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Abstract. The local balance equations for the density, momentum, and energy
of a dilute gas of elastic or inelastic hard spheres, strongly confined between two
parallel hard plates are obtained. The starting point is a Boltzmann-like kinetic
equation, recently derived for this system. As a consequence of the confinement,
the pressure tensor and the heat flux contain, in addition to the terms associated
to the motion of the particles, collisional transfer contributions, similar to those
that appear beyond the dilute limit. The complexity of these terms, and of the
kinetic equation itself, compromise the potential of the equation to describe
the rich phenomenology observed in this kind of systems. For this reason, a
simpler model equation based on the Boltzmann equation is proposed. The
model is formulated to keep the main properties of the underlying equation,
and it is expected to provide relevant information in more general states than
the original equation. As an illustration, the solution describing a macroscopic
state with uniform temperature, but a density gradient perpendicular to the
plates is considered. This is the equilibrium state for an elastic system, and
the inhomogeneous cooling state for the case of inelastic hard spheres. The
results are in good agreement with previous results obtained directly from the
Boltzmann equation.

Keywords: Boltzmann equation, kinetic theory of gases and liquids, transport
properties

© 2020 IOP Publishing Ltd and SISSA Medialab srl 1742-5468/20/034002+19$33.00


mailto:brey@us.es
stacks.iop.org/JSTAT/2020/034002
https://doi.org/10.1088/1742-5468/ab7124
http://crossmark.crossref.org/dialog/?doi=10.1088/1742-5468/ab7124&domain=pdf&date_stamp=2020-03-02
publisher-id
doi

Kinetic model for a confined quasi-two-dimensional gas of inelastic hard spheres

Contents
1. Introduction 2
2. Description of the system and balance equations 4
3. Kinetic model 9
4. The inhomogeneous cooling state 11
5. Summary and conclusions 13
Acknowledgments ...oooiviiieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii e eeaees 14
Appendix A. The macroscopic balance equations ..........cccevuvuiniieinnnn, 14
Appendix B. The ICS distribution from the kinetic model
T L= 1 o s e 17
References 18

1. Introduction

Fluids in extreme confinement between two parallel plates, have many peculiar prop-
erties as compared with the behavior of bulk systems far away from the boundaries.
This includes both equilibrium [1-4] and non-equilibrium situations [5, 6] of molecular
gases, and also granular gases, i.e. systems composed of macroscopic particles whose
interactions are inelastic [7, 8]. For instance, in this latter case, it has been exper-
imentally observed that when energy is continuously injected into the system to com-
pensate the energy dissipation in collisions, the system reaches a spatially homogeneous
steady state for a wide range of values of the density. Nevertheless, for certain densi-
ties, which depend on the values of the magnitudes characterizing the energy injec-
tion, the final state reached by the system exhibits two coexisting phases, one of them
having a smaller number of particles density and a larger kinetic energy density than
the other [9-12]. Although several effective models have been proposed to describe this
phenomenology with more or less success [13-17], and one instability appearing in low
density systems has been studied at the phenomenological level [18], a satisfactory
explanation, based on a well established description of the dynamics of the system, of
what is observed in the experiments is still lacking. One of the main reasons for this
is that the form of the macroscopic hydrodynamic equations describing the evolution
of the system is unknown. For strongly confined systems, the effect of the physical
boundaries occurs not only through the boundary conditions to be imposed to the
macroscopic evolution equations, but it is expected to modify also the structure of the
transport equations themselves. The changes will be deeper if the dynamics observed
by projecting on a plane parallel to the plates is considered, and the interest focusses in
formulating macroscopic transport equations for that quasi-two-dimensional dynamics.

Kinetic theory provides an intermediate level of description of a system of particles
in which the details and basis for macroscopic balance equations have their origins.
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To isolate the more important distinguished features of the extreme confinement, the
simplest case of inelastic smooth hard spheres at low density is considered here. The
bulk macroscopic hydrodynamic equations for a system composed of these particles
have been extensively investigated, their structure has been established and explicit
expressions for the coefficients appearing in them has been obtained. The theoretical
predictions following from them agree quite well with molecular dynamics simulations
results [19-21]. The starting point for this research was the Boltzmann kinetic equa-
tion modified to account for inelastic two-particle collisions. From it, exact balance
equations were derived for the mass, momentum, and energy. Then, to close those
equations, a modified Chapman—-Enskog method was employed to obtain a ‘normal
solution’ of the kinetic equation as an expansion in spatial gradients of the macroscopic
fields. The analysis is something more complex that in the case of elastic particles, due
to the inelasticity of collisions that implies that there is no equilibrium state. Instead, a
particular solution describing a homogeneous state in which the temperature decreases
monotonically in time (the so-called homogeneous cooling state), was used as the refer-
ence state to carry out the expansion.

In order to implement a similar program for strongly confined systems, the first issue
is to formulate a kinetic equation describing the dynamic of the system. Recently, a
Boltzmann-like kinetic equation has been derived for a system of hard spheres confined
between two infinite parallel plates at rest, separated a distance smaller that two par-
ticles diameters. The equation can be applied, to both elastic [22, 23] and inelastic par-
ticles [24, 25]. The only difference is in the collision rule used to determine the change
of the velocities when two particles collide. For elastic systems, the kinetic equation has
been proven to obey an H theorem, implying the tendency of any solution to a final
equilibrium state. This state coincides with the one predicted by equilibrium statistical
mechanics: the velocity distribution is Maxwellian with a uniform temperature and the
density profile is inhomogeneous along the direction perpendicular to the plates. In the
case of inelastic hard spheres, if no external energy is continuously injected into the
system, trivially there is no equilibrium state. Instead there is again a particular state
showing a uniform temperature that decreases monotonically in time, similarly to what
happens in the homogeneous cooling state. On the other hand, as in the equilibrium
state, the density is not uniform along the direction perpendicular to the plates. For
this reasons, this state has been referred to as the inhomogeneous cooling state [25]

In this work, balance equations for the density, momentum, and energy are derived
from the Boltzmann equation for the confined system. This is done in the more general
case of inelastic hard spheres, but the results for the elastic case are easily obtained by
taking the appropriate limit. As a consequence of the extreme confinement, the pres-
sure tensor and the heat flux have, in addition to the kinetic contributions associated
to the motion of the particles, collisional transfer contributions that, in the present
case, are due to the restriction on the allowed collisions imposed by the boundaries. An
analysis of the structure of the collisional transfer contributions leads to a result that
generalizes the ‘contact theorem’ of equilibrium statistical mechanics [26] to arbitrary
non-equilibrium states and also to inelastic particles for extreme confinement. Actually,
this is a particular case of a completely general property following from the dynamics
itself of confined hard spheres [27].
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The complexity of the collision term makes quite difficult to apply the kinetic
equation to realistic problems, beyond situations for which a linearization around the
reference state (equilibrium or the ICS) can be done. For this reason, it is useful to
formulate a kinetic model that permits analytical studies in fully nonlinear problems. A
model kinetic equation is obtained by replacing the collision term with a much simpler
form that preserves the most important properties. These include normalization and
the local conservation laws for the number of particles, momentum, and energy. By
preserving the equations, it is meant that, not only the structure of the equations is
the same, but also that the expressions giving the pressure tensor and the heat flux,
and in the inelastic case the energy sink term, are the same functionals of the distri-
bution function as in the original description. The model proposed here is inspired in
the well-known Bhatnagar—Gross—Kook (BGK) model for the usual Boltzmann equa-
tion [28, 29]. The BGK model has been extensively used and studied. Its limitations
are well established, but also the means to correct them are known. As an illustration,
the solution of the model kinetic equations describing the ICS is investigated and the
results compared with the description provided by the original Boltzmann equation.
The agreement can be considered as quite satisfactory.

The remaining of the paper is organized as follows. In the next section, the Boltzmann
equation for the confined system of hard spheres is reviewed. The local balance laws are
derived from it by taking velocity moments. The collisional transfer contributions to the
pressure tensor and the heat flux, due to the extreme confinement, are identified. The
model kinetic equation is formulated in section 3, where its relation with the original
Boltzmann equation is stressed. As an initial relevant test of the model, it is shown to
have a solution describing the same macroscopic ICS as the original equation, namely
uniform decreasing temperature and density gradient along the direction perpendicular
to the plates. The comparisson of the cooling rates and the density profiles shows a
good qualitative and quantitative agreement. The final section of the paper contains a
short summary and some analysis of the possible applications of the model. Details of
the calculations are provided in the appendices.

2. Description of the system and balance equations

The Boltzmann equation, describing the time evolution of the one-particle distribution
function, f(r,v,t) for a dilute gas of inelastic hard spheres of mass m and diameter o,
confined between two large hard parallel plates separated a distance h smaller than
twice the diameter of a particle, 0 < h < 20, has the form [22-24]

af af
825 or

with the binary collision term given by

h—o/2
rv|f—a/d'v1/ dgp/ dz |g - o

(g U) 2b ' @(_g : &\)} f(/r127 'Ulat) f(r7v7t)' (2)

= Jr,v|f], (D
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Here 7 is the position vector of components {z,y, z}, r1, = {z,y,21}, 9 =V1 —V O is
the Heaviside step function, and b, is an operator changing all the velocities v and v,
to its right into their pre-collisional values for a collision defined by the unit vector &,

v=bhlv—vt % (g.5)5 3
— Yo - 20{ g ) ()
. _ 1+« oy~

vi=btv, = v — 50 (g-o)o. 4)

In the above expressions, and also in equation (2), « is the coefficient of normal resti-
tution, defining the inelasticity of collisions and defined in the interval 0 < o < 1. The
value o = 1 corresponds to the limit of elastic collisions. The unit vector & is given by

o = {sinfsin p,sin O cos p, cos '} (5)
with ¢ being an azimuth angle and
Z1 — X% .
0 = 6> 0.
cos — sin (6)

A scheme of the coordinates used to describe the collision of two particles is given in
figure 1.

The kinetic equation (1) holds for 0/2 < z < h — ¢/2 and it has to be solved with
the appropriate boundary conditions [23]. These conditions guarantee that if the initial
one-particle distribution function vanishes outside the system, this property is kept in
time by the solution of the kinetic equation. For an arbitrary function ¢(v), the col-
lision term has the useful property

h—o/2 27
[wetwitralsi = [av [ao, [ aa [T aslg-sle--2)
X f(ri,v,t) f(r,v,t) (be — 1) ¢(v), (M

where b, is the inverse operator of b %, i.e. it changes all the velocities v and v; to its

right into the post-collisional values given by

1 o\~
v’Ebav:v—l—%(g-a’)a, (8)
1+« A
V] = byv) = V) — 5 (g-o)0. 9)

Macroscopic density, n(r,t), velocity, u(r,t), and granular temperature, T'(r,t), fields
are defined in the usual way,

n(r,t) = /dvf(r,v,t), (10)

n(r,t)u(r,t) = /d'v'vf('r,'v,t), (11)
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Figure 1. Coordinates used for the description of the collision of two hard spheres
of diameters o, confined in a quasi-two-dimensional system by means of two hard
parallel plates separated a distance h, 0 < h < 20.

gn(r,t)T(r,t) = % /dv Vi(r,t) f(r,v,t). (12)

Here, V(r,t) = v — u, (r,t) is the peculiar velocity of the particle relative to the
local flow velocity. Notice that, as it is usual in the literature of granular gases, the
Boltzmann constant does not appear in the definition of the granular temperature. This
is done to emphasize the absence of any thermodynamic meaning in such definition.
From equation (1), balance equations can be derived for the macroscopic fields by tak-
ing velocity moments. They have the form

on(r,t) n 0

En o [n(r,t)u(r,t)] =0, (13)
0 N 0 N 0
mn(r,t)% + mn(r,t)’u,(r,t) ’ % + % ) P(’l’, t) =0, (14)
3 oT(r,t 3 oT(r,t 0 ,t
En(r,t)—g; ) + §n(r,t)u(r,t) . —é: ) + P(r,t): —ué: )
+ (;ir Jy(rt) =—(1—a®) w(r,t). (15)

The pressure tensor P(r,t), and the heat flux J,(r,t) have both ‘kinetic’ and ‘col-
lisional transfer’ contributions,

P(r,t) =P® (r t) + PO (r, 1), (16)

J(r,t) = IW (e, t) + T (v, 1). 17)

q

The kinetic contributions are given by
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PO t) = m [ Qo VOV (1) fir.v.0) as)
J(k = m/d'vV2 r,t) f(r,v,t). (19)
The collisional transfer parts of the fluxes verify
9 5
P ) = —m [ dvvdir,ols) 20)
QJ(C)(T' t) = _n /dvaJ['r v|f] — 9 [u(r,t) - PO(r, )] — (1 — &®)w(r, ).
Oz 2N 2 ' 0 ’ ) )
Using these relations, the following explicit expressions can be identified 1)
. 1+ h— 0/2 2m 1 B A
ng)(r,t) = ;. aa m/dv/dm/ 1/0 dgo/o dAXT!g - 7,]%52.0)
X @ (_g 0')\) f(rlz; v17t) f(T)\Z7 v, t)7 (22)
h—o/2 2 1
T, )_5,21“‘0 m/dv/dvl/ dzl/ d(p/ AN g - 5,]%51.G - 5
0 0
X O (—=g-07)) f(ry,v,t) f(ri,v,t). (23)
Here,
Vir,t)+Vi(r,t v+v
G(r,t) = (r,?) 1(rt) _ ! —u(r,t), (24)

2 2
i.e. it is the center of mass velocity of the colliding particles relative to the macroscopic
flow. Moreover

ra: ={7,y, 0}, (25)
—(1 =Xz

Z\ = %7 (26)
and

o\ = {sin b, sin ¢, sin 0 cos ¢, cos 0}, (27)
where

21— 2 )
cosfy = 1)\0 , sinfy = ++/1—cos?0,. (28)

Finally, the source term on the right hand side of the energy balance equation,
equation (15), describes the kinetic energy dissipation in collisions due to inelasticity,
and it can not be written as the divergence of a flux. Its expression is

h—ao/2
- mg/dv/dm/ dzl/ dplg- 70 (=g - &) f(ri,vi,t) f(r,v, 1), (29)
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Some details of the derivation of the balance laws and the expressions of the fluxes
and the source term are given in appendix A. The collisional transfer contributions to
the pressure tensor and the heat flux are due to the delocalization of the centres of the
colliding pair of particles and, more specifically, to the different values of the two z
coordinates. This is a consequence of the confinement of the system that restricts the
possible values of the collision vector. The explicit form of this restriction for a par-
ticle, depends on the vertical coordinate of the particle and, for this reason, the vertical
coordinates of the pair of colliding particle are relevant in describing the dynamics of
the system even at low densities. When considering the expressions of the collisional
transfer contributions to the pressure tensor and to the heat flow, equations (22) and
(23), it must be kept in mind that, as already indicated, for physical initial conditions,
the one-particle velocity distribution, f(r,v,t) vanishes for positions outside the sys-
tem, i.e. for both z < 0/2 and z > h — 0/2. As a consequence, the effective range of the
A-integration is restricted to values such that

o z—(1=XNzn o

5 < 3 <h 5" (30)
This eliminates the apparent divergence of the integrands for A = 0, and also guaran-
tees that —1 < cos#y < 1. The previous comment is closely related with an important
general property of a system of hard spheres or disks confined by means of hard walls.
Consider z = ¢/2, so that

2—(1—-2A
I/l S 31)
A
For zy = 0/2, it is 2)(2 = 0/2,2; = 0/2) = 0 /2. Besides
82’)\ 1—A
9n). " A (32

that is negative for 0 < A\ < 1. It follows that, as z; increases from /2, z) decreases
from the same vale. Let us stress that this holds for the particular value z = 0/2.
Consequently, z, always takes values outside the system for z = ¢ /2, and f(7,,,v,t) = 0,
implying that

PO(r,t) =0 (33)
and

JO(r,t) =0 (34)

q

for z = 0/2. A similar argument shows that the collisional transfer contributions to the
pressure tensor and the heat flux also vanish at the other plate, i.e. for z = h — ¢ /2. The
property that the collisional part of the pressure vanishes at a hard wall for a system of
hard spheres or disks at equilibrium is known as the ‘contact theorem’ [26]. Recently,
it has been extended to arbitrary non-equilibrium states and shown that, actually, all
the components of the collisional transfer contribution to the pressure tensor vanish
[27]. Here, it has been shown that the same property applies in the case of a strongly
confined gas of inelastic hard spheres, and that the collisional transfer contribution to
the heat flux also vanishes at the hard boundary.
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3. Kinetic model

The Boltzmann equation (1) is technically more involved than the usual Boltzmann
equation for bulk systems, due to the space dependence of the collision term. For this
reason, it is appealing to consider kinetic equations obtained as approximated represen-
tations of the original Boltzmann equation, that allow a more detailed analytical study.
The basic idea of a kinetic model is to look for the maximum simplicity while retaining
the most relevant physical and mathematical properties of the original equation. In the
present case, these include the existence of the equilibrium state in the elastic limit
and the exact form of the conservation laws. This will be accomplished by considering
the collision term J as expanded in a complete set of velocity polynomials with a scalar
product weighted with the local equilibrium distribution function. The contribution
from the subspace leading to the balance equations for the macroscopic fields is kept
exactly, while the rest is approximated by a single relaxation term. Similar models have
been successfully formulated for the revised Enskog theory of a non-confined system
of hard spheres, both for elastic [30, 31] and dissipative [32] collisions. To derive the
kinetic model, it is useful to introduce a Hilbert space of real functions of the velocity
v by means of the scalar product

(alh) = / dv iy (v)g(v)h(v), 35)

where 1;(v) is the Maxwellian defined with the actual values of the local velocity and
granular temperature at position r and time ¢,

m } 3/2 mV?2(r,t)
n| P

2T (r, 2T (r, 1) (36)

¢1(U) = |:
This function is related with the usual local equilibrium distribution function fi(r, v,t)
by

fl(rav7t) = n(rvt)¢l(v)‘ 37

Notice that both v¢; and f; depend on position and time through their functional depend-
ence on the macroscopic fields, although it is not explicitly indicated for the former. In
this sense, the Hilbert space is defined for given values of  and ¢, namely those corre-
sponding to the position and time at which the distribution function will be evaluated.
Consider next the set of functions

wr={()" v () (5 - 3) -

These functions are orthogonal with the scalar product definition in equation (35),

(Psldp) = 05,5 (39)
In the following the two notations
{05} = {01, ¢9, 05} (40)

and
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{ds} = {01, b2, 03, bu, b5} (41)

will be employed indistinctly. A projection operator P over the subspace spanned by
the functions ¢4 is defined by

7%wﬁamm§j@@MWWﬂm:wm»Zﬁmm/vawWMA.@m
B B

By means of this operator, the collision term J in the kinetic equation (1) is decomposed
into the two parts

Jlr,v|f] = PJ[r,v|f] + (1 = P)J[r,v|f]. (43)
It is

[ wosPhiv) = [ dvss(o)h(o) (1)
for arbitrary h(v) and, consequently,
[ wonto) = P) sl vl =0 (45)

Then, the second term on the right hand side of equation (43) does not contribute to
the form of the balance equations. Here it will be approximated by a single exponential
relaxation term,

(1—P)J[’I",’U|f] — —l/[f(’l”,'l),t)—fl<’l”,'l),t)], (46)

where v is a velocity independent characteristic frequency that can be a functional of
the density and granular temperature fields. It can be chosen to optimize the agree-
ment between the kinetic model and the original Boltzmann equation with regards to
some property of interest. From the definition of the local equilibrium distribution it
follows that

/dv 65(v) F(r,v,1) = /dv 65(0) fi(r, v, 1), (7
B =1,...,5, that implies
Pl-v(f—f)]=0, (48)

showing the consistency of the approximation made in equation (46). Then, the model
kinetic equation reads

% (r,v,t)+v- %f(r,’u,t) =—v|[f(r,v,t) — filr,v,t)] + PJ[r,v|f]. (49)

By construction, this model equation leads to the same balance equations as the origi-
nal Boltzmann equation (1), since the part of the collision term that has been approxi-
mated does not contribute to those equations. The term PJ can be written in a more
explicit way in terms of the collisional transfer contributions to the fluxes, P® and
J Ef), and the source term, w. By using equations (20) and (21), the resulting kinetic
equation is
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0 (¢) mV2 0 (c) 2 (c) 0uz
‘/Z&Pzz + < 3T 1) (02 Jq,z + (1 « )(U + Pzi Dz )
(50)

where repeated indices are implicitly summed over. This is a non-lineal integro-
differential equation. The local equilibrium distribution, the collisional transfer contrib-
utions of the pressure tensor and the heat flux, and the source energy term appearing
in the equation, are given by the same functional of f as in the original Boltzmann
equation, i.e. by equations (37), (22), (23), and (29), respectively. The main and essen-
tial mathematical advantage of equation (50) as compared with the original Boltzmann
equation (1), is that the velocity dependence of the collision term on the right hand side
is much simpler now. It is given by a Gaussian times polynomials of second degree. A
relevant example of application of the model is given in the next section.

Fvo S —vir-p- L

ot or - nT

4. The inhomogeneous cooling state

A special idealized state of the confined system we are considering here is that of inho-
mogeneous cooling state (ICS), for which all the time dependence of the macroscopic
dynamics occurs through the time dependence of the granular temperature, while there
is a spatial dependence through the density, that is a function of the distance to the
confining walls [25]. The ICS occurs in freely evolving systems, i.e. without any kind on
external energy injection. It is an extension to confined quasi-two-dimensional granular
gases of the homogeneous cooling state exhibited by bulk systems [33].

The model kinetic equation (50) has a solution, fics, whose macroscopic description
corresponds to the ICS. It is given by the Maxwellian

fios(z,v,1) = n(2)ics(v, 1) (51)

with
3/2 2
m muv
)= |— — .

Yios (v, 1) {%T(t)] P50 (62)
The density profile must satisfy the equation

) h—oc/2

5 Inn(z) =7(1+a) / dz1 (z — z1)n(z) (53)

z /2

and the time evolution of the granular temperature is given by

0 2

=Tt = ——— (1 - a®)w.

5 L (t) 3n(2) (1 —a%w (54)

The proof of the above results is given in appendix B. Using equations (51) into (29) it
is easily obtained

w(z,t) =

<7T>1/2&n(z)T(t)3/2’ (55)

m

so that equation (54) can be expressed in the usual for
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0
5T = ~COT(0), (36)

with the cooling rate given by
2 No [WT(t)}l/Q

C(t) = 3 (1—a?) ¥ (57)

m

In these expressions, A is the area of each of the two plates confining the system, so that
N/ A can be seen as an effective two-dimensional number of particles density. As required
by consistency with the existence of the ICS, the cooling rate does not depend on z.

Let us consider the equation for the density profile, equation (53). Taking into
account that for symmetry considerations it must be n(z) = n(h — z), the equation is
seen to be equivalent to

0 TN h
% Inn(z) = 7(1 + ) (Z - 5) ) (58)

whose solution is
N h\ >
n(z) = yn exp a|z— 5 (59)

(1 +a)N
2A ’

T\ 1/2 h—o
b5(5> erﬁ\/5< 5 ) (61)

Here erfi(x) is the imaginary error function defined as

y 2
erfi(y) = 7~/ / dy’ e (62)

-y

where

a

(60)

In the elastic limit o = 1, the above density profile coincides with the exact equilibrium
result reported in [22]. For a < 1, the comparison can be made with an approximate
result derived from the Boltzmann equation (1) also for the ICS, and valid in the limit
(h—o0)/o < 1[25]. The only difference is that the latter contains a factor due to the
anisotropy of the velocity distribution function, an effect that is neglected in the model
kinetic equation. The formulation of the model can be easily improved in such a way
that the above anisotropy be taken into account, but this would require an extension of
the usual concept of hydrodynamics, with the substitution of the temperature field by
two independent partial temperature fields. Let us mention that the inhomogeneity of
the density field in the direction perpendicular to the confining plates, and the quanti-
tative accuracy of the theoretical predictions based on the Boltzmann equation have
been verified both for elastic [22] and inelastic [25] hard spheres by means of molecular
dynamics simulations.
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Since, by construction, the model leads to the same balance equation as the origi-
nal Boltzmann equation, equations (13)—(15) can be directly applied to analyze some
properties of the ICS, as predicted by the model. From the momentum conservation
equation, it follows that the component of the pressure tensor in the ICS must verify

oPL)  oPY)

0z 0z =0, o
0P, 0 ¢
P (et P 0, ©

The model also conserves the expresison of the pressure tensor and, therefore, the gen-
eral result derived in section 2 that the collisional transfer contributions to the pressure
tensor vanish at the hard walls can be employed, and write

P..(t) = PW (2 =0/2,t) = n(z = 0/2)T(1), (65)

where equation (B.1) has been used. This expression gives the normal force per unit of
area exerted by the gas on the plates in the ICS. In the elastic limit, the only change
to be made is to substitute the time dependent temperature by its equilibrium value.
Then, the expression agrees with the result obtained previously for the equilibrium
state of an elastic gas of hard spheres [22, 34]. The simplicity of this result is consistent
with the behavior obtained in the limit of extreme confinement also for elastic spheres
[4]. It is worth to emphasize that, as derived here, equation (65) reflects a property
valid not only at the hard boundaries of the system but also in the bulk.

The distribution function of the ICS following from the Boltzmann equation (1)
differs qualitatively from a Maxwellian, specially for « significantly smaller than unity,
while we have seen that with the kinetic model a Maxwellian is obtained for all values
of a.. In spite of this difference, the kinetic model may still be useful to study a variety
of physical situations. To put this expectation on a firmer basis, the velocity distribu-
tion function of the ICS has been computed using molecular dynamics simulation tech-
niques. The results show that the velocity distribution is anisotropic, i.e. the marginal
distributions associated to the velocity parallel and perpendicular to the plates differ,
and so do the associated partial granular temperatures. On the other hand, both dis-
tributions can be approximated very accurately by a Maxwellian for thermal velocities,
say |v| < (T/m)'/2, even for relatively small values of the coefficient of normal restitu-
tion and for widths of the system close to 2o.

5. Summary and conclusions

One of the aims of this paper is to derive the balance equations for the local density,
momentum, and energy of a system of (elastic or inelastic) hard spheres confined
between two infinite parallel plates, separated a distance smaller than two particle
diameters. The dynamics of the system is assumed to be accurately described by a
Boltzmann-like equation derived recently. As a consequence of the confinement, there
are collisional transfer contributions to the pressure tensor and the heat flux that, in
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principle, are characteristic of fluids beyond the dilute limit. Quite interestingly, the
expressions of the collisional transfer contributions imply that all them vanish at the
hard boundaries confining the system. This result applies independently of the state
of the system and also of the nature, elastic or inelastic, of collisions. Therefore, it
constitutes a wide generalization of the ‘wall theorem’ formulated in equilibrium sta-
tistical mechanics. Another aim of the present work is to formulate a model kinetic
equation closely related to the Boltzmann-like kinetic equation mentioned above. In
particular, the model has, by construction, the same balance equations as the original
equation. As a test of the model, it has been applied to the simplest macroscopic states
corresponding to a molecular, elastic gas and to a granular, inelastic gas, respectively.
A good agreement with previous results obtained using equilibrium methods and the
Boltzmann equation itself has been found.

In principle, the model formulated here could be used to derive hydrodynamic trans-
port equations by using the Chapman- Enskog procedure. Actually, this has been done
for other BGK-like models formulated for the Enskog equation of dense gases of hard
spheres [30, 32]. Nevertheless, this may be not a good strategy to describe the observed
macroscopic behavior exhibited by this system and mentioned in the Introduction sec-
tion. The observed phenomenology corresponds to a two-dimensional image of the sys-
tem, when looked from above or from below. The effective phase separation occurs in
the plane parallel to the plates and not in a volume region of the system. Moreover, and
more important, the geometry of the system makes it difficult to suppose that there
is hydrodynamic behaviour in the direction perpendicular to the plates. It seems more
plausible that the dynamical behavior observed by projecting over a horizontal plane
can be accurately described at a macroscopic level by hydrodynamic-like equations. In
this context, a logical way to proceed is to derive projected balance equations from the
three-dimensional ones presented here, formulating afterwards a model kinetic equa-
tion using arguments similar to those used in this paper.
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Appendix A. The macroscopic balance equations

Muiplication of equation (1) by mwv and integration over v yields

Ju(r,t) Ou(r.t) N 0

5 mn(r, t)u(r,t) 5 B

mn(r,t)

PO f) = / dvmodlr,olf], (A1)

with the kinetic parte of the pressure tensor, P*), given by equation (18). By using the
property (7) and the collision rule, equation (8), it is found

1+« h—o/2 2m o R
/dvm'vJ[r,v|f] =—— ma/d'v/dvl/ le/ dglg - 5[266(—g - &)
o/2 0
X f(riz,v1,t) fr,v.0). (A.2)
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This expression is trivially equivalent to

+a h—o/2 h—o/2 2T
/dvm'vJ[r,v|f] = ma/dv/d'ul/ dzl/ sz/ dpé(z — 2)|g - 72
0

X 0'2@(—9 02) f(ris,v1,t) f(re,, v, 1),

(A.3)
with
05 = {sin 0 sin p, sin 05 cos p, cos O3 } (A.4)
21— 2 .
cos By = s sinfy, > 0, (A.5)
and
ro, = {x,y, 22} . (A.6)

It is worth to remark that for the equivalence of equations (A.2) and (A.3) it is crucial
that /2 < z < h/2. Interchange of z and z, of v, and vy, and change of ¢ into ¢ + 7
on the right-hand-side of equation (A.3) leads to

1 h—o/2 h—o/2 2m
+Oé ma/dv/d'vl/ dzl/ dzg/ dpé(z — 21)|g - 7
0

x 02@(—9 &2) f(riz,v1,t) f(ras, v, 1), (A7)

/dvva[r v|f] =

where we have taken into account that under the indicated changes &, changes signe.
Taking one half of each of the two equivalent expressions given by equations (A.3) and

(A.7), one gets
h—o/2 h—o/2 2w
/d’um’uJ[r,v|f] =— /d'v/d'vl/ dzl/ dZQ/ de [0(z — 29)
o/2 /2 0
—0(z —21)] g - &2‘2&2@(—9 - 03) f(r1z,v1,t) f(1roz, v, 1). (A.8)

Next, the formal relation

0z—2)—08(z—2z) = (22—21)(;1/ dAd0 [z — Mzg — 1) — 2] (A.9)

is used, so that equation (A.8) is seen to be equivalent to

].-FOZ h—o/2 h—o/2 2 1
/d'vm'vJ[r,'v|f] === 6z/dv/dv1/ dzl/ dzz/ d(p/ dX
0 0

X0z — Nzo — 21) — 21] g - G,°020(—g - 7))
X f(r1z,v1,t) f(Tas, v, 1). (A.10)

In the above expression, 7). and &, are given by equations (25) and (27), respectively.
The presence of the delta function in the integrand guarantees that —1 < cosf) < 1, as
it must be. Consider

—o/2 h—c/2
/ dzd [z — XN /290 — 21) — 2] :/ dze 0 [N (29 — 20)] - (A.11)

o/2 /2
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This integral is equal to A™! for ¢/2 < 2z, < h — 0/2 and vanishes otherwise. Taking
into account that f(r,v,t) also vanishes for z outside this interval, one easily gets
equations (20) from (A.10), with the collisional transfer contribution to the pressure
tensor given by equation (22). Finally, use of equations (20) into (A.1) directly leads to
equation (14).

To derive the balance equation for the energy, a similar procedure is followed. The
Boltzmann equation is multiplied by muv?/2 and afterwards integrated over the veloc-
ity. Using the balance equation for the momentum, equation (14), it is found

3 T (r,t) 3 o1 (r,t) *) Ou(r,t)
2n(’r,zf) 5+ 2n('r,t)u(r,t) o + PW (r,t) : .
0 9, mu?
A () () -~
+on W) a2 PO = [ ol a2)

with the the kinetic part of the heat flux, J ((]k), given by equation (19). Here, the rule of
implicit sum over repeated indexes is used. To compute the integral involving the col-
lision term, the general property given in equation (7) is employed. From the collision
rules it follows that

0'2—112:—1;a2(g-3)2+(1+a)g-&G-5’, (A.13)
where G is the center of mass velocity,

g=" +2v1 (A.14)
In this way it is easily obtained that

/d'v—J r,v|f] = —(1 — a®)w(r,t) + I(r,t). (A.15)
The expression of the source term w(r,t) is given in equation (29), while
Irt)=——(1+a«) /dv/d'vl/h o zl/ delg-6)°G-60 (—g - o)

X f(rlz,vl,t)f(r,v,t). (A.16)

By using the same kind of method as for the pressure tensor this can be written as

ma h— 0'/2 27 1
I(r,t) = (1+a)=— /dfv/dvl/ 1/ dgp/ dA A"l g - o\[*G - 5,5y,
0 0

X @(—g o)) f(rlz,vl,t)f(r,\,v,t). (A.17)

Now, the peculiar velocity of the center of mass G defined in equation (24) is intro-
duced, and it is a simple task to get

o) . 0 .
1r1) = == ui(r, P (r.8)]| = -J2(r.1). (A.18)

The expression of the collisional transfer contribution to the heat flux, Jq(g) is given in

equation (23). To get equation (15) in the main text, it only remains to substitute the
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above result into equation (A.15), and then use the derived expression for the collision
term contribution into equation (A.12).

Appendix B. The ICS distribution from the kinetic model equation

In this appendix, the derivation of the results reported at the beginning of section 4 will
be outlined. For the Maxwellian distribution in equation (51), it is

P(k)(z, t) =n(z)T ()], (B.1)

where | is the unit tensor in three dimensions. The kinetic part of the heat flux, J gk),
defined in equation (19), vanishes since the distribution function of the ICS is an even
function of the velocity.

From equations (20) and (A.2),

a ¥ 1 h—o/2 o
%Pii)(z,t) +aman /dv/dvl/ dzl/ dy|g - o|*5;

X O (=g - o) n(z1)¢ics(v, t)ics(v1, 1)
1 h—o/2
+Ozmon /d’u/dvl/ dzl/ delg - o]0
x n(z1)Y1cs (v, t)ics(v1, 1), (B.2)
The velocity integrals are easily carried out to get
1 h—o/2 2
9Oy = LY ) / dz / dpGin(z)
0z o/2 0
h—c/2
= dur(l4 (L) [ da (o= 2l B3
/2

Finally, for the collisional transfer contribution to the heat flux, use of the distribu-
tion (51) into equation (23) gives

mo h— 0/2 2m 1
T (z,1) = 2 /d’u/dvl/ 1/ d(p/ d\|g - &, |?
0 0
X G - 0\0x:Y1cs (v, t)ics(v1, 1), (B.4)

and this expression vanishes because the integrand is and even function of the velocities.
Taking into accout the above results, particularization of equation (50) for fics(z,v,t),

given in equation (51), yields
dfics dfics dies | OPY mv? 2
= . ~1)a-
v ar (I-a’w (B.5)
or, equivalently, ©
3 aT(t) ( mwv? on(z) 1 P muv? 5
( —1) L + 370 -1)(1—-a)w

+ v,
27°(¢) ot \3T(t)
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This equation directly implies equations (53) and (54), just by equating coefficients of
the same power of the velocity.
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