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SUNMARY

Pressuredistributionsaroundcircularcylindersplacedperpendicular
to the streamfor subsonicand supersonicflowconditions”havebeen
obtained.Dragcoefficientscalculatedfromthesewind-tunneltestsand
fromtransonicfree-flighttestsarepresented.

DragdataarepresentedfortheMachnumberrangeof 0.3 to 2.9.
TheReynoldsnumbersforthe subsonicand supersonicMachnumberswere

● withintherages of approximatelyW,00Q to 160,000and100,000
to 1,000,MX),respectively.No effectsofReynoldsnumberwerefoundfor
flowin the supersonicMachnumberrangeof thetests. The dragcoef-

b ficientincreasedwithincreasingMachnumberto a maximumof approxi-
mately2.1at a Machnumberof unity. In the supersonicMachnumber
range,thedragcoefficientdecreasedwithincreasingMachnumberto a
valueof about1.34at a Machnumberof 2.$).Dragdatafromotherinves-
tigationshavebeenincludedforcomparison.

The effectsof finenessratioon bag at supersonicMachnumbers
werealsoinvestigatedandfoundto be small.

INTRODUCTION

Recentdevelopmentsh the studyof forcesandmomentson
inclinedbodiesof revolutionhaveledto a renewedinterestin the
dragcharacteristicsof circtiarcylinder$.R. T. Jon- (reference 1)
has showntheoreticallythattheflowperpendicularto an inclined,
infinitelylongcircularcylinderwitha laminsrboundarylayermay be
consideredindependentof the axialflow. In a recentpaperbyAllen
am.dPerkins(reference2) thelocalnormalforceon an inclinedbodyof

●
revolutionwas relatedto thedragof a circularcylinderat a Mach
numberandReynoldsnumberbasedon thecomponentof flowperpendicular
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to theinclinedaxisof thebody.
characteristicof inclinedbodies
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The calculationof aerodynamic
of revolutionby thismethoddepends

upona knowledgeof thedragcharacteristicsof circularcylinders
overa widerangeofReynoldsnumbersandMachnumberg.A surveyof
thedataavailableon thedragof circularcylindersindicatesthat
moatof thedataarerestrictedtoMachnumberslessthanabout0.5.
At theselowMachnumbers,msmyinvestigatorshaveobtainedcircul.ar-
cylinderdragcoefficientsfora considerablerangeofReynoldsnumbers.
(See,forexample,references3 through10,inclusive.) Theresults
frommostof theseandfromotherinvestigationshavebeenconveniently
summarizedin referenceIl..ForMachnumbersabove0.5,thereare
littleavailabledataandwithinthesedatathereis considerable
scatter.

Thepurposesof thepresentinvestigationwereto extendtherange
of availabledataon circularcylindersto a Machnumberof about3.0
andto investigatetheeffectsofReynoldsnumberon circular-cylinder
dragforsupersonicMachnumbers.
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SYMBOLS

dragcoefficient(’
dragperunitlength

)

diameterof

free-stream

( %“ /

cylinder,inches.

Machnumber

()P-POpressurecoefficient—qo

localstaticpressureon cylinder,poundsper squareinch

free-streamstaticpressure,poundsper squareinch.

free-streamdymunicpressure,po&ds per 6quareinch.

Reynoldsnumberbasedon free-streamconditionsandcylinder
diameter

circumferentialanglemeasuredfromtheupstreamstagnationpoint

ratioof thedragcoefficientof a circularcylinderof finite
lengthto thatof a circularcylinderof infinitelength
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APPARATUSAND TESTS

The investigationat highsubsonicMachnumberswaeperformedin
theAmes1- by 3-1/2-foothigh-speedwindtunnel,whichis a
single-returnclosed-throattunnelventedto theatmospherein the
6ettlingchsmber.The twocylinderstestedweremounteddirectlyin
thewindowglassas shownin part(a)of figure1. Two diametrically
opposedorificeswerelocatedin eachmodelat thetunnelcenterline.
CircumferentialpressuredistributionsfortheMachnumbersand
ReynoldsnUmber6shownin figure2 werethenobtainedby rotatingthe
wholewindowassemblythroughan angleof 90°.

The experimentaldatapresentedforthetransonicspeedrangewere
obtainedfkcxna currentinvestigationperformedby theLangleyPilotless
AircraftResearchDivision,andthedetailsof thisinvestigationare
givenin reference12.

The supersonictestswereconductedin theAmes1- by 3-foot
supersonicwindtunnelsNos.1 and2. The nozzlesof thesetunnelssre
similarandbothareequippedwithflexibletopandbottomplates.
TunnelNo. 1 is a single-return,continuous-operation,variable-preesure
windtunnelwitha maximumMachnumberof 2.2. TunnelNo. 2 is an
intermittent-operation,nonreturn,variable-pressurewindtunnelwith
a maximumMachnumberof 3.8. Themodelinstallationshownin
figurel(b)wasusedin bothtunnels.Circumferentialpressure
distributionswereobtainedat ninelongitudinalstationson themodel.

To investigatetheendeffectson thecircularcylinder,tests
wereperformedwithandwithouttheendQlateshownin figurel(b)for
theMachnumbersandReynoldsnumbersgivenin the followingtable.
Dataweretakenat onlyoneReynoldsnumberfora Machnumberof 2.9.

Machnumber Reynoldsnumber(millions)
1.49 0.16

.38

.58
1.98

2.9

.13

.26

.42

.54

.74
1.30
.72
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RISULTSANDDISCUSSION

GeneralCharacteristicsofFlow
Abouta CircularCylinder

SubsonicMachnumbers.-Characteristicsof theflowaroundcircular
cylindersat speedsbelowthecriticalMachnumber(~ < 0.4 me we~

iknownandhavebeendiscussedin considerabledetailby Goldseinin
referenceU.. In general,forReynoldsnumbersbelowthecritical
Reynoldsnumberrange,1 theflowis characterizedby a laminar
boundarylayeron thecylinderaccompsmiedby a periodicdischargeof
vorticesin thewake. As theReynolds-numberis increasedthroughthe
criticalrange,theboundary-layerflowon thecylinderbecomes
turbulent,theseparationpointmovesdownstream,andthepressure
recoveryin these~arated-flowregionincreases.For theselatter
conditionsthereis apparentlyno periodicdischargeof vorticesfrom
the cylinderalthoughmeasurementsof thewakefluctuationshave
indicatedsomepredominatefrequencies.(page421of referencel-l..)
At velocitiesabovethecriticalMachnumbercompressionwavesform
on thecylinder.Thisshockformation,whichoccursalternatelyfirst
on onesideof thecylinderandthenon theother,is accompaniedby a
forwardmovementof theboundary-layerseparationpointandviolent
oscillationsof thewake. (Seefig.3.) Theseoscillationsmaybe
periodicalthoughthishasnotbeenconfirmedsinceno measurementsin
thewakeat supercriticalMachnumbersareavailable.Schlieren
picturestakenduringthepresentinvestigationandthedataof
reference13 indicatethatforcertaintestconditionsa periodicdis-
chargeof vorticesoccurs.However,eventhougha numberof schlieren
picturestakenat onetunnelsetting(i.e.,oneMachnumbersmd
Reynoldsnumber)in theAmes1- by 3-1/2-footwindtunnelindicateda
periodicflowin thewake,othersforapparentlythesametestconditions
indicatedcompletelyturbulentwakeflow.

ID the supercriticalMachnumberrangeno effectofReynolds
numberon theflowaboutthemodelswas foundforthelimitedReynolds
numberrangeof thepresentinvestigation.

SupersonicMachnumbers.-At supersonicspeeds,forthecylinder
testedin theAmes1- by 3-footsupersonicwindtunnels,no significsmt
changesin theflowfieldoccurredwithincreasingMachnumberor
Reynoldsnumber.A typicalshadowgraphpictureof the supersonicflow

lTherangeofReynoldsnumbersthroughwhichthedragcoefficient
decreasesfrom1.2to about0.3 is usuallydefinedas thecritical
Reynoldsnumberrange.

—

.
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fieldaboutthetestcylinderis shownin figurek. The streaksthat
appearon theboundary-layerplateaheadof thebow shockwaveare oil
streaksleftby a minuteamountof oilon theplate. The detachedbow
waveshowsa doubleshadowon theboundary-layerplate. Itwas found
thatthe secondshadowresultedfromtheintersectionof thebow shock
wavewiththetunnel-wallboundarylayerat thewindownearthefree
endof the cylinder.Thebowwavecurvedaroundthefreeendof the
cylinderso thatthe intersectionwiththetunnel-wallboundarylayerwas
displacedslightlydownstreamfromthe~ositionof thewaveaheadof the
cylinder.ThispicturesndthosetakenforMachnumbersof 1.98and 2.9
indicateda SW1l disturbancein theflowwhichappearsto originate
at @ = 100°to 120°. Theoriginof thisdisturbanceappearsto coin-
cidewiththelineof boundary-layerseparation.The sharplyconverging
wakebetweenthe cylinderandthetrailingshockwave,shownfora Mach
numberof 1.49,is typicalforallthetestMachnumbers.Withincreas-
ingMachnumberthewidthof theminimumsectionof thewakedecreased.

PressureDistribution

SubsonicMachnumbers.-Typicalpresmre distributionsfor
. subsonicMachnumbersarepresentedin figures>(a)and5(b).2 At

Machnumberslessthanthe critical,theexperimentalpressuredistri-
butionsarein fairagreementwiththetheoryovermostof theupstream
halfof thecylinder.Overtheremainderof thecylinderthereis
considerabledivergencebetweenexperimentalandtheoreticalpressure
distributionswiththeexpertientalcurvesshowingthetypicallarge
regionof separatedflowoverthedownstreamhalfof thecylinder.
The effectsofReynoldsnumberare shownby the curvesforReynolds
numbersof 314,000smd 42t5,0u0.These’curvesaretypicalof the
distributionsof pressurecoefficientforReynoldsnumbersbelowand
abovethecriticalrangeof Reynoldsnumbers,andindicatethe increase
inpressurerecoveryin the separated-flowregionwhichoccursas the
criticalReynoldsnumberis exceeded.

At subsonicMachnumbersabovethecriticalMachnumber(fig.>(b)),
theeffectsof compressibilityareevidencedin the increaseof the
pressurecoefficientson thewindwardsideof the cylinderwith
increasingMachnumber. Thepressuresoverthedownstreamsurfaceof
thecylinderare,in general,lessthanthosemeasuredat subcritical
Machnumbers.The adversepressuregradient,whichis usually

.

%Thedataof figure5(a)wereobtainedfromunpublishedresultsof.
recenttestsmadein theAmes7- by 10-footwindtunnel.
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associatedwithboundsry-layerseparation,is evidentin thedatafor
Machnumber~of 0.3,0.5,and0.6. Thepressuredistributionfora
Machnumberof 0.7,whichis similarto thoseobtainedin therangeof
Machnumbersabove0.625,showslittle,if any,adversepressure
gradient.Sincetheflowin thewakeof thecylinderat subsonicMach
numbersabovethecriticalwas of an oscillatorycharacter(seefig.3),
it wouldbe expectedthatthepressuresin theregionof separation
andovertheaftpartof thecylinderwouldnotbe steady;hence,the
pressuresrecordedby themanometersystemin thisregionwouldbe only
theaveragestaticpressures.The effectsofReynoldsnumberon the
pressuredistributionwerefoundto be negli~ibleatMachnumbersabove
thecriticalforthelimited’Reynoldsnumbersof thisinvestigation.

SupersonicMachnumbers.-Typicalpressuredistributionsabouta
circularcylinderat supersonicMachnumbersareshownin figures5(c)
and >(d). Thedistributionsforallthree6upersonicMachnumbersare
somewhatsimilarto thepressuredistributionsat subsonicsupercritical .
Machnumbers.However,thevariationwithMachnumberis differentin
thatthereis a generalincreaseinpressurecoefficientovertheentire
bodywithincreasingMachnumber(fig.5(c)). ForthesupersonicMach
numbersinvestigated,theseparationpointwas locatedin thelCOOto 120°
regionandthepressureson thecylinderin the separated-flowregion
weremoreuniformthanforsubsonicflow. Althoughthe shadowgra~hof
figurek indicateda smalldisturbancein theexternalflowfieldnear

.

thepositionof separationandtheflowin thisvicinityappearedt~ be
steady,detailedpressuredistributionsfailedto revealtheexpected
pressurerise(orlocaladversepressuregradient)at thepositionof
thedisturbance.As shownin figure5(c),thepressuresin the
separated-flowregionapproacha vacuumas theMachnumberis increased.
Thepresswe coefficientat theforwardstagnationpoint(6 = O) was,
forall supersonicMachnumbers,in closeagreementwiththepitot-
pressurecoefficientcalculatedwiththeaidof Rayleighfsequation.

Thepressuredistributionsof figure5(d)aretypicalof thedata
forMachnumbersof 1.49and1.98. Thesedatashowthatforthe
Reynoldsnumberrangeof thisinvestigation,whichincludedthecritical
Reynoldsnumberrangeforsubsonicflow,thereis no effectofReyaolda
numberon thepressuredistributionat supersonicMachnumbers.

Figure5(e)showsexperimentaldistributionsof pressure
coefficientforvariousMachnumbers.Includedin thefigurearethe
theoreticaldistributionsforthelimitingcs,sesofMachnumbersnear
zero(incompressiblepotentialtheory)anda Machnumberof infinity
(Newtoniantheory,reference14). Overmostof thecylinderthepres-
surescalculatedfromthetheoryforinfiniteMachnumberwerehigher
thanthosemeasuredforthehighestMachnumberof thepresentinvesti-
gation.Nevertheless,theexperimentaldistributionof pressure
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coefficientappoachedthetheoreticaldistributionas theMachnumber
was increased.Thetheoreticalcurveshowndoesnottakeintocon-
siderationtheeffectsof centrifugalforceswhichwouldbe expected
to resultin a reductionof thelocalpressurecoefficienton the
cylinderat pointsotherthantheforwsrdstagnationpoint. An
approximatemethodforthe estimationof thecentrifugalforceeffects
hasbeensuggestedin reference14. However,pressurecoefficients
cslcul.atedby thismethodweremuchlowertha the experimentalvalues
fora Machnumberof 2.9andthereforehavenot beenincludedin
figure5(e).

Drag

Reynoldsnumbereffects.-Thevariationof dragcoefficientwith
increasingReynoldsnumberis shownin figure6. One of themost
signific=tchangesin thedragcoefficientoccursatMachnumbersless
than0.4wheretheboundary-layerflowon thecylinderchangesfrom
laminarto turbulent(previouslydiscussed)as theReynoldsnumberis
increasedin thecriticalReynoldsnumberrange. Thischangein flow
is accompaniedby a decreasein dragcoefficientfromabout1.2to
about0.3. TherangeofReynoldsnumbersdesignatedas thecritical
rangeandthevalueof dragcoefficientabovethisReynoldsnumber
rangehavebeen“foundto be influencedby suchfactorsas surface
roughnessand streamturbulence(reference5). Thelimitsof thecriti-
calrangeofReynoldsnumbersobtainedby a numberof investigators
areabout200,000to about~,000 (fig.6). Theresultsof testsat
supersonicMachmmbers of 1.49sad1.98indicatethatalthoughthe
Reynoldsnumberrsmgeof thesetestsincludedthe subsoniccritical
Reynoldsnumberrange,anyeffectsofReyaoldsnumberweresmall.
Thisresultmighthavebeenanticipatedfroma considerationof the
effectsofReynoldsnumberon thepressuredistributionandresulting
dragat subsonicspeeds.In subsonicflow,in the subcriticalReynolds
numberrange,the suctionyressuresactingon thedownstreamsurface
of thecylindercontributea largepartof thetotaldrag. Theprinci-
pal effectof increasingtheReynoldsnumberthrou@ the criticalrsmge
is a sizableincreasein the~ressurerecoveryon thedownstreamside
of thecylinderwitha resultinglargedecreasein drag. (See,for
exsmple,fig.5(a)~.dpp. 422and424of referenceIl.) In supersonic
flow,thepercentageof thetotaldragdueto.thesuctionpressuresin
the separated-flowregionis smallanddecreaseswithincreasingMach
number,beingonly10 percentat a Machnumberof 2.9. (Evenif a full
vacuumweredevelopedovertherearhalfof thecylinder,theresulting
dragcontributicmwouldbe only20 percentof thetotal.) Hence,if
thereweresmyeffectsof Reynoldsnumberon thetotaldragcoefficient
at supersonicMachnumbers,themagnitudeof theeffectswouldbe
expectedto be mall andto decreasewithincreasingMachnumber.
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Machnumbereffects.-Thedatapresentedin figure7 showthe
variationof dragcoefficientwithMachnumberfortheMachnumber
rangefrom0.1 to 2.9. At Machnumbersbelow0.4,dragcoefficients
forReynoldsnumbersaboveandbelowthecriticalReynoldsnumberare
includedto indicatethattheRe~olds numbereffectspredominatein
thisregion.All of thedataavailableforMachnumberslessthan
about0.6 showthecharacteristicriEein hag coefficientwith
increasingMachnumberabovethecritical,andthedrag-coefficient
variationis welldefinedwithinthisrange.

ForMachnumbersin therangeof about0.6to 1.0,theresrelittle
availabledataandthescatteris large. The datafromthe
1- by 3-1/2-footwindtunnelshowan abruptdecreasein therateof
increaseof dragcoefficientwithMachnumberat a Machnumberof 0.65.
A similarvariationis shownby theflightresults(reference12)and
thedataof KnowlerandPruden(reference13). Thesereferencesshow
a significantdecreasein dragcoefficientbetweenMachnumbersof
0.65and0.8. Sinceno otherdataareavailablein theMachnumber
rangeof about0.8to 1.4,thefree-flightresults(reference12)for
a fineness-ratio-60cylinderareincludedto indicatetrendseven
thoughit appesxsthatthemagnitudesatMachnumbersle~sthanunity
arenot thesameas wouldbe obtainedfortwo-dimensionalflow.

Thedataof figure7 indicatethat,fortheMachnumberrange
shown,themajoreffectofMachnumberon dragcoefficientoccursin
therangeofMachnumbersfromabout0.4to 1.4witha maximumdrag
coefficientof about2.1nearsonicvelocity.At Machnumbersgreater
than1.4thedragcoefficientdecreaseaslowlywithincreaseinMach
number.At a Machnumberof about1.5thedragcoefficientsobtained
fromthepresentinvestigationandreference17 arein goodagreement.

The dataof thepresentreportindicatethatforsupersonicMach
numbersthedragcoefficientmay approacha constsatvalueof theorder
of 1.3at highMachnumbers.Sincetheexperimentalpressuredistribution
at a Machnumberof 2.9approachedthatforinfiniteMachnumber
(Newtoniantheory), thetheoreticaldragcoefficientwas calculated
fromNewtoniantheory.Theresultingdragcoefficientof 1.333agreed
withtheexperimentaldragcoefficientat a Machnumberof 2.9. This
agreementmay be consideredfortuitoussincethepressuredistribution
predictedby Newtoniamtheoryis not correctat thisMachnumber.
However,it canbe seenfromthetrendsof thepressure-distribution
curves(fig.5(e))andthedrag-coefficientcurve(fig.7) thatfor
Machnumbersof theorderof 3.0or greaterthedragof circular
cylindersmay be predictedwithinapproximately5 percentby Newtonian
theory.

.

—

.
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Effectsof finenessratioon drag.-‘ThecurveEhownin figure8 for
subsonicMachnumberswas obtainedfromdatain refere~ce11 (p.439)
showsthevariationof O, theratioof thedragof a circular

cylinderof finitelengthto“thedragof a circularcylinderof infinite
length,as a functionof fineneflsratio. Thesedatawereobtainedfor
a verylowMachnumbermd onlyoneReyaoldsnumber(88,030).Some
indicationof theinfluenceofMachnumberandReynoldsnumberon the
fineness-ratioeffectis shownby thefree-flightresultspresentedin
figure9. Fromthesedatait appearsthatin the subsonicspeedrange,
thefineness-ratioeffectis dependenton bothMachnumberandReynolds
number.Valuesof q baseduponthetwo-dimensionalvaluesof thedrag
coefficientsfroathe1- by 3-1/2-foottunneldatahavebeencalculated
forfinenessratiosof 15,30,and6-Oandarepresentedin figure8;
however,no consistenttrendwithMachnumberorReynoldsnumberis evi-
dentfromthislimitedamountof data.

In thelow supersonicspeedrangethefree-flightdataof figure9
indicatethatthefineness-ratioeffectsarenegligible.For supersonic
Machnumbersof 1.49, 1.98, and2.90,thevariationof q withfineness
ratiowas determinedfromthepressure-distributionresultsobtainedin
theAmes1- by 3-footsupersonicwindtunnelsforthemodelshow in
figure1. Typicallongitudinal&istributionsof dragcoefficientare
shownin figure10 fora Machnumberof 1.98fortestswithandwithout
theendplate. DataforMachnumbersof 1.49and2.90weresimilarand
arenotpresented.Thesedatashowthattheeffectsof theendplateand
boundary-layerplatewereto increasethelocaldragcoefficientabove
thetwo-dimensionalvaluein regionsneartheendsof themodel. The
dragcoefficientsoverthecenterportionof themodelwereunaffected
by theremovalof theendplateandwerethereforeconsideredto be the
valuesfortwo-dimensionalflow. Valuesof q werecalculatedfrom
thedistributionof dragcoefficientfromthefreeendof thecylirider
forvariouslengthcylindersandarepresentedin figure8. It carbe
seenfromthisfigurethattheendeffectsfor supersonicMachnumbers
arenegligible(~ is approximately1.0)forfinenessratiosin excess
of about6.

CONCLUSIONS

Dragcoefficientshavebeenobtainedfrompressure-distribution
measurementson circularcylindersat highsubsonicspeedsin the
Ames1- by 3-1/2-footwindtunnelandfor supersonicMachnumbersof
1.49, 1.98, and2.9in theAmes1- by 3-fed supersonicwindtunnel.
DataforsupersonicMachnumberswereobtainedfora rangeofReynolds
numberswhichincludedthe subsoniccriticalReynoldsnumberrange.
Theresultsof thesetestsleadto thefollowingconclusions:
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1. EffectsofReynoldsnumberon dragcoefficientandpressure ‘
distributionarenegligibleat supersonicspeeds.

2. ThemajoreffectsofMachnumberon thedragcoefficientof
.

circularcylindersareconfinedto a rangepf Machnumbersfrom0.4
to 1.4. Above1.4thedragcoefficientdecreasesslowlywithincreasing
Machnumberandmay be approximatedby NewtoniantheoryforMachnumbers
of theorderof 3 or @eater.

3* Theeffectsof finenessratioon thedragcoefficienta~pear
to be negligibleforfinenessratiosin excessof approximately6 at
supersodc~ch numbers.
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