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Simulation study on kinetic temperatures of vibrated binary granular mixtures
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We study the unequal kinetic temperatures in two-dimensional binary granular mixtures heated by vertical
vibrations under gravity by molecular dynamics simulations. By introducing several variable parameters de-
scribing particle and composition properties of mixtures, the coexistence of two different kinetic temperatures
for the two components is exhibited. In dilute situations, our numerical results confirm the overall experimental
measurements by Feitosa and Menon recefilyys. Rev. Lett88, 198301(2002]. For example, the tem-
perature ratio along the vertical direction is constant in the bulk of a system, and is insensitive to external
driving or relative concentration of the two components, but mainly influenced by their masses. However,
outside of the dilute situations, especially as the number density becomes high enough where the spatial and
momentum correlations become salient, the ratio profiles show some different characteristics. Generally, the
plateau shape along the vertical direction is broken, and instead, a saddlelike shape appears. Furthermore, the
physical implications are discussed.
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[. INTRODUCTION studied by analytical workdg6,7], numerical simulations
[8-10], and experimentgl1-13. Although the mechanisms
Granular materials are large conglomerations of macroef energy feeding in analytical studies and experiments are
scopic particles. If they are noncohesive, then particles cadifferent, i.e., theoreticians favor a uniform thermal Gaussian
move free of interparticle forces except for isolated collisionsbath while in experiments the energy was injected by a vi-
where they suffer repulsive forces in contact. After each colbrating wall, the qualitative results are similar. In both cases
lision a little kinetic energy is dissipated. If we continuously systems can all achieve a nonequilibrium steady state where
inject power into such a system to keep particles in motionthe temperatures of different species are different, depending
dynamics of a granular system will resemble that of fluids,on material propertieémass, sizes, and inelastigitgompo-
wherever the particles move seemingly randomly. Dependingitional parametergaverage number density and number
on the energy injection and dissipation rates a nonequilibfraction of each componentand driving strengths. Such a
rium steady state can be obtained. However, due to the disemperature difference cannot be attributed to segregation or
sipative nature of the interactions between particles, granulansufficient mixture of components in a system, due to the
media are commonly induced to show correlated collectiveassumptions that particles are spatially homogeneously dis-
behaviors in contrast to classical elastic particle systemgributed in analytical works and violently vibrated in experi-
Clustering, surface waves, and convection rolls are some exnents and simulations. Even the temperature of a single
amples of strong collective correlation behavifty. Even tracer particle in an equilibrium fluid was found to be differ-
for a system in a dilute and nearly elastic regime, where thent from the surrounding baffi4]. These findings demon-
correlation is small, differences from ordinary molecular flu- strate that a long preserved assumption in previous theoreti-
ids are also obvious, such as the appearance of non-Gaussiesl developmen{15,16 of the kinetic theory for binary

velocity distributiong2,3]. mixtures(i.e., a single temperature is used to characterize a
Recently, the violation of energy equipartition amongsystem is not justified, and suggest a challenge for the un-
granular media has attracted particular intefdst13]. Simi- derstanding of granular mixtures.

lar to elastic gases, the kinetic theory for granular systems The aim of this paper is to explore the breakdown of
usually defines an average kinetic energy of particles as thenergy equipartition in strongly vibrated two-dimensional bi-
granular temperature. In a mixture of two or more kinds ofnary granular systems over broader parameter selection
particles, each species will attain a different granular temranges by molecular dynamics simulations. The advantage
perature, depending on the balance of external power injeder the present study is that by molecular dynamics simula-
tion and internal energy dissipation by inelastic collisions. Ation, we can provide a macroscopic description by averaging
theoretical investigatiof4] using the Enskog kinetic theory over microscopic details of motions and interactions between
to the homogeneous cooling process for a binary mixturéndividual particles, and avoid the assumptions inherent in
shows that the two species have different temperaturethe kinetic theory or approximations made in solving the
throughout the cooling process while their cooling rates aréinetic equations, and difficulties of tuning parameters
equal. This result was verified by detailed Monte Carlo simu-widely used in experiments. Therefore, with computer simu-
lations using the Boltzmann equatifB]. In fact, the coex- lations we are allowed to tune system parameters such as
istence of different temperatures in a binary mixture has beeparticle properties and compositional parameters in a system-

atical manner to gain a more thorough study on the break-

down of energy equipartition in a vibrated granular mixture

* Author to whom correspondence should be addressed. and find some different characteristics.
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Il. MODEL AND METHOD 0.04f

The simulation cell is assumed to be a vertical rectangular /./’/H\'\_ :;
container with dimension&,XL,. Its upside and bottom 003k , _/___»_\.\.\
plates are required to vibrate synchronously. Periodic bound- ' /'/" "\l\.
aries are used to eliminate the side-wall effects, such as con- f t\.
vection[17] and inhomogeneous particle distribution along N g2l \.\'
the horizontal direction that may cause cluster formation \.\\'\.
near side wall$8]. The particles receive energy by colliding \ \
with the two horizontal walls, harmonically vibrated at a 0.01 1 e
frequencyf. The gravitational force acts along the negative I /' \.
direction. / Ny

The simulated particles are homogeneous and inelastic 000

circular disks which are free to rotate around an axis normal e
to they-z plane. These disks can be categorized into two
species by different diametedls, massesn;, or normal res-
titution coefficientse;; . All these parameters are variable. In - FIG. 1. Vertical number density versus height/d. m;=m,
addition, the two compositional parameters are tunable: theyn,=3m, d;=d,=d, e;;=ey=e€;,=0.9, and particle numbers
are the number fraction of each specig}, (and the average N;=N,=150.
number density,, specified in terms of the occupied area
divided by the total area of the container. The collision rule_ ¢ mg, and the box dimensions are=96d andL,= 64,
includes a reduction of the relative normal velocity,, a . L . :

; . . respectively. Then driving frequency is varied from 40 Hz to
reduction of the relative tangential velocit§; , and an ex- 0 Hz. and the amolituda is mostly of 2.41. correspondin
change of energy between those two degrees of freedom fgr ’ P y Y P 9

. . _ 2 .
any two particle§18]. After a particle-particle collision, we to a maximum acceleratloﬁ—A(Zq_-rf) and a maximum
have velocity of the cellyy=A(2#f), which are about 99 and

1.9 m/s, respectively. Finally, the friction coefficient
Vi=—a;jVy, (1) =0.1, while the normal elastic coefficient is chosen to be
0.9, representing a moderately strong dissipation.
where V,, and V| are the relative radial velocities of two  An efficient hard sphere molecular dynamics simulation
particlesi, j before and after a collision. The normal restitu- [21], also known as event driven algorithm, is employed to
tion coefficientsa;; is not a constant. It depends on the rela-eyolve a system. In all of our simulations the external vibra-
tive normal velocity in the fornj19] tion is so strong that the two species of particles are well
1_(1_eij)(|vn|/vo)3/4 for V<V, hmailézdbfggllzbfxalilngée bquantities. reported in the following
y averaging the sampling over more
€jj for V>V, than 16 vibration cycles.

Zd

aij(Vy)=

where the normal elastic coefficiergg are constants related
to three types of colliding pairs/y,=+/gd, whered is the
average diameter of all particles agdhe gravitational ac-
celeration. The interaction along the tangential direction can There are quite a few parameters giving influences on the
be distinguished into two types, i.e., sliding and sticking. If kinetic temperatures of a granular mixture and their ratios.
the condition We will first present some general profiles of those charac-
V| teristic quantities by simulations withl=300 particles of
—=3u(1+ ajj) (3)  two species and the number fractios 1/2 to get some gen-
[Vl eral perception of the present dynamical system. The two

is satisfied, the collision is in the sliding fashion, otherwise it<inds Of particles have the same properties excapt-m
is in the sticking fashiori20]. Here u is the friction coeffi- ~andm=3m. The cell vibrates sinusoidally at the frequency
cient reflecting the surface roughness of particles, and is a§0 Hz and the amplitude 24 According to the data analy-
sumed to remain unchanged. Thus, after a collision, the totiS; the mean free path is of the orderdsf@r species 1 and
angular momentum and translational momentum are coré.8d for species 2. Because particles are mostly concentrated
served while the energy is dissipated through the reductioin the center of the cell, generally, collisions take place more
of the relative normal velocity and relative tangential veloc-frequently than in a uniform distribution system. The typical
ity. Particle-wall collisions obey the same rule while the particle-particle collision rates are of the orders 150 Hz for
mass of walls is taken as infinite. Between two collisions aspecies 1 and 120 Hz for species 2, which are quite higher
particle moves along a parabolic trajectory due to the gravithan the particle-wall collision rates of the orders 12 Hz and
tational field. 6 Hz, respectively.

For the convenience of simulation, we would prescribe The density profiles along the vertical direction are shown
some basic parameters. At first, we choasel.6 mm, m  in Fig. 1. It is obvious that the heavier particles have a higher

[ll. DILUTE SITUATIONS
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FIG. 2. (a) Translational temperaturdy (left scalg for species
1 (O) and species 24), and their ratioy, (H, right scal¢ versus
heightz/d. (b) Rotational temperaturek, (left scale for species 1
(O) and species 24), and their ratioy, (H, right scal¢ versus
z/d. All the system parameters are the same as those in Fig. 1.

FIG. 3. Translational and rotational temperatu@sand tem-
perature ratiogb) of two species plotted against the square of vi-
bration velocityvg. All other parameters are the same as those in
Fig. 1.

perature ratio of two specieg=T,/T, is proportional to

concentration in the center of the cell, while the lighter onegni/m; near the wall, which implies that the heavier particles
tend to spread out. However, particles of two species argin higher kinetic energy from this energy injection source.
locally mixed well and there is no apparent cluster formationBounced off the wall, a particle moves into the interior of the
observed in such a dilute and strongly vibrated sfagd. It cell and carries the kinetic energy to the bulk granular gas.
is required that the local density of two species will attainDue to the higher concentration of particles in the interior,
maximum at roughly the same height near the center of théhe particle-particle collision rates increase correspondingly.
cell, and in such a well-mixed state particle-particle collisionThe energy exchanges between the same kind and different
frequencies among the same and different components are kind of particles drive their temperatures to approach each
the same order. Incidentally, due to the periodic boundar@ther. However, due to the combination of external energy
conditions, the density and temperature distributions arénjections and dissipative collisions among particles in the
verified to be uniform along the horizontal direction over Present nonequilibrium system, ordinary thermodynamic ar-
long time sampling for both species. guments become useless. Therefore, the zeroth law of ther-

Figure 2 shows the translational and rotational temperamodynamics is unapplicable, i.e., particles of different spe-
tures for both species and the temperature ratios a|ong t}fées will not relax to the same kinetic temperature, like that
vertical direction. It can be seen that the two components oft an equilibrium system.
a binary mixture do not equilibrate to the same kinetic tem- To make clear the influence of external driving, we plot
perature, but heavier species retains a higher temperatureid. 3 to show the temperatures and their ratio profiles aver-
Similar to the density profiles, the temperature profiles alongding over the entire cell. These results verify that the trans-
the horizontal direction are uniform, while in the vertical lational temperatureT; and rotational temperatur&, are
direction things become different. Both species tend to cooboth proportional taj in the mixture of both species. Here
down as the distance from two moving walls increases, howthe driving frequency varies from 50 Hz to 80 Hz, and maxi-
ever, their temperature ratio reaches a plateau in the interionum acceleration varies from §9to 99. Under these
of the cell over a broad region. This fact has been observestrong agitations, it is found that although their respective
by the previous experimefi3] and simulation 8], and in-  average temperatures increase vmgh the temperature ratio
dicates that although the number density ratio varies with th@rofiles are independent of the variation of driving frequency
height, the temperature ratio remains nearly constant in ther amplitude. This relation was also observed in the previous
bulk. It can be further verified below by tuning some param-experimen{13].
eters of two species if the number density is in the dilute From the simulation results obtained, it can be concluded
case. We also notice that the rotational temperature ratio rehat a steady state is achieved in dilute granular gases under
mains constant over the entire cell, and in the interior of thestrong agitation. Based on the energy exchanges between
cell, the two kinds of temperature ratios, i.e., the translationaparticle-particle and particle-wall by inelastic collisions, a
temperature ratio of two kinds of particles and the rotationakind of energy balance is established, i.e., the ratio of the
temperature ratio of two kinds of particles, will approach thekinetic energies for two species remains constant with vary-
same value. ing external power injection.

Generally, after colliding with a moving wall both kinds ~ We can take into account the influences of particle prop-
of particles gain a velocitycv, on average, thus the tem- erties including the normal elastic coefficiegj, particle
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1.0f ] cient onvy by tuning the elastic coefficient of one species. It
@ /;;:::1:1:':_:::'::;\\\ is apparent to see from Fig(e} that the particles with a
o T TN higher elast|c_ coeff|(_:|_ent ach|eve_ a higher temperature. In
05} M\ N 1 fact, the elastic coefficient determines the fraction of the total
N kinetic energy lost after a collision. Thus the particles with a
0.0 ) ) ) . ) ) ) ) lower elastic coefficient tend to lose more kinetic energy on
1.2} | average. In addition to test the effects of these material prop-
O y erties separately, another interesting question would be what
&1.0F g —— e 1 is the cross effect of these factors, e.g., what happens if the
08l more massive particles are also more inelastic in a real
granular mixture. We have also taken some simulations to
0.6 ; ; ; : ; ; ; ; investigate this cross effect, and find that the temperature
12} (¢ ] ratio will depend on the competition between them. The sen-
= e S e sitivity of temperature ratio on mass and elasticity differ-
ol T T | ences is still marked, and temperatures of two species will
— approach each other if the more massive particles are also
more inelastic. This result agrees well with the simulations
080 "0 20 20 40 50 80 70 by Paolottiet al. [8].
Z/d We also test the influence of different number fractions of

one componenk for the same total number of particles on
the temperature ratios. For strongly agitated dilute systems, it
is found in our simulations that the temperature ragias
insensitive tox when the lighter particles are more elastic
than the heavier particles. This fact is also in agreement with
the experimenf13].

FIG. 4. Vertical profiles of the translational temperature ragips
for a binary mixture with different material properties. For this sys-
tem there are totally 300 particles with the number fraction
=1/2 for both species and=56g. (a) Two species with the same
diameter d, the same normal elastic coefficientg;=e =€,
=0.9, but different massesn;=m, m,=2m (H), 3m (A),
5m (V), and " ( #). (b) Two species with the same massthe
same normal elastic coefficieef;=e,,=e;,=0.9, but different di-
ameters, d,=d, d;=0.5d (M), 0.8 (A), 1. (V) and When we change the number density, there is something
2d (#), (c) Two species with the same massthe same diameter djfferent. In the previous cases, the granular systems are in
d, but different normal elastic coefficientse;;=0.9, €  djlute and strongly agitated states where the density and mo-
=07 (W). e,=0.8(A), &,,=0.9 (V), €2=0.96 (¢#), ande;,  mentum correlations are small, and the collision rate of
=(eutex)/2. particle-particle is quite higher than that of particle-wall. If

we tune the number density down to the limit of a dilute
massm, and diameted. We keep the tangential friction co- case, then the collision rate of particle-wall is comparable or
efficient u as a constant, because the rotational kinetic eneven higher than that of particle-particle, a particle ex-
ergy is much smaller than the translational one. changes little energy with other particles between successive

The mass difference is an important factor to determinecollisions with vibrating walls. It is obvious that the granular
the temperature difference. We perform several simulationtemperature of each component on average would be close to
with two kinds of particles distinguished only by their its kinetic energy obtained from the vibrated wall, and then
masses. The result is plotted in Figay It is obvious that the temperature ratio is equal to the mass ratio of two spe-
the heavier species gains a higher temperature, and the temies.
perature difference increases as the mass difference in- On the other hand, as the number density is increased, the
creases. On the other hand, for a binary mixture with thecollision rate between particles is also increased, which is
same mass but different diameters as shown in Rig, &ve ~ more frequent than the rate of collision with the two moving
found that although the temperature ratio is only slightlywalls. So the kinetic energy of particles is dissipated more
influenced by the size difference in contrast to the mass difgquickly, and then little by little a strong density and momen-
ference, the variation trend is rather apparent, i.e., particlesim correlation will be established. In other words, granular
with larger sizes tend to gain a lower temperature. This resulinaterials will induce a correlated collective motion which
is not difficult to understand. In fact, particles with a larger severely influences the temperature ratio of two species. In
diameter have a larger cross section and generally have motiee following, we will consider these higher density situa-
chances to collide with other particles. As we know, aftertions.
each collision, part of the particle’s energy will be lost. In order to keep the average height of all particles still
Therefore, the more the collision times, the more the energyear the center of the cell and avoid global particle segrega-
dissipated, and, on average, the larger particles tend to b®n in the vertical direction when the number density be-
cooler than smaller ones. But the influence of size differenceomes higher, we increase the normal elastic coefficients of
on temperature difference is much smaller than that of massoth species t®;;=¢€,,=€;,=0.96. The two species have
difference. This result is in qualitative agreement with thethe same diameted;=d,=d, but different massesn,
theory obtained in a homogeneous binary heated mixlre =m,m,=3m; external sinusoidal drivingf=60 Hz, T
We also analyze the influence of the normal elastic coeffi=56g. Figure 5 shows the temperature ratio profiles of two

IV. HIGHER DENSITY SITUATIONS
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Z/d FIG. 6. The radial distribution functiog(r) for total particle
numberN=100 (M), 300 (A), 500 (¥), 1000 (A), 1200 (V),

FIG. 5. Translational temperature ratip(a) and rotational tem-  and the number fraction=1/2. Other parameters afe=60 Hz and
perature ratioy, (b) in the vertical direction for the total particle T =56g. The plots ofg(r) have been shifted for the sake of clarity,
numberN=100 (M), 300 (A), 500 (¥), 1000 (A), 1200 (V),  and the dashed lines shay(r)=1.
and the number fractior=1/2.

creases, and then decreases with increasing height. In the
species with the total number of particles varying from 100present case, it is the dissipative nature of granular collisions

to 1200 but the number fraction= 1/2. which may induce density and momentum correlations to
We can find that in the most dilute cade=100, the make the process quite complicated.
temperature profile is still a plateau whijg is slightly lower To characterize the transition from the gaslike to the lig-

than those of a little denser cases. The collision rates at thisidlike states, we show the radial particle-particle correlation
density are 86 Hz and 55 Hz for particle-particle, and 20 Hzfunction g(r)={p(0)p(r))/{p)? normalized by the particle
and 11 Hz for particle-wall of species 1 and species 2, rediameterd in Fig. 6. Herep is the particle density and the
spectively. When the total number of particles varies fromsampling is taken in a rectangulardé38.4d window cen-
300 to 500, the temperature ratio profile remains constant itered in the geometrical center of the cell. It is clear to see
the interior region of the cell and seems to be insensitive tahat with an increase of number density, the oscillations of
the average number denspiy. As N is further increased, the g(r) became more and more marked. Figure 6 clearly dem-
ratio plateau is replaced by a saddlelike profile with a denbnstrates the transition from a gaslike state to a liquidlike
appearing in the interior; and the rotational temperature prostate as the number density increases. With the injection of
file behaves similar to the translational one. Such a newlyontinuous energy flux, particles behave as a correlated bulk
explored behavior can only arise from correlated collectiveand move like a liquid. Interestingly, contrary to the gaslike
motion as will be exposed in detail below. case, if we apply a strong external driving in the liquidlike
As has been mentioned above, in the vicinity of a movingstate, the temperature ratio can even surpass 1, i.e., the
wall, particles gain kinetic energy proportional mug on lighter particles can gain higher temperature than the heavier
average. Thus the translational temperature ratio of two spenes in some local regions. We ascribe this to the fact that in
cies approaches their mass ratio near the wall. Then, as pahis region, the heavier particles have formed some clusters
ticles leave from the wall into the interior, the collision rate (dissipate more energyvhile the lighter ones relatively still
between particles increases correspondingly with increasingiove freely. This will cause the heavier particles become
local particle number density. The energy is exchanged bezooler, and hence the temperature ratio increases further.
tween the same and different kinds of particles, and thdherefore the sensitivity of external vibration on temperature
granular temperatures of two species approach each other butio in the dense system is quite different from that in the
are usually not equal. As the distance from the bottom indilute one.
creases, the particles number density increases, and the sys-Based on the present simulations and analyses, it seems
tem continuously cools down. Then a transition from a gasvalid that the independence of temperature ratios on the av-
like state to a liquidlike state may appear, corresponding t@rage number density, can only appear in the range of
strong density and momentum correlations of particles. Fisome dilute and moderate number densities under an external
nally, near the center of the interior both species tend to bdriving. In Feitosa and Menon’s experimgif3], their mea-
trapped together and form a strongly correlated granular ligsurement was averaged over a rectangular region in the cell;
uid. Particles in this liquidlike state tend to move coherently,this may smear out the details of a temperature ratio profile
i.e., heavier particles and lighter particles tend to gain thevhich is more possibly not a plateau in the cell center as
same velocity. Therefore, the temperature ratio goes downumber density becomes higher.
and approaches the mass ratio again, and a dent appears inFinally, we would like to point out that although our
the center of the vertical temperature ratio profile. This is thesimulation results agree with Feitosa and Menon’'s experi-
reason why the temperature ratio of two species first inment qualitatively, there exist some difficulties to obtain a
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precise numerical agreement between simulations and the It has been found that as particles are confined in a vibrat-
experiment. The possible explanations are the followinging container and the average number density is not too high,
First, in our simulations the system is a strictly two- a plateau of the temperature ratio of two components along
dimensional2D) one, while in Feitosa and Menon’s experi- vertical direction is established in the interior of the system
ment the spheres are confined in a quasi-2D cagd tBh  and is independent of the external driving frequency and
X 48d wide X 1.1d thick). In a quasi-2D system, particles amplitude. The material properties of particles do influence
move with higher freedom than in a strict 2D system. Secthe temperature ratio, and particles which are heavier,
ond, in our simulations, we use a periodic boundary condismaller, and more elastic, tend to gain a higher temperature.
tion in the horizontal direction, while in the experiment par- By tuning these material parameters separately, we have
ticles can collide with four side walls. With the periodic found that the enhancement of the temperature difference
boundaries, the kinetic temperatures and number densities depends much more on mass differences than on size differ-
particles are homogeneous along the horizontal direction, buences, and the influence of elasticity is also quite marked.
with fixed boundaries, the temperatures are lower and numFhe cross effect of these material properties will depend on
ber densities are higher in the vicinity of the boundaries tharthe competitions among them. These results are quite consis-
in the bulk. Third, there are some other causes that matent with recent experimental and theoretical studies.
influence the precise numerical comparisons between our The insensitivity of the temperature ratio on average num-
simulations and the experiment. For example, in our simulaber density is verified in some moderate range, however, at
tions, we have not considered the deformation of particleselatively high densities things become complicated. As the
and the duration of collisions. Besides we do not know thenumber density increases, a transition from a gaslike state to
experimental value of friction coefficients, while the tangen-a liquidlike state is observed and the temperature ratio pla-

tial friction surely has an influence on the systgaZ]. teau along the vertical direction is violated with a dent ap-
pearing in the center of the profile. At very high densities, a
V. SUMMARY strong momentum correlation is established and the tempera-

. ) . ~__ ture ratio approaches mass ratio of two species since par-
~ We have systematically investigated the spatial distributicles move with roughly the same velocities. Furthermore,
tions of densities and temperatures in a vertically vibratedhe correlation makes the binary mixture so complicated that

binary granular mixture over broad ranges of parameters byhe lighter component could gain a higher temperature than
using molecular dynamics simulations. Our numerical Simuthe heavier one in some conditions.

lations include both translational and rotational kinetic ener-

gies, and show that both the translational and rotational tem-

perature ratios of two kinds of particles are similar in the ACKNOWLEDGMENTS
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