Chapter 1

Intr oduction & Literatur e Survey

1.1 Background

Understandingnd predictingturbulent o w is vital for a wide rangeof applicationsfrom weather
predictionto cardesign.Thephenomenéhatareobseredin turbulent o ws, suchasthebeautifuland
intricateeddystructuresarealsofascinating.Turbulenceis characterizedby its disorderor apparent
unpredictability It typically hasa large rangeof lengthandtime scales:in atmosphericurbulence
the eddiesmay rangein size from centimetresup to hundredsof kilometres. The rapidly changing
velocity eld in turbulent o ws encouragesapid mixing which enhancedliffusion of momentum,
massand heat. This featurecan be advantageousf one wantsto remove heator mix uids, or it
can be disadwantageousf, for instance,one wantsto minimize friction drag. Turbulenceis also
dissipatve, meaningthatenegy mustbe constantlysuppliedto the o w in orderfor turbulenceto be
maintainedor elseit will decay(a commonlycited examplebeingthe motion of stirredliquid in a
cup,wherethe uid eventuallyceasesnoving). This dissipationof turbulentkinetic enegy is linked
to an“enegy cascade”whereenegy is suppliedto thelargesteddieshy shearingnotionsin the bulk
o w, which interactwith andtransferenegy to smallereddies. In the smallesteddiesthe velocity
gradientsarelargestandviscousactioncorvertskinetic enegy into heat. Whilst it is in uenced by
the uid viscosityanddensity turbulenceis nota materialpropertyof the uid but acontinuumo w
phenomengcontinuumin the sensdhatthe minimumlengthscalein aturbulent o w is alwaysmuch
greatethanthemearfreepathof its constituenmolecules) Theturbulenceconsideredhn thisthesiss
alsothree-dimensionalTurbulencecanoccurin 2-D but it exhibits behaiour unlike 3-D turbulence,
in particularthe enegy cascadseemgo work in reverse leadingto largerandlargereddies.
Turbulent o w predictionshave evolved signi cantly during the last half-century largely dueto
theappearancef digital computersn the 19505 and60's, andtheir exponentialincreasen process-
ing power over thefollowing decadesBeforethe advent of computing predictionsveremadeusing
eitherempirical correlationsor integral methods. The latter approachinvolvesthe solutionof ordi-
nary differentialequationgin 2-D o ws) throughthe useof integral parametersuchasmomentum
thicknessandskin-friction coefcient (by assumingpro les or shapeunctions,seefor example[1]).
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This approachis limited to fairly simple o ws which do not involve boundary-layeseparatioror
recirculation but is still commonlyusedin industry[2].

At presentthereare ve mainapproacheto predictingturbulent o w. The rst andconceptually
the simplestapproachis to solve directly the equationggoverning uid o w, the Navier-Stokesequa-
tions. This so-called“Direct NumericalSimulation” (DNS) hasthe adwvantagesf not needingary
assumptionsf the turbulencebehaiour andhencedatafrom DNS is oftenusedin a similar manner
to experimentakesults(the bonusbeingthatquantitieshatcannotbe determinedexperimentallycan
easilybe examined,asall ow parametersrecalculated).In factit haseven beenusedto estimate
themeasuremerdrrorsin experimentgsee for example,Moin & Mahesh3]). DNSis alsoproving
usefulfor examiningthe internalmechanismsf turbulenceandtransitionfrom laminarto turbulent
ow. Thedisadwantageof DNS is the computationakxpense:massiely parallelcomputershave to
be usedandcomputationsarelimited to relatively low-Reynolds-numbero ws with a smallratio of
largeto smalleddies.This high costis dueto the natureof turbulenceitself. In orderfor turbulenceto
berepresentedccuratelyit is necessarjo resole all thelengthandtime scalef the o w. Tenneles
& Lumley [4] shavedthatthe computationatostscaleswith the cubeof theintegral-scaleReynolds
numbery Rq". It is thereforeunlikely thatDNS will be usedroutinelyin engineeringcalculationsfor
the foreseeablduture, althoughit is invaluableasatool for providing very detaileddatawhich may
beusedto helpdevelopor to validateturbulencemodels.

The secondapproachlarge Eddy Simulation(LES), usesa coarsergrid thanthatemplo/ed in
DNSandappliesthe ltered Navier-Stokesequationgeffectively N-S equationsveragedverasmall
region of space). Sincethe grid cannotdiscernthe smallestscalesof turbulence,a sub-grid-scale
modelis usedto accountfor the dissipationof enegy at the smallestscalesandary “backscatter’of
enegy from the smallto thelarge scales.Thelarge-scalanotions,which areresponsibldor mostof
the transportof momentumandturbulenceenegy, are computedexplicitly anddo not requiremod-
elling. Thereforeijt is anticipatedhatthis methodshouldbe moreaccuratehanthe RANS approach
discussedelaw, in which all turbulent scalesare modelled. LES was rst developedfor applica-
tion to weatherprediction,but is increasinglybeing usedthroughoutthe engineeringand scienti ¢
communities. However, the relatively high computationalexpensestill limits LES to analysisand
trouble-shootingatherthanasanaid to engineeringlesigrt.

Thethird approactusesReynolds-AreragedNavier-Stokes(RANS) equationsHeretheturbulent
0 w is consideredsconsistingof two componentsa uctuating partandameanor averagepart. The
mean o w is calculatedusing RANS equationswhich are obtainedby averagingthe Navier-Stolkes
equationsover time, spaceor usingensembleaveraging. The equationdook very similar to the un-
averagedinstantaneoud)avier-Stokes equationsut for anadditionalnon-linearterminvolving the
Reynoldsstressit; (wherev; is the uctuating velocity andthe overbardenotesReynoldsaverag-
ing). A transportequationcan alsobe derived for the unknavn Reynolds stress,but this involves

1For example atpresenin UMIST anopposedvall-jet o w is beingexaminedusingboth LES andRANS approaches.
TheRANS simulationqusingatwo-equatiormodel)take approximatelyé hourswhereaghe LES simulationgake between
1 and2 weeks,onthe sameplatform,dependingon grid resolution.
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additionalunknawn third-orderterms(Uitjti) . Likewise,theexpressiorfor Uit Uy involvesunknavn

fourth momentsandso on. This issueof specifyingthe Reynoldsstressis knowvn asthe turbulence
modelling“closureproblem”. The closureproblemis alsocomplicatedby the factthatthe Reynolds

stressnay dependuponnon-localevents.In the exactequatiorfor Tt; therearetermsinvolving the

uctuation pressurep, for which onecanderive a Poissonequation. This equationcanbe solved,

using Greens functions,but the value of p atary pointin the o w is foundto be a function of the

velocity at all points throughoutthe whole o w domain. “Single-point” closuresassumethat the

Reynoldsstresscanbe calculatedn termsof local parametersVarioussingle-pointturbulencemod-

els exist which attemptto approximatetitj, rangingfrom simplealgebraicexpressiongo additional
transportequationsor eachof the six independenReynolds stresses.Thesemodelsare discussed
below (Sectionl.2).

Solving the RANS equationswith a single-pointlinear eddy-viscositymodel (discussedelav)
canbethoughtof assolving the Navier-Stokes equationgfor alaminar o w (i.e. the meanvelocity)
but with amodi ed uid viscositywhichis afunctionof thelocal turbulencebehaiour. If the ow is
stationary(i.e. if theaveragedvelocity eld doesnotchangeovertime)it is notnecessaryo compute
the time-dependenb w behaiour with a RANS schemeunlike DNS or LES wherethe o w must
alwaysbe consideredcisunsteady Symmetrycanalsobe usedto reducethe computationalemands
whereappropriateso, for example,the axisymmetriadmpinging jet studiedin this thesiswastreated
asessentiallya 2-D problem.DNS andLES on the otherhandrequirefull 3-D solutionsin orderto
model3-D turbulence. The RANS approachusingsingle-pointclosureis thereforeeconomicaland
e xible andis widely usedin industryfor bothdesignandanalysis.

The fourth methodof analyzingturbulent o ws involves “multi-point” or in mostcasessimply
“two-point” correlations.Herethe turbulent statisticsat two separatgointsin spaceareused. The
analysisis complex andthe resultingequationsare sometimesntractable. Researchs principally
beingundertaknby two groupsL'Ecole CentraledeLyonandtheLos AlamosNationalLaboratories.
Compl turbulent o ws have beenexaminedusingtwo-pointclosureshbut only in relatively simple
geometries.Whilst this approachis unlikely to be usedin practicalengineeringapplicationsin the
nearfuture, the theoriesdevelopedin two-point closuresgive insight into someof the physicsof
turbulentinteractionsandprovide guidanceor the developmeniof single-pointturbulencemodels.

The fth and nal approacho predictingturbulent o w usesProbabilityDensityFunctiondPDFs).
A PDF expresseshelikelihoodof aneventtaking placeperunit samplespacé. The meanvelocity
andReynoldsstressarethe rst andsecondnomentsof the EulerianPDF of velocity. Thereforef
the shapeof the PDF canbe determinedhenthe closureproblemcanbe solved. An equationfor
the velocity PDF canbe derived from the Navier-Stokes equations.In this equationthe corvective
transportandthe meanpressuragyradientterm arein closedform but the remaining uctuating pres-
sureandviscoustermsrequiremodelling. Variousmodelsfor the PDF equationaredetailedby Pope

2For example, if thereis a uniform probability of velocity, V, being greaterthan one and lessthanthree metresper
secondi.e. anequalchancehatV will take ary valuebetweenl and3 m=s), thenthe PDFwill beaconstantalueof 1=2
betweerV = 1andV = 3.
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[5]. This methodhasmostly beenappliedto reactve o ws becauset avoidsthe needfor additional
closureapproximationgn thechemicakeactionequationsFor simplernon-reactie o ws,thecurrent
PDF modelsinvolving particlemethoddeadto increasedcomputingtimescomparedo single-point
Reynolds-stressodels.As yet, therehave not beensufcient comparatie studiesbetweerPDFand
Reynolds-stressodelsto drawv ary rm conclusionsasto theirrelative accurag.

For simplicity, the above discussiorhasbeenlimited to the ve main approacheso predicting
turbulent o w. Therearenumeroustherhybrid methodsn which, for example,anunsteadyRANS
calculationis usednearsolid boundariesvhile LES is appliedin the bulk of the o w (anapproach
dubbed‘Detachededdy Simulation”, DES). An interestingdiscussiorof hybrid methodgincluding
DES,VLES andURANS)is provided by Spalar{6].

The objective of the work presentedn this thesisis to develop a nev wall boundarycondition
suitablefor simulationsusing RANS equationsand single-pointReynolds-stressnodels(the third
of the abore ve approaches)The following sectionsreview single-pointReynolds-stressnodels,
nearwall o w phenomenandcurrentapproachessedin modellingthenearwall o w behaiour.

1.2 Turbulencemodelling

The Reynolds-aeragedcontinuityandmomentumequationanbewritten in Cartesiarcoordinates

asfollows: 0 0
r
ﬂ+‘”_Xj(|ru,-)_o (1.1)
l(rUi)'F i(rUIUJ) = 1“:>+ 1 M-}- M + |d W r Uiy 1.2)
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whereuppercaseU; and P denoteReynolds-aeragedvelocity and pressurer is the density [ is
the molecularviscosity | is the bulk viscosityanddi;; is the Kronecler delta. Expandingthe above
expressionsn three-dimensiongives 4 equationgcontinuity andthreemomentumequationsnd
10 variables:threevelocity componentgU, V andW), pressureindsix independenReynoldsstress
components To closethis systemof equationsan expressionfor the Reynoldsstressneedsto be
found. Boussinesqgjn the late nineteenthcentury approachedhe turbulenceclosureproblemby
assuminghe turhulent stressto be proportionalto the strainrate,introducingan apparenbr “ eddy”
viscosityasthe scalarproportionalityterm. The turbulenceclosureproblemthereforechangedrom
calculatingsix Reynoldsstresseso nding oneeddy-viscosity One of the simplestapproacheso
calculatingthis eddy-viscosityhasbeenthemixing lengthmodelwhichwasdervedindependentipy
G.|. Taylor[7] andL. Prandtl[8]. Here,thefollowing expressions obtainedfor the eddy-viscosity
in asimpleshearo w in which U =fly is the only strain-rate:

Y

= (1.3)

=l

SThereareonly six independentomponentssincetiu; is asymmetrictensor(titj = Uj0;).
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The mixing length, |, is a characteristiof thelocal o w andis prescribedalgebraically Thereare
no additionaltransporiequationgo solve andsothemixing lengthmodelis referredto asanalgebraic
or zero-equatiormodel. The problemis now a questionof how to prescribethe mixing length, | .
In the fully-turbulent region of equilibriumboundarylayers,|, canbe describedoy a simplelinear
expression|m = ky;, wherey is thedistanceérom thewall andk thevon KarmanconstantHowever, in
morecomplex o wsly, mustbevariedconsiderablyo obtaingoodexperimentalbgreementAnother
limitation of the simplemixing lengthmodelis thatit predictsthatthe turbulent viscosity vanishes
whenthestrainrate(U =1ly) is zero,asmayoccurfor examplein separatethoundarylayers,whereas
in reality the effectsof turbulencecanbe signi cant in suchregions.

A slightly more sophisticatectlassof modelsinvolvesthe solutionof a transportequationfor a
turbulenceparameterPrandtls one-equationmodel[9] solvesa transportequationfor the turbulent
kinetic enegy, k, sothatthe eddy-viscosityis givenby:

ne = gkl (1.4)

wherec, is a constantand| is a prescribedength scale. In this model, the problemassociated
with turbulent viscosity becomingzerowherethe velocity takes a maximumor minimum valueis
overcomeby usingk!™ asa velocity scale.However, aswith the zero-equatiomodels jts weakness
is the algebraiclength scaleprescription: a different algebraicexpressionneedsto be appliedfor
different o w geometry A morerecentone-equatiomodelby Spalart& Allmaras[10] which solves
atransporequatiordirectly for n; hasbeenquitesuccessfuin predictingattachedo w aroundairfoils
[11]. However, it performslesswell in separatedo ws andthe modelrequiresthe prescriptionof a
wall-distancewvhich canbedif cult to specifyaroundabodyof complex geometry

Two-equatioreddy-viscositymodelsinvolve thesolutionof transporequationgor two turbulence
parametergusually turbulent kinetic enegy anda secondindependentariable). This enableshe
calculationof thevelocity andlengthscalesvhich areusedto calculateheeddy-viscosity Therehave
beenmary two-equatiormodelsusingavariety of differentchoicesfor thesecondrariable(e.g.e, ki,
w, W2, t). The mostpopularschemefor the last 20 yearshasbeenthek e model. The “standard”
versionof themodelwaspresentedby Jones& Launder12] with improvedvaluesfor constantand
dampingfunctionsgiven later by Launder& Sharmg13]. In thek e modelthe eddy-viscosityis
calculatedrom: @

n = C“E (1.5)
wherec, is a constanbf proportionality which is normally de ned empirically by consideringo w
underlocal equilibrium. The quantitye is the rate of dissipationof turbulentkinetic enegy per unit
mass,which appeardirectly in the k-equationasa sink term. The dissipationrate canbe thought
of physically as the speedat which turbulent kinetic enegy is transferredfrom large scaleeddy-
motion to smallerscales(sincethe rate of dissipationby the small eddiesis equalto the rate of
enegy transferfrom the large eddies).An exactequationfor the transportof e canbe derved from
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the de nition of the dissipationrate* but the expressionincludesmary unknavn terms,including
doubleandtriple correlationsof uctuating velocity, pressur@ndvelocity gradient{see for example
[14]). The modellede-equationof Launder& Sharmawasthereforedevised moreby intuition and
empiricalreasoningfollowing theearlierwork of Chou[15], Davidov [16] andHarlonv & Nakayama
[17]. Reasonablaccuratesolutionshave beenobtainedusingthe k e modelfor a wide rangeof
industriallyrelevant o ws.

Anotherpopulartwo-equationmodel solves a transportequationfor the “turbulencefrequeng”
or, morecorrectly the dissipationrateper unit turbulentkinetic enegy, w, asthe secondoarametet.
This approactwas rst suggestethy Kolmogorw [18] andin morerecenttimesthe majorproponent
of thek w modelhasbeenWilcox. In hisbook[14], Wilcox discussethe performancefk eand
k w modelswith referencdo free shearo ws, boundaryjayersandseparatedo ws andreportsthat
thek w modelperformswell in 2-D boundarylayerswith adwerseor favourablepressuregradients
andin recirculating o ws, but suffersfrom increasedensitvity to freestreanboundaryconditionsin
freeshear o ws. Sincethedissipatiorrate, e, tendsto a nite valueatthewall andk falls to zero,w
(= e=k) tendsto in nity . To overcomethis problem,wall boundariesrehandledby prescribingthe
valueof w atthe rst nodeadjacento thewall. For areview of oneandtwo-equatiormodelssee for
example,Pope[5] or Pateletal. [19].

Menter [20] adopteda pragmaticapproachto two-equationmodelling, taking the bestaspects
of bothk eandk w modelsandblendingthetwo. In the ShearStressTransport(SST) model,
thek w modelis appliedin theinnerregion of the boundarylayer (nearthe wall) whilst thek e
modelis usedin the outerregion andin free shear o ws, to remove thek w models dependence
uponfreestreanturbulencelevels. The expressionfor eddy-viscosityis alsomodi ed to make the
shearstresgproportionalto the kinetic enegy in the boundarylayer. Two blendingfunctions,which
emplo the distancefrom the wall, areusedto switch betweenthe turbulencemodelsandto modify
k. The SSTmodelhasbeendemonstratedo performwell in a variety of o ws including adwerse
pressure-gradieftoundarylayersandtransonic o ws.

Whilst linear eddy-viscositymodelsare, in generalrelatively easyto implementand give rea-
sonablepredictionsof attachedooundarylayer o ws, they have a numberof limitations. In simple
shear o ws wherethe velocity U = U (y), the normalReynoldsstressepredictedby a linear EVM
areisotropic(i.e. U2 = 2 = w2 = 2k=3) whereasxperimentandDNS studieg21] indicatethatthere
is normal stressanisotroy with 0:5u2 V2 w2. Whilst this may not be in uential in correctly
predictingthe dynamic eld in a simple shear o w, Brundrett& Baines[22] shaved that the cor
rectpredictionof normalstressanisotrop is vital in predictingsecondaryo w in non-circularducts.
In impinging o ws, linearmodelswhich have the turbulentkinetic enegy productionproportionalto
thestrain-ratesquared P u S overpredictheturbulentkinetic enegy nearthestagnatiorpointand

4Thedissipatiorrateof turbulentkinetic enegy is de ned as:e= n% %
50One can transformthe modelled e-equationinto the w-equationby re-tuning the constantsand introducing an
additional cross-difusion term. This sourceterm can be derived from the de nition (w= e=k) and expanding

(De=Dt = wDk=Dt + kDw=dt) usingthetransportequationdor k andw.
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thereforepredictfar higherheattransferratesthanoccurexperimentally(seediscussionn Chapters).
In addition,alinearmodelpredictsalinearvariationin swirl velocity with radiusin afully-developed
swirling shearo w in a pipe, althoughexperimentq23] indicatethatthe pro le is non-linear Like-
wise,theasymmetrioselocity pro le thatis obseredin afully-developedcurvedchannelo w cannot
be predictedwith alinear EVM without cunaturecorrectiong24].

More sophisticatedifferential StressModels (DSMs), also called Second-Momen€Closuresor
Stress-TansportModels,areableto overcomethis inability to accountproperlyfor rotationalstrains
andtheinaccuratgredictionof normalstressanisotroy. Thesemodelsinvolve the solutionof trans-
port equationgor eachof theindependenReynoldsstresscomponentsThe transportequationdor
theReynoldsstressareof thefollowing form:

D;—'tuj=Plj+dij+aj+fij (1.6)
wheretermson the right-hand-sidearerespectiely: production,P;;, diffusion, d;;, dissipation,g;;,
and a term known asthe “pressure-strain’or “redistritution”, f ;. The productiontermis calcu-
latedin its exact form and doesnot requiremodelling. The effect of the pressure-straitermis to
redistritute enegy amongthe normalstressesvhilst usuallyactingasa sink for the shearstresses.
Becausd ;; haszerotrace,it doesnotappeaitn theturbulentkinetic enegy equationusedin simpler
two-equatiormodels(whichis derivedfrom thetransportequatiorfor TT;j). In additionto improved
modellingof o w cunatureandReynoldsstressanisotroy, DSM's areableto accounffor thehistory
of the Reynoldsstresseswhichis importantin rapidly developing o ws. For example,in aninitially
anisotropidurbulence eld which hasits meanstrain-ratesuddenlysetto zero,two-equatiormodels
predictaninstantaneouseturnto isotropy whereasxperimentganddifferentialstressmodels)pre-
dictamoregradualchange A review of recentdevelopmentsn differentialstresamodelsis givenby
leadingresearcherm [25]. Whilst thesemodelsoffer the greatessophisticatiorof currentone-point
closuresthey arecostlyto use,requiringthe solutionin 3-D of 11 transportequationgatherthanthe
6 usedby two-equatiormodels. Moreover, the modelsarecomple to implementandcomputations
cansometimesufer from numericalinstability.

Non-linearEddy-Mscosity Models (NLEVMs) have beendevelopedasa compromisebetween
the simple low-costlinear schemesndthe more accuratebut expensive DSMs. In aNLEVM, the
Reynoldsstresds calculatedrom analgebraicexpressionwhichincludedinear, quadraticandsome-
timeshigherorder combinationsof strain-rate(S) andvorticity (W). A numberof approachesave
beenadoptedn developingNLEVMs. The rst methodtakesa DifferentialStresdModel andsimpli-
es thetransportequationdor the Reynoldsstresausingthe “weak equilibriumassumption’26]:

DW_ ru,-DkH(D TU;
Dt ' ! k Dt Dt

uY (1.7)
12tk

whereD=Dt representsombinedconvectionanddiffusionandtheunderbracetermis assumedero.
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This resultsin animplicit Algebraic StressModel (ASM) in which the Reynolds stressappearson
both sidesof an expressioninvolving non-linearfunctionsof strainandvorticity. Differentmethods
have beenusedto obtainan explicit formula(in theform tit; = f (SW)), seefor exampleGatski&
Spezialg27] or Apsley & Leschzine{28]. An alternatve more pragmaticapproacho developing
NLEVMs is simply to introducehigherordercombinationsf SandWinto the eddy-viscositymodel
andthentunethe constantdor a wide rangeof o ws. This approachwasformalisedby Pope[29]
andhasbeenusedby, amongothers,Craftetal. [30] andSpeziald31]. Somefurtherapproacheso
derving NLEVM' s have involved Renormalization-GroufRNG) theory[32] andDirect Interaction
Approximation(DIA) methodq33]. Quadraticcombinationof SandW arenecessaryn NLEVMs
to accountfor Reynolds stressanisotroy while swirl and cunature effectsare only accountedor
by cubicterms(for details,seeSuga[34]). Somemodelshave alsoincorporatedconstraintsuchas
realizability for instanceSpeziales quadratiomodel[31] which ensureshatturbulentkinetic enegy
is always positive. In general NLEVM' s solve transportequationdor two or threeturbulencepa-
rametersandso,in termsof computingcosts thesemodelsaremaginally moreexpensve thanlinear
two-equationEVMs but far lessthanDSMs. NLEVMs areunableto accountaccuratelyfor history
effects(sincecorvectionanddiffusionof theindividual Reynoldsstrescomponentarenotmodelled
directly) but neverthelesshesemodelshave beenshavn to performreasonablyvell in awide variety
of complex o ws[34, 35].

Finally, it shouldbe mentionedhatdifferentRANS turbulencemodelscanbe combinedio make
two-layeror zonalschemes.Typically a two-equationor higherorder modelis usedin the bulk of
the o w while the nearwall region is treatedwith a simpler usuallyalgebraicor one-equationlow-
Reynolds-numbemodel. For example,the zonalmodel of lacovides & Launder[36] emplo/ed a
k emodelin the high-Reregion anda van Driest mixing-lengthmodelcloseto walls to studythe

o w aroundpipe bends.The two-layerapproactcanoffer savingsin computingtimescomparedo
integratinga high-ordermodelall theway to the wall surface,but therecanbe problemscouplingthe
two layersin comple o ws andresultsdependiuponthelocationof theboundary

1.3 Near-Wall Flow Phenomena

Thereis a vastamountof literatureon the statisticsandstructureof turbulencenearsolid boundaries
(see for example,thereview article of Moin & Mahesh[3]). The objectof the presendiscussioris
notto review thisliteraturebut merelyto identify whatit is aboutturbulent o w in thenearwall region
thatcauseproblemdor turbulencemodellingandto introducesomebasicterminologydescribinghe
nearwall ow. The sectionbeagins by deriving the universal“laws of the wall”, which describethe
nearwall velocity andtemperaturg@ro les for o wscloseto equilibrium,afterwhichsomeanalytical
andDNS resultsfor the behaiour of Reynoldsstressesearwalls arediscussedThe distancefrom
thewall in thesediscussionss speci edin termsof wall unitsor y* values.Thisis de ned for simple
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shearo ws,whereU = U(y), asfollows:

r

. Uy Twall
= - Us =
y n t r

(1.8)

wherel; is the“friction velocity”, t wai is thewall shearstressandy is the distancefrom thewall.

Law of the Wall for Velocity

In azero-pressure-graatitfully-developedCouette o w in whichthereareno streamwisgradientf
velocity or stressthewall-normalvelocity is zerofrom continuityandtheequatiorfor the streamwise

meanU -velocity simpli es to:
T W

v My
Integratingthis usingthe wall boundaryconditions ruv= 0 andt = pU=Ty = tywa aty= 0, one
obtains:

rov =0 (1.9)

uﬂEy (TV= to (1.10)

In the thin region immediatelyadjacentto the wall (y* < 5), termedthe “viscous sublayer”, the
Reynoldsstresgr ov) is negligible in comparisorio theviscousstresg uflU =1y). IntegratingEquation
(1.20)with (ruv= 0) leadsto anexpressionn which theU-velocity is alinearfunctionof thewall-
normaldistanceThisis oftenwritten:

utr=y" (1.11)

whereU™ is the dimensionlesstreamwisevelocity givenby U* = U=U;. As one moves further
away from thewall, viscouseffectsdiminishandtheturbulent stressddominatesin thefully turbulent
region, fromy" 30toy=d 0:1 (whered is the boundarylayer thickness)viscousstressesre
negligible in comparisorto theturbulentstresseandEquation(1.10)simpli es to:

Applying the mixing lengthhypothesis:
_ Wy 2
rov=rl2 — 1.13

assuminganequilibriumlengthscale |, = ky, andintegrating,leadsto thefollowing expression:

1

+
U_k

Iny* +C (1.14)
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The above formulais knovn asthe “log-law”. The two constantk andC areusuallyassignedhe
following valuesfor a smoothwall:

k=041 C=50

However, valuesof k andC given in turbulencemodellingliteraturevary by approximately 8%.
Thelinearandlog-layersdescribedy Equationg1.11)and(1.14)areshavn in Figurel.1 on semi-
logarithmicaxes. Betweenthetwo regionsis a buffer zone(from approximatelyy™ = 5 to 30) where
the turbulencelevels increaseandviscouseffectsdiminish with wall-distance.The combinedlinear
andlog-laws areoften collectively termedthe “law of thewall” andthe whole region from the wall
up to the outer edgeof the log-law is called the “inner-layer”. Beyond this region, further from
the wall, is the “outer layer”. Here the velocity-defectlaw is held to apply This statesthat the
differencebetweerthe meanvelocity andthefree-streanvelocity normalizedoy thefriction velocity,
(Uy U)=Uq, isafunctiononly of dimensionlessvall-distancgy=d) andis independentf the uid
propertiesHowever, unlike thelinearandlog-laws, thevelocity in the outerregionis o w dependent
anda“universal”defectlaw doesnotexist.

Millikan [37] usedanalternatve approactto derive thelaw of thewall wherethevelocity pro le
in the viscoussublayemwasassumedo be solely a function of the wall-distance(y), the wall shear
stress(twar) and uid properties(r and ), and not directly dependentpon the boundarylayer
thickness(d) or the free-streamvelocity, (Uy). Dimensionalargumentswere then usedto arrive
at Equation(1.11). A similar approactcanbetakenin thelog-layer wherethe o w is consideredo
beindependentf uid propertieslJy andd. Thelog-law hasalsorecentlybeenderived usingRapid
DistortionTheory(RDT) [38].

The existenceof the law of the wall hasbeencon rmed by numerousexperimentsandby DNS
simulationsof zeropressure-gradieftoundarylayers[21] andchannelo ws[39, 40]. Thediscrep-
ang in the valuesof the constantausedin the log-lav may be becauseof low-Reynolds-number
effects,experimental'noise” or perhapecausehelog-law is beingassumedo apply overtoowide
aportionof the o w. Both Spalarf21] andMoseretal. [40] whenpresentingheir DNS datadiscuss
the stringentcriteriafor atruelog-law region. Moseret al. alsoassessomeclaims[41] thatin fact
thelog-law is morecorrectlya powverlaw pro le. Bradsha & Huang[42] discussn somedetailthe
performanceof thelog-law in boundarylayersin which thereare strongstreamwisegressuregradi-
ents.They aguethatsimply modifying the constant$o be functionsof thelocal shearstresqt) or its
gradient t=1y) is unlikely to producea generally-applicaklwall model,althoughthey alsonotethat
the log-law appearstenacious”in providing reasonableesultsfor non-equilibrium o ws in which
its underlyingassumptiongreno longervalid. Someauthorshave emplg/ed a more sophisticated
characterizationf the variousregionsthanthe simpleapproactpresente@bore. For examplePope
[5] identi es in total seven overlappingregions.
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Figurel.1l: Schemati¢universal"velocity distribution for asmoothwall (boundarywaluesshavn are
approximate).

Law of the Wall for Temperature

Following on from thelaw of thewall for velocity thereis a similar law for temperatureThetemper
ature,T, is madedimensionlesyy the“friction” temperatureT;, andwall temperaturelyay :

v _ (Twan T) T = Gwal

T

(1.15)

In the viscous-dominatedublayer the relationshipbetweenT * andy* is given by Fourier's heat-
conductionlaw:

T
Owatl = | Wy (1.16)
which canbereformulatedas:
T " =vy's a.17)

wheres is themolecularPrandtinumber(s = pcy=l ) —theratioof a uid' sability to diffusemomen-
tumto its ability to diffuseheat.Furtherfrom thewall alog-law for temperatureanbederived of the
following form (seeCebeci& Bradsha[43]):

1
T = k—hln y" o+ op (1.18)

wherethe constantaregivenby:

Kn = k=s, o= k—lhln(E)+ P Sit (1.19)
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andthe Jayatillele [44] P-functionis givenby:

s s i s
P = =924 = 1 1+028exp 0:007 — (1.20)
St St St
The quantitys; is theturbulent Prandtinumber(de ned in analogyto the molecularPrandtinumber

with sy = cp=l ). Usually thelog-law for temperaturds expressed:

S
T'=s U'+P = (1.21)
t

Thetemperaturdog-law is applicablein nearequilibrium owsfromy*s 50toy=d; 0:1, where
d: is the thicknessof the thermalboundarylayer Comparedto the velocity-law, the log-law for
temperatur@ppearsnoresensitve to streamwis@ressurggradientd42].

Near-Wall ReynoldsStressBehaviour

Immediatelyadjacento thewall, the behaiour of the Reynoldsstresses ande canbeobtainedrom
theasymptoticbehaiour of the uctuating velocity componentsasfollows:

W@ = ay’+ 2amyS+ ad+ 2apmg Y+ (1.22)
Vo= byt (1.23)
W = G+ 2GR+ C3+ 201G YA+ (1.24)
W = abyy°+ abg+ ahy Y+ (1.25)

wherethea's, b'sandc'sarefunctionsof x, zandtime but notof y. Dueto continuity thewall-normal

uctuating velocity componenty, diesout fasterthanthe wall-parallelcomponentsy andw, hence
thewall-normalstress/ increasesvith y* whilst thetwo wall-parallelcomponents? andw? increase
asy?. Theturbulentkinetic enegy, k, is givenby:

=

k = 2 w+v2+w
Th i
= a+ G Y+ 2(a@m+ To) Y+ (1.26)

N

NI

andthedissipatiorrate,e:

2 2 2
ey v, Iw
Y fiy Ty i

n %+ c_% + 4(gap+ Cie) y+ (1.27)

e = n
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Thedissipatiorrateis thereforenite atthewall (e= n %+ ?1 wheny = 0). Referringbackto the
expressiorfor k atthewall (Equationl.26),the rst-order termsresultin thefollowing expressiorfor
ein termsof k: onk
— n
e=n a+c = — (1.28)
At thewall surface thedissipatiorrateof turbulenceenepy is balancedy viscouddiffusionof kinetic
enegy towardsthewall, which canbe expressed:
h i
ek Toa+d v=2 o o

nﬂ—yz =n ﬂyz = 7 (129)

An approximateoro le for thenearwall turbulentkineticenegy productionPy, in azeropressure-
gradientboundarylayercanalsobeidenti ed, asfollows: in thelog-layer the shearstresss approx-
imately constan@acrossthe nearwall region andsincethe strain-ratedecreaseasfU=Tyu y 1, the
production-ratef kinetic enegy (P« = r tVlU=1y) mustbe decreasin@sthe distancefrom thewall
increasesSincetv is zeroat thewall surfacethis meanghatthe production-ratenustreacha maxi-
mumyvalueat somelocationbetweerthewall andthelog-layer Thisin ection point occurswhen:

U
Al rwﬂ— =0 (1.30)
Ty iy
Expandingthis andsubstitutingin Equation(1.10)it is possibleto shav that Py reaches maximum
valuewhen: U
— = ruv 1.31
ey (1.31)
i.e. whentheviscousandturbulent stressesireequal. This point occursin the buffer zone,between
thelinearandlogarithmicregionsidenti ed above.

Detailednearwall pro les of the Reynoldsstresseds ande, have beenobtainedoy DNS studies
[21, 39,40]. Pro les of the turbulenceintensitiesu’, v’ andw’ from Moseret al. [40] for achannel
o w at threedifferentReynoldsnumbersarereproducedn Figure1.2. The largestcomponentthe
streamwisal’, reaches peakat approximatelyy™ = 13 beforedecreasingharplytowardsthe wall.
The anisotroy betweenthe threenormal Reynolds stressess alsoshavn. Figure 1.3, taken from
Mansouret al. [45], shawvs the budgetof the turbulentkinetic enegy equationin a channel o w for
y*" < 150. Awayfromthewall (y* > 30) theturbulenceis well approximatedby theassumptiomf lo-
cal equilbrium(P¢ = re). As thewall is approachedy* < 30), viscousandturbulentdiffusionterms
increaseand nally atthewall surfacethereis a balanceébetweendissipationandviscousdiffusion of
k (asexpresseabore by Equationsl.28and1.29).

In orderto discernthe rapid changesn turbulenceparametersicrossthe nearwall region, as
shavn by the DNS results,it is clearly necessaryo have are ned nearwall grid with a numberof
nodeswithin theviscoussublayer The alternatve would beto useempirically-basedhapdunctions
to representhe changesn velocity, temperatureand turbulence parametersiearthe wall. In the
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Figure1.2: DNS predictionsof the turbulenceintensityacrossa fully-developedchannel o w from
Moseretal. [40] in wall coordinategleft) andglobal coordinategright). Pro les for threeReynolds
numbersareshavn: Rg = U;d=n = 590, 395 and 180 (whereU; is the friction velocity andd the
channehalf-width). The peakRMS velocitiesgenerallyincreasevith Reynoldsnumber

following sectionthe implicationsof nearwall grid re nementarediscussedlongwith the issueof
computationatostsandthe needfor effective wall functions.

1.4 Wall Functionsvs. Low-ReModels

In RANS simulationsof turbulent o ws, therearetwo mainapproacheto the treatmenbf the near
wall region: the low-Reynolds-numbeapproachandthe wall-functionapproach.In the low-Re ap-
proach,speciallyformulatediow-Reynolds-numbeturbulencetransportequationsare solved across
the nearwall region. Theseincorporatedampingfunctionsthataccountfor theincreasingn uence
of molecularviscosityandthe preferentialdampingof wall-normal uctuating velocity components
asthewall is approachedA very ne grid hasto be employecf in orderto track the rapid changes
in theturbulenceparametersiearthe wall, with typically 10 nodeswithin y* = 10 andthe nearwall
nodebelov y* = 1. Provided that the turbulencemodel accountscorrectlyfor the o w behaiour,
this approactoffers the greateraccurag of the two methods. However, the highly elongateccells
in the nearwall region slow numericalconvergence,CPU costsare high and computerstoragere-
quirementsare large. The low-Re approachis thereforenot routinely usedfor large and comple
industrially-releant CFD simulations.

The popularalternatve is the high-Re approachwhich usesa coarsenearwall meshso thatthe
cell adjacentto the wall includesall of the viscoussublayerand part of the fully-turbulent region
of the boundarylayer (typically at the nearwall node30< y* < 300). Transportequationssolved
in the main (high-Ré region of the o w domainthereforeneglectthe effectsof molecularviscosity

6To obtain an idea of the physicalthicknessof the viscoussublayer: for ow over a at plate at a distanceof one
metrefrom theleadingedgewith a o w speedbf 10ms 1 (21mpH thefriction velocityisu ~ 0:44ms 1 andthe physical
wall-normalheightcorrespondingo y* = 5is: yp = 0:17mm (c.f. Rautaheim& Siikonen[46]).
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Figure 1.3: Channel o w turbulentkinetic enegy equationbudgettaken from the DNS of Mansour
et al. [45] for a Reynolds number Re= U.d=n = 3;300 (whereU, is the centrelinevelocity and
d the channelhalf-width). Px = production Tx = turbulenttransport Dg = viscousdiffusion e =
dissipatiorrate Py = velocity pressure-gradiermerm.

In the cells adjacento solid boundariesempirically-basedxpressiongso-called‘wall functions”)
areemployed to obtainquantitiessuchaswall shearstresswhich accountfor the in uence of low-
Reynolds-numbekeffectson the o w nearthewall. This approachs economicalbothin computer
storageand CPUtime, with computationst leastan orderof-magnitudefasterthanwith the low-Re
approach However, the empiricalpro les of velocity, turbulenceparameterandtemperaturevhich
areusedin standardvall functionsareonly applicablen very simplenearwall o wsandcanleadto
majorerrorsin comple, non-equilibrium o ws. In addition,thenearwall grid cannotbesuccessiely
re ned, sinceit is usuallyrequiredto keepthe nearwall nodewithin thelog-law region, andresults
canbesensitve to the sizeof thewall-adjacentell.

A numberof attemptshave beenmadeoverthelast30 yearsto generalizevall functionsfor non-
equilibrium o ws. In the mostbasicwall function, the “universal’log-laws describedn Sectionl.3
areadoptedfor the wall-parallelvelocity andtemperature Valuesof the turbulenceparametersare
speci ed at the nearwall node,basedon local-equilibriumassumptions Oneof the rst improve-
mentsuponthistreatmentproposedy Launder& Spalding[48], wasto replacehewall sheaistress,
twall, in thevelocity log-law with theturbulentkinetic enegy, k (scalingthevelocity with k= instead
of the “friction velocity”, (twal :r)l=2, is crucialin o ws involving separationstagnatiorandreat-
tachmentwherethewall sheaistresssanishes) Theturbulentkineticenegy equatiorin thenearwall
cellwassolvedusingcell-areragedoroductionanddissipatiorrateswhich werecalculatedy assum-
ing constanshearstressandalinearturbulentlengthscalevariation k32?=ep y acrosghenearwall

For instancek = Utzquf2 ande= U2=ky, basedon anassumedonstanshearstress t = ruv= qlfzk andequi-

librium lengthscalel = k32=e= qy (c.f. Grotjans& Menter[47]).
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cell. However, evenin fairly simple o ws (fully-developedchannebr pipe o w) thesheaistresss not
constant.Chieng& Launder{49] thereforeproposedawall functionin which the nearwall cell was
divided into two layers: the viscoussublayerandthe fully turbulentregion. In the viscoussublayer
the shearstressy v, wasassumedo be zeroandthe turbulent kinetic enegy to vary quadratically
with wall distancewhilst in thefully turbulentregion bothr Gv andk wereassumedo vary linearly.
Sinceat thewall the dissipatiorrateis givenby e= 2n fk==fy ? andk variesquadraticallye was
assumedo take a uniformvaluein theviscoussublayer In thefully turbulentregion, e wasobtained
from assumingan equilibriumturbulencelengthscalevariation,k32=e = ¢y (thesepro les aredis-
cussedn detailin Chapter2, seein particularFigures2.2 and2.3). The k-equationwassolved in
thenearwall cell usingcell-averagedoroductionanddissipatiorrates andthedissipatiorrate,e, was
speci edatthenearwall node.In orderto locatethe boundaryof the viscoussublayerthe Chieng&
Launderwall functionassumedhatthe turbulenceReynoldsnumberat the edgeof the sublayemwas
R, = wk!¥=n= 20. For o wsinvolving strongpressurgradientsvherethe shearstresdalls rapidly
with wall distancea constanwalueof R, = 20 underpredictsthe actualwidth of the sublayer John-
soné& Launder[50] thereforeintroduceda variableviscoussublayerthicknessbasedon theratio of
thediffusionof k towardsthewall to therateof dissipatiorwithin thesublayer Morerecently Ciofalo
& Collins[51] proposednakingthe sublayetthicknessa functionof thelocal turbulenceintensity A
review of theLaunder& Spalding,Chieng& LaunderandJohnsor& Launderwall functionscanbe
foundin Acharyaetal. [52] for o w pasta surface-mounte@-D rib. Performanceharacteristicef
thethreetreatmentsveremixedanddependedipontheturbulencemodelusedk e, algebraicstress
ornon-lineark ¢€).

Two wall functionswereproposedy Amano[53]. In the rst, similarassumptionsvereadopted
to the earliertreatmentsbut insteadof solving only the k-equationin the nearwall cell andprescrib-
ing the nodalvalueof e basedon local-equilibriumassumptionsAmanosuggestedolvingtransport
equationdor bothk ande in thenearwall cell usingcell-averagedsourceandsinkterms.Thesecond
wall functionproposedy Amanousedathree-layemodel,in which differentpro les for k andshear
stresswereusedin the viscoussublayer buffer layerandfully turbulent region. Betterresultswere
obtainedusingthe three-layemodelin an abruptpipe expansionat variousReynoldsnumbers. A
furtherproposaby Grotjans& Menter[47] assumedhatthe locationof thewall, asspeci ed by the
user wastreatedasthe edgeof the viscoussublayer This enabledunlimited nearwall grid re ne-
ment. Wilcox [14, 54] presentedwo wall functionsfor thek w model. The rst wasanalogougo
asimplek ewall functionbut the secondncludedpressure-gradiemérmswhich Wilcox suggested
werenecessarin orderto obtaingrid-independentesultsfor o wswith non-zergpressurgradients.
Viegas& Rubesin55] extendedhe Chieng& Laundemwall functionfor compressibleo w problems
and,later, Viegasetal. [56] extendedthetreatmento enablegreatere xibility of the nearwall node
location: an approximatesolutionof the enegy equationwasobtainedn the nearwall cell to deter
minethelocal temperaturenddensitypro les andanadditionalpower-law termwasaddednto the
logarithmicvelocity pro le expressionto accountfor wake effects. Resultsusing Viegaset al. wall
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function were, for the mostpart, in good agreementvith low-Re model solutionsin a numberof
transonicandsupersonico wsinvolving boundary-layeseparatiorandreattachment.

All of the abore-mentionedreatmentsely uponan assumedemi-logarithmioselocity andtem-
peraturedistribution in the nearwall cell. To avoid theselimitations, Smith [57] developeda novel
wall functionin conjunctionwith a two-equationk kl model. The wall function usedsimpli ed
boundary-layetransportequationor momentumturbulentkinetic enegy andinternalenegy, ne-
glectingcorvectionandassuminga parabolicturbulentlengthscalepro le. Thesdransporequations
weresolved numericallywith two or threeiterationsper main iterationof the solutionprocess.The
approachwasshawvn to performwell in a at-plate o w, transonicand supersonico ws, anda hy-
personicboundarylayer o w involving separatiorand heattransfer Boyer & Laurence[58] also
developeda wall function which avoided assumption®of local equilibrium. Their approachused
shapefunctionsto representhe velocity, k ande distribution acrosshe nearwall cell. Theseshape
functionsconsistedf the Reichardaw for velocity andpro les to matchchannel- ov DNS datafor
turbulenceparametersgcombinedwith four wall scalingfactors. The scalingfactorswere evaluated
by solving equationgor the mean- ow enegy andturbulentkinetic enegy, incorporatingtermsfor
pressuragyradient production,destructiondiffusionandcorvection. Thewall functionwasshaovn to
reproducechannelo w pro les for arangeof nearwall cell sizes(2:5< y* < 100)but theapproach
hasyetto beappliedin morecomplex o ws.

A ratherdifferentschemeo traditionalwall functionswasdevelopedn themid-eightiesat UMIST.
The ParabolicSubLayer(PSL) approach59, 60], emplg/ed a low-Reynolds-numbemodelusinga

ne nearwall grid but assumedhe static pressuredistribution to remain constantin a thin layer
adjacento thewall. The pressure-correctioalgorithmwasnot solved in the nearwall cellsandin-
steadthe wall-normalvelocity was calculatedfrom continuity Signi cant savings werereportedin
computingtimescomparedo full low-Re solutionsand resultswere encouragingdout the approach
encounteredlif culties in complex geometriesvith the calculationof velocity in cornercells.

EffortsatUMIST have recentlybeenfocusseantwo new andindependenivall treatmentsThese
sharesomefeaturesof the numericalwall function of Smith, describedabove, and the LES wall
function of Balaraset al. (seebelov). The rst treatmentis basedon the analyticalintegration of
the momentumandenegy equationsaccountingor the effectsof corvection,pressureyradientand
buoyang/ forces[61]. Inevitably, fairly simple prescriptionof turbulent viscosity have to be made
to allow an analyticalintegration, but encouragingesultshave beenobtainedfor forcedand mixed
convection o wsin pipesandanopposed-jeto w involving buoyang effects. The secondreatment
is the subjectof this thesisandis basedon the ef cient one-dimensionahumericalintegration of
simpli ed low-Remodelequationsacrossanembeddedjrid within the nearwall cell.

LES Wall Functions

In LES, asin RANS, therehave beendifferentapproacheso modellingthe nearwall o w. Themost
accurateapproach(which Spalart[6] refersto as“Quasi-DNS”") uses ne grid-spacingin all three
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coordinatedirectionsto resole the nearwall turbulent streaks. This involves huge computational
costsandcannotbe usedroutinelyin LES calculations Most calculationghereforeemploy a coarser
grid and calculatethe wall shearstressfor the nearwall cell usinga variantof the log-law (seefor
example[62]). A notableexceptionis the wall function of Balaraset al. [63] which is mentioned
hereasit sharessomesimilaritiesto the RANS treatmentpresentedn this thesis. In the Balaras
et al. wall function,an embeddedrid is de ned betweenthe nearwall nodeandthe wall. Simpli-
ed boundary-layetype transportequationgor the wall-parallelmomentumare solved numerically
acrosgsheembeddedrid, usingamixing-lengthmodelfor the eddy-viscositywith modi ed vanDri-
estdamping. The velocity pro les obtainedacrosshe embeddedyrid are usedto provide the main
LES calculationwith valuesof theinstantaneouwall shearstress.Promisingresultswere obtained
by Balarasetal. usingthistreatmenfor planechannelsquareductandrotatingchannel o ws with a
modesttomputationabverheadf 10-15%comparedo existing log-law treatments.

1.5 Study Objectives

The objective of thework presentedn this thesisis to develop andtesta new wall functionfor ow
calculationausingRANS turbulencemodels.Theideal propertiesof thewall functionareasfollows:

Accuracy: thewall functionshouldbepracticallyasaccuratesalow-Reynolds-numbemodel.
One cannotexpectit to improve upon low-Re model predictionswithout embodyingmore
physicsor empiricism.

Computational Speed currentwall functionsdecreasehe computingtime by roughly an
orderof-magnitudecomparedo low-Re calculation8. Thereneedsto be a signi cant time
advantagein usingthe new wall function over low-Retreatmentsalthoughprobablythe best
onecouldhopefor would beto equalthe currentstatusquo.

Robustness thewall functionshouldnotimpair the numericalstability of the calculation.

Flexibility : bearingin mind thewide variety of o wsin which industrialusersareinterested,
thewall functionshouldbe ableto be adaptecdeasilyto work with differentturbulencemodels,
to includeheatandmasstransfereffectsandto work in complex geometry

Easeof Use it shouldbe conceptuallyeasyto understanéndsimpleto implement.It should
also follow as closely as possiblethe format of existing wall functionsto make it straight-
forwardto switchfrom standardvall functionsto the new treatment.

8The saving in computingtime one canachiere in switchingfrom a low-Re model approachto usingwall functions
dependsupon mary factors. The mostsigni cant of theseis the numberof walls comparedto the domainsize. The
stated gure of an“order-of-magnitude”decreasén computingtime is basedna o w involving asinglewall, suchasthe
impingingjet o w, discussedater. In o wsinvolving alargernumberof walls for the samedomainsizeonewould expect
to seea greaterdecreasén computingtime.



1.6. Outlineof Thesis 19

Validation: It is easyto make codingmistalesand,if possible thereshouldbe simpleroutes
to validatingthewall functioncode.

In orderto testthe performanceof the new wall function, a variety of o ws are studied: channel,
impinging jet, spinningdisc andsimpli ed carbody ows. The nal ow aroundthe “Ahmed” car
bodyis a demandingest-caséothin termsof implementatiorand performancethe wall function
hasto be codedto suit a three-dimensionahon-orthogonamultiblock grid arrangementhile the
0 w involvesimpingementstrongstreamlinecurvature,separatiorand possiblyreattachmentThe
Ahmedbody o w is recognizedsanimportanttest-casendhasbeenthesubjectof two ERCOFTAC
workshop?.

In eachof the o ws examined,the performanceof the nev wall functionis comparedo that of
standardvall functionsandlow-Remodeltreatmentgwith the exceptionthatthe Ahmedbodyis not
consideredisinglow-Remodelsbecaus¢hecomputingresourcesor sucha calculationarecurrently
unavailable). Computingtimesarealsocomparedor eachof thetreatmentsn eachof the o ws.

A secondaryobjective of the currentwork is to examinethe performanceof the two-equation
NLEVM of Craftetal. [30]. This haspreviously beentestedin impinging o ws by Suga[34] but
for slightly differentgeometry Robinson35] alsotestedthe NLEVM in avariety of complex o ws,
includingthe Ahmedbody o w, althoughhis studydid notemplo/ thenew wall function.

1.6 OQutline of Thesis

The RANS equationsand“standard”wall functionsusedin the numericalsimulationsare rst pre-
sentedn Chapter2. Following this, in Chapter3, the main featuresof the two CFD codesusedin
the currentstudy TEAM andSTREAM, arepresentedChapterd introduceshe new subgrid-based
wall function. Theassumptionsisedin its derivationsare rst presentediollowedby anoverview of
the transportequationsijts implementatiorand nally somecommentson the validationof the wall
functionin asimplechannelo w. Thefollowing threechaptershenpresenthetestcaseto whichthe
new wall functionhasbeenapplied:theimpingingjet, the spinningdiscandthe Ahmedbody o ws.
Eachof thesechapterseginswith anintroductionandareview of previoussimulationspeforegoing
onto presentesultsandcomparison®f the newv wall function's performanceThe main ndings of
thethesisaresummarizedn ChapterB.

A signi cant proportionof this thesisconsistsof appendices.The rst appendixpresentshe
full setof transportequationausedin axisymmetricswirling ow. This is followed by anappendix
giving a generalintroductionto non-orthogonacturvilinearcoordinates.This introductionhasbeen
includedsincemostundegraduateandeven post-graduateoursesn uid mechanicgvoid thecom-
plexity of covariantandcontrararianttensoranalysiswhichis usedto derive the RANS equationsn

Sthe 9th ERCOFRAC-IAHR-COST Workshopon Re ned TurbulenceModelling, Darmstadt,Germary, October4-5,
2001 and 10th ERCOFRC-IAHR-QNET/CFD Workshopon Re ned TurbulenceModelling, Poitiers, France,October
10-11,2002.



20 CHAPTERL1. Introduction& LiteratureSurey

non-orthogonaturvilinearcoordinateslt is the authors experiencahattextbookson the subjectare
alsonot, in generalaccessiblanddifferentnotationis oftenusedin differenttexts. After this intro-
duction,AppendixC presentshe RANS equationsn curvilinearcoordinatesywherevelocity vectors
are alignedto the curvilinear coordinateaxes. The UMIST-N wall function transportequationsin
curvilinearcoordinatesarethenpresentedn AppendixD. AppendixE describesheimplementation
of the UMIST-N wall functionin the STREAM code. AppendixF presentdhe main-gridtransport
equationssolved in STREAM. Finally, AppendixG discusses numberof routeswhich have been
investigatedn the courseof developingthe new wall functionwhich, for onereasoror anotherhave
beenfound not to work. This informationhasbeenincludedin orderto fully documenthework, to
helpexplainthecurrentchoiceof optionsusedin thewall functionandto sene asaguideto its future
development.

Figureshave beenincludedin amongsthetext wherepossiblesothatthe readerdoesnot have to
continually ick betweerpages.However, mostcomputationafjrids andresultshave beenplacedin
aFiguressectionat the endof thethesisto avoid thetext beingsplit over mary pages.



