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Anomalous transport in conical granular piles
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Experiments on 2 1-dimensional piles of elongated particles are performed. Comparison with previous
experiments in #1 dimensions shows that the addition of one extra dimension to the dynamics changes
completely the avalanche properties, with the appearance of a characteristic avalanche size. Nevertheless, the
time which single grains need to cross the whole pile varies smoothly between several orders of magnitude,
from a few seconds to more than 100 hours. This behavior is described by a power-law distribution, signaling
the existence of scale invariance in the transport process.
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[. INTRODUCTION Additionally, other remarkable properties of this rice-pile
system include diverging profile fluctuations with system
Transport phenomena are found at the core of almost ewize[9], and probably a multifractal spectrum of the transit-
ery discipline in many-body physics; for example, in nucleartime time serieg10]. More generically, a pile configuration
physics, with the motion of neutrons through a fissionable2llows one to study the transition between different meta-
material; in electronics, with the transport of holes and elecStable configurations of a granular system, which occurs
trons in semiconductors; in astrophysics, with the diffusionwhen a solid phase becomes unstable and flows like a liquid
of light through stellar atmospheres; and also in plasma'ntil it becomes “frozen” again. _
physics, biological physics, etd1]. The study of granular _Another class of experiments, performed on sandjides
matter (like sand, powders, and all thaas only very re- with _round particles, in genepaln 2+1 dimensions show
cently become a goal for the physics commurfisarpris- that in these systems a crossover from small to large ava-

. . ._lanches occurs when the system size is increasgd13;
ingly, see Ref[2]) and therefore the understanding of theIrthat is, small piles tend to show avalanches of different sizes,

transport properties will be required in order to explain the thouah not | but f bi h t
(sometimes-strang@roperties of these materidl3,4]. although not very large, Ut Tor @ big enough sysiem very
. X S large avalanches appear in addition, a behavior that is not

Semlnal experimental V\_/ork on transport of md,wdual compatible with SOG14]. This is in agreement with a dif-
grains through a granular pile was performed by Christensef,rent type of experiments performed on rotating drums
et al. [5]: a 1+ 1-dimensional pile was built in the narrow [15,16.
gap between two parallel plates using elongated rice grains. The extension of rice-pile experiments tor2 dimen-

The time taken by tracer grains to cross the system was megions, which is the subject of our research, allows a compari-
sured when the pile was driven out of equilibrium by a con-son with the results for sandpiles and raises a series of inter-
stant addition of grains. The probability density of theseesting questions: will the dissipation of the elongated grain
transit timesturned out to be, for long times, a decreasingmotion be enough to suppress inertia and give SOC? If not,
power law with an exponent~ 2.4, signaling the existence which then is the behavior? But even more important, our
of an anomalous(non-Gaussian behavior. By means of experiments allow one to explore the transport of individual
some theoretical models the transport process was later mgirains in granular piles, and in general to go deeply into the
croscopically understood as a composition ofy flights (in ~ connection between anomalous transport and SOC, a con-
the jumps of the grains during an avalanchad also power- nection that has not been explored in detail. We find that the
law distributed trapping timefs]. behavior of the avalanches in a conical rice gith elon-

On the other hand, the same rice pile was previouslygated grainsis very similar to what has been observed in
shown to display self-organized criticalitBOQ due to the  conical sandpile$11], with somewhat small avalanches for
dissipation introduced in the motion by the elongated shap&mall piles and large relaxation oscillations in larger systems.
of the grains, which removes inertial effe¢. This SOC  However, the transport properties give totally new informa-
behavior simply means that the motion of the grains take#ion, with a power-law transit-time distribution even in the
place in terms of avalanches, and the distribution of sizes dfiter case of almost periodic occurrences.
these avalanches is scale invariant, that is, another power
law, achieved without any parameter fine tunjBg Interest-
ingly, SOC does not appear when the grains are somewhat
round, and therefore more free to roll and accumulate kinetic The rice pile was built over a woodédnircular disk sup-
energy[7]. ported by a platform which allowed the grains to fall out in

any direction when they reached the disk perimeter. Three
different disk diameters were employdds=10, 15, and 20
*Corresponding author. Email address: Alvaro.Corral@uab.es c¢m, in order to study the effect of the system size. In terms of

Il. EXPERIMENTAL SETUP AND PROCEDURE
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the mean grain lengtli6.6 mm, see belowthis quantity —ences dramatically the behavior. Small pilds=(15 and
turns out to be_=15, 22.5, and 30. 22.5) do not change their profile very much during time evo-
~ The driving of the pile was carried out by means of a|ution once the pile is builtthe total height varies by about 1
single-seed machine connected to a dc motor through a geat) and do not display big avalanches either. In contrast, the
box. The driving rate was adjusted with a voltage transbig pile (L=30) shows enormous, catastrophic avalanches,

former to a value of 43 grains per minute £®.4 grains . : - ;
every 2.8 & this rate is small enough to be considered as e\lNh'Ch eject a significant percentage of the grains out of the

zero driving rate for the system sizes studisde Ref[17]) pile and therefore totally change the profile. In the time in-

but also allows one to conclude the experiment in a finit€'Val between these enormous avalanches there are also

time. After being expelled from the machine the grains weresmall avalanch_es. Actu_ally,_ this is a S|m|!ar behavior to what

directed by a cardboard pipe towards a funnel where at th@as observed in sandpilésith round particles[11]. There-

exit a paper tongue braked the grains and dropped them ové@re the elongation of the rice graifwhich was identified as

the center of the disk with little kinetic energy. Once the pilebeing responsible for SOC in11-dimensiong7]) does not

was built, the distance from the exit of the funnel to the topmake enough energy dissipate in three dimensions to give

of the pile was just a few centimeters. SOC. The addition of one extra degree of freedom to the
In addition to the described driving procedure, when themotion of the grains totally modifies the behavior, in com-

pile reached astatistica) stationary state—where the in- parison.

jected grains were balanced out on average by the coming To explain the transition in sandpiles when the size of the

out grains—tracer grains were added to the top of the pile bgystem is increased, a simple argument was proposed based

hand at a rate of 1 grain every 30 s for the two smallest pilegn the fact that for small piles there is “no room” for the two

and 1 grain every min for the largest of8]. These tracer angles involved in the dynamigsne for the starting of the

grains were used to compute the transit time, which is theyalanche and another one for the efid]. We find that the

time a grain remains in the pile, since it is added until itsjtyyation is not so easy, due to the somewhat rough surface of

comes out. Tracers were marked by a number written on thge pile; indeed, the elongation of the grains gives rise to

surface, and were also colored in order to be visually distinyca| humps of packed grains which provoke fluctuations of

guished from the rest of the grains. The addition of eachye tota) height of the pile. Moreover, in the regime with

::Zgg: \cljvﬁ\?ir?g;)?:tgatbiifrlw);egnl:;/pﬁ:agg%a(g/ettﬁéwItnoe(rjel():zrt(;]?heIarge avalanches the measurement of the angle of repose—

the angle after an avalanche—makes little sense, since then a

output timeT,,; to get the transit time a&=T,,,—T;,. The lar ; .
. ge part of the pile has collaps¢like the crater of a vol-
total number of injected tracers was about 500Lfer15 and cang and the conical shape is lost. Rotating-drum experi-

!‘:.22'5 and 700 .fO'L:30' After the end of the tracer in- fments could perhaps give more information on this point.
jection, the experiment and therefore the normal driving o The total mass of dropped grains and the occurrence time

the pile should continue until all tracers come out; however ¢ o catastrophic avalanchi@s the big pilé was mea-

for practical reasons this could not be achieved and the eXs, .. |4 all cases the number of dropping grains was be-
periment was stopped when a few tracers were still inside thﬁveen. about 3000 and 7000. with a mean value of 4600 and
p|l_e, after more than 100_ h. The ellm_lnatlon of these Iong_—a standard deviation of 1100. For comparison, the largest
living tracers affects the direct calculation of the mean transit, - anches in the small piles dropped only about 20 or 30
time, but not the whole probability distribution, which is a grains, roughly the same value as the largest small ava-
much more interesting quantity, as we will see. lanches in the big pile. The mean time between big ava-

In practice_, the grains coming out from the pile were COI'Ianches was 7700 grairi8 h) with a deviation of 2200. The
lected by a piece of cardboard and directed at a glass, Whefﬁ‘ﬁerence with respect to the mean number of dropping
the colored tracers were easily recognized by the naked ey%

. rains in big avalanche&600 corresponds of course to
It was then when the output time was recorded, and the gla ains coming out in small avalanches
replaced by another one. Moreover, note thqt the grains cof Let us address now the problem of the transport inside the
lected in the glass after an avalanche can give a measure Q)f/

th lanche sizeof for th lanches that H stem. Part of the data for the input times and their corre-
€ avaiancne S'Z@ course for those avalanches that reac sponding output times for the three experiments are shown in
the boundarigs During the addition of the tracers three per-

Fig. 1, where transit times are given by the length of the

sont?] were nbeedefdtto perfqrméhetﬁesqlnbzd tasks, bLt’; as loRdi;ontal lines. First, the difference between small and big
as the number of tracers Inside the pile decreases these G&rqiems is clear in terms of the number of coincidences in

mands Q|m|n|sh tpo. . ) . the output timegqrelated to the avalanche sjzéMoreover,
. "The rice used in all the experiments Was/sm)parbo'ned. although comparison with Christensenal’s results[5] is
ris™ from Fq&j[ex (Denmarg. The shape of_these grains IS direct(tracer density is lower theyeit is possible to see
elongated, similar to the one of Refg,5], with a Iength of that their Fig. 2 settles in between our two behaviors. Sec-
6.6+0.9 mm ar}d a width of 1:60.6 mm, \.Nh'Ch gives a ond, one can observe the great variability of the transit times,
!ength-W|dth ratio of about 4. The mean weight of the gralnsbroadly distributed from a few seconds to more than 100 h
is 16.9 mg. (this last value, not shown in the plot, is in fact a lower
bound for the maximum transit time, determined by the du-
ration of the experimeint

The first observation provided by the experiment is a Figure 2 displays the probability densities of the transit
qualitative one: as in sandpiles, the size of the system influtimes measured for each pile. It is apparent once more the

Ill. EXPERIMENTAL RESULTS
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FIG. 1. Sequence of input and output times for different tracers T (in grain units)
and the three system sizes studied; 15, 22.5, and 30, from top to
bottom. Different tracers are represented by different lines, the start- FIG. 2. Probability densities corresponding to the transit times
ing point is the input time, the end is the output time, and the transifor the system sizes studied, calculated over exponentially increas-
time is represented by the length. Zero time corresponds to thing intervals of sizeb". As usual, time is measured in terms of
starting of the tracer injection. Time units are set by the driving rateadded grains ant in terms of grain length. Times smaller than 3 s
the window shown in the axis corresponding to 15.5 h. Notice that are not included(a) The two smallest piles, using=2.5. The
for the big pile 1 out of 44 grains is a tracer, whereas for the othestraight line is a decreasing power law with exponentb].Finite
two the proportion of tracers is doubl2 out of 45; therefore the  size scaling of the previous distributions, with=2 now. (c) The
plots underestimate the difference between both behaviors. big pile, withb=2.5 again. A power law with exponent 2/3 is also

shown.

difference between the two smallest piles and the big one. In g self-similar behavior is limited by a sharper cutoff
the first casgFig. 2@)] we obtain a power-law distribution  ¢o, |ong times, which increases with system size. Finite size
of transit times with an exponent close to one, ilT,L)  scaling, shown in Fig. ®) ratifies this, giving the relation
«1/T% with a~1, ranging from tens of seconds to tens p(T,L)=L"#f(T/L") between the distributions for differ-

of hours, over more than 3 decades. This is a signature &nt sizes of the system. The data collapse gives for the ex-
anomalous diffusion and dispersive transport, and it has begsonentsg~ r~3.3+0.5, in agreement with a well known
widely studied in amorphous semiconductors, glasses, argtaling relationobtained from the normalization conditipn
many other disordered materids9]. B=v if a<1. Also, from these relations it is easy to obtain
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that the mean transit time scales(@¥L))«=L”, which is a sense that the exponeatis much smallerthan those of the
very fast increase. This procedure is more practical than th&+ 1-D case.
direct calculation of T), since it can be used when data for  Big piles, that is, those in the relaxation-oscillation re-
some extreme events are unavailable, as we have for vegime, demand a more intensive study. Notice that we have
deeply buried tracers. Notice also that a generalization of thetudied the smallest of these big piles, just above the transi-
argument of Ref[5] would give an active zone increasing as tion, but we have found enormous transit times which pro-
L”"2, so, even in the regime of small avalanches there is amoke serious inconveniences in the experimental realization.
active zone that increases with system size. Indeed, the fact that the transit time distribution decays more
However, further increments on the sitecompletely slowly than for the small piles, gives a larger number of
break this behavior and the previous scaling relations are ntacers in the tail of the distribution, which corresponds to
longer valid. Indeed, for the big pile we enter into the regimelong-living particles. This effect increases dramatically with
of large relaxation avalanches and the transport propertiesystem size; therefore, much better statistics is necessary for
consequently change. As we see in Fi(e) 2he transit time  the elucidation of the characteristics of the transport process.
distribution becomes even broader as it decays more slowlyVe are talking about tens of thousands of tracers, which
A decreasing power law with exponent 2/3 is shown forrequires a different procedure than our hand addition and
comparison, although the statistics is not so good as for theisual control, so man-hour consuming. In consequence, au-
small piles, due to the extremely slow decay. We find partomatization of the tracer recognition process would be
ticularly relevant that despite of the almost periodic ticking highly desiderable.
of the pile, there is no characteristic scale for the transit Finally, none of the sandpile models we know so far is
times. able to reproduce these results; accordingly, it would be of
maximum interest to develop models that allow the neces-
sary interplay between theory and experiment to overcome

IV. CONCLUSIONS AND PERSPECTIVES our present knowledge of these media.

As we have seen, three-dimensional piles of elongated
particles behave essentially as piles of round particles in 3D,
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