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Enskog kinetic theory for a model of a confined quasi-two-dimensional granular fluid
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The Navier—Stokes transport coefficients for a model of a confined quasi-two-dimensional granular gas of
smooth inelastic hard spheres are derived from the Enskog kinetic equation. A normal solution to this kinetic
equation is obtained via the Chapman—Enskog method for states close to the local homogeneous state. The
analysis is performed to first order in spatial gradients, allowing the identification of the Navier—Stokes transport
coefficients associated with the heat and momentum fluxes. The transport coefficients are determined from the
solution to a set of coupled linear integral equations analogous to those for elastic collisions. These integral
equations are solved by using the leading terms in a Sonine polynomial expansion. The results are particularized
to the relevant state with stationary temperature, where explicit expressions for the Navier—Stokes transport
coefficients are given in terms of the coefficient of restitution and the solid volume fraction. The present work
extends to moderate densities previous results [Brey e al. Phys. Rev. E 91, 052201 (2015)] derived for low-

density granular gases.
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I. INTRODUCTION

When granular media is externally excited (rapid flow
conditions), the motion of grains is quite similar to the random
motion of atoms or molecules of an ordinary fluid. Under
these conditions, granular media flow like a fluid and kinetic
theory can be employed to describe their dynamics. In contrast
to ordinary fluids, the collisions between grains are inelastic
and hence one has to inject energy into the system to sustain it
under rapid flow conditions. In this context, granular fluids
can be considered as complex systems that inherently are
out of equilibrium [1,2]. Their properties depend both on
the dissipative collisions and also on the external energy
mechanism used to drive the system.

The energy injection can be done either by driving through
the boundaries, for example, shearing the system or vibrating
its walls [3], or alternatively by bulk driving, as in air-fluidized
beds [4,5]. Nevertheless, one of the main problems in this
sort of injection is that in most of the cases strong spatial
gradients are generated in the system. This means that the
theoretical description of these situations lies beyond the
conventional Navier—Stokes domain (namely, when fluxes are
linear functions of the spatial gradients). Thus, to avoid these
difficulties, it is quite usual in theoretical and computational
studies to heat the system by means of external driving forces
[6]. In this driven case, the energy injected by the external
force compensates on average the energy lost by collisions
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so that the system achieves a stationary nonequilibrium state.
Yet, as expected, these forces do not play a neutral role in
transport and hence, the Navier—Stokes transport coefficients
obtained in the absence of them [7-11] are different from
those derived in the presence of the external forces [12—-15].

However, an alternative to the use of external forces has
gained interest in the past few years [16-24]. The idea is to
use a particular geometry (quasi-two-dimensional geometry)
where the energy is placed into the bulk region and generates
homogeneous states. In this geometry the granular gas is
confined in a box that is very large in the horizontal directions
but its vertical length is smaller than two particle diameters.
Under these conditions, since grains cannot be on top one each
other, the system can be seen as a monolayer. When the box is
vertically vibrated, energy is injected into the vertical degrees
of freedom of particles via the collisions of grains with the top
and bottom plates. This energy gained by collisions with the
walls is then transferred to the horizontal degrees of freedom
by collisions between grains. When the system is observed
from above, it is fluidized and can remain homogeneous in a
wide range of parameters [17,19].

A model accounting for the transfer of energy from the
vertical to horizontal degrees of freedom in the quasi-two-
dimensional geometry has been recently proposed by Brito
et al. [25]. As in the case of the conventional smooth inelastic
hard sphere (IHS) model, the inelasticity of collisions is
characterized by a constant (positive) coefficient of normal
restitution o < 1. In addition, an extra velocity A is added
to the relative motion of colliding particles so that the mag-
nitude of the normal component of the relative velocity is
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increased by a factor 2A in the collision. This term models
the energy transfer from the vertical degrees of freedom to the
horizontal degrees of freedom. The above simple extension
of the IHS model presents several properties that makes it
relevant to describe the experiments and useful as a theoretical
model. The most important is that, as it is the case for
experiments, the energy transfer occurs only at collisions,
conserving horizontal momentum. Hence, at the macroscopic
level, a hydrodynamic description is expected, where only the
energy equation is modified by the addition of a sink/source
term [25]. The system can be placed arbitrarily close to
equilibrium by taking simultaneously the limits A — 0 and
o — 1, allowing to make perturbation analysis and, also, far
from equilibrium conditions can be studied when small values
of o are used. Quite generally, homogeneous stable states are
possible to generate for this collisional model. They permit
to test the predictions of kinetic theory and to compare with
experiments for homogeneous systems in all ranges of «.
The magnitude of A is related to the intensity of the vertical
vibrations. Although the energy transfer depends on several
factors, like the impact parameter in the vertical collisions,
or the total energy stored in the z direction, we assume,
for simplicity, a constant value of A, which scales with the
velocity of the vibrating walls. This election has the advantage
of introducing only a single additional parameter to the IHS
model and additionally, the system remains homogeneous
for all densities [25]. There are other collision rules that
model the vertical-to-horizontal energy transfer. For instance,
Ref. [26] considers an stochastic coefficient of restitution, that
can take values larger or smaller than 1. However, it lacks
an energy scale, and therefore it is not a suitable model for
a vertically vibrated case. Recently, it has been proposed a
more realistic model, where the A parameter depends on the
local density [27]. Such model gives rise to a van der Waals
loop and a phase separation, in agreement with experiments
[19]. However, this collisional model is much more involved
to derive the hydrodynamic equations as an additional field
is needed. It is also possible to envisage other extensions,
for example, for frictional grains with rotational degrees of
freedom, the tangential relative velocity can also be increased
at collisions.

The collisional model with constant A (referred to as the
A model) has been widely studied by Brey and coworkers
in several papers: the study includes the homogeneous state
[28-30] as well as the determination of the Navier—Stokes
transport coefficients for a low-density granular gas [31]. An
independent calculation for the shear viscosity of a dilute
granular gas was carried out by Soto et al. [32] together with
computer simulations. Comparison between them shows good
quantitative agreement for strong values of inelasticity (say,
for instance, o < 0.8).

The objective of this paper is to extend the previous efforts
made for the A model [31,32] to the revised Enskog theory
(RET) for a description of hydrodynamics and transport for
higher densities. It is known that the RET for elastic collisions
[33] gives an accurate kinetic theory over the entire fluid
domain. In the case of inelastic collisions, theoretical results
[8,34] derived from the RET have shown to be in good agree-
ment with molecular dynamics (MD) simulations [35-37] and
even with real experiments [3]. This confirms the reliability

of the RET for describing granular flows in conditions of
practical interest.

As for the THS model, the Chapman—Enskog method [38]
conveniently adapted for dissipative dynamics will be em-
ployed to solve the Enskog kinetic equation and obtain the
Navier—Stokes hydrodynamics and the associated transport
coefficients. As expected, the analysis here provides formally
exact results for the Navier—Stokes transport coefficients in
terms of the solutions to linear integral equations. These
equations are approximately solved by considering the leading
terms in a Sonine polynomial expansion. However, given
the technical difficulties embodied in the calculation of the
transport coefficients in the time-dependent problem, here the
relevant state of a confined granular fluid at the state with
stationary temperature is mainly considered. This allows us
to express the (scaled) transport coefficients in terms of the
coefficient of restitution and the solid volume fraction.

There are several motivations to extend previous works
[30,32] to moderately dense gases. First, by extending the
Boltzmann analysis to high densities comparison with MD
simulations becomes practical. For instance, a comparison of
the dependence of both density and coefficient of restitution
on the theoretical shear viscosity with that from MD could
determine the validity of the kinetic theory of the A model.
Second, accurate predictions from the RET could be also
compared against experimental data performed for the quasi-
two-dimensional geometry mentioned before. Therefore, the
results reported in this paper provide the basis for practical
quantitative applications of the A model. Finally, the A model
can be considered also as a thermostated granular model
that can be easily implemented, for which it is relevant to
understand its properties in the full range of densities.

The plan of the paper is as follows. The A model is
introduced first in Sec. II, summarizing its main properties.
Then, the Enskog kinetic equation for the model is displayed,
and the exact balance equations for the densities of mass,
momentum, and energy are derived from it. This allows us to
express the cooling rate and the kinetic and collisional transfer
contributions to the fluxes in terms of the velocity distribu-
tion function. Section III deals with the application of the
Chapman-Enskog method to the Enskog equation. The results
for the momentum and heat fluxes to first order in the spatial
gradients are provided, with some details of the calculation
appearing in two Appendices. The Navier—Stokes transport
coefficients are formally obtained in Sec. IV as the solutions
of a set of coupled linear inhomogeneous integral equations.
These integral equations are explicitly solved at the stationary
temperature state in Sec. V by assuming for simplicity a
Gaussian distribution for the zeroth-order approximation. The
explicit expressions of the relevant (scaled) transport coeffi-
cients are displayed in Table I for a two-dimensional system as
functions of the density and the coefficient of restitution. The
paper is closed in Sec. VI with a brief discussion of the results.

II. ENSKOG KINETIC EQUATION:
THE COLLISIONAL MODEL

A. Collisional model

We consider a granular fluid modeled as a gas of smooth
inelastic hard spheres of mass m and diameter o. Let (v{, v;)
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TABLE I. Summary of the main results of the paper at the stationary temperature. Two-dimensional granular gas (d = 2).

n=[1+31ox(1+«a +\/2A:)]n§ +17*,
m= vy 1= Lex[(+ o1 = 30) - 2,/2G + da)a; - 442]),
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1-159

X = aep-

denote the precollisional velocities of two spherical particles.
The collision rule for the post-collisional velocities (v}, v5)
reads [25]

vi=vi— 11+ a)@ 87 — AD, (1)
Vo=V + (1 +a)@ - g7 + AT, 2)

where g = v| — v is the relative velocity, ¢ is the unit col-
lision vector joining the centers of the two colliding spheres
and pointing from particle 1 to particle 2, and particles are ap-
proaching if @ - g > 0. In Egs. (1) and (2), « is the (constant)
coefficient of normal restitution defined in the interval 0 <
o < 1, and A is an extra velocity added to the relative motion.
This extra velocity points outward in the normal direction &,
as required by the conservation of angular momentum [39].
The relative velocity after collision is

g=vi-vi=g—-(1+a)0- -8 —2A5, (3)
so that
(0-g)=—a(@- g —2A. “4)

With the set of collision rules (1) and (2), momentum is
conserved but energy is not. The change in kinetic energy
upon collision is

m, ;
AE = E(Ulz + 1)22 - vf — v%)

o

) (-2 } 4)
The right-hand side of Eq. (5) vanishes for elastic collisions
(¢ = 1) and A = 0. Moreover, it appears that energy can be
gained or lost in a collision depending on whether @ - g is
smaller than or larger than 2A /(1 — «).

For practical purposes, it is also convenient to consider
the restituting collision (v{, v;) — (vi, V) with the same
collision vector 7

=m[A2+aA(3-g)—

vi=vi—i1+a )@ g7 —a AT, (6)

Vi=va+i(l+a )@ g7 +a 'AC. (7

The volume transformation in velocity space for a direct col-
lision is dv}dv), = adv;dv,, and for the restituting collision
is dv{dvy = a~'dvidv,.

B. Enskog kinetic equation

At a kinetic level, all the relevant information on the
state of the system is provided by the one-particle velocity
distribution function f(r, v, t). For moderate densities, in the
absence of external forces, the distribution f(r,v,t) of the
collisional model obeys the Enskog kinetic equation [28],

0
Ef(l‘,v,t)+V~Vf(l',V,t)=JE[I',VIf, f1. ®)
where the Enskog collision operator Jg of the model reads

Jelr, vil f, f]
= g1 /dV2/d3®(—3~g—2A)
X (=6 -g—2MA)a 2x(r,r+0)f(r, vy, 1)
xf(r+a,v;’,z)—ad—‘/ dv2/d8®(a-g)

x(@-gx(x,r+o)f(r,vi,t)f(r+ao,v2,1). (9)
Like the Boltzmann equation, the Enskog equation neglects
velocity correlations among particles that are about to collide,
but it accounts for excluded volume effects and spatial correla-
tions via the pair distribution function at contact y (r,r + o).
In Eq. (9), ®(x) is the Heaviside step function and d is the
dimensionality of the system. Note that although the system
considered is two-dimensional, the calculations worked out
here will be performed for an arbitrary number of dimen-
sions d.
An important property of the integrals involving the En-
skog collision operator is [28,32]

I, = [ v, Y () Jele, il f]

:ad_'/dvl/ dVQ/d3®(3-g)(?f-g)x(r,r—}-a)
X f,vi, ) f(r 40, v, DY) — v,  (10)
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where v] is defined by Eq. (1). This is the same result as for
the IHS model [40]. A consequence of the relation (10) is that
the balance equations of the densities of mass, momentum and
energy can be derived by following similar mathematical steps
as those made for the IHS model and adopt the standard form
for rapid granular flows [8,10,11]. They are given by

Din+nV-U=0, (11)
,thU,-+8jP,»j =O, (12)
2

DT + E(ai% + Pijo;Ui) = —¢T, (13)

where p = mn is the mass density, U is the velocity field, and
T is the granular temperature:

n(r,t) = /dvf(r, v, 1), (14)

U(r,t) = ﬁ/dvvf(r, v, 1), (15)
d m_,

En(r,t)T(r,t):/dviV f(r,v, 1), (16)

V = v — U being the peculiar velocity. In addition, D, = 9; +
U - V is the material derivative. The cooling rate ¢ is due to
dissipative collisions, but contrary to the IHS model where it
is always positive, it can take negative values for small temper-
atures [see Eq. (22) below]. This property allows the system
to reach stable steady states. The pressure tensor P(r, 7) and
the heat flux q(r, t) have both kinetic and collisional transfer
contributions, i.e., P = Py + P, and q = qx + q.. The kinetic
contributions are given as usual by

Pu(r.1) = / dvmVV £ (. v. 1), (a7)
m.2
qx(r, 1) = dVEV Vf(r,v,t). (18)
The collisional transfer contributions are (see Appendix A for
details)
P. = L /dvlfdvzfda®(0 g)(7 - g)

X 00 |:((7 g)+ Ti|

1
x/ drfolt = ha, v 4+ (1 = Mo, vi,va, 1, (19)
0

1
q = :amad/dvl /de/da*@(a-g)(a.g)2

1
x (G- G)?f/ drfolr — Ao, r+ (1 — Lo, vy, va, t]

—A—/dvl /dw/da@(a g)o -g)o

x[A+a(@-g)—2( -G)]

1
x/ dArfolr — Ao, r+ (1 — X))o, vy, Vo, t]. (20)
0

Here, G = %(Vl + V,) is the velocity of the center of mass
and f is defined as

(e, ra, vi,va, 1) = x(r, 1) f (1, vi, 1) f(r2, v2, 2). (21)

Finally, the cooling rate is given by

¢=—" d‘/dvI/defdaow £)@ - g)

1 <a >2]
X fo(r,r+ 0,V Vo, 1). (22)

[A +aA(@-g) —

The macroscopic balance Egs. (11)-(13) provide the basis
for developing a hydrodynamic description of the confined
granular fluid. Since those equations are not a closed set of
equations for the hydrodynamic fields, one has to express P,
q, and ¢ as explicit functionals of the hydrodynamic fields
n, U, and T and their spatial gradients. This task can be
accomplished by solving the Enskog equation (1) by means
of the Chapman-Enskog method [38] conveniently adapted to
account for the dissipative dynamics.

III. CHAPMAN-ENSKOG METHOD: FIRST-ORDER
DISTRIBUTION FUNCTION

The Chapman-Enskog method assumes the existence of a
normal or hydrodynamic solution where all space and time
dependence of the one-particle distribution function f(r, v, t)
only occurs through its functional dependence on the hydro-
dynamic fields. This means that

f@,v,t)= flvin(r,1),U(r, ), T(r, 1)]. (23)

Note that, although energy is not conserved and the temper-
ature is not strictly a slow field in the A model, it has been
shown in Ref. [31] that after a short transient the distribution
function does adopt a normal solution. A similar behavior
is expected here for dense granular fluids. The functional
dependence Eq. (23) can be made local in space by means of
an expansion in spatial gradients of the hydrodynamic fields.
To generate it, f is written as a series expansion in a formal
parameter € measuring the nonuniformity of the system,

F=fO4ef®pe?f® ..., (24)

where each factor of € means an implicit gradient of a hydro-
dynamic field. The uniformity parameter € is related to the
Knudsen number defined by the length scale for variation of
the hydrodynamic fields. Under some conditions, for the ITHS
and other undriven granular models, there is an intrinsic rela-
tion between collisional dissipation and some hydrodynamic
gradients (e.g., in steady states such as the simple shear flow
[2,41]), which limits the application of the Chapman—Enskog
expansion to regimes with small gradients (low Knudsen
number). However, homogeneous states are stable in the A
model for any inelasticity [25,42] and, hence, the strength of
the gradients can be controlled by the initial or the boundary
conditions as it happens for elastic media. Thus, although our
results will apply to sufficiently small gradients (low Knudsen
number), they will not be restricted a priori to small degree of
dissipation.
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According to the expansion (24) for the distribution func-
tion, the Enskog collision operator and time derivative are also
expanded in powers of €:

= +el"+-, 4 =0"+e"+.... (25

The coefficients in the time derivative expansion are identified
by a representation of the fluxes and the cooling rate in the
macroscopic balance equations as a similar series through
their definitions as functionals of f. The expansion (24) yields
similar expansions for the momentum and heat fluxes, and the
cooling rate when substituted into their definitions (17)—(20)
and (22), respectively,

Pi=PY+ePV+, q=q9+eqV+---, (26

=00 4ec® ..., 27

In this paper we shall restrict our calculations to the first order
in the uniformity parameter, which gives the Navier-Stokes
transport coefficients.

A. Zeroth-order approximation
To zeroth-order in the expansion, f ©) verifies the kinetic
equation

a(o)f(O) j(O)[f(O) f(O)] (28)

where

J]gO)[f(O)’ f(O)]

ledvzfd(’fé)(—ff-g—ZA)

x (=6 g = 28)a 2 fOV) O — o x
y / dvs f 450G - 9@ - W) fOMm). (29)

Here, x refers to the the pair correlation evaluated with all
density fields at the local point r. The collision operator
Eq. (29) can be recognized as the Boltzmann collision opera-
tor for the collisional model multiplied by this factor x. The
macroscopic balance equations to this order read

3 =9, =0, 30T =-1¢©. (30)

Since f© qualifies as a normal solution, then

3" O =—OTor O, 31
and Eq. (28) reads
—C(O)Ta f(O) J(O)[f(O) f(O) (32)

The solution to Eq. (31) has been widely studied in Refs. [28—
30] where it has been shown that it adopts the scaled form,

O v, ) =nr, Do, ) e, &), (33)
where vy = /2T /m, ¢ =Vv/vy, and A* = A/vy. Thus, in

contrast to the freely cooling ITHS model, the unknown scaled
distribution ¢ depends on the granular temperature 7 not only

through the scaled velocity ¢ but also through the dimension-
less parameter A*(t) oc T(¢)~'/2. Then
T — L2 vpon L YT
T e anr
An exact solution to Eq. (32) has not been found so far.
However, a very good approximation can be obtained from an
expansion in Sonine polynomials. In particular, the kurtosis,

4
a = m/ de c*o(c) — 1, (35)

of the scaled distribution ¢ has been estimated in Ref. [28]. In
all of the following it is presumed that the distribution f© is
known. Since the distribution function is isotropic, the zeroth-
order pressure tensor and heat flux are found from Eqgs. (17)—
(20) to be

P =ps. 40 =0, (36)
where the hydrostatic pressure can be written as p = nT p*,
where
()
Pr=14+2250(1 o) + =T XA
Val(4)
« [ e [ desgotenpten. G37)
Here,
e ,

¢ = (38)

—— —_ho

24=-141(d /2)

is the solid volume fraction and g* = g/vy. Note that, besides

the standard ideal gas and excluded volume contributions to

the pressure, there is a new term proportional to A, which is

due to the additional momentum transfer at collisions.
Finally, the zeroth-order contribution to the cooling rate is

2
¢© = —Enad_lvoX/dCI/dCZ‘P(Cl)QD(CZ)

1—0[28 *3
4 38 ,

% (Blg*A*2+Bzag*2A* _

(39
where we have introduced the quantities [43]
~ o~k d-1/2 F(%)
BkE/ de 0@ -g)(@ - ) = x4V (e (40)
2

for positive integers k.

B. First-order approximation

The first-order distribution 1 can be obtained by fol-
lowing similar steps as those made before for the freely
cooling THS model. The main new feature of the first-order
solution is that there are new terms coming from the additional
time-dependence of f© through A*. The first-order velocity
distribution function £ is given by

fO=AV)-VInT +B(V)-Vinn
1 2
+Cij(V)§<3in +9;Ui — E(Sijv 'U>

+D(V)V - U. 41
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The quantities A, B, C;;, and D are the solutions of the
following linear integral equations:

3A A
O = _ AT =A 42
ST A aT +LA=A, (42)
) BB )

aC;;
—g'(O)Ta—TJ +£C,~,~ = Cij, (44)

9D
g“”Ta + LD = D. (45)

In Egs. (42)—(45), the linear operator L is given by
Lx == U X1+ X 1O, @)

while the inhomogeneous terms, which depend on @, are
defined by

3f(0)

—} (47)

AV aT

=—-VT

3£ ©
U A e
aT  p oV

0)
B(V)=—Vf®_ p (1 +¢— In p* ) of

90 v
9 ©)
( +2¢8¢ 1H)()K[f 1, (48)
af© Ff(@)}
Ci(V) =V 1 K, , (49)
! av; av;

DV—1 A\ o
(V) = (VS )+<§U+dp) 5T

©)
+ dIC [ E{V ] (50

The operator K; is
Ki[X]1=—0%% /dvzfd3®(—3~g—2A)
X (=0 - g —2M)Ga 7 fO (V)X (v5)

+o“xfdv2/d3®(a-g)(a-g)6‘,-

x fOW)X ). (51
In Eq. (50), ¢y is defined through the expression
¢=¢"+wv-u, (52)

where ¢ is given by Eq. (39).

In the low-density limit (¢ = 0), p* = 1, K; — 0, and the
integral Eqgs. (42)—(45) are consistent with those obtained in
Ref. [31]. In addition, even for dilute granular gases there is a
first-order contribution to the cooling rate. This is because in
this limit (¢ — 0) the quantity D becomes

af(O) 1 3f(0)
— ZA*
oT d dA*

D=¢&T , (53)

and hence, the integral Eq. (45) has a nonzero solution. Note
that ¢y # 0 when ¢ # 0 for the IHS model [8,10].

The next step is to obtain the explicit expressions of the
Navier-Stokes transport coefficients. These coefficients are
given in terms of the solutions of the linear integral Eqgs. (42)—
(45).

IV. NAVIER-STOKES TRANSPORT COEFFICIENTS
A. Pressure tensor

To first order in the spatial gradients, the pressure tensor is
given by

2
(1
Pij) = —T)(a,‘Uj + a]‘U,‘ - E&jV . U) —yV. U(S,‘j, 54)

where 7 is the shear viscosity and y is the bulk viscosity.
These coefficients have kinetic and collisional contributions,
ie., n=nx+n. and y =y, since yx = 0. The collisional
contributions (obtained in Appendix B) are given by

d
A*T —y,
n:|77k+d+27/

n }’lG + o +

(55)
+1 B
1 1 Z2ZA 56
Sl + o ] (56)
where the dimensionless integrals in Egs. (55) and (56), after
applying the approximation (B7), are

I = / de, / de> 2 g2 g 2 pu(enp(e),  (57)

d
y =n?o M myv |:B3

1y = [der [ de g penpe, (58)

—d/2 ,—c?

with pp(c) =7 e
The kinetic contribution 7y to the shear viscosity is defined

as

d—Dd+2) / dv Dij(V) Cij(V),  (59)

where D;;(V) is the traceless tensor

Nk = —

1
D;;(V) =m<vivj - Z5,-,-\/2). (60)

The expression of nx can be obtained by multiplying both
sides of Eq. (44) by D;; and integrating over velocity. The
result is

[dV Di;(V)Cij(V)

_#(0) — _
(=¢™Tor +vpnk = = d+2)

) (61)

where
_ [ dvD;j(V)LC;;(V)
S T avD (V)G (V)
The kinetic coefficient nx can be written as n(T) =
no(T)n; (A*), where

d+2 [(d\ i
770(T)=—8 F(E) > o' mT (63)

(62)

052904-6



ENSKOG KINETIC THEORY FOR A MODEL OF A ...

PHYSICAL REVIEW E 98, 052904 (2018)

is the low-density value of the shear viscosity in the elastic
limit. Thus,

Torm = s — peas UK (64)
273 dA*
and Eq. (61) reads
%C(O)nkA*%LA? + (Vrz - %§(0)>77k
f(o)
= 1><d+2)/ G [ oV, ]
(65)

where use has been made of the explicit form of C;;. As
expected [31], in contrast to the conventional IHS model, 7y
is given as the solution of an intricate first-order differential
equation. The integral appearing in the right-hand side of
Eq. (65) has been computed in Appendix C with the result

9f©®
/ dvD;;(V)K; |: afv i|

=2"2(d — Dyx¢(1 + a)(1 = 3a)nT

+24d — DxpA*nT L%)1’—A* (66)
T

where

I = / de, f dexp(enplenlg™ (@ - e) — 21 + a)g’l.
(67)

B. Heat flux

The constitutive form for the heat flux in the Navier—Stokes
approximation is

qV = —«xVT — uVn, (68)

where « is the thermal conductivity and w is the diffusive heat
conductivity coefficient. The coefficient © is an additional
transport coefficient not present in the elastic case. Both
transport coefficients « and p have kinetic and collisional
contributions.

The collisional contributions «. and p. have been deter-
mined in Appendix B. They can be written as

ke =no? > LA*I’ K
x 2d+2 dd+Dd+2)" <™
mod+! .,
+ o X" 203[Bs(1 + )l + 2B, A* "], (69)
2B iayy il AT

=no? _— ,

fe X 2d—|—2 dd+ Dd+2)" <M
(70)
where, after applying the approximations (B13), the
dimensionless integrals [., I;, and I/ are given

by

I = / de; / de, <p(c1><o<cz)[g*1<g*-G*)2+g*G*2

28 g 48 )

I = /dcl /dcz om(enp(e2)g™ (" - S*)(Eg" - G¥)

+ g*(G* - 8", (72)

" d * 8 C k *
I=5+a /dclfdcz o)) g(Af) g -G, (73)

where G*

= G/vg and
2
S*(¢)) = (cf - d%)cl. (74)

The kinetic parts « and uy are defined as

Ky = ~I7 dvS(V) - A(V), (75)
Mk = —i/ dvS(V) - B(V), (76)
dn
where
_(moa d+2
S(V) = (2 \% > T)V (77)

The kinetic part of the thermal conductivity is obtained by
multiplication of Eq. (47) by S(V) and integration over the
velocity. The result is

1 dln; oIz
v +< vt g(O)A* BAi 25(0))'(k

3T dvS(V) - A(V), (78)

where ¢§ = ¢© /vy, vo = nT /no, ki = ki /ko, and

_ [dvS(V) - LA(V)

T [avS(V)- A(V) 7
Here,
_dd+2)np
=@ —1m (80)

is the low-density value of the thermal conductivity of an
elastic gas. The right-hand side of Eq. (78) can be written
more explicitly as

1
— / dvS(V) - A(V)

d 1 9
92 (1420, — Lar 0%
2m 27 A

dvS(V) - lc[ (Vf(o))}

24T
_LA* 0 /de(V)-IC[f“”] (81)
2dT ~ dA* ’
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where a, is defined by Eq. (35). The last two integrals of the
right hand side of Eq. (81) have been evaluated in Appendix
C by assuming a, = 0 for the sake of simplicity.

To determine uy, Eq. (48) is multiplied by S(V) and
integrated over the velocity to get

1 oln u; 3
—r @, A* k _2:0
2C Mk IA +<v# 2C )Mk
d+2T? T¢®
=——a + < (1 4 ¢34 In x )iy
2 m n

1 1
+(1+5¢a¢1n x)% [ avS(vV) - KLF V1. (82)

where uy = (n/Tko)u and

_ [avS(V)- LB(V)
T T avS(V) - BV)

(83)

In summary, the results obtained in this section provide
the collisional transfer contributions to the Navier-Stokes
transport coefficients in terms of integrals involving the scaled
distribution ¢ [see Egs. (57), (58), (67), (71), (72), and (74)]
while their kinetic contributions are given in terms of the
numerical solutions of the differential Eqgs. (64), (78), and
(82). A detailed study of the dependence of n;, &, and u;
on both o and A* has been carried out in Ref. [31] for a
low-density gas.

V. TRANSPORT COEFFICIENTS AT THE STATIONARY
TEMPERATURE. TWO-DIMENSIONAL CASE

As mentioned before, the explicit dependence of the (re-
duced) Navier-Stokes transport coefficients on the solid vol-
ume fraction and the coefficient of restitution requires knowl-
edge of the quantities 5(0), as, vy, Vi, and v, the dimension-
less integrals {1, I/, 17;, I, I, I}, and two integrals involv-
ing the operator /C. All these quantities are given in terms of
the zeroth-order scaled distribution ¢ and the solutions .A,

B, and C;; to the linear integral Eqs. (65), (78), and (82).
J

204 4+ 3V2n At + 3(4AF — Da? + V2T AYAA? —3)a + 202 2AP —3) + 1

Determination of ¢ was discussed in Refs. [29,31]. A good
approximation to the zeroth-order solution is provided by the
so-called first Sonine approximation

¢t d+2, dd+2)
—— c+ )
2 2 8

ple, A") ~ ¢M(c){l+a2(A*)|:

(84)

where the Sonine coefficient a, is defined in Eq. (35). The
dependence of the coefficient a, on A* has been extensively
studied in Ref. [29]. When the quadratic terms in a, are
neglected, it is shown that a, obeys a differential equation
where the coefficients of this equation are nonlinear functions
of both & and A*. This equation has been numerically solved
for different initial conditions to identify the common hydro-
dynamic solution (see Fig. 1 of Ref. [29]). In particular, the
evaluation of a, can be performed in a quite accurate way in
the relevant state with stationary temperature. In the vicinity
of the steady state, |da,/0A*| < 1 and hence an explicit ex-
pression of a, can be displayed [29]. The explicit dependence
of a; on « in the steady state can be easily derived by imposing
locally 8,(0)T = 0. According to the last identity in Eq. (30),
this implies that ¢(© = 0. The zeroth-order contribution to
the cooling rate can be estimated from Eq. (39) by replacing
@ — ou for the sake of simplicity. The result is

r© = \/gnavox(l —a? =207 — 2maA¥),  (85)

where A7 refers to the steady value of A*. The condition
¢© =0 yields a quadratic equation in AY, whose physical
solution (i.e., A¥ = 0wheno = 1) is

I O £ / 4(1 — o?)

Once the a-dependence of Af(«) is known, the explicit form
of a, near the steady state can be obtained [29]. In particular,
for a two-dimensional (d = 2) granular gas, the kurtosis a; s
can be written as

ays = —

where AY is given by Eq. (86). Dependence of a, s on o is
plotted in Fig. 1 for d = 2. As shown in the figure, the coeffi-
cient a, ¢ is always negative and its magnitude never exceeds
0.103. Thus, in the steady state, contributions to the transport
coefficients coming from the terms proportional to a; s are
negligible as compared with the remaining contributions (see,
however, Sec. VI for a further discussion). As a consequence,
given that a theory incorporating these non-Gaussian correc-
tions is not needed in practice for computing the Navier—
Stokes transport coefficients of the confined granular gas,
henceforth the integrals involving the scaled distribution ¢
will be computed by replacing it by its Maxwellian form ¢yr.

Although our theory applies for an arbitrary number of
dimensions d, we are mainly interested in a two-dimensional
confined system. For this reason all the results provided in

16 9
300t + 2427 A*ad + (36A*2 — 5)a? — 8(4 + 5427 A¥)a — A*(4AS + 162A% + 164/27) — 57

87)

(

this section will be restricted to d = 2. In particular, the
dimensionless integrals I,,, I,,, I, I, I/, and I, are given by

]/9 777
3 |« g ’ 3
h=3E =3 =V (S a) o9
3 9 |nm
Ie=>V2r, IL=—% 1I/=1 89
AV W T 1V 2 (89

Finally, to evaluate the kinetic parts of the transport co-
efficients, one still needs to know the explicit forms of the
collision frequencies vy, v., and v, as well as the integrals
involving the operator )C[X]. In the case of the collision
frequencies, one takes the approximations (B7) for C;; (V) and
(B13) for A and B. These integrals have been performed in
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FIG. 1. Dependence of the Sonine coefficient a;  on the coeffi-
cient of restitution « for a two-dimensional (d = 2) granular gas at
the stationary temperature.

Ref. [31] for a d-dimensional system. In the case d = 2, one
gets

3 7 221 2
2 Z_ala 1 —a)A* — ZA*?

(90
14+« 1 15
* — * — _ = 1 _
Ve =V, > X[2+8( a)}
A*
—Rx[VZJT(Sa—l)—i-lOA*], ©n

where v:‘] = vn/vo,. vy = Vi /Vo, apd VZ = v, /vo. Moreover,
the expressions derived in Appendix C for d = 2 read

af®
f dVD;;(V)K; [a_v,}

- ¢XnT|:(1 +a)(1 —3a) — 2\/?3 + da)A* — 4A*2],

(92)
3
el 2 v o
/dVS(V) ’C[av (Vf )]
nT2{3 )
=8¢px— -1 +a) (1 —2a)
m |8
A* 7 3 .
-3 4a)P - A*2] } 93)

/ dvS(V) - K[ £

2 *
=—8¢X%{§a(1—a2)— A [2(A* +o?)

8 27

1 3
— =+ —«/EaA*] } (94)

2 2
It is possible now to obtain the transport coefficients for any
value of ¢, o, and A* as numerical solutions of the differ-
ential Egs. (64), (78), and (82). However, as the temperature
reaches (on a time scale given by the dissipative collisions)
local stationary values that depend on the inelasticity, it is
more instructive to evaluate the transport coefficients under
this condition. The resulting transport coefficients describe
the dynamics close to the stationary state. As said before,
in the steady state, ¥ = 0 and A* — A¥ . With this result,
all the (scaled) Navier—Stokes transport coefficients can be
explicitly written in terms of the volume fraction ¢ and the
coefficient of restitution «. The results are summarized in
Table 1. The transport coefficients have been reduced by 7
and ko, namely,

nt=n/n, ¥y =y/no, (95)

k" =«/ky, ' =nu/Tky. (96)

Also shown in this table is the approximation for x as a
function of ¢ for disks [44]. It is easy to check that all results
presented in Table I reduce to the previous ones recently
obtained for the A model in Refs. [31,32] in the dilute regime
(¢ =0.

Figure 2 shows the dependence of the (scaled) shear
viscosity coefficient n*(a)/n*(1) versus the coefficient of
restitution « for two values of the solid volume fraction

1.6 —_—
14t (b) 4
£
3 12f §

- Q
1.0} (c)
0.8F (a) e) -

00 02 04 06 08 10
o

FIG. 2. Plot of the (scaled) shear viscosity coefficient
n*(a)/n*(1) as a function of the coefficient of restitution «
for d = 2 and two values of the solid volume fraction ¢: ¢ = 0 (a)
and ¢ = 0.2 (dashed line). The lines (b) and (c) correspond to the
results obtained in the conventional IHS model for ¢ = 0 (b) and
¢ = 0.2 (c). The lines (d) and (e) correspond to the results obtained
in the stochastic heated model for ¢ = 0 (d) and ¢ = 0.2 (e).
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= 095} ]
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=
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0.0 0.2 04 0.6 0.8 1.0
a
FIG. 3. Plot of the (scaled) shear viscosity coefficient

n*(a)/n*(1) as a function of the coefficient of restitution o
for d = 2 and three values of the solid volume fraction ¢: ¢ = 0 (a),
¢ =0.2(b),and ¢ = 0.4 (¢).

¢: ¢ =0 (dilute gas) and ¢ = 0.2 (moderately dense gas).
The corresponding results obtained for this coefficient in
the conventional IHS model [8,10] and the stochastic heated
model [45] are also plotted for the sake of comparison. It is
quite apparent first that the scaled shear viscosity coefficient
exhibits a weak dependence on the density in the A model in
comparison with the density dependence found in the other
models. This is quite an unexpected result since there are
new contributions to the shear viscosity coming from density
effects not accounted for in the previous results [31] obtained
for a dilute gas (¢ = 0). To show more clearly the density
effects on n*, the ratio n*(«)/n*(1) is plotted in Fig. 3 as a
function of « for three different values of the solid volume
fraction. We observe that, except from extreme values of dis-
sipation, the shear viscosity (scaled with respect to its elastic
value) increases with density. However, the opposite behavior
is found for the (scaled) thermal conductivity «*(o)/«*(1).
This is illustrated in Fig. 4 where it is also quite apparent that
the effect of dissipation on the thermal conductivity is more
significant that the one observed for the shear viscosity.
Finally, the dependence of the heat diffusive coefficient u*
on « is shown in Fig. 5 for three different densities. Note
that the coefficient pu* vanishes in the low-density regime
(¢ = 0) when one neglects the contribution of the kurtosis
ap s since W o< ap ¢ in this regime [31]. Thus, to compare the
kinetic contribution to u* when ¢ = 0 with the collisional
contributions to this coefficient for dense gases (¢ # 0), the
three curves considered in Fig. 5 have been obtained from
the results displayed in Table I but including the pure dilute
contribution to 4* coming from a, 5. This (new) contribution
is given by a, s /2v; for d = 2 [31]. Note also that the collision
integral Eq. (94) appearing in the expression of p* has been
still computed by assuming a, ; = O for the sake of simplicity.
It is quite apparent that the impact of density on p* is quite
significant since while this coefficient is always negative for
moderately dense gases (¢ < 0.3), it can be positive at higher
densities for « < oy where the value of «y depends on the

1.0 —
09t -
= 08} :
*\g ]
3 0.7} :
"z |
0.6+ e
(a) 1
05F -
(b) 1
04% C) -

03 N 1 N 1 N 1 N 1

00 02 04 06 08 10
o

FIG. 4. Plot of the (scaled) thermal conductivity coefficient
k*(a)/k*(1) as a function of the coefficient of restitution « ford = 2
and three values of the solid volume fraction ¢: ¢ = 0 (a), ¢ = 0.2
(b), and ¢ = 0.4 (c).

volume fraction ¢. The value of o increases with density: for
instance, op =~ 0.33 for ¢ = 0.4. Moreover, as expected, the
magnitude of u* is quite small for any density. This means
that, for practical purposes, one can neglect the contribution
to the heat flux coming from the term proportional to the
density gradient, namely, the heat flux obeys Fourier’s law
q‘" = —« VT. This conclusion contrasts with the results ob-
tained for undriven granular fluids [8] where the (reduced)
heat diffusive coefficient u* is clearly different from zero for
strong collisional dissipation.

0.04

0.02

*

0.00

W (@)/(1)

-0.02

-0.04

-0.06

00 02 04 06 0.8 1.0

FIG. 5. Plot of the (scaled) diffusive heat conductivity coefficient
w*(a)/k*(1) as a function of the coefficient of restitution « for d =
2 and three values of the solid volume fraction ¢: ¢ =0 (a), ¢ =
0.2 (b), and ¢ = 0.4 (c). Here, in contrast to the previous transport
coefficients, the curves have been obtained from Table I by adding
the pure dilute contribution a, ;/2v;;. The inclusion of this term leads
to a nonzero diffusive heat conductivity coefficient when ¢ = 0.
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VI. DISCUSSION

In this paper we have derived the expressions for transport
coefficients for the so-called A model. This model is an exten-
sion of the usual IHS one, where in every particle collision, an
amount A is added to the velocity of the colliding particles in
the normal direction [see Eqgs. (3) and (4)]. As a consequence,
there is an energy input into the system and a steady state with
homogeneous temperature and density is reached, as opposite
to the IHS model. In this sense, the A model can be seen as a
thermostated system by the energy injection via the A param-
eter. The stationary temperature depends on « and A, but it is
almost independent of the density, due to the fact that both dis-
sipation and energy injection act via interparticle collisions.

We take as starting point the Enskog kinetic equation
for the single particle distribution function, that is solved
perturbatively by a Chapman—Enskog expansion in the spatial
gradients of the hydrodynamic fields. With such scheme, it is
possible to calculate the Navier—Stokes transport coefficients:
n, v [shear and bulk viscosities that appear in the stress tensor,
Eq. (54)] and «, p [thermal and diffusive heat conductivities,
that enter in the heat flux, Eq. (68)].

Results for the scaled shear viscosity n*, reported in Fig. 3,
show a weak dependence with the density, smaller than 3% for
any value of the coefficient of restitution «. This is a relatively
surprising result since, according to the results displayed in
Table I, there are new contributions to n* accounting for den-
sity corrections to the momentum transport. These corrections
were not of course evaluated in the previous work for dilute
gases [31]. However, given the intricacies associated with the
evaluation of the shear viscosity from the Chapman—Enskog
solution, it is difficult to provide an intuitive physical expla-
nation for this weak dependence of n* on density in confined
granular systems . Therefore, according to the previous find-
ing, the main dependence of n* on the density is via the elastic
dimensionless viscosity, n* (e = 1). This weak dependence is
consistent with the results of numerical simulations, where the
scaled shear viscosities are also similar between dilute [32]
and dense (¢ = 0.314) [25] systems. Similar conclusions can
be drawn for the thermal conductivity, «*(c), which is again
rather density independent when it is divided by «*(a = 1)
(see Fig. 4). Finally, in Fig. 5 we represent the diffusive heat
conductivity coefficient, u*(cr), divided by the thermal con-
ductivity for an elastic system, k*(« = 1), as the coefficient
w(o) vanishes at @ = 1. Here, in contrast to the previous plots
and to assess the impact of density on p*, the pure dilute
contribution (d — 1/d)(az,s/v}) has been also considered in
the expression of w*. This yields u* # 0 in the low-density
limit (¢ = 0). We observe that u* is the most sensitive with
respect to the density, probably because it vanishes for elastic
fluids, where there is no heat transport associated with density
inhomogeneities. In addition, given that the magnitude of the
(scaled) diffusive heat conductivity w* is much smaller than
that of the (scaled) thermal conductivity «*, one can neglect
the term proportional to the density gradient in the heat flux.
Therefore, for practical purposes and analogously to ordinary
(elastic) gases, one can assume that the heat flux verifies
Fourier’s law qV) = —«VT.

As it has been mentioned through the paper, the calcula-
tions of the Navier—Stokes transport coefficients have been

obtained by considering the leading terms in a Sonine expan-
sion. In addition, non-Gaussian corrections to the zeroth order
distribution function f© have been neglected for the sake of
simplicity. To discuss the validity of the latter approximation,
we can use the results of Ref. [32] for dilute gases, where
the cumulants a; of the scaled stationary distribution ¢ were
measured by computer simulations. For the whole range of
inelasticities, a, < 0.10, a3 < 0.07, and a4 < 0.03, values
which are similar or even smaller than other models, in partic-
ular, than those reported for IHS [47]. In the above work [32],
the shear viscosity was determined by keeping both higher
order Sonine polynomials in the stationary distribution and
also in the trial function used to evaluate the shear viscosity.
Their conclusion is that one has to keep Sonine corrections
to the same order in both places to obtain a quantitative
agreement with simulations. Otherwise, the predictions for the
shear viscosity fail in about 15%. Therefore the calculations
presented here, that neglect both Sonine corrections, are ex-
pected to give the qualitative density dependence of transport
coefficients, but may fail when predicting quantitative results
by the aforementioned 15%. Expressions for the transport
coefficients including additional contributions of Sonine poly-
nomials are cumbersome and will be presented elsewhere.
As Chapman-Enskog method gives very good predictions
for moderate densities in other models, like elastic fluids or
IHS, we expect that it will be the case fo the A model when
proper Sonine corrections are retained in Chapman—Enskog
solution.

A possible application of the results derived in this paper
might be the study of the stability of the homogeneous steady
state. The stability of this state depends on the stationary
transport coefficients obtained here and also on the dynamics
of these coefficients in the vicinity of the steady state. The lin-
ear hydrodynamic stability of the present confined model has
been recently analyzed in the dilute regime [42]. The stability
analysis carried out around the time-dependent homogeneous
state shows that in some cases the linear analysis is not suf-
ficient to achieve a conclusion on the stability. However, MD
simulations have confirmed the stability of the time-dependent
homogeneous state of the A model [42]. In the dense regime
under study here, the steady state is expected to be also
stable. First, the compressibility, derived from the expression
of the pressure, is always positive [25] and no van der Waals
instability takes place. Second, the linear dynamics around the
steady state is governed by the hydrodynamic matrix (see Eq.
(10) in Ref. [25]). Using the transport coefficients computed in
this article, one obtains that the hydrodynamic matrix remains
positive definite for all densities and inelasticities. We plan
to perform in the near future a more careful study on this
stability.
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APPENDIX A: BALANCE EQUATIONS: COLLISIONAL TRANSFER CONTRIBUTIONS

In this Appendix we provide some technical details on the derivation of the expressions of the cooling rate and the collisional
transfer contributions to the pressure tensor and the heat flux. Using Eq. (21), the identity (10) of the Enskog collision integral
can be expressed as

I, zfdvlwv])JE[r,vnf, £ =od—1/dvl/de/dm(a-g)(ag)w(v’,)—1/f<v]>]fz<r, Vit o.va D), (AD

where ¥ (v) is an arbitrary function of velocity. Equation (A1) can be written in an equivalent form by interchanging v; and v,
and changing ¢ — —o to give

I, = 0! f av, f dvs / 460G - 8)@ - £V (V) — Yot Vo — 0, V1, 1). (A2)

Combination of Eqs. (A1) and (A2) leads to the identity

1 s ~ /
Iy = 50! f v, f v, / 150G - 2)@ - DY) — YV)AE V. T+ 0. V2. 1)
+ Y (v5) = (V)1 fo(x, Vo, ¥ — 0, Vi, 1)} (A3)
To simplify Eq. (A3), note first the relation
L, vo,r —0,v,t) = folt —0,V, I,V 1), (A4)

and then arrange terms to achieve the result

1
Iy = 50! /dV1 / dvs / d60G - 2@ - DV, + (V) — Y1) — YVt Vi 1+ 0. v 1)

+ Y (V) = Y (vDILf(r, Vi, T + 0, V2, 1) — for — o, Vi, T, V2, )]} (AS5)

The second term, which vanishes for dilute gases due to the spatial difference of the colliding pair, can be written as a divergence
through the identity

1 9 9 1
F(r,r—i—a)—F(r—a,r):—/ dkﬁF[r—ka,r+(1—A)a]=§-a/ d\ Flr — Ao, r+ (1 —A)a], (A6)
0 0

for any function F. Using this identity, Eq. (A5) can be rewritten as
1 PN ~ ,
Iy = 50! /dvl /dvz/da@)(a 2)@ -g){[w(vl) LYV — YV — PODLHE VI T+ 0, V2. 1)

1
+ VoY (v)) - I/f(V1)]/ difolr —ro, vy, r+ (1 —?»)G,Vz,t)]} (A7)
0

The first term in Eq. (A7), which also appears in the case of a dilute gas, represents a collisional effect due to scattering with a
change in the velocities. The second term provides the collisional transfer contributions to the momentum and heat fluxes.

Equation (A7) is general since it applies to any scattering model. We consider now the collisional model defined by the
collision rules (1) and (2). For ¥ = m, I,, vanishes identically. In the case {(v) = mv, the first term in the integrand (A7)
vanishes since the momentum is conserved in all pair collisions, i.e., V| 4+ V5 = v + V5. Thus, Eq. (A7) for y(v) = mv reduces
to

1 2A
Iy = —V - +amad/dvl/dV2/d3®(3-g)(3~g)33 G g+ —2
4 1+«

1
X / dr folr —de, vi,r + (1 — 1)o, va, 1)]. (A8)
0
According to the momentum balance Eq. (12), the divergence of the collisional transfer part P, is defined by
Lyy=-V-P.. (A9)
The explicit form (19) for P, may be easily identified after comparing Egs. (A7) and (A9).

The case of kinetic energy ¢ = %mv2 can be analyzed in a similar way except that energy is not conserved in collisions. This
means that the first term on the right side of Eq. (C5) does not vanish. As before, the second term on the right side of Eq. (C6)
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gives the collisional transfer contribution to the heat flux. After a simple algebra, one obtains

1 —o?
4

Iny = %od1[dv1/dV2[d3®(3~g)(3~g)[A2+o¢A(ff~g)— (3~g)2:|f2(r, Vi, r+0,v,1)

1 1-—
—V - -mo? —:afdvl/dvz/d&\@(?r\g)(&\og)zﬁ[ 4a(3'g)+(’f~G+3~U:|

1
xf i folr — o, vi, 1+ (1 — 2)o, va, 1],
0
V. %Jd/dvl/dvz/d3®(3-g)(3-g)3[A2+(1 + @)@ g)A—2AG - V) —2AG - U)]

1
xf dr folr — Ao, v, r+ (1 — Ao, va, 1)], (A10)
0

where we recall that G = (V| + V;)/2 and V = v — U. Upon deriving Eq. (A10), use has been made of the relation

2
vl — vl = 4“ @ 282+ +a)@-2IE - G)+@-U)

—A42A@ - V) +2A6 -U)— (1 4+a)@ - g)A. (A11)

Moreover, notice that the first contribution in the second term on the right-hand side of Eq. (A10) vanishes by symmetry. The
balance energy equation yields

m 2 d
/dVE(V —U) J[r,v|f, f1=-V-q. — P.: VU — EnTg, (A12)

where q. is the collisional contribution to the heat flux and ¢ is the cooling rate. Comparing Egs. (A10) and (A12) and taking
into account Eq. (A9), one obtains Egs. (20) and (22) for q. and ¢, respectively.

APPENDIX B: NAVIER-STOKES COLLISIONAL TRANSFER CONTRIBUTIONS TO THE
PRESSURE TENSOR AND HEAT FLUX

The collisional transfer contributions to the pressure tensor and heat flux are determined from Eqs. (19) and (20), respectively.
To first order in gradients, the collisional pressure tensor is

Ita a o[ 2A
Pije = mo“y [ dvy [ dvy, [ do®(o -g)(0 -g)oo|(0 -8+ ——
4 1+«

X | FOVDFOVY) 4+ FOV) OV — %f(o)(Vz)U VOV + %f“”(vl)a : Vf(o)(Vz)}
1

to ~~ o~ ~ | 2A
= mo®yx | dvy | dv, | do®(o -g)(o -g)oo| (0 -8+ ——
2 1+«

x [f(”(Vl)f(O)(Vz) + %f“”(vl)a : Vf“’)(Vz)}

— pO an
= Pij,c—‘r Pij,c’ (BD
where Pz(JI)c denotes the contribution to P;; . computed in the conventional IHS model and Pz(/Hc) refers to the part involving terms
proportional to the velocity parameter A.
To perform the angular integrals, we need the results [43]

/ dc 0@ -2)(©@ -2)6 = Biig g (B2)
SN By
[ doc 0@ - g)(©@ - 8)0,0; = ﬁg" (kgigj + 878} (B3)
NN B _
f dG 0@ - 2)@ - 2)G0,01 = ﬁg" Mk — 1)gigjge + 822850 + 880 + 868)). (B4)
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The quantity P}, is [8,10,46]

PP = —i(w o DU+ U, — 26,9 .U
e = T 10 a)no - x| J;Yi YT g0
—Bd+1mnad+1(1+a) v fdc [dc (e))p(cr)g* U +a,Uj — 26~V~U +8;V-U
34d2 X Vo 1 20(€C1)P(C2)8 d+2 dlj ij )
(B5)
where 7y is the kinetic shear viscosity and the coefficients By are defined in Eq. (40). The term Pi(J{IC) is given by
PO = BUiya [av [ dvy s (gigs + 25 f V) FOV)
ijc = d+1m0 X 1 28 (&g T8 9ij 1 2
B, 8fo(Vz)
- A3 Uy | dvy | dvs (g 8 8OV, B6
2(d+2) X Ady k/ V1/ V2 (8idje + 8ibic + geij)) f(VI)—F— Vo (B6)

The first term of the right-hand side of Eq. (B6) involves the first-order distribution (1. This distribution is given by Eq. (41).
By symmetry reasons, the contributions to Pl(jHC) coming from f" only involve the terms proportional to the unknowns C;; o nx
and D « ¢y. Since ¢y is expected to be very small [31], the coupling between Pi(jH) and D will be neglected here. Moreover, in
the leading Sonine approximation,

Cj(V) = =254 (V) fu(V). (B7)
nT

where fy(V) is the Maxwellian distribution. Thus, the quantity Pl(] IC) can be explicitly evaluated by considering the approxima-
tion Eq. (B7) with the result

an _ B, d * w—1 _*2 %2 7. _%
Pil = 1" XA dey | deag™ g 78y em(en)p(e) || 9;U; + 9;U; d8,_,V U

B,
2(d +2)
The collisional transfer contributions to the shear viscosity n and the bulk viscosity y can be easily identified from Egs. (B5)
and (B8).
The collisional transfer contribution to the heat flux to first order in the gradients can be obtained in a similar way. It can be
written as

d+2

2 d+1 2
P mx v AT (U +0;U; = 585V U ) + = =8,V - U|. (B8)

Gic =q'" + a7, (B9)

where q(l) has been determined in previous papers [8,10,46], while the quantity qucI) is proportional to A. The first contribution

O
di.c

gV = 3 B0 b eyt T + i) — Emgd+l)((l+a)n2v3
T 2d+2 8 T
3 1
X { / de, / dczw(clw(cz)[g*‘(g* -G + "G + 28 @ -G+ Zg*3] } (B10)

where «x and py are the kinetic contributions to the thermal conductivity « and the p coefficient, respectively. The second
contribution q(H) is given by

() m(Td e —~ —~ —~ —~ —~
4 = -a" [av, [ av, [ 436G )G -2F1A +0@ 2 ~26 6

x [f(“(Vl)f“”(Vz) + OV OV - %f(o)(Vz)G VOV + %f“”(Vl)o : Vf(o)(Vz)]- (B11)

Note that if one changes ¢ — —o& and interchanges the role of particles 1 and 2, then the term proportional to the combination
A + a(o - g)in Eq. (B11) vanishes by symmetry. Thus, the quantity q(H) reads

B
o™ = A ﬁmadx f dv, / dv> ¢ [gi(g - G + £2Gi ] FVV) FOV)

af (Vz)

+0T A B

/ av, / dv; (g- GO v L 2) (B12)
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As in the case of the pressure tensor, the evaluation of the first term on the right-hand side of Eq. (B12) requires the knowledge

of the first-order distribution . By symmetry, the terms of f!) contributing to ql.(qlcl) are A and B. In the leading Sonine
approximation, these terms are [8,10]

2
AV) - — 2k fu(WIS(V),  B(V) - ——%Mka(V)S(V) (B13)

2
d+2nT? d+2
With this result, the quantity q( U can be finally written as

am 8B

d * . . *—1 * | QF * |k
o =~ A (xka,kaa,n){/dcl/dcm(cl)w(cz)g [(g" - S)(g" - G*)

d+1

0
+g*2(g*.s*)]} — T A*m4 e Bzxnzvg{ / de; / de; ¢(Cl)a—c2'[02<ﬂ(cz)]

f de, f de; p(en) 0 g )}

noy A" <xkar+ukan>{ f de, / desom(e)p(e)s™ g - §)(g” - G*)

dd+ 1)(d +2)

* * * * Gd+l * 8(p(C2) * *
+¢**(G* - S )]} — 0T A Bzxnzvg{z—i—A /dclfdcz plen—(&G )}, (B14)
where S*(c¢;) is defined by Eq. (74) and use has been made of the result
d
/dc1 /dczgo(cl)w(cz)cg =3 (B15)

In addition, upon deriving Eq. (B14), the relation (34) has been also employed. The collisional contributions to k¥ and u can be
easily identified from Eqs. (B10) and (B14).

APPENDIX C: COLLISION INTEGRALS

In this Appendix, the collision integrals (92)—(94) involving the operator /C defined by Eq. (51) are evaluated for an arbitrary
d-dimensional system. To perform these integrals, it is first convenient to write the first term in Eq. (51) in a different form by
changing @ — —6 and A — —A. In this case, the operator }C becomes

K:[X]=0%% /dv2 f dGO®G -g+2M)@ - g+ 2M)Ga 2 fFOV))X (V)

+o'x / dvs / dGO(@ - )@ - g)oi f (VDX (V2), (@)
where the velocities (V/, V}) are given by Eqs. (6) and (7). Note that the above changes do not alter the relationship between

(V//, V/2/) and (Vl, Vz)
Let us consider the integral

Iy = / AWV X V)], ©2)

where W(V) is an arbitrary function of velocity. According to Eq. (C1), the integral Iy is given by
Iy =0 /dVl /dvzfdt’f@(c’f-g+2A)(3~g+ZA)?J‘ilII(Vl)a’zf(o)(V’{)X(V/z’)

+oly f dv, / av, / 450G - £)@ - 26 WV fOV)X (V). (C3)

Now we change variables to integrate over V| and V) instead of V| and V; in the first term of Eq. (C3). The Jacobian of the
transformationis o, @ - g = —a@ - g’ — 2A, and hence the first term of Eq. (C3) can be recast into the form

oy / av) / av / d6O(—5 - g)(—5 - g6 UV FONVHXVY)
=—a'y / dvy f dv) / doO@@ -g")@ - g ¥ (V) fOVHX V), (C4)

where we have performed again the change of variables @ — —& and A — —A in the second line of Eq. (C4). Equation (C4)
contains the precollisional velocities (V{, V7) and the post-collisional velocities (V{, V). Since the transformation (V/, VJ) —
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(V1. V2) is equivalent to (Vy, V2) — (V}, V)), we can use the dummy variables (Vy, V5) in Eq. (C4) and hence, V,(V/, V)
must be relabeled to V| (V;, V;), where V] is defined by Eq. (1), namely,

V=V, —1(14+a)@ g0 — Av. (C5)
Consequently, the integral Iy can be rewritten as
o =o'y [avi [ av: [ 450G 0@ &5 FOVIXVIUV) - UV (C6)
Let us evaluate first the integral
f(O)
Ky E/ dVD;;(V)K; [ v } (€N
By using the identity (C6), the integral K, becomes
3f ©(Va) /
€= —xo' [avi [ av: [ 450G 0@ w8 1O LY 0,V = DVl (8)
Vaj
The scattering rule (C5) gives
U - -~ 2 _~ o~ o~ 1
D;;j(V}) — D;;(V)) = —MA{Vlin + Vij0i — 5(0 V& — [ +a)(o-g)+ A]<0i0j - g&‘j)} + e (C9)

where the terms independent of A have been omitted on the right hand side of Eq. (C9) for the sake of concreteness. Thus, the
integral K, can be split in two parts; one of them already computed [8,10,46] for A = 0 (conventional IHS model) and the other
part involving terms proportional to the parameter A. In this case, the integral K, can be written as

Ky=K?+ KD, (C10)
where
K =27"2(d — Dx¢nT(1 + a)(1 — 3a), (C11)
) _ 0) 3f (VZ)
IC =myxo dA dVv, dV, | dod®@ -g)d-g) f(V)—= V.
2j
d—2 __ - d— —~ ~

X{ (a~V1)0j+V1j—T[(l+a)(a-g)+A]aj}. (C12)

. (1) .
Let us compute now the integral IC?7 . Integrating by parts, one gets

d

16, = = L yoia f v, f dv,y fOV) V) f dG O@ - )2 - Vi) —2(1 + )@ - 8) — Al

- dd— 1mXadA/dV1/ dVy FONV)FONV)[Big~ (g V1) — 2B1(1 + a)g — BoA], (C13)

where use has been made of the relations Eqgs. (B2)—(B4) in the last result. The integral K ,(’1) can be rewritten as
) d—1 d A* / d )
ICn =ZTlenc7 A'nTI, —2°(d — 1) x¢A™nT, (C14)

where the dimensionless integral /; is defined by Eq. (64). This integral can be explicitly estimated by replacing ¢ by its Gaussian

form gy = 7~ 2= with the result
' ! (‘%)(34—4 ) (C15)
=——F— a).
V2 ()
Using this in Eq. (C14) gives the result
3+4a
KW = —24(d — 1) A*nT( + A*). (C16)
" bx o
The expression of K, can be finally written as
1 3+ 4a
K, =24d—-1) nT|:—(1+oz)(1—3oz)—A*< +A*>:|. (C17)
’ x| a o
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We consider now the collision integral

K, = f dVS(V)-K[i(ViﬂO))} . / av, f AV FO V)= [V FO V)]
vV, oV

y /d&@(a.g)(a.g)aj 1S,(V)) = S;(V))I. (C18)

As in the previous calculation for K, K, can be divided in two parts, i.e., K, = K© + K1, The integral K was evaluated in
the case A = 0 with the result [8,10,46]

3
8
where we have neglected the contribution coming from the kurtosis a;. The other contribution KV comes from the terms

proportional to A. In particular, the contributions to the combination &; [S;(V}) — S;(V)] proportional to A in Eq. (C18) are
given by

T2
K = =22'd"— gy (1 +a)*(2a — 1), (C19)

~ , N SN 1 _
G [S;(V)) = S;(V)] — —%A[vﬁ +2@-V1)? =21 +a)@-g)@ - Vi) + 5a +a)’@ - g)*

3 d+2
—3A(3-V1)+5(1+a)A(a-g)+A2—LT}. (C20)
m

The integral (1 can be written more explicitly when one takes into account the relation Eq. (C20). The result is
K = %xo"A / v, f dV2 fOV) (V) f dG O - )@ - V2)

x | V242G - V1)*—4(14a)(@ - g)(F - é 26 -9 —=3A(0 - T - Z_di
| 1 a)(o - g)(o V1)+2(1+ot) (0-8)"—3A@-V)+3(1+a)A(d-g)+ A p T

= Zxoa / av, / dvzf“))(Vl)f(")(Vz){Blg—%g-V2>V3

2B

+d+1

g7~ (@ VDig- Vo) + g>(2(Vi - Va)(g - Vi) + Vi(g- V)]
B

1
—4(1
(+a)d+1

3
g'(g - Vi)Eg V) + g (Vi - Vo)l + 50 + &)’ B3g(g- V2)

d+2
+3(1 +a)ABy(g- Vo) + A*Big 7' (g- V) — TTBlg—%g : V2>}. (C21)

As before, this integral is now estimated by replacing f® (V) by its Gaussian form fy(V) = nv, dg—d/2

24-1/24 nT? 3+2d 3
KO =2 S0 5y At 2 o4 a)(1=2vamAt) =331 +a) — a2, (C22)
JEom 4 4

With this result IC, can be written as

e~ . The result is

2
K, = 2%1%@({%(1 +a)*(1 —2a) + \/%A*[?) J;zd +2(1 +a)<1 — %JZnA*) -3+ a) — A*Z]}. (C23)
T

The last integral needed to evaluate the transport coefficient u is

K, = / dVS(V) - K[fP1=KD + k", (C24)
where ICLO) is [8,10,46]
3 nT?
K = —g2'd——gxa(l —a?). (C25)

and

/C;(LI) = %XadA/dvlf def(O)(Vl)f(O)(Vz)/d&@(&.g)(a,g)
* [V12 $26 V1P =20+ 0@ 2)F Vi) + 51+ @)@ g —3AG V)

3 d+2
+5 (1 +)AG - g) + A% — LT}. (C26)
m
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The evaluation of K!!” follows similar steps as those made before for K. After a tedious algebra, the expression of K}’ can be

written as
24124 12 1 3
D=2 — 7" pyA*|2(A*? 2y — — + ZV2ma A . Cc27
With this expression, the integral /C, is
nT? 3 1 1 3
K, =-2%d— Za(l —a?) — —A*|2(A? + a®) — = + = 2ma A" | }. C28
m m¢x{8a( a’) Nt [( +a%) 2+2 To (C28)
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