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Abstract

A hydrodynamic description for inelastic Maxwell mixtures driven by a
stochastic bath with friction is derived. Contrary to previous works where con-
stitutive relations for the fluxes were restricted to states near the homogeneous
steady state, here the set of Boltzmann kinetic equations is solved by means of
the Chapman—Enskog method by considering a more general time-dependent
reference state. Due to this choice, the transport coefficients are given in terms
of the solutions of a set of nonlinear differential equations which must be in
general numerically solved. The solution to these equations gives the trans-
port coefficients in terms of the parameters of the mixture (masses, diameters,
concentration, and coefficients of restitution) and the time-dependent (scaled)
parameter £* which determines the influence of the thermostat on the system.
The Navier—Stokes transport coefficients are exactly obtained in the special
cases of undriven mixtures (£ = 0) and driven mixtures under steady con-
ditions (£* = &, where &, is the value of the reduced noise strength at the
steady state). As a complement, the results for inelastic Maxwell models (IMM)
in both undriven and driven steady states are compared against approximate
results for inelastic hard spheres (IHS) (Khalil and Garz6 (2013 Phys. Rev. E
88 052201)). While the IMM predictions for the diffusion transport coefficients
show an excellent agreement with those derived for IHS, significant quantitative
differences are specially found in the case of the heat flux transport coefficients.
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1. Introduction

Linking macroscopic laws with microscopic ones is one of the main aims of statistical mechan-
ics. While this issue is well understood for macroscopic fluid systems under thermodynamic
equilibrium conditions (where Gibbs’ formulation connects the Hamiltonian of a system with
their thermodynamic properties), a general theory for out-of-equilibrium systems is still lack-
ing. An exception is when the fluid system is dilute enough and hence, the particles collide
with short-range interactions. In this case, a kinetic theory description based on a combina-
tion of Boltzmann kinetic equation and different methods of solution has been proved to be
a powerful tool. In particular, the Navier—Stokes and Burnett hydrodynamic equations with
explicit expressions for the transport coefficients have been derived for general potential inter-
actions by solving the Boltzmann kinetic equation by means of the Chapman—Enskog method
[1]. This perturbative method is based on the expansion of the distribution function around a
chosen reference state, a state where the system keeps close to.

The Chapman—Enskog method has been mainly employed to solve the Boltzmann equation
for ordinary or molecular gases (namely when the collisions among particles are elastic). In this
case, the solution to the Boltzmann equation in the absence of spatial gradients (zeroth-order
approximation) is given by the local version of the Maxwell-Boltzmann velocity distribution
function, namely, the distribution function obtained from the Maxwell-Boltzmann distribution
by replacing temperature, density and flow velocity with their actual nonequilibrium values.
Since a well-known feature of the equilibrium state is that the gas evolves spontaneously toward
it after a few collisions per particle [2, 3] (regardless of the initial preparation of the system),
the election of the above reference state is well justified for ordinary gases. However, when
the number of particles [4—6], the linear momentum [7], and/or the kinetic energy [8—10] are
not conserved in collisions, then the situation becomes more cumbersome and the choice of a
proper reference state is not simple nor even unique.

A natural question to ask in all the above situations is: what is the appropriate reference state
to be used in a perturbative method like the Chapman—Enskog method? As said before, for
ordinary fluids close to thermal equilibrium, a good choice is the local Maxwell-Boltzmann
distribution function. However, in the case of systems inherently out of equilibrium such as
granular gases (a gas constituted by macroscopic particles that undergo inelastic collisions), the
Maxwell-Boltzmann distribution is not a solution of the homogeneous (inelastic) Boltzmann
equation and hence, we have to look for another reference distribution function. In particular,
for freely cooling granular gases, the zeroth-order approximation in the Chapmann—Enskog
expansion is the local version of the so-called homogeneous cooling state, namely, a homoge-
neous state where the granular temperature monotonically decays in time [8—11]. The homoge-
neous cooling state has been widely used as the reference state in the Chapman—Enskog method
to obtain not only the general form of the hydrodynamic equations, but also to explicitly deter-
mine the expressions of the Navier—Stokes [12, 13] and Burnett [14] transport coefficients.
Although this reference state is a time-dependent state (since the temperature decreases in
time due to the collisional cooling), the resulting hydrodynamic equations describe reasonably
well for not strong values of inelasticity the transport properties of unsteady and steady states
eventually reached by the system when energy is injected through the boundaries [15-18].
However, when the energy input is done globally [19, 20] or by means of a vibrating plate
[21-26], it is more convenient to take a time-dependent reference state different from the
conventional homogeneous cooling state.

Beyond the homogeneous cooling state, another type of reference states can be chosen
when, for instance, the granular gas is strongly sheared [18, 27-29] or subjected to strong
temperature gradients [30—32]. Another relevant situation is when the granular gas is driven
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by the action of an external driving force or thermostat [33]. This is the usual way to drive a
granular gas in computer simulations [23, 34—43]. In the case of spatially homogeneous situ-
ations, when the energy injected by the thermostat is exactly compensated for by the energy
lost by collisions, a nonequilibrium sfeady state is reached, a state analogous to the equilib-
rium state of molecular gases. However, the above steady state could not be a good choice for
the reference state in the Chapman—Enskog solution, since a local election of the hydrody-
namic variables induces a collisional cooling that, in general, cannot be exactly compensated
for by the energy injected in the system by the thermostat [44]. This means that the dynam-
ics close to the steady state requires a time-dependent reference homogeneous solution to the
kinetic equation. This is a subtle and important point that must be taken into account when one
attempts to obtain the transport properties.

The Navier—Stokes transport coefficients of driven granular gases modeled as inelastic hard
spheres (IHS) have been recently obtained for mono [45—47] and multicomponent [48—50]
systems. In the above papers, the gas is driven by a stochastic bath with friction. However,
there are two important limitations in the above works. First, although the reference state is
a time-dependent distribution, the explicit forms of the transport coefficients were derived by
assuming steady state conditions, namely, when there is an exact balance between the energy
input and the energy dissipated by collisions. This allowed us to get analytical expressions
for the Navier—Stokes transport coefficients. Second, due to the mathematical complexity of
the Boltzmann collision operator, the results were approximately achieved by considering the
leading terms in a Sonine polynomial expansion. This second limitation can be overcome
by considering the so-called inelastic Maxwell models (IMM) [51-55]: a model where the
collision rate of two particles about to collide is assumed to be independent of their relative
velocity. As in the case of the conventional Maxwell molecules [56], the above collisional
simplification allows us to obtain the exact forms of the velocity moments of the velocity
distribution functions [57, 58] without their explicit knowledge.

The main objective of this work is to provide a closed Navier—Stokes hydrodynamic descrip-
tion of driven granular mixtures. Our starting point is the set of kinetic Boltzmann equations
for IMM that is solved by means of the Chapman—Enskog expansion around a time-dependent
reference state which can be arbitrarily far away from the homogeneous steady state. This
type of description differs from the one previously reported [48] where the expressions of
the transport coefficients were restricted to states close to the homogeneous steady state. In
the present work, the choice of a general time-dependent reference state provides a general
hydrodynamic description where, for instance, we can find regions in the system where the
transport coefficients are very close to those obtained for undriven granular mixtures together
with other regions where the dynamics is dominated by the effect of the bath or thermostat.
As an intermediate situation, an exact balance between dissipation in collisions and energy
injected by the thermostat (steady state conditions) can be seen as well. In this context, the
present theory include all previous ones [48, 59], which are recovered taking the appropriate
limits.

Since the determination of the complete set of transport coefficients for driven granular
mixtures requires long and complex calculations, here we consider IMM instead of IHS. This
makes the presentation simpler as well as the achieved results exact, without the need of addi-
tional and sometimes uncontrolled approximations. In any case, the methodology employed
here for IMM can be adapted to IHS for the determination of its corresponding transport
coefficients; most of the present results being intuitively extrapolated to other models of driven
granular gases.

In contrast to previous derivations for undriven [59, 60] and driven [48] granular mixtures,
the transport coefficients associated with the mass flux, the pressure tensor, and the heat flux
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are given in terms of the solution of a set of nonlinear coupled differential equations. These
differential equations involve the derivatives of the (scaled) transport coefficients with respect
to the scaled parameter of the thermostat £*. The above differential equations can be analyti-
cally solved in two cases: (i) undriven granular mixtures (£* = 0; whose results were already
reported in reference [60]) and (ii) driven mixtures in steady state conditions (§* = &, where
& is the value of the reduced noise strength at the steady state). Beyond these limit cases,
the transport coefficients are obtained via a numerical integration of the above set of differen-
tial equations. Apart from the usual transport coefficients, our results show that the first-order
contributions Ti(l) to the partial temperatures are different from zero. This new contribution
(which is also present in dense mixtures [61, 62]) to the breakdown of energy equipartition
was neglected in previous works [48, 49] on driven mixtures. Since this contribution is pro-
portional to the divergence of the flow velocity, it is involved then in the evaluation of the
first-order contribution (; to the cooling rate. Our results show that the magnitude of T,-(I) (see
for instance, figure 7) can be significant in some regions of the parameter space of the system.
The fact that T,-(l) # 0 contrasts with the results for undriven granular mixtures [59, 60] since
this coefficient vanishes in the low-density limit.

The organization of the paper is as follows. In section 2 we introduce the model as well as
the kinetic and hydrodynamic descriptions. The reference time-dependent state is analyzed in
section 3 where it is shown that this state reduces to both the homogeneous cooling state and
the homogeneous steady state in their corresponding limits. The Chapman—Enskog method is
briefly described in section 4 while the kinetic equation verifying the first-order distribution
function is provided in section 5. Technical details on the determination of the Navier—Stokes
transport coefficients as well as the first-order contributions to the partial temperatures are
relegated to appendices A and B. As said before, the transport coefficients are given in terms
of the solution of a set of nonlinear coupled differential equations. These equations are solved
for some representative cases, showing the dependence of the transport coefficients on the
parameters of the system. As a complement, a comparison with the results obtained in previous
works for IHS [48, 49] in steady state conditions is also addressed in section 6. The paper ends
in section 7 with a brief discussion of the results reported along the text.

2. Boltzmann kinetic theory and hydrodynamics

2.1. Model and kinetic description

Consider a granular binary mixture modeled as a binary mixture of inelastic Maxwell gases at
low density. The Boltzmann equation for IMM [51-55] can be obtained from the Boltzmann
equation for IHS by replacing the rate for collisions between particles of components i and j
by an average velocity-independent collision rate, which is proportional to the square root of
the ‘granular’ temperature 7" (defined later). With this simplification, the velocity distribution
function f; (r, v; f) of a particle of component i (i = 1, 2) with position r and velocity v at time
t satisfies the following set of nonlinear Boltzmann kinetic equations:

2
Ofi+v-Vfi+Fifi=Y_ Jylvlfi fil, (1
j=1
where the Boltzmann collision operator J;;[f;, ﬁ] for IMM in d dimensions is [10]

1%

Jilvi|fir fi] = —2 / dv, / d& [ag' fie, Vi, O f, Vo, 1) — VLD fi V2, D] . (2)

njd
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Here,

ni — / av f(v) 3)

is the number density of component 7, v;; is an effective collision frequency (to be chosen
later) for collisions of type i—j, Qg = 27%/?/T'(d/2) is the total solid angle in d dimensions,
and oy; = «j; < 1 refers to the constant coefficient of normal restitution for collisions between
particles of component i with j. Although negative values of a;; can be considered [11], we
restrict ourselves in this work to positive values of ay;. In equation (2), the relationship between
the pre-collisional {V/, v} } and post-collisional {vy, v, } velocities is:

Vi=vi—wi(1+a;') @ g2, Vi=va+u(l+a;')(@ g5, @

where g,, = V| — v, is the relative velocity of the colliding pair, & is a unit vector directed
along the centers of the two colliding spheres, j; = m;/(m; + m), and m; is the mass of com-
ponent i. The collision rules (4) conserve the number of particles of each component and the
total linear momentum. However, the total kinetic energy of the colliding pair is reduced by
a factor 1 — oz,»zj after the collision, hence «y; = 1 and «;; = 0 correspond to the elastic and
completely inelastic limits, respectively.

The operator JF; in the Boltzmann equation (1) accounts for the effect of an external force
(or thermostat) on particles of component i. The external force has two contributions: (i) a
frictional or drag force proportional to the relative velocity v — U, (U, being the known flow
velocity of the background or interstitial gas), and (ii) a stochastic force with the form of a
Gaussian white noise [63]. Thus, the operator F; has the form [48§]

(&)

where 1, is the drag (or friction) coefficient and & represents the strength of the correlation in
the Gaussian white noise. Moreover, 3 and \ are arbitrary constants of the driven model.

As widely discussed in reference [48], the model (5) is a generalization of previous driven
models since it coincides with them for specific values of 5 and A. In particular, when v, = 0
and A = 0, our thermostat reduces to the stochastic thermostat employed in several papers
[64, 65] for conducting numerical simulations in granular mixtures. The choice g =1 and
A = 2 leads to the conventional Fokker—Planck model for molecular mixtures [66]. This latter
sort of thermostat has been extensively employed [23, 34-36, 40, 41], specially when studying
granular Brownian motion. As a third possibility, the choice &2 = 244 T}, (T}, being the back-
ground or bath temperature), 5 = 0, and A = 1 implements a force F; quite similar to the
fluid—solid interaction force that models the effect of the viscous gas on monodisperse solid
particles [67, 68]. It is also interesting to remark that the term (5) has been derived from the for-
malism describing the general interaction between particles of the component i with a thermal
bath [69, 70]. The main assumption for deriving (5) is that the action of the bath on component
i depends only on its velocity distribution f;. More details on the driven model (5) can be found
in references [48, 70].

Taking into account the form (5) of the forcing term F;f;, the Boltzmann equation (1)
becomes

0 d 2
Ofi V- Vfi= AU o fim Tl N o B fi= 3 Jyf il (©)
i =1

ov m! Ov 2 m) Ov?
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where AU = U — U,, V = v — U is the peculiar velocity, and

2
U= p‘lz /dvmivﬁ(v) (7)
i=1

is the mean flow velocity of grains. In equation (7), p = >, p; is the total mass density and
p; = m;n; is the mass density of component i.
The Boltzmann collision operators have the following properties:

2 2
/dv Jilvl fis f1=0, ZZmi/dvvJ,-j[v\f,-,fj] =0, (8)

i=1 j=1
2 2

S m / dv V2 Jylvlfi. fi] = —dnTC. ©)

i=1 j=1

The last equality defines the total ‘cooling rate’ ¢ due to inelastic collisions among all species,

_l 2 m; 2
T= ;; /dng £(v) (10)

is the granular temperature, and n = n; + n, the total number density. Moreover, an interesting
quantity at a kinetic level is the partial kinetic temperature 7; defined as

7, = M / v V2 £(v). (11)
dl’l,'

The granular temperature 7 can also be written as

T = Z xT;, (12)

where x; = n;/n is the mole fraction of species i. We can introduce the partial cooling rates ¢;
associated with the partial temperatures 7; as

2 2
G=3 6= g / dv V2I1v1 ;. ) (13)
. j:l

=1

where (;; are defined through the second equality. As for the granular temperature, the total
cooling rate ¢ can be written as

2
¢= T_IZ x; TG (14)
i=1

As happens for elastic Maxwell molecules [56], the collisional moments of the Boltzmann
operator Jy[f;,f;] for IMM can be exactly computed without the knowledge of the velocity
distributions f; and f; [58, 71]. In particular, the quantities ¢; (which define the cooling rate ¢)
are given by [72]

21/,‘]‘

Gj= ] wii(1 + )

_ Hi

0; +0;
> +

0 dpipi

pi(d +ai) — 1.

i.]j’

1+ Oé,‘j)

(15)
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where 0; = m;T /mT;, m = mymy/(m; + my) is the reduced mass, p; = n;T; is the partial
pressure of component i and

ji=m / av V () (16)

is the mass flux of component i relative to the local flow. According to equation (12), the
hydrostatic pressure is p = > . p; = nT.

In order to fully define the model we still have to choose the collision frequencies v;; of
equation (2). As in previous works on IMM [60, 72], v;; are chosen so that the partial cooling
rates (; coincide with that of IHS in the so-called homogeneous cooling state [10]. With this
choice, v;; is defined as

o Qd O’,'j -1 9,’4‘9/‘ 1/2
V,,_ﬁx,<m> ) (17)

where 0j; = (0 + 0;) /2, 0; is the diameter of particles of component i, and

2T
vy = l’lO'Lliz !

— (18)
is an effective collision frequency. Upon deriving equation (17) use has been made of the fact
that the mass flux j; = 0 in the homogeneous cooling state.

Several observations are in order. On the one hand, not all quantities are independent
since, for instance, we have x| + x, = 1, T = x; T} + x,T», and j, = —j,. In addition, as will
be shown later, the partial temperatures 7;, and hence 6;, have nonzero contributions in the
Navier—Stokes domain (first-order in spatial gradients), namely 7; = 7" 4+ 7" with 7" + 0
in general. These contributions are proportional to the divergence of the flow velocity, namely,
TV o V - U. Thus, for the sake of simplicity, the partial temperatures defining the colli-
sion frequencies v;; in equation (17) are taken to be of order zero in spatial gradients (i.e.,
0; = miT/mTi(o)). Table 1 collects most of the definitions employed along the paper.

2.2. Hydrodynamic description

The hydrodynamic balance equations for n;, U, and T can be easily derived by multiply-
ing the set of Boltzmann equations (6) by m;, m;v, and %m,-Vz, respectively, integrating over
velocity, and taking into account the properties (8) and (9) of the operator J;;[f;, ]3]. Then, the
corresponding hydrodynamic equations for the mole fraction x; = n;/n, the hydrostatic pres-
sure p, the temperature 7, and the d components of the local flow velocity U can be easily
obtained:

Dixi + —=L—v . =0, (19)
n=mi

my

2 2
DU+ p 'V.P= (AUZ + Z Ji ) (20)
. m.

l

Vi 2 23§~ AU,
DtT——ZT_‘] - (V-q+P:VU) = —gT—lZ i 2bz

=1 i=1 m; i

§bz_A
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Table 1. Definitions of some of the quantities appearing along the text. The equations
where these quantities appear for the first time are provided by the last column.

Symbol Name Definition Equations
Qu Solid angle in d dimensions 212 /T(d /2) ()
ojj (0i+0))/2 (17)
Hij m; [ (m; + m;) 4)
m Reduced mass mymy /(my + ma) After (15)
M i m; / m (30)
n; Number density of component i f dvf; 2)
n Total number density p/T (10)
X1 Mole fraction of component 1 mT/p (12)
X2 Mole fraction of component 2 1 —x (12)
P1 Mass density of component 1 mpx,/T After (7)
P2 Mass density of component 2 map(1 — x1)/T After (7)
p Total mass density plmix; +ma(l —x))1/T @)
X1 Zeroth-order temperature T,/T (26)
ratio of component 1
X2 Zeroth-order temperature (1 —x1x))/(1 = xp) (26)
ratio of component 2
0, Mi/xy (15)
) My(1 — x1)/(1 = x1xy) (15)
Vo Thermal speed vo = /2T /i (28)
2 Effective collision frequency na‘{z’ lvo (17)
vjj Collision frequencies /o)1) x /O +0) /00,00 (2)
W Dimensionless drift (/%) (7 /262) ' (pots 1) (28)
& Dimensionless noise §§/(V0Tﬁ)"l) (28)
¢ Partial cooling rate of Equation (13) Before (13)

component i

2 29 = AU - j p=xiT, 2 )
b “Ji il i

Dtp+pV~U+E(V-q+P:VU):—(p—72 — —2%?2 5+g§ZW

i i=1 " =1

i=1 i m;

(22)

In equations (19)-(22), D, =0, + U -V is the material derivative, j;, is defined by
equation (16),

2
P=>"m / dv VV £i(v) (23)
i=1

is the total pressure tensor,
2

=Y — [dvVVf 24

q ; 5 / v V2V£®) (24)

is the total heat flux, and the cooling rate ( is defined by equation (9). Note that the bal-
ance equations (19)—(22) apply for both interaction models IHS and IMM. The difference
between both models is unveiled when the explicit forms of the Boltzmann collision operators
are accounted for in the evaluation of the transport coefficients and the cooling rate.
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Note that the balance equations (19)—(22) [which are a direct consequence of the properties
(8) and (9) of the Boltzmann collision operators] are local versions of the (macroscopic) con-
servation laws. These hydrodynamic laws could in principle be derived independently of the
kinetic theory viewpoint by invoking symmetry considerations. On the other hand, a kinetic
description provides a clear bridge between microscopic (dynamics of two grains) and macro-
scopic (hydrodynamics fields) descriptions that make easier the derivation of hydrodynamic
equations.

The balance equations (19)—(22) become a closed set of differential equations for the hydro-
dynamic fields once the irreversible fluxes and the cooling rate are expressed in terms of the
hydrodynamic fields. These relations are the so-called constitutive equations. This goal can be
achieved by solving the Boltzmann equations by means of the well-known Chapman—Enskog
method [1] adapted to driven granular mixtures.

The determination of the Navier—Stokes transport coefficients for IHS was accomplished
in references [48, 49]. Nevertheless, due to the mathematical difficulties of the problem, only
steady state conditions were considered. In this paper, we revisit this problem in the case of
IMM (where all the results are exact) but for arbitrary unsteady conditions. This allows us
to determine the transport coefficients not only in the steady state but also for more general
physical conditions. Since the characterization of the time-dependent homogeneous state is
essential for deriving the Navier—Stokes hydrodynamic equations, before considering inho-
mogeneous situations we will study first the homogeneous states. This will be carried out in
the following section.

3. Homogeneous time-dependent states

As extensively discussed in references [11, 44] for monocomponent granular gases, two sepa-
rate stages can be identified in the dynamical evolution of a system from any initial condition.
A fast first stage (for times of the order of the mean free time) can be identified where the
evolution of the gas clearly depends on the initial preparation of the system. Then, a second
slow stage can be observed where the evolution of the gas is completely determined by the
time evolution of the hydrodynamic fields. While the first stage defines the so-called kinetic
regime, the second one refers to the so-called hydrodynamic regime. Here, we are interested in
the hydrodynamic regime. A more systematic description of the system in the fast stage regime
is, in principle, possible [73—75] but beyond the scope of the present work.

In homogeneous states, the concentration x; is constant, the pressure p and temperature
T are spatially uniform, and with an appropriate choice of the reference frame U, = U = 0.
Under these conditions, the set of Boltzmann equations (6) becomes

M 0 1& 0*f;
0f =55y Vi~ 3t e Z Tty fi £1. (25)

The balance equations (19)—(22) for homogeneous states simply reduce to d,x; = 9,U; = 0
and T7'9,T = p~'0,p = —A, where

2
XiXi
A=C+2m) m’,‘ ——Z% (26)
i=1 i=1 l

and x; = T;/T. Since the time dependence of the distribution functions enters through
T and p in the hydrodynamic regime, we have the identity 8, f; = —A (T9r + pd,) f; and the
Boltzmann equation (25) reads
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18
A (Tor +pdy) fi— 5o ,ib f

Z Tylvlfi. fil- 27)

As discussed in reference [48], the solutions to the set of coupled Boltzmann equations (27)
have the scaling forms

700 = xR e ), 28)
where vo(f) = \/2T(1)/mi is the thermal speed, ¢ = v/vy is the scaled velocity, and we have
introduced the following dimensionless thermostat parameters:

3 ~2/3
o= P pols! o & (29)
25& T ’ voTmA 1"

Since the total number density n = p/T is independent of time, then w* does not depend on
time. Equation (28) reveals that the time dependence of the scaled distribution ¢; is encoded
through the dimensionless velocity ¢ and the (reduced) noise strength £*.

In terms of the above dimensionless parameters, equation (27) can be rewritten as

L[(10 3,0 w3 9 1 & 0%y
4 (E&w’* 5as*>_ M o VT IM o Z Lewer, GO

where M; = m;/m, A* = A /vy, and

Jiilv|fis fil
Ji[elor, o] = yttiJe Jj2
tj[ |SO SOJ] }’l,"l)o_dl/()

v L
- / de; / 45 [0} 0i(c}. D0y 1) — iler, Dpi(enn)] . (1)

with y;‘j =V /. As for THS, the solution to equation (30) is not known. Nevertheless, the
form of the Boltzmann operator for IMM allows us to determine exactly its velocity moments.
In particular, the differential equations for the temperature ratios y; = T;/T can be derived by
multiplying both sides of equation (30) by m;c? and integrating over velocity,

OXi

3
AR eH = y; * *f’ 2
2A§ oe- Xil\m = A (32)

where A* = x1A] + x2A3,

* xex1/3 Xi g* *
Af = 2w P X — i xiG (33)

and Ci* = Ci/VO is
2
B} 2v}; i 0; + 06
¢ = E 71/11‘1'(1 + ) [ i (1 + ) , (34)

=1 0,

where v}; = v;;/vp. In the case of elastic collisions (¢ = 0), the steady solution (A* = A}
= Aj = 0) to equation (32) yields the result

10
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&

Tia = — =57
27pm;

(35)
Thus, Ty ¢ = Th e if m; = my (regardless of the values of A and 5) or A — 8 = 1 for my # m,.
This suggests to introduce the bath temperature Ty, as

&

2@yl o

Ty
The bath temperature can be interpreted as the temperature of the molecular gas surrounding
the solid particles. Of course, the thermostat parameters &2 and +, fix the value of Ty,.

Since £*(1) oc T(r)~3/?, we can take ¢* instead of the (scaled) time ¢/ (t, being an arbitrary
unit of time) to analyze the time-dependence of the temperature ratios. Thus, the solution to
equation (32) provides the dependence of the temperature ratios x;(x1,w*, &) on the reduced
noise strength £*. Note first that equation (32) reduces to that of the undriven case when £* — 0
but keeping w* finite (which is equivalent to v, — 0 and &, — O but keeping 1§, 2/3 finite).
This physical situation could be achieved by assuming that the granular temperature is much
larger than that of the bath T;, and so, the dynamic of grains is not substantially affected by the
presence of the bath. In this limit case (£* — 0), equation (32) reduces to

G=G6G=¢" 37

Equation (37) is no more than the condition for determining the temperature ratio 7} /T in
the homogeneous cooling state [76]. The solution to equation (37) gives x; in terms of the
mass and diameter ratios, the concentration x;, and the coefficients of restitution. It is worth-
while remarking that the theoretical results for IMM obtained from equation (37) [by using
the expression (34) for the cooling rates] exhibits an excellent agreement with those obtained
from Monte Carlo simulations of IHS [60]. On the other hand, for states close to the undriven
case (£" < 1), equation (32) admits the solution

X1(x1,w* €)= x10(x1) + X1 (e, w)EN3, (38)

where x| o(x1) is the solution to equation (37) and the coefficient x, ; (x1, w") is

20mpw*
S o (39)
GG T 2X2X1,0X2.0
with Z(lo) and 5(20) given by equation (34) after the replacement x; — X; ¢,
=1) _ V2 2 M (1) 31 o 2 M,
= —= 1 _—, = ——= 1 —=—, (40
Cl 2d ,uzl( + aq2) XZMZX%,O 2 2dﬂ12( + ap2) XZMIX%,O (40)
and
my —m)
Smy = ———L 41
Oy + my)P “1)

Beyond the above cases, we have to numerically solve equation (32) to get x,(x;,w*, &)
for the homogeneous reference state. The initial condition is generated by using equation (38)
for £ < 1. This allows us to avoid the singular point £* = 0. Figure 1 shows y; versus " for
six different initial conditions (namely, different values of £* and ). Here, as in our previ-
ous works on driven granular mixtures [48, 70], 5 = 1, A = 2, and w* ~ 0.107 (it corresponds
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Figure 1. Temperature ratio y; versus the (reduced) strength noise &* for d = 3,
o1 = o, my/my =10, x| = %, and the (common) coefficient of restitution ay; = )
= a2 = 0.9. Six different initial conditions are considered for x,(£%): x;(0.1) = 0.5
(violet line), x;(0.1) = 1.5 (green line), x,(0.2) = 0.5 (light-blue line), x;(0.2) = 1.5
(yellow line), x;(1.1) = 0.5 (red line), and x;(1.1) = 1.2 (blue line). The filled circle
corresponds to the value of x, in the steady state (A* = 0). Regardless of the initial con-
dition considered we observe that the system evolves along the hydrodynamic solution
(common thick black line) until the steady state is reached.

to the volume fraction 0.007 85, which is of course very small). In figure 1 it is clearly seen
that all the curves converge rapidly toward the (common) thick black line regardless of the
initial condition considered. This universal curve is identified as the hydrodynamic solution
X1 (x1,w*, &), The steady state (A* = 0) is represented by the filled circle. This state was
widely studied in reference [48] where it was shown that )y, and its derivatives are regular
functions of x;, w*, and £*. Apart from the homogeneous steady state, the transport prop-
erties in states close to the steady state were also determined in the above papers [48—50].
Here, we will generalize this study by considering transport around arbitrary homogeneous
time-dependent reference states, represented by the thick black line of figure 1 in the plane
(5*’ X1 )

As already mentioned, even though the exact form of the distributions ¢; is not known, their
fourth cumulants (or kurtosis) K; (which measure the deviations of ¢; from their Maxwellian

form 74/ 297/ 2e“’"‘l) can be exactly computed. They are defined as

K, =2 Li(d4+2)9"2/dc ctoi(e) — 1} . (42)
The evolution equation of K; can be obtained by multiplying both sides of the Boltzmann
equation (30) by m;c* and integrating over velocity. The calculations are long and will be
omitted here for the sake of brevity. As in the case of the temperature ratio x,, the results
show that both cumulants tend to converge toward the universal hydrodynamic functions after
a short transient period. This behavior is clearly illustrated in figure 2 where K1 (£*) and K>(£¥)
are plotted versus £ for the same initial conditions as in figure 1.

4. Chapman-Enskog solution of the Boltzmann equation for IMM

The Chapman—Enskog method [1] generalized to inelastic collisions is applied in this section
to solve the set of Boltzmann equations (6) for IMM up to first order in spatial gradi-
ents. The Chapman—Enskog solution will be employed then to determine the Navier—Stokes
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0.2

Figure 2. Cumulants K (solid lines) and K, (dotted lines) versus the (reduced) strength
noise & for d =3, oy = 02, my/my = 10, x; = %, and the (common) coefficient of
restitution a;; = apy = aqp = 0.9. Two different initial conditions are considered for
K;(£%): K1(0.2) = 0.1 (violet solid line) and K>(0.2) = —0.1 (violet dotted line), and
Ki(1.1) = 0.1 (green solid line) and K>(1.1) = —0.1 (green dotted line). The solid and
dotted black lines correspond to the hydrodynamic values of K and K», respectively.

The filled circles correspond to the values of K| and K, in the steady state (A* = 0).

transport coefficients as functions of the coefficients of restitution, composition, the masses
and diameters of grains, and the thermostat parameters.

4.1. Sketch of the Chapman—-Enskog method

As in the conventional Chapman—Enskog method [1], we assume the existence of a normal
solution to the Boltzmann equation in which the velocity distribution functions f; depend on
space and time through a functional dependence on the hydrodynamic fields:

fite, v, 0) = filvx1 (), U@), T(@0), p(0)]. (43)

For small enough spatial gradients, the functional dependence (43) can be made explicit by
expanding f;(r, v, ) in powers of a formal parameter e:

ﬁ:ﬁ(0)+€ﬁ(l)+€2ﬁ(2)+"' , (44)

where each factor ¢ means an implicit gradient of the hydrodynamic fields x;, U, p, and T.
The time derivatives of the fields are also expanded as 0, = 0 + 0" + 20® + .. .. The
expansion (44) yields similar expansions for the fluxes and the cooling rate when substituted
into equations (13), (14), (15), (16), (23), and (24):

Ji :jl(.o)+6jgl)+. o, P= PO Lph. .. , q:q(0)+6q(1)+. . C:C(0)+EC(1)+. o
(45)

In addition, since the partial temperatures 7; are not hydrodynamic quantities, they must be
also expanded in powers of the gradients as [50, 62]

T,=T" 4T 4. (46)

On the one hand, the action of the time derivatives Bt(k) on x1, U, p, and T can be obtained
from the balance equations (19)—(21) after taking into account the expansions (45) and (46).
With respect to the thermostat parameters +y, and &2 and the difference AU, as in our previous
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study on IHS [48] we assume that ~y, and & are of zeroth order in the gradients while AU is
considered at least to be of first order in the gradients. More details on the ordering of the terms
in the kinetic equations can be found in reference [48].

As usual [1], the hydrodynamic fields x;, p, T, and U are defined by the zeroth-order
distributions, hence

/ av (fi- 1) =o. @7

é /dv {miv,%vz} (ﬁ - ﬁ(o)) ={0,0}. @)

Since the constraints (47) and (48) must hold at any order in ¢, the remainder of the expansion
must obey the orthogonality conditions

/ dv =0, (49)

and
2 .

> [av {mw v} 1 = (0.0}, (50)

i=1
fork > 1. A consequence of equation (49) is that the partial densities are of zeroth order while
equation (50) yields the relations

iV ==, m1? = -1, (51)
fork > 1.

4.2. Zeroth-order solution

In the zeroth order, fi(o) obeys the Boltzmann equation (25) with the replacements
vV, =v— U1, 8 — 02, x; — xi(r,1), T — T(r, ), and p — p(r, 7). The balance
equations to zeroth order are

9% =0%U; =0, T'90T =p'9%p=—-A?, (52)
where
L axi G P
0 _— O iXi _ Sb i
A9 =¢O 42y, ?:1 Ty ?:1 o (53)

Here, y; = T\”/T and ¢© = 3", x;xi¢\” where

(54)

2u; i 0 + 6
&=wa%ﬁ—%H%) ﬂ

0;

We recall that v;; is defined by equation (17) with 7; = Ti(o). The velocity distribution fi(o) is
given by the scaling (28) except that now the hydrodynamic fields are local quantities. Since
£ is isotropic in V, it follows that

i =q" =0, PO = pi, (55)
where p = nT.
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5. First-order solution. Navier—Stokes transport coefficients

The first-order contributions to the distribution functions are considered in this section. Since
the mathematical steps involved in the determination of fi(l)(V) are quite similar to those made
in reference [48] for IHS, the derivation is omitted, and we refer the interested reader to the
appendix B of [48] for specific details. The only subtle point not accounted for in reference
[48], but recognized later in an erratum [50], is the existence of non vanishing contributions to
the partial temperatures T

Taking into account the contrlbutlons to f; D) coming from T( ), the kinetic equation of
£V can be written as

0 1
8(0) (1) _b_ v 2
f m1 8v ! 2

+ Lif + MR

i f(l)
my Ov?

=A; - Vxi+B; - Vp+C, - VT+D1k4 (VkU[+V4Uk—5k4V U>+E1V U+G; - AU,

(56)
where
fm ’melmz5ms rp af af O R” womg A
V) = - p2m’ T oV’ BiV) = 8p -0 oV pmP Dy oV’ (57)
01" wdms  Of” £
Ci(V)=-V D Dy w(V) =YV, s 58
1(V) oT + 8 Py 1k(V) v, (58)
2 om of” 1, of”
El(V) = ( + CU + Z'belXU ) (p@ + Tay‘) 1(0) —|—p87; + gV oV s (59)
om 8 ©
Gi(V) = V; * (2 + Do) S (60)

In equation (56), the linear operators £; and M are defined as
LiX = —Jnv A2 X] = InvIX, £21T = JevX, A1, MiX = —Jplv| f7.X1, (61)

where X(v) is a generic function of the velocity. The kinetic equation for fz(l) can be easily
obtained from equation (56) by just making the changes 1 <> 2. Upon writing equations (57)
and (58) use has been made of the constitutive equation for the mass flux j(ll). It is given by
(48]

i = m;’;zPDV L Dpr _ ;DTVT — DyAU, (62)

where D is the diffusion coefficient, D), is the pressure diffusion coefficient, Dz is the thermal
diffusion coefficient, and Dy, is the velocity diffusion coefficient. In addition, to get the expres-
sion (59) for E(V), we have taken into account that the scalar quantities T,-(l) and ¢ ™ can only
be coupled to the divergence of the flow velocity field V - U. As a consequence,

T
T\ = %XUV U, (V=¢V-u, (63)
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where Y, and ¢, are dimensionless quantities to be determined. Since m T\ = —n, T3V,
then Tél) = —(x1T/x19)xuV - U, where vy is the effective collision frequency defined in
equation (18).

It is worth noting that equations (56)—(60) are similar to those obtained for IHS [48, 50],
except for the explicit forms of the terms E;(V) and the linearized Boltzmann collision operators
L; and M;. However, the road map for determining the transport coefficients for IMM is differ-
ent to that for IHS. An important advantage of using the forms of £; and M; of IMM is that the
Navier—Stokes transport coefficients can be exactly obtained from the Boltzmann collisional
moments associated with m;V, m;VV, and % V2V [60]. This contrasts with the results derived
for THS [48] where the transport coefficients were approximately determined by truncating a
series expansion of the distribution functions fi(l)(V) in Sonine polynomials.

Once the kinetic equations verifying the distributions fi(l) are known, the set of
Navier—Stokes transport coefficients of the granular binary mixture can be obtained. While
the mass flux j(ll) is defined by equation (62), the pressure tensor is

ou; oU; 2
Py = — d i_z : 4
W= ( or, + o S0V U), (64)

and the heat flux is
qV = —T*D"'Vx, — LVp — kVT — kyAU. (65)

In equations (64) and (65), 7 is the shear viscosity coefficient, D" is the Dufour coefficient,
L is the pressure energy coefficient, x is the thermal conductivity, and xy is the velocity
conductivity.

The evaluation of the transport coefficients as well as the first-order contribution to the par-
tial temperatures follows similar mathematical steps to those made in the case of IHS [48].
Since these calculations are standard in organization (although somewhat complex in execu-
tion), we relegate the long and tedious technical details of these calculations to the appen-
dices A and B. As expected, the time-dependent forms of the set of transport coefficients
{D,D,,D7,Dy,n,D",L, Kk, ky} are given in terms of the solutions of nonlinear differential
equations in the (reduced) variable £*. Only simple analytical solutions to these equations
are obtained in the cases of undriven granular mixtures (£* = 0) and driven granular mix-
tures under steady state conditions (A”) = 0). These two cases will be separately considered
to perform a comparison with previous results obtained for IHS [48, 59, 60].

6. Time-dependent transport coefficients. Comparison with IHS

6.1. Unsteady hydrodynamic solution

Although most of the works devoted on transport in driven granular gases have been focused
in the steady state, it is also worthwhile studying the time-dependent forms of the transport
coefficients. As said in the introduction, this is in fact one of the new added values of the
present contribution. As we discussed in section 3, after a transient kinetic regime, we expect
that the mixture achieves an unsteady hydrodynamic state [11, 44] where the (scaled) transport
coefficients (D*, D}, Dy, ...) depend on time only through the reduced parameter £*. The
definitions of the above scaled transport coefficients are given in equations (A6) and (A22)
of the appendix A. In the sequel, we illustrate the £*—dependence of the (scaled) transport

coefficients for different values of the parameter space of the system.
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Figure 3. Plotof the dimensionless diffusion transport coefficients as a function of £* /&7,

ford =2,01 = oy,m/my =2,x1 = %, and two different values of the (common) coef-
ficient of restitution: o = 0.9 (left panel) and o = 0.6 (right panel). The black, green,
blue, and violet lines correspond to the coefficients D*, D7, Dy, and Dy, respectively.

Note that the value of & is different in each panel.

As in our previous papers [48, 49] on driven granular mixtures, we are here mainly inter-
ested in studying the dependence of the (scaled) transport coefficients on inelasticity. To cap-
ture this dependence, the above coefficients are normalized with respect to their values for
elastic collisions. In addition, only the simplest case of a common coefficient of restitution
(a1 = @ = ap = @) of an equimolar binary mixture (x; = %) with the same diameters
(01 = 0,) and with parameters 5 = 1, A = 2 is considered. In addition, we take a volume
fraction of 0.007 85, which corresponds to a very dilute system. The value of w* for this sys-
tem can be easily inferred from table 1. The above choice of parameters reduces the parameter
set to three quantities: {&*, m;/my, a}.

Figure 3 shows the dependence of the scaled diffusion coefficients (D", D;, 7, and D7;; they
are defined in equation (A6)) on the scaled parameter £*/¢ for a two-dimensional granular
mixture with m;/m, = 2 and two different values of the coefficient of restitution: o = 0.9
(left panel) and v = 0.6 (right panel). The steady value ¢, is obtained from the condition
x1AT 4 x2A; = 0. It corresponds to the value of £* where the density and granular temperature
reach the local values imposed by the thermostat. Note that we restrict our study on the unsteady
solution to the interval between the undriven state (§* = 0) and the asymptotic final steady state
(€*/&; = 1). The undriven state can be achieved either because both parameters v, and &2 go
to zero (keeping &, 2/3 finite) or because the granular temperature is big enough (7 > Ty).
As expected, figure 3 shows that the influence of the thermostat (as measured by the difference
between the values of the dimensionless diffusion coefficients with and without a thermostat)
is more significant as the inelasticity increases. This is quite apparent in the right panel of
figure 3, specially in the case of the diffusion coefficient D*.

The coefficient y; is plotted in figure 4 as a function of £* /& for a = 0.9 and 0.6 and
different values of the mass ratio m; /my. This coefficient is defined by equation (63) and pro-
vides the first-order contribution to the partial temperature 7;. Although this coefficient was
calculated many years ago [61] for dense molecular mixtures and more recently, for dense
granular mixtures [62, 77], we do not aware of any previous calculation of x, for low-density
driven granular mixtures. As expected, x, vanishes (i) for £* = 0 (undriven case) [59] and (ii)
for mechanically equivalent particles (o1 = 02, m; = m; and «;; = «). We observe that x, is
negative near £ = 0 and then it becomes positive for larger values of £*. It is also quite appar-
ent that X, exhibits a non-monotonic dependence on £* since it decreases (increases) with
increasing £ for £ < 0.05 (£20.05). In addition, for strong inelasticity, we observe that the
influence of £ on Y, increases with the mass ratio. The dependence of the (reduced) shear
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Figure 4. Plot of the coefficient x, of the first-order contribution to the partial temper-
atures as a function of £* /& ford =2, 0y = 03, x; = %, and three different values of
the mass ratio m /my. Two different values of the (common) coefficient of restitution
are considered: a = 0.9 (left panel) and o = 0.6 (right panel). Note that the value of £
is different in each panel.
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Figure 5. Plot of the dimensionless shear viscosity n* as a function of £*/& for

d=2,01=02 X1 = %, and three different values of the mass ratio m;/m,. Two
different values of the (common) coefficient of restitution are considered: o = 0.9

(left panel) and ov = 0.6 (right panel). Note that the value of £, is different in each panel.

viscosity n* = (vo/p)n on £ /& is plotted in figure 5. We infer similar conclusions to those
found before for the diffusion transport coefficients. On the one hand, at a given value of the
coefficient of restitution, the impact of the (scaled) parameter £ on 1* is more noticeable as
the mass ratio increases. On the other hand, at a given value of the mass ratio, the bigger the
inelasticity the more the influence of the thermostat is. Similar conclusions are obtained for
the (scaled) heat flux transport coefficients.

6.2. Comparison with the transport coefficients of IHS: undriven and driven steady solutions

Apart from analyzing the dependence of transport coefficients on £*, the exact analytical results
derived here in the undriven and driven steady states allows us to gauge the degree of reli-
ability of IMM via a comparison with previous results derived for IHS in both situations
by considering the so-called leading Sonine approximation. To the best of our knowledge,
the only comparison between IMM and IHS for granular mixtures has been performed in
reference [60] for the diffusion coefficients in the case of undriven mixtures and in refer-
ences [72, 78] for non-Newtonian transport coefficients. Here, we extend such comparison
between both interaction models by considering the complete set of Navier—Stokes trans-
port coefficients for £* = 0 (free cooling mixtures) and £* = &, (driven mixtures under steady
conditions).
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Figure 6. Plot of the dimensionless diffusion transport coefficients versus the (common)
coefficient of restitution « for hard disks (d = 2) with x; = %, my/my =2, and 0, /0,
= 1. We consider both driven (£* = ¢,) and undriven (" = 0) granular mixtures. The
solid lines refer to the results derived here for IMM while the dotted lines correspond to
the results obtained for IHS in reference [48] in the first-Sonine approximation.

The dimensionless diffusion transport coefficients are plotted in figure 6 versus « for hard
disks (d = 2) with x; = %, my/my =2, and 0/0, = 1. We include the results obtained for
IHS (dotted lines) [48, 59]. Figure 6 highlights the excellent agreement found between the
predictions of the first Sonine approximation for IHS and the exact results for IMM in the
whole range of values of o analyzed. We have seen that this excellent agreement is kept when
we consider other type of systems (disparate masses and/or strong inelasticity).

The a—dependence of the coefficient x; of the first-order contribution to the partial tem-
peratures is plotted in figure 7 in the steady state (£* = ;) for a two-dimensional system with
x| = %, 01 = 03, and two values of the mass ratio. We recall that this coefficient is zero for
the undriven case (£* = 0). Given that the coefficient X, has not been determined so far for
IHS, we cannot make any comparison between IMM and IHS for this transport coefficient.
We observe that the magnitude of x; is not small, specially for high mass ratios and moderate
inelasticity. This means that the first-order contribution to the partial temperatures cannot be
neglected in the hydrodynamic description of the mixture (for instance, it should be taken into
account in the stability analysis of the homogeneous state). Moreover, figure 7 highlights that
Xy 1s positive and a decreasing function of «.. Regarding its dependence on the mass ratio, we
observe that X, is an increasing function of my /my.

Figure 8 plots the (scaled) shear viscosity coefficient n*(c«)/n*(1) versus « for d = 2,
xX; = %, and o, = o,. Three different values of the mass ratio are considered. As occurs in
monocomponent granular gases [79, 80], we observe that in general the qualitative depen-
dence of the Navier—Stokes shear viscosity of the mixture (for driven and undriven systems)
on inelasticity of IHS is well reproduced by IMM: n* increases with decreasing «. On the
other hand, this increase is faster for IMM and so, the IMM predictions overestimate their [HS
counterparts.
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Figure 7. Plot of the coefficient x, of the first-order contribution to the partial tempera-
tures versus the (common) coefficient of restitution a ford = 2, oy = 03, x; = %, and
my/my = 2 (violet line) and m; /m, = 4 (green line). The conditions of the steady state
(& = &) are considered here.
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Figure 8. Plot of the scaled shear viscosity coefficient 7*(a)/n*(1) as a function of
the (common) coefficient of restitution « for hard disks (d = 2) with x; = & and
o1/o2 = 1. Three different values of the mass ratio are considered: m; /m, = 1 (black
lines), m; /my = 2 (violet lines), and m; /m, = 4 (green lines). We consider both driven
granular mixtures under steady conditions (§* = &, left panel) and undriven granular
mixtures (§* = 0, right panel). The solid lines refer to the results derived in this paper
for IMM while the dotted lines correspond to the results obtained for IHS in reference

[48] in the first-Sonine approximation. Here, n*(1) is the value of the shear viscosity
when the collisions are elastic.

Finally, figures 9 and 10 show the dimensionless heat flux transport coefficients as a function
of the coefficient of restitution for £* = £ and £* = 0, respectively. Figure 9 refers to hard
disks (d = 2) while figure 10 corresponds to hard spheres (d = 3). Although the theoretical
results of IMM capture qualitatively the trends of IHS for some heat flux transport coefficients,
significant quantitative discrepancies between both interaction models are found for strong

inelasticity. These type of discrepancies were already reported for monocomponent granular
gases [79, 80].

7. Discussion

This work has focused on the evaluation of the Navier—Stokes transport coefficients of a gran-
ular binary mixture driven by a stochastic bath with friction. The results have been obtained by
solving the set of nonlinear (inelastic) Boltzmann equations by means of the Chapman—Enskog
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Figure 9. Plot of the dimensionless transport coefficients associated with the heat flux
as a function of the (common) coefficient of restitution « for driven granular mixtures
under steady conditions (£ = &). The parameters of the mixture are d = 2, m; /my
=2, and /0, = 1. The solid lines are for IMM while the dashed lines refer to IHS.
The dimensionless coefficients D”* and x* have been scaled with respect to their values
for elastic collisions.

method [1]. Since this method requires the choice of a reference base state (zeroth-order
approximation fi(o) in the perturbation expansion), as a first step we have characterized the time-
dependent homogeneous state of the mixture. In particular, we have obtained the dependence of
both the temperature ratio between the components of the mixture as well as the fourth cumu-
lants (which measure the deviation of the distribution functions from their Maxwellian forms)
on the (scaled) thermostat parameter £*(z) o T(t)’3/ 2 [ being the reduced noise strength
defined in equation (29)]. As a second step, we have derived the kinetic equation (56) veri-
fying the first-order solution fi(l)(v) to the Chapman—Enskog expansion. The knowledge of
the distributions f; allowed us to determine the irreversible fluxes and identify the nine rel-
evant Navier—Stokes transport coefficients of the mixture: four coefficients associated with
the mass flux (the diffusion coefficient D, the pressure diffusion coefficient D), the thermal
diffusion coefficient D7, and the velocity diffusion coefficient D), the shear viscosity coef-
ficient 7 associated with the pressure tensor, and four coefficients associated with the heat
flux (the Dufour coefficient D", the pressure energy coefficient L,, the thermal conductivity
coefficient D7, and the velocity conductivity coefficient k).

On the other hand, it is important to remark that, unlike previous attempts for IHS [48-50],
the present work considered a time-dependent reference state that can be far away from
the homogeneous steady state. This means that the determination of the transport coef-
ficients is not necessarily restricted to states near the above homogeneous states and so,
the Navier—Stokes transport coefficients are in general given in terms of the (numerical)
solution of a set of nonlinear differential equations. Analytical solutions to these equations
can be obtained only in two particular situations: (i) undriven granular mixtures (£* = 0)
and (ii) driven mixtures in steady state conditions [{* = & where & is obtained from the
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0.5 0.6 0.7 0.8 0.9 1

Figure 10. Plot of the dimensionless transport coefficients associated with the heat flux
as a function of the (common) coefficient of restitution « for undriven granular mixtures
(&" = 0). The parameters of the mixture are d = 3 and o /o, = 1; three different values
of the mass ratio m; /my are considered: m; /m, = 1 (black line), m; /m, = 2 (violet
line), and m; /m, = 4 (green line). The solid lines refer to the results derived here for
IMM while the dotted lines correspond to the results obtained for IHS in reference [49].
The dimensionless coefficients D”* and «* have been scaled with respect to their values
for elastic collisions.

condition x; A} + x,A5 = 0, A} being defined by equation (33)]. Moreover, due to the tech-
nical difficulties involved in the time-dependent problem, we have considered here IMM
instead of THS to simplify the calculations and get the exact forms of the transport coeffi-
cients. Regarding the homogeneous state, we have shown that the set of Boltzmann equations
admits the hydrodynamic scaling solutions (28) where the temperature dependence of the
scaled distributions ; occurs only through the (dimensionless) velocity ¢ = v/vo(7) (vo(T)
being the thermal speed) and the dimensionless noise strength £*(T). Although the exact form
of the distributions ¢; is not exactly known even for IMM, they can be characterized by
their first velocity moments. In particular, we have studied the time evolution of the tem-
perature ratio x; = 7/T (which is formally equivalent to analyze the {"—dependence of
X;) for different systems and different initial conditions. As figure 1 clearly shows, after a
short transient regime, all the curves collapse in an unsteady hydrodynamic solution x(£")
before reaching the asymptotic final steady state. The same behavior has been found for the
fourth cumulants K; of the distributions ¢, and similar time evolution is expected for higher
cumulants.

Once the reference state is well characterized, the complete set of transport coefficients has
been determined. As in the case of y; and K;, we have seen that the (scaled) transport coeffi-
cients evolve in time toward the asymptotic steady state. Apart from the transport coefficients,
we have also evaluated the first order contributions Ti(l) to the partial temperatures. These con-
tributions are proportional to the divergence of the flow velocity (namely, Tfl) =TxyV-U
and Tél) = —(x1/x2)TxyV - U). Although these coefficients are not hydrodynamic quantities,
their calculation is interesting by itself and also because they are involved in the first order
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contribution ¢V to the cooling rate. The existence of a nonzero first-order contribution Ti(l)
induces a breakdown of the energy equipartition, additional to the one appearing in the homo-
geneous state (which is only due to the inelastic character of collisions). In fact, T,-(I) = 0 for
undriven granular mixtures at low-density [59] but T,-(I) # 0 for moderately dense mixtures
[61, 62]. Although the existence of a non-vanishing contribution to the partial temperature T,»(l)
for THS has been recently recognized in an erratum [50], its expression for IHS has not been
calculated so far. The results obtained in this paper for IMM show that the magnitude of the
coefficient x; is in general not small and hence, the impact of Ti(l) on ¢V cannot always be
neglected.

Before considering the undriven and driven steady solutions, we have analyzed the time
dependence of the (scaled) transport coefficients for given values of both the coefficients of
restitution and the parameters of the mixture (masses, diameters, and concentration). This is
in fact equivalent to studying the £*—dependence of the (scaled) transport coefficients, which
in turn allowed us to assess the influence of the thermostat on the transport properties. As
expected, for small inelasticity (say a2 0.9), the transport coefficients depend very weakly
on £*. By contrast, the impact of £* on the (scaled) transport coefficients becomes in general
more significant as the inelasticity increases. Thus, a very good approximation when describing
driven IMM with small inelasticity is to use the expressions of the transport coefficients of the
undriven case (keeping in mind that the constitutive equations have to include the terms of the
thermostat). The previous conclusion is expected to be applicable to IHS as well.

As a complement of the previous results, we have also carried out an extensive comparison
between the analytical expressions obtained here for IMM and those previously reported for
undriven IHS mixtures [59] and for IHS mixtures driven by the same type of thermostat con-
sidered in this paper [48, 49]. To the best of our knowledge, this comparison between transport
coefficients for granular mixtures of IMM and IHS had been only performed for the mass flux
transport coefficients [60] and for non-Newtonian transport in mixtures under uniform shear
flow [8]. The comparison shows in general an excellent agreement between IMM and THS
for the transport coefficients associated with the mass flux (for both undriven and driven mix-
tures), a qualitative agreement for the shear viscosity coefficient, and significant quantitative
discrepancies for the heat flux transport coefficients, specially at strong inelasticity.

As a final comment, we want to emphasize that in this paper we have shown that a family
of flow regimes which traditionally has been regarded as different when analyzed through the
Chapman—Enskog scheme can in fact be collected in a single group. This unification has been
possible thanks to the use of a more general time-dependent reference state. This is, in our
opinion, an important step toward having a unified hydrodynamic description of driven and
undriven granular gases.
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Appendix A. Some technical details on the evaluation of the transport
coefficients

In this appendix we provide some technical details on the calculation of the Navier—Stokes
transport coefficients and the first-order contribution to the partial temperatures.
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A.1. Mass flux

Let us start with the determination of the diffusion transport coefficients. The first-order
contribution j{" to the mass flux is defined as

iV = / dv m VD (V). (A1)

To compute j(ll), we multiply both sides of equation (56) by m; V and integrate over velocity.
After some algebra, we get

0 Yop1mimadmg p
gO§» 1 T 5 () _ 9 / Pp
J1 mlg.h + v J axl (x1x1) + pzmﬁ T Vxi
0 om,
- [Xl (Xl +P%) o + %_BBDI;] Vp
P pm
0 omy om
— (a5 + 5D ) v = PR (5, + Dy) AU
oT m?’ P
(A2)
Upon obtaining equation (A2), use has been made of the result [60]
/ av mV (ﬁlf(” n le;“) = i, (A3)
where
1
Vp = ﬂﬂ (A4)

dn, my -l—mg.

The solution to equation (A2) is of the form (62), as expected. Dimensional analysis
shows that D « T'/%, D, o< Dy o T*/?/p, and Dy o p/T and hence, 9 {D,D,, Dr, Dy}
—1A9YD,D,, Dy, 0}. Thus, the time derivative 9/”j|" can be computed as

1 3
OO§D = V% [A“’) (ED* - Eg*@p*) +(D;, +D§)BXIA(°)] Vxi

1 1 " « «
+ {A“’) ( 505 75 9¢:D ) + (D, +Dr)pf’)pA(°)] Vp

p ol 3. « * « (0)

3pmA?
2T

(€"9e-Dy) AL, (AS)
where we have introduced the dimensionless coefficients

T
" _p, p,=Lp, pr=Lp; Dy= —D*. (A6)
mpmaly PV PYo

D:

The diffusion coefficients D, D,, Dr, and Dy can be easily identified after inserting
equation (A6) into equation (A2). While the (reduced) coefficients D*, D}, and D7 obey
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a set of coupled differential equations, the (reduced) coefficient D, obeys an autonomous
equation,
3A©@
21/0

£ 0Dy + auDyy = ag, (A7)

where the coefficients a;; are defined in appendix B. In matrix form, the remaining coefficients
verify the following set of differential equations:

3NO
an + ——E§0; an an
2]/() D* a
3 A(O) X 10
0 ar + Tf*@g ans Dp = |ax|. (AS)
Yo (0) D; aso
O *a*
asz asz + 2 £ 0

Note that there are two ways of ‘removing’ the presence of the derivatives 82‘ in

equations (A7) and (A8): (i) either by taking the limit A¥ — 0 (the system and the thermostat
locally thermalize and a steady state is achieved) or (ii) by taking the limit £* — O (undriven
granular mixtures). The former limit was analyzed in references [48, 49] for IHS, while the
latter was studied in reference [59] for IHS and in reference [60] for IMM. In both limit sit-
uations (A”) = 0 or ¢ — 0), we can obtain analytical expressions for the diffusion transport
coefficients. However, beyond both special situations, as expected we have to get the above
coefficients by numerically solving equations (A7) and (AS).

A.2. Pressure tensor

The first-order contribution P to the pressure tensor can be written as P — P(ll) + PV,
where

P — m,-/dv vV D). (A9)

The partial contributions P(ll) can be obtained by multiplying both sides of equation (56) by
m VV and integrating over V. After some algebra, we have

2
1 ) 1 1
at(O)P(l,l)c[ + (? + 7'11) P(u:t + TlZP(z,llt
1

2 d+2
= —l” (0 + 001 - 207 - 0) 4 [ol? - 20

2 om,
+ (3 + (v + Z%xlm—;xy> (pd, + Tor) pﬁ‘”ﬂ 5wV -U, (A10)
where p(lo) = an{O) and use has been made of the result [60]
/ av mVV (L0 + MiAD) = 7P 4 maPl, (A1)

and
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128 1203 o1 (1 + a2)
=— (1 d+1— 2—= 1 1]——=—=1,
T d(d+2)( +a)d + arp) + 4 H21( +a12){ i1 }
V2 pPL oo 2
= -2—— 1+« . Al2
TI2 dd+2) pz'uﬂ( 12) (A12)

The corresponding equation for P(zl) is

2 2
3,(0)P(2{,1f + (WZ? + 7'22) P(zlif + TZIP(llJlf = _p(20) <3kU/2 + 0Uy — E(SMV . U)
2

d+2 2 omy
+ {Papp(zo) - Tp(zo) + (d + Cu + 27X m;’“’) (pdy, + Tor) P(zo)} 0V - U.

(A13)

The expressions of the collision frequencies 7, and 7, can be taken from equation (A12) after
interchanging 1 <> 2.

Contrary to what happens in the undriven case [59, 60], equations (A10) and (A13) show
clearly that Tr PV = dp!” = dn, T" # 0. The equation defining the first-order contribution
p(ll) to the partial pressure of component 1 can be easily derived by taking the trace in
equation (A10) or, alternatively, by multiplying equation (56) by m;V? and integrating over
v. The result is

2 d+2
0" + <75" + m) A+ o) = —DPp? — SV UL (Al

n

The corresponding equation for pg) can be easily obtained from equation (A14) by the change
1 <> 2. Summing the equations for p(ll) and p(z), we find that p(ll) =— p(zl), in accordance with
the consistency condition defined in the second relation of equation (51). This means that the
granular temperature 7 is not affected by the spatial gradients.

Equation (A14) has the solution p(ll) = x1 2xyV - U, where x, verifies

Yy

*

2

A¥ Zw*g*l/?)
2 M;

£ Oexu + s =iy + (T = T — T 20 oy )

3x1 ., d+3 , 2,
X 715 35*)(1} Xu = —75 Oge X1 — @ O X1, (A15)

where 7;; = 7;;/ v, and use has been made of the relations pd,x1 = —£"9;x1 — (2/3)w* 0 x1
and Torxi = —(1/2)§*0;x1 + (2/3)w*0;x1. Note that for " — 0, equation (38) yields
w*d,+x1 — 0 and so, equation (A15) leads to x;, = 0 as expected [59]. However, when £* £ 0,
the right-hand side of equation (A15) is in general different from zero and hence x, # 0 for
driven granular mixtures at low density.

To identify the shear viscosity coefficient 7, it is convenient to rewrite P(l{,)dg as

P = 6 + 101, (A16)
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where H(11,/14f is the traceless part of the partial pressure tensor P(ll,){, From equation (A10), we
get the differential equation obeying H(I{,){[:

2 2
oOm), + (WZ? + m) I + 7ll), = —prixa (akw + Ui~ 0V - U) . (AL7)
1

The differential equation of H(zl,liz can be easily inferred from equation (A17) by interchanging
1 <> 2. The solution to equation (A17) (and its counterpart for H(zl,lla) can be written as

ou ou, 2
H(.l), = =) _k - . | — 1 2. Al
ikl U] ( By + o dékgV u), i=1, (A18)

According to equation (64), the shear viscosity of the mixture is 7 = 7, + 1,. Dimensional
analysis requires that 7; oc T'/2 and so,

O, _ _Pro (L. 3.00 Al
o0 = L0 (G -3 5. (A19)

where 1 = (v/p)n;. Thus, in matrix form, the set of equations for 7; is given by

(©)

b — &0} b ¥
" 2y Y 12(0) <n1> = (bm) (A20)
3A 5 b ’
by by + > £ 0; - »
U

where the coefficients b;; are defined in appendix B. The solution to equation (A20) gives the
shear viscosity coefficient 7. In the case of undriven granular gases (£* — 0), equation (A20)
agrees with the one derived before for IMM [60]. Moreover, for steady state conditions
(A9 = 0), we also obtain a simple analytical solution. Beyond both limit cases, the numer-
ical solution to the set of equation (A20) provides the shear viscosity coefficient in the
time-dependent driven state.

A.3. Heat flux

To first order, the heat flux is given by
qV = —T’D'Vx, — LVp — kVT — kyAU, (A21)

where, in dimensionless forms, the Dufour coefficient D”, the pressure energy coefficient L,
the thermal conductivity «, and the velocity conductivity xy are defined as

|~

D= Tn_lzl/o <LT +L§) C T o

D//* _|_ D//* , L —
(o1 7 20 muy

(“T +’€§) , Ku=p (“711 +“Zz) -

3

(A22)

The differential equations verifying the (scaled) coefficients D}*, L}, k], and k}, can be obtained

by following similar mathematical steps as those made for the other transport coefficients. As
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in the case of the diffusion coefficients, the (reduced) coefficients xj; verify an autonomous
set of equations given by

30
*8* N
A T o Fur) — (e (A23)
3 © * Ok K‘;/Z bSO ’
g7 css + ——E&70
21/0

where the expressions of the coefficients c¢;; are displayed in appendix B. The remaining coef-
ficients are coupled. By using matrix notation, the coupled set of six differential equations for
the unknowns

{D{". D5 L1, L, k1, K (A24)
can be written as
E,LU/XV = Y,Lw (A25)

Here, X, is the column matrix defined by the set (A24), 3, is the square matrix

3A0)

e+ 2—,,05*82 cn ci3 0 i3 0
3AO

a1 cn + §0; 0 fn 0 [N

21/0 ©
3A
0 0 ¢33+ 2—5*82 C34 35 0
Yo
3AO .
0 0 c43 cas + §0¢ 0 C46
21/0 ©
3A
0 0 cs3 0 css + 2—5*82 Cs6
Yo
3AO .
0 0 0 Coa Cos ce6 + §0;
21/0
(A26)
and the column matrix Y is
€10
€20
C
Y=|%]. (A27)

C40
C50
C60

In the undriven (§* = 0) and driven steady states (£* = &) the solution to equation (A25) can
be written as

X, = (D)7, (A28)

Appendix B. Expressions of the coefficients aj;, bj;, and c;

In this appendix we display the explicit expressions of the coefficients a;;, by, and c; defin-
ing the diffusion coefficients, the shear viscosity coefficient, and the heat flux coefficients,
respectively.
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The coefficients g;; are introduced in equations (A7) and (A8) for the evaluation of the

(reduced) diffusion transport coefficients Dy, D*, Dy, and D7. They are given by

app = Oy, (x1x1), an=—5—+—+w'¢

0 B B
AO yp «1/3 P1My + pany b= _l@ A©, (B1)
2v0 o p(my +my)?’ v 7

axy) = X1x1 — % +x1p0px1,  am =ay +ax, a3 = _l/ﬂapA(O), (B2)
0

T
ayo = x;TOrx1, axn = —l/—arA(O), az = ajy + as, (B3)
0
Tp1p2 1/3 Vp 1 3le? + pzmg
ap = ——w'&Pmy,  au=— 4w P2, (B4)
pmp 20 p(my + my)f
where
1 * ¢k * *
2 O A = 2078 om0, (erxa) — €' 0mr-1 + 05, €,
V%@,,A(O) 2w* 5*1/36m3x1p8p)<1 + 8,,( (B5)
fa AY = 20" 3omyx  TOrx1 + € Z S+ aTc (B6)
i=1 ’
The coefficients b; defining the shear viscosity in equation (A20) are
T11 Zw*f* A(O) T12
by = , by=— — — —, bp=—, B7
10 = X1X1 11 % Mf 20 12 % (B7)
T T 2wt A©
b = xax2, by =, bp= 55 - (BY)
12 1) M2 21
The coefficients c;; of the heat flux are
meyn Ld2) £ +(d+2)w “¢3 Smamyx D"
clo=|—
10 Tv 2M7 2My  xymy + xomy
d+2 K, 2
Aar X 1 A b
+ M, O, K + 2>x1X1
3A© 3 erl/3 1
e =- + Pu + Lﬁ, cn = @, ci3=——0,A”,  (BY)
21 140 Ml 0] Vo
mea @+ " —d+2” W €3 Smamyxyx Y D"
C =
7 Tw 2M) 2My  xymy + xamy
d+2 K ’
O 14+ —= , B10
4025 T34 5 o] a0
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mes) & W3 Smatix, xa
=|=—-d+2 —(d+2 ‘ *
€80 Tvy @+ )2M§‘ @+2) 2 xymy + xomp v
* *1/36 ‘
o (d—|—2)w § m5m1X1X2X2, (B21)
2 X1my + xymy
A© 3o*e*l/3

o = AT P T (B22)

€87 = ——, €88 = — ‘
v’ o o M,

In equations (B9)—(B22), the fourth cumulants K; are defined by equation (42) and we have
introduced the quantities

v (14 aqy) (1 + )

= - — — 4] —
B 4 dd+2) [a11(d + 8) — 5d — 4] — vizpun dd2)
X {pa1(1 4+ app) [d + 8 = 3uai(1 + ap)] — 3(d +2)}, (B23)
(14 an)’ pi
= By — B24
Bz V2o dd+2) m ( )
vip (1 + o) T vy (1 +an)
€12 = —?m [Oéll(dz_Zd_ 8) + 3d(d + 2)] m;l - 7#217 {M21(1 + ai2)

T(O) x T(O)
X [d = 3p(1+ i) + 2] 2 = =1 [d+ 33,1+ a)? = 6pa (1 + o) +2] ~ b
my X2 mi

(B25)

The expressions of 3,,, 3,,, and €1 can be easily inferred from the forms of 5,,, 3,,, and €2,
respectively, by interchanging 1 < 2.
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