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Brazil nut effect and excluded volume attraction in vibrofluidized granular mixtures
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A two dimensional bi-disperse vibrofluidized granular mixture is studied in the rapid flow regime, where
particle interactions occur due to instantaneous collisions. Both experiments and simulations are carried out,
and these show the existence of two phenomena which have been observed only in very dense granular flows
or in equilibrium systems. The Brazil nut phenomenon, which involves the rise of larger particles in a granular
mixture upon vibration, has been observed in dense systems due to the percolation of small particles though the
interstitial spaces between the large particles, or due to convection rolls. In the present case, where neither
effect is present, it is observed that the fluidization of the smaller particles by vibration results in an exponen-
tially decaying density profile, at heights large compared to the particle diameter, and thereby a pressure field
that decreases with height. The larger particles, suspended in this decaying pressure field, experience a larger
pressure at the bottom and a smaller pressure on top, and they rise to a height where the net force caused by
the decreasing pressure is balanced by the weight of the particle. An attractive force between the large particles,
similar to the entropic attraction effect in mixtures of colloids and polymers, is also observed in this nonequi-
librium system, because when the distance between the large particles is less than the small particle diameter,
the pressure between the large particles is smaller than that on the outside. Analytical results are derived for

each of these effects, and these are in agreement with the experimental and simulation results.
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I. INTRODUCTION

The present study deals with a binary mixture of inelastic
particles under vertical vibration. An interesting phenomenon
observed in a vibrated binary mixture is the segregation of
the mixture. It is observed that larger particles “rise” to the
top, and the smaller particles settle to the bottom, and this
phenomenon is known as the “Brazil nut phenomenon
(BNP)” in the literature. However, the reverse phenomena is
also observed and is named as “reverse buoyancy” or “re-
verse Brazil nut phenomenon (RBNP).” Several reasons
have been identified for BNP, including the percolation of
particles [1], the reorganization of particles [2-4], and the
presence of large convection rolls in the system [5,6]. Most
of these studies considered a single large particle in a back-
ground of small particles, where the density of the small
particles are high and the “temperature” (which is the mean
square velocity of the small particles) is low compared to the
product of the gravitational acceleration and particle diam-
eter. A recent experiment [7] reported reverse buoyancy in a
vibrated granular mixture where they observed the heavier of
the larger particles rise in the sea of the smaller particles but
equally large light particles sink. Numerical simulations have
[8] reported a “condensation” driven segregation, and pro-
posed a theory to determine the crossover from the BNP to
RBNP based on the competition between the percolation and
condensation of hard spheres. This phenomenon has been
experimentally realized by Ref. [9] (see references therein
for the controversy on experimental realization of the phe-
nomenon).

Recent experiments revealed another interesting phenom-
enon in vibrated granular mixtures. It has been observed
[10,11] that equipartition of energy does not apply in a vi-
brated granular mixture of same size but different mass.
They have also observed that the mass difference has a stron-

1539-3755/2005/72(2)/021305(9)/$23.00

021305-1

PACS number(s): 45.70.—n, 64.75.+g, 81.05.Rm, 45.05.+x

ger effect on nonequipartition of energy than the difference
in the coefficients of restitution of particles. Apart from the
experiments and simulation focused mainly on the segrega-
tion, there are a number of studies where the details of dif-
ferent microscopic and macroscopic properties of a binary
mixture is studied for both vibrated and shear flow
[12-14,18]. The reader is referred to Refs. [12,14] and refer-
ences therein for further details.

There are two areas of focus in the present study. The first
is the “rise” of larger particles observed in a background of
smaller particles when the smaller particles are in a fluidized
state. The reason for this rise is very different from the per-
colation and circulation effects, and is due to the equilibra-
tion of the larger particle in a decreasing pressure gradient
created by the smaller particles as reported in Sisodia and
Wassgren [19]. We report the rise of the larger particle in a
back-ground of smaller particles in an experimental vibrof-
luidized bed, and compare the experimental results with the
results of a simple model.

Segregation in granular mixtures, which occurs when an
initially homogeneous mixture separates into its constituents,
is of great industrial interest, since solids handling and trans-
port constitutes a significant fraction of industrial operations.
While segregation has been widely observed in experiments
[7,15], the mechanisms leading to segregation are still poorly
understood. Segregation in binary mixtures has been ob-
served [16] in horizontally shaken granular layers, and it has
been observed that the onset of segregation has the features
of a continuous phase transition. It has been speculated [16]
that one of the reasons for segregation could be the attractive
force due to the excluded volume interaction between large
particles in a background of agitated small particles. Aumai-
tre et al. [17] observed clustering in a horizontally vibrated
monolayer of particles consisting of large discs and small
spheres. They showed that there is an asymmetry in the pres-
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sure experienced by the larger particles due to the excluded
volume effect, and also measured increases in the segrega-
tion velocity with the frequency of vibration. However, a
quantitative characterization of the excluded volume effect
was complicated by the frictional force between the particles
and the base. The second focus of the present study is the
attractive force between particles which leads to segregation.
This attractive force is determined from the pair distribution
function in a two dimensional vibrofluidized bed, and this
provides conclusive evidence that there does exist an attrac-
tive force at the microscopic scale. The magnitude of the
attractive force is determined from the pair distribution func-
tion for the particles, and not on the basis of the macroscopic
segregation phenomenon. A model, similar to that for the
entropic aggregation in colloidal suspensions, is developed
for this phenomenon.

In the case of the excluded volume attraction, we examine
the analogy between a thermal equilibrium system, which is
a pair of large particles in a background of small particles
fluctuating due to thermal energy, and a driven system,
which consists of a pair of large particles in a background of
small particles fluctuating due to external driving by a vibra-
tor. There are two aspects to this analogy. The first is the
calculation of the potential due to the excluded volume in-
teraction. The potential U due to excluded volume effects
can be calculated using mechanical force balance arguments
[20] as described above. The second aspect is the increase in
the pair distribution function due to the potential. In a dilute
system of particles with pair potential U, thermodynamic ar-
guments can be used to show that the pair distribution func-
tion at contact is
exp(-U/T), where T is the thermal energy (product of the
Boltzmann constant and temperature). If the system consists
of hard spheres which have a weak attractive potential, the
pair distribution function at contact is that for hard spheres
multiplied by a factor exp(—U/T). In the present experiments
and simulations, we examine whether a similar relation ap-
plies for the driven system, where the fluctuating energy of
the small particles is due to external driving, instead of ther-
mal fluctuations.

II. EXPERIMENTAL AND SIMULATION METHODS

A mixture of particles of two different sizes, spheres of 5
mm diameter, and disks of 10 mm diameter, are confined
between two glass walls separated by a distance of 6 mm and
thickness 200 mm, and these are fluidized by a vibrating base
(Fig. 1). The larger disks are designed so that the masses of
the spheres and disks are comparable, and the friction be-
tween the glass wall and the disks is negligible. This is
achieved by making the thickness larger near the outer edge
and smaller at the center, as shown in Fig. 1(b). This reduces
the mass of the disk, and the area of contact between the disk
and glass walls. In addition, the thickness of the disk at the
rim is slightly smaller than the distance between the glass
plates, so that the disks are confined to move in the direction
perpendicular to the glass plates. The particles are set into
motion by a steel base plate of 5 mm thickness and 200 mm
length, attached to a vibrator (Syscon instruments). The vi-
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FIG. 1. Schematic of the setup (a) and the shape of the discs (b).
In order to reduce the mass of the disks, a central annular portion of
the particle is turned out. All dimensions are given in mm.

brator can operate between 1 Hz and 1 kHz and the maxi-
mum amplitude is 12 mm, but the amplitude decreases as the
frequency increases. The motion of the particles is filmed
using a high speed camera (Weinberger SpeedCam Pro-lt)
which can film at a maximum speed of 1000 frames per
second with a spatial resolution of 512X 512 pixels. The
normal particle-wall coefficient of restitution, obtained by
dropping a ball on the horizontal surface and measuring the
pre- and postcollisional velocities, was found to be 0.9+0.02
(95% confidence level). This coefficient of restitution was
used for particle-wall and particle-particle collisions in the
simulations.

The simulation of bi-disperse particles basically follows
the hard sphere event driven (ED) simulation technique dis-
cussed in standard references [21,22]. The ED simulation
scheme consists of a streaming and a collision step. In the
streaming step the time required for the next collision is
calculated based on the current particle positions and veloci-
ties, and the positions are advanced along ballistic trajecto-
ries up to the next collision. In the collision step, the velocity
of the colliding particle is updated following the collision
rule.

The number of larger disks is fixed at 5, so that there is
very little direct interaction between the larger disks, and the
interaction is mediated by the smaller spheres. The number
of smaller spheres is varied in the experiments, and the am-
plitude and frequency of vibration is maintained at 0.85 mm
and 30 Hz, respectively. The density, mean square velocity,
velocity distribution function, and the pair distribution func-
tion are determined using image analysis for each species.
The results obtained from the experiment are verified with
the results obtained from the simulations.

The amplitude and frequency of vibration were main-
tained at 0.85 mm and 30 Hz in the experiments. The experi-
ments were carried out for a fixed diameter ratio (0.5) and
mass ratio, (0.65) of the spheres and disks, both of which are
made of steel. The size and mass ratios could not be varied
easily in the experiments due to limitations in fabrication.
However, the experimental results were verified with two
dimensional event driven simulations, and results were also
obtained from simulations for the cases where the mass ratio
is 1 and the diameter ratio is small, as well as for cases where
the diameter ratio is 1 and the mass ratio is small. The num-
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TABLE I. Parameters involved in the experiment. N: total num-
ber of small particles; Ny: total number of the large particles; ¢:
ratio of the small particles to the total number of particles; N,:
number of particles per unit width (m™").

N, Ny ) Niys

N,/N, m!
25 5 0.833 125
50 5 0.9090 250
75 5 0.9375 375
100 5 0.952 500
125 5 0.9615 625
150 5 0.9677 750

ber of larger disks was fixed at 5 in all the experiments, to
ensure that there is very little direct interaction between the
disks, while the number of smaller particles were varied in
order to vary the density and temperature profiles of the
smaller particles. The numbers of large and small particles
used in the experiment are shown in Table I. In order to
validate the technique used for obtaining the density profiles,
the local number density (number per unit area), obtained
from the area fraction profiles, were integrated over the
height of the bed to calculate the number of particles per unit
width. This was then compared with the number of particles
inserted into the bed and the difference between the two was
less than 0.1% of the number of particles.

III. RESULTS AND DISCUSSION

Figure 2 shows the density profiles of both the compo-
nents in the mixture. The smaller particles show an initial
increase and then an exponential decrease in density with
height from the bottom vibrating wall. The density profiles
for the larger particles also show the similar nature when the
number of the smaller particles is small. However, the profile
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FIG. 2. Density profiles for both types of particles, obtained
from simulation and experiment. The number of big particles is
5 and the number of small particles is varied, (a) Ny,=375, (b)
N,=625. The vertical line marks the mean position of the big
particles. (+) and (X) represent the experimental data for small and
big particles, respectively, and (—) represents the corresponding
simulation results.
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FIG. 3. Density profiles obtained from simulation (lines) and
experiments (points) for different number density of the smaller
species for mass ratio 0.65. (O) and (—) Ny, =375, (®) and (— —)
N,s=625.

changes significantly as the number of smaller particle in-
creases. Figure 2 compares the density profiles of the indi-
vidual components obtained from experiment and simula-
tion. A good agreement between the results of the simulation
and the experiments is observed with no adjustable param-
eters. Density profiles for the smaller particles obtained from
the simulations are plotted in a log-linear scale in Fig. 3. The
experimental data could not be obtained at greater heights
due to the lack of samples for statistical sampling. However,
the simulation data clearly shows that the profile tends to a
vertical line on a log-linear scale as height is increased, in-
dicating that the density decreases exponentially with height.

We now compare the temperatures in the vertical and
horizontal directions, which are the products of the masses
and the mean square velocities, of the components in the
mixture obtained from experiments and simulation. The ve-
locity distribution and different moments of the velocity dis-
tribution are obtained by averaging over 10* frames. Figure 4
shows the temperature for the small particles, scaled by the
small particle mass, which is equivalent to the mean square
velocities of the small particles, obtained from the simulation
and the experiment for two different cases. The results ob-
tained from experiments are in good agreement with the re-
sults obtained from the simulation. The temperatures of the
small and large particles obtained from simulations were also
compared with each other. It was not possible to obtain the
temperature of the larger particles as a function of height
from experiments, because the number of large particles was
too small to obtain reliable averages. However, the tempera-
tures could be obtained from simulations, as shown in Fig. 4.
The simulation results show that both species have tempera-
tures close to each other, because the coefficient of restitu-
tion is close to 1 and the particles are nearly elastic.

In Fig. 2, the density profile for the larger and smaller
particles are shown as a function of height scaled by o, the
diameter of the small particle. In this case, it is seen that the
mean height of the larger particles, indicated by the straight
line, is larger than the mean height of the smaller particles,
indicating that the flow results in an upward segregation of
the larger particles. This is seen more clearly in Fig. 5, where
the density profile of bigger particles is shown for different
number densities of smaller particles. It is observed that
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when the density of the smaller particles is small, the density
profile of the larger and smaller particles are qualitatively
similar. However, when the density of the smaller particles
increases, the mean position of the larger particles shifts up-
ward, resulting in a segregation.

That larger particles have a tendency to “rise” in a vi-
brated granular mixture is a well studied problem and is
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FIG. 5. Density profile of big particles for different number
density of small particles, the number of the big particles is kept
constant. (+) Ny=50, (X) Ng=75, (*) N,=100, ((0) N,=125, (H)
N,=150.

known in the literature as the “Brazil nut” phenomenon. Ear-
lier studies [1-6] deal with the system with low temperature
and/or with the systems where the small particles are in a
convective motion. The cases that are presented here fall in
neither of the above categories, but is due to the equilibration
of the larger particle in the decreasing pressure gradient of
the smaller particles, as reported by Sisodia and Wassgren
[19].

The rise of the larger particle can be explained using a
force balance on the large disk. It should first be noted that
the density of the smaller particles first increases and then
decreases with height, while the temperature first decreases
and then attains a constant value. Therefore the pressure,
which is the product of the density and temperature in the
limit of low density, decreases with height. If a large particle
is placed in the background of decreasing pressure, the pres-
sure on the lower surface is larger, on average, than the pres-
sure on the upper surface, and there is a net upward force due
to the effect of the small particles. The equilibrium position
of the larger particle is the position at which this upward
force balances the weight of the particle,

my
Fpup=| dSpn-e,——g. (1)

mS
In the above relation, all the quantities are nondimensional-
ized with the mass of the small particles, and this explains
the mass ratio (m,/my) in the second term on the right side.

021305-4



BRAZIL NUT EFFECT AND EXCLUDED VOLUME ...

6

T T 1
60 80 100 120 140 160

FIG. 6. Average height of the large particles scaled by the di-
ameter of the small particles (z./ o) as a function of the number of
small particles. The solid lines show the results when the ratio of
masses of the small and large particles is 0.65, and the broken lines
show the results when the ratio of masses is 1.0. O: results of
experiments and simulations; A: results obtained using Eq. (1) in
which the density profile is assumed to be exponential, and the
temperature is calculated from the slope of the density profile (ob-
tained from simulation) in a log-linear plot in the limit of large
height; V: results obtained from Eq. (1) using the actual density and
temperature profiles from simulations.

It should be noted that there is an average force only when
the number density of the smaller particles is large, so that
the larger particle experiences many collisions within a time
period comparable to the relaxation time of the particle. Con-
sequently, this effect is not observed when the density of the
smaller particles decreases, and the frequency of collisions
decreases.

The net upward force on a particle was calculated by two
different methods. The first is to assume that the density
profile is given by an exponential function (shown in Fig. 3),
and use this to determine the pressure at the surface of the
large particle and the net force. The temperature in the expo-
nentially decaying region was determined by calculating the
slope of the density profile on a log-linear plot, of the type
shown in Fig. 4, and equating this to (—g/T). The second is
to use the numerical results of density and temperature pro-
files from simulations for calculating the pressure profile,
and the net force. The results of the calculation were also
compared with the results from experiments and simulations.
The results of experiments and simulations are not provided
separately, because the results are in agreement, as shown in
Fig. 2. The mean position of the larger particles are shown in
Fig. 6 for different numbers of the smaller particles. It is
observed that the prediction of the mean position from a
force balance and the mean position obtained from the simu-
lations are not in a very good agreement, and there is a
difference of about 10-30 % between the values predicted by
the model and that obtained from simulation except for the
first case. The result for N;=50 is not provided in Fig. 6,
because the mean position of the large particles is very close
to the bottom, as shown in Fig. 5, and the pressure profile
due to the smaller particle does not decrease in this region.
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FIG. 7. Average height of the large particles scaled by the di-
ameter of the small particles (z./0,) as a function of the mass ratio
of the particles when the number of smaller particles is 125. O:
results of experiments and simulations; A: results obtained from
Eq. (1) using the actual density and temperature profiles from
simulations.

It is to be noted here that the ratio of the mass of the
smaller particles to that of the larger particles in the experi-
ments is 0.65, and this could not be easily varied due to
limitations in fabrication. Some of the disagreement in Fig. 6
could be because the larger particle, being heavier, has an
average position near the bottom of the bed where the den-
sity of the smaller particle is a nonmonotonic function of
height, thereby making equilibration difficult. It was difficult
to carry out experiments with particles of equal mass, due to
limitations in fabrication. However, simulations were carried
out for particles with equal mass and different sizes, and
these indicate that the mean position of the large particles is
higher than that in the previous case. This is because the
masses of the larger and smaller particles are equal, and the
buoyancy force is larger than for the case where the smaller
particles are lighter than the larger ones. The force balance
calculations were repeated, and the results from the are
shown in Fig. 6. It is observed that the agreement between
model predictions and simulations improves when the mass
ratio increases, and the height of the center of mass in-
creases. This is also shown in Fig. 7, where the variation of
the position of the center of mass is shown as a function of
the mass ratio when the number of small particles per unit
width is 125. It is observed that the agreement between
model predictions and simulations improves as the mass ra-
tio is increased, and the height of the center of mass in-
creases.

From these studies, it is evident that the net upward mo-
tion of a larger particle in a mixture at high “temperature” is
caused by the pressure gradient of the smaller particles.
However, there is good agreement between model predic-
tions and simulation only when the mass ratio of the larger
and smaller particles is relatively high, so that the large par-
ticle equilibrates at a height where there is a decreasing den-
sity (and pressure) profile for the smaller particles. The
agreement also becomes poor as the number of smaller par-
ticles is decreased, because the pressure decreases as the
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FIG. 8. Schematic of the excluded volume attraction in colloidal
particles, showing the overlap between exclusion surface with ra-
dius R+R; around a colloidal particle of radius R and the cross
sectional area S of the excluded volume. The attractive force be-
tween the particles is the osmotic pressure due to the polymer times
the surface area S.

number density increases, and the pressure is not sufficient to
balance the weight of the larger particles.

The area fraction profiles have multiple peaks, and the
area fraction is close to 0.6 at the bottom of the bed. How-
ever, at the location of the peak of the density profile of the
large particle, the area fraction of the small particle is small,
so the rise of the large particle to this height cannot be due
to the usual Brazil-nut mechanism. Even when the number of
small particles is the lowest (375), the area fraction of the
small particles at the location of the maximum of the large
particle density profile is only 0.25, and this further de-
creases as the number of small particles per unit area is in-
creased. Though the system is dense at the bottom, there are
no extended contacts and the system is definitely in the rapid
flow regime at the location of the maximum of the density
profile of the large particle.

IV. PAIR DISTRIBUTION FUNCTION

The excluded volume attraction between colloidal par-
ticles in a polymer solution has been well studied, and has
been explained on the basis of the exclusion of the polymer
molecule from the region between the particles when the
distance between the particles is less than the radius of gy-
ration of the molecule. This force is usually referred to as the
“entropic attraction” force due to the increase in the volume
available to the polymers when the distance between the col-
loidal particles is less than the radius of gyration of the poly-
mers. However, the original explanation put forth by Asakura
and Osawa [20] for the excluded volume attraction force was
a dynamical argument which made no reference to thermo-
dynamic principles, and it is useful to revisit this argument
and show the analogy with the present system. Consider a
colloidal particle of radius R in a dilute polymer solution, in
which the polymer molecules have radius Rg, as shown in
Fig. 8. The colloidal particles have a spherical “exclusion
surface” of radius (R+R) for the polymer molecules, and
the centers of the nonadsorbing polymer molecules cannot
enter this surface. If the distances between the surfaces of the
particles is less than the radius of gyration of the polymer, so
that the exclusion surfaces overlap, the polymer is excluded
from the region between the particles. In this case, there is no

PHYSICAL REVIEW E 72, 021305 (2005)

osmotic pressure due to the polymer on the surfaces from
which the polymer is excluded. However, there is an osmotic
pressure on the outer surfaces where the polymers surround
the particles. Therefore there is a force of attraction which is
just proportional to the osmotic pressure times the cross sec-
tional area S of the region from which the polymers are
excluded. The potential is then calculated by integrating this
force with respect to distance.

A similar argument can be used for the vibrated granular
material, except that the pressure in this case is not the os-
motic pressure due to the polymer, but the pressure due to
the fluctuating velocity of the smaller particles. If the dis-
tance between the surfaces of the larger particles is smaller
than the diameter of the smaller particle, the smaller particles
are excluded from the region between the larger particles,
and there is no pressure due to the smaller particles in the
region between the larger particles. There is a pressure, how-
ever, on the outer surfaces due to the smaller particles, and
this causes an attractive force. If the pressure due to the
smaller particles were a constant, the force would be just the
product of the pressure and the area of cross section of the
region from which the smaller particles are excluded. Since
the pressure is not a constant, a slightly more complicated
calculation is required to extract the force. The attractive
potential is then obtained by integrating the force with re-
spect to distance. Finally, it should be noted that the present
configuration is two dimensional, so that the equivalent of
the surface area S for colloidal particles is just a line segment
(denoted by 4 in Fig. 11) in two dimensions.

In this section, we analyze the pair distribution function
for the large particles in a background of small particles. For
a homogeneous system, the pair distribution function g(r) is
defined such that p?>g(r,,r,)dr,dr, is the probability of find-
ing a pair of particles in the differential volumes dr; and dr,
about the locations r; and r,, respectively. Here, p is the
number density (number of particles per unit volume). For a
system at equilibrium in which the interaction potential is
pairwise additive, all thermodynamic properties can be ex-
pressed in terms of the pair potential [23]. The pair distribu-
tion function is only a function of the distance between the
centers of the particles r=|r,—r,| for spherically symmetric
particles and for an isotropic medium, and is referred to as
the “radial distribution function.”

In the point particle approximation, where the volume
fraction of the particles is very small, the radial distribution
function is equal to 1 and is independent of the distance
between the particles if the particles do not have any attrac-
tive interactions. At higher volume fraction, for hard disks
and spheres in the absence of attractive interactions, the ra-
dial distribution function at contact (when the distance be-
tween the particle centers is equal to the particle diameter)
increases, and is well approximated by the Verlet-Levesque
[24] pair distribution function,

1-7v/16

gu(r=0)= nEra (2)

where v is the area fraction in two dimensions. In the pres-
ence of attractive interactions, however, the pair distribution
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function at contact increases. For an equilibrium system, the
radial distribution function is related to the pair potential
energy in the dilute limit by [23]

g(r) = exp[- U(n)/T], (3)

where T is the thermal energy (product of the Boltzmann
constant and temperature) of the particles. In the presence of

attractive interactions, the pair distribution function is given
by

g(r=0) =gy (v)e V" (4)

where, gy;(v) is the pair distribution function at contact
given in Ref. [24] for the big particles in the absence of small
particles. Thus the pair potential U(o) at contact between
particles in the dilute limit can be inferred from the experi-
mentally measured radial distribution function at contact us-
ing Eq. (3). For the dynamical system under consideration,
we examine whether an equation of the type 3 applies, where
T is the mean square velocity of the particles, and whether
the measured pair potential U can be determined from simple
kinetic theory arguments. (Note that the mass of the small
particles is considered to be 1 without loss of generality, so

(rlos)
@

that the mass dimension in all variables is scaled by the mass
of the small particles, and the scaled potential has units of
the square of the velocity.) Since there are two components
in the present system, the pair distribution functions for the
large and small particles, g, (r) and g (r), are defined such
that g,,(r) is the probability density of finding a pair of big
particles at a separation distance r, and g(r) is the probabil-
ity density of finding a pair of small particles separated by a
distance r. As explained above, the focus of the analysis is on
the pair distribution function of the larger particles, but we
also examine the pair distribution function of the small par-
ticles to ensure that this is not significantly affected by the
large particles.

The pair distribution function for the particles were cal-
culated from the experiments as follows. The bed is divided
into smaller bins in the vertical direction and the density is
assumed to be uniform in that small strip, and the pair dis-
tribution function is calculated for each of these bins. How-
ever, since the number of the larger particles is small, the
pair distribution function for the larger particles was deter-
mined at the location of the maximum in the density profile,
and the pair distribution function was determined only as a
function of horizontal separation. Figure 9 shows the pair
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FIG. 10. Pair distribution function at contact for larger particles
obtained from the model (O), experiment (A), and simulation (V)
for different numbers of the smaller particles.

distribution function for the smaller particles at two different
locations, and the pair distribution function for the larger
particles when the number of smaller particles is 75. The
points show the results from experiments, and the lines show
the predictions of the Verlet-Levesque pair correlation func-
tion for a two-dimensional hard sphere fluid at equal area
fraction. The scatter in the plots provides an indication that
the error bar in the experimental result is about 15% of the
value of the pair distribution function, but despite this, there
is very good agreement between Verlet-Levesque pair corre-
lation function and experiments. The pair distribution func-
tion for the smaller particles is not very different from the
value expected for a gas of hard spheres at the local density,
indicating that the presence of the large particles does not
significantly affect the interactions between the small par-
ticles. However, the pair distribution function at contact for
the larger particles is significantly larger than that expected
for a gas of hard spheres of large particles in the absence of
small particles, indicating that the presence of smaller par-
ticles induces an attractive force between the large particles.
Figure 10 shows gy,(0;,) obtained from the simulation as
well as from the experiment, for different values of the num-
ber density of the smaller particles. It is observed that the
pair distribution function at contact increases as the number
of small particles is increased.

The large value of the pair distribution function at contact
is due to the excluded volume effect caused by the presence
of the smaller particles in the mixture and an attractive po-
tential for a solution of macromolecules with suspended par-
ticles has been predicted [20] due to the excluded volume
interaction. When two of the large particles approach each
other, their excluded volumes overlap, and the effective vol-
ume available for the smaller particle increases causing an
increase in the entropy and a decrease in the free energy.
This leads to an effective attractive force between the par-
ticles.

The system of present interest is not a thermodynamic
one, and we attempt to derive the attractive potential for a
two-dimensional hard disk mixture from force balance con-
siderations. There is an excluded area around the big particle
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Excluded volume

FIG. 11. Excluded volume and its overlap. The annular area
around the big particle is the volume excluded that is excluded to
the small particle and the area enclosed by the rectilinear lengths
b and h is the overlap area, where b=o0,+0,—a and h
=\(op+0,)*+d?, and oy and oy are the diameters of the large and
the small particles, respectively.

shown in Fig. 11 where the small particles cannot enter.
When two big particles approach, the excluded areas for two
particles overlap, as shown in Fig. 11. There is a difference
in force between the inner and outer half of the big particle,
given by ph, where p is the pressure exerted by the collisions
of the small particles with the large particle. The potential is
derived from the force by integrating over distance,

Ula) = ’ dx h(x)p, (5)

0'b+0'5

where p=n,T in the dilute limit, n, is the number of smaller
particles per unit area, and h(x) is the height of the excluded
volume region when the distance between centers is x, as
shown in Fig. 11. Note that U, is always negative, which
implies that the force is attractive. When the area fraction of
smaller particles is high, the pressure is given by the equa-
tion of state

p=nT[1+2vg(v)], (6)

where v, the are fraction of particles, and g,(v) is the pair
distribution function for the small particles at the area frac-
tion v, and is assumed to be of the Verlet-Levesque form
[Eq. (2)]. The temperature and area fraction in Eq. (6) are
obtained from the simulations. When the pressure is varying
with height, the potential energy is given by

a h(x)
Ua) = dxf dz p(z). (7)
opt+og 0

The pair distribution function at contact (at a=ay,) for the
big particles can now be evaluated. Since the density of the
large particles at the center of mass location is between about
0.1 and 0.2 (Fig. 5), the pair distribution function is calcu-
lated using Eq. (4), and the potential is calculated using Eq.
(7). The comparison between the simple model based on the
excluded volume attraction, experiment, and simulation are
shown in Fig. 10. It is observed that there is good agreement
between the model predictions and simulations at all values
of N, except for N,=50. However, for N;=50, it was ob-
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served that the location of the large particles is near the vi-
brating base, and this may be the cause of some disagree-
ment. In all other cases, it is observed the there is good
agreement between model prediction and experiment with no
adjustable parameters, though the density and temperature
profiles obtained from simulations have been used in calcu-
lating the pair potential. This indicates that the model accu-
rately captures the reason for the increase in the pair distri-
bution function.

V. CONCLUSION

The behavior of granular mixtures subject to vertical vi-
bration has been studied. Two interesting features have been
observed, the rise of the larger particles in a sea of smaller
particles and an apparent increase in the ‘“attraction poten-
tial” between two large particles. The rise of the larger par-
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ticle in a background of the smaller particles is due to the
difference in the force exerted by smaller particles on the top
and the bottom halves of the larger particles. The mean po-
sition of the larger particles is determined from the force
balance on the larger particles. The position obtained from
the simulation is in good agreement with that predicted from
the force balance treatment in most of the cases. However, in
the cases where the average height of the larger particle is
near the vibrating base, the agreement is poor. The increase
in the pair distribution function is attributed to the excluded
volume effect on the larger particles due to the presence of
the smaller particles and an expression for the pair distribu-
tion function is derived from the excluded volume consider-
ation. The model predictions are in good agreement with the
observations in experiments and simulation with no adjust-
able parameters when the number of small particles is high,
indicating that the simple model accurately captures the
physical mechanism for the attractive force.
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