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Development of correlations in the dynamics of wet granular avalanches
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A detailed characterization of avalanche dynamics of wet granular media in a rotating drum apparatus is
presented. The results confirm the existence of the three wetness regimes observed previously: the granular, the
correlated, and the viscoplastic regime. These regimes show qualitatively different dynamic behaviors that are
reflected in all the investigated quantities. We discuss the effect of interstitial liquid on the characteristic angles
of the material and on the avalanche size distribution. These data also reveal logarithmic aging and allow us to
map out the phase diagram of the dynamic behavior as a function of liquid content and flow rate. Via
guantitative measurements of the flow velocity and the granular flux during avalanches, we characterize
avalanche types unique to wet media. We also explore the details of viscoplastiofiserved at the highest
liquid content$ in which there are lasting contacts during flow, leading to coherence across the entire sample.
This coherence leads to a velocity independent flow depth at high rotation rates and robust pattern formation
in the granular surface.
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l. INTRODUCTION to Oax, @valanches can be triggered by pointlike perturba-
tions [15]. The inclination of the surface can also be in-
While most research on the physics of granular media hagreased by the addition of grains to the top of the il 17]
focused on dry grains, the presence of even microscopior by slowly decreasing the size of the supporting a8
guantities of interstitial liquid can have profound effects on In our measurements, we employ a rotating drum appara-
the physical behavidrl—11]. Capillary forces lead to cohe- tus (a cylindrical chamber partly filled with a granular me-
sion between individual grains, which greatly enhances thelium and rotated around a horizontal axi49,20, which
stability of wet samples, and several recent studies have irtilts the sample in a highly controlled and reproducible man-
vestigated liquid-induced effects on the static propertiesier and offers several benefits. The most important advan-
[4-9]. In previous studies of the repose angle of wet granulatage of a rotating drum is that at low rotation rates it allows
media using a draining crater apparaf@g], we identified for the observation of many avalanches without the need to
three fundamental regimes as a function of the liquid conchange the sample. After each avalanche the medium re-
tent. Thegranular regimeat very low liquid contents is mains at rest relative to the drum, while its surface angle is
dominated by the motion of individual grains; in therre-  slowly increased by rotation until it reach@g,, again. Then
lated regimecorresponding to intermediate liquid contents, aanother avalanche occurs, and the process starts over. Thus,
rough surface is formed by the flow of separated clumps; anit is possible to record hundreds of avalanches, which is es-
the repose angle of very wet samples results from smootlsential for performing a statistical analysis or for averaging
cohesive flow in which the entire surface moves togetherout noiselike fluctuations in dynamic data. In addition to the
This regime is labeled agiscoplasticsince the flow bears avalanches observed at low rotations rates, the rotating drum
some resemblance to that of viscoplastic materials. The adiso allows the investigation of continuous flow down the
dition of liquid also qualitatively changes the dynamic be-slope at higher rotation rates.
havior of granular media, as was observed qualitatively in The sections of this paper cover different aspects of our
our angle of repose measurements and also revealed in recentating drum experiments. We focus primarily on the mac-
segregation studid40,11]. A quantitative characterization of roscopic phenomena associated with the collective behavior
the dynamicsof wet granular flow, however, has so far beenof the grains, although the details of cohesion can also be
missing. In this paper, we study the avalanche dynamics anstudied at the microscopic levgl,2,4,6,10. In Sec. I, we
flow properties of wet granular materials to investigate howdescribe the experimental setup. Section Ill addresses some
the gradual addition of a small amount of liquid influencesissues explored in previous studies of cohesive granular me-
the dynamic properties of granular surface flow, and we finddia in a rotating drun{8,21-23, focusing on the surface
that the three fundamental regimes observed earlier are alsmgles of the medium before and after avalanches, and de-
reflected in the present experiment. Some of the results prescribing a statistical analysis of avalanche size based on
sented here have been published elsewfE3e these angles. In Sec. IV, we investigate the transition be-
Granular surface flow occurs when the inclined surface otween avalanches and continuous flow as a function of the
a granular medium loses its stability against gravitationaliquid content, and map out the phase diagram of the system.
force. There are several experimental methods to investigatEhen Sec. V is devoted to the morphology of the surface. In
such flow, e.g., by gradually tilting a granular sample, whichthe rest of the paper, we focus on characterizingdyream-
leads to an avalanche when the surface angle exceeds a critis of cohesive flowin Sec. VI, we quantitatively investigate
cal valuef o [14]. Alternatively, if the surface angle is close the flow dynamics during avalanches at different liquid con-
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CCD their microscopic surface structures, which are difficult to
PRECISION CAMERA characterize or control. Nonetheless, most of the qualitative
STEPPER —~ behavior is reproduced in the different grain samples, and the
MOTOE ROTATING - I differences that are significant are mentioned below.
DRUM COMPUTER The rotating drum(Fig. 1) was made of thick plexiglas,

but the vertical walls were lined with glass plates in order to
FIG. 1. Sketch of the experimental setup. minimize electrostatic effects. To prevent slips along the cir-
cumference of our drum, we inserted a hollow, thin alumi-
tents by analyzing the time evolution of the averaged surfacaum cylinder with a rough inner surface into the drum. The
profile obtained from hundreds of avalanche events. In Se¢nner diameter of the drum was 16.8 cm, its width was
VII, we analyze the dynamic properties of the continuous3.2 cm, and the granular filing was 30%. By performing
flow phase occurring at faster rotation. We pay special attenmeasurements in a thinner (2 cm) drum we verified that,
tion to the nature of theviscoplasticflow observed at the while wall effects are not neg]igib]e, they do not appear to
highest liquid contents, which displays unique characteristicgnodify the qualitative behavior.
associated with coherent motion over the entire granular Sur- The drum was rotated by a Computer-contro”ed precision
face. In the final section, we summarize and discuss our '&tepping motor that provided an extremely stable rotation
sults. rate that could be varied in the range=60.003—-30 rotation
per minute(rpm). The step size of rotation was 0.025°. The
Il. DESCRIPTION OF THE APPARATUS vibratiops originating from the stepper motor were damped
by multiple lead bricks attached to the apparatus.

We studied glass spheres thoroughly mixed with small The experiment was recorded by a charge coupled device
quantities of hydrocarbon oil. The viscosity of the oil usedvideo camera interfaced to a computer that could analyze the
was 0.027 Nm?s, and its surface tension was 0.02 N/m. spatiotemporal evolution of the surface profileight varia-
The liquid content varied betweer0.001% and 5% of the tions in the axial direction were negligibleThe steps of
void volume. In this regime, the flow of oil due to gravity image processing are demonstrated in Figal-2(c). When
can be neglected. Measurements were performed on threlee grains are wet, the beads sticking to the glass walls ob-
sizes of beads with diametersl=0.9 mmt11%, d  scure the top surface of the graiff§g. 2@)]. We overcame
=0.5 mmt20%, andd=0.35 mm=15%. Note that the this problem by using background illuminatidfrig. 2(b)]
beads differed not only in their size, but also presumably irand applying a brightness thresh¢kig. 2(c)] to the image.

FIG. 2. Steps of image processirig) Snapshot taken without background illumination. The wet grains sticking to the glass walls make
the surface profile hardly visiblgb) The same picture but with a circular lamp illuminating the background. In diffuse background
illumination, the monolayer of beads on the wall is much brighter than the 3.2 cm-thick sampedrightness threshold is applied to the
image to make the beads on the walls disapdeaiest of the algorithm: the surface ddtdack line superimposed over a gray version of
the original photograph(e) The surface profile with a fitted straight line determining the overall surface ahgl¢) Pseudo-three-
dimensional representation of the surface profile, shading indicates local@pgleThis shading may be used to represent a given surface
profile in a single line(see the horizontal stripe at the bottom

051303-2



DEVELOPMENT OF CORRELATIONS IN THE DYNAMIG . .. PHYSICAL REVIEW E 67, 051303 (2003

We found the surface profile(x) by an algorithm based on % 180 @) ]
the detection of points of maximum contrf24]. The result- 3 140 WW“O'S pm ]
ing surface data are presented in Fig&l)22(f) in different E’ 120 W\Wm=0.8 pm ]

ways. Figure &) shows a test of the algorithm: the detected ° 100 WM'\MM 1.2 rpm ]
surface is superimposed on the photograph of the system aso 80 L LA LA LA 0= 20 mm ]
thin black line. The limitations of our camera and computer < 60 FLAAAAAAAAAAAAAA, 0 =30 P

gave us a resolution aft=0.03 s andSx=0.5 mm. Figure 3 _

. . . © 40 M’ ®=4.0rpm ]
2(e) presents thé(x) curve together with a straight line that 5 I o= 60 pm
was fitted to the curve in a rotation-invariant way: the ® 20—y L L o
squared sum of thgeometrical distancesf the surface point 0 2 4 6 8 1012 14 16 18 20 22 24
from the line was minimized. The inclination angle of this Time (s)

line gives theoverall angleof the surface. This is the gener- % 160 (b ' ' ' ' ' ]
alized version of the surface angle that has typically been® 140 WWM/WW ©=0.6 pm ]
used to describe the flat surface of dry samples. Finally, Fig.& 120 LAANAVAAAAAS L 0=08mm]
2(f) shows the surface profile with a brightness-coded repre-% 100 VV\M/W/V\/V\/\ ©=12rpm]

septatipn of. the local gngléa(x) = arctarr_jaxh(x)]) i.n the ° g0 LA L e s 20 pm ]
third dimension. The stripe at the bottom is a concise way of< 60 AL 0=3.0pm]

displaying this surface profile using the same shading. In3 o
Secs. VI and VII, we use this representation of the surface"g 40 Prr somn
topography to visualize the time evolution of the surface by ¢
placing the stripes corresponding to successive surface prc
files under each other.

20k ; ©=60pm]

0 50 100 150 200 250 300
Rotation Angle (degrees)

FIG. 3. The temporal variation of the surface angle at various
rotation rateqa) as a function of time an¢b) as a function of the
rotation angle of the drum. These data were taken using the large
d=0.9 mm beads, and the liquid content was0.009%. Note that

The phenomenology of wet granular materials is mucHnhe curves are shifted by increments of 20° for clarity.
richer than that of dry samples. The attractive forces between
the particles lead to correlated motion of the grains andransition to continuous flows is described in the following
qualitatively new avalanche dynamics. These new types ofection.
avalanches form rough and highly variable surfaces. In order
to capture the most fundamental features of our system, how-
ever, we will initially neglect these surface features and ex-
amine only theoverall surface angl¢Fig. 2(e)] to describe Figure 4 shows the maximum angle just before an ava-
the observed surfaces with a single number. This approadanche,( 6., and the angle of repose after an avalanche,
allows us to compare our results directly to the behavior of 6,), as a function of liquid content for the three different
dry materials, where the surface is virtually flat and is com-bead sizegaveraged over several hundred avalanghBse
pletely described by its inclination angle. measured angles have distributions of finite width, the error

Figure 3 shows the time evolution of the surface angle fobars in the figure indicate their standard deviation. These
various rotation rates. As in the case of dry materials wecharacteristic angles reveal essential properties of the mate-
observe discrete avalanches at low rotation rates. We findal: 6,,,, reflects the stability of the sample whi is also
that 6(t) in this regime is a typical sawtooth-shaped functionrelated to the dissipation during the avalanche events. The
looking very similar to the force-displacement curve of stick-various features of these curves reflect changes in the dy-
slip processes, which is not very surprising since stick-sliphamic behavior corresponding to the three regimes men-
like behavior is quite common in granular materig@§—2g.  tioned in the Introduction, which are described in this section
The local maximum and minimum points 6t) correspond through qualitative observations, and are more quantitatively
to the maximum angle of stabilityé(,,) and the repose characterized in Sec. VI.
angled,, respectively. Note that if we plot the surface angle The curves corresponding to the smaller bead sites
as a function of the rotation angle of the drithe angle that =0.5 mm[Fig. 4b)] andd=0.35 mm[Fig. 4(c)] are quite
a given direction in the rotation plane of the drum makessimilar. At the lowest liquid contents, very small avalanches
with the horizontal, the increasing segments of the curve areare observed. This is the granular regime, where the behavior
straight lines with a slope of unity. If we gradually increaseis qualitatively similar to that of dry granular materials. Due
the angular velocity of the drum, then at a given rotation ratdo the interparticle cohesive force8,,,, in this regime is
(2=4 rpmin Fig. 3 the flow becomes continuous, and after slightly larger than the value measured in dry samples. On
some transients the surface angle becomes constant. In thifgee other handg, hardly changes, presumably because the
section, we consider the avalanching reginfat () presence of interstitial liquid does not significantly alter the
=0.12 rpm, except where noted otherwised investigate dissipation in the fluidized layer of rolling beads.
how the characteristic angles and the avalanche size distri- At higher liquid contents, in the correlated regime, the
bution depend on the liquid content and the rotation rate. Thincreased cohesive force results in a larger increask,in.

IIl. DYNAMIC PROPERTIES FROM SURFACE
ANGLE MEASUREMENTS

A. The maximum and the repose angle

051303-3



TEGZES, VICSEK, AND SCHIFFER PHYSICAL REVIEW B7, 051303 (2003

/ 80 —/f———rrrr——r I ——rrr——rrr
I T T IIIIIII T T IIIIIII T T ||||II| T T I 1 / | | |
=0.9 mm o a average decrease
60 (@) d=09 Do, N (@) —— d .
—~ 50 —W—0, - 3 —&— standard deviation
@ 1 o 20
o 40 — o
=] . 3 L
g 30 — =
2 . 2 10
o 20 — 2
© - < L
£ 10 -
/ G'SA,:ILleAlan 1 |C?R||R|E|| TEDl 111 |Y!|S|COP!-A|ST|IC|:- 0 I ool
/
4/ H/’ T IIIIIIII T IIIIIII| T IIIIIII| T TTT
[Tt 60 | -
60 - (b) d=05mm L (b) —O— average decrease ]
% 50 | ) 50 - —m— standard deviation =
(0] - -~ - -
B af = 40 | .
$ s0f 3 0
L M @ L
= - w 20
] 20% g5 I
£ 10F 22 1 0 r
L GRANULAR CORRELATED 2] 0 / L e
O 4// L 1 IIIIIII 1 1L llIIIII L 1 IIIIIII 1 111 0 0.01 0.1 1
60 ,I L B S L) e s A e e Percentage Liquid Content (1)
T (c) d=0.35mm 7
@ 50 - 7 FIG. 5. The average avalanche size and the width of the ava-
g 40 — lanche size distribution as a function of liquid content, calculated
3 30 ] with two different methods(a) Decrease in the surface angle,
o 0¥ ] (AB), 20(A6) and (b) decrease in the potential energAE),
:::’ 10k . 20(AE). The data were taken using medium sized beatls,
[ GRANULAR CORRELATED 7] =0.5 mm,(2=0.12 rpm.
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beads even at very low liquid contents. These differences are
difficult to interpret, since we only examined three grain
FIG. 4. The dependence of the maximum angle, and the  samples that varied not only in their size, but presumably
repose anglé, on the liquid content for three different bead sizes. also in their microscopic surface properties. For the same
(@ d=0.9 mm, 2=0.12 rpm, (b) d=0.5 mm, 2=0.12 rpm, ()  reasons, our data do not enable us to introduce simple dimen-

d=0.35 mm, 1=0.03 rpm(a lower rotation rate was chosen be- sjonless quantities that could eliminate bead size from the
cause at)=0.12 rpm the smallest beads exhibit continuous ﬂowparameters

for the lowest liquid contenjs Gray stripes indicate the approxi-
mate boundaries of the regimes.

Liquid content (%)

B. Statistics of avalanche sizes

In this regime, the beads on the top surface are more effec- 5o far, we have restricted our discussion to the average
tively stabilized by the cohesive forces, thus failure leadingajues(6,,,,) and(6,). The characteristic angles are influ-

to an avalanche occurs in the bulk of the sample, and thgceq however, by the microstructure of the sample, i.e., the
avalanche flow includes the motion of correlated clumps. We, ;4 configuration of the grains, which leads to inherent

f'.nd thaw,.also displays a sudQen Increase, bu.t at Som,ethFuctuations and a nontrivial distribution of the measured
h'gh‘?r liquid contents than the InCreas &y Th's offset s guantities. The analysis of these distributions may provide
pQSSIny due to the motion .Of t.h? clump f_IU|d|Z|n_g the under'insight into the internal dynamics of the material. In particu-
lying layer of beads, thus individual rolling grains help OIe'I the statistics of avalanche sizes has attracted much recent
termine the final slope as in the granular regime. At higherar' ) . . . .
liquid contents, the cohesive and viscous forces would prez—i F?““‘?” due to its possible connection 1o seli-organized
vent such fluidization leading to the increasefin cr|t|caI|t_y [16’1_8_20'23’29_31 - e

At the highest liquid contentd, . slightly decreases in In this section, we qnalyze the spat|st|cal d'St.”bUt'on Of
Figs. 4a) and 4b). This decrease in the stability of the ma- avalanche sizes. '_rhe simplest quantity that descnbes_ the size
terial, also observed in our previous studies of the repos8' @n avalanche i\ 9= 6nq,— 6, which has been widely
angle using a different techniqyizZ], is probably related to _used to characterlze.avalanches among dry grains in a rotat-
lubrication effects decreasing the static friction among thdnd drum[19,32. In Fig. 5a), we plot the average avalanche
grains. In this regime, the nature of the avalanches changééze
again: the material is transported by coherent flow extending 1 N
over the whole surface of the sample. We did not observe (AO)=— > A6, (1)
this regime for thed=0.35 mm beads, possibly because the N =
cohesive forces are much stronger relative to the weight of
those beads. A careful examination of Fig. 4 reveals a few
other differences between the different grains studied such gsvhereAd,, i=1,... N is the angle drop in théth ava-
the relatively large avalanches exhibited by the 0.9 mm  lanche and the width of the avalanche size distribution
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FIG. 7. Statistical measures of the avalanche size distributions
presented in Fig. 6 for the three different bead sizes as indicated in
FIG. 6. (Color onling Distribution of the avalanche size\@)  the figure.(8)—(c) The average angle dropA #) and the standard

for various liquid contents(a) Large beadsgd=0.9 mm,Q=0.12  deviation 2r(A6) (see text (d)—(f) The most probable avalanche
rpm; (b) medium beadsd=0.5 mm, Q=0.12 rpm; (c) small size, i.e., the maximum oP(A6) (peak position, and the full
beads,d=0.35 mm, 2=0.03 rpm. The right-hand column shows width at half maximum(FWHM) of the peaks.

the number of avalanches included for each sample—note that the

statistics are much better for the large and medium beads than f@&ndA 6+d6 [we estimateP(A #) from histograms In Fig.

the smaller beads. 7, we also plot several statistical measures characterizing

these distributions including the peak posit[tine maximum

N 2 of P(A#)] and the FWHM(full width of the peak at half of
N Aaiz—(z Aa) the maximum value

i=1 =1 @) The statistical properties of the avalanches shown in Figs.

6 and 7 exhibit several interesting features. The size of the

typical avalanche quickly increases with increasing liquid
for thed=0.5 mm beads(Note that we do not assume that content reflecting the increasing cohesion, then a decrease is
the distribution is Gaussian, we just use the standard deviabserved when the viscoplastic regime is reached. At the
tion as a measure of the width of the distributjo8ince the  |owest liquid contents, we observe single peaks, i.e., the sys-
definition of the surface angle is somewhat arbitrary in theem has a characteristic avalanche size with noiselike varia-
case of our surfaces that can be both rough and have globgéns. At larger liquid contents, however, in several cases we
curvature(as discussed belgywwe also define an alternative observe double peaks or extremely broad avalanche size dis-
measure of the avalanche siZeE=mg(h;—h;), wherem triputions. This implies the existence of two or more charac-
is the mass of the samplgis the gravitational acceleration, teristic avalanche sizes, i.e., both small and large avalanches
h,; andh, are the vertical positions of the center of mass ofmay occur. A similar feature has been observed in fine cohe-
the sample before and after the avalanche, respectively. Thgve powderg23]. As discussed below, this phenomenon is
energy differenceAE is simply the difference between the related to the fact that at high liquid contents, the surface is
potential energies of the sample just before and just after afar from being flat and both the limit of stability and the size
avalanchg33]. The analogous quantitidAE) and 27(AE)  of the avalanche depend strongly on the shape of the actual
are plotted in Fig. &). The graphs indicate that the two surface.
different measures of the avalanche size yield almost equiva- Within a rotating drum experiment, the initial condition
lent results, thus we use the standard as the measure of for an avalanche is the surface profile formed by the previous
the avalanche size in the following discussion. In order toavalanche. The shapes of the surfaces after successive ava-
characterize the distribution in more detail, in Fig. 6 we plotlanches can thus be regarded as steps of a special dynamical
the measured probability densiti®{A 6) for several liquid map. In the granular regime, the freely rolling grains always
contents for the three different bead sizes, wHefA #)dé  smooth out the surface, so this mapping is trivial. However,
is the probability for the avalanche size to fall betweeé  in the correlated regime, where the existence of clumps leads

Avalanche size (degrees)

o(A9)= N(N=1)
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FIG. 8. Alternating small and large avalanche® d
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to rugged surfaces, this map is rather complex. Due to the
inherent fluctuations in the system, in most cases this map-
ping is stochastic, smaller and larger avalanches follow each
other in a largely random manner. In some cases, however,
the system reaches quasistable fixed pdinteen all the ava-
lanches are very similar and their initial and final surfaces are
rotated versions of each otheor limit cycles, when the
initial profile is recovered in two or more avalanches. Two
examples for this latter case are shown in Fig. 8. Unfortu-
nately, the fluctuations in our system usually destroy regular
behavior, and thus we could not perform a detailed investi-
gation of this map. However, we expect that a corresponding
model system without strong fluctuations would display an
extremely rich chaotic behavior.

C. Logarithmic aging

As expected from previous studies, and shown in Sec.
III'A, 6,,ax Strongly depends on the liquid content due to the
increasing capillary forces. Our measurements indicate that
Omax also depends on the rotation rdle Although (for small
)) the rotation rate only influences the waiting time between
successive avalanchds,,, clearly decreases with increasing

final (solid line) surface profiles for two successive avalanches. Thgotation rate. This effectwhich is also visible in the mea-

parameters are the same as(a and (b), respectively. Unfortu-
nately, due to the fluctuations in the system, these patterns of b
havior were difficult to create reproducibly.

surements of the surface as a function of drum rotation rate
shown below is presented in Figs.(8 and 9b), which
show 6, as a function of the waiting time, i.e., the time
between avalanche events which decreases with increasing

75 T T T T T T
(a) d=0.9mm (b) d=0.5mm
70 F A 1-0001% 1 F O 1=5000% MW 1=0.219% 5
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Ot @ Vv v "1 ] tween successive avalanches. The system exhibits
25¢ 3 YWYV V- VYVY aging: longer waiting times between avalanches
20 b \ . . . N leads to increased stability. The continuous lines
1 10 100 1 10 100 1000 are logarithmic fits to the datda) d=0.9 mm,
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rotation rate. The curves indicate a logarithmic increase in < 20 Lo vl Vv il
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intensity of the aging procegguantified as the slope of the B I 1= 0.375% i
fitted straight lines We do not observe aging for the dry 50 % 4
samples, and the effect is somewhat stronger for the larger § - .
liquid contents, though on the basis of our data we cannot e 40 |- -
determine the exact functional form. D 59 B ]

Similar aging effects have been observed in several dif- £ I |

ferent granular experiment$8,34], but the underlying 20 Lol v vvvd v vl vl
mechanisms are complex, since several factors may play an 0.01 0.1 1 10

important role[34]. Since in our experiment the effect is Rotation rate (rpm)

more pronounced at higher liquid contents, and the vapor FIG. 11. ()~(C) 6,0 and 6, as a function of rotation rate for

pressure of oil is low, we a“”?“te it to the motion of Oi_l three different liquid contentsl=0.5 mm. The error bars represent
flowing towards the contact points rather than condensatiofye standard deviation of the observed angle distributions.

effects[8]. This assumption is also supported by our inves-
tigations of a wet contact by phase-contrast microscopy. Weotation to determine whether the flow is continuous or ava-
placed a wet bead on the object plate and observed a flow ¢nching(the minimum rotation was 90° at some of the low-
oil to the region of the contact poiifFig. 10. Our observa- est rotation rates, the maximum was 40 full rotationgat
tions revealed that a liquid bridge is formed when the bead=30 rpm). We consider the flow continuous when the me-
was placed on the plate, and the bridge’s shape continues thum never comes to rest with respect to the drum, which
change slowly even after several seconds of waiting timegoincides withA 6= 6,,,,— 6,<<1°. The results of typical runs
This finding further supports the importance of viscosity inare presented in Figs. (—11(c), where 6., and 6, are
addition to the surface tension as an important parameter iplotted as a function of the rotation rate.
understanding the behavior of wet granular media, as was The three basic regimes of behavior observed previously
previously demonstrated by Samadani and Kudfdl,13.  are also reflected in the nature of the transition. In the granu-
lar regime at low liquid contentée.g., 7=0.037%), where
IV. THE ROLE OF THE ROTATION RATE: AVALANCHES the behavior is qualitatively similar to the dry case, we ob-
AND CONTINUOUS FLOW serve a clear hysteretic transition between continuous and
avalanching flow[Fig. 11(a)]. At a somewhat higher liquid
content,[ 7=0.125%, see Fig. 1b)] the correlated behavior
is marked by a lack of hysteresis, and intermittent avalanches
As mentioned above, if the rotation rate is increasecare observed at a relatively high rotation rate compared to the
above a threshold, the system exhibits continuous flow inether regimes. The continuous flow in this regime consists of
stead of discrete avalanches. Earlier studies in dry media stream of separated clumps rather than the constant flux
revealed that the transition between avalanching and contingeen in the other two regimes. At=0.375% [Fig. 11(c)],
ous flows is hysteretic in rotation raff#9,35. Now we have hysteresis is again observed, coinciding with the onset of the
investigated the avalanching-continuous flow transition forviscoplastic continuous flow, which is smooth and coherent
various liquid contents. We slowly increased and then deover the entire sample.
creased the rotation rate and measured the average surfaceThe origin of the hysteresis in the transition between con-
angle in the continuous regime as well@g,,and ¢, inthe  tinuous and avalanching flows is an interesting subject
avalanching regime. The rotation rate was changed in dig19,35-37, but a detailed discussion goes beyond the scope
crete steps by factors between 1.2 and 1.4, each step wa$this paper. We hypothesize that the hysteresis is observed
performed with a constant angular acceleration in 3 s. Bebecause the transitions on increasing and decreasing the ro-
tween the steps, the drum was rotated for typically 0.5—1 fultation rate have different origins, thus they do not necessarily

A. Hysteresis in the transition between continuous and
avalanching flows
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coincide. A rough explanation of the transition from ava- o ) § g ]

lanching flow to continuous flow is that the successive ava- = Le 'i ; ;8 i; i ; ; ziz 3

lanches merge. More precisely, at high velocities the rotation £

during the avalanche is becoming important and the constant & 1 3

energy supply prevents the grains from stopping. For the E ; %% %

reverse transition, the continuous flow cannot be maintained % 0.1 E

at arbitrarily low velocities because then the flowing layer @ : gf;’;tr'gt”e°:jafl'gnwches ;

cannot stay fluidized, and the grains get stuck in small de- 001 & Hysteretic regime S 3

pressions of the underlying layer. Y B S Y YV M S U Y IR
The nature of the transition is naturally different in differ- 1E-3 0.01 0.1 1

ent wetting regimes. In the granular and the viscoplastic re- by ¢ ' $ z

gimes, the constant material flux in the continuous flow g 10¢ § 3

phase is qualitatively different from the first increasing and 4

then decreasing flux observed in the case of an avalanche. g 8 3

Thus, the intermittent and the continuous flow may represent  §

two locally stable dynamical phases with a hysteretic transi- g 01g i 3

tion between them. On the other hand, in the correlated re- &

gime there is no qualitative change in the flow dynamics 0.01¢ ¢ 3

when the motion becomes continuous: the successive clumps o0 5 ”

do not merge even if their motion overlaps in time. Accord-

ing to the arguments advanced by Rajchenbftdl, the c
characteristic fall time of the grains is thus the same in the ]
avalanching and the continuous flow, and we observe no hys-
teresis. :
We summarize our measurements of the different flow 0.01L § ¥ ;
regimes in a phase diagrafffig. 12 indicating the nature of , ,

A
the flow as a function of liquid content and rotation rate. 1E-3 0.01 0.1 1

Each symbol corresponds to a measurement, gray symbols Liquid content (% void)

denote avalanches, black symbols denote continuous flow,

and white symbols mark the hysteretic regions. For the larg- FIG. 12. (a) Phase diagram of the dynamic behavior as a func-
est beads witll=0.9 mm[Fig. 12a)], the three regimes are tion of the liquid content- and the rotation rat€. (a) Large beads,
clearly visible. Nearr~0.02%), the disappearance of hyster- d=0.9 mm, (b) medium beadsd=0.5 mm, (c) small beadsd
esis and the displacement of the transition point toward™0-35 mm.

higher rotation rates indicate the transition from the granula(, ., me of material is much larger, therefore the cohesive
to 'the correlated regime. The sudden change in t.he tranSi_ti%rces dominate inertial effects. Fo,r smaller beads, the hys-
point around7~0.1% marks the onset of the viscoplastic igeis of the continuous-to-avalanche transition also seems
continuous flow. . . to decrease, but this is difficult to interpret and will require
We have fewer data points for medium=< 0.5 mm) and ¢, ther investigation to understand.
small (d=0.35 mm) beads, respectively, but the main trends \ye haye performed some preliminary measurements on
are visible[Figs. 12b) and 12c)]. A universal feature of the - yhe role of the viscosity of the interstitial liquihot shown
phase diagrams is that, upon approaching the correlated Iiarg Experiments with a highly viscous silicon oil yielded
gime from the granular regime, the transition point Moves,jscopjastic flow in a wider range of liquid contents and
towards higher rotation rates. This suggests that the clumpyation rates. These results are again consistent with the

formation leads to more effective transport gnd quicker avafindings of Samandani and KudroftL1] that viscosity plays
lanches as was noted in our previous draining crater studieg, important role in these processes.

[12]. A general trend is that for smaller beads the transition
to correlated behavior occurs at higher liquid contents, most
probably due to the larger internal surface of these samples.
The most striking feature is that as the bead size is de- Up to this point we have described the surface by a single
creased, the viscoplastic behavior and, in particular, the requantity, the overall surface angle, but the actual surfaces are
gion of the viscoplastic continuous flow diminishes. For therough and have significant curvature. This morphology con-
d=0.5 mm beads, it is restricted to the region betweertains additional information about the system, and should be
0.3%<7<0.8% and 1 rpreQ=<10 rpm, and thed  useful in producing realistic models of wet granular flow.
=0.35 mm beads exhibit no viscoplastic flow at all. A pos-Figure 13 shows sample surface profiles for various materi-
sible explanation is that in samples consisting of smallemls. The graph confirms that the wet samples form exotic
beads, the number of contacts at the boundary of a givesurfaces, especially for the smaller beads. Note that besides

—
o

—_

o
r

B. The phase diagram

Rotation Rate (rpm)

L

V. SURFACE MORPHOLOGY
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100
d=0.9mm d=0.5mm d=0.35mm

7 =0.006% 7 =0.005% 7 =0.006%
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© =0.087% T =0.125% © = 0.062% g l
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1E-3 0.01 0.1 1

Liquid content (% void)

FIG. 13. Sample surfaces for various materials, as indicated in
the figure. The images were taken right before an avalanche, the
rotation rate wa$€)=0.05 rpm for the large and medium beads and
()=0.043 rpm for the small beads. Note that the surface is close t
flat in the granular regime, mostly concave in the correlated regim(?
and mostly convex in the viscoplastic regime. Note also the smalle
scale structure at the smaller bead sizes.

FIG. 14. Shape of the surface at various points of the parameter
space for the largd=0.9 mm beads. A sketch of the phase diagram

s shown in gray scale in the background: the dark gray region
enotes continuous flow, the light gray region corresponds to ava-
anches; the white area is the hysteretic regime. The shape changes
B th as a function of) and 7. At the highest rotation rates the
S-shaped regimgL9] is clearly observable.

the overall shape of the surface, some smaller scale rough-

ness is also observable for the larger liquid contents. Thesgranular regimgor because convex and concave parts are
small scale features typically are random and fluctuate bebalanced(at the boundary of correlated and viscoplastic re-
tween avalanches. In the viscoplastic regime, however, thgimes. For comparison, we also show the typical observed
coherence of the flow strongly reduces fluctuations, and gurface shapes for the medium sized=(0.5 mm) beads
robust pattern is formed which is reproduced at the end ofFig. 16. Also, here the convexity of the surface seems to
each avalanchés discussed in Sec. VI B belpw correlate with the different flow regimes, however, some ad-

Since the surfaces of the largestl0.9 mm) bead ditional smaller scale features are also observable.
samples are relatively simple, we investigate them in more
detail. Figure 14 shows sample surfaces for d+0.9 mm
beads at various liquid contents and rotation rates. In th I
granular regime, the surface is almost flat, correlated ave 10}
lanches typically form concave surfaces, and the viscoplasti 3
flow typically results in a convex surface. Furthermore, at the
highest rotation rates, the surface is S shaped due to inerti
effects across the entire wetness rafif. The convexity of
the surface can be characterized quantitatively several way
[38]. A simple and robust measure is the integrated area
between the surface profiféa(x)] and the straight line con-
necting the two ends of the surface line. For a flat surface&
whereh(x) is a straight linex=0; <0 implies a predomi- I
nantly concave surface;>0 implies a predominantly con- 0.01
vex surface.

In Fig. 15, the value ofx is indicated by the color of
symbols as a function af and(}. Black symbols correspond
to concave surfacgsegativex), and approximately indicate
the correlated regime. White symbols are used for positive  FIG. 15. The value of convexity parameteras a function of
values, corresponding to the viscoplastic regime. Gray symthe rotation rate and the liquid content for the large beatls,
bols indicate thatc~0, either because the surface is flat =0.9 mm. Black symbols, concave surfaee<(0), white symbols,
(upper left region of Fig. 15—this is approximately the convex surface #>0), gray symbols, £~0).
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100 tents. Figure 1{b) displays a(x,t) as a function of space
(horizontally and time(downward$ for the same individual
avalanches. In Figs. 18)-17(e), we present the average be-
havior of 300—500 avalanches at the same liquid contents,
and show similar graphs of the time evolution{af(x,t)),
(u(x,t)), and{¢p(x,t)), where({ ) denotes averaging over
avalanches. By obtaining these quantitative measures of the
averaged properties, we can separate the robust characteris-
tics of the avalanche dynamics from the large fluctuations
that are inherent in avalanche processes.

The averaging process raises a few technical questions.
First, the order of averaging and numerical differentiation is
optional, i.e., we can either calculatgx,t) and the other
quantities from the rawn(x,t) data and perform averaging
afterwards or take the averagéH(x,t)) and calculate its
numerical derivatives. We verified that the two methods yield
equivalent results, and chose the former option.

A second question is how to find the corresponding

Liquid content (% void) frames in different recorded avalanches. In order to make
i _ this question clear, let us consider the averaging in more
FIG. 16. Shape of the surface at various points of the parametefetaj|. et us assume that we have recorded the variation of

space for the mediud=0.5 mm beadssee the caption of Fig. 14 e gyrface profile foN avalanches, and we hadematrices
for further explanation The observed surface shapes are more (i) j_q N denoting the local height in thith ava-

complicated for these beads compared todke€0.9 mm beads, but YV NS . ()
the overall convex vs concave nature is similar. lanche at positiorx=—D/2+u éx and timet=ty’+v ét,

where 6x and 6t are the spatial and temporal resolutions,

i . . i : (i) ia « . . » : _
Clearly, the phase boundaries in Fig. 15 are not verticaeSPectively, andy’ is “the starting time” of theith ava

lines. This means that the liquid content is not the only palanche. TLwen,(i)to obtain the average behavior, we calculate
rameter influencing the behavior: changing the rotation ratéhu..)==i=1hy/N. Since the properties of the avalanches
can also switch between different flow mechanisms. This ob(€-g., duratiohvary between avalanche events, the appropri-
servation implies that the formation of correlated clumps is zate choice fort§ is not trivial. We tried several algorithms
dynamic process with characteristic times comparable to thand then decided to use the most robust one that was based
other time scales of the experiment. We expect that the difon the variation of the overall surface anglét). We fitted
ferent convexity in the different regimes could be reproducedtraight lines to the segments of the sawtooth signad(f
relatively easily in the framework of a continuum model. A (see Fig. 3, and calculated the tin’ié?t corresponding to the
detailed explanation of the surface shapes, however, woulitersection of the straight lines at the beginning of an ava-
probably require a full analysis of the avalanche dynamics.lanche. Then we ch03§)=ti(,'1)t—0.5 sec.
A third problem arises from the fact that th§, matrices
VI. DETAILED DYNAMICS OF AVALANCHES have empty elements: the surfaces do not extend from
—D/2 to D/2. Simply excluding the empty elements from
The rotating drum apparatus allows us to obtain informathe averaging leads to the appearance of some artifacts at the
tion not just about the medium before and after the avalanchedges. To resolve this issue, we filled in the empty elements
events, but also about the details of the grain motlaring  with the value of the closest elements in that rtas if the
avalanche eventdn order to analyze the dynamics of ava- surface continued horizontally over the edge of the drum
lanches, we have obtained two-dimensional space-time maerformed the averaging, and then cut down those parts of
trices h(x,t) characterizing the sample surfaces throughouthe averaged profile that were outside the drum. This proce-
the avalanche process. These matrices can then be analyz@gte only influenced the behavior very close to the edges of
to produce a variety of information about the individual ava-the sample.
lanches. By taking derivatives of thgx,t) data, we obtain In Fig. 18, we present the same data as a series of curves,
the local anglex(x,t) =arctamdh(xt)] and the local vertical where the columns again represent different liquid contents.
velocity u(x,t)=d;h(x,t) of the surface profile. Further- |n the first row of graphs, we plot the averaged surface pro-
more, by integrating the vertical velocitysing the continu-  files (h(x)) at different time instants during the avalanche.
ity equation and assuming constant den$B9]), we also  The second row of graphs shows the variation of the local
obtain the local flux in the avalanche, i.e¢(X,t)  angle(a(x)) and the third row plots the local flukp(x))
=pw[X pd:h(x’,t)dx’ (wherep is the grain densityw is  with triangles showing the position of maximum flux. In the
the width of the drum, an® is the drum diamet¢r which  following, we analyze the dynamics in the three regimes
represents the material flowing through a given vertical plandased on Figs. 17 and 18. We have also magnified parts of
at positionx. In Fig. 171a), we present snapshots of the pro- Fig. 17 in Fig. 19 to emphasize particular features in the
gression of single avalanches for several typical liquid condata. For comparison we also show the most important ava-

10

0.1

Rotation Rate (rpm)

0.01

1E-3 0.01 0.1 1
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1T=004% t=012% 1=0.37% 1T=5.00%

Time (s)

Local angle (degrees)
0 30 60 90
—I

Local angle (degrees) 5 1 |

30 60 90

Time (s)

Time (s)

Time (s)

100 200 300

FIG. 17. (Color online Dynamics of avalanches of different types with grain sized.5 mm at(2=0.12 rpm.(a) Snapshotgat 0.1-0.2
sec time intervalsof five single avalanches corresponding to different liquid contents. The third dimension is used for a brightness-coded
representation of the local slope The colored lines for=0.12% and 0.37% indicate approximate slip planes in the correlated regime, and
the colored lines for=5.00% show the traveling quasiperiodic surface features in the viscoplastic régjriee local slope with the same
brightness coding as a function of space and time. A horizontal line corresponds to a surface profile at a given instant, and time increases
downwards(thus avalanches propagate down and to the. [€fte slanted bright and dark regions correspond to the avalanche front and the
kink, respectively(see text The stripes at higher liquid contents indicate lasting surface featiaege) The characteristic features of the
avalanches averaged over 300—500 avalanche events. The displayed quantitetharecal surface angléd) the rate of change of local
height, ande) the local grain fluxthe white lines indicate the point of maximum curneméspectively. Note that the surface patterns at the
highest liquid contents are robust against averaging.
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1=0.04% 1=012% 1=037% 1©=5.00%

Local angle (deg)

300+

200¢

100}

Local current (g/s)

08-0400 04
xR xR xR

FIG. 18. (Color onling Averaged dynamic paramete($i(x)), («(x)), and{¢(x)) as a function of space at various time instants during
the avalanche for five different liquid contentss= 0.5 mm, 1 =0.12 rpm. The time interval between successive curves is 0.066 sec, some
curves are marked with color as specified in the legend. In the lowest row, triangles mark the point of maximum current. The most important
features for different oil contents are the following. Dry samples: The avalanches are very small, and our resolution is insufficient to resolve
the detailed dynamics.=0.04% granular regime: The surface is close to flat, but the local angle is somewhat larger near the top of the slope.
The dynamics is dominated by fronts of rolling grains. The region of steeper slope corresponding to the downward propagating front as well
as the negative slope of the kink is visible in the graph of the local angle. The point of maximum current also moves downhill then uphill
due to the frontsz=0.12% correlated regime: Failure occurs along a slip plane and a block slides down. The block is best seen in the red
curve, the edges are smoothed by the averaging over several hundred avalanches. Some rolling grains are still present, as marked by the
presence of the kinke=0.37% correlated regime: Flow is usually through multiple avalanches, but these are averaged out. The fronts have
disappeared, and the angle near the bottom of the slope decreases monotonically. There are lasting contacts during the avalanche, thus th
grains cannot roll, and the material stops coherently as a block when it reaches the bet®60% viscoplastic regime: The surface moves
coherently. The current extends over the whole surface during the whole duration of the avalanche. Curves of the local angle reveal the
robust surface patterns as a series of local maxima. During the avalanche, the local maxima move dolandamtead out slightlyand
a new maximum is formed near the top.

lanche types for the=0.9 mm beads in Fig. 20. The quali- sume that the failure mechanism is similar: the propagation
tative features of the avalanches are quite similar for the tw®f the front destabilizing the grains is quicker than the ma-

types of beads although the effects are less pronounced fégrial flow. This type of front is marked only by a very slight
thed=0.9 mm beads. dilation of the material, which we cannot detect.

With the addition of very small amounts of liquie.g.,
A. The avalanche types 7=0.04%, see Fig. ](9)],_ the a\_/alanche_s beco_me much
' larger due to the onset of intergrain cohesion—this allows us
Granular avalanches. With dry grains [15,19,20, to observe the dynamics in more detail. In this granular re-
30,31,34, the surface remains almost flat throughout thegime, the avalanche is always initiated at the top of the sur-
avalanche, and the avalanches have a much longer duratideice, and the upper part of the surface is quickly destabilized.
and much smaller flux than in the wet media—as is expecteds the particles start moving downwards, a front of rolling
due to the lack of cohesion. Our resolution is not sufficient tograins travels downhill. The grains in the lower regions re-
distinguish any propagating front in this case, but our systenmain at rest until the rolling grains reach them. This type of
is very similar to that investigated in R¢i.4], all the surface front corresponds to the “start down” front of Douady al.
grains are close to the limit of their stability. Thus, we as-[40]. The difference in behavior compared to the perfectly
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FIG. 19. (Color online The various fronts observed in our setup
in (a) the granular regime 7=0.04%) and in(b) the low liquid
content region of the correlated regimer=(0.12%) for d

=0.5 mm,Q=0.12 rpm. The colors indicate the rate of change of
local height during the avalanchsee Fig. 1. We observe four

different fronts. Front 1: Destabilizing front, this front propagates F1
faster than the material flow via interactions between neighboring +0
grains—destabilizes particles. Front 2: Avalanche front, this front 3
consists of rolling grains, which proceed on a medium at rest ant i§1
destabilize particles by collisions. Front 3: Kink, the rolling grains

accumulate at the lower wall and form a region of low slope there.  b,C Localangle (degreesy d  Localrise (mmis) €  Local flux (g/s)
This slows down the incoming grains, thus this front travels uphill. _— | _— .
Front 4: Rear front, the moving grains leave the static ones behinc 0 3 600 90 20 0 +20 0 100 200 300

dry material can probably be explained by the slight concave FIG. 20.(Color onling Avalanche dynamics in samples consist-
curvature of the surface: the grains lower on the slope are 19 of large beadsi=0.9 mm. (See also the caption of Fig. 7.
a relatively stable state when the avalanche is initiated.

When the downward-propagating front reaches the wall Viscoplastic avalanchehe onset of the viscoplastic re-
of the drum at the bottom of the slope, a kind of shockwaveyime (r~2%) is accompanied by dramatic changes in the
is formed, and the rolling of grains is stopped by a region ofpehavior. The flow becomes correlated across the entire
smaller local angle traveling uphill. This type of front has granular surface as demonstrated by the parallel lines
been cluassifjed as a “stop up” frof0], and it corresponds through the avalanche in Fig. ®J. Since the whole surface
to the “kink ob;erved n o_the.r.expenmer.]ts on (_jry beads 5y es coherentlyrather than breaking apart and evolving
(generally associated with individually rolling grains reaCh'separately in different parts of the surfacBuctuations are

mgcaorsrgllgt:;g:g;r:ctﬁ: S?tﬂﬁ?er?r:éégies:?ﬁ;ﬁaiénts in strongly suppressdgd 2]. This behavior is qualitatively simi-
q ' lar to a different class of geophysical event, called a “debris

the corrglate_d regime (0.1%7<2%), theprllnC|paI fa|lur9 flow” or “mudflow” [44—46, but the underlying physics
mech;nt;smr:s a fractulre along a curved SI'F plémazproxg may be quite different, since—unlike mudflows—our
mate the green lines in Fig. analogous to the ' -
dynamicgof a cgllass of geophysic%l gag]ents kngwn as “S"des,samples are unsaturated. On the other hand, the decrease in
[44]. This is the failure mechanism described by the M hr_stabili'[y due to the increase in liquid content is analogous to

' s e € mec scribed by ON™ihe formation of wet snow avalanchg47]. The coherent

Coulomb model[3,6]. At 7=0.12% there is a single slip nature of the motion in this regime leads to such aspects of

o ) ! . . :
plane, but at larger liquid conte_ntszr{: 0.37 /0). the ava the dynamics which are not observed in other granular sys-
lanches occur through a succession of local slip events. Tht%ms as discussed in the following section

medium becomes more cohesive with increasing liquid con-
tent, preventing grains from moving individually, and thus
the kink disappears for=0.3% since the material moving
as a connected block stops coherently when it hits the bot- One novel property of the viscoplastic avalanches is the
tom. robust topology of the top surface that spontaneously forms a

B. Pattern formation in the viscoplastic regime

051303-13



TEGZES, VICSEK, AND SCHIFFER PHYSICAL REVIEW B7, 051303 (2003

nearly periodic patteriseen in Fig. 17@)]. This surface a pry 1=0.002% T=0.125% T =5.000%
structure is maintained essentially intact during the ava
lanche[ note that the lines are continuous throughout the ava
lanche in Fig. 1%)], indicating that there are lasting con-
tacts in the flowing layer. Moreover, the pattern is not
random, but rather has features that are reproduced at the e
of each avalanche. This is demonstrated most clearly in Fig:
18 and in 17b), where the average of 347 avalanches of the
7=5% sample has the same features as the typical ind
vidual avalanche shown in Figs. (& and 17b). The robust
nature of the surface structure of the wettest grains is ir
sharp contrast to the other regimes where averaging con
pletely smooths out the smaller surface features. We can ur %
derstand this behavior as resulting from coherence of thg 1s{|
entire flow, which strongly reduces fluctuations in this re-" o
gime. With minimal fluctuations, the final surface structure
after each avalanche is essentially the same, thus setting t Local angle (degrees) |
same initial condition for the next avalanche. With the same 0o % % %
initial conditions for each avalanche, naturally the surface ) ] )
features are reproduced each time. FIG. 21. (Color onling Comparison of the types of continuous
Our experiments with the larged & 0.9 mm) beads also f!OW at (=10 rpm (large beadsd=0.9 mr.n).. @ SnapShOtS at
reveal some pattern formatidsee Fig. 2(b)], but with a time mtervals_of 0.067 sec. The red marks indicate traveling surface
smaller characteristic size corresponding to 8—10 grain dife.a tures (b) Time evolution of the Su.rface angte(x.t). The trav-
ameters. The difference is probably due to the smaller ratic‘?“ngj surface features appear as stripes.
of the cohesive forces to the gravitational forces on the . o .
grains. Due to the small length scale of these patterns, theg;rfaqe velocity thus presumably |nd|.cates thgt the moving
are largely averaged out, but we have also observed robu yer is much deeper in the case of viscoplastic flow.

patterns that are repeated after each avalanche under severalm order to compare the viscoplastic ﬂ.OW to the ordinary
different sets of conditionésee, e.g., Fig. 207=0.375%). granular flow, we added some tracer particles to measure the

The dependence of the pattern on grain size and other facto?é”face yelomtyv more accuratgly as a function of rotation
will be the subject of a future investigation. rate () (Fig. 22. The viscoplastic flow is slower by about a

factor of 2 than the granular one. More importantly, the two
curves correspond to rather different functional forms—both
apparently power laws in our limited velocity range, but with

In the preceding section, we demonstrated that the avlifferent exponents. The sublinear rotation rate dependence
lanche dynamics are dramatically different in the three rein the granular regime suggests that at higher rotation rate
gimes of behavior. The different dynamics are also evident afhe flow depth is increased, as has been previously suggested
higher rotation rates where the flow is continuous. In this[48]- Naturally, in our finite setup, the flow depth cannot
section, we compare the properties of the continuous flow ifncrease infinitely which may explain why our measured
the three wetness regimes, with special attention to the vis-
coplastic flow. Here we only examine tide= 0.9 mm beads, 100
since they exhibit viscoplastic continuous flow in the widest
range of parameter space.

Figure 21 shows the evolution of the surface profile dur-
ing different types of continuous flow f&2 =10 rpm. In the
granular regimde.g.,7=0 and 0.002%), the surface profile
is practically a straight line with only noiselike variations.
Our resolution is insufficient to resolve the individually roll-
ing grains in this regime. In contrast, in the correlated re-
gime, the surface is clearly concave, and the flow consists of
a succession of clumps moving downhill. From the slope of
the stripes in Fig. 2(b), we can estimate the velocity of the
moving clumpsy ~50-60 cm/s. In the viscoplastic regime, kG 22. The velocity at the surface as a function of rotation
the flow is smooth again, and the traveling surface featurege () for the ordinary granular and the viscoplastic continuous
demonstrate that there are lasting contacts in the flowin@ow (large beadsd=0.9 mm, the liquid contents are=0.005%
layer. The slopes of stripes indicate that the flow is muchandr=0.25%, respectively The continuous lines represent power-
slower in this regimey ~10-15 cm/s. We note that the ro- l|aw fits to the data. The linear rotation rate dependence for the
tation rate is the same for all the presented liquid contentsjiscoplastic flow indicates that flow depth is independent of the
meaning that the material flux is constant. The difference inotation rate.

VIl. DYNAMIC PROPERTIES OF CONTINUOUS FLOWS

GRANULAR
v=Ao?

10+
v =Boe
VISCOPLASTIC

Surface velocity (cm/s)

1 10
Rotation rate (rpm)
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b >
O—= ; FIG. 23. (a) Velocity field of the viscoplastic
M ‘E ] flow as obtained by tracer particles. The central
' i region is empty due to lack of data in this region.
-4r 1 The actual resolution is much better than the

separation of the arrows—the only part of the
data is presented for clarityb) Velocity profile
along the solid line ina). The diamonds are ex-
-10¢t 1 perimental data, dashed lines correspond to no
shear strain. The arrows are only for illustration.
(d=0.9 mm, 7=0.25%,Q=0.6 rpm)

Depth (cm)
&

12+
4 3 -2 101 2 3 4
Velocity (cm/s)

v(Q) deviates from*2, which would be expected from a drum and travel only due to the rotation of the drum. In the
linear velocity profilg48—50. On the other hand, the recent top region, the material clearly flows with respect to the
work of Aransonet al. actually predicts a 2/3 power law drum. Interestingly, in an approximately 1.5-cm-thick layer,
[51,52. The linearv({)) for viscoplastic flow suggests a the observed velocities of the particles differ only due to the
constant flow deptthat is independent of the flow rate. This rotation of the drum, the particles are at rest with respect to
observation is consistent with the coherent nature of this typeach other. In other words, there is a layer with no shear
of flow: the flow depth is not determined by local mecha-strain(often referred to as the “plug laye)’hear the surface
nisms[14], but is fixed by the geometry of the whole system. of the sample. This phenomenon is due to the vicoplasticity
In order to characterize the viscoplastic flow in greater detaibf the materia[53].

and check whether the flow depth is really constant, we have

performed explicit measurements to determine the extent and VIIl. CONCLUSIONS
shape of the flowing layer. The results confirmed that the
flow depth is almost independent of the rotation f&t4). We have investigated many features of the dynamic be-

One of the most interesting properties describing the dyhavior of wet granular samples in a rotating drum reflecting
namics of granular flows is the velocity profile, i.e., the depththe three fundamental regimes of behavior observed earlier
dependence of the velocity of the particles. We obtained &12]. In the granular regime, the cohesive forces are rela-
gualitative picture of the depth dependence of the grain vetively small, and they have almost no effect in the fluidized
locity based on tracer particle measurements near the sid8ewing layer. Thus, only a small increase is observable in
walls. As in any three-dimensional system, the velocity dis-6,.x, While 6, hardly changes. The grains are rolling freely,
tribution at the sidewalls may be different from velocities in and avalanche dynamics is dominated by propagating fronts.
the bulk. This is especially true for wet samples, where thelhese form nearly flat surfaces resulting in relatively small
beads adhere to the walls. As a validity check, we examinedvalanche size fluctuations. At high rotation rates, we ob-
video recordings of the top surface during flow, which serve continuous flow with a fluidized flowing layer, similar
showed that the flow velocity is approximately constantto surface flows in dry samples.
across the width of the drui32 mm), except for a thif2—-3 On the other hand, in the correlated regime, the grains
mm) boundary layer at each wall. In order to measure vestick together and form clumps. The increased cohesion
locities a few millimeters behind the walls, we added coloredeads to a large increase éi},oandé, . As the free rolling of
tracer particles to the systefred plastic cubes with a linear grains becomes impossible, the avalanche fronts disappear
size around 3 mm which were detectable even behind a fewand steep, rugged, and usually concave surfaces are formed.
layers of glass beads. Lasting contacts in this type of flowvariations of the surface shape lead to wide avalanche size
ensured that the tracers had the same velocity as the suffistributions. In this regime, the continuous flow consists of
rounding beads. Naturally, the data may be affected by seg succession of falling clumps, thus the hysteresis between
regation effects and the modification of flow dynamics by theavalanching and continuous flows disappears.
presence of the tracers, and therefore they should be inter- Finally, in the viscoplastic regime, the flow becomes co-
preted with caution. herent over the entire sample, afg,,, and Ad decrease

In Fig. 23, we present the obtained velocity field. In Fig. slightly due to lubrication and viscous effects. The reduced
23(a), the velocities are represented by little arrows withfluctuations lead to narrower avalanche size distributions and
length proportional to the magnitude of measured velocitiesthe formation of robust patterns that are reproduced at the
Each arrow represents the average of measured values inead of each avalanche. The transition to continuous flow
small rectangular area around the starting point of the arrovhappens at relatively low rotation rates, and the hysteresis
Unfortunately, the tracers did not enter the area near the cemeappears. The coherence of the viscoplastic continuous flow
ter of the sample, so we have no data from this region. Figis manifested in traveling surface features and a velocity in-
ure 23b) presents the measured velocities along the solidlependent flow depth.
line in Fig. 23a). The points near the bottom of the figure  While the flows we observe appear to have analogies with
correspond to the tracers that are at rest with respect to thgeophysical events, it is important to note that real geophys-
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ical materials usually consist of polydisperse irregular par-An important theoretical question raised by our data is that
ticles often with very high £~100%) water contents and how a length scale describing the size of the clumps may
that the scaling of our system to geological length scales iemerge from a granular flow model, and how such a length
nontrivial (indeed, based our on earlier work we expect thatscale would vary with the type of media, the total size of the
all of the results will be affected by the size of the containergranular sample, the nature of intergranular adhesion, viscos-
[12]). Furthermore, avalanche studies in real soil have dem'rty of the fluid, and the type of granular flow. While the
onstrated additional phenomena associated with soil Satur@'resent experiments have raised these questionS, further ex-
tion [54]. Interestingly, we still recover some of the basic perimental studies expanding the investigated phase space as
dynamic processes in our model system, which should aigyell as computational modeling will almost certainly be nec-

the deSCfiption of qualitatively different flow behaviors in the essary before a Comp]ete understanding is approachab|e.
framework of a single modg¢R2,55.

The changes in the dynamic behavior with wetting are
associated with the increasingly coherent nature of the flow,
i.e., the formation of coherently moving clusters—clumps—
due to the increased cohesion and viscous effects. Within a We gratefully acknowledge helpful discussions with J.
cluster, local velocity fluctuations should be suppressed, anBanavar, A.-L. Baralsi, and Y. K. Tsui. We are also grateful
thus the local granular temperaturE= (v2)—(v)?) should  for support from the Petroleum Research Fund and NASA
approach zero, but the clusters themselves both form an@rant No. NAG3-2384. P.T. and T.V. are grateful for the
break apart during an avalanche process in a finite containgpartial support from OTKA Grant No. T033104.
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