PHYSICAL REVIEW E 71, 021303(2005

Separation of binary granular mixtures under vibration and differential magnetic levitation force
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The application of both a strong magnetic field and a magnetic field gradient to a diamagnetic or paramag-
netic material can produce a vertical force that acts in concert with the force of gravity. We consider a binary
granular mixture in which the two components have different magnetic susceptibilities and therefore experi-
ence different effective forces of gravity when subjected to an inhomogeneous magnetic field. Under vertical
vibration, such a mixture may rapidly separate into regions almost pure in the two components. We investigate
the conditions for this behavior, studying the speed and completeness of separation as a function of differential
effective gravity and the frequency and amplitude of vibration. The influence of the cohesive magnetic dipole-
dipole interactions on the separation process is also investigated. In our studies insight is gained through the
use of a molecular dynamics simulation model.
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[. INTRODUCTION study the conditions for this behavior and investigate the

The effective separation of mineral particulates into tWOeffecFiveness of_ the_separation for different frequencies and
or more categories is a crucial aspect of many industrial pro@mplitudes of vibration. In many cases, we observe separa-
cesses. Particulate mixtures may be separated through thégn for magnetic fields of far lower magnitude than those
differences in physical properties such as size, density, coriypically required to produce full diamagnetic levitation. A
ductivity, etc., or through some combination of these propersimulation model is used to gain insight into the separation
ties [1]. Often vibration is added, either as an intrinsic ele-dynamics. Both in experiment and in simulation we restrict
ment of the process, as in agitated sieving, or, for example, tourselves to conditions where air-driven Faraday tilting
prevent the cohesive aggregation of fine particulates. [17,18 and air-driven separation effedts2,13 play no ap-

In recent years the physics community has become intefereciable role.
ested in a number of related problems including the “Brazil
nut effect” in which, under vertical vibration, a large and
heavy intruder rises to the top of a fine granular h2g].
There are also conditions under which an intruder moves to
the bottom of the bed, the “reverse Brazil nut effefgt™7]. Let us consider a single component granular material of
The corresponding problem of multiple intruders has beemagnetic susceptibilityy, subject to a vertical magnetic field
studied both in experiment and simulati@-10]. However, of magnitudeB. Each grain will acquire an induced magnetic
identification of the conditions for the intruders to separate talipole moment parallel to the field. In the presence of a
the top or bottom of the bed is still a topic of active debate.magnetic field gradientiB/dz wherez is the vertical coor-
The presence of air in vibrated fine granular beds has beeatinate defined as positive upwards, a grain will experience a
noted to enhance the Brazil nut eff¢dfl| and to cause ex- force of magnitude
cellent separation of fine binary mixtures under a wide range
of conditions[12,13. F= &/Bd_B (1)

Separation through differences in magnetic properties has po dz’
B e e ahere i the permeabily of fee space s the vl
tion in a ferrofluid via the magneto—Archi;'nedes effect hasume_of the grain. This fqrce acts in concert with that dqe to
found less widespread application. Recently. separati’on b ravity. m genere_ll agrain may be_c~ons_|dered to experience

; LR : ’ ' n effective gravitational acceleratiom, given by

magnetic levitation in pressurized oxygen gas, a paramag-

Il. SEPARATION DUE TO MAGNETIC FORCES
AND VIBRATION

netic medium, has been demonstrated for a range of materi- _ x .dB

als [14-16. This method requires high magnetic fields and 9=g-—— B (2
separates particulates through differences in density and dia- Frob

magnetic susceptibility. wherep is the material density ang is the normal Earth’s

Here, we describe the dynamics of binary granular mix-gravity, treated as a positive quantit9.81 m s?). If the
tures which are subjected to both magnetic forces resultingroduct ofB anddB/dzis negative, as in many experiments,
from an inhomogeneous magnetic field and to mechanicahen the magnetic force is directed downwards for paramag-
vibration. Components of differing magnetic susceptibility netic materials ang@>g. However, for diamagnetic materi-
are subject to different effective forces of gravity. Vertical als, the magnetic force is directed upwards, opposing the
vibration sufficient to throw the granular bed may then pro-force due to Earth’'s gravityg<g. If the magnetic force is
duce spatial separation of the different components. Weufficient to equal the force due to Earth’s gravity, then the
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body may be levitated in midair. This was first demonstrated At higher magnetic fields, magnetic cohesion forces due
by Braunbeck in 1939 using graphif@9]. Later workers to magnetic dipole-dipole interactions may act to inhibit
levitated diamagnetic objects including water and a froggranular sorting. For many diamagnetic and paramagnetic
[20,21. materials, the magnetic moments induced by the applied
If a grain is now placed on a platform vibrating vertically magnetic field are sufficiently weak that magnetic grain-
as A sin(wt), it will be thrown from the platform if the di- grain interactions do not play an important role in their static
mensionless parametér exceeds unityl” is the ratio be- @nd dynamic behavior. However, for some materials these
tween the maximum acceleration due to vibration and thdnteractions become appreciable for sufficiently high mag-
effective gravitational acceleration, netic fields and for sufficiently small particles. We may sup-
pose that the moments induced by the applied field are not
influenced by the moments of the neighboring grains. The
' (3 energy,E, associated with the magnetic dipole-dipole inter-
action between two spheres 1 and 2 in a magnetic field is
then given by

~ Aw?
I's—-
g

whereA is the amplitude of vibration, ana is the angular

frequency. A grain initially resting on the platform will leave E= @(Ml o (g 1) (s r)) 5
the platform at a phase of siti1/T") and, if uninfluenced by T 4w\ o3 ro ' ®)
air damping, will be thrown to a height, given by where
A~ = VB
h==(T +11). (4) u== (6)
2 Ko

If the components of a granular mixture have differingis the induced magnetic dipole moment of a grain, ansl
values ofx/p, then they will experience different effective the distance between the centers of grains 1 and 2. Grains
gravitational accelerationg, when placed in a vertical inho- may tumble in flight, but the induced magnetic moments
mogeneous magnetic field, even in cases where their densiemain closely parallel to the external field since the longi-
ties and sizes are identical. When vibrated vertically, thetudinal magnetic relaxation times are orders of magnitude
grains experiencing a lower effective gravity will have asmaller than the typical time between collisions. If a con-

higher value off". If unimpeded by their neighbors in flight, ducting grain moves in an inhomogeneous field, electrical
they will be thrown higher than the grains with the greatereddy currents induce an additional magnetic moment. This
effective gravity{Eqs.(3) and(4)] and will tend to land upon Mmoment is negligible compared with for the fine conduct-
them. However, in a thrown granular bed, grains will interacting grains used here and under our conditions of vibration.
strongly with their neighbors. Nevertheless, over many The energy associated with a pair of grains may be posi-
cycles of vibration, some degree of separation may occur. tive (repulsive or negative(attractive depending upon the

It is the purpose of this paper to examine the dynamicaprientation ofr with respect to the direction of the applled
behavior and the degree of separation of a number of binarfjeld. For grains in close proximity,~d, the granular diam-
mixtures as a function of the magnetic and vibratory condi-ter. The mean force between the grains in a granular bed is
tions. The principal parameters of the problem BaB/dz, ~ generally attractive but depends in magnitude upon the de-
the vibrational frequencyw, and the vibrational amplitude, tailed granular ordering. It is, however, of order
A, conventionally expressed d3=Aw?/g. BdB/dz deter- 32282
mines the effective gravity acting on each component ~ Py
through Eq.(2). From this effective gravity, the correspond- THo
ing parametef may be obtained fron = I'g/g. The influence of cohesive attraction on the static stability of

If T is less than unity for both components, the granular® granular bed is determined by the ratio of this force to the

. . ~ ravitational force. This dimensionless rati, is given b
bed will not be thrown and separation cannot occur. Iflthe 9 Ryis g y
for one component exceeds unity, while that for the other R= F - X°B
does not, the grains of greater effective gravity may act as - Mg 8uopdy’

“cages” for the grains with lower effective gravity, impeding ) o
= It is observed, for example, that an applied magnetic field

relative motion. For effective separation to occlirmust . . . . .
appreciably exceed unity for both components. On the othencreases both the void _fractlon of a collection of soft iron
e A s ) sphereqd22] and the static angle of repo§23,24. In each
hand, if" is sufficiently high for either component, then that ¢55e the observed changes are determined by the ratio of the

component will not be thrown, land and settle within eaChmagnetic cohesive force to the weigRt, Here, however, we
cycle of vibration; the dynamics will spill over from one gy,qy the separation dynamics resulting from vibration and it
cycle into the next. Equations such @ are not then valid g the relative influence of cohesive and vibrational forces
and the influence of continuous dynamics on the separatiofhich is important. The vibrational forces, too, will scale
process requires clarificgtion. The effect of varying the fre-yith the particle mass and the ratio of the cohesive to the
quency while maintaining’ constant also requires investiga- vibrational forces will also depend oB?/d. It is therefore
tion. expected that cohesion will act to inhibit separation for suf-
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Magnet AB ment illustrated in Fig. 1. The produBdB/dz varied by less
than 10% within the volume occupied by the mixture. A
sinusoidal waveform from a signal generator was fed to the
loudspeaker via a power amplifier in order to vibrate the rod
and container vertically. The rod was constrained to move in
the vertical direction by slide bearings, not shown in the
figure. A cantilever capacitance accelerometer attached to the
bottom of the rod was used to measure the amplitude of
vibration. Two lengths of connecting rod were used. The
longer length positions the container in the upper part of the
bore whereBdB/dz is maximally negative. A shorter length
was used to position the container in the symmetric lower
part of the bore wher8dB/dz is maximally positive.
If required, the glass container holding the granular

s sample could be evacuated through a flexible tube to pres-
sures well below 100 Pa. It is known that at such pressures
air does not influence the granular dynamics for the finest
particle sizes used hefg5].

Accelerometer
Loudspeaker
IV. INITIAL OBSERVATIONS OF SEPARATION

The excellent separation which may be obtained by vi-
brating binary granular mixtures in an inhomogeneous mag-
. , netic field may be demonstrated using examples of mixtures
sitic|>:rlnG.of1'thsghzgnn?g:;dliigrt?g Smhg‘é"r']r;% tgﬁr?aiﬁzt' ::s lj/‘i)t?rzrtigr‘?\ivhich do not separate well under vibration alone. To avoid
arrangements ' geometric separation effects, we have selected a system in

' which the two components have the same size. We use a
50%:50% mixture, by volume, of millet seed and small in-
ficiently small particles placed in strong magnetic fields~. Thesulating beads. Both the beads and millet seed have mean
influence of cohesion will be stronger at lower valuesl'of diameters of about 2 mm. Both species are weakly diamag-
when the vibrational forces are weaker. netic; the susceptibility of the beads is —~XQ0® and that
of the millet -10.0x 10°5. The mean density of the millet is
1400 kg/n?. The density of the bead material is
Ill. EXPERIMENTAL METHOD 2400 kg/rﬁ.
Figure 2a) shows an image after vertical vibration at

The magnetic fields used in these experiments were PrOro Hz for 300 s in zero field using a vibration amplitude

dgced by an Oxford Instruments supergpnducting_ magne5orresponding td'=1.5. Since the magnetic field is zei®,
with a closed-cycle cooler, a system specifically designed fog9 8 m s2 for both components. The separation is very poor
levitation experiments. The magnet has a 5 cm diameter_ )

bore, and is capable of producing a maximum magnetic ﬁell deed for the wide range of vibration conditions which we
of 1'7 T, and a maximum field-field gradient product ave investigated, including those of the figure. Figu(te 2

1 .~ shows the seeds and beads after they have been vibrated at
Lﬁg?:/udrf‘ér?tfiiﬁzg furgerégzgugzﬂgb?;;&ntmlIed by varying 10 Hz for 30 s in the upper part of the magnet bore at

A mixture under investigation was shaken in a cylindrical BdB/dz=-730 P m™. HereI'=1.7 (§=8.1ms?) for the
glass container, of internal diameter 15 mm and heightnsulating beads and’=2.4 (§=5.6 ms?) for the millet
50 mm. In most experiments a granular bed depth of 15 mnseed. The separation is complete, with all of the millet seed
was used. The container was mounted in the bore of theying above the beads. The component with the lower effec-
magnet, on a plinth connected to a long throw loudspeaketive gravity lies above the component with the higher effec-
via a thin walled stainless-steel connecting rod, an arrangeive gravity. Figure 2c) shows the seeds and beads after they

FIG. 2. The separation of mil-
let and insulating beads$a) After
vibration at 10 Hz for 300 s in
zero magnetic field. Middle{b)
after vibration for 30 s with
BdB/dz=-730 B m™L; (c) after
vibration for 30 s withBdB/dz=
+1000 P m™
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have been vibrated at 10 Hz for 30 s in the lower part of the
magnet bore atBdB/dz=+1000 Pm™. Here I'=2.3 (g

=12.1 ms? for the insulating beads and'=1.8 (g
=15.5 ms?) for the millet seed. Again the separation is
complete but now the millet seed has separated as a layer
lying below the beads. Once again the component with the
lower effective gravity lies uppermost.

Under appropriate conditions we have observed almost
complete separation for a wide range of mixtures, including
mixtures of paramagnetic and diamagnetic materials. It is
clear that the use of vibration and a differential magnetic
force can provide a very quick and effective method of sepa-
ration. However, the vibratory and magnetic conditions for
optimal separation need to be clarified.

FIG. 3. Separation of a mixture of fine bronze and bismuth
grains in vacuum. Vibration at 10 Hz with an amplitude of 3.7 mm
andBdB/dz=-500 T2 m~! was used. The images shown are after 0,

To further investigate separation, we have carried out &0, 60, and 90 s of vibration.
detailed study of the conditions for separation using a
50%:50% mixture by volume of fine bismuth and bronzefixed I'. Figure 5 also shows that the purity of the upper
spheres, each with diameters in the range 75480 This  bismuth-rich region is always greater than that of the lower
mixture was chosen since bismuth and bronze have simildronze-rich region. This too is generally true, irrespective of
densities but very different diamagnetic susceptibilities. Wel -
observe that this mixture cannot be appreciably separated by The results of a detailed study of the quality of separation
vibration in the absence of a magnetic field, due to the simias a function of bothBdB/dZ andI" are shown schemati-
larity in both the density and the size of the components. Irfally in Fig. 6 for a frequency of 10 Hz. All other system
these experiments the upper part of the magnet bore wdrameters are as described above. In presenting our results
used,BdB/dz being negative. For these fine grains the ex-we define three degrees of separation, “poor,” “good,” and
periments were conducted in vacuo to avoid air effects. Bis-excellent,” found in the regions b, ¢, and d of Fig. 6, respec-
muth has a density of 9800 kgthand a susceptibility of tively. The boundary between “poor” and “good” separation
-165x% 107, whilst bronze has a density of 8900 kghand  corresponds to about 2% bronze in the bismuth and 10%
a volume susceptibility of -5.810°. The bronze is little bismuth in the bronze, these figures being taken from

affected by the magnetic field, so that the effective gravitysamples from the centers of the respective regions. At this
seen by the bronz@an’ is close tog. Correspondingw, boundary the interface between the bronze-rich and the

bismuth-rich regions wanders spatially, is diffuse, and is
about 10 grains wide. The boundary between “good” and
d‘excellent" separationc and d of Fig. 6 corresponds to
. _ e about 0.1% bronze in the bismuth and 1% bismuth in the
using a frequfancy of 210 _'jifl_'S indf magn_etlc f|eld_§,uch bronze. Here the interface between the bronze-rich and the
that|BdB/dZ is 500 T*m™, giving I'ys=4.6(G=3.1 MS?),  phismuyth-rich region is spatially smoother and about 4 grains
andI'g,=1.6 (=9.6 m $?). Images of the sample after 0, wide.
20, 60, and 90 s are shown in Fig. 3. It may be seen that the Figure 4a) is taken at|BdB/dz|=180 Pm™ and I’
mixture separates very quickly under these conditions, leav=2.5, well within the “poor” separation region b; there is
ing two almost pure discrete layers, with the more stronglyabout 8% bronze in the bismuth and 25% bismuth in the
diamagnetic bismuth above the bronze. The boundary besronze. Figure é) is taken close to the boundary between
tween the two components is very sharp indeed. “poor” and “good” separation, while Fig.(d) corresponds to
Figure 4 shows the effects of applying three different val-the boundary between “good” and “excellent” separation.
ues of |BdB/dZ at 10 Hz and with['=2.5. The images Within the region d of Fig. 6, it is possible to obtain separa-
shown were taken after 20 min vibration, long after thetion with about 0.01% bronze within the bismuth and 0.1%
granular system has reached equilibrium separation. Figurelismuth within the bronze, for example, dBdB/dZ
shows the measured degree of separation of the bismuth ar00 2 m™ andI'=2.5(see Fig. 5. The boundary between
the bronze as a function {(8dB/dZ. The lower curve shows the two regions is then smooth and 1-2 grains wide.
the percentage of grains which are bronze taken from a Figure 6 shows that, as might be expected, no separation
sample at 75% of the bed height. The upper curve shows theccurs forI’< 1.1, the region a. The condition=1.1 en-
percentage of grains which are bismuth taken from a samplsures that both species are in granular motion. “Poor” sepa-
at 25% of the bed height. It may be seen that the degree aftion is found at lower values ¢BdB/dZ, within the region
separation increases remarkably wigdB/dZ. This is quite  shown as b. It should be noted that the boundary between the
generally true; both the degree of separation and the sharpegions b and c first rises and then falls|BdB/dZ asT is
ness of the boundary improve with increag@tiB/dZ at increased. For sufficiently larg@dB/dZ andI', separated

V. SEPARATION OF BRONZE AND BISMUTH MIXTURES

I'gn~T. However, the bismuth is much affected by the field
andJg;s becomes zero aBdB/dZ=730 > m™.
Effective separation of this mixture may be demonstrate
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FIG. 4. Separation of bronze
(light) and bismutHdark) vibrated
at 10 Hz,I'=2.5 for over 20 min;
(a) poor separation at BdB/dz
=180 ?m™%; (b) good separation
at -BdB/dz=300 ZmL; (c) ex-
cellent separation at BdB/dz
e s =500 Pm™.

bismuth grains will collide with the top of the container and tating above a pure bronze bed, the levitated component con-
rebound. The conditions for the onset of collisions with thesists of bismuth containing a high proportion of bronze. Full
top are shown as the broken line in Fig. 6. This line has beefevitation occurs at a somewhat higher field than for bismuth
obtained from observations and from calculations, the twalone, due to the bismuth containing bronze as “ballast.”
being in close agreement. It may be seen that the figh In general the time scale for separation to occur depends
boundary of the region b follows this line over a range ofonly weakly upon|BdB/dZ. However, it is observed to de-
|BdB/dZ. It therefore appears that collisions with the top of crease with increasind, the time scale for separation at
the container enhance separation. We further tested this sujBdB/dZ=500 T> m™* varying from about 2 min aF=1.25
position by repeating some of the experiments using a talleto about 40 s af’'=2.5.
box to avoid collisions with the roof. We then observed no The information used to present Fig. 6 was obtained at the
enhancement in the quality of separation, the boundary bdixed frequency of 10 Hz. However, the influence of the fre-
tween b and c increasing steadily with increasihg quency of vibration was investigated for a number of fixed
Figure 6 shows that the upper limit of the region c in-values of I' and |BdB/dZ. Over the range investigated,
creases rapidly withl". “Excellent” separation is found 10 Hz to 60 Hz, the form of Fig. 6 does not depend strongly
within the region d, which is limited at its upper extent by upon frequency, except for the high boundary between
magnetic cohesion and by the condition for the levitation ofregions b and ¢ which coincides with the broken line. It may
the bismuth,|[BdB/dZ=730 ?m™. It is interesting to ob- be shown from simple mechanics that the valud dbr the
serve what happens as this limit is approached. If magnetionset of collisions with the top of the container increases
cohesion is unimportant, the effect of the vibration on theapproximately linearly with the frequency, for any particular
separated bismuth weakens as levitation is approached, sinealue of |BdB/dZ. Indeed this is what we observe experi-
flight for the bismuth extends over more and more periods omentally.
vibration. At full levitation, vibration has no influence on the  Within the regions to the left of the broken line, increas-
levitated bismuth component; however the vibration contin4ing the frequency of vibration simply increases the time scale
ues to affect the lower bronze bed, tending to shake bismutfor separation to occur. For example, aBdB/dz|
grains free. =500 Pm™ and I'=1.5 the time for separation increases
Within the region e appreciable magnetic cohesion bind$rom about 90 s at 10 Hz, to about 20 min at 40 Hz. The
the bismuth together, trapping bronze within it. At suffi- time scale varies approximately inversely with the square of
ciently high |BdB/dZ, rather than a pure bismuth bed levi- the frequency. This appears to be true over wide areas of the
phase diagram.

100 — - - - 3 It is interesting to note that the schematic diagram, Fig. 6,
3 shows no change in behavior as the dynamics pass from
10 & 3
§* E — 600
- 1 3 ;E
E‘ 3 e
=3 L =7 a
'g‘ 0.15— . E g
£ ~ el
C . £8 200 -
0.01 T 4
] 1 2 r 3 s 5
L 1 L | L 1 L 1 \ | L |
0.00 100 200 300 400 500 600
[BdB/dz| [T'm'] FIG. 6. Schematic diagram showing the separation behavior of

fine bronze and bismuth grains in vacuum as a functiol' @ind
FIG. 5. Measured concentration of impurities in the bronze|BdB/dZ at f=10 Hz. The labeled areas represent regions of no
(solid line) and in the bismutlidashed linglayers after equilibrium  separation(a), poor separatiortb), good separatioitc), excellent
has been reached, under vibrationlat2.5 and a frequency of separatiorid), and magnetic coheside). The dashed line indicates
10 Hz. the onset of collisions of the bed with the roof of the container.
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0.5 1 1.5 2
Time[s]

FIG. 8. The height differencah between the centers of mass of
bismuth and bronze components, in units of particle diameters as a
function of time at a frequency of 10 Hz, 1a of 2.5 at several
values of BdB/dz 656 Pm™ (A); 506 Pm™ (c); 365 TPm™
(0); 206 Pm™ (+); 106 T2 m™ (X).

i

£

5

by 1400um in the horizontal plane. Their coefficient of nor-
mal restitution is set equal to 0.95, and the particle-particle
and particle-wall coefficient of friction are set equal to 0.2
and 0.3, respectively. A random arrangement is allowed to
settle under equal gravity. Different effective gravities are
then applied to the two species and sinusoidal vertical vibra-
tion commenced.

Figure 7 shows the behavior whéh=2.5 and|BdB/dz]|

FIG. 7. Simulated separation of fine broriight) and bismuth =600 T>m™%, under vertical sinusoidal excitation at a fre-
(dark particles. The images shown from top left to bottom right arequency of 10 Hz. Soon after vibration begins, the top of the
after 0, 0.1, 0.5, and 2.0 s of vibration at 10 Hz, gdidiB/dZ bed becomes rich in bismuth and the very bottom devoid of
=600 TPm™. bismuth. As vibration continues bismuth moves up through
the bronze until the majority of the bismuth particles lie

single cycle to continuous motion. The boundary betweer@bove the bronze particles. The quality of separation was

these two types of behavior lies along the line joinlig Measured by calculating the vertical distanaé, between
=3.29|BdB/dZ=0 andI'=0,|BdB/dZ=730 2m™. Single the centers of mass of each component; the maxinAm

cycle behavior lies to the left of this line. being half the depth of the bed, approximately 11 particle
diameters for our simulations. Figure 8 shows the develop-
ment of Ah as a function of time for different values of

VI. COMPUTER SIMULATION [BdB/dZ whenI'=2.5. _
OF THE SEPARATION PROCESS It can clearly be seen in Fig. 8 that the quality of separa-
tion increases with increasin@dB/dZ at constanf’. This

Computer simulation offers the ability to easily changewas observed over a wide rangeldf/alues, in good agree-
many system properties not readily adjustable in experimeniment with experimental observations. The quality of separa-
and to investigate details of the dynamics which are othertion was also observed to decrease with increa$inggain
wise difficult to study. To confirm that differences in effec- agreeing well with observations.
tive gravity can be solely responsible for the separation ob- The data points in Fig. 8 are well fitted by
served, and to gain further insight into the separation
dynamics, we have carried out a number of molecular dy- Ah=a(1 -7, (9)
namics simulations. We have simulated the motion of a bi-
nary mixture of 2500 bronze and 2500 bismuth particles uswherea is a measure of the completeness of the separation,
ing a simple 3D soft-sphere linear spring mode6]. and 7 is the associated time constant of the separation pro-
Coulomb friction between particles and with the walls of thecess. Simulations indicate that this time constant is almost
container has been included, but air damping has been igadependent ofBdB/dZ, as we observe experimentally. For
nored. The particles have a mean diameter of A80with a  the separation data shown in Fig. 8 it is approximately 0.3 s.
size spread of £10% to avoid crystallization effects. They aréVe note that this number is sensitive to the values used for
vibrated vertically in a rectangular box measuring 1400  the friction parameters; reducing friction tends to speed up
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the separation process. Simulations also indicate that the The quality of separation was found to worsen with in-
time for the mixture to reach equilibrium separation de-creasingl’. When in flight a granular bed will tend to dilate;
creases with increasing. This is because increasidgin-  this dilation increases with increasing flight time. At Idwy
creases the velocity of the granular motion accordinglycollisions between beds will not promote mixing since the
quickening the time for equilibrium separation to occur. beds will remain fairly compact, and the relative impact ve-
In agreement with experiment, the quality of separationlocities will be low. AsT" is increased, the beds will become
was observed to improve when the bismuth component colmore dilate, and the relative impact velocities during colli-
lided with the roof of the container. These collisions tendedsions between the beds will also increase, promoting mixing.
to compact the bismuth bed. Upon collision with the bronzeConvection induced by wall friction was observed to be very
bed, little mixing occurs between the bronze and bismuthweak both in experiment and simulation. This suggests that
beds, the compaction preventing relative motion. the mechanism for the mixing found at highis based on
The simulations described above capture the principalhe collisions between dilated beds. Global convection plays
features observed experimentally. Specifically, they confirnra minor role.
that differential gravity and vertical vibration alone are suf- In our studies we note that magnetic cohesion forces due
ficient to cause separation and that mixing results from colto magnetic dipole-dipole interactions may act to inhibit
lisions between dilated beds. However, the simulationgranular sorting. For many diamagnetic and paramagnetic
cannot be compared to the experiments quantitatively due tmaterials, the magnetic moments induced by the applied
computational limitations. In the experiments there are thenagnetic field are sufficiently weak that magnetic grain-
order of 10 grains while we are limited to simulations in- grain interactions do not play an important role in their static
volving a maximum of only a few thousand particles. Forand dynamic behavior. However, for some materials these
fine particles of this reduced number, the vibration amplituddénteractions become appreciable for sufficiently high mag-
is of the same order of magnitude as the depth of the bedetic fields and for sufficiently small particle sizes. Separa-
inhibiting excellent separation. tion methods involving somewhat lower magnetic fields and
the application of vibration substantially reduce the effect of
such cohesion, provided that the kinetic energy resulting

The vibration of granular mixtures in the differential grav- from the vibration is appreciable compared with the energy
ity environment resulting from inhomogeneous magneticof cohesion. Nevertheless, this grain-grain cohesion ulti-
fields offers a method of separation relevant to particulatdnately limits our ability to separate very fine grains by these
separation. Separation occurs through differences in the ratfd@gnetic methods. We only lightly touch upon these effects
of magnetic susceptibility to density. We have observed alin the present paper, principally presenting results where
most complete separation for a number of systems at ma%“‘"‘gnet'C cohesion does not play a major role. However, we
netic fields substantially lower in magnitude than those relope to report in the near future a more detailed study of the
quired to fully levitate any one of the components. Theeﬁect; of magnetic cohesion on both the static and dynamic
mechanism for separation has been confirmed both throughehavior of granular systems.
experiments and through simulations and we have investi-
g_ated_ the effect of changing the amplitude_and frequency of ACKNOWLEDGMENTS
vibration and the magnitude of the magnetic force.
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VII. DISCUSSION
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