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Abstract

Direct numericalsimulation(DNS) of turkbulent flows is reviewed here. Back-
groundof DNS s presenteéndtheimportanceof DNSin turbulenceis highlighted.
Further we discusselatednumericalissuessuchasthe available methodsbound-
ary conditionsandspatialandtemporaldiscretizations Finally, impactof DNS on
turbulencemodelingis describedandthefuture possibilitiesof thistool arecontem-
plated.

1 Introduction

Thecomple behaior of turbulenceis theconsequencef afairly simplesetof equations
- the Navier-Stokesequations.However, analyticalsolutionsto eventhe simplestturbu-
lent flows do not exist. A completeturbulentflow, wherethe flow variabledik e velocity
andpressurareknown asafunctionof spaceandtime canthereforeonly beobtainedoy
numericallysolving the Navier-Stokes equations.Thesenumericalsolutionsaretermed
asDirect NumericalSimulations(DNS) [10]. The main purposeof DNS is to solve (to
bestof our ability) for the turbulent velocity field without the useof “turbulent model-
ing”. This conditionmeanghatthe Navier-Stokesmomentunmequationfor fluid mustbe
solved exactly, which is not a simpletask. Turbulencemodelinginvolvesthe estimation
of theincreasedluid stresseslueto the swirling motionof aturbulentflow field. Before
theadwentof powerful supercomputershe effect of high-frequeng velocity fluctuations
within a flow field wasestimatedusingmodelingtechniquestesultingin a macro-scale,
or an integral-sensef the flow properties. Nowadays,the Navier-Stokes equationcan
be solveddirectly throughthe useof fast,large memorycapacitycomputerssinghighly
specializechumericaltechniquesj.e. we cannow examinefully developedturbulence
flow fields at a micro-scaleand performextremelyaccuratecalculationsof flow proper
ties. For the discretizationyelatively fine grid sizesarenecessaryThus,any DNS code
is very time consumingand hasextensve storagerequirements.Until now, only DNS
computationgt moderateReynoldsnumbersarepossible.
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DNSusinghigh-performanceomputerss aneconomicaandmathematicallyappeal-
ing tool for studyof fluid flows with simpleboundariesvhich becomeurbulent. DNSis
usedto computefully nonlinearsolutionsof the Navier-Stokes equationswvhich capture
importantphenomenan the procesof transition,aswell asturbulenceitself. DNS can
beusedto computea specificfluid flow state.lt canalsobeusedto computethetransient
evolutionthatoccursbetweeronestateandanother DNS is mathematicalandtherefore,
canbeusedto createsimplifiedsituationghatarenot possiblen anexperimentafacility,
andcanbeusedto isolatespecificphenomenn thetransitionprocessAs we areaiming
atanearlyexactsolution(andnot“the” exact)to specificturbulentflows utilizing limited
computationatesourcesDNS is stressedsa researctiool andnot asa brute-forceso-
lution. Theobjectve of DNSis not necessarilyo reproduceeal-life flows (saythe flow
overanairplane) but to performcontrolledstudieghatallow betterinsight,scalinglaws,
andturbulentmodelsto develop. In aerodynamicsDNS is associatedavith a large-scale
computationallyntensve solutionproceduravhich mayconsumeéundredgo thousands
of Cray Supercomputingresources.The earliestuseof DNS beganin the 1970%s and
with the growth in the computationapower today it is gettingmoreandmore popular
dayby day[4]. Currentcomputationsypically usefinite-differenceschemespr acombi-
nationof spectrabndfinite-differenceschemesalthoughfinite elemen@approacheasing
unstructuredyridsarealsobeingexplored.

However, the maintechnicalchallengesof DNS remainsthe memoryandcomputa-
tionalspeedequirementsA DNS of theflow pastacompleteairfoil wouldrequireacom-
puterwith exaflop (10'8 flops) capacityto be practical,which is still not availablenow.
Theinstantaneousangeof scalesn turbulentflows increasesapidly with the Reynolds
numberandhencemostpracticalengineeringoroblems(e.g. flow arounda car) have too
wide a rangeof scalego be directly computedusingDNS. The difficulty in the DNS is
thattheturbulencecontainswvide spectrunof vorticeswith anequalphysicalimportance.
With increaseof the Reynoldsnumber the sizeratio of the largestto the smallestvor-
ticesincreases.This makesit difficult to performthe DNS of turbulencewith a higher
Reynoldsnumber Thusfor mosthigh Reynoldsnumberapplicationgoday approxima-
tionslik e Large Eddy Simulation(LES) whichcomputenly thelargeenegy-containing
scalesandReynoldsaveraged\avier-Stokessolutions(RANS) aremoreprevalentthan
DNS. DNS canbethoughtof asthe mostdesirablesolutionto a turbulentflow problem
which is muchmore computationallyintensve, followed by LES whichis lesscomplec
andthenRANS whichis theleastcomple« (andalsothe coarsesapproximation).

2 Background

The foundationsof DNS werelaid at the National Centerfor AtmosphericResearchn
1972by Orszag& Pattersor[12], who usedspectraimethodsto performa 32° compu-
tation of isotropicturbulenceat a Reynoldsnumberof 35 (basedon Taylor microscale).



The next majorstepwastakenby Rogallo[15] in 1981,who combineda transformation
of the governingequationswith an extensionof the Orszag-Rttersoralgorithmto com-
pute homogeneousurbulencesubjectedo meanstrain. The resultswere comparedo
theoryandexperimentaldataand usedto evaluateseveral turbulencemodelswhich set
the standardor DNS of homogeneousirbulence.The earliestcomputedlows werein-
homogeneous only onedirection. The computingresourcesn the late 19705 did not
allow DNS of wall-boundedurbulencehowever, coarse-gricomputation®f free-shear
layerscould be performed.It wasnot until 1987thatthe DNS of the planechannellow
was performed[6]. The next major stepwastaken by Spalart[16], who developedan
ingeniousmethodto computethe turbulent flat-plateboundarylayer underzeroandfa-
vorablepressureggradients.Computingflows thatareinhomogeneous the streamwise
directionrequiredthatthe turbulencebe specifiedat the inflow plane. A recentadwvance
hasbeenthe developmentof methodsto specify this inflow turbulence,as a result of
whichreasonablyomple flows, e.g. theflow over abacksteglLe & Moin [7] in 1994),
andflat plateboundarylayerseparatiorfNa & Moin [11] in 1996)have beencomputed.

In contrasto its incompressibleounterpartbNS of compressibleurbulentflow has
beenfairly recent. The DNS of homogeneousompressibléurbulencewasinitiated in
1981by Feiereisemt al. [3], butaseriousstudyof compressiblomogeneousirbulence
(isotropicandshearedjvasundertalken only a decaddater Wall-boundedlows suchas
thecompressiblehanneblndturbulentboundaryayerhave only recentlybeenattempted.
Recently DNS hasalsoexaminedhigh-speedurbulentmixing layersandtheinteraction
of shockwaves with turbulence. An exciting nev developmenthasbeenthe field of
computationaberoacousticsiwhereboth the fluid motion andthe soundit radiatesare
directly computedusingDNS.

In tracingthe evolution of DNS overthe pastdecadeit is obseredthatthe comple-
ity of the computedflows hasnoticeablyincreasedput that their Reynolds numberis
still low. Anotherdevelopmenhasbeentheincreasednvestigatiorof turbulencephysics
by computingidealizedflows that cannoteasily be producedin the laboratory As the
geometryof the flows hasevolved, so have the numericalmethods.Thesechangesave
beenaccompaniedby a significantimprovementin computethardware. Currentlyavail-
ableparallelmachinedik e the 64 processoSP-2areabout100 timesfasterthanthe 64
processotLLIA C-IV usedin theearly1980s.

3 Numerical Issues

While speedncreasedroughtby fastercomputergoessignificantlyto whatcanbe ac-
complishedusing DNS, smarterprogramming,fasteralgorithmsand novel theoretical
toolsreceve continuedemphasito make progressn DNS.

For periodicallyassumedlows, fast Fourier seriesmethodshave enablednumerous
temporalDNS studies. For the spatialDNS approachhigh order (> 4th) finite differ-



encemethodsarecommonlyusedin DNS codes.Dueto theadwancesnadeby Lele [8],
high-ordercompactdifferencetechniqueshave beenincludedin morerecentDNS ef-
forts. Spectraklementandcollocationmethodshave beenusedfor spatialdiscretization
aroundcomplex geometrie§2]. Chebyshe collocationtechniquegwhich usepolyno-
mials insteadof trigonometrictermsand are hencefor non-periodicflows) have been
usedin boundary-layeandchannelflow problems. Also, numerousdDNS studieshave
usedschemetik e Adam-BashforthRunge-Kitta, Crank-Nicolsonandtime-splittingap-
proachegor time advancement.

OftenPoissoror HelmholtzequationgDirichlet andNeumanrboundaryconditions)
mustbe solvedduringthe courseof a DNS. A Gauss-Sieddik e iterationprocedureand
directsolvershave beenusedin DNS codesfor these.Fastserialandparallelhigh-order
directsolversfor PoissorandHelmholtzequationshave beentestedfor speedandaccu-

ragy.

3.1 Spectral Methods

Themajorproblemwith ary numericalsolutionof a differentialequations accuratecal-
culationsof derwatives. This is why nearlyall early turbulenceDNS’s utilized spectral
methodswhich are extremelyaccurateand non-dissipatie tools for calculatingderiva-
tivesof discretedatasets. If craftedcorrectly suchmethodsenjoy exponentialcorver-
genceo ahighly accuratesolution. A spectraimethodactuallyapproximatesreal-space
functionwith a seriessumof orthogonafunctions.Mathematicallythis lookslik e:
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The mostcommonchoicefor the orthogonalfunctionsis the Fourier series. This may
seemto complicatingthings, but actuallythis helpsto calculatethe spatialderiative of
f sinceFourier seriesfunctions(comple< exponentialsareeasyto differentiate.Again,
mathematicallyhis resultsin:
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Thereforejn orderto calculatehedervative of f, (1) calculateheFouriertransform,(2)
computenew Fourier coeficients,and(3) calculatethe inverseFourier transformof the
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new series(with calculatedcoeficientsfrom (2)). This methodis quitetime consuming,
but with the help of the FastFourier TransformgFFT), the methodbecome$(NlogN)
insteadof O(N?). However, severalimportantstipulationsmustbe obsenedwhenusing
this methodto solve the Navier-Stokesequation:

1. Theorthogonafunctionsshouldbewell beharedandcontinuoudo reduceGibb’s
phenomenasmuchaspossible(i.e. to recover pointwiseexponentialaccurag at
all pointsincludingthediscontinuities).

2. Grid spacingmustbe on the orderof the Kolmogoros scaleof the flow (smallest
scalewithin theflow).

3. Aliasing errors(falsetranslationof new modesinto the domain)dueto corvective
termsshouldberemoved. They cancauseeithernumericalinstability or excessve
turbulencedecay

Oneof thebig disadwantage®f thismethodis thatit is notyetclearhow theseprocedures
canbeextendedo curvilineargridswhichis socommonin aerodynamics.

3.2 FiniteDifferencevs. Spectral Methods

In a comparatre study Rai & Moin [14] examinedthe influenceof a finite difference
vs. a spectralapproachon the statisticalresultsby comparingthe turbulencestatistics
of their earliercomputationsisingspectraimethodgKim et al. [6]) with thoseobtained
usingvariousfinite differencetechniquesThey concludedhatthe prevalentmethodfor

DNS of turbulent flows is the spectralmethod,but that for complex geometriesfinite

differencetechniguesgspeciallyhigh-orderaccurateupwind-biasednethods,are good
candidatesThestatisticaresultsobtainedrom thefinite differencecomputationshaved

areasonabléut notexcellentagreementvith theresultsobtainedearlierwith thespectral
method. However this is not sufficient to justify a conclusionon the performanceof

finite differenceschemesasthetotal numberof grid pointsusedfor thefinite difference
computationsvasjust 35% of thoseusedfor the spectraimethod.

3.3 Spatial Resolution

The rangeof scalesthat needto be accuratelyrepresentedh a computationis dictated
by the physics. The grid determinegshe scalesthat arerepresentedyhile the accurag
with whichthesescalesarerepresented determinedy thenumericaimethod.TheKol-
mogorw lengthscalen = (v3/¢)Y/4, is commonlyquotedasthesmallesscalethatneeds
to beresolhed. However, thisrequiremenseemdo betoo stringentandit is obseredthat
the smallestresoledlengthscaleis requiredto be of O(n) andnot equalto n. Spectral
DNS shavsvery goodagreementvith experimentsventhoughthe Kolmogoror scaleis



notresolhed. The smallesiengthscalethatmustbe accuratelyresolved dependsn the
enegy spectrumandis typically greatethanthe Kolmogoro lengthscale;e.g. Moser&
Moin [6] notedthatmostof thedissipationin the curvedchanneloccursat scalegyreater
than15n (basedn averagedissipation).

Theresolutionrequirementsrealsofairly influencedoy the numericalimethodused.
Differencingschemesvith largernumericakerrorwouldrequirehigherresolutiorto achieve
the samedegreeof accurag comparedo the spectraimethodsandthe othermoreaccu-
ratefinite differencingcounterpartsOtherfactorswhich influencethe spatialresolution
are the differentiationerror and the errorsassociatedvith the nonlinearityof the gov-
erning equationg(triadic interactionbetweenthe scales,andaliasing),which shouldbe
sufficiently small.

And then of course,the Reynolds numberplays the mostimportantrole. An ac-
knowledgedimitation of DNS is its restriction(by costconsiderationsjo low Reynolds
number For channeflow, theapproximatenumberof grid pointsneededanbeestimated
from the expressiorby Wilcox [17]

Nons = (0.088Re)¥/*

where Rg, is the Reynolds numberbasedon the meanchannelvelocity and channel
height. Accordingto the aborve expressionto computea flow with Reynolds number
of 10° which we encountein real-life, we would requireapproximatelyl33billion grid

pointswhich is astronomical. To reducethis costsomevhat, Reynolds numberscaling
is usedwhenerer possibledependingon the obsered dependencef the flow on the
Reynoldsnumberwithout changingthe essentiaphysics. Thusthe choiceof optimum
Reynoldsnumberfor DNSis dependenbntheapplicationasDNS neednotobtainreal-
life Reynoldsnumberdo beusefulin the studyof real-life applications.

3.4 Temporal resolution

A wide rangeof time scalesputsturbulent flows into the cateyory of stiff systemsor
time advancementSuchstiff systemsareoftenhandledusingimplicit time advancement
algorithmsin CFD which allow useof large timesteps.Unfortunately the requirement
of time accurag over a wide rangeof scalesdoesnot permit very large timestepsin
DNS. Useof largetimestepsmpliesthatthe smallscalescanhave largeerrors,which can
corruptthe solution. A commonpracticein incompressibléNS of wall-boundedlows
is to useimplicit time advancementor the viscoustermsandexplicit time advancement
for the convective terms.For DNS of turbulentchanneflow usingimplicit timestepping,
studiesby Choi & Moin [1] showved that very large timestepscausethe turbulenceto
decayto alaminarstate.



3.5 Boundary Conditions

Boundaryconditionshave always beena critical issuein the useof DNS. Specifying
boundaryconditionsat openboundariess a difficult issue. For incompressibldlows,
statisticallyhomogeneouslirectionssuchasthe spanwisedirectionin a 2-D boundary
layer are straightforvard to treatand periodic conditionsareimposed. However, most
fully developedcomple flows are inhomogeneous the streamwisalirection, which
requirebothinflow andoutflow boundaryconditionsto be specified.

Compressibilityintroducesadditionalboundaryconditionissues Characteristi@anal-
ysismustbeusedin compressibl®NS to determinehe numberof boundaryconditions
required.

In thefarfield, disturbancearegenerallyassumedo vanish,so eitherhomogeneous
Dirichlet or exponentiallydecayingboundaryconditionshave beenused. But theseas-
sumptionscanleadto considerableerrorswhenthe nonlineareffects are large andthe
mean-flov distortionquantityis important.

4 DNSand Experiments

DNS resultshave consistentlyshovn excellentcomparisonsvith experimentabdata.One
of the comparison®f the resultsobtainedby DNS of turbulent flow over a backward-
facingstep(Le et al. [7]) with the experimentadataobtainedoy by Jovic & Driver[5] is
shavnin figurel. In 1987,Moin & Spalar9] usedDNS datafrom aturbulentboundary
layerto estimateheaccurag of cross-wiregprobesandto quantifythe magnitude®f the
differentsourcesf error. DNS hasrecentlybeenusedto provide probedesigncriteria
andvalidateexperimentalmeasurementsf vorticity in turbulentflows. Kim et al. [6]
performedDNS of the turbulent channelflow (Re; = 3300)usingabout4 million grid
pointsto resole the flow. Extensve comparisorof theresultsto experimentaldatawas
performedandin generalgoodagreemenivasfound.

5 Conclusion

The contributionsof DNS to turbulenceresearchn thelastdecadenave beenimpressve
andthe future seemsbright. The greatestadvantageof DNS is the stringentcontrol it
providesover theflow beingstudied.It is expectedthatasflow geometriebecomemore
compl&, the numericalmethodsusedin DNS will evolve. However, the significantly
highernumericaffidelity requiredoy DNSwill haveto bekeptin mind. It is expectedhat
useof non-coventionalmethodologiege.g. multigrid) will leadto DNS solutionsat an
affordablecost,andthatdevelopmenbf nonlineamethodsof analysisarelik ely to prove
very productve.
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Figurel: Comparisorof meanstreamwiserelocity profilesgeneratedby DNS of turbu-
lent flow over a backward-facingstep(Le et al. [7]) with experimentaldataobtainedby
Jovic & Driver|[5]

The Reynoldsnumberof the simplerturbulentflows arecurrentlyapproachinghose
of thesmallerscaleexperimentsDNS of forcedisotropicturbulencehasbeenconducted
on 512 grids by several workers with the help of parallel computers. The Reynolds
numberin thesecomputationsctuallyexceedghatin mostlaboratoryexperiments DNS
is mostimportantin problemswheresimplificationto the governingunsteadynonlinear
equationdave notasyet beenadequatelyalidated.

Databasegieneratedy DNS [13] provide resultson turbulent flow statisticswhich
arein good agreementvith experimentsthus greatly increasingthe confidencein the
technology

Thesedatabasealsooffer the opportunityto extractinformationfrom the flow field
which cannot,or only with muchdifficulty, be obtainedrom experiments.The availabil-
ity of DNS datahasresultedn novel approacheso modelevaluationandallows testing
of the conceptsehinda model. DNS datais extensvely usedto evaluateLES results
which arean orderof magnitudefasterto obtain. The availability of this detailedflow
informationhascertainlyimproved our understandin@f physicalprocesses turbulent
flows which thusemphasizethe importanceof DNS in presentcientificresearchDue
to theverygoodcorrelationbetweerthe DNSresultsandtheexperimentadata,DNS has
becomesynorymouswith theterm“Numerical Experiment”.
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