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Angle of repose and segregation in cohesive granular matter
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We study the effect of fluids on the angle of repose and the segregation of granular matter poured into a silo.
The experiments are conducted in two regimes whgréhe volume fraction of the fluidiquid) is small and
it forms liquid bridges between particles thus giving rise to cohesive forces(iignithe particles are com-
pletely immersed in the fluid. The data is obtained by imaging the pile formed inside a quasi-two-dimensional
silo through the transparent glass side walls and using color-coded particles. In the first series of experiments,
the angle of repose is observed to increase sharply with the volume fraction of the fluid and then saturates at
a value that depends on the size of the particles. We systematically study the effect of viscosity by using
water-glycerol mixtures to vary it over at least three orders of magnitude while keeping the surface tension
almost constant. Besides surface tension, the viscosity of the fluid is observed to have an effect on the angle of
repose and the extent of segregation. In case of bidisperse particles, segregation is observed to decrease and
finally saturate depending on the size ratio of the particles and the viscosity of the fluid. The sharp initial
change and the subsequent saturation in the extent of segregation and angle of repose occurs over similar
volume fraction of the fluid. Preferential clumping of small particles causes layering to occur when the size of
the clumps of small particles exceeds the size of large particles. We calculate the azimuthal correlation function
of particle density inside the pile to characterize the extent of layering. In the second series of experiments,
particles are poured into a container filled with a fluid. Although the angle of repose is observed to be
unchanged, segregation is observed to decrease with an increase in the viscosity of the fluid. The viscosity at
which segregation decreases to zero depends on the size ratio of the particles.
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[. INTRODUCTION the presence of a lubrication layer. The basic argument is
that while frictional force that helps hold a pile together in-

The presence of small amounts of liquid can have a conereases with the size of the pile, the cohesive force is con-
siderable influence on the properties of granular matter. Fostant and becomes insignificant in compari§®h However,
example, the angle of repose of a wet granular pile is greatehe effects may be important for a laboratory or industrial
than that of a dry pile made of the same material. Cohesivecale system. Recently, there have been a number of studies
forces are introduced because of liquid bridges that ar¢hat have tried to relate the fluid content and its surface ten-
formed between particles. Cohesivity causes jamming in thgion to observe increase in angles. measured by Horn-
flow of granular matter even in a regime where dry granulabaker and collaborator$4,5] using the draining crater
matter may flow. Wet granular matter is also observed tanethod is observed to initially increase linearly and then
segregate less than dry granular matter as particles cannidictuate around a constant value. For an ideal sphere-sphere
move easily relative to each other. Although these qualitativeontact, increasing the liquid content will lead to decreased
facts are well known, a detailed knowledge of the propertiexzohesive force, and hence, a loweréd Therefore, they
even in comparison with dry granular matter has not yet beeproposed that particle surface roughness plays an important
attained. role and a cone-plane type of contact between particles may

The properties of dry granular matter have attracted d&@e more appropriate. They also believed that the fluid coats
considerable number of studies. Granular matter in a box thahe particles evenly. Masoet al. [6] have studied the distri-
is tilted does not flow until a certain angle is exceeded at théution of the fluid on the surface of the particles using opti-
surface. This angle, usually called the maximum angle otal fluorescence microscopy and scanning electron micros-
stability 6,,,, depends on the frictional properties and thecopy. These studies appear to show that the fluid is in fact
packing of the granular matter. However, if the granular mattrapped in the menisci that are formed at the asperity on the
ter is in motion, it may relax down to a lower angle that is grain surface. They have, therefore, claimed that the behav-
called the angle of repos® . The existence of the lowet, ior of 6, at low-volume fractions of the fluid is consistent
may be due to the lower kinetic friction compared to staticwith a scaling theory based on the surface roughness of the
friction between the particles and other dynamical effectgyrains[7,8]. Other studies note that considerable differences
[1]. The observed hysteresis may also occur because thebetweend, and 6,, may arise when humidity is present and
are infinitely many metastable states ab@yan which the  have shown that the wetting properties of the fluid may be
system may get trappd@]. also importan{9].

In case of a very large pile of granular matter, it has been The identification of the occurrence and the extent of seg-
argued tha#,, is unaffected by the cohesivity introduced by regation is of considerable importance in material handling
the presence of the fluid. This is true provided that the fric-in industry. Preferential percolation of small particles
tional properties between the particles are unaltered due tilirough layers of larger particles is usually identified as lead-
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Pulley TABLE I. Monodisperse and bidisperse mixtures of spherical
glass particles used in the experimahis the diameter of particles,
r the size ratio, and, the angle of repose of the dry particles.

Monodisperse d (mm) 0,

mono-1 0.x-0.1 23.5%0.5°

. mono-2 0.50.1 24.0£0.5°

Reservoir mono-3 0.9-0.1 24.0%0.5°

mono-4 1.2-0.1 24.00.5°

mono-5 3.1%+0.1 25.5%0.5°

Motor Granular material Bidisperse d large d small r 6,

Computer

«— £ — 3 ¢m BD-1 mono-4 mono-3 1.3 2320.5°
b Siem " BD-2 mono-4 mono-2 2.4 23°0.5°
BD-3 mono-5 mono-2 6.2 250.5°
FIG. 1. Schematic diagram of the experimental setup. The res- BD-4 mono-5 mono-1 31 24£0.5°

ervoir containing the initial mixture is pulled up using a stepper
motor in order to keep the height through which the mixture falls
constant.

. . erentially clump in a bidisperse mixture and this leads to
Ing to segregation yvhe_n granular row; occur at a free SUlsubtle effects on the nature of the particle spatial distribution
face [10,11]. Stratification may occur in such systems if 55 the yolume fraction of the fluid is increased. As the vol-
rough- and smooth-shaped grains are prefEzit The pres- e fraction of the fluid increases and as the limit is ap-
ence of the fluid alters the percolation of particlé8], and  54ched where all the interstitial volume is saturated with
thus, has a profound influence on the progress of segregan(f

) . o Ae fluid, one may expect that the effects of the cohesion
in granular matter. It is, thus, surprising that the effects qf theniroduced by liquid bridges to become less important. This
fluid on the progress of segregation has not been investigat

) . ) o ay have an effect ofl, and size separation. However, there
in detail untill recently. In a recent publication, we r":'ported,are practical difficulties in investigating high-volume frac-
that the presence of a fluid drastically reduces segregation ifl) s because the fluid tends to drain. Therefore, we also

bldlslphersehg_ra_nulzla\r mar:ter Lhat |sfpoured into afﬂr?l'ﬂ id i conducted experiments when the particles are completely im-
Although it is clear that the surface tension of the fluid iS\ o sed in a fiuid to understand this limit.

important in determining the cohesive force, and herige,
the role of the viscosity of the fluid may be less obvious. It
is a common observation that a finger dipped in honey feels Il. EXPERIMENTAL APPARATUS
sticky in comparison to a finger d|pped in water. Th'TQ‘ OCCUTS — A" schematic of the experimental apparatus is shown in
because stronger forces are required to move the liquid mtg. . ) )
. . ig. 1. A rectangular silo of dimensions 5&30.5 cm and
regions that are vacated. Therefore, viscous forces may have®". . ) .
I : . . a'widthw of 3.0 cm is used for the experiments. The flow is
a significant effect on the dynamics of the grains. It is, thus

important to investigate the effect efon bothd, and on size visualized through the glass side walls of the silo using a
portar 9 . re 1000%x 1000 pixel Kodak ES 1.0 digital camera. The glass

separation. Furthermore, viscous effects grow in importancg . ; ; )
articles and fluids used are listed in Tables | and Il, respec-

for smaller dimensions. It may be possible to understand th velv. The aranular samole is orepared in batches b
effects of humidity on powders, which are smaller in size in y: 9 P prep y

comparison, by investigating effects of viscosity on segrega-
tion in granular systemgl5]. This may be useful because
guantitative studies with powders are more difficult to con-
duct.

In this context, we report a detailed study of the angle o
repose and segregation of granular matter in the presence

TABLE Il. The fluids used in the experiments.is the viscos-
ity, p the density, and’ is the surface tension of the fluid. All data
corresponds to 25 °C except in case of polybutene H-300, where the
Hower v is obtained by heating the tank to 50 °C. Water-glycerol-1
and water-glycerol-2 contain 60% and 88% glycerol by weight,

a fluid using high-resolution digital imaging. Some of the spectively{17]

resu'llts have been reporteq ina Ie_{t]m] and here we report Fluid v(Nsmd) p(kgm? T (Nmb
additional data and analysis. We first investigate the effect of

the size of the particles o#, as a function of the volume Water 0.0010 997 0.070.003
fraction of the fluid. We also discuss, in detail, our experi-Water-glycerol-1 0.0098 1076 0.67.003
mental observation of the effect of the viscositpf the fluid ~ Water-glycerol-2 0.1190 1108 0.67.003
on 6, . We then study the extent of segregation by visualiz-Glycerol 1.5 1126 0.0%0.003
ing the color-coded glass particles using bidisperse glasBolybutene L-50 0.22 844 0.63.003
beads with size ratio. Interestingly, the decrease in segre- Polybutene H-300 30 892

gation is observed to saturate at similar values of volumepolybutene H-300 100 892

fraction as#, . It may be also noted that small particles pref-
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throughly mixing 1.0 kilogram of each of the two kinds of
particles with the fluid before the mixture is placed inside the
reservoir. The volume fractiod; of the fluid is calculated as
the ratio of the volume of the fluid to the volume of all the
particles. The volume of the particles corresponds to the
weight of the particles divided by the density of the glass
beads that is 2.4 g cni.

The wet granular material is first filled into a reservoir and
then drained through a pipe into the silo. In previous experi-
ments, we demonstrated that segregation may occur during
draining of a wide sild16] and showed that size separation
occurs in the surface flow regions. We also showed that seg- |G, 2. Images of a pile of dry and wet monodisperse particles.
regation does not occur in the bulk by visualizing the flow. g v,=0, d=0.5 mm,(b) V;=102, d=0.5 mm,(c) V;=0, d
Therefore, by using a tall cylindrical reservoir, we minimize =31 mm,(d) V;=102, d=3.1 mm.#, is observed to be greater
surface flow and prevent segregation from occuring duringor the wet case and the surface of the pile of small particles is
pouring. Pipes with various diameters are used to control thebserved to be rough compared to the larger particles.
flow rate Q. Larger diameters are used at highgrin order

to maintainQ~2.2 gs !. The reservoir is raised at a slow pile. The obtained slope is averaged over 10—15 images as a
constant rate with a stepper motor and a system of pulleygentimeter deep layer of granular matter is added and a new
The slow upward velocity of the reservoir allows the par-g face is createds, is plotted as a function o¥; for par-
ticles to accumulate inside the pipe before flowing down th;.jes with various diameterd in Fig. 3@). 6, is first ob-
surface and reduces the kinetic energy of particles due to freg,ed to increase sharply with and then saturate approxi-
fall. Such precautions are necessary, otherwise particles aFﬁater. The value o¥/; at which 6, begins to saturate I, .

quire substantial kinetic energy during free fall and tend t0rhe saturation value ob, is obsérved to increase witrﬁ the

bounce back from the surface several times leading to 5iz§”|ze of the particles. This fact may be qualitatively noted

separation and stratification in the case of bidisperse Palkom Fig. 2.

t'?lis' S.:nalle(; ?argcfleshbou;ce bath hllgher from the surLace The increase and approximate saturatiorgofs qualita-
ofthe pile and fand further down the pile in contrast to w attively similar to those earlier observed using the draining

s usu'ally opserved, e, smaII' particlles' at the top of therater method4,5]. Quantitative differences exist perhaps
sandpile. This effect, coupled with periodic avalanching qb'because of the difference in the geometries. As discussed in
served at the surface, may lead to altemate layers of mixeg, . introduction, both the increase # and saturation is
gnd sm_aII pa”'c"?s- BY using the pipe, we ensure that .thgurprising if one assumes ideal spheres in contact. To explain
interaction of particles is restricted to the surface of the pile . property, work has focused on the fact that particles are
Thus, the number of meqhamsms involved in segregation i5 perfectly' smooth but have asperities. Using the Mohr-
redVL:/ced a_nt(nlj tt?we ?ystetrﬂ |tstﬁ|mpler. | ived and f é:oloumb analysis and making assumptions for the height
€ varied the time that the sampleé was mixed and 1ound,,q gistance over which the surface of the sphere fluctuates,

'F hadtilt';le effect qné), - We alsﬁ Wa'ftfed a vfarylng amc_)unt \3\fl Halsey and Leviri 7] found thaté,,, can increase linearly and
time before pouring to test the effect of evaporation. Wey .\ saturate to a value given by

found that only in the case of water, there was a small influ-
ence if we waited for one hour for volume fractions below \/§
V;<2x10 3. Therefore, to minimize the effects of evapo- tanf,,~k+
ration, the mixture was poured immediately after mixing.

™ segtan (k)] &
dpggHse an “(k)],

Ill. THE EFFECT OF INTERSTITIAL FLUID ON THE wherek is coefficient of static frictionI” is the surface ten-
ANGLE OF REPOSE sion of the fluid,g is acceleration due to gravity is the
density of the particles, arid is the height of the pile. It has
‘been assumed here that the capillary fdfg, between the
“particles is given byrI'd. They assume that the saturation
ill occur approximately when the wetting is determined by
. ; the macroscopic curvature of the particles, which is greater
layers deep for dry particles, k.)Ut the f.'°".V region b(':'Comesthan the scale of the roughness of the surface of the particles.
deepe_r anq Is not as W_e” defined s is 'F‘Cfea_sed- The . According to the model, volum¥, is given byx2d wherex
rgsultmg p_lle for monodisperse glass particles is shown Ms length scale over which fluctuations occur. The model pre-
.F'g‘ 2 and it may b_e ol_aserved that the sm_Jrface of the wet p'I%Iicts thaté,,, decreases witld, which is consistent with our
is at a greater inclination than the dry pile. observations. Although there is a qualitative agreement be-
tween our data ford, and the model ford,, [7], there is
considerable disagreement related to the valu&/ of For
6, is measured by obtaining images of the sand pile afteexample, for 1 mm particles, where the particle surface fluc-
the silo is filled and fitting a straight line to the surface of thetuations are about lum, the model predicts saturation for

A triangular-shaped granular pile is formed after the ma
terial is poured into the silo. The flow of the granular mate
rial is continuous for dry particles, but becomes increasing|
stick slip asVs is increased. The flowing region is roughly 10

A. Size dependence of the angle of repose
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50 - 55
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m = 454
gc':)h 407 %o 40 K —B- v=0001 (Nsm?)
ﬁ = 55 ——v=0119 (Nsm?)
- -z 3 2 —©o-v=15 (Nsm?
© 3048 —-—d=05mm 30,
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FIG. 4. (a) 6, for monodisperse particles as a functiorMgf, for
60 (©) water (»=10"2 Nsm ?), glycerol #?=1.5 Nsm?) and water-
T glycerol mixture ¢=0.12 Nsm?). (b) 6, as a function ofv for
NTE‘ 40 4 different bimixture and monodisperse particles ¥g=24x 103,
g _
"= 204 Besides the increase éf due to the addition of the fluid,
) the surface of the pile is observed to become rdisgie Figs.
0 2(b), 2(d)]. In addition, the roughness of the surface of the
T T T T T T T pile is greater for the smaller particles. We plot the mean
00 05 1.0 1.5 20 25 3.0 square of the deviation of the surface from a straight jfe
d (mm) for the particles mixed with water for a fixe®;=24

%102 in Fig. 3c) to quantitatively show the increase in
roughness with decreases in particle size. We observe that
larger d. (b) The saturation value of thé, of bimixtures are in smaller particles C'“mp more than larger particles at similar
between theg, of their components(c) The mean square of the Vi. We t.herefore believe that the.mcreased roughness of the
deviation of the surface from a straight line. The smaller particlesSUrface is because of the clumping of the particles. As the
are observed to stick together more readily, and make more clumgddrticles form more clumps, the surface becomes increas-
giving rise to a rougher surface and highé: ingly rough andy? grows. The standard deviation 6f ob-
tained by repeating measurements for a particMawas
V,~10"°. However, the observex_ is significantly higher reported in Ref[5] as a measure of clumping. The reported
and is approximately 810 °. _ observations are consistent with our more direct measure-
While it is possible that the disagreement may arise bement of the surface heights. We will later see that the pref-
causef, is calculated and), is measured, additional effects erential clumping of small particles has an important effect
may have to be taken into account in calculating the averaggn the progress of segregation and introduces layering.
cohesive force due to capillary bridges. For example, it has
been assumed that only the capillary forces between particles
in contact is important. However, it is possible that\4s
increases, particles that are slightly away from each other can To investigate the effect of viscosity on the flow and the
also form liquid bridges. Therefore, it is possible that theangle of repose, we kept the surface tension of the fluid
average number of liquid bridges per particle increases witltonstant and change of the fluid. Because water and glyc-
V;. This effect may be important in determining the regimeerol have very similar surface tension, we used mixtures of
over which§, can increase. these two fluids to change[17]. Glycerol dissolves in water
We plot in Fig. 3b), the 6, for particles withd=0.5 and and the mixture is homogenous after it is stirred for a few
3.1 mm and the bidisperse mixtu(BD-3) to illustrate the minutes. Using water-glycerol mixtures we obtaingdas a
behavior of §, when particles of different diameters are function of V.
present. Thed, for the bidisperse mixtures are located in  In Fig. 4@ we plot6, for d=0.5 mm beads as a function
between thes, of their components. A similar effect is ob- of V¢, for water, glycerol, and a water-glycerol mixture. Fig-
served for the other size ratios. ure 4a) shows thatf, increases withv. The increase is ob-

FIG. 3. (a) Size dependence of the, for d=0.5 mm, d
=1.2 mm, andd=3.1 mm glass beads. Note th@tis lower for

B. Effect of viscosity of the fluid on the angle of repose
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(@) (b)

./.
J o

FIG. 5. (a) Schematic of a liquid bridge between two particles.
(b) Image of a liquid bridge between two 0.1 mm particles corre-
sponding toV;=24x 10" 2.

served to be sharper and the saturation is observed to occur FIG. 6. Image of the granular pile after bidisperse glass beads
at higher values for glycerol compared to water. We chosére poured intlo the silor&2.4). The small particles are white and

V;=24x 102 in the saturated regime to pl@ as a func- the large particles are blacka) V=0, (b) V;=6x10"°. Strong
tion of » for monodisperse particles and bidisperse mixturesegregation is observed for the dry case, the segregation is drasti-

in Fig. 4b). We observe that the saturation value f@r cally reduced when less than 1% of water is present in the mixture.
depen.ds Or,;/ and increases withr (c)—(d) The histogram of local particle density ratio of the two

kinds of particles in the pile. The peaks in the distribution can be

We have measured, up to 48 hours after the granular . . .

. . . . . fitted to Gaussian and the mean value used to determine the most
mixture is poured into the silo. While a few local rearrange- . particle ratios
ments occur up to a few minutes after pouring, we do not '
find measurable changes in the surface, thus indicating t
absence of creep. We have thus shown that the viscosity 9
the fluid clearly influences the observégd. In the next sec-
tion, we will discuss the viscous force between the particle

due to the fluid.

liquid bridge between two moving spheres. They showed
at Eq.(4) fits their experimental data.
The value of the viscous force in our experiments may be
2stimated assuming thah, /4t is of the order of the veloc-
ity of the particles flowing down the surface. For 1 mm par-
) . ticles, if hy is of the order of 10um, thenF ,;s~10 7 N for
C. Estimates of the viscous force water andF,;s~2X10 % N for glycerol. The capillary

Let us consider two particles that are moving away fromforce estimated usind=c,,=«I'd for 1 mm particles is
each other. A schematic diagram is shown in Fi@) 5Fig- 10 % N. Therefore, the viscous force for glycerol is rel-
ure 5b) shows 0.1 mm particles mixed with glycerol for evant, whereas for water, the viscous force may be insignifi-
V;=24x 10" 3. Based on Reynolds lubrication theory, an ex-cant. These improved results are also consistent with our
pression for the viscous force has been derived for two idenPrevious estimates obtained neglecting the curvature of the
tical rigid spherical surfaced8—20. The theory relates the particles[14].
pressureP generated in the liquid to the relative displace- Because viscous force decreases with relative velocity, it

ment of the two particles as appears surprising that the viscosity of fluid plays any role at
all in determiningé, in our experiments and we return to this

5, dP(ry) dh point later in the paper. However, it is clear that such forces

e I’lH (I’l) =12Vr1_, (2) H H iAi : ;

dry dry dt are important in determining the extent of segregation as it

occurs when the particles are in motion.
where, H(r;)=ho+2r2/d is the distance between the two
surfaces at radial distanceg from the centefsee Fig. 8a)]. IV. EFFECT OF INTERSTITIAL FLUID ON SIZE
If the particles are completely immersed in the fluid, the SEGREGATION

expression for the viscous force is ] ) ] ]
To study the segregation of the particles in the pile, we

3 , 1 dhg use different colors for the two kinds of particles. Figufa)6
Fuis=— g™V h_o ot ) shows a pile after dry bidisperse granular material has been
poured inside the silo. Here, the small particles appear white
For a liquid bridge, there is a correction coeffici¢hi8] to ~ and the large particles appear black. Thus, strong size sepa-

Eq. (3) and the expression for the force is ration is observed as the granular matter flow down the in-
X clined surface. Two main mechanisms are important in de-

- _ 3 01— ho |71 dho @ termining the observed spatial distributiofi) the void-
vis g7’ H(R)| hy at’ filling mechanism where smaller particles percolate through

the larger particles and are thus found at the bottom of the
whereR is the radius of the contact area. This equation mayflow [11], and(ii) the capture mechanism where the smaller
be related to the volume of the liquid bridge usiM) particles that are more sensitive to surface fluctuations are
= [&2mr,H(r,)dr,. Pitoiset al. [18] experimentally inves- stopped at the top of the pile before the larger partif43.
tigated the effect of viscosity of the fluid on the properties of Segregation is observed to vanish when a small amount of
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1.0 1.0
5 (a)
0.83 -o-r=13 0.8
=-r=24
0.6 —A-r=62 ~ 0.6 -5 glycerol
2 Z —o— water
@ 0.4 * 0.4
0.2 % 0.2 $—e —o
|
- & o
0.04 - B 0.0 T I'_' T — T T EIl 2
‘ }
255107 0 1 5 10 v 15 25x10
A !
. o V1S
FIG. 7. The extent of segregati@observed in bidisperse par- BE—
ticles as a function o¥/; of water for various size ratios Segre- 40+
gation decreases and saturates, wHeiis greater tharv,. Segre- N 35 -
gation may persist if is large. o
E 30_
fluid is added. Figure ®) shows the situation wheé¢;=6 < o5
X 1073, which corresponds ttess than 1% by volumef i (b)
water in the system. Thus, a very small amount of fluid is 201, : : : : :
observed to prevent segregation from occuring. 0 5 10 15 25x10°
To parametrize the extent of segregation, a histogram of Ve

the ratios of t_he two t)_/pes .Of par_tlcles ina 3'5. ?nme_a 1S FIG. 8. Viscosity dependence of tlgeand 6, for r=6.2 as a
measured using the light intensity. The light intensity is a . . T

. 4 . . . .“function of V;. Note that the saturation valué, is similar for
monotonic function of the density ratio of the particles and is nd o

measured by using pre-determined weight ratios of particles

in a separate series of calibration experiments. The histogray, increasing the amount of fluid further, the size of clumps
of local particle density rati®,, of the two kinds of particles  jcreases, the-L interaction also become important, result-

in the pile i,s thps _obtgined and is.plotted in FigS:)'66(d). ing in even smalles. Finally, above a certaiv;~V,, all
The peaks in distribution may be fitted to a Gaussian and th pes of interaction may be present, clumps are formed with

mean valuz L)S “ied to determine the most gorgn}lpn g)artlcl oth kinds of particles, and segregation saturates. For targe
ratios a and b. The segregation parameter is definedsas |,mps ofs-L particles appear but are not strong enough and

=(b—a)/100 which has a value between 0 and 1 and degegregation decreases but saturates to nonzero values.
scribes the extent of segregation.

) ) ) C. Layering instability
A. Dependence of the segregation on the size ratio . . . . . .
Figure 9a) shows the intermediate situation where partial

s for three different bidisperse granular mixtures BD-1, segregation is observed. We obtain the azimuthal correlation

BD-2, BD-3, (see Table)lare plotted if_1 Fig. I_I‘a) as a_func— functiong(¢) of the particle density inside the pile to char-
tion of V¢ of water.s depends on the size ratioof particles,  5terize the layering whemg(#) is given by

and goes to zero at lowaf; for smallerr. However, segre-

gation may persist even in the presence of fluid although the [(X,Y) I (X+T,C0g p),y+TI,Si )
extent is considerably smaller. A phase diagram of the ob- g(¢)= E (xy)I¢ 2 5(¢)2 y*rzsin(é) , (5
served segregation as a functionr@ndV; may be found in XYz 1(x.y)

Ref.[14].

wherel (X,y) is the particle ratio at positiorx(y) andr, and
¢ define the distance from the point where correlation is
calculated. The correlation function was calculated for a

The observed properties may be described in terms of the
differences in the strength of interactions between particles
due to a difference in the sizes. In the presence of a wetting
fluid, there are three possible interaction between the par-
ticles: interactions between th® small and smalS-S par-
ticles, (i) small and largeS-L particles, andiii) large and
largeL-L particles. In addition, the particles and clumps will
also interact with the inclined surface on which they flow.

At small V¢, the fluid is observed to selectively coat the k|G, 9. (a) Strong layering is observed &; below V, for r
small particles forming clumps of small particles due to the=2 4 (here, vV;=1.2x103). (b) The fluid is observed to selec-
cohesive forces discussed earlier. Most of these interactiongely coat the smaller particles, resulting in clumps of small par-
are in the form ofS-S interactions. There is less percolation ticles. In this case, the clumps of small particles are larger than the
of small particles through larger particles, thus reducing larger particles.

B. Discussion of segregation on size ratio
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1.00 D. Viscosity dependence of the segregation
(@) . . . .
Next, we examine the effect of the viscosity of the fluid

on the extent of segregation. As in the measurements,for
we change the viscosity of the fluid by using mixtures of
0.80 water and glycerol to keep the surface tension almost con-
stant.s corresponding to water and glycerol is plotted in Fig.
0.70 : : : 8. The segregation is observed to decrease to zero at a lower
0 90 180 270 360 value of V; in the case of higher glycerol, which hasa
¢ (degree) thousand times that of water. In fact, although some incipient
amount of segregation is observed for large the case of
water, segregation is observed to completely dissappear in
MM the case of glycerol for all measured
090 In Sec. IlIC, we discussed the strength of the viscous
forces that may be important in determining percolation. For
0.80 the particles §~1.2 mm) used in the experiments, and for
(b) glycerol or water as interstitial fluid, the saturation force due
0.70 , : : to surface tension is of the order of 10 N. Therefore, the
0 90 180 270 360 viscous force is greater than the capillary force in the case of
¢ (degree) glycerol. The viscous force damps velocity fluctuation as it
increases with relative velocity between particles. Because
velocity fluctuations and percolation are required for segre-

0.90

g

g

FIG. 10. Azimuthal correlation function of the density of the

particles for(a) V;=1.2x10 % and(b) V;=6x 10 3. The correla-

tion function show two distinct peaks at the angles parallel to theg,"’ltl,on’S IS Fherefore ,Obser.ved to be lower at highefor
surface. The peaks fade for highef. The strongest layering is similar I". Since the I'_ne,ar increase of, and the decre_a_se
observed for = 2.4. of s occurs below a simila¥,, and both of these quantities

saturate above this volume fraction, the cohesion due to the

o ) ) fluid appears to have the same effect on b@tlands.
square region in the middle of the pile. The peaks were ob-

_served to dec_rease in amplitude and_ are hidden by the nois\g_ EXPERIMENTS WHEN PARTICLES ARE IMMERSED

if the whole pile was used for averaging. FigurddGhows IN THE FLUID

g(¢) for the image shown in Fig.(8). The correlation func- _ _

tion has two distinct peaks corresponding to the angles par- In this section, we study the angle of repose and the
allel to the surface. The peaks are observed to decrease fogress of segregation when the bidisperse glass particles
the complete mixture we observe the flat line shown in Fig€nt». The procedure and the system is similar to the previ-
10(b) for V;=6x10"3. The correlation function does not °YS sections, except that in these experiments, we first fill the

show peaks for larger size ratios consistent with the visua?'l,O with the qu|q and then pour the dry granular matter. In
observation. this case, only viscous forces are present and capillary forces

Although the layering is not as periodic asdry mixtures are not present because I|qU|q bridges are absent. .
of rough and smooth particldd?2], some stratification is Because the .te”.“.'”a' velocity fo'r particles 'de'creas.es with
clearly observed below, . We believe that the layering is v, they take a significantly longer time to drain in a viscous

-

. . . fluid compared to that in air an@<0.02 gs*!in glycerol.
r_elated to the_ selective coating and cIump_mg of smal_ler PaTAs 4 is increased, the particles are increasingly observed to
ticles (see Fig. 9. A clump of small particles effectively

. ! deviate from a downward trajectory and are deflected further
behaves as a particle with a rough surface that may bg,yn the slope even before coming in contact with the sur-
greater than the individual large particle. Makeeal. have 506 The reason for the deflection of the particles may be
shown that stratification may occur when two species withgyajitatively understood as follows. For a particle moving
different surface roughness are present in granular flowgjith velocity v, a boundary layer develops in the fluid that is
when the size of the rough particles exceeds the smoothejoportional to\»d/pv. This estimate is essentially from
particles[12]. The features observed in Fig. 9 appear to begimensional argumentf22]. As the distance between the
related to this mechanism, although the increased stick-sliparticle and the surface becomes comparable to the size of
nature of the flow at the surface brought about by the addithis boundary layer, the particles feel a net horizontal force
tion of the fluid makes the layering aperiodic. The strongessimilar to the viscous forces discussed earlier due to fluid
layering is observed for BD-2 and decreases at higher expulsion. These forces tend to deflect the particles further
where the clumps of small particles stay smaller than thelown the slope.

larger beads. At higheY;, the average size of clumps in-  We observedd, is ~24°+1° for mono and bidisperse
creases and the interaction between small and large particlgéass particles for not only water and glycerol but also using
also become important. Thus, clumps with small and larggolybutene(see Table . Unlike the case of partid¥;, no
particles and layering disappears. systematic dependence 6f is observed on the viscosity.
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FIG. 11. Image of the granular pile after bidisperse glass beads 10" 10° 10° 10°
(r=2.4) are poured into a silo filled with glycerol. Compare the v(Nsm?)
extent of segregation to Fig(®, where air is the interstitial me-
dium. The segregation is drastically reduced when particles are 28 ] (b)

poured into a more viscous mediurtb) The histogram of local
particle density ratio of the two kinds of particles in the pile.

N

Furthermore, the observed} in the fluid is very similar to
that observed in air. This appears to suggest that the viscous
forces discussed in Sec. IlIC may not be relevant in the

0, (degree)

absence of liquid bridges. Although it must be noted that the . : . :
experiments conducted in the regime where the particles are 4 2 0 2

) . . A 10 10 10 10
mixed with a small volume fraction of fluid is somewhat v(Nsm?)

different in nature than these experiments because of the

presence of the boundary layer. FIG. 12. (a) The extent of segregatios(v) is observed to de-
Experimental work investigating liquid bridges betweencrease as a function of of the fluid. (b) 6, as a functiony is

moving sphereg§18,23,24 has shown that bridge rupture approximately constant. This is in contrast to observations for par-

distance and time between particles increases with viscosityial V; where 6, is observed to increase.

It is, therefore, possible that the increaseg,invith viscosity

in the case of partiaV; is related to the increase in the VI. CONCLUSIONS
number and change in structure of liquid bridges with vis- _ _ ) _
cosity. In conclusion, the role of the size ratio of the particles,

Figure 11a) shows an image of the granular pile after volume fraction, surfaqe tension, and viscosity of the fluid on
bidisperse particle$BD-2) were poured into the silo filled the extent of segregation and the angle of repose of a granu-
with glycerol. Separate series of experiments to calibrate thi pile is clarified based on experiments and physical argu-
intensity of light scattered by particles to the number of parments. The angle of repose of the granular matter is observed
ticles were first conducted when particles were completelfo increase sharply as the volume fraction of the fluid is
immersed in the various fluids. Using the same procedure d§creased and then saturates. The saturation occurs at a
before, we measured the histogram of light intensity to dehigher Vi than estimated by using only particle roughness
termines [see Fig. 1(b)]. Comparing Fig. 1() to Fig. 6a) |d_e_as. We observe that the viscosity of the fIU|_d has a sig-
shows a significant drop is, when particles are poured in Nificant effect on the angle of repose of the pile. A sharp
glycerol instead of air. The is plotted in Fig. 123) as a reduction of segregation is observgd in the granular flow
function of v for three differentr. The segregation is ob- when a s.maII volume fraction of fluid is addgd. The sharp
served to decrease as a functionioind drops to zero at changes in the angle of repose and segregation occurs over
high » which depends on. similar volume fractions, sug_gestlng that cc_)heswlty h_as the

The observed decreases in segregation witmay be Same effect on both properties. The experiments point to a
explained as follows. The boundary layer washes away thB€€d for examining the role of the number of liquid bridges
details of the surface roughness of the pile at highefhus, ~ P€tween particles in determining the angle of repose. Our
the capture mechanism that is sensitive to surface roughne§¥Periments appear to indicate that the changeaemum-
decreases in importance with Furthermore, velocity fluc- ber of liquid brldgesand thglr st(ucture with .volume frac-
tuations at higher are damped out as particles reach termi-tion. surface tension, and viscosity of the fluid may be very
nal velocity over a short distance leading to a reduction ifMPortant in determining the properties of wet granular
percolation of particle§13]. Therefore, the segregation de- Matter.
creases because the two mechanisms that cause segregation
in dry granular matter diminish in strength.

It is well known that sedimentation of different-sized par-
ticles (for example, in lakescause layering of different size We thank Jacob Goodman for help in acquiring data, and
particles to occur at the bottom because the terminal velocit$s. McKinley for bringing Ref.[18] to our attention. This
reached by a spherical particle is proportional\ih. This ~ work was supported by the National Science Foundation un-
does not occur in our geometry because particles are comler Grant No. DMR-9983659, the Alfred P. Sloan Founda-
stantly fed into the system from the reservoir. tion, and by the donors of the Petroleum Research Fund.

ACKNOWLEDGMENTS

051301-8



ANGLE OF REPOSE AND SEGREGATION IN COHESH. . . PHYSICAL REVIEW E 64 051301

[1] H.M. Jaegeret al, Europhys. Lett11, 619 (1990. (1978.
[2] A. Mehta, inGranular Matter, edited by A. MethaSpringer-  [14] A. Samadani and A. Kudrolli, Phys. Rev. Le#5, 5102
Verlag, New York, 1998 p. 1. (2000.
[3] R.M. Neddermanstatics and Kinematics of Granular Matter [15] A. Castellanot al, Phys. Rev. Lett82, 1156(1999.
(Cambridge University Press, Cambridge, 1992 [16] A. Samadani, A. Pradhan, and A. Kudrolli, Phys. Rev6@&
[4] D.J. Hornbakeret al, Nature (London 387, 765 (1997; R. 7203(1999.
Albert et al, Phys. Rev. E56, 6271(1997). [17] Handbook of Chemistry and Physjc&®th ed., edited by R.C.
[5] P. Tegzeset al, Phys. Rev. 60, 5823(1999. Weast(CRC Press, Boca Raton, FL, 1978

[6] T.G. Mason, A.J. Levine, D. Ertas, and T.C. Halsey, Phys.
Rev. E60, R5044(1999.

[7] T.C. Halsey and A.J. Levine, Phys. Rev. L&, 3141(1998.

[8] L. Bocquet, E. Charlaix, S. Ciliberto, and J. Crassous, Natur
(London 396, 735(1998.

[9] N. Fraysse, H. Thome, and L. Petit, Eur. Phys. J1B 615

[18] O. Pitois, P. Moucheront, and X. Chateau, J. Colloid Interface
Sci. 231, 26 (2000.

419] Y. Xu, W. Huang, and G. Lian, ifPowders and Grains 2001
edited by Y. Kihino(Balkema, Tokyo, 2001 p. 611.

[20] B.J. Perssonsliding Friction (Springer, New York, 1998

(1999. Chap. 7.

[10] J. BridgwaterGranular Matter, edited by A. MethdSpringer- [21] T. Boutreax and P.G. deGen_nes, J. Ph}&' 1295(1_996'
Verlag, New York, 1998 p. 161. [22] G.K. Batchelor,An Introduction to Fluid Dynamicg§Cam-

[11] S. Savage and C.K.K. Lun, J. Fluid Mect89, 311 (1988. bridge University Press, London, 1970

[12] H.A. Makse, S. Halvin, P.R. King, and H.E. Stanley, Nature [23] S- Gaudet, G.H. McKinley, and H.A. Stone, Phys. Flugls
(London) 386, 379 (1997. 2568(1996.

[13] J. Bridgewater and I. Tranter, J. Powder Bulk Techipl9  [24] G. McKinley and A. Tripathi, J. Rheol4, 653 (2000.

051301-9



