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Segregation mechanisms in a numerical model of a binary granular mixture
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A simple phenomenological numerical model of a binary granular mixture is developed and investigated
numerically. We attempt to model a recently reported experimental system where a horizontally vibrated binary
monolayer was found to exhibit a transition from a mixed to a segregated state as the filling fraction of the
mixture was increased. This numerical model is found to reproduce much of the experimentally observed
behavior, most importantly the transition from the mixed to the segregated state. We use the numerical model
to investigate granular segregation mechanisms and explain the experimentally observed behavior.
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[. INTRODUCTION not roll smoothly but instead “stick and slip” and scatter. The
o ) o c's are affected less by the driving since they roll as the tray
Granular systems exhibit a wide range of intriguing andmoves beneath them. However they too, when placed indi-
often counterintuitive phenomena. Segregation of two OKidually on the tray, are seen to have some quasirandom
more species of grains due to vibration or shearing is ongomponent to their motion. The overall impression is of a
such exampl¢1,2]. Many mechanisms, including buoyancy, granular bed of agitated particles with the predominant mo-
temperature gradients, differing angles of repose, and diffettion being parallel to the driving.
ing roughness of particles, have been propdsed]. Re- The control parameter used in the experiments was the
cently, segregation of a vibrated binary monolayer has beetwo-dimensional filling fraction, termed the compaci§y
demonstrated in a series of experimefitss, 7] that imply/  =(NemRE+NymR2)/(L,L,), with N fixed. The value o is
suggest the existence of a segregation critical point as thalso important but for simplicity the experiments focussed on
filling fraction is varied, with associated growth of fluctua- Nc=1600 and variedN,. The system was quasi-two-
tions and time scales in the vicinity of that point. dimensional in that 0.48 C<1.12, highC being achieved
In this paper we propose a phenomenological numericapy POPPY seeds “riding up” and overlapping each other to
model of the experimental system which captures its esserfoMe extent, although never so much that they were above
tial features. We show that there is qualitative agreemen@Nd overlapping the's. o
between the numerical model and the experiment and, in Starting from a uniformly mixed |n|t|a_l distribution, the
particular, that the quantitative measures reportd®,v are final state reached by the system varies with For C

of the same form in both cases. We then use the numerical 0.65 the system remains mixed while above that value

: . > .- small mobile segregated clustersax form. As C increases,
model to study segregation mechanisms, giving one definit

hani dd trating that q | | these clusters grow in size and become anisotropic, forming
:gleec anism and demonstrating that a second may aiso p aysﬂipes perpendicular to the direction of driving fBrlarge.

Th . al " d 6.7 ists of For C=0.93 thec’s within these stripes crystallize to form a
eh ehxp(_erlmer; a sysfeg"_n US€x [ '_]138%'5 SbOL a8 dense close-packed hexagonal lattice. These three phases
Erggoram v?tr)lrzaotgtdasitr:?slo?dall;mpeanrzll?ﬁc: its mrzjrgr aiisyat awere termed binary gas, segregation liquid, and segregation
N . [. Th i f a ph ition f he bi
frequency off=12 Hz and amplitude 0A=1.740.01 mm, crysta e existence of a phase transition from the binary

. . - gas to segregation liquid, with an associated critical value of
The grains are hlgh-p_reC|S|0n p_hosphor-bronze spheeres C, was reported ii7]. The details of these results are given
noted byc in the following of radiusR,=0.75 mm and mass in [6,7]
.mC:le's mg and pog.py seeéﬂdenoted_ gyg 4|n the folljow— The experimental system has several appealing properties
ing) of average radius and mag§,=0.54 mm andm, from the point of view of studying granular matter: except at

:0'52. mg resp'ectively. The. poppy seeds are rough, nor}iigh compacities where stripes form, the final state reached
spherical polydispersi8] particles.

: A _ is a function only of the compacity, i.e., the initial conditions
Part|c|e_s placed on the o_sglllatlng tray predommantlyare not relevant. The particles are always in contact with the
move periodically with the dnymg. They also hgve SOmetray and hence are always effectively “thermalized.” This is
quaswafldom component to_thew motion, caused in the C33f contrast to the behavior of particles in granular systems
of the p's by their nonsphericity which means that they do such as sandpiles where the grains spend most of their time
locked in position, or some vertically vibrated systems where
much of the time is spent in free fligh®]. The constant
*Presently at The Abdus Salam ICTP, Strada Costiera 11, 34014hermalization” of the particles, their ability to explore
Trieste, Italy. Electronic address: gehrhard@ictp.trieste.it many possible states, and the irrelevance of initial conditions
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suggests that the system might be a good choice for studyintje system size, thus we us@g=A/10 rather tharA;=A in
the “statistical mechanics” of granular matter. However de-the results described here in order to reduce the “finite size
tailed balance, equipartition of energy and other rigourougffect” of this region as the system size is changed.
features of equilibrium statistical mechanics are of course not There are many approximations of the real system made
obeyed in this systerfil0]. here, the most significant ones are: the friction teymis
only an approximation, it is chosen as being the simplest
possible form. The noise is in fact due to the stick and slip
Il. DESCRIPTION OF THE NUMERICAL MODEL interactions between the particles and the oscillatory surface,

) ) nd also their non-sphericity when interacting with each
We here develop a phenomenological numerical model Oher ang with the tray. We do not try to directly model this

the experimental system. The aim is to capture the essentig|,ce it would require detailed specification of the shape of
features of the experiment in the numerical model, thereby,, -y harticle and its actual interaction with the tray, which is
d|scover|_ng what tho_se fe_zatures are and in particular what thgs: known. Even a single high-precision phosphor-bronze
segregation mechanigs) is(are). _ sphere conducts a quasirandom walk when placed on the
The following features are, we believe, necessary: there iggijjating tray, indicating that the randomness can depend
a tray of dimensiond., X L, whose base moves with sinu- 4, \ery small imperfections of the particles and the tyd
soidal velocity Asin(wt). There are two particle species, saqibly also in the driving Both because of this immense
namedc and p. The particles moving relative to the tray jfficulty and in order to have a reasonably simple numerical
surface are subject to a frictional force. The particles feel a,04el whose behavior we can understand, we instead choose
randomisation of their velocity caused by their stick-slip mo-q jncjude the noise phenomenologically. We assume that the
tion with the oscillating tray and their nonsphericiher-  ngise the particles receive is independent of their neighbors
malization. The particles collide inelastically. _and of the phase of the tray cycle, both of which are unlikely
We therefore model the system as two-dimensional with, pe accurately what happens in the experiments. The as-
the particles behaving as hard disks of magsand radius  gymption that the noise is Gaussian and white is an approxi-
R,, where " denotes the specie® or p). Except during  mation. For simplicity we are using a two-dimensional nu-
quI|S|ons, each particleof type a obeys the Langevin equa- merical model, which ignores the overlappingps and the
tion rolling of particles. The particles and walls are assumed to be
- o _ smooth and so angular momentum is not considered. We
MeVei = = YalVai = Vieay) * 7ai(0), @ have ignored the polydispersity of thes. Polydispersity
where vy, =iwA sin(wt) and y provides a linear damping. was included to check its importance and was found to leave
7,(t) is Gaussian white noise of mean zero and standarthe qualitative behavior unchanged. The final approximation
deviation (77,(t) - 7,(t")y=20%8(t-t') and this provides the is that the coefficients of restitution are constant which is a
“thermalization.” Note that ther,,, term provides a collec- commonly made ongl5]. Despite these simplifications and
tive forcing while the noise termy,; is unique to each par- approximations, in Sec. Il we show that our phenomeno-
ticle. The particles interact through smooth hard-disk inelaslogical numerical model captures much of the behavior ob-
tic collisions with coefficient of restitution, 5. Thus, in the ~ served experimentally.
centre of mass frame, a partideof type «, undergoing a
collision with a particlej of type 8, has its velocity changed A. Parameter values
according tov;— =1, gV}i, V j—V ;, wherey;; andv,; are . ,
the velocity components parallel and perpendicular to the Static parameter values such as mass and size can be mea-
line joining the centres of the particleand]. For simplicity, ~ Sured reasonably accurately, for the poppy seeds we have
the disks have been taken to be smooth sided so that anguigfed the mean values of a sample of measurenidsis
momentum can be ignored. A similar model has been used iRYnamic parameters were less accurately knowp,was
[11] to describe colloidal particles driven by an external elec-€Stimated from the distances traveled by single particles
trical field. Also[12] has used a similar model without noise Striking the moving end walls. Using the result for the noise-
to model granular particles driven by a vertically oscillating €SS case,
air column[13]. There exists many.other models for driven X(20) = X(0) + v, (0)m/y (2)
granular systems, for examp]&4] gives a general class of
stochastic multiplicative driving terms which includes our and estimating,(0) to be equal to the maximum velocity of
(nonmultiplicative driving term as a special case, the refer-the end wall gives approximate values fgy. The value for
ences given here are in no way intended to be a complete listhe noise is the hardest to determine since no velocity or
These are the essentials. We have also kept the walls @fccurater (t) path measurements were available. We merely
the box stationary for simplicity but modeled the motion of estimated that the mean square velocity due to the noise,
the end walls by considering that in collisions they have av2)=a2/m,y, should be equal te=(wA/F)? where the fac-
velocity i maxwAssin(wt),0) for the left wall and tor F=3 for thep case and==13 for thec case.
i min(wA;sin(wt),0) for the right wall. We felt that this was Clearly these last estimates are rather crude. However,
necessary in order to model the low-density region near eacextensive study of a wide range of these parameters has
end wall caused by the vigorous collisions with the endshown that the qualitative features are robust to variation of
walls. The width of the low-density region is independent ofthese estimates.
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TABLE |. The parameters used for the simulation results de-for small times were it not for the “cutoff” due tg.g;min. FOr
scribed below(SI units are used at all times unless stated othertimes large compared tQ.qmi, the distribution is close to

wise). oy ando, are thex andy components ofr. exponential with a characteristic time of order-d@vhich
depends on the compacity. For comparises% 3.9 andr,
Property c value p value =5.2%x 1072

The initial conditions were created by running a reduced

5 7

Me ma_ss 1.68 10_4 5.2x 10—4 size systemN./25, N,/25, of twice the aspect ratio with
R, radius 750100 54X 100 particles initially placed randomly on a square lattice. An
Yo damping term 4.410° 1.0x10°° external force was applied to compress the particles into an
oy hoise term 8.x107° 1.0x10°7 area of size ,/5X L,/5. The particles were then allowed to
oy _noise term 8.x10°¢ 1.0x 1077 move in this box without the external force until equili-
Magp Fec=rew=0.9 lep=lpw=0.2 brated. The initia_l conQition was _then created by tessellating
o rep=0.2 rpp=0.1 the full system size with 25 replicas of the reduced system.

To prevent long-range order the replicas were randomly in-
verted in both thex andy directions(the differing noises

The coefficients of restitutior,, 5=r 4 ,, are estimated to received by the particles in conjunction with the chaotic be-
be: r,c=0.9,r,,=0.2,r =0.1,r.,=0.9, row=0.2 where havior of the particles would rapidly remove any correlations
w denotes a side wall. Other values have been studied, bilt @1y casg During this stage, both particle species had the
the qualitative behavior is unchanged. The main effect of@me properties, including, ;=1, except for their radii. This
increasingdecreasing r,; is to increaslecrease the method produced initial conditions Whlch appeared to be as
granular temperature which in general merely moves the orlomogeneous as those for the experiment.

set of segregation to slightly higt@wer) compacity values. The_\ simulations_ were run on standard PCs. For compari-
The parameters then are listed in Table I. son with the experiments our results are for the same system

size (18 cmXx 9 cm), except where stated otherwise. The as-
pect ratio is here 2:1 in all cases.

B. Simulation method

We have simulated the numerical model via an event

driven code[15]. The process is as follows: Il RESULTS
(1) For each particle, predict when it will next collide. As with the experiments, we used the numbepsfN, as
(2) Identify the first collision to occur. our control parameter. The main quantities measured were
(3) Move the particlés) involved so that they touch. those found experimentally1,6,7] and related to thec's

(4) Update the velocities of the parti¢® involved  only: the mean stripe widthy, and the local density, of
(change in velocity due to damping and noise since theyheith particle. We also visualized the system and watched

were last updated its behavior. In addition, we also measured the area available
(5) Collide the particlés) [17]. to the p's, and the kinetic energy or “granular temperature”
(6) Repredict the next collisids) of the particlés) and  of the particles.

their neighbors. W measures the mean width of the stripes inxtdirec-

(7) Repeat from 2 until time has advancedthy,,dad 2 tion by pixellating an image of the system, deciding which
(8) Update all particles that have not been updated in thixels P, are within ac domain, then running along each

last tyinupdatd 2 S- pixel row P, and counting the width and number of domains.
(9) Repeat from 1 until time has advanced hQyegata All the rows P, are summed and the average domain width
(10) Record data. found. WhetherP, , is within a domain is decided by blur-
(11) Repeat from(1). ring the image with a Gaussian smoothing function and then

The prediction of collisions assumes that the particle’ssetting a threshold. This measure was used6i7] even
velocities do not change during their motion. The errorwhen the domains had not formed into stripes since it pro-
caused by this is small provided thafipgae<min(7,),  vided a simple measure of the domain sizes in the longitudi-
wherer,=m,/ v, is the time constant of the velocity decay. nal direction.

We settyinypdate 0-01X min(7,). The normalized local density; was found by Voronoi

The hard sphere model with inelastic collisions can un-+tessellation20] of thec's, such that eack; has around it a
dergo inelastic collapsil8], where the particles undergo an polygonal area all points of which are closerctdghan to any
infinite number of collisions in a finite time. Clearly a simu- other c. p; is then the minimum possible area, which is
lation that implements each collision will “stall” in these 2\5'3R§, divided by the polygonal area. Polygonal cells on the
circumstances. One way around this unphysical singularity iedge of the system which are not bounded are discarded.
the tc model[19] which prevents the collapse by setting In addition toW as a measure of the amount of coarsen-
r.g=1 for any particle which collided within the last ing, we also measured the area available to flse This
ticomin S€CONds. We found that fdfqmin<<1X 10 the re- “available area” is just the fractional area of the system in
sults did not change. For the results presented here we chosdich ap could be placed without overlappingca Eachc
ticoimin=5% 107°. The time between consecutive collisions of has a circular “excluded area” around it of radiBs+R,,

a particle follows a broad distribution which would diverge inside which the center of p cannot be placed. If al; c's
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FIG. 1. The time evolution of a simulation showing the coarsening into domains for a system of 1/4 the area of the experiment and
C=0.6721. The times are, top lett=0.04 s, top rightt=4.18 s, middle leftt=8.37 s, middle rightt=16.75 s, bottom leftt=33.51 s,
bottom right:t=62.83 s. Thep’s are colored black.

are widely separated, the available area isNim(R. state while the third is still evolving slowly due to the high
+Rp)2/ LL,, while if all the c's are hexagonally close-packed compacity (f_or a strictly two-dimensional sys_temNhich
in one domain the available area will be largér1  causes particles to be “blocked” by other particles.
-N¢ 2V3RZ/L,L,) since the excluded areas now overlap. Figure 3 S,hOWSWC(t) for several compacities. A€ n-
Thus the available area gives a measure of how segregatéases, the's, which were initially mixed with thep's,
thec’s are. In Sec. IV B we will show that the available area €0arsen into domalns. Wh0§e size increases wdthThe
s relevan 0 nose segregaton,
usg:eafgrﬁlge;iﬁe?iﬁgn?;? 2:\2/;”:'8 Igbrlne II_ t:g Sy;teg]rsa %e Iqwegt compacities, there is no coarsening, the system
1/4 of the experimental are,=0.9 m L :’0 3215 m ' remains in a mixed, d|sor'dered state. The h|gl@§nalue _
. \ X oy ) . shown has not reached a final steady state, the stripes are still
Figure 1 shows 6 images of th_e _e_volut|0n of a coarseningy,ying and merging at a very slow rate compared to the
;ystem. It can be seen that. the InItI§| segregation into relagitia) coarsening. At higher compacities, the system be-
tively small domains is rapid. This is followed by slower ¢omes blocked or jammed, the particles being unable to re-
coarsening as domains merge and as larger domains grow grange themselves in two dimensions, the slow time scales
the expense of smaller ones that “evaporate.” This growtlyf the top curve show the onset of this jamming. This jam-
rate is also clearly seen in the time-series plots of Figs. 3 anghing does not occur to the same extent in the experimental
4. Figure 2 shows three images of the system at differingsystem since the particles do not always form a monolayer
compacities for late times, the lowest compaciB~=0.446 andp’s can move out of the way afs by “riding up” on top
shows a binary mixture, the secof@=0.582 a segregated of each other.
“liquid” which has mobile and transient clusters and shows a Figure 4 shows a plot of the value of the area available to
slight anisotropy, and the thir@C=0.717 shows a system the p’s against time, it is similar to that fow. It is a more
that has coarsened into stripes. The first two are in a steadgpeatable measure th#vsince it is less affected by stripes
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FIG. 2. Examples of a binary mixture, segregated liquid, and segregated stripes. Compacities are 0.446, 0.582, and 0.717, respectively.
p’s are colored black. The pictures were taken after 100 s for the gas and 200 s for the liquid and crystal, by which time the first two have

reached a steady state while the third is still slowly evolving.

merging, for example, two runs with the same parameterber of domaing The available area is less affected by this
naturally differ due to the chaotic behavior of the particles.and thus provides a “cleaner” measure of the coarsening.
This means that for high compacities merging of stripes inThus for later results we will use the available area, although
two realisations at the same parameters may occur at diffelV provides similar, if more noisy, results. Experimentally,
ent times, causing thé/-(t) curves to differ between runs at the available area has not been measured since the experi-

late times[sinceWc(t) is inversely proportional to the num- mental system was only imaged in its central region, thus the
number ofc’s changes with time making the measure some-

0.008 : : : what arbitrary(the changes due @s entering or leaving the

ik B system would be more significant than the coarsenivde
ig
0.007 - , 0.7 . . .
W M”
WWW”"' (AP Vo High C
0.006 - AT
o 0.65
E
= 0.005 .
z l B
f [
0.004 H 1 3 06
. =
0.003 [HTMER kbl gt Mo b i 0 Low C i
] 0.55 WMWWW
00025 50 100 150 200 [Nt AN, |
o) NI |
FIG. 3. Plots ofwW against time for various compacities. From 05, ' 50 00 150 200
the right, top to bottom, the compacities decrease f@a®.717 to t(s)
C=0.401 in uniform increments. Thus it can be seen that for@w
the system does not coarsen while witis increased, the system FIG. 4. Plots of thdfractiona) available area for thp's against

coarsens to a roughly constant value which increases @itRor time for various compacities. From the right, top to bottom, the
the largest value o, the system has undergone rapid initial coars-compacities decrease froB=0.717 toC=0.401 in uniform incre-
ening but then slowed as the large domains move more slowlyments. The conclusions are similar to those for Fig. 3 except that
especially at this high compacity where the system is becominghe curves here always remain in the same order. The available area
somewhat “jammed.W was measured every 0.0209 s. was measured every 0.838 s.
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0.009 ' ' ' sition for the experimental system. ] a square root curve

r ' ' ‘ 1 was fitted to the right-hand side of the data, the data to the
— left of the transition being taken to be roughly constant, i.e.,
W;,(C)=B for C < Cyansition and W;,(C)=B
. +D\C—Cyansition for C> Cyansiion WhereB and D are con-
1 stants. From Fig. 5 we see that this is not the case for the
_ simulation data, which, a€£ is increased, initially rises
slowly, then increasingly rapidly before slowing again for
large C. There is no indication of a discontinuity in the gra-
dient of the order parameter, merely a rapid increasg21h
the same experimental data is presented with a sigmoid
shaped “guide to the eye” curve rather than a square root. In
our opinion the simulation data is similar to the experimental
data but not to the square root form suggested7in The
main conclusion from both the experimental and simulation

FIG. 5. Plot of the saturatedate time mean stripe width as a W_Sﬁ‘C) CUfV?S is th{:\Wsa(C_) has_a rO_Uthy sigmoid Shape,
function of compacity. The saturated values were found by fittingWith Wea( C) increasing rapidly wittC in the central region.
exponentials to th&\V(t) curves. Two runs were done at each com-  The simulation value ofC at which the rapid increase
pacity, and the results averaged. The error bars are based on tBgcurs (=0.58 differs somewhat from the experimental
difference between these two runs. Inset: the fitted curvaVof value (0.647+0.049[7]. In the next section we show how
against compacity for the experimental results, as reported in Rethis value changes continuously as we vary the noise strength
[7]. or other parameters. Thus, by increasing the noise strength

we can increase the value 6f at which the rapid increase
note that for the highest compacity curve, the area availablgccurs.
has increased by=0.15 while the maximum range of the  Figure 7 shows histograms of the local Voronoi density
available area stated before40.30. for various compacities, the results are qualitatively similar

In Figs. 5 and 6 we plot the late time values\Wfand  to the experimentally reported onfdj. At the lowestC val-
available area as a function of the compacity. This was donges, corresponding to the mixed state, the distribution is
by fitting exponentials to the time series of the type shown inpeaked at low densities as one would expect for unclustered
Figs. 3 and 4 and using the late-time values. We do not claing’s. At high C the distribution is peaked at large densities as
that the time series are exponential, but the fits provide usne would expect for clusterdde., segregatect’s. There is
with a reasonable measure of the late-time values.Whes 3 crossover between these two cases, with Fig). showing
C curve is the same measure as that used experimentally | broad histogram due to almost the full range of densities
[7,21] to claim a mixed state to segregated state phase trameing present in almost equal weights. Unlike the experimen-
tal results however, the high distribution also has a peak at
low density caused by a small fraction of isolatEsl which
are not present in the experiment. There is a crossover be-
tween these two extremes &sis increased, the central 4
065 L | figures(b—e show this crossover. Followind], we plot the
location of the peals) and their widths as a function of com-
pacity in Fig. 8. In[6] the peak width used was the full width
3/4 maximum since the peak did not extend far enough
06 1 above the rest of the distribution for a full width 1/2 maxi-
mum to be meaningful. Here we did the same although a full
width 3/4 maximum also does not exist in one case. Figure 8
is qualitatively different from its experimental equivalent and
we conclude that although the histograms are qualitatively
similar, the results derived from them are not.

The results presented here show that our numerical model
. , . reproduces the segregation and its qualitative behavior with
035 045 0.55 0.65 0.75 C of binary gas, segregated liquid, and segregated stripes as

c seen experimentally. This behavior is not immediately obvi-

FIG. 6. Plot of the saturated.e., late time (fractiona) area  OUS from the model rules—it emerged from the set of rules
available to thep's as a function of compacity. The saturated valuesWhich we believed contained the important microscopic fea-
were found by fitting exponentials to the available-afacurves.  tures of the experiment. We have also shown thats a
Two runs were done at each compacity, and the results averagetiinction of time and its saturated value as a function of com-
The error bars are based on the difference between these two rugacity behave in a qualitatively similar manner to the experi-
Note that the error bars are smaller than for Wes C plot since, ment. These reproductions of experimentally observed be-
as stated in the text, the available area is a “cleaner” measure. havior lead us to conclude that the “necessary features” listed
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E
=~ 0.006
z

0.005

0.004
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0.7
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(a) (b)

_
(=]
pry

P/Prra

4 4 FIG. 7. Normalized histograms of the Voronoi
densities plotted against normalised density, for
C=0.40%a), 0.559b), 0.582c), 0.604d),

1 ez 1 0.627e), and 0.74(f). Note the crossover with
increasingC from a single peak on the left to two
peaks, then a larger peak on the right. For each

09 1 0 1 compacity the data was measured in the steady
P/Prva P/Pra state from 45 frames of 1600s each.
4 4
) U
a2 B a2 q
0 0
0 1 0 1
P/Prax P/Prmax

in Sec. Il capture the essential behavior of the system. Nondrom the experimental ones sufficiently that the data derived
theless, our phenomenological numerical model does ndtom them(Fig. 8) is qualitatively different.
guantitatively reproduce the experime(it was never ex-

pected to do sp in particular the Voronoi histograms differ IV. SEGREGATION MECHANISMS
! ' ' ' 04 Having shown that our numerical model is relevant to the
@@ width of peak . Joss experiment, we now use it to investigate segregation mecha-
3— peak position K nisms.
0.8 B
o {03
> m-H
? o o fght poak E A. Segregation due to oscillatory driving
3z | 025 € i i . . .
3 06 g That the domains are anisotropic and indeed form stripes
2 ‘o\.‘ {02 3 at highC indicates that the anisotropy of the driving is sig-
5 ol .o /,"'\‘ S-o-® § nificant. Experimentally the stripes form perpendicular to the
= e -4 10185 driving even for aspect ratios greater than 1, d.g/l ,=2.
5 s 9 p g X
= left peak . The side-to-side driving causes the two species to move at
. o 4 0.1
oz | B85m4 g ‘o . ' different rates due to their differing masses and friction co-
‘B-a SR efficients. single particle will oscillate with(x
o ¥ eTe fficients. A singl ticle will oscillate with(x,(t))
RRR=ER-EeE- SER =(A/1+w?(m,/ v,)?sin(wt+ $) where the average is over
9 o s o5 50 the noise andp is a phase shift relative to the driving. Thus
6 oj 4 g
c (X(1))=6.0X 10" sin(wt) and (x,(1))=4.3X 10 *sin(wt).

FIG. 8. Plots of data derived f the i hist Thus thep’s would “like” to move a distance of order their
shown in Fi 075 % quis 2%5\/ thr:mosiﬁonog?nt?nle g;ﬁriﬂs radius during a cycle while thes hardly move. Consider a
. 9. /. >qua P P , o state of onlyp’s, if we remove the noise then all thags
histograms, representing the “most probable” densities, the lower ; . : .

move in the same sinusoidal way, if we transfer to (hen-

curve is for the leftmost peak and the upper curve is for the right- i f f . hich th t i that
most peak. Filled circles show the full width of each peak at 3/4'M€r ial) reference frame in whic €y are atrest, we see (ha

maximum(where the peak does have a distinct 3/4 maximdhe this is identical to the state with no sinusoidal drivi(ag)qrt
curves differ from their experimental equivalents where there wadfom edge effects at the walldor which the dissipation
only one maximum(thus just two single curvéswhich moved Causes the particles to be_ stationary. The same can bt_e said of
steadily to the right and where the width was peaked at an intermed State of onlyc’s. In a mixed state, however, thgs will

diate compacity. These differences are due mainly to the presence fpllide with thec’s and the system will “scatter” into a dif-

the simulation density histograms of a second peak at low densitferent state. Stable states, i.e., those that do not undergo fur-
which is always present and is caused by a small number of isolatedner scatterings, will be those for which this are separated

c's, something not observed in the experiment. from the p’s in the x direction by distances of at least the
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~ FIG. 9. Plot of the aredfractiona) available to thep's at late FIG. 10. Plot of the are&ractiona) available to they's at late
times as a f_unctlon of.compacny. The curve shows standard .pararql-mes as a function of compacity. The data is for a system where
eters but with low noiséo,— 0.10,) results, the two box points both particle types are the sartstandarcp parametersexcept that

are the equivalent res_u_lts for the standard paramet_ers. Thus it can Bﬁly thep's feel the periodic driving. We get a mixed state for low
seen that all compacities have segregated. For @ighfew large ¢ 5 4 segregated state for high as we did for the standard

domains form while at lower compacities there is enough space fo{)arameters. Note that the area of the system is 1/4 that of the

alarger number of small domains to be stable. Note that the area &y e rimental system. The late-time results were found by fitting an
the system is 1/4 that of the experimental system. The late't'm%xponential to the available area vs time curves

results were found by fitting an exponential to the available area vs

time curves. . . . .,
causes segregation and the noise or “granular temperature

amplitude of thep's oscillations. For the packing fractions which prevents it. Varying our control parametdy, causes
considered here, this can only happen by the two speciags to go from a mixed to a segregated state because increas-
segregating into domains. The fact that the area available tipg N, both reduces the granular temperat(sence it in-

the p's increases with time is consistent with this interpreta-creases the number of collisions which are highly inel@stic
tion. This argument only holds when the driving is not tooand also increases the “pressure” that t'e feel due to
large compared to the dissipation. For example if the amplicollisions with a greater number of oscillatip. Figure 12

tude of oscillation were of order the system size then itshows results for all properties setpovalues including all
would not be valid. An argument similar to this was also

given in[12]. 0.65 . . . .

We have studied systems with very low noise and the
results obtained agree with the heuristic argument given
above. The addition of noise, which causes particles to dif-
fuse, will tend to cause mixing. Thus there is a competition  o6r 1
between the periodic driving which causes segregation anc
the noise which prevents it. This is shown in the results
presented below.

For the standard parameters but with— 0.10,, the sys-
tem segregates for all the compacities studied in Se¢sék
Fig. 9), indicating that, as expected, the noise acts to preveni
segregation. To confirm this we then gave the two species
identical parametergthe p parametersand set allr, ;=1.
The only difference was that thgs experienced the periodic
driving term ,, while the c's did not. The results are
shown in Fig. 10 and demonstrate that a difference in the . s . .
periodic driving alone can cause segregation. 0.9 1 8 0s 17 18 21

For C=0.498 with the same parameters except-2vy,

(to reduce the granular “temperature” which is higher than FiG. 11. Plot of the areéiractiona) available to thep's at late
usual due to the=1) we variedo and, as shown in Fig. 11, times as a function of the noise strengthogingarg for C=0.498.

the system segregates for lawand remains mixed for high Increasing the noise strength brings us from a segregated to a mixed
a. state. Note that the area of the system is 1/4 that of the experimen-
These results confirm that the state of the system is &l system. The late-time results were found by fitting an exponen-

result of a competition between the periodic driving whichtial to the available area vs time curves.

0.55F 4

available are:

‘standard
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FIG. 13. Segregation afs for the standard parameters but with
045 7 no periodic driving andr;— 0.050. Notice the domains of's at
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of the experimental systerp’s are colored black.
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We may equivalently view the entropy argument from the
FIG. 12. Plot of the aredfractiona) available to thep's as a  Kinetic point of view. Two particles which are close to each
function of compacity, the parameters are as for Fig. 10 except tha@ther such that no third particle may fit in the space between
here the coefficients of restitution are all 0.1 rather than 1. It can béhem will feel a pressure on all sides due to collisions with
seen that this does not qualitatively change the results. Note that tHggher particlesexcepton their neighboring sides. Thus the
area of the system is 1/4 that of the experimental system. particles feel an effective attractive force. This pressure ar-
gument may be extended to systems that are not in equilib-

r=0.1 but with only thep’s feeling the periodic driving, ri_um, fo_r examp!e the granular experi_ment studied_ here. The
showing that the results remain of the same formrferl.  SiZ€ ratioR:/R, is much closer to unity than for simulated

Finally, we find that the system with standard parameter§auilibrium segregating systerig4], implying that the dif-
does not segregate if the oscillatory motion is turned off. ~férence in size alone does not cause segregation.

These results show that the differential oscillatory driving !N our out-of-equilibrium system there are several pos-
can cause segregation and present good evidence that it is higle differences between the two species besides a differ-
responsible mechanism in the system in conjunction with th&nCe in size. For our system, it seemed possible that the
noise which acts to prevent segregation. The transition fronjghter, faster movingp's might, through the differential
a mixed to a segregated state @ss varied is due to the Pressure mechanism, cause t'®to coagulate even in the

compacity changing the relative strengths of these two com@bsence of periodic driving. As stated before, this was not
peting effects. observed for the standard parameters. We therefore increased

the noise of thep’s and/or reduced the noise of ths in
order to increase thp to ¢ temperature and hence pressure
ratio. Noticeable segregation occurred over a wide range of
It was suggested if6,7] that the segregation mechanism compacity values foro,— 100y, for o,—20, and o
might be similar to the depletion interaction in equilibrium — 0.1, and also foro,— 0.050,. While the first of these
binary system$22]. As an example consider a colloidal sus- cases is outside the reasonable parameter range, the second
pension containing non-adsorbing polymers. In the ideal casgnd third are at parameters which might be physical. Figure
where there are no forces present, the free energy depends shows an example for the third case. Notice that many of
only on the entropy of the system. Treating the polymers aghe c's have coagulated at the walls as one would expect
sphereq23], it is clear that each colloidal particle has an since the pressure argument for two-particle attraction also
“excluded volume” around it of radiuBy4ig+ RsprereWhich  applies to the particle-wall case. Although this marked con-
the center of the polymer cannot enter. Thus the volumgregation at the walls is observed in experiments with col-
available to the polymers is the volume of the system less thiids, it is not observed in the experiments[6f7]. Reintro-
excluded volumes around the colloidal particles and the sysducing the periodic driving of the end walls prevented
tem edges. However, the excluded volumes overlap wheBongregation at the=0,L, walls whose large momentum
colloidal particles are closer thariR0ia+ Rspherd, thus the  transfer to the particles, as stated earlier, gives rise to low-
volume available to the polymers, and hence their entropy, islensity regions next to them. However, for all parameter
larger if the colloidal particles are close to each other. Thissalues studied that displayed segregation with no driving, the
entropic “effective potential” can be large enough to cause’s still congregated at thg=0,L, walls when the driving
the colloid to coagulate. This mechanism was one reason fagas turned on. Since stripes that touch the top and bottom
measuring the area available to ths in our simulations. walls are stable in the experiment, it seems unlikely that
Segregation has been observed in simulations of hardgitation due to the motion of the top and bottom walls is
spheres of two different siz¢&4] for large size ratios, e.g., what prevents the liquid domains from coagulating there. It
Ri/R,=10, and also experimentally in binary mixtures of is possible to remove this experimentally unobserved effect
hard sphere colloidg25]. by giving o, and oy differing values such that,. is lower

B. Noise segregation
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FIG. 14. Segregation of's for standard parameters but with FIG. 15. Coagulation of’s after 96 s due only to temperature
0¢x— 0.050¢ and oy, — 207, and no driving of the tray base. Thus differenceT,=1600T.. The system is still evolving, the groups of
we get segregation but without coagulation at the top and bottone’s in the center will eventually attach to the sides of the system.
walls. The left and right walls are oscillating and prevent coagula-Note that the area of the system is 1/4 that of the experimental
tion there. Note that the area of the system is 1/4 that of the exsystemp’s are colored black.
perimental systenp’s are colored black.

way as the periodic driving since it also would produce dif-

and oy is higher than that needed to produce segregatiorferent collective motions for the two species. The correlation
while we had previously kept,=oy for simplicity, it is rea-  could be caused by, for example, this all changing from
sonable that, > gy since random motion caused by sticking sticking to the tray base to slipping at the same time in the
and slipping is likely to be larger in the direction of driving. periodic cycle. While this mechanism is at least plausible,
This extra modification produces segregation withesuton-  the collective motions due to correlated noise and due to
gregating on the wallgprovided that thex=0,L, walls are  periodic driving (which would have caused the correlated
“driving”) whether there is periodic driving of the tray base noise in the first pladewould not be clearly distinguishable.
or not. Figure 14 shows an example. At the level of this phenomenological numerical model

We therefore conclude that this differential pressure segwhich breaks the driving into a periodic and a noise compo-
regation mechanism may play a role in the experiment. Waent, any such mechanism is, therefore, not meaningful.
had to “tune” the parameters which implies that the mecha- It is possible that there are other segregation mechanisms
nism is less robust than the oscillatory driving mechanismnot discussed here, however we believe that we have consid-
Accurate experimental measurements of the parametersred the ones most likely to be relevant in the experiment.
would help to resolve whether this mechanism is indeed
present. Directly distinguishing the two mechanisms men- V. CONCLUSION
tioned would require accurate tracking of all particles and ) ) ) _
their collisions, coupled with investigations of other binary  In this paper we have introduced and numerically studied
mixtures in order to get readings for different noise to side-2 (relatively) simple phenomenological numerical model of a
to-side movement ratios. This is likely to prove a difficult recently reported granular segregation experiment. We have
task and at present all we can conclude is that differentiameasured the same quantities as measured experimentally
pressure segregation may play a role in the experiment jand shown that our n_umerlcal model _reproduces most of the
addition to the differential driving discussed above. features of the experiment, the most important being a tran-

To demonstrate that different temperatures alone cafition from a mixed to a segregated state as the compacity is
cause segregation we have studied two species with standdf¢reased. This behavior is natpriori built into the numeri-
p parameters but alf, z;=1. The temperature difference is cal model—it emerges from the simple rules governing the
produced byo,— 400 and also setting aly— 100y so that motion of the partl_cles. This is significant as it shows thaf[ we
the time constants=m/ y are sufficiently small that particles have a set of basic features necessary for an explanation of
remember the temperature of their heat baths rather than ontye experimentally observed behavior. _ _
the temperature of their previous collision partners. This im- We then used our numerical model to investigate and
posed temperature difference causes coagulation of the lowétentify segregation mechanisms and elucidate the experi-
temperature partic'es as Shown in F|g 15. Wh”e these pdnental behaVIOI’. We shOWed that the trans'ltlon from m|Xed
rameters are very different from the standard ones, thefP Segregated state in the numerical model is caused by com-
clearly show another segregation mechanism in a nonequietition between the different driving felt by this andp’s,

librium system and that the heuristic arguments regardingvhich acts to cause segregation, and the noise, which acts to
pressure differences out of equilibrium are valid. prevent segregation. We are led to conclude that this is also

the main mechanism present in the experiment. We have also
considered and demonstrated segregation due to different
pressures and shown that it is possible that this might play a

One further possible mechanism is that the noise of theole in the experiment. The differential driving segregation
particles is correlated among the particles but differently formechanism is applicable to many binary driven systems
thec’s and thep’s. This could cause segregation in the same11,13.

C. Further mechanisms
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This work goes some way to explaining the intriguing Note added in proofRecently, we learned of work by
experimental results dfl,6,7]; Experiments with other par- Pooley and Yeoman®6] in which, analytically, they show
ticle types in conjunction with more accurate experimentalstripe formation for binary fluids where one fluid is driven by
measurements, particularly with regard to particle positionan external periodic force, and suggest as here that the same
and velocities, should allow more accurate comparisons witlmechanism causes stripe formation in horizontally driven bi-
our numerical model and also refinements of the model. Imary granular mixtures.
particular more accurate values for the parameters used.

Now that we haye shown our nqrr]erlcal model to bg rel- ACKNOWLEDGMENTS
evant to the experimental system, it is possible to use it fur-
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