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Particletransferin thewall region of turbulentboundarylayersis dominatedy coherent
structureswhich i) control the turbulenceregenerationcycle, ii) bring particlestoward
andaway from the wall andiii) favour particle segregationin the viscousregion giving
riseto nonuniformparticledistribution profileswhich peakcloseto thewall.

In this work, we focus on the transfermechanisnof inertial particlesand on the
influenceof gravity on transfer segregation and depositionmechanisms.By tracking
0(10°) particlesin Direct Numerical Simulation(DNS) of a turbulent channelflow at
Re, = 150, we find that particlesreachthe wall mainly by two differentmechanisms:
free-flight, strongerfor larger particles,and diffusional deposition,more significantfor
smallerparticles.For dominantdiffusionaldeposition particlesare segregatedvery near
thewall andarethenslowly drivento thewall.

1. Introduction

Turbulentparticletransfermechanismén proximity of a wall arecharacterizedy com-

plex interactiondetweertime-dependerturbulencestructuresanddisperseghase Par-

ticles tend to accumulaten the viscoussublayer wherethey remaintrappedfor long

residencdime. In particular sweepsandejectionswhich areinstantaneousealizations
of the Reynoldsstressesplay a fundamentatole in determiningparticledepositionrates
[4,9].

Particle transferfluxes toward and away from the wall are dominatedby coherent
guasi-streamwisgortices|[2,6,7], which play a fundamentatole in the wall turbulence
regeneratiorcycle[3,5,12]andappeaitto have a triple effect: i) they causethe formation
of particlestreaksn thelow-speedegionsnearthewall, ii) they createsuitableconditions
for particleentrainmenandiii) they assistin depositionpy corveying particlesfrom the
outerflow to the wall region throughsweepsandeventuallyin particleresuspensiorhy
corveying particlesfrom thewall regionto the outerflow throughejections.

2. Numerical Simulation

Particlesareintroduceds aPoiseuilleturbulentplanechanneflow of air (p = 1.3 kg/m?,

v =15.7-107% m?/s), assumedo beincompressiblendNewtonian. We will consider
two differentflow configurationsupwardverticalchanneflow, with gravity actingalong
the negative streamwisealirection (z), and horizontalchannelflow, with gravity acting



alongthenegativewall-normaldirection(z). Periodicboundaryconditionsareimposedn

bothstreamwis@ndspanwisdy) directionsandno-slipboundaryconditionsareenforced
atthewalls. Particlenumberdensityandparticlesizeareassumedbothsmallandthereis

no feedbaclof the particlesontothe gasflow (one-way coupling).

Theflow field wascalculatedby integratingthe following non-dimensionamassand
momentunbalanceequationgobtainedusingthe ducthalf-width, h, andthesheaweloc-
ity, ur = /7w /p, Tw beingtheshearatthewall andp thefluid density):
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whereu; is thei® componenbf the dimensionlesselocity vector, p is the fluctuating
kinematicpressureS; includesthe corvective term andthe meanpressuregradientthat
drivesthe flow, andRe, = hu, /v is the shearReynoldsnumber Massandmomentum
balanceequationsveresolved directly usinga pseudo-spectrahethod,basedon trans-
forming thefield variablesinto wavenumbeispace using Fourierrepresentationfor the
z andy directionsanda Chebyshe representatiofor the non-homogeneousdirection.
A two-level explicit Adams-Bashfortischemédor the nonlineartermsS; andanimplicit
Crank-Nicolsormethodfor the viscoustermswereemployedfor time advancemenf13]
Thesheawelocityis u, = 11.775- 1072 m/s (Re, = 150). andthemeanvelocityis
U =1.65m/s (Re = hU /v ~ 2110). Thecomputationatlomainwas1885 x 942 x 300
wall unitsin z, y andz with 64 x 64 x 65 nodes.Thefirst collocationpoint away from
thewall is atz™ = 0.18. Thetime stepusedwasAt* = 0.35325 in wall time units.
Particlesareinjectedinto the flow at concentratiodow enoughfor particle-particle
interactionto be negligible —dilute systemconditions—and particlesareassumedo be
pointwise rigid, sphericalandto obey thefollowing Lagrangiarequationof motion:
1
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in which v is particle velocity vector, u is fluid velocity vector at particle location,

Cq = 24(1 + 0.15Re%%87) / Rep is the Stokesdragcoeficient, 7p = d%pp/18p is the
particlerelaxationtime (dp andpp beingparticlediameteranddensityrespectrely), g is
gravitationalacceleratiorande, is the unit vectorin wall-normaldirection. All physical
guantitieshave beenmadedimensionlesin termsof wall unitsbasedn .., p andv.

The LHS of Eg. 2 representgarticle inertia, and the termson the RHS of Eq. 2
representhe effectsof Stokesdrag,gravity andSafmanlift force. Otherforcesactingon
theparticleareassumedo be nggligible [1].

In the presentsimulations 48° flyash particles(with p,/p = 769.23) have beenre-
leasedrandomlywithin the computationabox. The diametersof the tracked particles
ared, = 220,110, 40, 30,20 and5 pm, correspondingo thefollowing non-dimensional
particlerelaxationtimes: 7.f = 116.3,29.1, 3.8,2.0,0.89 and0.0556. Particle trajecto-
ries weretracked throughintegration of Eq. 2 by an explicit method,usingthe channel
flow DNS codeto supplythefluid velocity field at eachtime step. Theinitial velocities
of theparticlesweresetequalto theinterpolatediuid velocitiesat eachparticlelocation.
Eq.2 doesnotincludewall effects:aparticleis elasticallyreflectedvhenits centreis less
thana distancedp/2 from thewall. Fluid forcesactingon particlesarecalculatedwith a
Lagrangeanterpolationof orderthree.



3. Resultsand Discussion

We reportheresomeof theresultspresentedn [8], relative to turbulenttransfermecha-
nismsandsegregationof inertial particlesin aboundarylayerof averticalupwardchannel
flow. Particlestendto accumulatén anearwall region,wherethe particlenumberdensity
profile developsa maximum which shiftstowardthewall overtime [8,9,11]. Thisbeha-

ior is dueto non-uniformturbulenceadvectionmechanismsyhoseintensitydecreaseto

very low valuesin the nearwall region. The mechanisméeadingto particle wall-ward
migrationin turbulentboundarylayer (turbophoesis[11]) areinvestigatedy examining
particledynamicsin connectiorwith thedynamicsof wall coherenstructures.

3.1 Turbulent Structuresand Particle Trapping M echanism

A strongcorrelationexists betweenparticlefluxesto the wall andhigh wall shearstress
regions,correspondindo sweepevents;low wall shearstressregions, correspondingo
ejectionsgcorrelatewell with off-the-wall particlefluxes. Sinceparticledistributionin the
wall normaldirectionincreasesn the wall layeranddecreases the outerlayer, fewer
particleswill be availableto betransferredo the wall. The efficiency of sweep/ejection
eventsis thus conditionedby the presencef particles. Also, fluxesto the wall always
have a greaterintensity comparedwith fluxestoward the outerflow: particlestendto
settlein a sedimentayeratthewall, which roughly corresponds$o the viscoussublayer
For upflow configurationgravity cannotdirectly causearticledepositioratthewall and
thebuild-up of particlesin a sedimentayermustbe explainedby differentmechanisms.

Thestructuresvhich dominatethewall layerdynamicsarequasi-streamwiseortices
[8,12], which generatesweepon the downwashside and ejectionson the upwashside.
In turn, ejectionscontributeto the maintenancef thelifted low-speedstreaks.

We examineda large numberof snapshotshawving the action of quasi-streamwise
vorticeson particletransferin the wall region. We shav oneof thesein Figurel, which
focuseson ay — z window of the computationalomainextrudedfor thelengthof one
streamwisecell at time ¢t = 1412. The main characterin this picture is the green
counterclockwise-rotatinguasi-streamwisgortex, centredat =t = 36: its actionin
transferringthe black particles(having negative w}) to the wall andthe blue particles
(having positive w}) away from thewall is apparent.

A secondarybut relevant,charactem this pictureappearssaredisosurficeidentify-
ing a smallercountefrotatingquasi-streamwiseortex, centredat z+ = 9 andextending
well into the viscouswall layer [3]. As is apparenfrom Figure 1, the role of the sec-
ondarynewly-born vortex is crucial in preventing particlesfrom beingentrainedin the
outerflow. Thecombinedactionof the newly-born vortex andthe maturevortex prevents
particlesfrom being entrainedin the outerflow by reducingthe width of the ‘ejection
avenue’'throughwhich particlesin thewall layerhave to passto reachthe outerflow.

Particleswith |wp| < 1072 (emptycircles)are mostly settledunderthe low-speed
streak(blue isosurfice)in a wall layer confinedbetweenthe newly-born vortex andthe
wall. The situationjust describedhas statisticalrelevance[8].A sampleanalysiscon-
ductedfor largerinertia particles(TI;r = 29.1 and r; = 116.3) showved that particles
segregationmechanismsaresimilar for the particletime-scalesnvestigated.

In thelight of this scenarioa particleresidencdime analysiswasconductedo gain
furtherinsightonthe effect of nearwall turbulencestructureson depositingparticles.Fo-



Figure 1: Particle distribution andturbulentcoheentstructuiesin nearwall region.

cusingonathin slabof fluid closeto thewall, 3 wall unitsthick, we followedeachparticle
pathto thewall andwe recordedhetime spentbeforedeposition If aparticleescapethe
slabbeforedepositing(dueto re-entrainment)thetime counterfor thatparticleis resetto
zero.We tried to find a relationshipbetweerthe non-dimensionaparticleresidencgime
(Tx,)in theslabandparticlewalI-normalvelocityatdepositior(w;rep).

In Figure 2, we shav a scatterplot of 7, versuswjep for the threeparticle sets.
We canidentify two distinct populations:free-flight particles,whosevelocity is larger
thanthe nearwall fluid velocity fluctuations,anddiffusionaldepositionparticles,whose
velocity is roughlyequalto the nearwall fluid velocity fluctuationg10].

Focusingon the monitor slab and consideringonly the motion in the wall normal
direction,the free-flightdepositionmechanisntanbe predictedby the ballistic equation
dw} /dt = —w; /7.f. Solvingfor a particlecontrolledby the Stokesdrag, enteringthe
monitor slabwith wall-normalvelocity w; (2t = 3) attimet* = 0 anddepositingwith
WaII-normaIveIocityw;;p =wf (2t =d}f /2) attime Tt wefind:

res?

T+
T wg,, [1 — exp (?)] =3-d}/2, (3)
where3 — df /2 ontheright-handsideis the actualslabheightchoserfor theresidence
timeanalysig10].WeplottedEq. 3 in Figure2. Apparently Eq. 3 predictswell thebehar-
ior of particledepositingwith large velocity andlargerly underpredictg&lepositiontimes
for particlesdepositingby diffusionmechanism.Thereis evidenceof an effect of parti-
cle relaxationtime: small particles(Figure 2a) depositalmostexclusively by diffusion,
whereador large particles(Figures2b and2c) free-flightdepositioris dominant.

3.2 Effect of Gravity on Deposition
To analyzetheeffect of gravity on particletransferandsegregation,we comparedarticle
behaior in bothupwardandhorizontalchanneflow configurationsThemostinteresting
resultswhereobtainedusingparticlesamplesvith smallinertia.

In Figure 3, we shaw the time evolution of concentratiorprofilesfor T;f = 0.0556,
T;F = 0.89 andrz;Ir = 2.0 particles. Startingfrom the initial uniform distribution, con-
centrationprofileswerecomputecat fixedtime intervals by subdviding the channeinto
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Figure 2: Residencdime of particlesin a slabof T < 3 versuswall-normal deposition
velocity a) 7.5 = 3.8 particles,b) 7. = 29.1 particles,c) 7.} = 116.3 particles.

65 slabs(throughChebyshe polynomials)andcountingthe fraction of particlesthatfell
within eachslabh Concentratiorprofilesfor upwardverticalchanneflow (Figures3a,3c
and3e)exhibit the expectedaccumulatiorin the nearwall region.

Figures3b, 3d and 3f refer to particle numberdensitydistribution nearthe bottom
wall of the horizontalchannel. Due to viscousdiffusion, the concentratiorprofile for
T;F = 0.0556 particlesdevelopsapeakwhichincrease time andshiftstowardthewall
(Figure3b). After aninitial transieniof about600 wall time units,a secondpeakappears
right at the wall, dueto gravity force which actsto depositlarge fractionsof particles
trappedin the viscoussublayer A similar trendis obsened for T;F = (.89 particles
(Figure 3d) andfor 7';— = 2.0 particles(Figure 3f). However, the effect of gravity on
larger inertia particlesbecomessignificantat earlier stagesof the simulation (roughly
tt < 100) andthe peakat the wall takesup morequickly. If we furtherincreaseparticle
inertia, the diffusion-inducegeakof concentratiorstill existsbut it is completelyhidden
by the gravity-inducedone.

Noticethat,after1200wall time unitsfrom the beginning of the simulation,the max-
imum intensitypeakis obtainedor T;F = 0.89 particles.

4. Conclusion

We examinedthe mechanisméeadingto transfer segregationanddepositionof inertial
particlesatthewall, focusingon therole of turbulencecoherenstructures.

First, we found thati) a strongcorrelationexists betweensweepeventsand particle
flux towardthewall, andbetweerejectioneventsandparticleflux towardthe outerflow,
ii) theefficiengy of sweep/ejectiomycle decreasefor increasingparticleinertia, i.e. for
increasingatio of particleto fluid time-scald8].

Secondwe emphasizedhe relevanceof a smallerstreamwiserientedvortex in re-
ducingthe width of the ‘ejection channel’so that only particlesenteringthe wall-layer
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Figure 3: Time evolutionof meanconcentation profiles: a) vertical channel,b) horizon-
tal channel(bottomwall). a), b) 7. = 0.0556; c), d) 7,7 = 0.89; e),f) 7. = 2.0.

with specifictrajectorycurvaturemaybere-entrainednto the outerflow.

Furtheranalysisrevealeda clearcutdistinctionbetweenparticlesdepositingby free-
flight mechanism(which can be describedthrougha simple one-dimensionaballistic
equation)andparticlesdepositingby diffusionaldepositiormechanisn{dueto thesmall
fluctuationsin the viscouswall region). The balancebetweenthesetwo mechanisms
dependson particle inertia. Depositionof small inertia particles(namely7.f < 5) is
dominatedy diffusionphenomendree-flightdepositiormechanisnbecomesmportant
for increasingpartileinertia.

Finally, we analyzedhe effect of gravity on particlesdepositingby diffusionaldepo-
sition. Resultson meanparticleconcentratioralongthe wall-normaldirectionrevealthe
existenceof atwo-stageprocessn which viscousdiffusioncreatesafirst peakof particle
concentrationin the nearwall regionandgravity force createsa secondpeakat thewall.
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