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We investigatethe motion of individual particlesin granularmixturesin a rotatingdrum, both in the banded
stateandin theinitial transientstate.Moleculardynamicssimulationsandhighspeedimagingof the�o w from
thesideindicatethattheaverage�o w velocityasafunctionof depthin the�o wing layeris approximatelylinear,
andthat in the radially segregatedstatethereis no measurablechangein slopeat the boundaryfrom large to
smallparticles.Measurementsof particlemotiononthefreesurfaceof thetumblershow thatparticlesin asmall
particleband�o w fasterthanparticlesin a large particleband. On the freesurfacewe drift of large particles
towardsmallparticlebandsin initial experiments.Wecompareour resultsto moleculardynamicssimulations.

1 INTRODUCTION
Whenmixturesof differenttypesor sizesof sandor
beadsare rotatedin a cylindrical drum, two differ-
entkindsof segregationhavebeenobserved:�rst, the
smallerparticlestendto segregateradially forming a
radial core nearthe radial centerof the drum; after
that,theparticlesseparateinto bandsalongtheaxisof
thedrum.Sincevariantsof rotatingdrumsareacom-
monmethodof mixing in industry, thesephenomena
have practicalapplicationsaswell asgiving insights
into thebasicmechanismsunderlyinggranular�o ws.

While radial segregationhasbeenstudiedin great
detail in thin drums,axial segregationhasbeenmore
dif�cult to elucidate.A rangeof experimentalstud-
ies have focusedon the basic physicsof mixtures
in a rotating drum, amongthem (Choo et al. 1997;
Hill & Kakalios 1994; Hill et al. 1997; Shinbrot&
Muzzio 2000;Newey et al. 2004).A numberof dif-
ferentsimulationmethodshave also reproducedax-
ial segregation(Yanagita1999;Taberletet al. 2004).
Several phenomenologicalmodelsfor axial segrega-
tion have beenproposed(Savage1993; Aranson&
Tsimring 1999; Zik et al. 1994;Guptaet al. 1991).
However, the modelsproposedifferent mechanisms
that by themselves may be suf�cient to drive axial
segregation,andit is notyetclearwhichone(s)domi-
natefor givenmaterialsandexperimentalparameters,
or whetherageneraldescriptionwith broadpredictive
power canbefound.Oneof themoredetailedexper-
imentsdid not �nd goodagreementwith the model
it aimedto test(Khan et al. 2004),andno compara-
bly detailedexperimentsexist astestsof someof the

othermodelsto our knowledge.On theotherhand,a
largebodyof experimentalfactshasbeenassembled,
includingsomemorerobustscalingrelations(Ottino
& Khakhar2002).Understandingof the underlying
mechanismsandphysicsof theaxialsegregationphe-
nomenonin a givenexperimentis however still lack-
ing.

In this paper, we investigatethe characteristicsof
the motion of individual particlesboth in the ini-
tial mixed and in the segregatedstate,to add more
microscopicinsight to this problem.Several experi-
mentalandtheoreticalinvestigationshave focusedon
the characteristicsof motion in two dimensions.For
monodispersemixturesroughly linearradialvelocity
pro�les were found numericallyand experimentally
in 2-D and3-D (Ristow 1996;Ding et al. 2002;Jain
etal. 2002).

Using high speedimagingwe look at the average
�o w velocitiesof particlesonthesurfaceof thedrum.
Flow velocitiesaremeasuredasa functionof particle
typeandatdifferenttimesduringtheevolutionof the
bandformation.We alsouseMD simulations(Taber-
let etal.2004)to studybulk �o w propertiesandideal-
izedconditionssuchasperiodicboundaryconditions.

1.1 Setup
We rotatedthe particlesin a 10 cm diameter, 67 cm
long, transparentperspex cylinder with perspex end-
plates.For all measurements,the cylinder was half
�lled with mixtures of glass (Jaygo,Inc.) or steel
beadsof varying sizes. In the experimentsshown
here,we usebinarymixturesof 1 mm and2 mm di-



ameterbeadssimilarly sphericalin shape.The rota-
tion ratewassetto 10rotationsperminute.

To studytheaxialpropertiesof the�o w, weimaged
thesystemfrom abovewith ahighspeedhighresolu-
tion CCD camera.In addition,we investigatedradial
�o w throughthe transparentendplates.We took im-
agesat1000framespersecondandextractedparticle
tracksusingparticletrackingsoftwareoriginally de-
velopedby Grier andCrocker in IDL. By measuring
averagedquantities(likespotintensity)alongaparti-
cle trackwe candistinguishsmallandlargeparticles
on thesurfaceof a granular�o w (with anuncertainty
of < 10%).

2 RESULTS
We took high speeddata through the perspex end-
plates,shortly after the mixtureshad segregatedra-
dially. Using particletracking,we measuredaverage
velocitiesasa functionof depthin the �o wing layer.
In �g. 1 weseetheresultsfor a binarymixtureof ap-
proximately1.5mmand3 mmsteelbeads.Similar to
whathasbeenobservedpreviously (Ding etal. 2002;
Jainet al. 2002),we foundthatthe�o wing velocities
follow a linearcurve in theactive �o wing region.De-
spitetheclearradialsegregation,therewasnochange
in velocity gradientbetweenlarge and small parti-
cles. This suggeststhat if one could de�ne a �uid-
like propertysuchasviscosityfor this �o w, it would
appearto vary continuouslyacrossthe interfacebe-
tweenlargeandsmallparticlesin this radially segre-
gatedstate.Although the datashown are from mix-
turesof steelbeads,similar behavior is seenfor glass
beads.

We alsotook high speedimagesof thetop surface
of the�o w atvarioustimesduringthebandformation
processstartingfrom aninitially mixedstatethrough
somecoarseningto asemi-stable�nal band.Wehave
plotted the averagevelocity of particleson the sur-
faceasa functionof positiondown the �o wing layer
(Fig. 2). Thepro�les areplottedfor the initial mixed
state,for particlesin a largeband,andfor particlesin
asmallband.

All pro�les follow an intuitive shape:The veloci-
tiesstartoff low, peakin themiddleanddropdown to
zero againat the bottom endof the drum. The par-
ticles in the large bandpeaknear the beginning of
the �o w andhave a long, wide peak.The small par-
ticles peaknearerthe bottomof the �o w andhave a
sharperpeak.The small particlesalso �o w at a sig-
ni�cantly higherspeedthanthe large particlesat all
pointsdown the�o w. Particlevelocitiesin themixed
statepeakatadownhill positionbetweenthepeaksof
largeandsmallparticles.Themagnitudeof themixed
state�o w velocity is very nearthe magnitudeof the
smallparticleband�o w velocity.

It hasbeenseenthatsmallandlargeparticleshave
differentsurface�o w pro�les whichcouldaccountfor
thedifferencein peakpositionsandshapes.Hill etal.
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Figure 1. Flow velocity as a function of depthunder the sur-
faceasseenat thedrumendplates.Themixtureis abinarymix-
ture(right) of steelbeads.Thevelocitypro�le followstwo linear
regimes.In theactiveregion the�o w velocitydecreaseslinearly
from the surfacevalue(left). Thereis thena transitionto bulk
rotationalmotion.Note that thereis no observabletransitionin
theslopebetweensmallandlargeparticles.

found thatparticlesin a mixedstate�o w at a higher
angleof reposethendo particlesin the bandedstate
which couldaccountfor thehigherspeedof themix-
ture (Hill & Kakalios 1994).Sincethe particle �ux
has to be very similar for large and small particles
(exceptfor differencesin �o w pro�les), we notethat
the differencesin surface�o w speedimply that the
depthof the�o wing layeris deeperfor bandsof large
particlesthanfor bandsof smallparticles,andthatthe
velocitygradientshoulddiffer betweenbandsof large
andsmallparticles.

We alsoextractedthedrift andthediffusionof the
particlesas seenon the surface.Thoughthe uncer-
tainty in themeasureddrift from a singlesetof 2000
imagesis large (at least� 0:003 mm/s),we found a
consistentpatternthroughoutalmostall of our data.
This indicatesthatslight misalignmentof thecamera
or detailsof particletrackingareunlikely to have af-
fectedthemeasurement.We have shown thedrift for
onerepresentativemeasurementin Fig. 3. Thedrift is
plottedasa functionof axial positionacrossa single
bandof smallparticles.Thedrift is averagedover the
entiredownward�o w andacrossanaxial sectionthat
is approximately2 cm wide (the large particlesare
2 mm in diameterand the small particlesare1 mm
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Figure2. Averagedownhill velocity asa function of downhill
position for small particlebands,large particlebands,and the
initial mixedstate.

in diameter).Trackingjust the large particleson the
surface,we �nd that thelargeparticlesshow theten-
dency to drift towardthebandsof smallparticles.Ev-
idently for thesmallbandsto bestable,largeparticles
cannotinvadesmall particlebandsandthereforebe-
low theobservablesurfacea compensating�ux away
from thesmallparticlebandmustoccur.

To elucidatehow genericour observationson ve-
locity �elds anddrift are,we alsocarriedout Molec-
ular Dynamicssimulationsof the rotatingdrum (see
Taberletet al. (2004)for a detaileddiscussionof the
simulationtechnique).The simulationusesa spring-
dashpotforcemodelfor the normalforce with a lin-
earizedspringrepulsive forceanda viscousdamping
force.The tangentialforce is modeledusinga regu-
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Figure3. Averagedrift velocitiesof the large particlesasseen
on the surfaceasa function of axial position.The drift is pos-
itive (drifting right) at the left of the small particle band,and
is negative (drifting left) at the right of thesmall particleband.
This suggeststhea drift of largeparticlesinto thebandof small
particles,at leastasseenby thecamera.
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Figure4. MD-Simulations:Averageparticlevelocity asa func-
tion of depthin aquasi-2Dlargediameterdrum.

larizedCoulombsolid friction law for the tangential
force.Thereis no staticfriction. We simulatespheres
thatare0.48cmand0.96cmin diameterandanalyze
�o w velocitiesanddrift for comparisonto our exper-
imentalobservations.

First we compareradialvelocity pro�les to theex-
periments.In our simulationthe radial coreis not as
distinctasit is in theexperiments.Althoughthereis a
higherdensityof smallparticlesinsidethedrumthan
on the surface,thereis no sharptransitionbetween
largeandsmallparticles.

In simulationsof aquasi-2Ddrum(lengthof 7 large
particlediameters),with a diameterof .56 m, we ob-
serve clearradialsegregationlike thatseenin theex-
periment.Wehaveshown theradialvelocitypro�le as
a functionof depthunderthe surfacein (�g. 4). The
velocitiesfollow a linear pro�le with no kink at the
transitionbetweenparticlesize, just like the experi-
ments.Thereis a transitionto bulk motiondeeperin
themixture.Theradialvelocitypro�les for thelonger
thinnerdrumsusedfor the remainderof this section
alsoshow similar linear pro�les (not shown) though
theradialsegregationis notasdistinct.

Next we comparevelocity pro�les on the surface
asa function of positiondown the �o w in the simu-
lation. In both the long andthe shortdrum, the sim-
ulation shows a basicpro�le similar to that seenin
theexperiments.In long thin drums(diameterof 0.2
m andlengthof 1.6 m), we alsoseea higherveloc-
ity in smallparticlebands,aswe hadfoundin exper-
iments.However, in the simulations,this can be at-
tributedto agreatincreasein thesurfaceheightin the
small particlebands.In theexperimentson theother
hand,heightdifferencesbetweenlargeandsmallpar-



ticle bandsaremuchsmaller, anddo not appearto be
enoughto explain thedifferencesin downhill veloci-
ties.

Finally, we measuredthe drift in the simulations.
We did not �nd any detectableoverall lateraldrift in
the simulations.We have not yet analyzeddatasets
long enoughto be able to detectwhetherthe small
drift that is observed experimentallyalsoappearsin
thesimulations.

3 DISCUSSIONAND CONCLUSIONS
Through a combination of experimental measure-
mentsof individual particlemotion and simulations
we are searchingfor genericcharacteristicsof indi-
vidual particlemotion in axially segregatedbandsin
a rotatingdrum.

Wehavefoundseveralcharacteristicsof themotion
of particlesthatmaybeusefulfor calibratingmodels
of axial segregation:

1. First measurementsindicatethat large particles
drift toward small particle bands,even though
theparticlesarein astablesegregatedstate.This
resultmayindicateslow timescale'convection',
wheretheparticles�o w toward thesmall bands
on the surface,drop below the surfaceandthen
�o w backoutatthebottom.If thiswerethecase,
bandscouldbedescribedasgranularconvection
rolls, but further measurementsare neededto
con�rm or rule this out. We arecurrentlywork-
ing on analyzingthesimulationdatato the pre-
cisionneededto seeanoverall drift comparable
to theexperimentaldata.

2. At the sidewall, the velocity pro�le shows no
measurablechangein velocitygradientat thein-
terfacebetweenlarge andsmall particlesin ei-
therexperimentor simulation.Thisindicatesthat
thereis nosuddenchangein bulk �o w properties
attheinterfacebetweenlargeandsmallparticles.
This observation is surprisingin light of other
observationswheretheshapeof velocitypro�les
(e.g. in shearbands)scaleswith the size of the
particles.Herethe particlesizeapparentlydoes
not enterinto thescalingof the�o w �eld. These
resultsare con�rmed in a rangeof simulations
with varyinglevelsof radialsegregation.

3. On the top surfaceof the �o w, we �nd that the
averagevelocitiesof large particlesare signi�-
cantlysmallerthanthevelocitiesof smallparti-
cles.If linearvelocity pro�les alsooccurwithin
the bulk, (as they do on the surface- see(2))
conservation of massindicatesan oppositedif-
ferencein speedsdeepbelow the �o wing layer.
Sucha differencein preferredspeedsanddepth
of the �o wing layer couldbe a suf�cient mech-
anism to drive the axial segregation process,
thoughmorework would beneededto elucidate
thespeci�c mechanisminitiating segregation.
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