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Particletransferin thewall regionof turbulentboundarylayersis dominatedby coherent
structureswhich i) control the turbulenceregenerationcycle, ii) bring particlestoward
andaway from the wall andiii) favour particlesegregationin the viscousregion giving
riseto nonuniformparticledistributionprofileswhich peakcloseto thewall.

In this work, we focus on the transfermechanismof inertial particlesand on the
influenceof gravity on transfer, segregationand depositionmechanisms.By tracking����������	

particlesin Direct NumericalSimulation(DNS) of a turbulent channelflow at
���
�� �����
, we find that particlesreachthe wall mainly by two differentmechanisms:

free-flight, strongerfor larger particles,anddiffusionaldeposition,moresignificantfor
smallerparticles.For dominantdiffusionaldeposition,particlesaresegregatedvery near
thewall andarethenslowly drivento thewall.

1. Introduction

Turbulentparticletransfermechanismsin proximity of a wall arecharacterizedby com-
plex interactionsbetweentime-dependentturbulencestructuresanddispersedphase.Par-
ticles tend to accumulatein the viscoussublayer, wherethey remaintrappedfor long
residencetime. In particular, sweepsandejections,which areinstantaneousrealizations
of theReynoldsstresses,play a fundamentalrole in determiningparticledepositionrates
[4,9].

Particle transferfluxes toward and away from the wall are dominatedby coherent
quasi-streamwisevortices[2,6,7], which play a fundamentalrole in the wall turbulence
regenerationcycle [3,5,12]andappearto have a triple effect: i) they causetheformation
of particlestreaksin thelow-speedregionsnearthewall, ii) they createsuitableconditions
for particleentrainmentandiii) they assistin deposition,by conveying particlesfrom the
outerflow to thewall region throughsweeps,andeventuallyin particleresuspension,by
conveying particlesfrom thewall region to theouterflow throughejections.

2. Numerical Simulation

ParticlesareintroducedisaPoiseuilleturbulentplanechannelflow of air ( � � ��� �����������
, � �����"!$#%�&�('*)+�-,���.

), assumedto beincompressibleandNewtonian.We will consider
two differentflow configurations:upwardverticalchannelflow, with gravity actingalong
the negative streamwisedirection( / ), andhorizontalchannelflow, with gravity acting
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alongthenegativewall-normaldirection( 0 ). Periodicboundaryconditionsareimposedin
bothstreamwiseandspanwise( 1 ) directionsandno-slipboundaryconditionsareenforced
at thewalls. Particlenumberdensityandparticlesizeareassumedbothsmallandthereis
no feedbackof theparticlesontothegasflow (one-waycoupling).

Theflow field wascalculatedby integratingthefollowing non-dimensionalmassand
momentumbalanceequations(obtainedusingtheducthalf-width, 2 , andtheshearveloc-
ity, 3 
 �54 687 � � , 6&7 beingtheshearat thewall and � thefluid density):9(:(;9(<(;>=@?BA 9(:(;9�CD=FE ;(G HI>JLK 9NMO:(;9(<�PQ9(<�PSR 9�T9(<(; (1)

where 3*U is the VXWZY componentof thedimensionlessvelocity vector, [ is thefluctuating
kinematicpressure,\ U includestheconvective termandthemeanpressuregradientthat
drivestheflow, and


�� 
 � 2N3 
 �  is theshearReynoldsnumber. Massandmomentum
balanceequationsweresolveddirectly usinga pseudo-spectralmethod,basedon trans-
forming thefield variablesinto wavenumberspace,usingFourierrepresentationsfor the/ and 1 directionsandaChebyshev representationfor thenon-homogeneous0 direction.
A two-level explicit Adams-Bashforthschemefor thenonlinearterms \ U andanimplicit
Crank-Nicolsonmethodfor theviscoustermswereemployedfor time advancement[13]

Theshearvelocity is 3 
 � �%���]!�!��^#L�&� '_, �`��.
(

�� 
 � �����

). andthemeanvelocity isab� �%� cd�^�`��.
(

e�e� 2 a �  gfih ����� ). Thecomputationaldomainwas

�&j%j%�$kml�n h km�%���
wall units in / , 1 and 0 with

c�nokpc�nqkpcd�
nodes.Thefirst collocationpoint away from

thewall is at 0dr � ���s�&j
. Thetimestepusedwas tmu�r � ��� �%��� h � in wall timeunits.

Particlesare injectedinto the flow at concentrationlow enoughfor particle-particle
interactionto benegligible v dilute systemconditions v andparticlesareassumedto be
pointwise,rigid, sphericalandto obey thefollowing Lagrangianequationof motion:w�xw C =5y{z|L}m~�� R x�� G�� H R��� }>��� Ro� ~�� ����� ���HL�L� w }|Q}�����

9(:(�9�� ����
�� ~�� � R : � ����� (2)

in which � is particle velocity vector, � is fluid velocity vector at particle location,�>� � h n�� �>¡��N�¢��� 
���£8¤ )¦¥O§¨ 	¦� 
�� ¨ is theStokesdragcoefficient,
6 ¨ �ª© ,¨ � ¨ ����j � is the

particlerelaxationtime(
© ¨ and � ¨ beingparticlediameteranddensityrespectively), « is

gravitationalaccelerationand ¬d­ is theunit vectorin wall-normaldirection.All physical
quantitieshavebeenmadedimensionlessin termsof wall unitsbasedon 3 
 , � and  .

The LHS of Eq. 2 representsparticle inertia, and the termson the RHS of Eq. 2
representtheeffectsof Stokesdrag,gravity andSaffmanlift force.Otherforcesactingon
theparticleareassumedto benegligible [1].

In the presentsimulations,
ndj��

flyashparticles(with ��® � � � !�c%l�� h � ) have beenre-
leasedrandomlywithin the computationalbox. The diametersof the tracked particles
are

© ® � h�h ��¯&���&�N¯ nd��¯O�%��¯ h � and
�±°��

, correspondingto thefollowing non-dimensional
particlerelaxationtimes:

6 r® � ����c�� ��¯ h l��s��¯¦��� j�¯ h � ��¯O�N� j�l and
��� �%�%��c

. Particle trajecto-
ries weretracked throughintegrationof Eq. 2 by an explicit method,usingthe channel
flow DNS codeto supplythefluid velocity field at eachtime step.The initial velocities
of theparticlesweresetequalto theinterpolatedfluid velocitiesateachparticlelocation.
Eq.2 doesnot includewall effects:aparticleis elasticallyreflectedwhenits centreis less
thana distance

© ¨ � h from thewall. Fluid forcesactingon particlesarecalculatedwith a
Lagrangeinterpolationof orderthree.
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3. Results and Discussion

We reportheresomeof theresultspresentedin [8], relative to turbulent transfermecha-
nismsandsegregationof inertialparticlesin aboundarylayerof averticalupwardchannel
flow. Particlestendto accumulatein anear-wall region,wheretheparticlenumberdensity
profiledevelopsamaximum,whichshiftstowardthewall overtime[8,9,11].Thisbehav-
ior is dueto non-uniformturbulenceadvectionmechanisms,whoseintensitydecreasesto
very low valuesin the nearwall region. The mechanismsleadingto particlewall-ward
migrationin turbulentboundarylayer(turbophoresis[11]) areinvestigatedby examining
particledynamicsin connectionwith thedynamicsof wall coherentstructures.

3.1 Turbulent Structures and Particle Trapping Mechanism
A strongcorrelationexistsbetweenparticlefluxesto thewall andhigh wall shearstress
regions,correspondingto sweepevents;low wall shearstressregions,correspondingto
ejections,correlatewell with off-the-wall particlefluxes.Sinceparticledistribution in the
wall normaldirectionincreasesin the wall layeranddecreasesin the outerlayer, fewer
particleswill beavailableto betransferredto thewall. Theefficiency of sweep/ejection
eventsis thusconditionedby the presenceof particles. Also, fluxesto the wall always
have a greaterintensity comparedwith fluxes toward the outer flow: particlestend to
settlein a sedimentlayerat thewall, which roughlycorrespondsto theviscoussublayer.
For upflow configuration,gravity cannotdirectlycauseparticledepositionat thewall and
thebuild-upof particlesin asedimentlayermustbeexplainedby differentmechanisms.

Thestructureswhichdominatethewall layerdynamicsarequasi-streamwisevortices
[8,12], which generatesweepson the downwashsideandejectionson the upwashside.
In turn,ejectionscontributeto themaintenanceof thelifted low-speedstreaks.

We examineda large numberof snapshotsshowing the actionof quasi-streamwise
vorticeson particletransferin thewall region. We show oneof thesein Figure1, which
focuseson a 1gvF0 window of thecomputationaldomainextrudedfor the lengthof one
streamwisecell at time u r � �8nN� h . The main characterin this picture is the green
counterclockwise-rotatingquasi-streamwisevortex, centredat 0 r � ��c

: its action in
transferringthe black particles(having negative ² r¨ ) to the wall and the blue particles
(having positive ² r¨ ) away from thewall is apparent.

A secondary, but relevant,characterin thispictureappearsasaredisosurfaceidentify-
ing a smallercounter-rotatingquasi-streamwisevortex, centredat 0 r � l

andextending
well into the viscouswall layer [3]. As is apparentfrom Figure1, the role of the sec-
ondarynewly-born vortex is crucial in preventingparticlesfrom beingentrainedin the
outerflow. Thecombinedactionof thenewly-bornvortex andthematurevortex prevents
particlesfrom beingentrainedin the outerflow by reducingthe width of the ‘ejection
avenue’throughwhich particlesin thewall layerhave to passto reachtheouterflow.

Particleswith ³ ² ¨ ³�´ �&� ' �
(emptycircles)aremostly settledunderthe low-speed

streak(blue isosurface)in a wall layerconfinedbetweenthe newly-born vortex andthe
wall. The situationjust describedhasstatisticalrelevance[8].A sampleanalysiscon-
ductedfor larger inertia particles(

6 r® � h l��s� and
6 r® � ����c�� �

) showed that particles
segregationmechanismsaresimilar for theparticletime-scalesinvestigated.

In the light of this scenario,a particleresidencetime analysiswasconductedto gain
furtherinsightontheeffectof near-wall turbulencestructuresondepositingparticles.Fo-
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Figure1: Particle distribution andturbulentcoherentstructuresin near-wall region.

cusingonathin slabof fluid closeto thewall, 3 wall unitsthick,wefollowedeachparticle
pathto thewall andwerecordedthetimespentbeforedeposition.If aparticleescapesthe
slabbeforedepositing(dueto re-entrainment),thetimecounterfor thatparticleis resetto
zero.We tried to find a relationshipbetweenthenon-dimensionalparticleresidencetime
( µ r¶¸·�¹ ) in theslabandparticlewall-normalvelocityat deposition( ² r� · ® ).

In Figure 2, we show a scatterplot of µ r¶¦·�¹ versus² r� · ® for the threeparticlesets.
We can identify two distinct populations:free-flight particles,whosevelocity is larger
thanthenear-wall fluid velocity fluctuations,anddiffusionaldepositionparticles,whose
velocity is roughlyequalto thenear-wall fluid velocityfluctuations[10].

Focusingon the monitor slab and consideringonly the motion in the wall normal
direction,thefree-flightdepositionmechanismcanbepredictedby theballistic equation© ²±r® � © u � vº²±r® � 6 r® . Solving for a particlecontrolledby theStokesdrag,enteringthe
monitorslabwith wall-normalvelocity ² r® � 0 r � �d	

at time u r � �
anddepositingwith

wall-normalvelocity ² r� · ® � ² r® � 0 r �»© r® � h 	 at time µ r¶¸·�¹ , we find:6 r® ² r� · ®�¼ � v¾½L¿(À`Á µ r¶¦·�¹6 r®ÃÂ±Ä � � v © r® � h ¯ (3)

where
� v © r® � h on theright-handsideis theactualslabheightchosenfor theresidence

timeanalysis[10].WeplottedEq.3 in Figure2. Apparently, Eq.3 predictswell thebehav-
ior of particledepositingwith largevelocity andlargerly underpredictsdepositiontimes
for particlesdepositingby diffusionmechanism.Thereis evidenceof aneffect of parti-
cle relaxationtime: small particles(Figure2a) depositalmostexclusively by diffusion,
whereasfor largeparticles(Figures2b and2c) free-flightdepositionis dominant.

3.2 Effect of Gravity on Deposition
To analyzetheeffectof gravity onparticletransferandsegregation,wecomparedparticle
behavior in bothupwardandhorizontalchannelflow configurations.Themostinteresting
resultswhereobtainedusingparticlesampleswith smallinertia.

In Figure3, we show the time evolution of concentrationprofilesfor
6 r® � �N� �d����c

,6 r® � �N� j%l
and

6 r® � h � � particles. Startingfrom the initial uniform distribution, con-
centrationprofileswerecomputedat fixedtime intervalsby subdividing thechannelinto
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Figure 2: Residencetimeof particlesin a slabof 0 r ´ �
versuswall-normaldeposition

velocity. a)
6 r® � �N� j

particles,b)
6 r® � h l��s� particles,c)

6 r® � ����c�� �
particles.c%�

slabs(throughChebyshev polynomials)andcountingthefractionof particlesthatfell
within eachslab. Concentrationprofilesfor upwardverticalchannelflow (Figures3a,3c
and3e)exhibit theexpectedaccumulationin thenear-wall region.

Figures3b, 3d and3f refer to particlenumberdensitydistribution nearthe bottom
wall of the horizontalchannel. Due to viscousdiffusion, the concentrationprofile for6 r® � �N� �d����c

particlesdevelopsapeakwhich increasesin timeandshiftstowardthewall
(Figure3b). After aninitial transientof about

c����
wall time units,asecondpeakappears

right at the wall, due to gravity force which actsto depositlarge fractionsof particles
trappedin the viscoussublayer. A similar trend is observed for

6 r® � �N� j%l
particles

(Figure3d) and for
6 r® � h � � particles(Figure3f). However, the effect of gravity on

larger inertia particlesbecomessignificantat earlier stagesof the simulation(roughlyu r�Æ �&�%�
) andthepeakat thewall takesup morequickly. If we further increaseparticle

inertia,thediffusion-inducedpeakof concentrationstill existsbut it is completelyhidden
by thegravity-inducedone.

Noticethat,after1200wall timeunitsfrom thebeginningof thesimulation,themax-
imumintensitypeakis obtainedfor

6 r® � ��� j�l
particles.

4. Conclusion

We examinedthe mechanismsleadingto transfer, segregationanddepositionof inertial
particlesat thewall, focusingon therole of turbulencecoherentstructures.

First, we found that i) a strongcorrelationexists betweensweepeventsandparticle
flux towardthewall, andbetweenejectioneventsandparticleflux towardtheouterflow,
ii) theefficiency of sweep/ejectioncycle decreasesfor increasingparticleinertia, i.e. for
increasingratioof particleto fluid time-scale[8].

Second,we emphasizedtherelevanceof a smallerstreamwiseorientedvortex in re-
ducingthe width of the ‘ejection channel’so that only particlesenteringthe wall-layer
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Figure3: Timeevolutionof meanconcentrationprofiles: a) vertical channel,b) horizon-
tal channel(bottomwall). a), b)

6 r® � ��� �%�%��c
; c), d)

6 r® � ��� j�l
; e), f)

6 r® � h � � .
with specifictrajectorycurvaturemaybere-entrainedinto theouterflow.

Furtheranalysisrevealeda clearcutdistinctionbetweenparticlesdepositingby free-
flight mechanism(which can be describedthrougha simple one-dimensionalballistic
equation)andparticlesdepositingby diffusionaldepositionmechanism(dueto thesmall
fluctuationsin the viscouswall region). The balancebetweenthesetwo mechanisms
dependson particle inertia. Depositionof small inertia particles(namely

6 r® Æ �
) is

dominatedby diffusionphenomena,free-flightdepositionmechanismbecomesimportant
for increasingpartileinertia.

Finally, we analyzedtheeffectof gravity on particlesdepositingby diffusionaldepo-
sition. Resultson meanparticleconcentrationalongthewall-normaldirectionrevealthe
existenceof a two-stageprocessin whichviscousdiffusioncreatesafirst peakof particle
concentrationin thenear-wall regionandgravity forcecreatesasecondpeakat thewall.
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