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Abstract

We introduce and discuss Grad’s moment equations for dilute granular systems of
hard spheres with dissipative collisions and variable coefficient of restitution, under
the assumption of weak inelasticity. An important byproduct is that in this way
we obtain the hydrodynamic description of a system of nearly elastic particles by a
direct procedure from the Boltzmann equation, without resorting to any homoge-
neous cooling state assumption. Several crucial results of the pertinent literature are
recovered in the present physical context in which deviation from elastic scattering
is of the same order as the Knudsen number. In particular, the statistical corre-
lation function plays a fundamental role in the decay of the temperature, and the
latter is described asymptotically, in space homogeneous conditions, by a corrected
Haff’s law.
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1 Introduction

The aim of this paper is to discuss some questions connected with the modeling of hy-
drodynamic equations for granular flows. In the physical literature, rapid granular flows
are frequently described at the macroscopic level by the equations for fluid dynamics,
modified to account for dissipation due to collisions among particles. These equations
are in general derived by studying the behavior of a granular material from a continuum
point of view, treating individual grains as the molecules of a granular fluid,! and are not
derived from a mesoscopic picture (the Boltzmann or Enskog kinetic equations). Thus
the equations are in general phenomenological, with unknown transport coefficients and
with unknown limit of validity. A deeper understanding of macroscopic equations has its
origin in kinetic theory, which is suitable to describe the evolution of materials composed
of many small discrete grains, in which the mean free path of the grains is much larger
than the typical particle size. Similar as molecular gases, granular gases can be described
at a mesoscopic level within the concepts of classical statistical mechanics, by means of
methods borrowed from the kinetic theory of rarefied gases.? Many recent papers (see
Refs. 3-6 and the references therein), consider in fact Boltzmann-like equations for par-
tially inelastic rigid spheres. This choice relies in the physical hypothesis that the grains
must be cohesionless, which implies the hard-sphere interaction only, and no long-range
forces of any kind. Derivation of the hydrodynamic equations based on the Boltzmann
or Enskog equations, modified to account for inelastic two—particle collisions have been
considered in recent times.”~!! All studies enlighten the dependence of the cooling prob-
lem on the coefficient of restitution in the microscopic collision, and emphasize the effects
of a non—constant restitution coefficient.*'? Special attention has been devoted in this
respect to a system of viscoelastic spheres, a quite realistic model whose coefficient of
restitution has been recently derived.!® A common assumption which has been at the
basis of several recent papers on the matter is that there are only small spatial variations,
so that the zero order approximation of the solution (and of any asymptotic expansion)
is constituted by the so—called homogeneous cooling state (see for instance Ref. 9 and the
references therein). A detailed theory of the homogeneous cooling state for viscoelastic
particles in terms of expansion in Sonine polynomials has been recently developped.!4=1°
Such spatially homogeneous solution turns out to depend not only on the similarity vari-
able, as it would occur for constant restitution coefficient, but also on time explicitly. In
addition, temperature has been shown to decay asymptotically according to a corrected
Haff’s law (see also Ref. 16). Asymptotic expansions around the homogeneous cooling
state have been used then as hydrodynamic closure for the macroscopic equations in order
to achieve a Navier—Stokes level via a Chapman—Enskog procedure also for non—constant
restitution coefficient.!” In particular, the complete set of hydrodynamic equations and
transport coefficients have been derived in this frame for a granular gas of viscoelastic
particles.'®=1 In this paper, we shall follow a slightly different point of view, namely we
shall assume a collision dominated regime in the sense of kinetic theory (small dimension-
less mean free path, the so called Knudsen number?) in the small inelasticity limit, which
means that deviations of the coefficient of restitution from unity are taken to be of the
same order of magnitude as the Knudsen number. This corresponds to closing the macro-
scopic equations by means of the usual Maxwellian equilibrium of the elastic Boltzmann
equation, leading order solution at the kinetic level. This regime prevents the derivation



to be sensible to the strength of spatial gradients; of course there is a price to be paid,
which is moved to the limitation of having a small amount of inelasticity, an assumption
however that is correct in many applications. This physical situation has been object of
some attention in a recent past.?)~2! We shall consider a general power law for the de-
pendence of the restitution coefficient on the impact velocity, which includes viscoelastic
spheres as a special case. In this frame hydrodynamic closure has been discussed already
in Refs. 8, 10, but only at the level of Euler equations.

In this paper we deal with a weakly inelastic granular gas subject to dissipative colli-
sions with a coefficient of restitution which depends on the relative velocity, enlightening
the importance of such dependence at the level of hydrodynamics. The kinetic descrip-
tion will be provided by the Boltzmann equation for dissipative spheres, suitably corrected
to take into account statistical correlation among particles. To overcome the enormous
amount of computations for the full three-dimensional problem, we treat only situations
which are one dimensional in space. We aim at proceeding further beyond the Euler
level, in which closure is achieved by simply using the zero order solution (the equilibrium
Maxwellian) for the distribution function. In particular, we shall try to widen the region
of validity to a suitable neighborhood of equilibrium by resorting to a Grad 13-moment
expansion and we shall derive the relevant Grad equations. It is well known that Grad’s
method works fairly well and provides equations of hyperbolic type in a well defined re-
gion surrounding equilibrium.?? They correspond to a moment truncation strategy which
does not obey a maximum entropy principle with respect to the classical Boltzmann
H-functional.?> However, they recover the behavior of the simplest non-trivial moment
system of such a kind when velocity distributions lie near local Maxwellians.?* Indeed,
the Boltzmann equation for inelastic gas could have many Lyapunov functionals indepen-
dent from Boltzann’s H-functional. Whether Grad’s equations could fulfil a maximum
principle with respect to one of them is an interesting open question, that however will
not be addressed in this work. Here we only show that a suitable Lyapunov functional,
which generalizes the usual Boltzmann relative entropy to the case of varying tempera-
ture, can be fruitfully used to prove, at least formally, that for small Knudsen numbers
the solution to the inelastic Boltzmann equation, in the case of small inelasticity, is close
to a local Maxwellian. The idea of applying Grad’s method to inelastic gases goes back
to Jenkins and Richman.!! In this pioneering paper they outline the main ideas of Grad’s
derivation of hydrodynamics from a kinetic equation, using the Maxwellian distribution
to close the hierarchy of transport equations. An important feature of Grad’s equations
is that they still contain collision terms, and are affected by the same small parameters
as the kinetic equations. They lend themselves then to a classical asymptotic procedure
of the Chapman—Enskog type, and provide as important byproduct hydrodynamic equa-
tions at the Navier—Stokes level. We refer to the recent paper 25 for a detailed treatment
of the classical Chapman-Enskog derivation of hydrodynamics given in the framework
of Grad’s moment equations. Recent application of this method to a gas undergoing
chemical reactions has been given in Ref. 26.

We remark that a similar analysis could be performed starting from the (more realistic)
kinetic model given by the Enskog equation, which allows to take into account effects due
to the radius of grains into Grad’s equations. The additional computations, however, are
enormously heavy. This matter is being considered for a future publication.

The paper is organized as follows. Section 2 contains the details on the collision



dynamics in two—particle interactions, while we will describe the inelastic Boltzmann
equation in Section 3. Section 4 is devoted to a semi—formal discussion on the validity
of the H-theorem. Section 5 deals with the uneasy task of deriving Grad’s equations
for our kinetic model. They are given explicitly in Section 6, where also an asymptotic
discussion on the relevant small parameters is performed and asymptotically consistent
first-order equations are obtained. Finally, Section 7 is devoted to the hydrodynamic
description at the Navier—Stokes level as asymptotic limit of the above equations, and
to the relevant constitutive relations and temperature decay law. In order to reach an
ideal line of reading, the details of the computations are postponed to several Appendices.
Some of them report results and manipulations which may be found also elsewhere in the
literature,'?!® but we prefer to keep them listed here in order to make this work more
self-consistent.

2 Two—particle dissipative interaction

In a granular gas, the microscopic dynamics of grains is governed by the restitution
coefficient e which relates the normal components of the particle velocities before and
after a collision. If the grains are identical perfect spheres of diameter o > 0, (x,v) and
(x — o, w) are their states before a collision, where fi € S? is the unit vector along the
center of both spheres, the post collision velocities (v*, w*) are such that

(v —w")-Ai=—e(v—w)- 0. (1)

The conservation of momentum, together with (1), implies a change of velocity for the
colliding particles as

V*:V—%(1+6)((V—W)'ﬁ>ﬁ, w*zw+%(1+e)<(v—w)~ﬁ>ﬁ. (2)

For elastic collisions one has e = 1, while for inelastic collisions e decreases with increasing
degree of inelasticity. In the literature, it is frequently assumed that the restitution
coefficient is a physical constant. In real situations, however, the restitution coefficient
may depend on the relative velocity in such a way that collisions with small relative
velocity are close to be elastic.?! A good description of dissipative collisions is based
on the assumption that the spheres are composed by viscoelastic material, which is in
good agreement with experimental data. The velocity—dependent restitution coefficient
for viscoelastic spheres of diameter ¢ > 0 and mass m reads

e=1—CALP|(v —w) d|"/° 4 CA2?|(v —w) - a)/° ... (3)

with

3V3 oY
T = ) (4)

2 m(1—rv?)
where Y is the Young modulus, v is the Poisson ratio, and A depends on dissipative
parameters of the material. The constant C; and C5 can be explicitly computed. It has
to be remarked that formula (3) refers to the case of pure viscoelastic interactions, i.e.
it holds when the relative velocity (v — w) - i belongs to a certain interval (a,b) € Ry
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with @ bounded away from zero (to neglect surface effects) and b not too large (to avoid
plastic deformations). The impact velocity dependence (3) of the restitution coefficient
e = e((v — w) - 1) has been recently obtained by generalizing Hertz’s contact problem
to viscoelastic spheres. We skip here details that can be found in the literature (see
Refs. 4, 27 and the references therein). In what follows, we will assume that the coefficient
of restitution satisfies

l—e=20y(/(v—-w)-il), (5)

where 7(-) is a given function and [ is a parameter which is small in presence of small
inelasticity. Viscoelastic spheres can be expressed at the leading order as in (5), choosing
v(r) = r'/°. In the manipulations developed below, we shall assume (1) = r?, where § is
a positive parameter.

3 Boltzmann equation for dissipative spheres

Following the standard procedures of kinetic theory,? the evolution of the distribution
function can be described by the Boltzmann—Enskog equation for inelastic hard—spheres,
which for the force-free case reads®?

of -

SV VS = G0 QUL D VL), @
where @ is the so—called granular collision operator, which describes the change in the
density function due to creation and annihilation of particles in binary collisions:

arnw=a [ [ eafurv s - smmlava @)

In (6)
o) = [ flxv,t)dv
R3

is the density, and the function G(p) is the statistical correlation function between par-
ticles, which accounts for the increasing collision frequency due to the excluded volume
effects. We refer to Ref. 29 for a detailed discussion of the meaning of the function G.
In (7), g = v —w, and S, is the hemisphere corresponding to g - i > 0. The velocities
(v**, w**) are the pre collisional velocities of the so—called inverse collision, which results
with (v, w) as post collisional velocities. They are given by

1— i
P T SIS Ry
1-28~(lg-4]) ®
1—51(lg - ) -
W= w+ ——(g-n)n.
1-28~(lg-4|)
The factor y in the gain term appears respectively from the Jacobian of the transformation
dv*dw™* into dv dw and from the lengths of the collisional cylinders e|g*™ - | = |g - @]

For a constant restitution coefficient, ¥ = e=2. To avoid the presence of the function ¥,
and to study approximations to the granular operator (7), it is extremely convenient to



write the operator (7) in weak form. More precisely, let us define with < -, - > the inner
product in L;(R3). For all smooth functions ¢(v), it holds

<e QN> = @ [ WUy -
e / 3 / / g 0 (p(v") — o(v)) f) f(w)dv dwd = (9)
= 2 [ ] Lleai(etv) - o) snsay i da

The last equality follows since the integral over the hemisphere S, can be extended to
the entire sphere S?, provided the factor 1/2 is inserted in front of the integral itself. In
fact changing n into —n does not change the integrand.

For the sake of simplicity we shall consider here only one space dimension (say, z),
with axial symmetry about the z-axis. The kinetic equation may be adimensionalized in
the usual way, by measuring distances and times in units of typical macroscopic values
L and 7, velocities in units of L/7, and densities in terms of a reference value pg. Easy
manipulations single out spontaneously the mean free path A = (wo%py)~! and the Knud-
sen number Kn = A/L. A typical value Gy of the correlation function could enter the
definition of A, in which case the correlation function should be measured in units of Gj.
In any case, the weak dimensionless form of the inelastic kinetic equation reads as

<o ot <o o= GO L [ e alsnson [ov) - pw)]aviwaa— (10)

where the Knudsen number An has to be considered as a small parameter in the hydro-
dynamic limit we are interested in. Macroscopic parameters like drift velocity u, pressure
tensor P, granular temperature 7', heat flux q are defined in the standard way as

P Jrs
P:/ c®c f(v)dv
. (11)
3pT = [ & f(v)dv
R3
q:%/Rgc2cf(v)dv

where ¢ = v —u denotes the peculiar velocity. In our assumptions, fluid velocity and heat
flux vectors take the simple forms

= (O’O7U)v q= (OvOaQ) (12)

and the deviatoric part of the pressure tensor (or viscous stress) p is diagonal, so that it
is also equivalent to a single scalar

—1ip 0 0
p=| 0 -3 O (13)
0 0 P



with p = p,,. The whole pressure tensor is then given by P = pT'I + p, where I is the
identity and pT' the scalar pressure. Notice that all diagonal entries of P must be positive,
so that p is subject to the constraint

—pT <p<2pT. (14)

It proves convenient splitting the dimensionless Boltzmann collision operator () in the
right hand side of (10) as @ = Qe + I, where Qg is the elastic collision integral, corre-
sponding to the case = 0, and I the correction due to inelasticity. The weak inelastic
Boltzmann equation may be rewritten as

<¢,%>+<Uzgp,%>:%{<¢,Qe|>+<w,[>} (15)
where
1
<eQuz=g [ [ [ sl [etv) - )] dvawai,  (16)
with

vVi=v—(g-n)i (17)

standing for the post collisional velocity in the elastic encounter. Consequently we have

<edz=g [ [ [ lgealimsn[et) - )] dvawan - s)

with
v =v'+89(g- ) (g-h)h. (19)

The advantage of such a splitting is that v* differs from v’ by a term of order (3, and
therefore, for any smooth function ¢, the integral in (18) is small for small inelasticity,
and the dominant role in the evolution is played by elastic scattering. The interplay of the
two small parameters Kn and [ is then crucial for the analysis of the following sections.

4 Low inelasticity and the H-theorem. A semi—formal
discussion

As in classical elastic kinetic theory, Grad’s expansion method needs to be justified. If
the Boltzmann equation for elastic collisions is considered, the well-known Boltzmann H-
theorem guarantees that, at any fixed positive time, the solution is close to the Maxwellian
equilibrium provided the Knudsen number is small enough. In recent years, many efforts
have been done to obtain explicit computable formulas which allow to quantify the space
homogeneous time decay of the solution towards the Maxwellian in terms of the time
decay of the relative entropy

HUM) = [ fo)tog 120 av, (20



where

M(v) = ﬁ exp {— v 2_TU|2} (21)

is the Maxwellian function with the same constant mass p, drift velocity u and tempera-
ture T' of f. In particular, lower bounds on the entropy production

~D() = [ log f(v)Qu(v)dv
R
in terms of the relative entropy have been obtained in Ref. 31.
The main problem here is the lack of a H-theorem for the dissipative Boltzmann equa-
tion. Given the solution f(v,t) to the homogeneous dissipative Boltzmann equation (6),

af 1

o = 70 QUL N1 (22)

(since p = constant, the factor G may be included into i), let us consider the functional

a0 = [ (S v + 10w fw.n)) v 23

where T'(t) is the granular temperature. By standard arguments®? one shows that, on the
set of functions with the same constant mass p and drift velocity u of f(v,?),

H(f) = H(M),

where M (v) is the Maxwellian function given in (21), with 7" = T'(¢), and where equal
sign holds only for f = M. Hence, when the temperature is varying with time, the relative
entropy to be considered is

H(fIM)(t) = H(f)(H) = HM)(E) = Asf(v, 1)log f(v,t)dv — plogp+ 5 plog [2re (1)

(24)
with H(f|M) > 0. Since f(t) solves the homogeneous Boltzmann equation (22),
d . 3 T'(1)
— t)1 t)d =
at dt/fv og f(v.t)dv+ 50y =

3 T’t 1 Z
— = — 1 e ,

// |g-ﬁ|f(v,t)f(w,t)[logf(v*,t)—logf(v’,t) dv dw di.
3 JRrs Js2

(25)

We remark that the final formula (25) has been derived from (18), setting ¢(v) = log f(v).
The physical picture is then rather clear. H(f|M) attains its minimum at the Maxwellian

M with time dependent temperature 7" and its derivative along a solution is made up by

three contributions, where the dominant role for Kn — 0 is played by the first, which

is negative definite and O(/n). In fact, the second is O(1), and even drives the process

in the same direction since 7”(t) < 0, and also the third one is O(1) in our hypothesis

5 [Jos v QU+

3T,
2" T " 2nk

8



B = O(kn). Therefore, collisions are pushing any initial distribution towards a local
Maxwellian, at the same initial density and momentum, evolving in time according to the
granular temperature. Notice that small inelasticity is crucial for the whole reasoning. A
rough quantitative estimate under suitable smoothness assumptions may be obtained in
several ways. For instance, if the solution f(v,t) is smooth and we assume that

Vf(v
‘f{i)) < Cf < +o0 (26)
for all v € R3, we get
: A<t _ —
log /(v —log S| < v = V| 7| = e ab lg-al| S| 2D

Hence

1
27r

/3/ g - Alf(v)f(w )[bgf( ") —log f(v ’)] dv dw dir| <
<8 Vf

V

N L Lt st o) e i (29)

where also the last integral is finite if f has sufficiently many moments. Assumption (26)
could appear strong at first sight, since it is not satisfied when f(v) is a Maxwellian or a
perturbation of a Maxwellian. But in such a case the whole proof is useless since H(f) ~
H(M) and we are already in the regime we want (see next section). The interesting case
is when the tails are of power type, and in that case V f/f is actually bounded for large
values of |v|, so that assumption (26) is valid.

It has been proven in Ref. 31 that, under suitable smoothness assumptions on f, it

holds

2

D(f) = — / log £(v.£) Qa(v. ) dv = C.(f)H(F|IM)]",

R3
where the constant C.(f) depends on f only through mass, drift velocity and temperature.
Let f(v) be a distribution with unit temperature. It is immediate to reckon that, if f,(v),
o > 0, denotes the rescaled distribution 073 f(v /o),

H(f|M) = H(fs| M),

while
D(fs) =oD(f).

Thus, if C. is the constant corresponding to distributions with unit temperature, given
the solution to the Boltzmann equation at time ¢ > 0, that has temperature 7'(t), we have

the lower bound
> /T(t) Cc [H(f|M)(#)]'
On the other hand, if we denote by C' the upper bound of

1
L[] ol i) dvaw ia
L JR3 JR3 Js2

27

Vi)

f(v)




corresponding to unit temperature, the same rescaling as before shows that C' [T(t)]l%
is the proper upper bound for an arbitrary time dependent temperature. Hence, at least
for smooth solutions, the relative entropy satisfies the differential inequality

3 Tt 3

CLUHUIM + 5 p i + 7, CTW (29)

d 10)

SH(fIM) < - Voo

where the second term on the right-hand side is nonpositive, due to the decay of the
temperature. If § is of the same order of the Knudsen number An, the negative term of
order 1/kn prevails as K — 0, and this implies H(f|M) — 0. This can be easily seen
considering that, in consequence of (29), the relative entropy z(t) = H(f|M)(t) satisfies
the differential inequality

dz C
— <VJT{) |—==2"+ A
o < VT |- goete 4l (30)

where we set

154 148
A:EO[T(O)] 2.

Suppose first that the initial relative entropy is such that

. L.
%ZOIJr SA

Then, since z(t) satisfies (30), at any subsequent time ¢ > 0 we have

A

At < 7= (EK”) UH&, (31)

and z(t) — 0 as /o — 0. On the other hand, if the initial relative entropy satisfies

Ce
%Zol—&-& > A,

thanks to (30), z(¢) is decreasing towards the value z in (31), and, as long as z(t) > Z, it
satisfies the (worse) inequality

% < VT(t) {——Ezez +A} = /T (t)(—Bz+ A)
where so
C €
B Ae/(1+e) e
(%)
Let

and y(7) = z(¢). Then

—= < —By(1) + A, (32)



which can be explicitly solved to give
A
2(t) = y(r) < yoexp{—B7} + 5 [1 —exp{—B7}]. (33)

Since t > 0 implies 7 > 0, inequality (33) shows that z(t) — 0 as K — 0. This shows
that, at any time ¢ strictly greater that zero, the solution to the homogeneous Boltzmann
equation, even for a granular gas, is close to a Maxwellian function, in the sense of relative
entropy, if the Knudsen number is small enough, provided inelasticity is also small. The
classical Csiszar-Kullback inequality

If — M7, < 2H(f|M),

then shows that the solution in close to the corresponding local Maxwellian in a L'-
setting, which properly justifies expanding around such distribution in a collision domi-
nated regime.

5 Grad’s closure procedure

Grad’s expansion method is a well known tool devised in kinetic theory in order to obtain
a closed set of balance equations at a macroscopic level.?® Even in the elastic case the
machinery is quite heavy, and, to our knowledge, explicit results in analytical form have
been achieved only in the simplified case of Maxwellian molecules. The algorithm has
been more recently applied also to granular flows!! and to chemical kinetics.?® It consists
in a truncated Hermite polynomial expansion which includes the major power moments of
the distribution function up to third order. In the present one-dimensional problem the
moments of physical interest reduce to five, namely density p, mass velocity u, granular
temperature 7T, viscous stress p, and heat flux ¢. They are moments of f corresponding
to the weight functions

o= 1, v, %(32, e — %CQ, %CQCZ, (34)
respectively. The relevant balance equations are the weak forms of the Boltzmann equa-
tion (15) corresponding to the five options (34) for the test function . Fundamental
properties of the elastic and inelastic collision terms ensure that

1
<1,Qq>=<1,I>=0, <0, Qu>=<v,,] >=0, <§CQ,Qe|>:0 (35)

for any distribution function f. The other contributions can not be evaluated directly in
terms of the considered moments, as it would occur for the pseudo-Maxwellian model®
with constant restitution coefficient, due to the g-dependence of the kernel in the integrands.?*

A first step in the procedure is the evaluation of the differences p(v') — ¢(v) and
o(v*) — (V') for the test functions (34). The differences in the inelastic correction are
polynomials in § of degree at most equal to three, vanishing for 5 — 0. All differences
exhibit simple dependence on the unit vector n, so that all angular integrations may
be performed separately and explicitly for both elastic and inelastic interactions. Five
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types of integrals arise, and they are listed in Appendix A, together with their analytical
expressions, involving the quantities

1
Tuk(9) = (2k +2) / P (gp) dpe, nk=1,2. (36)
0

From now on we shall stick to the form v(r) = r°, which incorporates the terms relevant
to elastic scattering or constant inelastic restitution (for 6 = 0), and of viscoelastic spheres
(6 = £). Thus we will have simply:

2k +2 no
2%+2+ns

Next, a lengthy and careful algebra shows that the remaining weak forms of the col-
lision terms ()¢ and I are amenable to only 4 integrals with respect to the variables v

and w, namely
Ai(y) = /Rg /11@3 gty f(V)f(W) dv dw

) = [ [ g F)f dvaw
aln) = [ [ e iy

Aiy) = /RS/RBQI-&-y (G &) g f(v)f(w) dv dw

where f(v) = f(v+u), and G = 5 (v + w) is the center of mass velocity. The relevant
expressions are given in Appendix B.

At this point, the sought approximate closure for the collision term is achieved by
replacing the actual distribution function f in (38) with the Grad distribution function,
which, in the spatially one-dimensional case, reads as

&2 1 3 4 2 5
o) = e [+ g (-3 59) +gme (5 3)) . @
and constitutes the weighted polynomial approximation to f sharing the same moments
up to ¢. Consistently with our hypothesis of small An and small 3, (39) represents a
perturbation to a Maxwellian distribution, solution to the elastic problem in the hydro-
dynamic limit.

Now manipulations become quite cumbersome, though, in principle, straightforward.
One has to perform the product f(v) fa(w), recast v and w variables in terms of G and g,
use the latter as integration variables, taking advantage of the fact that dvdw = dG dg,
and solve the final Gaussian—type integrals in terms of Eulerian gamma functions. The
long and tedious calculations result in

A

Jnk(9) = (37)

y) = 041;)2TyT+3—i—ozg,opTyTH—i—ozg,pQTy%1 +oz4q2TL53

= BT S + BoppTF + Bp* T + pig? T'F

2

(
2(y)

y+1 y—1 (40)
As(y) = mpqT 2 +ypeT >
(y)

N

aly) = 51quyT+1+5zquy2;l
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where the y—dependent coefficients oy, G, i, 0; are reported in Appendix C. Equa-
tions (40) show how collision contributions to the moment equations depend on the un-
known moments p, T', p, ¢ via numerical factors. Since also streaming contributions may
be closed by standard methods of kinetic theory (see for instance Refs. 33, 35), Grad’s
equations may now be written down explicitly.

6 Grad’s moment equations and asymptotic limit

We first combine and rearrange collision contributions in the equations for 7', p, and gq.
This step is shown, for the reader’s convenience, in Appendix D. Then, Grad’s moment
equations read finally as

dp  O(pu)

ANpu) _ A1
ot " Tor (41)

ou ou dpT) Op
p(g—ku%)—l— 02 +&—0, (42)

3 oT oT ou ou 0q
B e R e
z z z z
3 1
= ———==G(p) {8p2T(§;+—(5+3)(5+1)p2T2

10
corr (),

1
+—=(0+3)(0+1)
+ — —=G(p) {8p2T2+%(26+3)(25+1 T2

75

26—

p
+i(25+3)(26+1)(1—25)q2T2} r(s+2),

w

75

op Oup) 4 Ou 4 Qu 8 Jq
ot 7o, T3Pe T35 ) The. T

4 1 ]_ 1 2 3
—Glp) |4ppT2 +-p°T 2+ —¢*T >
7 (p){pp R 2]

a1 1

dG(p) {4ppT2 + ?((5—1- 1)p2T%

- % (0+1)(1-0)¢ T‘s?‘} r (T) (49

4

2 1 ]_ 26—
= (2043)G(p) [4ppT‘?+§(25+1)p2T g

=%
5=
;

2 9 n20=3
+ = (204 1) (1-20)¢°T } r(5+2>,

13



ot o 5710z 9. "2V, TPz \,) T po:

= —%%gG(p) quTQngqu }
—%%%G(p)[z(zﬂnamq:ré?—%(5+1)(5+15)qu‘s51}r(5+T4)
—1—%25;—;1%(25—1—3)(}’(/)){22qu%2“—%(25+1)qu2%1]F<5+2).

(45)
These equations have been consistently derived, under the stipulated simplifying assump-
tions (dilute gas of inelastic spheres in one space dimension for a collision dominated
regime with small inelasticity), in a kinetic frame. They represent a direct generaliza-
tion of the Euler equations established in Ref. 10 for the same physical situation. In
particular, the energy dissipation term (corresponding to the Haff law when 6 = 0) is
recovered as the first addend proportional to 3/Kn in the right hand side of (43). On the
other hand, the special case § = 0 corresponds to Grad’s equations for elastic spheres,
which, to our knowledge, have never been explicitly shown in the literature. The balance
equation for energy is affected by additional inelastic terms depending on p and ¢ (the
non-hydrodynamic variables for the dominant operator Q¢), and vanishing for p = 0,
g = 0. The equations for p and ¢ contain of course elastic collision terms (proportional
to 1/Kn) along with inelastic ones. The former are dominant in the limit of # and Kn both
small, and it is worth considering the relevant collision equilibrium p,, ¢.. It is provided
by the coupled algebraic equations

1 1 1 2 3

App. T2+ opiT 24+ -2 T2 =0

1Y 7 Py G 4,
4 11 1
=5 *T§+_**T_§:0
3 paq 5 P« q
which, for fixed T" > 0, yield, consistently with our assumptions, the unique solution
ps« =0, g« = 0, since the other roots are ruled out by condition (14).

In general, when considering the limiting case of small # and Kn, it is necessary to

perform the proper asymptotic analysis and to retain all terms up to the desired order in

the chosen small parameter €. We shall put then

Kn=e¢ B =ae (47)

(46)

with @« = /K = O(1), and write down asymptotically consistent Grad equations,
accurate to order €, disregarding higher order corrections. Since both p and ¢ vanish
when € — 0, we put

p=¢p q=¢€q (48)
with p and ¢ both O(1), and notice that the correction of (39) with respect to the
Maxwellian is actually O(e). In this way one is left with the simpler system of Grad’s

equations
dp  O(pu)
ot + 0z

=0, (49)
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- —aﬁsr(T>G(p)pT tea ﬁ8F<6+2)G(p)pT
op O(up) 4 _Ou 4 Qu 8 0q
ht Sl 2 Bl S T[22 i R
o T o T3P, TP 39:) T15 a2
1 16 . 1 4 1 s
— G| = 2 T e — T Pt e T3
(p){ﬁ&sp bremat P T mamt Y (52)
20 1646 0+4 T6J517
VT 5= ) PT 2 B,
aq 0(uq) 11 _ou 5 oT 5_0T o (p\
‘ot o Tea g Tl TPy terlg )=
1 32 1 1 8, 1 20 4(25+116) [0 +4\ 501

(53)
where inelastic contributions are labelled by the parameter a > 0. An analysis similar to
that described in Ref. 22, not reported here for brevity, shows that there exists a suitable
region surrounding the equilibrium p = 0, ¢ = 0 in which Grad’s equations are hyperbolic.

7 Inelastic Navier—Stokes equations

As well known in the kinetic literature,*® hydrodynamic equations of Navier— Stokes type
are obtained also via Grad’s equations by a classical Chapman—Enskog algorithm, which
is much easier to perform on the Grad level rather than starting directly from the kinetic
level. Such an algorithm is in fact straightforward here: one has to close the equations
for p, u, T by solving the remaining equations for p and ¢ to leading order in ¢, after
expanding p and ¢ in powers of €, keeping p, u, T" unexpanded. This yields very simple
algebraic equations, and in particular we get

) 5 T: (4 0u
P o (50) o

from (52), and

1

T2 0T
gy = — — 55
\/_ GO 02 (55)
4 Ju e .
from (53). The factor 39, would appear strange at first glance, but it its simply the i = 3,
z

Ju;  Ou;
Jj = 3 entry of the symmetrized traceless form of the rate of strain tensor _u + au] —

T
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Newtonian constitutive equations, and turn out not to be affected by inelastic corrections,
as a consequence of the hypothesis of small inelasticity. A quite important fact however
is that viscosity and conduction coefficients are instead affected by the presence of the
statistical correlation function in the denominator, so that viscous stress and heat flux are
significantly sensitive to the local values of the density p. In addition, such coefficients
are proportional to T2 and reproduce the correct results available in the literature for
elastically scattering hard spheres®” in the dilute case G(p) = 1. The resulting inelastic
hydrodynamic equations of Navier—Stokes read as

Indeed, this is the only entry which is actually needed, because of (13). These are

dp O(pu) _
8t+ 57 =0, (56)
ou  ou\ OpT) 5 9 Tz du)
p(@t +u0z) * 0z ‘12 ﬁ@z <G(p) 82) =0, (57)

ot G(p) \ 0z 0z \G(p) 0z

B 20 60-+4 o 343 9 49 2043
= —aTSF( >G(p)pT +ea ﬁ8F<6+2)G()pT -

Apart from the O(e) classical corrections to the streaming part, we notice in the collisional
part of the energy equation the same O(1) dissipative term of Ref. 10 plus an O(e) cor-
rection, which bears a different 7" dependence for all non—constant restitution coefficients.
In space homogeneous conditions p and u are constant in time, whereas the first order
differential equation for 1" can be solved in implicit analytical form in terms of a Gaussian
hypergeometric function, as

3 /0T oT ou T: (0 75 o [Tz or
5P\ tugy ) el 5 - —\/_ ) — el vr — =
0z 0z 64

pe | TE+2) s 204| s [ T(5+2) s 2641
0 ca28T(04+2) % 77 6 ea2°T(6+ 2) )
, 22043
= €ea’d Fo+2) Glp)pt
3T (59)
where
= 1
(I)(Z,LU):;H—F’U :ZQFI(LU;U_'—L Z) (60)

is the so—called Lerch transcendent.®® Indeed, when the exponent ¢ is the inverse of a
natural number, as it occurs for viscoelastic spheres, the last argument of ® in (59)
becomes a positive integer, and consequently ® itself may be cast in terms of elementary
functions of its first argument, such as powers and logarithm. It is easy to check that the
present implicit solution predicts, for any value of §, a t=2/0+1 relaxation to zero for T'
when t — oo, in agreement with the generalized Haff’s law obtained in Ref. 10 from the
Euler equations. However, the discrepancy of that solution with respect to the Navier—
Stokes solution expressed by (59), which accounts for O(e€) corrections, is not negligible
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for intermediate values of ¢. In addition, the implicit solution (59) can be made more
explicit by expanding T as T +¢T™M and equating equal powers of €. It is readily found

T0) £\ " w
1+ = 61
==(1+5) (61)

while T behaves like ¢t~ 51 for ¢ — 00, recovering thus the results of Ref. 27, relevant
to the same physical situation, obtained in terms of a Sonine polynomial expansion for
viscoelastic spheres (§ = 1/5).

It is worth commenting that, in our physical frame, a—dependent correction terms
containing the gradients of p, u, T" would appear in the constitutive equations for p and ¢
only when pushing the analysis to O(e?) accuracy (then, at the Burnett level). The
relevant manipulations yield

25 1
192" G2(p)

20 1 1 0G 2
L(201 ., 1 9GE)Y (u\' (1 1 0G(p)\10p 0T
21p  G(p) Op 0z p

5 1
+ a2 ﬁé(—ugé)r(—égll)f‘ﬁ Ou

. T 8% 1 9°T T(8p>2 87 1 8T)2
o= — =) +

" 202 2,02 5\ 0

G(p) 72 5 0z
(62)
o L[ 1T 4 (1 1 0GR\ T
no= 5127TG2(,0) 30 p0z2 15 \p G(p) 0p p 0z 0z
81 3 1 0G(p)\ Ou 0T
Flo-+S ) =
5p 4G(p) Ip 0z 0z
20\/m 375 (6 +4 1 0G(p) 1\, s0p 1 sr1 OT
- oG m ) |G e ) TR 0T 5
(63)

Details on the underlying Chapman—Enskog procedure are given in Appendix E. With
reference to the existing literature, this fact clearly follows from our assumption g =
O(kn).

8 Conclusions

In this paper we introduced and discussed Grad’s moment equations for a dilute granu-
lar system of hard-spheres with dissipative collisions. We focused our analysis on dilute
systems, driven at a mesoscopic scale by the Boltzmann equation, to emphasize the role
of a relative velocity dependent coefficient of restitution at the level of hydrodynamic
equations. The assumptions on the variable coefficient of restitution are general enough
to include in our analysis the treatment of a system of viscoelastic spheres. It is shown
in particular that the dominant term in the large—time behavior of the granular temper-
ature is given explicitly by a generalized version of the classical Haff’s law, which was
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originally obtained in correspondence to a constant coefficient of restitution. However,
the discrepancy of the actual trend with respect to such explicit law is not negligible for
intermediate values of time. In addition, it is shown that the decay of temperature, and
then of scalar pressure, strongly depends on the local value of density, due to the presence
of the statistical correlation function. In particular, higher density implies a larger value
of G(p), and then a faster relaxation to zero, as predicted by the inelastic collision terms
in (58).

Of course, other typical corrections of the pertinent literature, due to the size of grains,
do not appear here at the Navier-Stokes level, since we are starting from a Boltzmann
rather than from an Enskog kinetic description, which provides a correction to the Boltz-
mann equation including the space shifts x + oni. For instance, it is easy to see that our
algorithm, when applied to the Enskog equation, upon resorting to a suitable first—order
expansion, gives rise to a proper correction to the scalar pressure.” This effect appears
already at the Euler level, if o is of the same order of the mean free path. This and other
problems, however, will be matter of future investigation.
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Appendix A

We list here the angular integrations appearing in the Grad equations for the test func-
tions (34). The factor v is defined in (5) and describes the dependence of the restitution
coefficient on the relative motion. Integrals appearing in the elastic part are recovered by
simply substituting 1 for ~.

[l 8l g8l = g o) (A1)

[l a le -6 i = mg (o) (A2)

[ s+ gl (5 ) i = g (o) 8 (A3)
S2

[ s+l (g 87 o i —
S

=g’ E Ju(g) — % J12(g)] I-7g B Ju(g) — J12(g):| c®g (A.4)
[ (i) gl (s ) 6o -
=g’ E Talo)~ Jm(g)} I-mg B Jor(9) - Jm(g)} I

The functions J,x(g) are defined by Eq. (36) in the text.
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Appendix B

Higher order moments of elastic and inelastic collision operators expressed in terms of the
integrals (38):

<%CQ,I>——%(4_15)141(5)4—%(4_’_;25)/41(25), (Bl)
<2 Qe >= %1—12{/11(0) —3A2(0)} (B.2)
> __B 1
<dI> = -4 (4+5)(6+5){4A1(6)+(25)A2(5)} -
2 ! {2A1(25)+(6+45)A2(25)} '
K (4+20)(6+20)
< %C%Z,Qd >= %%{Ag(m —3A4(0)} (B.4)
1, B 1
3 1

_|_

{(8+25) A3(20) 4+ (6 +49) Ay(20)

(B.5)
Notice that the addend of power 3 in (B.5) is missing because the relevant coefficient
vanishes in the integration.

K (44 20)(6+20)

Appendix C

Coefficients «;, §;, Vi, 0; can be computed using polar coordinates for G and g, recalling

Asfo(x)dx = %/RSxQF(x)dx
/Ra:?F(x)dx = %/ z* F(x) dx

/Rsx?x?F(x)dx = — [ 2*F(2)dx i

and bearing in mind that



where I' denotes gamma function.?® The final result reads as

aily) = %1“(9%6)
a(y) = 0
a(y) = %%(y+3)(y+1)r<3/7+6)

ay(y) = ﬁ7—5(y+3)(y+1)(1_y)r(7>

Bly) = — 16r(y_+6>

VT 3 2
Baly) = %%(y+6)1“(y2ﬁ)
B = T g w0 T (150
Paly) = %%(y+1)(1—y)(3y+13)F(yT+6>
Ny = %g(y%)r(yzﬁ)
nly) = —2—1%(?;+3)(y+1)r(y7%>
iy = %%(%H@F(%ﬁ
da(y) = %%(y+1)(y+9)r<97+6>

Appendix D

We have
e = g [An@) T 4 Au(6) P TF + Au(9) qutg}
+ %2 {Aﬂ(a) PPTE 4 Ay (0) PP T + Ana(9) ¢° T%zf“]
where
Au(6) = Zkﬁ; Ao (6) = A(26)
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1
<t - =2 Q>=

z 3
= - % Bo1(0) p? T + By2(0) PPT% + Byz(0) p? T2 + Boa(0) ¢ Tg]
- % Bi1(6) p? T 4 Bi2(9) PPT(S%1 + Bu3(0) p° T'T + B14(d) ¢° T6231
-
+ % Boi(8) p*T*% + Boa(0) ppT ™% + Bay(6) P2 T 7 + Bau(6) ¢° T2623]
_ (D.3)
with X X
20 1
Bik(6) = W [@:(5) 3 Oék@)} (D.4)
64406 1
By (0) = 4+20)(6+20) {ﬁk(Q J) — gak(Q 5)} ;
< —C2CZ,Q > = — % -001(0) qu% —|—CQQ(O) qu%:|
- % C11(9) PqTHTI + C12(0) quégl} (D.5)
-
where _
1 1
Cu(®) = §[(0) - 3 (0]
1
1
Car(0) (1520)6529) {(84—25)%(25) + (6 +40) (5;6(26)1 )

Notice that collision contributions to the equation for ¢ involve either g or pg. Analogously,
collision contributions to the equation for p involve either p, or p?, or ¢, since it is easy

to check that 801(0) = 811(5) = 821(5) = 0.

Appendix E

In order to obtain the second order contributions p; and g@; in the asymptotic series

p=> Dbne" 7= Gue" (E-1)
n=0 n=0
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[ee)

one has to expand the coefficient G as Zane”, a; = «, insert everything into (52)
n=0

and (53), and equate equal powers of ¢, bearing in mind that, according to Chapman and

Enskog, also the time derivative operator must be formally expanded.?’ To leading order,
we reproduce of course (54) and (55). To next order we get the algebraic equations

9o Do n Oupo)  4_ Ou 80

ot 0- 379150
G(p) 4 1ol 5, 02 5 s G(p) 2 = s (644
=——2_|4pT>2 — T 24+ —qgiT 2| —a— —§ T=2T(—
(E.2)
(90 qo (9(u qO) 11 _ ou 5 _ oT 0 Do
gl s P p ([ E0)
8t+ 0z +5q08z+2p082+p 0z \ p
G(p)8 4 1 1 1 G(p) 26+2 541 6+4
= ——L _|=pT=2 - T2 | —a——= —— (25 4+ 116 T2 —
NG 5{3P Q1+5POQO ] « /T 15( + ) P o 5
(E.3)
Oopo  Oodo

where the derivatives <3¢, =% may be obtained by applying the zero-th order time
derivative to (54) and (55). This implies the evaluation of the same type of derivatives
for p, u, T, which may be obtained from (49), (50), (51) as

p _ _ Op Ou

o "a: "o

du o T T

ot 0z 0z p 0z (E-4)
0T or 2 __du 20 16 sis (6 +4

o0 T U8 3l v Ea det F(T)

At this point, achieving (62), (63) is only matter of heavy algebra.
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