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Radial mixing and segregation of a binary mixture in a rotating drum: Model and experiment

Leonid Prigozhif* and Haim Kalmah
Department of Applied Mathematics and Computer Science, Weizmann Institute of Science, Rehovot, Israel
2Department of Mechanical Engineering, Ben-Gurion University of the Negev, P.O. Box 653, Beer-Sheva 84105, Israel
(Received 10 April 1997; revised manuscript received 29 Septembep 1997

We studied mixing and size segregation of a binary mixture in a partially filled rotating drum. The proposed
mathematical model of material transport accounts for the free-surface segregation and predicts the evolving
nonuniform distribution of the mixture components. The theoretical distributions are in agreement with the
experimental data obtaine51063-651X98)14202-3

PACS numbeps): 81.05.Rm, 64.75:g, 46.10+z

[. INTRODUCTION be determined in a simple experiment.
By using the experimental data on size segregation of
Industrial bulk solids are usually nonhomogeneous and ibinary mixtures in a two-dimensional pile growing under a
is essential to control their spatial distribution and to reducepoint source(Drahun and Bridgwatefi2]), we identified the
the composition variability. The tendency of cohesionlesssegregation operator for the binary mixtures in which par-
polydisperse granular materials to segregate and, especialfjcles differ only in size[10]. The first test of our model was
the segregation of differing particles pouring down the freebased on comparison with another set of experimenf&]in
surface of a filling, plague the handling of bulk solids, al- In the present study we use the same constitutive relation to
though they are used sometimes for the separation of diffefredict the evolution of spatial distribution of particles in a
ent fractions. Because of its practical importance, freefotating drum, a device used in numerous operations with
surface segregation has been studied by many researchétglk solids. Although both the configuration and the material
(see, e.g.[1-3)). Recently, a great interest in the propertiesOf particles are different from those [&], a good agreement
of the granular state has led to many new publications of theoretical predictions and the experimental data has been
free-surface segregation in the physical literatide-6], see ~ achieved without any fitting of model parameters.
also review[7]).
Various aspects of segregation have been studied experi- Il EXPERIMENT
mentally and also numericall§e.g., by means of molecular
dynamics methodsNevertheless, it is still difficult to relate The mixer used in the experiments was a cylindrical ves-
guantitatively the characteristics of individual grains with thesel, 141 mm in internal diameter and 36 mm in length. It is
resulting distribution of species in a fillingee discussion in made of transparent plastic and is open at one end. Once the
[2]). particles were introduced into the mixer, the open end was
The difference in the repose angles of mixture compo-covered with a clinging nylon filnfsuch as is often used for
nents has been chosen[i] as the macroscopic parameter food sealing. The mixer was then placed vertically and ro-
entirely determining segregation. However, such models artated slowly. Experiments were carried out with binary mix-
unable to describe size segregation: although the mixtures afires that filled out various portions of the drum and con-
particles differing only in size show the strongest tendency tdained various weight ratios of two sizes of spherical
segregate, their components have the same angle of reposarticles,d;=1.37 andd,=2.51 mm, with standard devia-
[9]. The angle of repose of a mixture may reflect variationstions not exceeding 5% in both cases. All particles were
in the bulk composition but these variations seem in mostnade of zirconium oxide with a material density of 4.14
cases a consequence rather than a cause of segregation. g/cm?®. The material dynamic angle of repose, measured after
A practicable macroscopic model of granular body forma-a typical avalanche, was about 27°-28°; the incline of the
tion that is able to account for free-surface segregation cafree surface before an avalanche was usually between 30°
be derived by combining a material-independent mathematiand 35°.
cal model of mass transfer with a phenomenological consti- There was no sliding of granular material at the drum
tutive relation, or aroperator of segregatiofl0]. The op-  walls. The particles rotated with the drum until they arrived
erator of segregation relates the granular materiaht the vicinity of the inclined filling surface, they then poured
composition in surface flow to the composition of the layerdown this surface and were once more trapped into a rotating
generated at the surface of a growing pile or filling. Thisbulk. The surface flow took place in a thin boundary layer
constitutive relation depends only on the mechanism of seg2-4 particle diameters in thickngsasnd occurred either in
regation that is specific for a given type of material, and caravalanches or continuously, depending on the speed of rota-
tion.
Some of the experiments were conducted for a qualitative
*Present address: CEEP, J. Blaustein Institute for Desert Re&somparison of the observed rotation-induced evolution of a
search, Ben-Gurion University of the Negev, Sede Boger Campugjiven distribution of differently colored granules with the
84990 Israel. Electronic address: leonid@bgumail.bgu.ac.il results of computer simulation of mixing and segregation. In
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again trapped into the rotating bulk. At a low rotation speed,
the pouring of particles down the free surface occurs in ava-
lanches. As the speed increases, the time intervals between
avalanches become shorter, and then a continuous surface
flow regime is establishe@ve do not consider the centrifu-
gal regime at very high rotation spegds

Using simple, purely geometrical argumentation, Met-
calfeet al.[11] were able to analyze the avalanche mixing of
equal but differently colored granules. The situation is more
complicated if the particles differ in size. The fines easily
find a niche at the lower part of the free surface where they
are trapped. The larger particles have to roll down further.
The resulting distribution has a higher concentration of fines
in the central part of the filling. This radial segregation,
which appears already at the beginning of rotation, is the
main issue of our work. We do not consider axial segrega-
TRANSPARENT tion, which can also become significant after tens or hun-
DRUM WALL dreds of revolutiongseeg[5,6]), and, therefore, limit our con-
sideration to a two-dimensional cross section of the drum.

Mixing and segregation occur in both avalanche and con-
tinuous regimes of surface flow and, in our opinion, the in-
Tluence of avalanches on the distribution of particles is some-
3times exaggerated. Mathematically, the modatl] of
avalanche mixing in a rotating drum is a finite difference
approximation of a simple continuous flow mixing model.

ese models yield similar results if the difference between

FIG. 1. Sampling procedure.

other experiments, which started from an approximately uni
form initial distribution of species, the drum was rotated
number of times until the evolving nonunifordue to seg-
regation) radial distribution of large and small particles
looked stable. Then the drum was stopped and samples w

taken from several locatiorithe method is similar to the one surface incline angles before and after avalanc¢hesaram-

usedh by Alonlscet al. [3]21' ol hen the drunte" In @valanche mixing modéb small; see alsfil2]. Simi-
The sampling procedure was as follows. When the drun, - 5ithough the surface flow in experimefigd occurred

was stopped, an incision was made in the nylon film wall,, 5,4 1anches, the continuous moftEd] was able to predict
along and just above the line of the bed surface. It was dong\o (g 1ting size distributions of particles in a pile. More

only after a rigid plate was fastened to the open side of th portant than the continuous or intermittent character of

drum, its edge reaching the free surface line. A rectangulag, e fiow is the confinement of this flow to a thin bound-

metallic piece was introduced through the incision into theary layer. This latter assumption is usually valid for ava-

mixer and flexible material was inserted between the rectan; -has and for continuous surface flows as W&l Only at
glular ple((:je andl_thheldrum wall in ohrder o _f'r the FIJIIe(f:'I'e IN tSpigher rotation speeds does the layer of particles pouring
place and to slightly compress the particles. Al this WaSqown the free surface become thick so that the necessity for

dlone (jtohprgvent "the n:jotion olf particleskwhenﬁthe r:jru(rjn 'Sines to percolate through this layer to the bulk surface can
placed horizontally and samples are taken. After the druny.;; segregation2]. Henceforth, we neglect this phenom-
was placed horizontally, the sampling circular plétehich

h . | o th Ldi ¢ th enon.(A much more complicated model of transverse flow
ad a diameter equal to the external diameter of the drum, g peen recently proposed and used in simulation of mixing
thickness 20 mm, and contained holes 22 mm in diameter g o 3] hut differently colored granul§s3]. Further evalu-
the specified distances from the cenhteas placed upon the

d . hi d L th | . fation and generalization of this model for simulating segre-
rum(Fig. ). T IS was done to control the exact location o rgation in a thick surface flow layer would be interestjng.
the samplers which were made of a copper pipe with a

| di 50 . | di 5 q Because of the stochastic nature of granular flow, Met-
external diameter 22 mm, internal diameter 20 mm, and e et al. [11] simulated the surface transport of differently

height 61 mm. The samplers were closed on one side angyreq particles using a random map. However, the ob-
their walls sharpened on the other. The samplers wer&

hed d h h the hol fth i lind erved material distributions are stable and reproducible. A
pushed down through the holes of the sampling cylinder ang .o, deterministic macroscopic mode0] allows us to

through the clinging film into the bed of particles until they 50 jlate these distributions also for a polydisperse material.
reached the opposite drum wall. In this manner the particles

were separated into the samplers and between them. After all
the samplers were introduced, the drum was turned upside

' A. Equations of mass transport
down and particles from each sample were screened.

Let a mixture contain two types of approximately spheri-
cal particles, having the same mass density but different di-
ametersd; andd,. We neglect the dependence of the bulk

Let a drum, partially filled with granular material, rotate density and repose angle on material composition; the perco-
around its axis which is horizontal. The particles in the drumlation of small particles through the bulk of material is also
participate in collective solid rotation and, reaching the fill- neglected. This is justified if the particle sizes are not too
ing surface inclined at about the angle of repose, pour dowdifferent. We suppose the free surface of a filling is initially
this surface and get mixed on the way. Then they are oncBat and, as the rotation starts, becomes inclined approxi-

Ill. SIMULATION OF MIXING AND SEGREGATION
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Determining the composition of new layers<'( at
0=<s=<a) is generally the nontrivial part of this model. Using
Eq. (3) we find first the concentrations of the surface flux at
the points=0:

) ) 2 (0 )
KIOZKI_,_(O,t)Z—gf_aSKI_(S,t)dS. (5)

If there is no segregation, these should also be the concen-
FIG. 2. Rotating drum. trations in a new layers'_= «} in (0,a). This is the case for
. _ differently colored particles witll,=d,. Using a finite dif-
mately at the angle of repose and remains statiofig-  terence approximation, we solved numerically E@®.and
tuations caused by avalanches are neglectd also as- (5 with an appropriate initial condition to simulate the mix-
sume that all mixing and segregation occur in a thin surfacg,q of nonuniformly distributed colored particles. The simu-
layer. L ) _ lated evolution of material distributions is similar to the one
Let k={rx"(x,y,1),k°(x,y,t)} be the time-dependent bulk opsered experimentallsee Figs. 3 and )4 It should be
composition of a filling in the neighborhood of a drum Cross-poted, though, that according to the model if the drum is
section point §,y), more than half full there exists a nonmixing rotating central
Wt k=1 (1) core consisting of particles Which never reach the fre_e sur-
' face. In practice, however, there is some erosion of this core
and the initial concentrationg'(x,y,0) be given. We denote because of the finite thickness of the surface flow layer. The
by Ki_(S,t) the concentrations in the filling surface layer and bed _surface in these pictures is horizontal because, before
by «', (s,t) the concentrations in the flux of material pouring maklmg fthe photograprgsl,_ wehrotated thed.d“!g‘ pack fat the
down the free surfaces(is the coordinate of a point at this angle of repose to stabilize the current distribution of par-

surface, see Fig.)2 tIC|$Sih | iti to k th tor of
If J(s,t) is the total surface flux at poird, the surface N e JEnere case I 18 epesoany o MW e opsiator 0

. . i . segregation which, provided the local composition of the sur-
flux of theith type of particles isc.. J, and the conservation X . s
) face flux is known, determines the local composition of a
law for each component may be written as

generated surface layek_(s,t)=S(x(s,t)). This phe-
ok, )=«"V,, —a<s<a (2)  nomenological constitutive relation characterizes the mate-
rial tendency to segregate, a property specific to the granular
state of matter. While it seems difficult to obtain this macro-
scopic relation theoretically by analyzing the chaotic surface
flow of a mixture of particles, the segregation relation can be
determined in an experiment. Below, we describe briefly the
- O ) identification procedure used [i0] to find approximately
V=w(y,—x) and it is easy to show that,= — ws. Adding  the constitutive relation governing the free-surface size seg-
Egs.(2) for i=1,2 and taking into account that Ed) holds  regation of binary mixtures. Since composition of such a
also for bothx_ and«.. , we arrive at the equation for total mjxture is determined by the concentration of only one com-

surface flux:dsJ=—ws. Since at the poins=—a the flux  ponent, the operatd® becomes a function:
must be zero, the solution &= (w/2) (a?— s?). The balance

equation(2) can now be written as Kl = S(Kﬁ), K2 = 1_3(,&)_

whereV is the velocity in the rotating bulk an¥f,, is the

value at the free surface of the component\7oh0rma| to
this surface.
Let o be the angular velocity of rotation. Then

[ 2 2\ — i
Oslrcs (@%= s} 28K @ Provided the segregation function is known, computing
At the upper half of the free surface,_ is the composition the material distribution is not difficult. The midpoint flux
of a bulk layer that has just arrived at this surface and is to béoncentrationk; serves as the initial condition for ordinary
destroyed by pouring. This composition is known initially, differential equation(3) for % on the interval (@) (with
since the initial composition of the bulk is given. The mate-time being a parameter We can write this equation as
rial of this layer feeds the surface flow, the composition ofdg{k* (a?—s?)}=—2sY«") and solve it by dividing vari-
which determinegwe will discuss this belowthe material ables:
distribution in a new layer generated at the lower half of the
free surface:k_ for O<s<a. This latter distribution pro- (s du s\?2
vides the boundary condition for mass transport equations f —In{ 1—(5 ] Osss<a. (6

K(]j U_S(U)_

RV y I
Gue+V- V=0 @ Each step of the numerical simulation should consistlpf
describing the rigid solid rotation of the bulk. Equatiofy ~ determining the midpoint flux concentratiag from Eg. (5);
can be used to find the material compositiorand, in par-  (2) calculating the flux concentratiogt (s) for 0<s<a us-
ticular, «' at —a<s=0 also fort>0. This closes the model ing (6); (3) finding the new surface layer composition
for mass transport. k* =S(kl) for 0<s=<a; (4) rotation at a small anglg step
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O

FIG. 3. Mixing of differently colored identical particles. Left— FIG. 4. As in Fig. 3; the drum is 75% full.
computer simulation, right—experimer. is the number of revo-
lutions. The drum is 36% full. cially constructed apparatu§ig. 5. Some of these experi-

ments have been performed with a mixture in which one of
the components, let us call it type 1, was present in small
amounts(a tracey. It has been found that in such experi-

ments the mean tracer position is not affected by the type of
B. Size segregation material and depends linearly on the diameter ratio for

The surface size segregation of a binary mixture has bee4<d;/d,<1.6:
studied experimentally by Drahun and Bridgwaf2f who d
measured the distribution of particles along the slope of a @~ e
; ! . ! ! 0.5+0.8 1. )
two-dimensional pile formed under a point source in a spe- a dz

in the finite difference approximation of E¢)] to obtain
the new distribution of species in the drum.
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Dashed lines—linear approximations, solid line—interpolation.

FIG. 5. Schematic diagram of Drahun and Bridgwater’s appara- ) ] ] )
tus. Therefore, if the source concentration of type-1 particles is

low, a good approximation foS is S(x)=Cyxl with
Almost all tracers are concentrated under the source point d€,=C(d;/d,) as determined by Eq(10). On the other
near the opposite side of a filling if the size ratio is less tharhand, if this concentration is high, the second component is a
0.4 or more than 1.6, respectively. tracer and the same model yielssxi)zl—cz(l—xi),

Correlation (7) can be used to identify the segregation whereC,=C(d,/d,).

function. It is easy to see that for the configuration in Fig. 5 Furthermore, for a fixed size rati§, should be a smooth
the surface flux is proportional toa—s, and so, instead of monotone function ok’ . A smooth monotone interpolation
Eq. (6), the theoretical distribution of particles in the appa-that takes into account this function behavior in two limiting
ratus of Drahun and Bridgwater is described by the equatiogasegFig. 6) is given, e.g., by the parametric representation

K1+(s) du _ S
fl s =M a) ®)

)

kP=A,7?+B,7, k1=A_r*+B_r, (11

. . . . where 0,1] is a parameter and
WhereKcl) is the concentration of type-1 patrticles in the feed rel0] P

material. If these particles are tracers, their concentration is

small and we assun®(«*)~Cx?’ , whereC=C(d,/d,) is +:M, +:w,

an unknown constant which depends on the size ratio. Sub- C.i—C C.—C

stituting this relation into Eq(8) and integrating, we find the

density of spatial distribution of tracers A _2C,C,—C1 -Gy _2C4(1-Cy)
T Ci—Cy , - Ci—Cp

k1 (s) C( 5)01

Q==
J k! (s)ds
0

and the theoretical mean tracer position

(s) 1fa dse 1 g
2 al Mo ®
Equating expressiond) and(9) yields the relation
00 if d;/d,<0.4
1.6—d;/d, .
= — - < f 0.4<d;/d,<1.6
Cldi/d2)=1 §7d,—04 1702
0 if dy/d,=1.6,

(10

Although this may be only a crude approximation of the
segregation function, it takes into account all information at
our disposal. The proposed parametric representation is con-
venient also because using Edl) to change the variables

in Eq. (8), one finds the integral analytically and obtains an
algebraic equation in respect #gs),

r
o

where 7, is the only root of the second order equation
k% (7o) = kg in the interval (0,1). Numerical solution of Eq.
(12) allowed us to calculate, using E@.1), distributionsk*

and compare them with the distributions obtained by Drahun

and Bridgwater in experiments where both types of particles
were present in significant quantities. A good agreement of

1/(c11)( 1— 7 ) 1/(Cp—1)

S
i U

in which particles of type 1 are assumed to be tracers. Usintheoretical and experimental distributions has been obtained

thus specified segregation operator, we obtaifses[10]),

in all caseq10]. In the present work we use thus identified

for various size ratios, theoretical distributions of tracersoperator of segregation without any changes to predict the

which were close to the experimental distributiof®].

distribution of species in a rotating drum.



2078 LEONID PRIGOZHIN AND HAIM KALMAN 57

INITIAL DISTRIBUTION N=0.2 82

=y
>
=3
=1
./

80.

@
S

~

®

60 60

40 40

~
(2]

204 X 20

SMALL PARTICLES, %
SMALL PARTICLES, %

~ ~
o N
e e
~

SMALL PAETICLES, %
iy

)]
(]

66
80 0

2 4 6
NUMBER OF REVOLUTIONS

60.

40 FIG. 8. Concentration of fines in surface flow at the midpoint

(solid line). The oscillations decrease exponentially as the station-
ary material distribution is establishédashed lines—exponential
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than the proportion of fines in the drum: small particles, con-

FIG. 7. Evolution of the material distribution. Binary mixture Centrating in the central part of the filling, appear at the free
contains 70% of small particles, the drum is 20% full, particle di- Surface more frequently than the large ones.

ameter ratio is 0.64N is the number of revolutions. In the stationary state, the concentratichdepends only
on the distance from the drum axis and is equattoat the
C. Segregation in a rotating drum corresponding surface point. Lbtbe the distance between

the drum axis and filling surface(s)= \/(h?+s?, andF(s)
hand side of Eq(12) has to be modified because of a differ- be the intersection of the filling cross section and a circle
ent geometry: the integral in the left side of E6) has been Naving its center at the drum axis and radigs) (S_e? Fig.
already calculated using the substitution of the parametriﬁ)', By F(s) we denote also the area of this region; its calcu-
representatiori11). We obtain an algebraic equation in re- 'ation is elementary.

Comparing Eqgs(6) and (8), we see that only the right-

spect to parameter. Let f; be the total concentration of type-1 material in the
’ drum. Then
F\UCI=1) [ 1 7\ UCo—1) s\2
(?0 (1— To) :1‘<5> - (13 I3 (s)dF(s) _ 5kt (9)dF(s) 4
b JedF(s) F(a)—F(0) -

and, solving it numerically for &s<a, find the spatial dis-

tribution 7= 7(s). As in Eq. (12), the value ofr, is deter- If the drum is less than half fulk-(0)=0. OtherwiseF(0)
mined by the relation! (7o) = 3. In this case, however, the 1S the area of the non-mixing rotating core. Strictly speaking,
“feed concentration”} is not givena priori and should be 1 Should be defined as the concentration of type-1 material
calculated from Eq(5). Each value of parameter deter- outside this core. However, this makes no dlffer_ence for our
examples below where the material is initially uniformly dis-
tributed. Parameter, completely determines(s), the solu-
%ion to Eq.(13). Using Eqg.(11), we can rewrite Eq(14) in
terms ofr and regard it as a nonlinear equation fgr Solv-

ing this equation numerically, we obtaif, 7(s) and, using
aEq. (11) once more, we get® (s). This determines the sta-

mines a unique point on the curwed =S(«!). Using Eq.
(11), we calculate the new surface layer concentraiiofs)

for 0<s<<a and are then able to simulate the rotation step o
the numerical algorithm described in Sec. Il An our re-
alization of this algorithm we used a parametric represent
tion for functionS, therefore it was convenient to solve Eq.
(6) in terms of parameter. If the dependence® =S(«!)
were given explicitly, Eq(6) could be equivalently solved
for kt ]

As an example, we present the results of a computer
simulation which began with a uniform initial distribution of
particles(Fig. 7). Time oscillations ofK(l), the surface flux
concentration of fines &=0, are shown in Fig. 8. The pe-
riod of these oscillations depends on the filled drum portion.
The amplitude is determined by the initial material distribu-
tion and decreases exponentially as the stationary particle
distribution is established. Note that thé values are greater FIG. 9. Cross sectiork (s) is represented by the shaded region.
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FIG. 10. Stationary concentration of fine particles as a function 100 ' :

of the total concentration of fines in the drum: 1—at the distance
r=04xR, 2—0.8R from the drum axis. Notations:O—
theoretical, x—mean experimental concentration of fines in the
samples. Short vertical lines connect the minimal and maximal ex-
perimental values of sample concentrations. The drum is 62% full,
particle diameter ratio is 0.55.
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tionary concentratior! everywherdeverywhere outside the
nonmixing core if it exists Note that the stationary radial
distribution of material in a, say, 20%-filled drum is the
same as in an 80%-filled drum outside the unmixing core.
Numerically calculated theoretical stationary radial distri-
butions have been compared with the experimental data ob-
tained by means of the sampling procedure described in Sec.

S
S
T

CONCENTRATION OF FINES, %
no
S

II. To make the comparison, we first calculated the radial 0 0'3 0'5 0'7 0'9
distributions of particles and then, integrating over the sam- ’ Y- T '

pler cross section, also the theoretical sample concentrations.

In the first series of experiments, the drum was £@% FIG. 11. Stationary distribution of fines. Drum fillin¢g) 56%,

filled, and the sampling plate was such that several sampleg) 39%. Total concentration 50%, particle diameter ratio 0.55.
could be taken simultaneously at each of the two distanceshick solid lines—theoretical distributions)—theoretical, x—
from the centery;=0.42R andr,=0.8R, whereR is the  mean experimental concentrations in the samples. Short vertical
drum radius. The total weight portion of fines varied fromjines connect the minimal and maximal experimental values of
10% to 90%. The calculated and experimentally determinedample concentrations.

sampler concentrations are very clggég. 10.

In the second series of experiments, the stationary spatigxperimentally. This model consists of material transport
distributions of fines were measured using the samplingquations, determined by the problem’s geometry, and an
plates which allowed us to take samples from locations abperator of surface segregation, a phenomenological relation
various distances from the center. The total weight concencharacterizing the segregation properties of granular mate-
tration of fines in all these experiments was 50%; the drunial. The operator of size segregation for a binary mixture has
was either 39% or 56% filled. The correspondence of theobeen identified if10]. In this work we employed this rela-
retical and experimental concentrations is also quite satisfagion, which is supposedly independent of geometrical con-
tory, see Fig. 11. o _ figuration, to simulate the size segregation of binary mixture
_ These results show that our mixing and segregation modeh a rotating drum. The calculated and experimental material
is able to predict the material distributions for various drumgisriputions agree well without any fitting of model param-
fillings and mixture compositions. Note that the size segregierg.
gation operator of a binary mixture in this model has been Obviously, our simplified model does not account for

|dent|f|eq using the Qata Obta'ﬂed for an en_tlrely dlﬁer(':'mmany factors that influence mixing and segregation. Thus we
geometric configuration and different materials. Therefore

th t obtained i that thi tor d @ssumed that the surface flow is confined to a very thin
€ agreement obtained confirms that this operator depen %undary layer. This limits the applicability of our model to
only on the particle diameter ratio.

slow rotation.(Similarly, the model of granular body forma-
tion [10] is limited to cases where the source discharge rate
is low.) Provided this condition is satisfied, it is less impor-

A theoretical model for mixing and radial size segregationtant whether the surface flow occurs continuously or by ava-
of a binary mixture in a rotating drum was derived and testedanches.

IV. DISCUSSION
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In this study we ignored the percolation of fines in the bulkstudied experimentally. As far as we know, no explanation of
of material, which can also lead to segregation. Generallythe wall effect has been presented.

such percolation is significant only if the fine particles areDespite these and other simplifications, our model succeeded
several times smaller than the large ones, or in the presenqe predicting the material distribution in a slowly rotating

of vibration. Since the diameter ratio was 0.55 in our experi-drum. This confirms the conjectufd0] that the material
ments, no significant percolation in a motionless bulk shouldjjstribution inside granular bodies formed under various con-
be expected. It is, however, possible that repeated revoliyitions can be predicted by a model in which the transport
tions of the bulk enhance interparticle percolation. . equations account for all “external” conditiorisuch as the
The axial segregation in our experiments was not entirelyeometrical configuration or the distribution of material
negligible: the bands containing a higher proportion of larg ources The segregation properties of polydisperse granular

particles could be observed near the drum ends after Oni?'waterial in such a model are characterized by a constitutive

15-20 revolutions, when the rotation was stopped and th : . ;
samples taken. The appearance of the first twopgxially segraelation(the operator of segregatipnwhich does not depend

gated bands at the drum ends has also been repor{&d, in on these external conditions and can be identified experimen-
where the interaction of axial and radial segregation wadally-
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