

(e) TubeIV; used for air tests.

FigureL- Concluded.

1

I 11 I I

IL$1
1

., %

f-t-i

o 193,200I n 147,I00\.:, A 117,100
Ilk ● 78,000
Id \\\
AI

:
/
L .------

x/D

.

Figme2.- ResultsfortubeI(watertests).Ratiooflocalapparentfriction
coefficienttoK&m6m-NtiadSefrictioncoefficientagainstratioof
distamcefromhiletofducttodiameterofductforconstantvaluesof
Reynoldsnumberbasedondiameter.
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1
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1.

1.

1.

1.

.

.

x/D -=s=
(a) Ratio of local apparent friction coefficient to K&m& -NMradse friction coefficient
againat ratio of distmce from inlet of duct to diameter of duct for constant values of
Reynolde number kased on diameter.

Figure s.- Resulti for tub ~ (water test).



.

-1.6

1.4

1.2

I.C

a

.6

.4
0

,.

If
I

. . .

ED
o 231;400
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(b) Ratioof titegratedapparent-frictioncoefficientto
K~rm&n-Nikuradsefriction coefficientagainst ratio of
distancefrom inletof ductto diameterof ductfor
constantvaluesof Reynoldsnumberbasedon diameter.

Fiewre3.- Concluded.
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2.8

2.6

2.4
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2,0

1.8

o

I
I

I
A I30,000.

/ L .
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0
0 10 zo 30 40 50 60. 7

x/D -

,

)

coefficientto K&n6n-Nikuradsefriction
from Met of ductto diameterof ductfor
basedondiameter.

Figure4.- Resultsfor tubeIII(watertests). Ratioof local-apparentfriction.
coefficientagainstratioof distaace
constantvaluesof Reynoldsnumber
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F&ure 5.- Results for tuke IV (air tests). Ratio of local apparent friction coefficient to K&m&-
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constant values of Reynolds number based on diameter. 2

t

I

I

. . .



0

.01:

Theory of
Langhaar

RD
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I?@me 6.- Results for tube I (water tests). Local apparent friction coefficient against R&nolds number
based on distance from inlet for constant values of Reynolds number based on diameter. Comparison
with theoretical results of Langhw for laminar flow. Comparison with flat-plate theory md
experiment.
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Figure 7,- Results for tube D (watm tests). Local apparent friction coefficient against Reynolds
number based on distance from inlet for constant values of Reynolds number bs.sed on diameter,
Comparison with theoretical results of Langhaar for lamlnar flow. Comparison with flat-plate
theory and experiment.
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Figure 8.- Results for tube Ill (wat8r tests). @cal apparent friction coefficient against Reynolde
nqmber based on distance from inlet for constant values of Reynolds number based on diameter.
Comparison with theoretical results of Langhaar for la- flow. Comparison with flat-plate
theory and experiment.
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Figure9.- Resultsfor tubeIV(air tests). Localapparentfrictioncoefficient
againstReynoldsnumberbasedondistancefrominletfor constantvalues
of Reynoldsnumberbasedondiameter. Comparisonwiththeoretical
resultsof Langhaarfor laminarflow. Comparisonwithflat-platetheory
andexperiment.
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22~50-.

Figure10.- ResultsbasedonKirsten’stestswithair. Localapparentfriction
coefficientagainstReynoldsnumberbasedondistancefromMet for constant
valuesof Reynoldsnumberbasedondiameter. Comparisonwiththeoretical
resultsof Langhaarfor laminarflow.
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Figure11.- Effectof inducedturbulence(tubeQ watertests). Local
apparentfrictioncoefficientagainstReynoldsnumberbasedondistance
frominletfor constantvaluesof Reynoldsnumberbasedondiameter.
Effectof wirescreen(24-mesh,30-gage)flushwithdownstreamflange
of calmingchamberis shown.
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IH~e 12.- Effectof inducedturbulence(tubeIV, air tests). Local
apparentfrictioncoefficientagainstReynoldsnumberbasedondistance
frominletfor constantvaluesof Reynoldsnumberbasedondiameter.
Effecjs of wire screen(24-mesh,W-gage)across inletandof stripof
scotchtape( )~ in.wide,0.0033~ t~ck atinletare shown, Both

4
screenandsc&h tapewere atthebginningof cylindricalsection
of tube.
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Figure 13. - Comparison of theories for ~ inlet region’. Curves markefd Langhaar, E%hiUer,
and Atkhson+oldstein are basal on theories which take account of changing velocity profile.
Curve marked Poiseuille is based on a parakdic velocity profile from beghnhg of Met region. ~
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Figure14.- FrictioncoeHicientsfor watertestsin regionof unchanging
veloci~ profile. Comparisonketweenmeasuredvaluesof developed
frictioncoefficient~d valuestakenfrom @rm&-N~se relation
atsameReynoldsnumberkasedondiameter. For tubeII opensquares
representrunswithanundistur~dentrance,=d closed squares
representrunswithturbulence-inducingwire screenacross inlet. The
twovaluesof x/D (x denotesdistancefrominlet;D denotestube
diameter)b&weenwhichdevelopedfrictioncoefficientwasmeasured
wereasfollows:TubeI,from x/D= 168to x/D= 200;tubeII,
from x/D= 72 to x/D= 237;tube~, from x/D= 44 tox/D= 126.
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(a) DischargecoefficientagahstReynoldsnumberbasedondiameter.Curves
markedA.S.M.E. ahd Buckland are from references 13and14,respectively,and
refertonozzleswithcylindricalsections~diameterinlength.Theoretical

curveswerecomputedfromequation(12)andfigure13.

Figure15.- Comparisonbetweenpredictedandpublisheddischargecoefficients
forflownozzles.
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Theoretical curves were computedfrom equation(lZ) andfigure 13.

Figure 15. - Concluded.
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