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FLOW ALONG A LONG THIN CYLINDER
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Summary Calculationshave beenperformedfor theflow alonglong thin cylindersusinga varietyof methods,from a boundarylayer
codewith a turbulencemodelto a full, time accurate,Navier-Stokessolver. Theresultshave beenvalidatedby comparisonwith those
from experiments.It hasbeenfoundthat therearemajordifferencesbetweentheflow on a cylinder andtheequivalentflow on a flat
plate,with the wall shearstresstendingto a constantmeanvaluefar downstream.Calculationsof thepower spectraldensityof the
surfacepressurefluctuationsshow thatthenoisegeneratedby theturbulenceinitially increasesastheradiusof thecylinderis decreased,
but eventuallydecreasesastheradiusis decreasedfurther.

INTRODUCTION

The externalflow alonga long thin cylinder hasbeenthe subjectof relatively few studiescomparedwith that on a flat
plateor in channelsandpipes. The resultsthat do exist show significantdifferencesin the flow ascomparedwith that
for a flat plate. For both laminarandturbulentflows thevelocity profile is fuller andthewall shearstressis higherthan
in theequivalentflow on a flat plate.All availableexperimentalresultsshow turbulentflow, evenfor Reynoldsnumbers
of

�����	��
	�
. Also, perhapssurprisingly, for long cylinders, in practicethe dragper unit lengthappearsto be constant,

indicatinga constantmeansurfaceshearstress.Experimentalresultsfor higherReynoldsnumbers(
�����	����������	�

) show
that the noisefrom the turbulent pressurefluctuationsat the surfaceof the cylinder increasesasthe Reynoldsnumber
decreases.In practice,this implies that the noiseincreasesasthe cylinder radiusdecreases.Clearly this trendcannot
continueto the limit of zeroReynoldsnumber. Our interestis in investigatingthe behaviour for the flow along long
cylinders,typical of the towedsonararraysusedfor underwatersensing.This mayhave aspectratiosof up to

�����������
,

with a lengthof theorderof a kilometreanda radiusin the orderof centimetres.Clearly it is impracticalto performa
full Navier-Stokescalculationfor a bodiesof this size.Hencea seriesof problems,asoutlinedbelow, wasstudied,with
validationusingtheresultsof thedifferentmodelproblemsandcomparisonwith experimentalresults.

SIMULATIONS USING A TURBULENCE MODEL

A seriesof calculationswereperformedfor a cylinder alignedwith the flow governedby the boundarylayerequations
with a variableviscositygivenby the Spalart-Allmarasturbulencemodel. Very long cylinderswith Reynoldsnumbers,���

, of
�������

to
�����	�����

wereconsidered,where
����������� �"!

,
�

is the radiusof the cylinder, and
���

the freestream
velocity. Turbulentflow waspredictedin all cases.A detailedcomparisonwasmadeof the numericalresultswith the
experimentalmeasurementsof Willmarth et al [1] andLueptow et al [2], for flows with Reynoldsnumbersfrom 482to
92310. Valuesfor the displacementthickness,momentumthicknessand friction velocity, andfor the Reynoldsstress
acrossthe boundarylayer, showed excellent agreement,i.e. within the expectedexperimentalerror. Therewas also
excellentagreementbetweenthepredictedandexperimentalvelocity profiles,ascanbeseenin Figure1. Note that the
differencein thecurvesfor the lowestReynoldsnumberin the far field comesfrom thedifferencein thenumericaland
experimentalvaluesfor the friction velocity usedto scalethe velocity, whenthe radiusof the cylinder is smallest,and
thelargestexperimentalerrorsmight beexpected.In all thesecalculations,standardvalueswereusedfor theparameters
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Figure 1. Velocityprofilesin wall coordinates.Linesarenumericalandsymbolsexperimentalfrom Willmarth et al: lower #�$&%('*)	+ ,
middle #&$&%-,�)�)	. , top #�$/%('*,�0*+	. .

in the turbulencemodel,i.e. no tuning of the modelwasperformed.In agreementwith experimentalobservations,the
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calculationspredictedthatthefardownstreamvalueof theshearstresswasessentiallyconstant.Also, thevaluespredicted
for thedragperunit lengthareconsistentwith thoseobtainedfrom towedarrayswhendeployed.

DNS AND LES SIMULATIONS

Althoughtheenormouscomputationalrequirementrulesout a full unsteadyNavier-Stokescalculation,a modelproblem
canbeformulatedfor thefardownstreamregionwhenthemeanwall shearstressis predictedto beconstant.Thisconsists
a finite region of thecylinder in which theflow is assumedto beperiodicin thestreamwisedirection,with theboundary
layergrowing in thicknessin time. A seriesof calculationswasperformedfor Reynoldsnumbersfrom 500to

�����
. For the

lowerReynoldsnumbers(2000or less)aDirectNavier-Stokes(DNS)calculationwasperformed,with noapproximations.
For higherReynoldsnumbers,a LargeEddySimulation(LES) approachwasemployed. A standardsubgridmodelwas
usedfor the LES, i.e. again,no tuning wasperformed. A basicpredictionis that the meanwall shearstressobtained
from this problemshouldtendtowardthevaluepredictedby theturbulencemodel,andby implication,theexperimental
values.That this occuredcanbeseenfrom Figure2 which shows thespatiallyaveragedshearstressfor

���2143 �����
. A

similar level of agreementwasfoundfor thehigherReynoldsnumbers.Theconvection(phase)speedof the turbulence

0

2

4

6

8

10

0 1000 2000 3000 4000 5000 6000

S
H

E
A

R
 S

T
R

E
S

S

5

TIME

Re=500
Re=1000
Re=2000

Figure 2. Spatiallyaveragedwall shearstressagainsttime for #�$�%76*.	. (bottom), #�$&%98:.	.�. (middle),and #�$&%�0*.	.	. (top). Also
shown arethefar downstreamvaluesobtainedusingtheSpalart-Allmarasturbulencemodel.

wasestimatedfrom thecrossspectrumof thepressurefluctuationat two differentpoints.Thiswasapproximately70%of
thefreestreamvelocity, consistentwith experimentalvalues.Powerspectraldensitiesfor thesurfacepressurefluctuations
werecalculated.Thesepredictedthatwhile for thenoisefrom theturbulenceat thesurfacewould increaseasReynolds
number(radiusof the cylinder) decreasedfor the higherReynoldsnumber, aswould be expected,eventuallythe noise
woulddecreasewith Reynoldsnumber(radius).

CONCLUSIONS

Calculationshave beenperformedfor the zeromeanpressuregradientturbulentboundarylayeron a long thin cylinder
over a wide rangeof Reynoldsnumbers.The Spalart-Allmarasturbulencemodelhasbeenvalidatedfor this problem
for theReynoldsnumbersfor which detailedexperimentalresultsareavailable.Both experimentalandnumericalresults
show thattheboundarylayeronacylinder is thinnerandhashighershearstressthanfor theequivalentflow onaflat plate.
For all practicalpurposesthemeanshearstresson thesurfaceof thecylinder tendsto a constantdownstream.Whenthis
occurstheflow nearthesurfaceis independentof thedownstreamcoordinate,while theouterpartof theboundarylayer
continuesto evolve,with theboundarylayergrowing in thicknessasthesquarerootof thedistance.
Calculationshavealsobeenperformedfor flow on a finite sectionof thecylinderusinga Navier-Stokessolver, including
wherenecessaryasubgridmodel.Thereis goodagreementwith theresultsobtainedusingtheSpalart-Allmarasturbulence
model.Also, thepredictionsof theconvectionspeedareconsistentwith thoseobtainedin experiments.
Calculationsof thepower spectraldensityof thepressureat thesurfaceshow that for thehigherReynoldsnumbers,the
noisefrom theturbulenceincreasesastheradiusof thecylinderdecreases,consistentwith experimentalresults.However,
whentheradiusis reducedsufficiently, thenoisepeaks,thendecreases,at leastfor thelower frequencies.
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