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Two-dimensional inclined chute flows: Transverse motion and segregation
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We present an experimental study of two-dimensional dense inclined chute flows consisting of both mono-
disperse and bidisperse disks. We analyzed the trajectories of the particles within the flow in a steady regime.
(i) In monodisperse flows, particles are arranged in layers that are in motion relative to one another, and it is
found that the particles have a nonzero probability of being transferred to adjacent layers. We measured the
mean time spent by a particle in a given layer. This residence time is found to decrease with increasing layer
height. The particle transfer between layers can be interpreted as transverse motion of a diffusive nature. The
diffusion coefficient associated with each layer increases linearly with the layer h@ighnh polydisperse
flows consisting of a small percentagess than 1%of small disks among large ones, the small particles have
a net downward motion on which a fluctuating behavior is superimposed. At short times, the small particle
motion can be described as a biased Brownian motion. The ratio of the characteristic time of diffusion to that
of convection is found to increase with the layer height, indicating that the segregation process is more efficient
in the upper layers of the flow. At longer times, the transverse motion of the small particles seems to differ
greatly from a classical biased Brownian motion.
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[. INTRODUCTION the present article is to analyze in a 2D inclined granular
chute flow the process of particle layer transfer. This study is
Granular material flows on inclined chutes still pose somanotivated by the understanding and modeling of the segre-
challenging problems related to modeling. Unlike classicalgation phenomenon in granular chute flows. When particles
fluids, which are correctly modeled by Navier-Stokes equaof the same density but different sizes are present in a flow,
tions, there is no complete and general theory for the descrithe large particles migrate toward the top free surface
tion of granular fluids. It is therefore crucial to better under-whereas the small particles move downward to reach the
stand the physical mechanisms which drive granular flowsbottom surface. This migration process is intimately related
especially since they occur in geophysical contextsck  to the mechanism driving the particle transfer between adja-
avalanches, landslidekl,2] and in industrial applications.  cent layers. As a first step, it is important to analyze this
According to the nature of the flow regintf&ictional or  layer transfer process carefully even in the case of monodis-
collisiona), several formulations have been suggested. If theverse flows. In that case, the probability for a particle to be
granular medium is dilute and highly sheared, the particlesransferred from one layer to another is not reduced to zero.
interact collisionally, which dissipates a part of their kinetic What are the characteristics of the layer transfer process?
energy. In this case, constitutive laws may be deduced from ®hat is the driving mechanism of this process? These simple
microstructural approach similar to kinetic theory for denseissues have not received much attention among granular
gaseg3]. On the other hand, if the granular medium is densephysicists and only a little is know29].
and slowly sheared, the particles have persistent contacts and The present article will therefore deal, in the first part,
dissipate energy by friction. The forces between particlesith monodisperse flows, while the segregation process itself
have static origin and the constitutive law is plasticlike. is treated in the second part. In the first part, we focus on the
Inclined granular chute flows generally do not fall into transverse motion of particles in a fully developed monodis-
these two limit regimes. They belong to an intermediate reperse flow in a 2D rough inclined chute. We report the fol-
gime where both friction between particles and collision playlowing results:(i) although the flow is organized in layers
important roles. In this regime, no sound convincing consti-that are in motion relative to one another, particles from a
tutive law has been proposed. Despite the numerous expemiven layer have a nonzero probability of being transferred
mental [4—10], numerical[11,17], and theoretica[13—-15 into adjacent layergji) the mean transverse displacement of
works devoted to granular chute flows, their description angarticles from the bulk flow shows a surprising mean upward
prediction are still a challenge. drift; and (iii) the time spent by an individual particle in a
Most experimental studies have concerned threegiven layer is found to be dependent on the layer considered
dimensional3D) flows, where it is nearly impossible to de- (it is shorter for a particle in an upper layer than for one in a
termine the particle velocity because inserting a probe seritower layed. This particle transfer between layers can be
ously disturbs the measurement. To avoid the experimentahterpreted as transverse motion of a diffusive nature. From
difficulties encountered in the case of 3D flows, Drdké the experimental data, we estimated, in particular, the diffu-
proposed to use a two-dimensional geometry where particlesion coefficient associated with each layer, which is found to
are confined between two glass walls. This geometry is welincrease linearly with the layer height. A natural consequence
suited to a detailed analysis of the microstructure and kineef the variation of the diffusion coefficient with the height is
matics of the flow via a high speed camera. The purpose ab induce a mean upward motion of the particles.
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Blocking bar

FIG. 1. Experimental setup. The higher part
of the channel is used as a reservoir of particles;
the flow is triggered by removing the blocking

Rough bottom bar.

In the second part, we focus on the segregation procegke friction with the sidewall, it allows us to work with
within bidisperse flows consisting of dilute mixturéshere  monosized assemblies as well as with binary mixtures. In the
the proportion of small disks among large ones is less thamonodisperse flow experiments, we use polystyrene disks of
1%). We analyzed the downward transverse motion of thel=8 mm diameter and 3 mm thickness.
small particles, which is a manifestation of the segregation The inclined chutes 2 m long, and the flowing particles
process. We found that the small particles have, on averageare confined between two smooth glass sidewalls. The gap
a net downward transverse motion, on which a fluctuatinghetween the two walls is 3.3 mm widslightly wider than
movement is superimposed. The particle motion can be deahe particle thicknegsThe presence of sidewalls introduces
scribed at short times by a biased Brownian motion. Thean additional friction force on the disk particles, which
diffusive process therefore competes with the convectiveimounts to reducing the gravity force. The bottom is made
motion. We estimated the respective strengths of both prorough by randomly placing half particles. More precisely, the
cesses through the élet number, defined as the ratio of the distance between the centers of two successive half particles
characteristic time of diffusion to that of convection. This is chosen in the intervaﬂd,\/§d] according to a uniform
ratio is found to be of the order of unity and increases withrandom distribution. (3d is the critical interparticle dis-
the layer height. This means that the segregation process {gnce corresponding to the situation where a particle from the
more efficient in the upper layers of the flow. At longer fiow can fill the void left between the bottom particleShe
times, the transverse motion of the small particles seems tgigher part of the channel is used as a reservoir and filled
differ greatly from a classical biased Brownian motion andyith 1260 particles which are blocked by a bar. To trigger the

bears some resemblance to aydlight. chute, the bar is removed. At the end of the chute, the par-
The paper is organized as follows. Section Il is devoted tgjcles are free to flow out from the channel.

the monodisperse flow experiments. We first describe the ex- e estimated, with this setup, the critical anglewhere

perimental setup used_for the chute_ and present the_ gener@slmp( 6) vanisheshg,( 6) is defined as the minimum thick-
features of the monodisperse flow in terms of velocity anthess of the flowing layer necessary to observe a uniform flow
granular temperature. We then analyze in detail the transy; 5 given inclinatiord [10]. We find thatd,~32° within a
verse motion of the particles and discuss the experimentgbyy degrees. All experiments were performed with an incli-
outcomes. Section il is devoted to the bidisperse flow exyation g of 36°, greater tha, . It should be noted that, due
periments. We first report the characteristics of the bidispersg, \y 4| friction, steady uniform flows exist for angles much
flow in terms of velocity profiles for both types of particles. greater thard, .
We then present the experimental outcomes for the segrega- o experiments are recorded by a high speed video
tion process through the transverse motion of the small Palsamerafastcam photronat a rate of 500 images per second
ticles and discuss the nature of this transverse motion. Fisng a resolution of 512 240 pixels. This frequency is high
nally, a general conclusion and outlook are given in Sec. 'Venough to track the motion of each grain of the flow. Image
processing software computes the position of the center of
Il. MONODISPERSE FLOWS mass of the disks on each image, therefore allowing one to
extract the trajectories and calculate the kinematic properties
of the particles.

The chute flow experiments have been performed using During the discharge of the reservoir, which lasts a few
the setup sketched in Fig. 1. Unlike most granular chuteseconds, we observe a fully developed shear flow over a
experiments, the particles used here are not spheres bwindow 20 cm long 1 m downstream of the reservoir. The
disks. Although the use of disks instead of spheres enhancéglly developed shear flow is characterized by a constant

A. Experimental setup
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FIG. 2. Packing fraction profile of the flow. A stratification is ~ FIG. 4. Velocity distribution in the different layers of the flow.
developing within the flow.
window). The velocity of the particles increases nearly lin-
height equal to 8. The flow is dense: the packing fraction is early with the distance from the base. The shear rate here is
rather constant in the bulk flow and is about (s8e Fig. 2  about 10 s*. The linearity of the velocity profile is a clas-
A constant packing fraction is also observed in dense flowsical result in granular dense flows consisting of spherical
of spherical particles in 2D and 3[B—8]. Within the flow, a  particles in 3D and 206—8]. In the transverse direction, the
stratification develops: layers of one particle width are builtmean velocity of the particles is found to be equal to zero
up and slide over each other. Close to the top free surfacevithin the experimental uncertainties.
the layers are less structured, the medium is more fluidized, We have also plotted in Fig. 4 the distributions\af in
and therefore the packing fraction is lower, as can be seen ithe different layers of the flow. We have labeled each layer of
Fig. 2. the flow by Li, where the index =1 refers to the bottom
layer andi =8 to the top layer. The width of the distribution
B. Velocity and temperature profiles (which is nothing but a measure of the “granular tempera-

We will define theOx axis to be parallel to the flow di- ]'Eure, tis vgetfhalllsee Ia1t_ehr bmcrelasis 3.5 tonbe tmoves away
rection and th@®y axis perpendicular to it. The velocity mea- rlom ) eG ottom a(;j/.ert. ib '?se velocl ¥{f IS I” u |on|are ;/e%
surements are presented in Fig. 3. The modulus of the ave 10S€ 1o >aussian distrioutions except for fayers close 1o the

age dimensionless velocity and its components alongxthe t_ottom(Ll, LZI’ and L3. For 't[h_ese t:rtehe _Iayerskthe d|strr|]bu-
andy directions are plotted as functions of the distance fromt'hOns ar((;e no fonger symmetric and their peaxs are sharper
the base of the flow. The “instantaneous” velocity of the an a aussian one.

particles is calculated from two successive positions taken a(t We have plotted in Fig. 5 the variance of the velocity

a sampling rate of 500 Hz and the averages have been pe istributions as a function of the distangérom the base of
e flow in dimensionless variables. The variance of the ve-

formed over time(i.e., over the video recording duratijon {
and spacdi.e., over thex direction within the observation
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0.2—————1——1— —— For the upper layers and longer times, our statistics are too
0.15 . : weak. We can see in Fig(#® that the mean lateral displace-
0.1 ment is not reduced to zero and depends on the particle po-
0051 _  puB% s gnnt® sition in the flow. Particles from the lower layefse., i
o =1,2,...,5)migrate upward, whereas the ones from the up-
5 %5 per layers have a mean downward motion. The maximum
%_(ﬁé- positive drift velocity is approximately 0.75 cm/s and corre-
o2l sponds to the mean displacement of the particles of layer L4.
0.5 o An important remark should be made. The existence of a
.03L ' ] mean upward or downward motion for the particles is not in
-035F s ar7 (a)- contradiction with the fact that the mean transverse velocity

. P I I
0'40 005 01 015 02
t(s)

— T 02 of the flow (or mean transverse mass flug zero. The mean

t(s) local speed of the particles in each layer is zero, but, as we
see next, the existence of a gradient in the mass diffusion

FIG. 6. Experimental measurementa) mean vertical displace- coefficient perpendicular to the flow can partly explain the

ments as a function of time for different initial positions of par- honzero mean displacement of the particles once they have

ticles; (b) variance of vertical displacements as a function of timeyisited several layers.

for different initial positions of particles. We have also evaluatédee Fig. &)] the variances of the

vertical displacements, defined by

locity distribution is a measure of the so-called granular tem- "

peratureT,~VZ—V,?, T,~V2—V,2 andT=T,+T,. One 1 o

should point out that th)é co%cepﬁ of “granular ter¥1perature" ‘Tiz(t): ﬁl 121 [yj(t)—yj(O)]z— Sf(t). @)

has a clear meaning when the granular flow is collisional,

since it then corresponds to the standard definition of therhe variances of the vertical displacements are found to in-

kinetic temperature calculated from the rms velocity meacrease linearly with time for short times. Furthermore, the

sured during free flights. For dense flows where most ohigher the position of the particle in the flow, the greater the

particles have lasting contacts, this is no longer the casfuctuations. The interesting outcome is the linear evolution

since velocities are measured during contacts. However, igf the variance with the time. This suggests the existence of

the literature on granular media, one still uses the terny diffusive behavior for short times. An effective diffusion

“granular temperature” for the rms velocity calculated in this coefficient can be evaluated from the slope of the curve

way. a?(t) for short times ¢>=2Dt). Itis found thatD increases

The granular temperature is close to zero at the base gihearly with the transverse positignin the flow (see Fig. 8
the flow and increases with the heightFor lowy, T scales  pelow):

as T~y® with a~0.65. One can note in addition that the

temperatures along the and y directions are of the same y

magnitude: there is no anisotropy. The measured temperature 2D(y)= aa +b, ©)
profile differs from those found in 2D and 3D simulations of

dense flows of spheres where the temperature is constant {ith a~0.296 cni/s andb~0.312 cni/s.

the bulk flow([8,16]. The origin of this difference is not yet e also measured the average time spent by the particles
well understood but it may be due to an anomalously highlyithin a given layer L before visiting another one. The

dissipative bottom. evaluation of this residence time is slightly underestimated
due to the fact that some particles stay in a given layer longer
C. Transverse displacements than the recording time. Figure 7 gives a representation of

éhe mean residence time according to the layer considered.
according to their height in the flow. Wh'en partiples approach the free surface of the flow, the
In Fig. 6@, we have plotted the mean transverse dis-residence time decreases. These results c_ompletely support
placement of the flow particles according to their initial cht%?qr;cluswn drawn from the transverse displacement fluc-
It is also possible to derive an effective diffusion coeffi-
cient from the measured residence time A classical cal-
culation based on a ruin problefar random walk{17]) al-

We focus here on the transverse motion of the particle

transverse position in the flow. The mean transverse dig!
placements;(t) for particles initially located in the layeriL
has been calculated as follows:

N; lows one to link the residence time to the diffusion
Si(t)= N 121 [y;()—y;(0)], (1)  coefficientD associated with the diffusion process:
-
d2

2D (4)

whereN; is the number of recorded particles initially in the
layer Li. y;(0) corresponds to the initial transverse position
of the particlgj andy;(t) to its position after an elapsed time In Fig. 8, we have presented the diffusion coefficient evalu-
t. We estimateds;(t) for i=1,2,...,7 and for &t<0.2 s.  ated directly from the fluctuations of the transverse displace-

:4_ﬂ_
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FIG. 7. Evaluation of the residence time in each layer. random walk, which is currently used in fluid mechanics to
study dispersion and diffusion problerfik3].

We have therefore simulated the transverse displacement
of a single particle by a one-dimensional random walk along
the y direction. The particle moves in a layered medium
where the diffusion coefficierd; of the layer Li is taken to

D. Discussion increase linearly with the layer height, as suggested by the

We would like to discuss here the consequences of th€Xperimental results. The medium comprises eight layers and
height-dependent diffusion coefficient for the transverse molS bounded by two reflective walls, which mimic the pres-
tion of the particles. In particular, we want to check whetherénce of the rough bottom and the top free surface. The re-
the inhomogeneity of the diffusion coefficient throughout theflective conditions ensure a zero particle flux through the
flow can explain not only qualitatively but also quantitatively Walls. The strategy of the simulation is to move, at each time
the nonzero net transverse motion of the particles of the flowstept, the particle upward or downward by an elementary
The issue is thus the following: Given a particle diffusing Stepdy;= y2D;ét, which depends on the layer where the
within a bounded layered medium where the diffusion coef-particle stands.
ficient varies from one layer to another, what is its average We have reported, in Fig.(8), the results from the simu-
displacement at short times and what is the effect of théation concerning the mean particle displacement according
boundaries? The simplest and quickest way to answer thed@ its initial position. One can first note that particles from

questions is to carry out simulations based on a classicdntermediate layergL.2 to L6) have a net upward motion
with a constant drift velocity of 0.09 cm/s. This is a classical

result of inhomogeneous diffusion: indeed, it can be shown
that the mean displacement of a particle diffusing in an infi-
O experimental 1 nite medium, characterized by a spatial-dependent diffusion
e ruin problem ® coefficient D(y), is nonzero and the mean drift velocity
6 —fit 6/ T scales asi;6~d,D(y). In the particular case wher@(y)
d ° | has a linear dependence gnthe drift velocity is indepen-
o e dent of the particle position. Second, it is clear from Fig) 9
that the presence of the reflective walls plays an important
5% ° role in the transverse motion of the particles from the lower
’ 1 and upper layers. The mean displacement of particles from
oL il | the layer L1 is enhanced in comparison with that of bulk
bGe particles(the drift is found to be 0.4 cmyswhereas the par-
pd 1 ticles from the top layer L8 have a net important downward
g e | motion (corresponding to a negative drift velocity of 1.2 cm/
o o5 1 15 2 25 3 9. One should note that the presence of the reflective walls
2D (cm’/s) has a more dramatic effect on the upper layer where the
diffusion coefficient is greater.

FIG. 8. Diffusion coefficient as a function of the height from the It is now interesting to compare the mean transverse mo-
base of the flow: ©) values obtained from the measurement of thetion of the flow particles obtained from our basic simulation
lateral displacement fluctuations®{ values derived from the ex- with the experimental datfcf. Fig. 9b)]. One clearly sees
perimental evaluation of the residence time, &ashed linglinear  that the simulation outcomes differ quantitatively from those
regression. obtained in experiments. Indeed, the main discrepancy is that

ments and that calculated from the residence fiE (4)].
Both data sets show quite similar results. This strongly rein
forces the hypothesis of a transverse diffusion process.
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the simulations greatly underestimate the amplitude of the 7.
mean displacement for the bulk particles. As a consequence, |
the magnitude of the upward migration of the bulk particles 6}
cannot be solely explained by the presence of the gradient in
the mass diffusion coefficient. We can evoke at least three  5f
effects which could favor the upward migration of the par- i
ticles. First, we have assumed a constant packing fraction ing 't
the flow, as suggested by the experimental measurements> 3L
However, a careful inspection of the packing fraction profile
shows that it slightly decreases as one moves away from the 2f
base of the flow. This slight variation of the packing fraction .

could induce upward migration of the particles. Second, the 1_‘MW (a)‘. - (b) 1
local fluctuations of the packing fraction in a given layer RTINS o ® 8\
should also be a crucial parameter for particle migration. 0 5 10 15 20 %0 10 20 30 40 50 60
Indeed, the transfer of particles from one layer to an adjacent x/d,_ x/d,

one should depend, among other things, on the probability of

finding a void space in the latter, and one can reasonably F!G. 10. Selected trajectories 6d) large disks andb) small
expect that this probability is higher for the upper Iayersones in bldlsperse chgte flows.. Each symbol corresponds to the
(since the granular temperature is greategsulting in a fa- center of gravity of a different disk.

vored upward migration. Third, the boundary conditions

could play an important role. The top layer is a free surface However, only a few experiments have been carried out
whereas the bottom layer is bounded by the rough base. Th@ the segregation process itself during dense inclined chute

asymmetry could eventually also favor an upward migrationflows of granular materials. Our objective is to study this
process carefully through our 2D inclined chute flows con-
sisting of binary mixtures of coarse and fine particles and to
ll. BIDISPERSE FLOWS
test the model of Savage and L[19].
A. Motivation

It is well known that when different particles are put into B. General properties of the bidisperse flow
relative motion by shearing, flow, or vibration, they do not The flow experiments were performed with binary mix-
mix and show a tendency to gather according to their features using the same inclined chute as that described in Sec.
tures. This segregation process occurs when particles exhilit The binary mixtures were made of large polystyrene disks
differences in sizg19-23, density, shape, or roughness of diameterd_ =8 mm and small ones of diametetg
[24]. For particles of the same composition, the segregatior=4 mm, giving a diameter ratio of 2. We worked only with
of small and large beads has been investigated in numerowery dilute mixturege.g., less than 1% of fine particleShe
studies, and generally small particles are found at the bottorexperimental conditions are the same as those used for
surface of a medium composed of large partidless con- monodisperse flows: a chute inclination of 36° and a flow
versely, large particles are located at the top surface of Aeight of eight large disk diameters. We observe a quasi-
medium composed of small particjesThis segregation fully-developed flov 1 m downstream from the beginning of
mechanism has been explained by geometrical effects: dbe chute which lasts about 2 s. Strictly speaking, the flow is
particles flow, it is more likely for a small particle to find a not fully developed since through the chute the segregation
large enough void space to fall into than for a large particleprocess occurs: the small disks migrate progressively toward

On this basis, Savage and L[48] proposed a theoretical the lower layer of the flow. However, as the mixture is dilute,
model for the segregation process in dense granular flowthe flow of large disks remains stationary and homogeneous
They argue that two mechanisms compete for the transfer aflong the longitudinal direction.
particles between layers in relative motidin:a random fluc- In Fig. 10, we present some characteristic trajectories for
tuating sieve process which is size dependent and induced typoth large and small disks. The time interval between two
gravity, and(ii) a mechanism of squeeze expulsion due toconsecutive points on each particle trajectory corresponds to
imbalances in contact forces on an individual partigiis  79=20 ms. Since the binary mixture is very dilute the large
latter mechanism has no size nor direction preferendde  disks within polydisperse flows are found to exhibit the same
combination of these two mechanisms leads to a net percdsehavior as in monodisperse flows. One can note that the
lation velocity of each species and, by means of the maskirge particles travel roughly at a constant height with some
conservation equation, the development of the concentratiofluctuations(smaller than one disk diamejer
profile with downstream distance can be obtained. Concern- In contrast, the small particles exhibit an important mean
ing the concentration profile and the distance required for théransverse motion but fluctuations are still present. Some re-
complete separation of particles, reasonable agreement ¢®rded trajectories of small disks show a clear net downward
found between the predictions of the model and the measurerotion. This is a manifestation of the segregation process
ments from 3D flows of a binary mixture down a rough and according to Savage and LLi®] it can be explained as
inclined chutg19,25. follows. Because of the overriding of layers and the con-
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FIG. 11. Mean longitudinal velocity/, as a function of the FIG. 12. Mean transverse velocit;, as a function of the height
height from the bottom for small and large disks. from the bottom for small and large disks.

ion velocity V4 which is given in the limit of a dilute mix-

tinual rearrangement of particles within a layer, the contac{Hre by

force network and the void spaces are undergoing continua

random changes. At any instant, there is a distribution of 4 M o 1-E
void spaces in a given layer. If a void space is large enough, Vylydi=— NV (2+E- Em)exp< - = m)
then a particle from the layer above can fall into it as the & E—En

layers move relative to one another. The probability of find- _E
ing a hole into which a small particle can fall is larger than —(0+E—E,+ 1)exp< 7 m) . (5
that of finding a hole into which a large particle can fall. E-En,

Hence, there is a tendency for the particles to segregate out,
with fine ones at the bottom and coarse ones at the top. ThishereM/N is the ratio of the number of voids to the number
is the gravity-induced void filling mechanism proposed byof particles in a given layelE is the mean void diameter
Savage and Lufil9]. However, it should be noted that small ratio defined as the ratio of the mean void diameter to the
particles from the bottom have a net upward motion which ismean diameter particlavhich corresponds to the large disk
clearly caused by the presence of the boundary. diameter in the dilute mixture limito=ds/d, is the ratio of
We measured the mean velocity of the small particles irthe small disk diameter to the large one, dglis the mini-
the flow and compared it to the mean velocity of large disksmum possible void diameter. For close packing of equal
We have plotted in Fig. 11 the mean longitudinal veloaity — disks,E,,=0.1547. As our mixture is very dilute, it is legiti-
of each species as a function of the height measured from tHgate to take this value foE,,. Finally, v is the volume
bottom. There is no difference between small and large diskfaction of the flow. All these parameters can be estimated
concerning the mean longitudinal velocities. The flow shear
rate y is 10 s'1. In contrast, the mean transverse velocity 05 . T . T . T
profile (see Fig. 12is different for small and large particles.
Whereas the mean transverse velocity of large particles is
almost equal to zero, small particles have a significant down-
ward velocity. It should be noted that for small disks the
averages were performed over a particle population whos
repartition across the flow is not uniforfsee Fig. 1R In
view of the experimental data, it is difficult to say whether «
the downward migration speed is independent of the hgight g
or not. The migration speed averaged over the height of the‘§
flow is found to be 1.2 cm/s. £ 014 _
The mechanism responsible for the net downward migra- )
tion has been described by Savage and [1®] and has |_| —
been termed a “random fluctuating sieve.” This phenomenon % ' 2 4 é ' 3
is a gravity-induced, size-dependent, void filling mechanism. yld,
\oids are characterized by a “void disk” defined as the larg-
est grain that can fit into a given void space. The authors FIG. 13. Repartition of the small particles in the flow as a func-
derived a theoretical expression for the downward percolation of the heighty within the observation window.

cles

0.3H B

of smal poarti

0.2 4
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This distribution function can be derived in the framework of
the “maximum entropy approach.” It would be interesting to
test the pertinence of this theoretical pore size distribution
function experimentally. The experimental estimation of this
distribution function is shown in Fig. 14. It is found that the
tail of p(E) (i.e., for E>0.4) exhibits a clear exponential
decay but with a decay rate greater than that calculated from
the theory. This result tends to show that E&).can be used
only as an approximation to zero order. There is therefore a
need to improve the theoretical description for a better agree-
ment with the experiments.

P(E)

0.1f

0.01

f\ | . | . | . | . C. Segregation and transverse displacements

0 0.2 04 E 06 08 1 Examination of the transverse displacements of the small

particles gives us some insights into the segregation process.
FIG. 14. Experimental pore size distribution within the flow The mean dlsplacements'of the small disks gre shown in Fig.
(continuous ling The dashed line represents the theoretical distri-lS(a)' One can note again that the small disks have_a net
bution calculated foE=0.35 (which corresponds to the value ex- downward motion, except _for those which are 'OC?‘ted n the
tracted from the experimental datand E, = 0.1547 bottom layer. The mean displacement of the particles varies
mo ' roughly linearly with time. Furthermore, the particles from
. . . the upper layers exhibit a greater downward displacement
from an analysis of the video recording of our flow. In order a1 those from the lower layers.
p(To gde;mr%neethoc?vgf Lgi?sil;r o teh;t/f:)fssg]vagz afl\cliv,LlVg' €M~ From the mean transverse displacement, one can extract a
weymapped the inter)é)article space onto the Vo'fcnuiwori( migrati.on speeg,.whi.ch will be denotadj . It is. important
[26] and defined a void disk as the largest disk that can fif0 realize that\/d IS d|ff<_erent from th? per_colatlon spead,
calculated in the previous subsectioviy is a mean local

ifto a Voronol vertex [27]. We found M/N~0.6 andE q|ocity which is obtained by averaging the velocity of the
~0.35. In addition, the packing fraction was found to be o ticjes belonging to a given layer and is the analog of a
of order 0.7. Using these parameters, we obtaiféd  pyjerian velocity(or a fluidlike velocity. On the contrary,

20'37.’dL%1'I6 cms. Tr(;is valu;e has to bedwclor;par/ed }A‘? the\/a‘ is determined from the individual motion of the particles
experimental measured percolation spage-1.2 cm/s. As which are initially located in a given layer and will be re-

a conclusion, the theoretical expression for the percolatiotperred to as the “particle velocity.V?* is calculated from the

speed gives a rather good estimation. P : I
The theory of Savage and Lun is based on the assumptio%IOpe of the curves plcltt_ed in Fig. & and |s_shown n Fig.
that the probability of finding a voids diameter rat® 6. One can nqtg th?Md Increases rou'ghly linearly with the
- . . . transverse position in the flow and differs notably from the
=d,/d is given by a decreasing exponential lawEof Eulerian percolation speedy. At this point, one should
make a comment. It is not really surprising that the Eulerian
velocity and the particle velocity differ. Even in a classical
(6)  fluid, the velocity of the molecules is not equivalent to the
mean fluid velocity(i.e., the Eulerian velocity[28].

FIG. 15. (@) Mean transverse displacements
and (b) variance of vertical displacements as a
function of time according to the particle posi-
tion.

8/d,

t(s
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FIG. 16. “Particle” percolation speet} (O) and “Eulerian” FIG. 18. Ratio between the diffusive characteristic timeand
speedVy= -V, (*) as functions of the height from the flow base. the convective one¢ as a function of the height from the flow
base.

We also calculated the fluctuations of the transverse par- o ) o
ticle displacements according to their initial position in thethe characteristic diffusive timep and the characteristic
flow [see Fig. 1f)]. We observe a behavior very similar to convective onerc (associated with the net downward mo-
that of the large particles. The variance of the particle distion). 7c is defined as the time needed for a particle to
placement increases linearly with time. The slope depends o#hange layer due to the convective motieg=d,_/Vg . mp
the transverse particle position: it increases when the particlié associated with the diffusive motion and is given fy
is higher in the flow. The small particles therefore have a=dZ/2D. The ratiorp /mc=d, V%/2D, analogous to a Pe
diffusive motion superimposed on a net downward motionclet number, is plotted in Fig. 18 as a function of the particle
This diffusion process can be associated with the “squeezposition in the flow. We can note that this ratio increases as
expulsion mechanism” described by Savage and Lun. It hasne moves away from the flow base, indicating a stronger
no preferential direction of layer transfer and is size indepensegregation process in the high part of the flow. However, it
dent, as observed for the diffusion procésse Fig. 17. We  remains of the order of unity which means that there is not a
have indeed compared the diffusion coefficient associatedtrong predominance of one process over the other.
with the small particles to that associated with the large ones.

The diffusion behavior seems independent of the particle D. Discussion
size. For both particle sizes, the diffusion coefficient is of the

same order of magnitude and is an increasing function of th We would like to discuss here the observed difference

Between Eulerian and particle percolation speed. In particu-

layer height.
To quantify the strength of the diffusion process relativelar’ we want to know whether the Iay_ered_ structur_e_pf the
flow (with a nonhomogeneous mass diffusion coeffigiast

to the segregation one, we have evaluated the ratio betweertgsponsible for that difference. To answer this question, we

simulated the transverse individual movement of a small par-
8 T T T T T T T T ticle by a one-dimensional biased random walk alongythe
o largegrains | direction. The particle moves in a layered medium where the
e smal grains o e diffusion coefficient varies from one layer to another, as ob-
6 - served in the experiments. A bid% is added to mimic the
®o downward convective motion of the small particles. As sug-
gested by the experimental data, this bias is taken to be de-
4 - pendent on the initial vertical position of the particle in the
® flow. We have chosen a linear variation with the height
1 Vi~a(y/d )+b, with a=0.66 cm/s ancb=—0.83 cm/s.
The strategy of simulation is the same as that described in
™» Sec. Il.
In Fig. 19, we have presented the mean displacements of
®o L . the particles obtained for different initial particle positions.
0 05 1 15 2 25 3 For particles in the bulk, the mean displacement varies lin-
2D (cmzls) early with time and is directly related to the particle migra-
tion speedv} introduced in the simulationid/dt~V} . We
FIG. 17. Diffusion coefficient as a function of the height from calculated the corresponding Eulerian percolation speed,
the flow base for large and small disks. considering an initially uniform distribution of small par-

yld,
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FIG. 19. Results from the simulation: mean vertical displace- 0 1 2 3 4 5
ments as a function of time for different initial particle positions. migration speed (cns)

ticles in the system and letting them evolve for 0.2 s. The FIG. 21. Partic!e and_ Eulerian downward r_n_igration speeds, cal-
results are shown in Fig. 20. We find that the Eulerian perculated from the simulations based on a modified random veaié
colation speed behaves like the particle one and is slightl{gXV: @s @ function of the vertical position in the flow. The simula-
greater. The latter result is not surprising since the Euleriafi®" Was achieved considering an initially heterogeneous distribu-
speed in a given layer is the average of particle velocities offon of particles identical to that found experimentally.

particles belonging to that layer and particles coming from

the neighboring layers. In particular, particles coming fromobservation of the reported trajectories of the small particles
the neighboring upper layer have a greater particle speed ar{df. Fig. 10 suggests the existence of two different spatial
therefore contribute to enhancing the Eulerian velocity fromscales: one associated with the diffusion process within each
that layer. However, this is not what is experimentally ob-|ayer and the other related to the downward migration pro-
served since the Eulerian speed is smaller than the particigess. Indeed, when a particle from a given layer leaves its
one, especially for the upper layers of the flow. layer, it travels in a straight path over a distance which can

In conclusion, this simple model based on a classical bipe several layer width. This fluctuating behavior bears some
ased random walk in a stratified medium is not able to reyesemblance to a’lvg flight. (iii) Third, the motion of the

produce the difference observed between the Eulerian angdh icies in the flow direction is not taken into account in the
particle percolation speeds. Several hypotheses can be prgi, jation. In particular, particles from the upper layers

gios?figutt(i)or?)éelgmatﬁ"sa(rjtliggs?ﬁ?ﬁelzfllcr)?:/’ ;lgen hfﬁirﬁgﬁgsgfsemove faster and cross the observation window in a shorter
ST ; P 1ong time than that needed for the particles from the lower layers.
direction (cf. Fig. 13 may change the estimation of the Eu-

lerian speed(ii) Second, it may be possible that the particIeAs a result, upper particles contribute to the statistics with a

motion is not as simple as a classical random walk. A carefu?maller weight. . . .
We have tested the two first hypotheses. The introduction

of a heterogeneous distribution of the small particles along
. . the transverse direction of the flow in the simulation does not
8k * Eulerian velocity — . .
o Particlevelocity o % q_uantltanvely change thg result§. On the c_ontrary, if we
simulate a random walk introducing two spatial scdlese
for the diffusion process and the other for the migration
o ¥ mechanismas evoked above, combined with a heterogenous
1 distribution of particleschosen identical to the experimental
4 - one), we find a much better agreement with the experiment.
o ¥ The rules used for the random walk are the following: a
o ¥ | particle from a given layer undergoes at short time a random
2 . Brownian motion with a diffusion coefficient corresponding
ox to that measured experimentally, and as soon as the particle
] leaves its own layer downward by this diffusion process, it is
: _ : animated by a persistent motion in the downward direction
0 1 2 3 4 5 6 . . .
migration speed (cms) over a distance of one-half layer width. Then the particle
diffuses again in its new layer, and so on. The results of this
FIG. 20. Particle and Eulerian downward migration speeds, calSimulation are shown in Fig. 21. In the upper layer, the Eu-
culated from simulations based on a classical Brownian randonf€rian percolation speed is found to be smaller than the par-
walk, as functions of the vertical position in the flow. The simula- ticle speed as in the experiment in the upper layers. In the
tion was achieved considering an initially uniform distribution of case of a random walk based on two spatial scales, the Eu-
particles in the system. lerian percolation speed is very sensitive to the initial distri-

o
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bution of the small particles in the flow, whereas the particlehas been compared to the prediction of the Savage and Lun
speed is rather independent. These results are encouragirigeory. We found a qualitative, but not fully satisfactory,
and it therefore seems important in the near future to studggreement. The proposed theory is based on information-

the particle trajectories in more detail. entropy concepts for the description of voids in the flow. The
validity of the applicability of these entropy concepts may be
V. CONCLUSION questioned. A definite answer to this issue could be obtained

through careful experimental measurements of the distribu-

In the first part, we showed the existence of a transversgon of voids in the system. This can, in principle, be done
diffusive particle motion in a fully developed granular flow \ith our experimental 2D chute flow setup where all the
of monosized particles on an inclined chute. Particles from geatures of the flow can be analyzed via a high speed camera.
given layer have a nonzero probability of being transferred to  (ji) The particle percolation speed is different from the
adjacent layers. We found that the mean residence time igyjlerian one and, in particular, is greater for particles from
each layer is finite and depends on the layer height in thene ypper layers than from the lower ones. We propose some
flow. The diffusion coefficient associated with this diffusive possiple explanations for the latter observation. An appealing
motion is an increasing function of the layer height. In addi-hypothesis is that the particle follows a more complex ran-
tion, particles from the bulk have a tendency to migrate Upyom walk than a simple biased Brownian motion. In particu-
ward, which can be partially explained by the presence of thear, a random walk based on two different spatial scales, one
diffusion coefficient gradient. _ associated with a diffusing process within each layer and the

In the second part, we reported experimental results fopther attached to the downward migration, reproduces the
the segregation process in 2D dense inclined chute flows Qdyperimental results with a rather good qualitative agree-
binary granular mixtures. At short time scales, we showednent, This result tends to show that the segregation process
the existence of two competing processes driving the motiofs more complex than a classical biased diffusion process.
of the small particles diluted among large particles: a transpther hypotheses should be investigated as to the importance
verse downward convective motion, which is a gravity-of the relative motion between layers due to the velocity
induced, size-dependent, void filling mechanism as deSC”be&radient in the transverse direction of the flow.
by Savage and Luf19], and a diffusive process, which is = as a conclusion, the segregation process in dense flows is
not size preferential and has no preferential direction for theg, from being comprehensively understood, and additional
layer transfer. For a diameter ratio of small particles to 'argeexperimental and theoretical efforts are strongly needed. In

ones equal to 1/2, we found that the convective and diffusiveyarticular, our next objective is to fully characterize the par-
processes manifest themselves on the same time scale, whigRe motion, which is feasible with our 2D experimental

means that they are of the same strength. Therefore the segayyp.

regation mechanism is only efficient at long time scales.

. We have also |d<_ent|f|ed two dlﬁergnt percolgtlon"speeds: ACKNOWLEDGMENTS

(i) a local one equivalent to a Eulerian velocity aid a

particle speed associated with the individual particle motion. We are grateful to Jim Jenkins for valuable and stimulat-
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