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Cooling rates and energy partition in inhomogeneous fluidized granular mixtures
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The local cooling rates of the components of a vibrated binary granular mixture in a steady state are investigated.
The accuracy of the expression obtained by assuming a local homogeneous cooling state distribution of the gas is
analyzed by comparing it with molecular dynamics simulation results. A good agreement is observed. Also, the
profiles of the partial temperatures are compared with the theoretical prediction following from the application
of the Chapman-Enskog method to solve the kinetic Enskog equations of the mixture. In this case, the agreement
is satisfactory if the boundary layers near the walls are excluded. The implications of the results are discussed.
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I. INTRODUCTION

As a consequence of the inelasticity of collisions, granular
fluids exhibit a series of behaviors that are in sharp contrast
with those of molecular fluids. One of them is the violation
of the energy equipartition theorem in a granular mixture of
mechanically different species. The granular temperatures of
the components of the mixture, defined from the average
kinetic energies, are different. Although this possibility was
already pointed out many years ago [1], it has not been until
recently that a systematic study of the effect has been started.
For the homogeneous state of a freely cooling binary mixture
of inelastic hard spheres or disks, an explicit expression for
the ratio of the temperatures of the two components has
been obtained from an approximated solution of the kinetic
Enskog equations [2]. The accuracy of this prediction for weak
dissipation and low density has been confirmed by molecular
dynamics (MD) simulations [3].

The above homogeneous cooling state (HCS) is not acces-
sible experimentally since it is of too short a duration to be
observed. In order to maintain a granular system fluidized, an
external energy supply is required. This is often carried out
in experiments by means of vibrating walls or external fields,
which generate macroscopic gradients in the system because of
the inelasticity. At a theoretical level, homogeneously driven
granular fluids have also been considered. In these models,
external stochastic forces giving energy to the particles are
added, thus allowing a system of inelastic particles otherwise
isolated to reach a steady state. The lack of energy equipartition
in the steady state of homogeneously driven granular mixtures
has been also analyzed [4] by extending the methods of [2].
Nevertheless, the relationship between this kind of driving
and actual experiments is uncertain. The nonequipartition
has also been identified in simple shear flows in which the
density and the temperature are uniform [5] and observed
in MD simulations of vibrated granular gases [6,7]. In the
latter cases, the parameter characterizing the departure from
energy equipartition, for instance, the ratio of the partial
temperatures of the components, exhibits a local, position
dependent behavior.

In addition, experimental evidence of the coexistence of
different temperatures in strongly vibrated granular mixtures
has been reported in both two- [8] and three-dimensional [9]
systems and the dependence of the temperature ratio on
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the several parameters characterizing the system has been
investigated.

Theoretical predictions for the local value of the tem-
perature ratio in a binary mixture of granular gases in
inhomogeneous states follow as a by-product in the derivation
of hydrodynamic equations in the context of kinetic theory
[10-12]. This feature is often forgotten, although it is closely
related with important conceptual issues dealing with the
existence itself of a hydrodynamic description and with
the Chapman-Enskog method to derive the corresponding
macroscopic equations. One of the aims of this paper is
to emphasize the generality of the theoretical prediction for
the partial temperatures of the components of a mixture in
states that are described by the hydrodynamic equations to
Navier-Stokes order. Quite peculiarly, the expression for the
temperature ratio turns out to be independent of the gradients
of the hydrodynamic fields, only depending on the local values
of the densities of the two components.

The qualitative and quantitative validity of the theory
will be investigated by comparing it with MD simulation
results for a vibrated granular gas of inelastic hard disks in
a highly inhomogeneous state. In the analysis, a crucial role
is played by the local cooling rates of the fluid and of each
of the components. In most of the hydrodynamic theories
of monocomponent and multicomponent granular gases, the
exact local cooling rates are approximated, without any well
founded justification, by its zeroth order in the gradients of
the hydrodynamic fields, which, in addition, is computed
by using a Gaussian approximation for the local velocity
distributions [13]. The issue of the validity of this assumption
is also addressed in the MD analysis being reported below.
It will be shown that the actual local energy dissipation in
the system is very well described by assuming local Gaussian
distributions for the components, at least for not too strong
inelasticity. Neither zeroth order in the gradients’ deviations
from a Gaussian nor corrections associated with the gradients
of the hydrodynamic fields seem to be quantitatively relevant
to describe the cooling rate of the system. This provides
justification for the expression of the cooling rate generally
used in the hydrodynamic equations for systems of smooth
inelastic hard spheres and disks.

The remainder of the paper is organized as follows. In the
next section, the theoretical results for the cooling rates and
the partial temperatures are reviewed. They follow from the
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application of the Chapman-Enskog method to the Enskog
equations of the system. It is emphasized as to which aspects
have a justification on physics grounds, and as to which ones
are a consequence of some mathematical approximation or
choice. This is important to understand the basis of the equation
determining the ratio of the partial local temperatures of the
components as a function of the concentration profiles. In
Sec. III, MD simulation results are presented for a vibrated
system of inelastic hard disks in a steady state. The partial
cooling rates and temperatures are measured, and the results
compared with the theoretical predictions. The final section
of the paper contains a short summary of the results, and also
the comparison of the theory with some previous simulation
results and experiments.

II. BOLTZMANN-ENSKOG EQUATION AND
CHAPMAN-ENSKOG SOLUTION

We consider a mixture of smooth inelastic hard spheres
(d = 3) or disks (d = 2) of masses m and m, and diameters
o1 and o0,. The inelasticity of collisions is modeled by constant
coefficients of normal restitution. There are three of them: o,
ax, and oy = oy, where o;; refers to collisions between
a particle of species i and a particle of species j. They are
defined in the interval 0 < ;; < 1. We also introduce o;; =
(0; +0;)/2. The particles are submitted to an external field,
so the force acting on a particle of species i is F;.

The Enskog equations for the one-particle distribution
functions f;(r,v,t),i = 1,2, have the form [14]

F, 9
<8t+vv+m_ ° 5) fi(r$vat): Z Jij[r9v|fi’fj]v

i =12

(D

where J;; is the inelastic Enskog collision operator for the
scattering of a particle of species i and a particle of species j.
Below, the application of the Chapman-Enskog algorithm to
Eq. (1), as carried out in Ref. [10], will be shortly reviewed.
Emphasis will be put on those conceptual issues and hypothesis
motivating the study presented here.

The important first step in any derivation of macroscopic
continuum equations is the choice of the fields. And it
must be stressed that the Chapman-Enskog procedure does
not make any explicit limitation on the fields to be used.
The only required condition is the existence of a uniform
reference state than can be expressed in terms of the chosen
fields. In particular, for granular mixtures, two sets of fields
have been considered for hydrodynamic descriptions. One
is formed by the number densities of the species, the flow
velocity associated with the total momentum, and the granular
temperature defined from the total energy density [10]. The
second set consists of the number densities, species flow
velocities defined from the species momenta, and species
granular temperatures defined from the local species energies
[1,15]. The point of view adopted here is that the expanded set
does not have a larger predictive value on the relevant large
space and time scales. A discussion of this issue is carried out
in Ref. [16]. Here, let us mention that the accuracy of using
the reduced set has been confirmed by molecular dynamics
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simulations both in the homogeneous case [3,17] and also in
inhomogeneous vibrated mixtures [18].

The macroscopic field’s number density of species i,
n;(r,t), flow velocity u(r,t), and granular temperature 7'(r,t),
are defined in the usual way:

n; = /dv fi(r,v,t), pu= Z/dvm,-vﬁ(r,v,t),

)
2
nT = Z/dv %(”)fi(r,v,r).

Here, p = mn; 4+ myn, is the total mass density, n = n; + np
is the total number density, and V = v — u is the peculiar
velocity. Balance equations for the above fields are derived
from the set of Enskog equations (1):

dni +V - (nu)+m;'V . j, =0, (3)
8,u+u~Vu+p_1V'P—p_IZniFi=0, 4

T +u-VT —n~! Zm;][TV +2(d)" Fil- j;

+2nd)""(V-q+P:Vu)+T¢ =0, o)

where j; is the mass flow for species i relative to the local flow,
P is the pressure tensor, and ¢ is the heat flux. The definitions
of these fluxes will not be needed in the following. In addition,
Eq. (5) contains the cooling rate ¢ due to the inelasticity of
collisions,

c(rt)y=—nTd)™! Z/dvmiszij[r,vai,fj]. (©6)
iJ

The balance equations become a closed set of hydrodynamic
equations for the macroscopic fields once j;, P, ¢, and ¢ are
expressed as functionals of these fields. This requires us to find
a solution to the Enskog equations such that all the space and
time dependence occurs through the hydrodynamic fields [10]

firv.t) = fi [vln(r.0),no(r ) u(r.0),T(r,0].  (7)

In the Chapman-Enskog procedure, this “normal solution” is
generated by representing it as a series expansion in a formal
nonuniformity parameter €, f; = fi(o) + € fl.(l) + €2 fl.(z) .
where each factor of € indicates an implicit gradient of a
macroscopic field. Use of this expansion in the definition of the
fluxes and the cooling rates gives a corresponding expansion
for them. In this way, the time derivatives of the fields can also
be expanded in powers of €. Then, to zeroth order in e, it is
easily obtained [12]:

C(O)T f(o) Z J(O) ifi(o)’fj(o)]’ (8)

(0)[ |f(0) (0)] — gij(oi_j)JB,i_i [v|fi(0)’fj(0)]7 (9)

where Jp ;; is the inelastic Boltzmann collision operator for
particles of species i and j, and g;;(o;;) is the equilibrium
pair distribution function for species i and j at contact and
evaluated at the local densities n;(r,t). The lowest order
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cooling rate ¢ © is obtained by particularizing Eq. (6) to zeroth
order in the gradients:

cO, )= —(uTd)™! Z/dv mv? IO (o] £ 7). (10)
iJ

The solutions to Eq. (8) are chosen such that they have the
same moments as in Eq. (2) for all r,z:

/dv 9 =n, an
Z/dv m,-vfi(o) = pu, (12)
Z/dvmivzﬁ(o) =dnT. (13)

The above conditions are the generalization of those verified
in the elastic case, guaranteeing the existence and uniqueness
of solutions to the equations generated to all orders in € by the
Chapman-Enskog method [19].

The functions fi(o) are easily constructed from the distribu-
tion functions defining the HCS, through the replacements of
the constant uniform fields number densities and temperature
by n;(r,t) and T(r,t), and substituting v by V(r,t). This
gives the local HCS distributions, which play a role similar
to the local equilibrium distributions in molecular gases.
Dimensional analysis requires [2]

2 v,0) = nvg “(0Ox: [V /vo),miof naos ], (14)

where y; is an isotropic function of V and vy(¢t) = [2T (m; +
my)/mym,]"/? is a local thermal velocity of the mixture.
Zeroth-order partial temperatures of the species Ti(o)(r,t) can
be defined through

/dv V2O .0y = m - dn, T, (15)

From Egs. (13) and (15), it follows that anl(O) +n2T20) =
nT. Moreover, Eq. (14) and the definition of the partial
temperatures Ti(o) imply that y© = Tl(o)(r,t)/ TZ(O)(r,t) is a
function of only the local densities n; and n,. This function
can be determined as follows. Use of Eq. (14) into Eq. (10)
shows that the latter is equivalent to [2]

b 9 DR A LIR AN Sl e[

Sy VA ] =
J

Then, multiplication by m; V2 and integration over V yields

O, = {l.(o)(r,t) (17)
with
(O = —(m1%d)” Zfdvm V2J<°) ‘ﬁ(O)’fj‘(O)]'
(18)

O becomes

If this expression is particularized for the HCS, ¢;
the partial cooling rate associated with the temperature Ti(o)(t).

The evaluation of g“i(o) requires us to solve consistently
the coupled set of equations (8). This can be done in a
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systematic way by expanding fi(o) in terms of an ensemble
of orthogonal polynomials [2]. Here, we will use a leading
order approximation, which is expected to give quite accurate
results, at least for not very strong inelasticity. The lowest order
distribution functions appearing in Eq. (17) are approximated
by Gaussians

) —d/2
2T, (r»t)i| V221000

i

20, v0) = n,~(r,t)|:
(19)

Using this expression, it is straightforward to calculate the
right-hand side of Eq. (17). The technical details needed to
evaluate the integrals have already been given several times
[2,4,20] and will be not reproduced here. The result is

2 (d=1/2 T(O) 172
©) __
= r(dﬂ)d”ml_l} (1 =)o man

©)y1/2
+4\/§|:2—1| O';j_lnngZhlZ
ms
hia(1
X |:1 _ M] (1 +¢)1/2}’ (20)
¢
where
(1 .
iy = M E ) 21
; 2
and
szl(O)
¢ = R (22)
m T2

Of course, the expression for ;2(0) follows from Eq. (20) by
interchanging 1 and 2 and, consistently, changing ¢ into ¢!
Thus, the requirement 5(0) = 2(0) leads to

¢'2(1 -

01 \d/2N|
0‘%1)(0—) / —811(01)

+44/2h1, |:1 - W] (14 ¢)'%g12(012)

d—1
o) n
—(1—ad) (=) gmo) — 420y
012 np

x [1—ha(1+ )] (1+¢)?ga(o1) =0.  (23)

This equation is formally the same as for the homogeneous
cooling state [2], but with the global fields substituted by
the local ones as first noticed in Ref. [10]. The solution of
this equation provides y© = T(O)(r t)/ T(O)(r t) as a function
of ny(r,t)/ny(r,t) and the values of the equilibrium pair
correlations at contact, consistently with the discussion below
Eq. (12). In principle, this result is not very useful for granular
mixtures that are not in the HCS since the temperature
parameters Ti(o) do not provide the actual energy densities
of the components of the mixture, but their lowest order
approximation in some gradient expansion. The case of a
mixture in the tracer limit n;/n, — 0 has been previously
considered in [21,22]. There, an equation corresponding to
the appropriate limit of Eq. (23) was derived. In addition, the

031302-3



J. JAVIER BREY AND M. J. RUIZ-MONTERO

property Ti(o) = T; is verified, where T; is the actual partial
granular temperature of species i defined by

/dv V2fi(rv,t) =m; 'dn;T;. (24)

Therefore, Eq. (23) determines the local energy partition in
the system. Moreover, these predictions were shown to be
in quite good agreement with MD results for a vibrated
low-density granular gas [g;j(0;;) = 1] in the presence of
gravity.

What about the general case wherein the composition of
the mixture does not correspond to the tracer limit? Note
that the solubility conditions given by Eqs. (11)-(13) do
not imply any relationship between the lowest order param-
eters Ti(m and the actual partial temperatures 7;, other than

ni TI(O) +ns TZ(O) = nT. Nevertheless, additional information
follows from the derivation of the hydrodynamic equations
with explicit expressions for the transport coefficients. The
practical implementation of the Chapman-Enskog procedure
requires us to expand the distribution functions in some set
of orthogonal polynomials in order to get explicit expressions
for the hydrodynamic fluxes and the cooling rate. Usually,
the Sonine polynomial expansion is employed [23,24]. This
is what is also done in Refs. [10-12] for granular mixtures
of inelastic hard spheres or disks. And, it happens that the
corrections to the lowest order distribution functions fl.(o) do

not contribute to the second velocity moment, i.e., Ti(o) =T
as a consequence of the orthogonality property of the Sonine
polynomials. The conclusion is that Eq. (23) also determines
the ratio y = T}/ T, since it agrees with y©@.

Equation (23) may appear as surprisingly simple, especially
taking into account its generality. No particular state of
the mixture has been considered. This is a consequence
of the assumption that there is a hydrodynamic description
in terms of only ny, n,, u, and 7T, as well as of the use of
the Chapman-Enskog procedure, including the expansion in
orthogonal polynomials, to generate it. Although the partial
temperatures 7; of the two components are different, they are
not needed to specify the macroscopic state of the mixture.
Moreover, the theory provides a relationship to determine them
as a function of the assumed hydrodynamic fields. This relation
has a local character and does not involve the gradients of
those fields nor the external force. The local relation between
the partial temperatures is the same as in the HCS. This
does not imply any kind of local HCS approximation, in
the same way as equipartition in molecular systems does
not imply local equilibrium. The above results would not
apply if the characterization of the macroscopic state of the
mixture would require us to specify the partial temperatures
of the components and, therefore, they should be included into
the set of independent hydrodynamic fields. Of course, in this
case, one more hydrodynamic equation, with the correspond-
ing new transport coefficients, is required. This is the kind of
approximation followed in [1].

For a practical application of Eq. (23) beyond the very dilute
limit, explicit expressions for g;;(o;;) are needed. For d = 3,
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FIG. 1. Temperature ratio y = 7T;/7, given by Eq. (23) as a
function of the mass ratio m,/m, for d =2, a;; = 0.9, @y = 0.8,
and «jp = 0.85. The diameters of the two kinds of particles are the
same and the area fraction is v = 0.1

the extended Carnahan-Stirling form [25]

1 3& 0;0; g2 0i0; 2
80 = T T 3 oy T20 - oy

(25)

can be used. Here, v = (1/6) > n;o? is the mixture volume
fraction and & = (/6) ) _; nial.z. The corresponding expres-
sion for d = 2 is [26]

1 9 0,0
8ij(oi;) = ] + L, (26)

—v 161 —v)? oy

where now v = (7/4) )", n,-criz, the mixture area fraction, and
S = (JT/4) Zi n;o;.

The solution of Eq. (23) for y© =y = T,/ T, depends
very weakly on the values of n;/n, for given values of the
other parameters. The dependence on the mass ratio and on
the diameter ratio is much stronger. To illustrate this, in Fig. 1,
the theoretical prediction for y is plotted as a function of
my/m; for three values of n;/n,, namely, 1/3, 1, and 3. The
other relevant parameters are d = 2, «j; = 0.9, a1, = 0.85,
oy = 0.8, 01 = 07, and v = 0.1. Similar results are obtained
for other values of these parameters. This property plays an
important role in the analysis of both MD and experimental
results.

III. MD RESULTS FOR A VIBRATED GRANULAR
MIXTURE

We have performed event-driven molecular dynamics sim-
ulations of a binary mixture of inelastic hard disks (d = 2)
in the presence of a gravitational field, i.e., F; = —m;goe;,
where g, is a constant and ‘€, the unit vector in the positive
direction of the Z axis. The system is confined in a box of width
W and it is open on the top. Periodic boundary conditions are
used in the horizontal direction. Energy is supplied through the
wall at the bottom, which is vibrating with a sawtooth velocity
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profile, so that particles colliding with it always find the wall
moving upward with the same velocity vy. Also, the limit
of small amplitude of the oscillations as compared with the
mean free path of the gas in the vicinity of the vibrating wall
is considered. This allows us to treat the position of the wall as
fixed at z = 0 [27,28]. The particle-wall collisions are elastic.

The total number of particles was the same in all the
simulations, N = 420, being evenly distributed between the
two species, i.e., Ny = N, = N/2. Since the interest here is
on some relationships between hydrodynamic quantities that
are expected to apply in the bulk of the system, the only
relevant role to be played by the vibrating wall is to maintain
the system fluidized. In addition, the value of the velocity
of the wall vy has been chosen such that the density of the
system is relatively low. More precisely, we have controlled
that the maximum local density in the system is always below
n ~ 0.150,,>. Although this value is well above the dilute
(Boltzmann) limit, so some finite density effects show up in
the system, the Enskog description considered in the preceding
section is expected to be able to capture them. Since, in the
range of density considered, the disparity in the sizes of the
particles must play a minor role in the qualitative features of
the system, the diameters of the two species particles have
been taken the same in all the simulations, i.e., o0y = 0, = 0.

Under the above conditions, it is known that a one-
component granular system reaches a stationary state with
only gradients in the direction of the external field [28].
Nevertheless, this state becomes unstable and transversal
inhomogeneities are developed in the system when the width
W is larger than a critical value [29]. Although we are not aware
of any similar analysis for the case of a granular mixture, in
all the simulations to be reported in the following, the system
was observed to stay homogeneous in the transversal direction.
The width of the container was W = 700

The coefficient of normal restitution for collisions between
particles of different species has been fixed according with
the rule ojp = (11 + 022)/2. The range of values of these
coefficients considered has been restricted to «;; > 0.9. The
reason for this limitation is that for larger inelasticities,
gradients in the system become very large because of the
coupling between inelasticity and gradients of the fields,
which is peculiar of many steady states of granular flows.
Consequently, the hydrodynamic description provided by the
Navier-Stokes order does not hold for such values of the
coefficient of normal restitution.

In the simulations, the system has been left to evolve
from an arbitrary initial condition until it reaches a stationary
state. Then, the quantities of interest have been measured and
averaged over different time instants and trajectories. The
duration of the sampling interval was 4000 collisions per
particle, and 20 trajectories were considered in each case. To
measure the dependence on height of the properties, the system
was divided in layers Az. In particular, the local cooling rate of
species 7, ¢;(z), has been computed by measuring the variation
in kinetic energy A E ;(z,7) of particles of that species in the
layer located at z due to collisions during a time interval t.
Then, the local cooling rate is given by

I AE(z,7)
(Ek,i>z T

¢i(z) = , 27
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where (Ej ;). is the average kinetic energy of particles of
species i at height z. In the steady state, the cooling rate is
independent of time.

A. One-component system

Before reporting the simulation results for the mixture,
some data for a one-component system (m; = m, and o] =
o) will be presented. The motivation for it is to investigate
the validity of the expression for the cooling rate derived to
lowest order in the gradients, i.e., in a local HCS, to describe
the cooling in a system with gradients of the hydrodynamic
fields. As mentioned in the Introduction, this approximation is
implicit in all the hydrodynamic equations for granular fluids
being used currently. Quite surprisingly, direct measures of
the cooling rate from the energy loss in collisions occurring
in inhomogeneous systems by means of MD simulations are
scarce [30].

In Fig. 2, the profiles of the hydrodynamic fields and the
cooling rate for a system with o = 0.9 are displayed. This
value of the coefficient of normal restitution is close to the
limit for which the Navier-Stokes equations of the granular
gas provide an accurate description. The upper plot shows
the density and temperature profiles, the latter one divided by
some arbitrary temperature T4 to plot it on the same scale as
the density. The profiles exhibit the well known features of this
state [28]: the density has a maximum at a given height, and
the temperature first decays, but then it has a minimum and

0.1 ‘

0.05% o —

0.2

0.1

0

0 100 7z 200

FIG. 2. Profiles for a one-component system with o = 0.9.
Length is measured in units of the diameter of the particles
o. Figure (a) shows the dimensionless density no? (circles) and
temperature 7'/ T4 (squares) profiles from the simulation, while figure
(b) shows the dimensionless cooling rate ¢ (0/80)"*. In the latter, the
symbols are from the simulation and the solid line is the Gaussian
HCS value using the measured local fields.
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increases with height from there on. The slope of this increase
is larger the more inelastic the system, and it is due to the
coupling between heat flux and density gradient that exists in
granular fluids [31]. In the bottom plot, the local cooling rate
¢ is displayed. It is seen that it is highly inhomogeneous in the
system. In the figure, the symbols are data from the simulations
and the solid line is the HCS expression, substituting the
density and temperature by their local values obtained in the
simulations and shown in the upper plot. It corresponds to
the Gaussian approximation for the velocity distribution of the
gas, as employed to derive Eq. (20). Although expressions for
the cooling rate of the HCS have been obtained by including
also the first Sonine correction of the distribution function
[32,33], it is seen that already the Gaussian approximation
provides an accurate expression for the range of inelasticity
being considered here. This is especially true in the bulk of the
system, outside a boundary layer close to the vibrating wall, in
which a deviation of the local cooling rate from its HCS value
is observed. This boundary layer is larger the more inelastic
the collisions (smaller «¢) and the simulation results suggest it
extends roughly up to the location of the density maximum.
Also, for large enough heights, a nonhydrodynamic boundary
layer must be observed. Similar results have been obtained for
systems with 0.9 < o < 1. The agreement between theory and
simulation results for the cooling rate improves as the value of
the coefficient of normal restitution approaches unity.

B. Binary mixture

Next, results for binary mixtures will be discussed. Con-
sider first a system with «;; = 0.92 and oy = 0.98 (1, =
0.95). These values are well outside the quasielastic limit,
but still in the range in which the hydrodynamic description
to Navier-Stokes order is expected to hold. Keeping these
parameters fixed, the effect of changing the mass ratio m,/m

0.06 ‘ 80
(2)
| .- il
0.04 % oy
e o
3 %U 1
0.021 %Y - 40
0 M
0 100 2 200
I T I T
0.12 -©) o &, (d « y sim.
a Cz 112k — Ytheory
0.08 — &
-4 4 | o |
0.04 N T
- 1 081 .
0 ot e | .
0 100 200 0 100 4 200

FIG. 3. (Color online) (a) Dimensionless density profiles n;02,
(b) partial temperature profiles 7;/m;goo, (c) partial cooling rate
profiles ¢; (o/ go)'/ 2 and (d) temperature ratio profile y = 7,/ 7, for
a mixture with m; = m,, a;; = 0.92, and oy, = 0.98. The height z
is measured in units of the diameter of the particles o. The lines are
the theoretical results obtained as discussed in the main text, while
the symbols are from MD simulations.
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will be studied. In Fig. 3, the profiles for a system with m, =
m are presented. The upper left plot shows the density profile
for each of the components as obtained from the simulations.
They are seen to be almost identical. The partial temperature
profiles are given in the upper right part of the figure. Both
simulation results (symbols) and theoretical predictions (solid
and dashed lines) are shown. The latter have been obtained by
using the expressions
T, = L T, = ﬂ (28)
ny +yni ny +yn
where n; and n, and T are obtained from the simulations,
and y has been determined by solving Eq. (23), as discussed
in the previous section. It is observed that, although both
partial temperatures are similar, 7, is slightly larger than 7;
everywhere in the system. For large z, both partial temperatures
increase with the height, a clear indication of the coupling
between heat flux and density gradient, already mentioned
above. The bottom left plots are the local cooling rates of each
of the two components. The symbols are the values obtained
directly from the simulation data for the energy dissipated in
collisions and using Eq. (27), while the lines correspond to
Eq. (20), substituting the densities and the temperatures by
the values measured in the simulations. Two relevant features
follow from the observation of this figure: The values of the
cooling rates are very well fitted by the local HCS value,
except in the boundary layer close to the vibrating wall,
and the cooling rates of both components are locally equal
everywhere in the system. Finally, in the bottom right plots,
the temperature ratio y = T1/T, is shown as a function of
the height z. There is a quite good agreement between the
theoretical prediction y ~ 0.97 and the simulation results,
consistently with the fact that the two main hypotheses in
which the theory is based, equality of the partial cooling rates
and accuracy of the Gaussian local HCS approximation to
compute them, have been seen to be verified in the present case.
It is interesting to stress that, in spite of the large temperature
and density gradients in some regions of the system, the value
of the temperature ratio is practically uniform along it.
To see the effect of the disparity of masses,

consider now a system in which the mass of
the less inelastic component (species 2) is larger
than that of the more inelastic one (species 1),

namely, m, = 4m ;. The results for the different profiles
in this case are given in Fig. 4. A first consequence of
the disparity of masses is that the density profiles of both
components are quite different, with a larger concentration
of the heavier particles close to the bottom of the system, as
expected. Moreover, the heavier particles are more localized
than the lighter ones, i.e., the density profile of the former
is sharper. Also, from the density profiles, it follows that
the concentration ¢ = ny/n; depends strongly on height,
exhibiting a maximum. With regard to the temperature
profiles, it is seen that the difference between the partial
temperatures is larger than in the case of equal masses.
Moreover, the temperature of species 2 (less inelastic and
heavier) shows a rapid increase with the height for z > 1500,
where the density of this component has already decayed to
rather small values 715(z = 1500°) ~ 10~*5 ~2. This increase is
not captured by the theory considered here, which, otherwise,

031302-6



COOLING RATES AND ENERGY PARTITIONIN ...

0.06

(2) 200

0.04= ¢

0.02 5
o

100 2 200

FIG. 4. (Color online) The same as in Fig. 3, but now m, = 4m,.
The two dashed lines in the plot of the temperature ratio y have been
obtained from Eq. (23) by using the the maximum and minimum
values of the concentration n,/n; in the system, as discussed in the
main text.

turns out to be quite accurate for smaller heights, as well as
for the complete temperature profile of the other component.

The profiles of the cooling rates in Fig. 4 are particularly
illuminating. The MD results have a rather complicated
structure that is well reproduced by the Gaussian local HCS
approximation, away from a boundary layer in the vicinity of
the density maximum for the lighter component. Moreover,
although it is true that there is a neat discrepancy between
the partial cooling rates of both components, they follow a
similar trend and their difference remains relatively small.
Note that, for z 2 1250, the simulation data for the cooling
rate of the component 2 are very noisy, due to its very low
density in that region. Actually, the global density is also very
small there, Knudsen effects are relevant, and hydrodynamics
is not expected to apply. A similar comment applies near to the
vibrating wall, say, z < 50. The width of the corresponding
boundary layers can be estimated from the simulation data [34]
and then restrict the comparison to the bulk region excluding
the boundary layers at the bottom and top of the system. The
values delimiting the bulk obtained in this way are close to
those mentioned just above. Nevertheless, we have opted to
present the raw data in the figures, without including any
estimation of the boundary layers, since a detailed theory of
the called kinetic layer and the transition regime [35] is not
available for the system at hand.

The theoretical prediction for y given by Eq. (23) has
been computed for two extreme values of the concentration
¢, namely, ¢ = 2 and 102, which are roughly the maximum
and minimum values of the concentration observed in the
bulk of the system. The lowest and upper dashed lines in the
bottom right plot of Fig. 4 correspond to the high and low
concentration values, respectively. The agreement between
theory and simulation results is not very good, as expected
from the discrepancies observed for the local partial cooling
rates of the two components. Nevertheless, it can be considered
as satisfactory, especially if the boundary layers (z = 125¢ and
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FIG. 5. (Color online) The same as in Fig. 3, but now m, = m, /4.
The two dashed lines in the plot of the temperature ratio y have been
obtained from Eq. (23) by using the the maximum and minimum
values of the concentration n,/n; in the system, as discussed in the
main text.

7z < 50) are not taken into account for the reasons mentioned
above.

Finally, the results for the case in which the more inelastic
particles are the heavier ones are illustrated in Fig. 5,
which corresponds to a system with m, = m; /4. Since the
conclusions following from the analysis are similar to those
already discussed in the previous cases, they will be not
reproduced again.

IV. SUMMARY AND DISCUSSION

The main result in this paper is twofold. First, it has been
shown that, for a binary mixture of granular gases in an
inhomogeneous state with strong temperature gradients, the
Gaussian local HCS approximation provides a very accurate
description of the partial (and total) cooling rates. In addition to
the implication for the practical evaluation of the cooling rates,
this property provides a justification for the form generally
used for the hydrodynamic equations of granular gases to
Navier-Stokes order. It indicates that the the first and second
order in the gradient terms coming from the expansion of the
exact cooling rates can be safely neglected. Of course, granular
one-component systems are included as a limiting case. A third
implication of this result is that it strongly supports the validity
of a hydrodynamic description involving only the global local
temperature and not the partial ones. The latter follow from
the former and the partial density profiles.

The second main conclusion is that the equality of the
local cooling rates of the components provides a quite useful
relation to determine the ratio of the partial temperatures of
the components, even though simulations show that deviations
from this behavior occur if the masses of the components are
different. The equality of the cooling rates is not an exact
result following from kinetic theory, but a consequence of the
mathematical procedure followed to obtain an approximated
solution of the Enskog equations, namely, the expansion in
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TABLEI. Comparison between the predictions from Eq. (23) and
the MD results by Barrat and Trizac [6].

apg, oy, o my/m; T,/ T, (MD) T,/ T [Eq. (17)]
0.85, 0.85, 0.85 3 0.88 0.86
0.85, 0.85, 0.85 5 0.79 0.76
0.9,0.8,0.7 3 0.73 0.72
0.7,0.8,0.9 3 0.95 0.91

orthogonal Sonine polynomials. In this context, it is important
to stress that the interest on the partial temperatures of the
mixture goes beyond the formal result of the violation of
equipartition. For instance, the expressions of the transport
coefficients as derived formally in [10-12] involve the partial
temperatures, which therefore must be computed in some way.

Most of the works studying the nonequipartition of energy
in granular mixtures consider the steady state reached by a
system with one (or two) vibrating boundaries. Barrat and
Trizac [6] have reported MD results for the temperature ratio
in a vibrated granular mixture of inelastic hard disks. The
diameters of the particles are always taken the same, o] = o7,
as in the work being reported here. The global area fraction
is v =10.04. A comparison between their results and the
predictions of Eq. (23) is given in Table I. Since the number
of particles of both species is the same in the simulations, we
have taken ny/n, = 1. The agreement is quite good.

The temperature ratio in two-dimensional vibrated granular
mixtures has been measured experimentally by Feitosa and
Menon [8]. They use spheres of the same size and different
materials. Their main qualitative conclusions are as follows.

(1) The temperature ratio does not depend on the vibration
velocity of the walls. This is consistent with the results derived
here and, in particular, with the independence of y from the
hydrodynamic gradients, which are determined by the intensity
of the vibration.

(2) The temperature ratio strongly depends on the mass ratio
of the components, being an increasing function of it. This
feature also agrees with the theoretical prediction given by
Eq. (23), as illustrated in Fig. 1.

(3) Theratio is insensitive to the area fraction of the mixture
and of each component. The former follows from the fact that,
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when all the diameters are equal, g;;, as given by Eq. (18), is the
same for all i, j, and therefore Eq. (17) becomes independent
of v. The weak dependence on composition is illustrated in
Fig. 1.

For a mixture of glass and aluminium with mass ratio
my/my = 0.92, they measure a value of y very close to unity,
while for mixtures of steel and glass (m;/m, >~ 0.29) and
brass and glass (m/m, >~ 0.33), they find y >~ 0.66 and 0.69,
respectively. To evaluate the predictions from Eq. (17), the
restitution coefficients are needed. The authors only report the
values of some effective inelasticity coefficients from which
it is not clear how to deduce the coefficients o;;. As a rough
estimation, the values of the restitution coefficients employed
in Fig. 1 can be used. Then, discrepancies of the order of 25%
are obtained. This is not unsatisfactory since, in addition to all
the approximations made, it must be taken into account that,
in the experiments, the beads can rotate in three dimensions
and rotational friction is neglected in the present theory.

Another series of experiments measuring y has been carried
out by Wildman and Parker [9]. They use two sizes of glass
spheres (d = 3) with 0y/0, = 5/4, and estimate o;; = oy =
0.91. In the region where the temperature ratio is measured,
it is v ~ 1073, so that, with very good accuracy, g; ;i ~ 1. By
changing the number fraction of the two species, they identify
a weak dependence of y on n/n,. Taking for n; /n, the value
of the ratio between the total number of particles of each
species, we get y = 1.029, 1.027, and 1.026 for the three cases
considered in [9], while the reported experimental results are
1.41, 1.27, and 1.25, respectively. The qualitative behavior is
the same, and for the reasons discussed above, the quantitative
agreement can not be considered as bad.

In summary, Eq. (23) is consistent with both simulation and
experimental results. This seems to confirm its validity and also
the accuracy of a hydrodynamic description involving only the
temperature of the mixture.

ACKNOWLEDGMENT

This research was supported by the Ministerio de Educacion
y Ciencia (Spain) through Grant No. FIS2011-24460 (partially
financed by FEDER funds).

[1] J. T. Jenkins and F. Mancini, J. Appl. Mech. 54, 27 (1987).

[2] V. Garzé and J. Dufty, Phys. Rev. E 60, 5706 (1999).

[3] S. R. Dahl, C. M. Hrenya, V. Garz6, and J. W. Dufty, Phys. Rev.
E 66, 041301 (2002).

[4] A. Barrat and A. Trizac, Granular Matter 4, 57 (2002).

[5] J. E. Galvin, S. R. Dhal, and C. M. Hrenya, J. Fluid Mech. 528,
207 (2005).

[6] A. Barrat and E. Trizac, Phys. Rev. E 66, 051303 (2002).

[7] R. Brito, H. Enriquez, S. Godoy, and R. Soto, Phys. Rev. E 77,
061301 (2008).

[8] K. Feitosa and N. Menon, Phys. Rev. Lett. 88, 198301 (2002).

[9] R. D. Wildman and D. J. Parker, Phys. Rev. Lett. 88, 064301
(2002).

[10] V. Garzé and J. W. Dufty, Phys. Fluids 14, 1476 (2002).

[11] V. Garzé and J. M. Montanero, J. Stat. Phys. 129, 27 (2007).

[12] V. Garzé, J. W. Dufty, and C. M. Hrenya, Phys. Rev. E 76,
031303 (2007).

[13] Anexceptionis].J. Brey, J. W. Dufty, C. S. Kim, and A. Santos,
Phys. Rev. E 58, 4638 (1998), where some contributions to the
cooling rate proportional to the Laplacian of the hydrodynamic
fields are investigated.

[14] J. J. Brey, J. W. Dufty, and A. Santos, Physica 87, 1051 (1997).

[15] H. Idir and H. Arastoopour, AIChE J. 51, 1620 (2005).

[16] J. W. Dufty and J. J. Brey, Math. Model. Nat. Phenom. 6, 19
(2011).

[17] J. M. Montanero and V. Garzé, Granular Matter 4, 17 (2002).

031302-8


http://dx.doi.org/10.1115/1.3172990
http://dx.doi.org/10.1103/PhysRevE.60.5706
http://dx.doi.org/10.1103/PhysRevE.66.041301
http://dx.doi.org/10.1103/PhysRevE.66.041301
http://dx.doi.org/10.1007/s10035-002-0108-4
http://dx.doi.org/10.1017/S002211200400326X
http://dx.doi.org/10.1017/S002211200400326X
http://dx.doi.org/10.1103/PhysRevE.66.051303
http://dx.doi.org/10.1103/PhysRevE.77.061301
http://dx.doi.org/10.1103/PhysRevE.77.061301
http://dx.doi.org/10.1103/PhysRevLett.88.198301
http://dx.doi.org/10.1103/PhysRevLett.88.064301
http://dx.doi.org/10.1103/PhysRevLett.88.064301
http://dx.doi.org/10.1063/1.1458007
http://dx.doi.org/10.1007/s10955-007-9357-2
http://dx.doi.org/10.1103/PhysRevE.76.031303
http://dx.doi.org/10.1103/PhysRevE.76.031303
http://dx.doi.org/10.1103/PhysRevE.58.4638
http://dx.doi.org/10.1002/aic.10429
http://dx.doi.org/10.1051/mmnp/20116402
http://dx.doi.org/10.1051/mmnp/20116402
http://dx.doi.org/10.1007/s10035-001-0097-8

COOLING RATES AND ENERGY PARTITIONIN ...

[18] J. J. Brey and M. J. Ruiz-Montero, Phys. Rev. E 80, 041306
(2009).

[19] J. H. Ferziger and H. G. Karper, Mathematetical Theory of
Transport Processes in Gases (North-Holland, Amsterdam,
1972).

[20] J. W. Dufty, J. J. Brey, and J. Lutsko, Phys. Rev. E 65, 051303
(2002).

[21] J. J. Brey, M. J. Ruiz-Montero, and F. Moreno, Phys. Rev. Lett.
95, 098001 (2005).

[22] J.J. Brey, M. J. Ruiz-Montero, and F. Moreno, Phys. Rev. E 73,
031301 (2006).

[23] J. A. McLennan, Introduction to Nonequilibrium Statistical
Mechanics (Prentice Hall, New Jersey, 1989).

[24] P. Résibois and M. de Leener, Classical Kinetic Theory of Fluids
(Wiley-Interscience, New York, 1977).

[25] E. W. Grundke and D. Henderson, Mol. Phys. 24, 269 (1972).

PHYSICAL REVIEW E 84, 031302 (2011)

[26] L. Verlet and D. Levesque, Mol. Phys. 46, 969 (1982).

[27] S. McNamara and S. Luding, Phys. Rev. E 58, 813 (1998).

[28] J. J. Brey, M. J. Ruiz-Montero, and F. Moreno, Phys. Rev. E 63,
061305 (2001).

[29] P. Sunthar and V. Kumaran, Phys. Rev. E 64, 041303 (2001).

[30] C. M. Hrenya, J. E. Galvin, and R. D. Wildman, J. Fluid Mech.
08, 429 (2008).

[31]J. J. Brey and M. J. Ruiz-Montero, Europhys. Lett. 66, 805
(2004).

[32] A. Goldshtein and M. Shapiro, J. Fluid Mech. 282, 75
(1995).

[33] T. P. C. van Noije and M. Ernst, Granular Matter 1, 57 (1998).

[34] J. E. Galvin, C. M. Hrenya, and R. D. Wildman, J. Fluid Mech.
585, 73 (2007).

[35] C. Cercignani, Theory and Application of the Boltzmann
Equation (Scottish Academic Press, London, 1975).

031302-9


http://dx.doi.org/10.1103/PhysRevE.80.041306
http://dx.doi.org/10.1103/PhysRevE.80.041306
http://dx.doi.org/10.1103/PhysRevE.65.051303
http://dx.doi.org/10.1103/PhysRevE.65.051303
http://dx.doi.org/10.1103/PhysRevLett.95.098001
http://dx.doi.org/10.1103/PhysRevLett.95.098001
http://dx.doi.org/10.1103/PhysRevE.73.031301
http://dx.doi.org/10.1103/PhysRevE.73.031301
http://dx.doi.org/10.1080/00268977200101431
http://dx.doi.org/10.1080/00268978200101711
http://dx.doi.org/10.1103/PhysRevE.58.813
http://dx.doi.org/10.1103/PhysRevE.63.061305
http://dx.doi.org/10.1103/PhysRevE.63.061305
http://dx.doi.org/10.1103/PhysRevE.64.041303
http://dx.doi.org/10.1209/epl/i2004-10039-3
http://dx.doi.org/10.1209/epl/i2004-10039-3
http://dx.doi.org/10.1017/S0022112095000048
http://dx.doi.org/10.1017/S0022112095000048
http://dx.doi.org/10.1007/s100350050009
http://dx.doi.org/10.1017/S0022112007006489
http://dx.doi.org/10.1017/S0022112007006489

