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Gravity-assisted segregation of granular materials of equal mass and size
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High-resolution segregation is demonstrated for elastic granular materials of the same mass and size. Each
grain starts at a randomly selected position in the entrance facet of a cylinder, accelerates downwards due to
gravity, and then bounces against a massive obstacle with a collision cross section that is proportional to the
facet size. Bounce dynamics of the falling grain is a function of its relative elasticity with the obstacle.
Subsequent collisions of the grain with the wall are assumed to be perfectly elastic. In the absence of inter-
particle collisions, grain focusing occurs at points along the cylinder axis. In the absence of rotation, focusing
occurs regardless of the initial locations afttbwnward velocities of the grains at the entrance facet. The
focus location depends only on the coefficient of restitution of the falling particle and the obstacle size. Grains
arrive at the focus in temporally localized bursts even if released simultaneously from the facet. Efficient
segregation is, therefore, achieved without additional mechanical ¢eaygk shaking, spinningn the system
configuration.
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[. INTRODUCTION segregation is achieved without additional mechanical work
(e.g., shaking, spinningon the system configuration which

Granular matter is encountered in many aspects of dailgonsists of cylindrical pipe of radilR. with its axis directed
life from food ingredients(e.g., sugar, cream, coffee, rice towards groundsee, Fig. 1. Located a distanck from the
grains, cereals, etc. medical tablets and capsules, facial entrance facet of radilR, is a massivespheroid obstacle
powders, to construction materialsand, gravel, cement of massM, and radiusR,, whose center is located on the
The possible sizes of granular materials encompass a wid&/linder axis. A grain of mas#l, (<M,) and radiusR,,
range of scale from the submillimetric silica sand grains toenters the pipe at a random position in the entrance facet,
meter-size rocks and boulders. accelerates downward due to gravity and collides with the

Granular matter is interesting because it could be consid-
ered as a new type of condensed matter that exhibit proper-
ties which are liquidlike, gaslike, and solidlik&]. Granular
materials could assume the shape of their container, support
a load (in the absence of confinemerdnd its component
particles do not exhibit noncontact interaction.

Rapid and accurate segregation and mixing are two im-
portant concerns when handling granular materials12].

The capability to separate or mix different granular materials
according to a desired specification has important applica-
tions in the service, utility, and manufacturing sectors of in-
dustry. Researchers have also found that a number of inter-
esting phenomena could arise depending on the mixing or
separation technique that is being utiliZ&q3,8,11.

Granular materials are usually separated according to size
or mass. Spatia(mesh filter is the most straightforward
method for rapid size separation. Grains of different mass or
size values may also be separated by spinning, shaking, roll-
ing, or sliding [8,10,11,13-1b Granular materials could
also be distinguished by their elastic property which be-
comes useful when dealing with grains of the same mass and \
size. Differences in elasticity between grains were found to
be suffic_:ient to rgsult.in the formation of patterns via shaking g5 1 Simple system for segregating particles of the same
along different direction$12]. _ _ _ mass and size but different elasticity. Particles are released at ran-

In this paper, we demonstrate a simple configuration tha§omiy chosen locations in the entrance facezat0, accelerate
permits the separation at high resolution, of grains of thejownwards due to gravity, and strike an obstructing spheroid of
same mass and size but different elastic properties. EfficienﬁassM0>Mg_ Center O of the spheroid is locatedzat H and its

spheroid radiusR,<R.. Since R.=R,, every falling particle
strikes the obstacle at least once. The dotted curve represents a
*Electronic address: csaloma@nip.upd.edu.ph typical trajectory of the particle.
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spheroid. The bounce behavior of the grain is influenced by A moving particle collides with a fixedmassive three-
its elasticity relative to the spheroid obstacle and can resullimensional obstacl® and the(outep wall W which are

to subsequentelastig collisions with the cylindrical wall  described by surfaced,(r)=0 andQ,,(r) =0, respectively.

and the obstacle at later times. The instances of collisiongt,} are time solutions to
In the absence of interparticle collisioR{—0), the con- Q(F(t))=0, or Q,(F(t))=0.

figuration leads to a natural focusing of the falling grains at In thi K hafi) E=ma. whered i )
points along the cylinder axis. The specific focus location, I this work we assume thati) F =mg, whereg is gravi-
depends only on the coefficient of restitution of the falling tational acceleration an@) System configuration consists of

grain and the massive obstacle. It is independent of the initif Cylindrical pipe and a massive obstacle of radyshat is

locations at the entrance facet. An efficient segregation pro2fiénted along the cylinder axiesee, Sec.)l The three-

cess is, therefore, realized without additional mechanicafiiMensional wall profile of the pipe is described by
work (e.g., shaking, spinninggiven to the system. To our Qu(P.Z,6)=p—p,=0, where:p,>R,. Two kinds of solid

knowledge such kind of systems has attracted minimal atter2Pstacles are considered—the spheroid and the cone which

tion since the Galton board which is a two-dimensional ar-2r€ described respectively by

rangement of pegs that resembles a crystalline strugiie
The focusing behavior of the falling grains are investi-

gated in both space and time. We compare the results that

obtained via a massive spheroid with that of an equally-

massive conic obstacle. The configuration at hand represents Qo(p,z,0)=ptanf+z=0. (3b)

a filter design that is economical, efficient, and easy to main-

tain. The segregation dynamics that is determined could also For the cone, we have<R, and # as the angle of the

provide new insights into the behavior of complicated realcone with respect to the horizontal. Figure 1 shows the geo-

Qo(p,z,0)=p?+2>—R%=0 (33

systems such as cascading rocks and debris. metrical configuration for the case of a spheroid obstacle.
The rest of the paper is organized as follows: In Sec. Il we
present a derivation of the governing equations of motion of B. Numerical implementation

the falling grain and the results of the numerical experiments h , ¢ themth fali il _ ,
are presented and analyzed in Secs. Il and IV, respectively. 1he trajectory of themth falling particle R;=0) is
tracked using Eq(1) in the case of a uniform force field
Il. FORMULATION =mg, until it crosses a certain transverse plarez, down
the pipe where inderkn=1,2, ... M. The most recent posi-

A. General tion of a particle is given by
The trajectoryr=r(x,y,z,t) of a point particle that is

under the influence of forc& and which undergoes K
number of collisions during flight, is described by

Fmg+1="mgT Umqdt+0.558t2, (4)

wherer , , andv, 4 are the position and velocity of thath
particle after theqth iteration, andst is the time duration
Ehat it takes for the particle toﬁchange position frﬁmq to
I'mg+1- The particle velocity aty, o4 1 is

where Mg is the particle masg, is time, Ji represents the . . .

impulse that is generated during tkéh collision, 5() is the Umq+1=UmqTgot. 6)

Dirac delta functiont, is the time of collision, and indek ) ) .
=1,2,... K. The particle is initially (=0) at locationz ~ We chose the time-step size such that the particle can only

=7,. advance a maximum distance Bf /256, Within ot. Upon
In terms of the tangentidll) and normalN) components collision with the obstacle, the incident velocity is decom-

of the incident momenturp, = Mng, of the particle at the posed into its tangential and normal components:

moment of thekth collision, the impulsel, is given by

Mgdzf/dt2=§k) Jo(t—t)+E(r.dridtt), (1)

ve=ol+o V. (6)
Je=(ur=1)p" = (un+ 1)pY 2 Sion boint wi -
k ks At the collision point with the obstacle or wall, the unit nor-

- - - mal vector is defined as
wherep,=p{"+p{"¥ [10]. The presence of a nonzero nor-

mal coefficient of restitutionu causes the linear momentum ﬁzﬁQ(p Z)/IﬁQ(p 2)] 7
of the particle to change and to lose energy=(@y=<1). On ' o
the other hand, the presence of a tangential compopngnt

can lead to a possible spinning of the particle < ur resents a vector dot product. Immediately after collision, the
<1). Nonzerouy and w1 values imply the presence of elas-

. o . - i AN J(N)
ticity and friction between the two interacting surfaces. An°rmal velocity component changesd®) — — unyo ™. The

collision is elastic when.=1.0 and perfectly inelastic when tangential component of the rebound veloasty remains
w=0. unchanged in the absence of frictional effects, i)

such thab™=(v-n)n andvM=0v—0v™, where “ " rep-
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FIG. 2. Trajectoriesflight path of M =10 falling grains in the x/Rq
x-z plane R.=3.5R,) for uy=0.8(a), 0.9(b), and 1.0(c). Arrows L . .
indicate the peak in the probability of passage through the trans- 2':Gi2§;0%§$bu“;n_z($?°) Hoi zlzgdmg p03|tt|r?nszx
verse plane. The topmost part of the image ig=aH +R,, which _I J - _'11 5?0’ Pe_/R’. o .t ‘t’z] ne?r b fw ocu:[sh
is directly below the obstacle whose center izatH=2.0R, be- plane z=2zz=11.%R,. P(X/R,) represents the ratio between the

low the entrance facetz&0). The height of the cylindrical pipe is number of grajns incident at positionof the z plane and th? total
15R, . A “shadow” region is seen immediately below the obstacle number of grains releasedat 0. Threew) values are considered:

where trajectories are not found. 0.75(circles, 0.85(triangles, and 1.0(squares

Figure 4 plots thezg value (circles as a function ofu,
for Re.=3.5R,, and in the range 0 uN<1.0. The solid
curve is described byF=30(1—,uN)+9.6,uﬁ,, which indi-
cates thatg increases nonlinearly witjry, . A small change
Il EXPERIMENTS Ay results in a translation of the focus position Ay
§(19-&LN—30)AMN- Also plotted in Fig. 4 is the depen-
dence ofzg (filled circles with R;. The solid curve is de-

—v™M[17,18. All collisions of themth particle with the wall
are assumed to be elastic.

We consider the simpler case when the falling grains ar
infinitely small (Ry=0, w+=0) and the collision cross sec-
tion of the spheroid is equal to the entrance facet aRea (
=R,). Viewed from the top, scattering cross section of the HN
spheroid ismR2. A total of M identical grains are released 065 07 075 0.8 085 09 095 1
from rest at random initial positiongniformly random dis- 275 T T T T T T 14
tribution) in the entrance facet. In the absence of collisions
with other grains, a falling grain remains in one and the same
plane of incidence regardless of the number of collisions that
it experiences with the obstacle or wall. The problem there-~
fore, is two dimensional in character. All numerical calcula-
tions are done in double precisipg+ + — GNU projectC
andC+ + Compiler(egcs-1.1.72|.

Focusing behavior of falling grainsWe found that the
trajectories of the falling grains are focused towards a point ¢
in the cylinder axis after colliding with the obstacle and the ~_
cylinder walls. A transverse plare=z, can be found that ™
shows a significant peaking in the arrival distribution at the 1.5 4 L 9
axial region(see, Fig. 2 The focus locationsx=0,z¢) de-
pends on theu= uy value. 1.95

Figure 3 presents profiles of the grain distribution at sev- 2 4 6 8 10 12
eral transverse planes near the focal plane. Focusing reduce RJ/R
the uncertainty of the grain location from one part in °
2R,/Ax to one part in Re/Ax, whereRg (<R,) is the FIG. 4. Location of the focal plane=z . Dependence ofr
radius of the central spot of the probability density distribu-(ynfilled circleg with wy where Ax=2R./128, R,=3.5R,, H
tion andAx is the sampling intervalbin) in the x axis. We =~ =2.0R,. The solid curve is described byr=30(1— uy)
found that Re~4Ax, regardless of the numerical value of +9.6u2. Also shown is the dependence zf (filled circles with
AX. pipe radiusRe(un=1, Ax=2R./128, H=2.0R,).
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FIG. 5. Dependence & (filled circles with distanceH of the & function ofT for z=H (a), H+ R, (b), H+ 7R, (c), H+ 18R, (d),
obstacle from z=0 (uy=1, Ax=2R,/128, R,=3.5R,). The Where—R ;sx<R;. Each plot contains the landing records of 10
solid curve is described bgr=4.96H2—26.58H + 38.94. grains that are released at random positions in the entrance facet

(Re=3.5R,).

scribed by:z-=0.65R;+1.1R,—3.1. A small change\R;  sides eventually meet with each otherxat0, to form the
also causes the focus position to translateAy~(1.3R,  focal plane az=z~H+ 7R, [Fig. 6(c)]. Hence, the grain
+1L.1DAR.. arrivals at the focal plane, are nonuniform in time and occurs
Figure 5 plots the dependencezpf with axial positionH in a series of bursts.
of spheroid center fronz=0. The solid curve is described = The presence of the massive obstacle introduces degen-
by zr=4.96H2—26.58H + 38.94. A small changAH results  eracy into the allowed arrival positions at a chogeplane
into a translation of the focus position byzg~(9.9H for grains which are released randomly at the entrance facet.
—26.58)AH. The results in Figs. 4 and 5 illustrate that the Figure 7 plots the arrival positior at z=H+13R,, as a
location of the focal plane is sensitive to variations in thefunction of the release position, at z=0 with the cylindri-
values ofuy, R., andH. cal wall removed R,— ). Thex(X,) plot is highly periodic
Time of flight We also plot the values of the relative time in the log scale of thex, axis which implies that grains
of flight T=t(z) —t,, wheret(z) is the time duration that it released ax, andx,/10°<1, arrive at the samelocation in
takes for a falling grain from the entrance facet=0), to  the planez=H+13R,, wheres s an integer.
reach a chosen plane which is located below the obstacle, Annular entrance faceMWhen the initial positions of the
andt, is the duration for the grain to reach the sam@ane  falling grains are restricted to within an annular region,
without the obstaclécollision-free free fal. R;<X,<R,, the resulting transverse grain distribution at a
Figure 6 plots the landing locatiomxsof the falling grains  transverse plane#zg, is also annular. At the focal plane,
as a function ofT for z=H (a), H+R, (b), H+ 7R, (¢), H the grain distribution is more confined than that produced
+ 18R, (d), where— R, <x=<R.. Each plot contains the ar- with a circular entrance facet. This is a direct consequence of
rival positions of 18 grains that are released at random po-the degeneracy of with x, as illustrated in Fig. 7.
sitions in the entrance faceR{=3.5R,). Thex(T) plots are Conic obstacleWe also investigated the effect of obstacle
degenerate and exhibits a periodic pattern Wititheir char-  shape on the focusing behavior by consideringrassive
acteristics imply that in the absence of intergrain collisions,conic obstacle instead of the spheroid. The afexrt of
grains which are released simultaneously at randomlyebstacle nearest to the entrance faoétthe cone is located
selected locations in the entrance facet arrive at a chesenatH="7R,, and the base radius i&,. Viewed from the top,
plane at different times due to collisions with the obstaclethe scattering cross section of the conic@®2 which is

and walls, which increase their flight times. equal to that of the spheroid that was considered earlier. Fig-
No grains are incident at regions near 0 in Figs. @)  ures §a) and 8b) present the grain trajectories for the fol-
and @b). However, with increasing from z=H [Fig. 6@],  lowing set of parameter valuesHE9R,, R.=6R,, uy

x(T) curves “expand” towards the cylinder wallsx( =1.0) and H=10R,, R.=6R,, un=1.0), respectively.
=*R,) and get “reflected” towards the opposite direction Unlike with the spheroid obstacle, focusing of the falling
[Fig. 6(b)]. The tips of the two curves from the opposite grains occurs only for a unique combination of valuesHor
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10 TABLE I. Conic obstacle. Combination of parameter values that
leads to focusing of falling grains.
54 R./R, H/R, e IR,
° 5 7.25 10.68
o 6 9.00 12.99
* 54 H $ ] 7 10.0 14.85
) ? b 8 12.0 17.31
¢ * : 9 13.0 19.17
2+ ) 1
) a very small area around tlreaxis even if they are released
at random positions in the entrance facet. The process is also
0 T T T . economical because it relies only on the force of gravity. For
-4 -3 -2 -1 0 1 given R,, R;, R., andH values, focal plane locatiorg
exhibits a quadratic dependence witk . The ability to re-
log ;4 (Xo/Rg) . .
solve two closely-separated valugg; and uy,, is easier

for grains with large uy's since Azg~(19.2 )
—30)Aun, where (un)=0.5(unitpnz), and Auy
=|un1— mnz2|. The ze(R.) plot in Fig. 4, reveals that the
spheroid obstacle and the cylinder walls are necessary for

R, and uy. Deviations from the parameter combinations focusing to happen for the spherical grains.

result in focusing failure. Table | lists tHd — R, combina- Grains arrive at the focal plane in “bursts” even if they
tions (un=1.0) that yield a focused distribution at the plane are released simultaneously at the entrance facet provided
z=1z;, for the conic obstacle of base radiRs. that intergrain collisions are absent. Grains that leave the
entrance facet from initial positions that are near to the cyl-
inder axis are likely to undergo multiple bounces and their
time of flights to the focus plane are longer than those re-

A technique has been demonstrated that separates graileased at positions which are far from the axis.
of the same mass and size but different coefficient of resti- So far we have only considered dimensionless grains
tution ». With a massive spheroid obstacle, the focusing of(R,=0). The corresponding case of a finite-sized grain of
the falling grains is obtained. The separation process is effiradiusR,>0, may be understood by noting that in the ab-
cient because at the focal plane, the grains are gathered ovsgnce of rotatiorispin), its bounce behavior is equivalent to
that of a dimensionless grain colliding with an obstacle of
“effective” radius (R,+R;), and effective pipe radius of
(a) (b) (R.—R,). Focusing may not occur in the presence of rota-
tional motion for the falling grains when the kinetic energy is
not totally utilized for the translational displacement of the
center of mass of the grain.

The focusing behavior of the falling grains is dependent
on the surface profile of the massive obstacle. With a spher-
oid, focusing is ensured for a large number of combinations
for R, andH values(see, Figs. 4 and)5With a cone, focus-
ing is only possible for specific values &, andH (see,
Table ).

FIG. 7. Arrival positions x/R, of falling grains atz=H
+15R,, as a function of release positio /R, (in log;, scale at
the entrance facet=0.

IV. DISCUSSION

V. CONCLUSIONS

We have presented a simple configuration that leads to the
high-resolution separation of grains of similar mass and size
but different elastic properties. Falling grains are focused at
points on the cylinder axis according to the relative values of
their coefficient of friction.

FIG. 8. Massive conic obstacle. Grain trajectories fdr ACKNOWLEDGMENT
=2x10® (@ H=9R,, R.=6R,, uy=1.0 and (b) H
=10R,, R,=6R,, un=1.0. The topmost and bottom parts of  The project is partially supported by the Commission on
each image are=H+R, andz=20R,, respectively. Higher Education of the Philippines.
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