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FLOW ALONG A LONG THIN CYLINDER
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Summary Calculationshave beenperformedfor theflow alonglong thin cylindersusinga variety of methodsfrom a boundarylayer
codewith aturbulencemodelto afull, time accurateNavier-Stokessolver. Theresultshave beenvalidatedby comparisorwith those
from experiments.It hasbeenfound thatthereare major differencesetweerthe flow on a cylinder andthe equivalentflow on aflat
plate,with the wall shearstresstendingto a constantmeanvalue far downstream. Calculationsof the power spectraldensityof the
surfacepressurdluctuationsshav thatthenoisegeneratedby theturbulenceinitially increasesstheradiusof thecylinderis decreased,
but eventuallydecreaseastheradiusis decreasedurther

INTRODUCTION

The externalflow alonga long thin cylinder hasbeenthe subjectof relatively few studiescomparedwith thaton a flat
plateor in channelsand pipes. The resultsthat do exist shav significantdifferencedn the flow ascomparedwith that
for aflat plate. For both laminarandturbulent flows the velocity profile is fuller andthe wall shearstresss higherthan
in the equivalentflow on aflat plate. All availableexperimentalkresultsshow turbulentflow, evenfor Reynoldsnumbers
of O(10%). Also, perhapssurprisingly for long cylinders, in practicethe drag per unit length appeargo be constant,
indicatinga constanmeansurfaceshearstress Experimentatesultsfor higherReynoldsnumberg0(10° — 10%)) showv
that the noisefrom the turbulent pressurefluctuationsat the surfaceof the cylinder increasesasthe Reynolds number
decreaseslIn practice,this implies that the noiseincreasesasthe cylinder radiusdecreasesClearly this trend cannot
continueto the limit of zero Reynolds number Our interestis in investigatingthe behaiour for the flow alonglong
cylinders, typical of the towed sonararraysusedfor undervatersensing.This may have aspectatiosof up to O(10%),
with alengthof the orderof a kilometreanda radiusin the orderof centimetres.Clearlyit is impracticalto performa
full Navier-Stokescalculationfor a bodiesof this size. Hencea seriesof problems.asoutlinedbelow, wasstudied,with
validationusingthe resultsof the differentmodelproblemsandcomparisorwith experimentakesults.

SIMULATIONS USING A TURBULENCE MODEL

A seriesof calculationswere performedfor a cylinder alignedwith the flow governedby the boundarylayer equations
with a variableviscositygiven by the Spalart-Allmaragurbulencemodel. Very long cylinderswith Reynoldsnumbers,
Re, of O(1) to O(10%) wereconsideredwhere Re = Uya/v, a is the radiusof the cylinder, andU,,, the freestream
velocity. Turbulentflow waspredictedin all cases.A detailedcomparisorwas madeof the numericalresultswith the
experimentalmeasurementsf Willmarth et al [1] andLueptow et al [2], for flows with Reynoldsnumberdrom 482to
92310. Valuesfor the displacementhicknessmomentumthicknessandfriction velocity, andfor the Reynolds stress
acrossthe boundarylayer, shoved excellent agreementj.e. within the expectedexperimentalerror. Therewas also
excellentagreemenbetweenrthe predictedand experimentalvelocity profiles,ascanbe seenin Figurel. Notethatthe
differencein the curvesfor the lowestReynoldsnumberin the far field comesfrom the differencein the numericaland
experimentalvaluesfor the friction velocity usedto scalethe velocity, whenthe radiusof the cylinder is smallest,and
thelargestexperimentakerrorsmight be expected.In all thesecalculations standardsalueswereusedfor the parameters
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Figure 1. Velocity profilesin wall coordinatesLinesarenumericalandsymbolsexperimentafrom Willmarth et al: lower Re = 736,
middle Re = 4330, top Re = 74260.

in the turbulencemodel,i.e. no tuning of the modelwas performed. In agreemenwith experimentalobsenations,the
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calculationgpredictedhatthefardownstreanvalueof theshearstressvasessentiallyconstant Also, thevaluespredicted
for thedragperunit lengthareconsistentvith thoseobtainedfrom towed arrayswhendeployed.

DNSAND LESSIMULATIONS

Althoughthe enormousomputationatequirementulesout afull unsteadyNavier-Stokescalculation,a modelproblem
canbeformulatedfor thefar downstreanregionwhenthe mearnwall sheaistresss predictedo beconstant.This consists
afinite region of the cylinder in which the flow is assumedo be periodicin the streamwisealirection,with the boundary
layergrowing in thicknessn time. A seriesof calculationsvasperformedor Reynoldsnumbersrom 500to 10°. For the

lower Reynoldsnumberg2000or less)aDirect Navier-Stokes(DNS) calculatiorwasperformedwith noapproximations.
For higherReynoldsnumbersa Large Eddy Simulation(LES) approactwasemployed. A standardsubgridmodelwas

usedfor the LES, i.e. again,no tuning was performed. A basicpredictionis that the meanwall shearstressobtained
from this problemshouldtendtowardthe valuepredictedby the turbulencemodel,andby implication, the experimental
values. Thatthis occuredcanbe seenfrom Figure 2 which shows the spatially averagedshearstressor Re < 2000. A

similar level of agreementvasfoundfor the higherReynoldsnumbers.The corvection(phasespeedof the turbulence
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Figure 2. Spatiallyaveragedwall shearstressagainstime for Re = 500 (bottom), Re = 1000 (middle),andRe = 2000 (top). Also
shawvn arethefar downstreamvaluesobtainedusingthe Spalart-Allmaragurbulencemodel.

wasestimatedrom the crossspectrunof the pressurdluctuationat two differentpoints. This wasapproximately7 0% of

thefreestreamvelocity, consistentvith experimentalalues.Powver spectradensitiedor thesurfacepressurdluctuations
werecalculated.Thesepredictedthatwhile for the noisefrom the turbulenceat the surfacewould increaseasReynolds
number(radiusof the cylinder) decreasedor the higher Reynoldsnumber aswould be expected eventuallythe noise
would decreasevith Reynoldsnumber(radius).

CONCLUSIONS

Calculationshave beenperformedfor the zeromeanpressuregradientturbulentboundarylayer on a long thin cylinder
over a wide rangeof Reynolds numbers. The Spalart-Allmaragurbulencemodel hasbeenvalidatedfor this problem
for the Reynoldsnumberdor which detailedexperimentakresultsareavailable. Both experimentalndnumericalresults
shaw thattheboundarylayeronacylinderis thinnerandhashighersheaistresghanfor theequivalentflow onaflat plate.
For all practicalpurposeshe meanshearstresson the surfaceof the cylinder tendsto a constandownstreamWhenthis
occurstheflow nearthe surfaceis independentf the downstreancoordinatewhile the outerpartof the boundarylayer
continuego evolve, with the boundarylayergrowing in thicknessasthe squareroot of the distance.

Calculationshave alsobeenperformedfor flow on afinite sectionof the cylinder usinga Navier-Stokessolver, including
wherenecessargsubgridmodel. Thereis goodagreementvith theresultsobtainedusingthe Spalart-Alimarasurbulence
model.Also, the predictionsof the corvectionspeedareconsistentvith thoseobtainedn experiments.

Calculationsof the power spectraldensityof the pressureat the surfaceshav that for the higherReynoldsnumbersthe
noisefrom theturbulenceincreasesstheradiusof the cylinder decreasegonsistentvith experimentaresults.However,

whentheradiusis reducedsufficiently, the noisepeaksthendecreasestleastfor thelower frequencies.
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