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Kinetic theory for dilute cohesive granular gases with a square well potential
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We develop the kinetic theory of dilute cohesive granular gases in which the attractive part is described by
a square well potential. We derive the hydrodynamic equations from the kinetic theory with the microscopic
expressions for the dissipation rate and the transport coefficients. We check the validity of our theory by performing

the direct simulation Monte Carlo.
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I. INTRODUCTION

The hydrodynamic description of granular materials is
useful to know the rheological properties of the granular flow.
Since granular materials are recognized to behave as unusual
solids, liquids, and gases, granular materials have attracted
much interest among physicists [1]. The most idealistic
granular system is a dilute gas without any external forces such
as gravity. To analyze such a simple system it is important
to understand complex behavior of granular materials. If
the kinetic energy or the granular temperature of a granular
gas homogeneously decreases because of inelastic collisions
between grains, the time evolution of the temperature obeys
Haff’s law [2]. However, this homogeneous cooling state
cannot be maintained as time goes on, because clusters of dense
region appear [3—5]. Such inhomogeneity of granular gases can
be understood by granular hydrodynamics [6-10] in which
the transport coefficients for the inelastic hard core system
for the dilute case [11-15] and the moderately dense case
[16,17] can be determined by the inelastic Boltzmann-Enskog
equation [6,14,18,19]. These theoretical results exhibit good
agreements with the numerical simulations, at least, for nearly
homogeneous moderately dense granular flows [20,21]. It
should be noted that we often use the direct simulation
Monte Carlo (DSMC) to evaluate the transport coefficients
instead of using the molecular dynamics simulation, which
was originally introduced by Bird [22] to study rarefied gas
[23-26] and later has been extended to dilute inelastic gases
[6,27] and to dense inelastic gases [28,29]. This is because we
should keep the system almost uniform.

The interaction between contacting granular particles usu-
ally consists of the repulsive force and the dissipative force
proportional to the relative speed. For fine powders and wet
granular particles, however, cohesive force cannot be ignored.
The origins of such cohesive force are, respectively, van der
Waals force for fine powders and capillary force for wet
granular particles [30-32]. Such cohesive forces can cause
the liquid-gas phase transition [33], the variations of cluster
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formation of freely falling granular particles [34-39], and the
enhancement of the jamming transition [40,41]. Thus, the
study of cohesive granular materials is important for both
physics and industry to treat real granular materials. In our
previous paper we have demonstrated the existence of various
phases for fine powders in the presence of a plane shear, which
cannot be observed in granular gases under the shear [42].
We have also developed the dynamic van der Waals model
in describing such a system [33] and obtain qualitatively
consistent results with those in Ref. [42]. These results suggest
that the ordinary kinetic theory for a hard core system cannot
be applied to this system. Needless to say, the kinetic theory is
important to give us the microscopic basis of the macroscopic
phenomenology such as Ref. [33] and the simulation results
such as Ref. [42]. In this paper let us consider a granular gas
whose interaction consists of the hard core for a repulsive part
and a square well potential for an attractive part. There exist
some studies on the kinetic theory of gas molecules having the
square well potential [43—48] in which the collision processes
are categorized into four processes: (i) hard core collisions,
(ii) entering processes, (iii) leaving processes from the well,
and (iv) trapping processes by the well [45,46,49]. Note that
most of the previous works study gases without dissipations in
collisions except for some recent papers [50,51], which do not
discuss the transport coefficients. It should also be noted that
some papers developed the kinetic theory based on different
models for cohesion [52,53].

In this paper we derive modified Haff’s law and derive the
transport coefficients for the dilute cohesive granular gases
in freely cooling processes. For this purpose we extend the
kinetic theory for the inelastic hard core system to the nearly
elastic granular gases having the square well potential. The
organization of this paper is as follows. In the next section
we evaluate the scattering angle for a two-body collision
process as a function of the impact parameter and the relative
velocity of the colliding pair of particles by solving the
Newton equation. In Sec. III we extend the kinetic theory
for hard core granular gases to the gases having the square
well potential to derive the transport coefficients in a set of the
hydrodynamic equations. In Sec. IV we compare them with
those obtained by the DSMC. In Secs. V and VI we discuss and
summarize our results, respectively. In Appendix A we explain
collision geometries for core collisions and grazing collisions
to determine the velocity change during collisions in details.
In Appendix B we briefly explain the procedure to obtain the
transport coefficients by using the Chapman-Enskog theory.
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FIG. 1. A schematic view of a collision process. The dotted line
represents the outer edge of the attractive potential.

In Appendixes C and D we calculate the second moment of
the collision integral and two Sonine coefficients in terms of
the kinetic theory, respectively. In Appendix E we calculate the
explicit expressions of the transport coefficients in the high and
low temperature limit. In Appendix F we briefly summarize
the DSMC algorithm. In Appendix G we estimate the critical
temperature, at which we cannot ignore the trapping process.

II. SCATTERING ANGLE FOR THE SQUARE
WELL POTENTIAL

Let us calculate the scattering angle for monodisperse
smooth inelastic hard spheres having the square well potential
whose mass is m [16,43,54-57]. Here the hard core potential
associated with the square well attractive part for the relative
distance r between two spheres is given by

oo (r<d),
Ur)y=4{—¢ (d<r <Ad), (1)
0 (r > Ad),

where ¢ and X are, respectively, the well depth and the well
width ratio. We assume that collisions are inelastic only if
particles hit the core (r = d) characterized by the restitution
coefficient e.

Let us consider a scattering process in which two particles
approach from far away with relative velocity v and leave with
the relative velocity v’ after the scattering as depicted by Fig. 1
in the frame that the target is stationary. The incident angle 6
between v and the normal unit vector k at the closest distance
r = rmin between colliding particles is given by

2

%o du
9=b/ :
0 \/1 — b2 — U1 /u)

where u = 1/r. Here ug = 1/rmi, is the smaller one between
1/d and the positive solution that the denominator of Eq. (2)
is equal to zero [58,59], and k= rip/ri2 is a unit vector
parallel to r;, = r; — r, with the positions r; and r, for
particles 1 and 2, and ry; = |ri2|. We have also introduced
the impact parameter b for the incident process. Because the
scattering is inelastic, in general, the impact parameter b’ after
the scattering and the angle 6’ between k and v’ differ from
b and 6, respectively (Fig. 1). Let us consider the case for
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b > Ad, where Eq. (2) reduces to

1/b d
p=p| 2L __T 3)
0o 1—=02u2 2

under the condition uy = 1/d. Because the particles do not
collide, 6’ = 6, the scattering angle yx is given by

=7 —20=0, ﬁn%:O. 4)
Next, we consider the case for b < Ad in which Eq. (2) can
be rewritten as

1/ad du

dl/l up
0=>b ——l—b/ —_—
0o ~1—0b%u? 1rd [1 — p2y2 4 e

b “o du
= arcsin [ — | + b/ _— (5)
(Ad> 1/xd v v? — b2u?
where we have introduced v as
4de
ve 14— ©)
mv

and uop = min(1/d,v/b) with the introduction of a function
min(x,y) to select the smaller one between x and y. We note
that v is related to the refractive index [58,59]. For b > vd,
ug is given by ug = v/b and this collision is called a grazing
collision [43,54,55]. From Eq. (5) we rewrite 6 as

=" 4 arcsin 2 resin [ 2 %)
—2 arcs )\,d arcs \})\,d .

Because the particle does not hit the core, 6" should be equal
to 6. Then the scattering angle y is given by

b b
x=x9 =x—20 =2arcsin| — | — 2arcsin [ — ).
vAd Ad

®)

Equation (8), thus, can be rewritten as

. X . . b . b
sin = = sin |arcsin|{ — | —arcsin | — ) |. )
2 vid rd

Note that this collision does not exist for A < v.
For b < vd, uy is given by ug = 1/d, and then the particles
hit the core of the potential. From Eq. (5) we obtain 6:

0 — arcsi b + aresi b . b (10)
= arcsin | — aresin | — aresin | —— ).

In this case, the collision is inelastic, and thus, 8’ is not equal to
6. From the conservation of the angular momentum bv = b'v’,
0’ is given by

) ) b ] b ) b
0" = arcsin | — | + arcsin [ — | — arcsin [ ——
rd v'd V' Ad
. b . b . b
= arcsin | — ) + arcsin | — ) — arcsin { —
Ad vd vAid

( bv? n b b )

p _

VA2 — b2 V222 A2v2d? — b?

X cos2@® + 0(62), (11)
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FIG. 2. Schematic views of dynamic processes between two
adjacent particles. There exist three types: (a) collisions via the hard
core potential (inelastic), (b) grazing collisions (elastic), and (c) no
collisions.

where we have introduced ® as

202 _ K2
cos@z—‘”ddb (12)
V

(see Appendix A for the derivation) and € = 1 — e. Thus we
obtain the scattering angle x as

x=m—-0-0=x9+exV + 0 (13)

b
x© =7 — 2arcsin (—)
Ad

with

b b
-2 in| — 2 in{ — |, 14
arcsin (vd) + 2 arcsin <v)»d> (14)
) |: bv? b b ]
XV = + -
\/Azdz —_p2 \/vzdz —_ b2 \/)L2v2d2 —_ b2
x cos’ ©. (15)

We can rewrite Eq. (13) as

o ©
sin = = sin =— + —exV cos X + 0(€?). (16)
2 2 2 2
These results are consistent with the previous study in the
elastic limit (e — 1) [43]. We regard the grazing collision as
a combination of (ii) entering and (iii) leaving processes from
the well [43]. We ignore the trapping process by the attractive
potential in the elastic limit (i.e., ¢ — 0) because colliding
particles against hard cores have positive energies and most
of the rebounding particles still have positive energies. In
other words, if the trapping process is relevant, the inelastic
Boltzmann equation is no longer valid. Thus, through the
analysis of the inelastic Boltzmann equation we will discuss
whether it can be used even for weakly inelastic cohesive
granular gases. We summarize the above results in Fig. 2 and
Table I.
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TABLE 1. Parameters corresponding to Fig. 2.

(a) Hard core (b) Grazing
(inelastic) (elastic) (c) No collision
b b/d < min(v,A) min(v,A) < b/d < X b/d > X
sin % Eq. (16) Eq. 9) Eq. (4)

III. KINETIC THEORY AND HYDRODYNAMIC
EQUATIONS

If we consider a dilute and weakly inelastic homogeneous
granular gas, we may use the inelastic Boltzmann equation

d
(m-i-vl )f(",vl,f)=1(f,f), (17

where I(f, f) is the collision integral
1£.5)= [ vy [ dkotminG.) ~ biors - &

X [xeo (X, V) f(r,v],0) f(r,v5,0)
- U(X7v12)f(rﬂvlvt)f(rv")2v[)]

+ /duz/dm[l;—min(x,vmm k|

X [O'(X’Uu)f(r v t)f(r vzst)
— o(x,vi2) f(r,v1,0) f(r,v2,0)]. (18)

Here we have introduced the step function ®(x) = 1 forx > 0
and ®(x) = 0 otherwise. Here v, = |vp| with v, = v; — vy
with the velocity v; (i = 1,2) for the ith particle, o (x,v2) is
the collision cross section between the ith and jth particles,
and b =b/d is a dimensionless collision parameter. The
factor x, is related to the Jacobian of the transformation
between precollisional velocities v/, v/ and the velocities after
collision vy, v, [15,18,60,61]. The first and second terms on the
right-hand side of Eq. (18) correspond to inelastic and elastic
collisions, respectively. For the sake of later discussion, we
explicitly write the relationship between (v{,v) and (v;,v,)

v =v/1’+%Av, v2:v2——Av (19)

with
1 ®
_ o1 - Lare O, nbk+ 0@ (0
2 cos2 0
for inelastic hard core collisions and

v= 20", kk (21)

for elastic grazing collisions (see Appendix A for the deriva-
tion). From Eq. (20), the explicit form of the factor y, is given
by

2
xo =1+ zeu2°052® +0(?) (22)
cos* 0

for inelastic hard core collisions. It should be noted that
Eq. (22) is consistent with 1/¢*> for inelastic hard core
potential [15,18,60,61], because this can be expanded as
1/e* =14 2¢ + O(€?) in the nearly elastic limit and v and
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® reduce to v — 1 and ® — 6, respectively, in the hard core
limit from Eqgs. (6) and (12).

A. Homogeneous freely cooling

In this subsection let us determine the velocity distribution
function f(v,t) in freely cooling granular gases based on the
Boltzmann equation (17). First, we expand the distribution
function in terms of Sonine polynomials [13,15,18,60,61] as

f(O)(v,t) = fm(V)|: + ZagSg<2T(t)>j| (23)

where V =|V|=|v—-U| is the local velocity
fluctuation from the flow velocity U(r,r), fm(V)=
n(m/2rT)}? exp(—mV?/2T) is the Maxwellian at the

temperature 7 and the number density 7, and Sy(x) = Sél/ 2 x)
is the Sonine polynomial:
¢ .
; (—DrG+e+1)
s =Y SR 2

TGk + DU — k™

with the Gamma function I'(x). The time evolution of
the granular temperature, obtained by the product of the
Boltzmann equation with mv% /2 and integrating over vy, is
written as

dr
dr —

where we have introduced the cooling rate for the homoge-
neous gas

—Z(O)T, (25)

2 2T
cO = §nd2 ?Mz. (26)

Here M, is the second moment of the dimensionless collision
integral

M, = _/dclcfi(ﬂ‘”,f(")), 27)

where we have introduced the dimensionless veloc-
ity ¢y =v;/vr(t) with the thermal velocity vr(t) =
/2T (t)/m, the dimensionless collision integral I( /@, f©@) =
(v% /n2d)HI(fQ, f©@) and the dimensionless distribution
function fP(c) = (v% /n) fO(v,1). After some manipulation
of Eq. (27), M can be rewritten as [13,60]

1 N N
My = — z/dcl/ch/ndlg-klff()(,clz)

x fP%e) fO>e)Alef + 3] (28)

with &(x,c12) = o (x,vi2)/d* and ¢(c) = w2 exp(—c?),
and Ay(c;) = ¥ (c!) — ¥(c;). It should be noted that the
density keeps constant and the flow velocity is zero in the
homogeneous state.

B. Hydrodynamic equations

In this subsection let us derive the transport coefficients
which appear in a set of hydrodynamic equations. Multiplying
the Boltzmann equation (17) by 1, v;, and mv]2/2 and
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integrating over v, we obtain the hydrodynamic equations

on
U 1
8—+U-VU+—V~P:0, (30)

aT
U VT+—(P VU4V-q)+¢T =0, @3l

where n(r,t) is the density field, U(r,¢) is the flow velocity,
and T'(r,t) is the granular temperature. The pressure tensor P,
the heat flux ¢, and the cooling rate ¢ are, respectively, defined
as

P,‘j E/dvDij(V)f(r,v,t)+nT8ij, (32)
q= /de(V)f(r,v,t), (33)
¢ =——— [ dv’I(f. /) (34)

where D;;(V) = m(V;V; — Vza,-j/3) and S(V) = (mV?/2 —
5T/2)V. We adopt the constitutive equations at the Navier-
Stokes order

P = p(S,-j —

n(ViU; +V;U; — 28;V -U),  (35)

q =—«kVT —uVn, (36)

where p is the hydrostatic pressure, 7 is the shear viscosity, k is
the thermal conductivity, and w is the coefficient proportional
to the density gradient. Throughout this paper we have
assumed that the equation of the state p = nT is held because
we are interested in the behavior in the dilute limit, though
this assumption might not be true if the granular temperature
is sufficiently low.

To obtain the transport coefficients, we adopt the Chapman-
Enskog method [56,60,61]. Here we expand the distribution
function around Eq. (23) as

f=fO4srd 4. .. 37)

by a small parameter § corresponding to the gradients of the
fields. Similarly, the time derivative of the distribution function
is expanded as

9 9O o
o o ar
We, thus, rewrite the Boltzmann equation (17) as

50) 5
(G +s5 +

=IO+ D+ O+ V0L (39)
The equation at the zeroth order of Eq. (39) is reduced to

+- (38)

-+8v1-V>(f(0)+5f“)+---)

f“” 1(FO, fO). (40)

From Eqgs (29)-(31) the zeroth order hydrodynamic equations
are, respectively, given by
9O 9O 9O

R S ()
o T =—c0T. @

012906-4



KINETIC THEORY FOR DILUTE COHESIVE GRANULAR ...

which are equivalent to those obtained in the previous
subsection for the homogeneous cooling state. The zeroth
order of the pressure tensor and the heat flux are, respectively,
given by
0 0
Py =nTs;, ¢%=0. (42)
The first-order Boltzmann equation becomes

90 (90 o) f0
Ef + (W + - )f

= I(fO, fDY+ 1(f D, fO). (43)

The corresponding first-order hydrodynamic equations are,
respectively, given by

oM

5 n=-V.-nU),
M 1
—U=-U-VU - —V(nT), (44)
ot mn
o)

2 (€Y]
~ T=-U-VT-271V.U-¢"T,
at 3

where the first-order dissipation rate ¢! is defined by
2
¢ = " /dvvzl(f(o),f“)). (45)
3nT

We note that ¢! becomes zero because of the parity of
the integral (45) [14,60,61]. We assume that the distribution
function @ depends on time and space only via its moments:
the density n, the average velocity U, and the temperature 7
as fO = fOry|n,U,T]. Then we can rewrite the first-order
equation (43) as

0
o' ;f()JrJ(l)(f(m Oy —¢OT2 of
0
= fOV.U-V -Vn)+>— 0% (2 ZTV-U—-V-VT
oT \3
f(O) 1
+W ((V-V)U—%VP) (46)
where

J(l)(f(o),f(l)) — —I(f(o),f(l)) _ I(f(l),f(o)). 47)

From the form of the first-order equation (43), the solution of
this equation is expected to have the form

fY'=A-ViegT +B-Viogn +Ci;V,U;, (48)

where the explicit forms of the coefficients A, B, and C;;
are given in Appendix B as Egs. (B19), (B20), and (B12),
respectively. The pressure tensor and the heat flux can be
written as

P = —y(ViU; + V;U; — 28,V - U),  (49)

gV =, —«kVT — uvn. (50)

Substituting f = f@ + 1 and Eq. (49) into Eq. (32), we
obtain the differential equation for the shear viscosity n with
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respect to T" as
an 2 2T

O — -2 dz,/ Qn =nT, 51
oo — 3" i =n b

where 7 is given by

= [ der [ ae: [ dkox.cien benpien
o0
X |:1 + ZagSg (C%)i|Dij(02)A[Dij(cl) + D;j(c2)]

(52)

with D; j = D;j/e. Similarly, substituting Eq. (50) into Eq. (33)
we obtain the differential equations for the thermal conductiv-
ity « and the coefficient u with respect to 7' as

9 4 2T 15nT
—(3;<°>/<T)+—Knd2,/ Q= 2" (1420 (53)
T 5 2 m

and
4 , .12 15nT
-n°d | —Qu=ay——,
5 mT M a22 m

(54)

<0) “

—3n¢ — 3k —

respectively, where 27 is given by

- f de; / des f a5 (r.cn)ern - Dpend(e)

x |:1 + Za[S[(C%)]S(Cz) - A[S(er) + S(ex)] (55)

=1

with § = §./m/&3. It should be noted that Egs. (51), (53), and
(54) are consistent with those in the previous study in the hard
core limit [60].

C. Transport coefficients for the granular gases having the
square well potential

In the previous subsection we have presented the general
framework for the second moment (28) and the differential
equations of the transport coefficients (51), (53), and (54) in
dilute granular cohesive granular gases without specification
of mutual interactions between grains. In this subsection let us
derive the explicit forms of them for the square well potential
outside and the hard core potential inside. Here we assume that
the zeroth order distribution function can be well reproduced
by the truncation up to the third order Sonine polynomials
[13,60,62-64] as

FO) = p(O)[1 + a28:(c?) + a3 S3(cH], (56)

where a) is automatically zero because the first-order moment
is absorbed in the definition of the zeroth velocity distribution
function. In this paper we only consider the elastic limite — 0.
In addition, the coefficients a, and a3 can be, respectively,
written as the series of € as shown in Appendix C,

a) = az ) 4 Ea(l) + 0(€?),

0)

) 2 57)
a3 =ay +e€ay + 0(e),
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where the coefficients are given by

N N

a®=a® =0, oP="2 P

a, = 3, az = 3 (58)

with
0 };max . - 1
N, =2 / deyy / db b(v* — b*)c}, (5 —cfz)exp< c12> / dc}, / db' B¢} (35 — ¢}y) sin® x ¥ exp (—56/122>
bqu
/ dclz/ db b(v* b2)c12(105 l4ct, — Clz) exp (—Ecﬂ)
1
/ dc12/ db' B¢}y (7 — c3) sin X(O)/exp< 20@) (59)
P “\ 5 2 4 1, < )\~/~//7-2(0)/ 1,
N3 =4 ) dc12 i db b(v* — b*)c7,(105 — 14cf, — cf,) exp —5) ) dc, i db' b'cysin® x ¥ exp | =3¢

o) bimax . - 1 00 A s 1
— 8/0 dcn/O db b(v* — b*)c, (5 — cf,) exp <—§cf2> /0 a’c/n/0 db' B¢}y (7+ ) sin® x© exp (—50’122>

(60)
" de dbb —= " db’ b (35— oy _Le
12 cl,sin x @ exp 012 iy i ( cty) sin® x @ exp Sz
1
/ dCu/ db bel, (7 — 1) sin® x @ exp (——clz>/ dcn/ db' B'ch(7+ ¢3) sin® x© exp (_56/122) (61)

For simplicity we have introduced the notation x©’ = X(O)(I;’,c/lz). To obtain these expressions, we have ignored the terms

proportional to a%, ag, and a,a; because we are interested in nearly elastic situations. Therefore, from Eq. (28), we

obtain

My = MY +eMY + 0(?), (62)
where
MY =0, (63)
) b . 1
MY = Vo f ders f db b(v* — b*)c?, exp (—Ec%z) (64)
0 0

with bax = min[v(cy2),A]. Substituting Egs. (26) and (62) into Eq. (25), we obtain the time evolution of the temperature as the
solid line in Fig. 3, in which the number density, the restitution coefficient, the potential width ratio, and the initial temperature
are, respectively, nd®> =0.05, e =0.99, A = 1.5d, and T = 10s. When we start from the temperature much higher than the
well depth, the decreases of the temperature obeys Haff’s law for hard core systems in the initial stage [2]. As the temperature
approaches the well depth, the rate of temperature decrease is larger than Haff’s law. A similar result on the crossover from
Haff’s law to a faster decrease of the temperature has already been reported by Ref. [51].

Next, let us calculate the transport coefficients. Similar to the previous case, with the dropping the contributions from a3,
a3, and ayas, the coefficients Q) and €2} defined in Eqgs. (52) and (55) are, respectively, given by (see Appendix D for the
derivation)

Q= Q0 4+ € QO + 0(e?),

Q= QO 4 € QO 4 O(e2), (65)
with
/2 o] A s 1
Q0 = — _nf dc12f db bel, sin® x @ exp <——c%2), (66)
4 Jo 0 2
/2 0 A . 1
QO = — "Y1 f dep f db bel, (63 — 18¢, + i) sin® x @ exp [ —= ¢t
V2 bz I
REer=r: " den / db bel, (693 — 297¢2, + 33ch, — by sin? x© exp <_§cf2>
0
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V2 |
n/ d612/ db bel,x' s1n2x(0)exp(—§c12>

bmax ) 1
+ V2 / dclzf db b(v? bz)cn(— — sin’ XT) exp <—§cf2>, (67)

(O
Q0 =

a(l) A/ 27T
31536

2 . 1
- / dery / db bcl, sin® x @ exp (—Ec%z), (68)
0 0
0 A . 1
deis / db bcl, (63 — 18¢7, + C?z) sin? x @ exp [ —=¢?,
128 Jo 0 2

00 A s 1
dc12/ db ch2(693 —297¢t, +33c¢, — C?z) sin® x @ exp (—Ec%2>

2 'max s -
v ”/ dclgf db bel,x 51n2x()exp<—§c12>~l—«/ / dc12/ db b(0? — BA)cl,

) 1 /2 o0 max 5 1
x cos’ XT exp (—chz) + Tﬂ f dep / db b(v* — b*)c7,(25 — 11c},) exp (—chz). (69)
0 0

It should be noted that the zeroth order of these quantities,
Egs. (66) and (68), are the exactly same as the ones obtained
by the previous study [43].

Let us perturbatively solve the differential equation of the
shear viscosity (51) with respect to the small parameter €. We
expand the shear viscosity as

n =19 +en + 0. (70)

From Egs. (62), (65), and (70) we rewrite the differential
equation of the shear viscosity (51) as

2 2T
s L i OO
3n - (€M2 + ) 3
2 2 /2T (0) (0)
—gl’ld ;(Q; +€QZ +)

)=nT. 71

a
S0 FenV 4

X (7)(0) + en(l) + -

\ _
E‘ ]
2 kinetic theory & T
107 F DSMC o i =
3 [ RN | R | R N
10
10° 10" 102 10° 10*
t*

FIG. 3. The time evolution of the granular temperature for nd* =
0.05, A = 1.5, and e = 0.99 obtained by the kinetic theory (blue solid
line) and that by the DSMC (red open circles), where t* = t/e/m/d
and the initial temperature is set to be 10¢. The dotted line represents
Haft’s law for inelastic hard core spheres in which each particle has
the diameter d.

(

Solving the zeroth and first order of this equation, we obtain
5 /mT 1
O _
" ==551 "5 =0 (72)
2d 2 ®
e(1) )
0 = — Q) +5M2 T o o
QfI(O)

3O T
Similarly, the thermal conductivity « and the coefficient u are,
respectively, given by

(73)

k =k +exV 4+ 0(e?), (74)
w=u?+eu? + 0(e?), (75)
with
75 2T 1
O _— _
T eV m @ (76)
(1) (1
o _Qi L0 _ 75 /2T ay
Q© 842 Qe(O)
5 1 D,
2d2 er(O) aT( ) ( )
n® =0, (78)

o S MPOT 75 T3 o 79
P g0 T s QE“’) 7

We note that the zeroth order terms of these transport
coefficients, Egs. (72) and (76), are identical to those obtained
by the previous studies [43].

We obtain the expressions of the transport coefficients as
Egs. (62), (70), (74), and (75). The above procedure is not
practically useful for the simulation of the hydrodynamic
equations because we need to calculate the double integrals
at every step. To reduce the calculation cost, we compare
the results with high and low temperature expansions. From
the calculation in Appendix E, we can obtain the explicit
expressions of the dissipation rate and the transport coefficients
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TABLE II. High temperature expansion of each quantity and low temperature expansion of the second moment up to first order of ¢/ 7T and €.

Mo =2V21e(1+£) (T — 00), M, =2/2rwe(1+12£) (T — 0)
Q= —4V27[1 + e g — £5H2(150% + 154% + 227 4 24 4 2) + 32200 4+ D(5A — D log 21}1,
Q= —4V2m[1 + e — L5 {2(150% + 154° + 207 4 24 + 2) + 312 (A + 1)(542 — D) log 2711,

1280

_ 5
n= 1642 3840 T 96

2L 4 e 3357 + S5 {2(150% + 154° + 227 4+ 20 + 2) + 32200 4+ D522 — Dlog 2111,

o= [ L1+ e 35 + S 520150 + 150° + 207 4+ 21 + 2) + 3A2(h + 1)(5A% — Dlog 271,

64d2 T 9

_ 1185 T3
M= € 1024na? V oom:®

as in Table II. As a final remark in this section, we note that our
results up to a, order in Eq. (56) are almost identical to those up
to a3 in the elastic limit. This ensures that the expansion around
the Maxwellian gives well converged results by Eq. (56).

IV. COMPARISON WITH THE NUMERICAL RESULTS

To check the validity of the kinetic theory, we compare
the transport coefficients derived from the kinetic theory
in the previous section with those obtained by the DSMC,
which is known as the accurate numerical method to solve
the Boltzmann equation [22-24,65]. We note that stochastic
treatment of collisions via DSMC ensures the system uniform,
which is suitable to measure the transport coefficients.

A. Cooling coefficient

In this subsection we check the time evolution of the
granular temperature for homogeneous cooling state and the
second moment M,. We prepare monodisperse N particles
in a cubic box with the linear system size L. We distribute
particles at random as an initial condition, where the initial
velocity distribution obeys Maxwellian with the temperature
T = 10¢. Figure 3 shows the time evolution of the temperature
obtained by the DSMC and Eq. (25), in which the number of
particles, the system size, the number density, the potential
width, and the restitution coefficient are, respectively, N =
6250, L = 50d, nd* = 0.05, > = 1.5, and e = 0.99. The time

10" £ E
100 | E
[N}

107 F i
kinetic theory high-T expansion - --- |

102 b DSMC o] low-T expansion —-—-- |

C " P " P " P " P " " 1

10 102 107" 10° 10 10?

T/e

FIG. 4. The granular temperature dependence of the second
moment M, obtained by the DSMC (red open circles) and that
by the kinetic theory up to a3 order (blue solid line), where 7™ is
the dimensionless temperature defined by 7* = T /e. The dotted line
represents M, for the hard core system with the diameter d. The
dashed (dot-dashed) line represents M, obtained from the high (low)
temperature expansion.

evolution obtained by the kinetic theory fairly agrees with that
by the DSMC. Figure 4 shows the comparison of the second
moment M, obtained by the kinetic theory with that by the
DSMC, which is also consistent each other, where M, at high
temperature limit is identical to that for the hard core system
with the diameter d.

B. Shear viscosity

Let us compare the result of the shear viscosity by the
kinetic theory with that by the DSMC in this subsection. The
particles are distributed at random and the velocity distribution
satisfies Maxwellian at the initial condition. Then we apply the
shear with the aid of the Lees-Edwards walls at y = +L/2,
whose z component is &= Vi, as shown in Fig. 5. In the initial
stage, the energy injection from shear is not balanced with the
energy dissipation. Then, as time goes on, the system reaches
a nonequilibrium steady state. In this stage we calculate the
shear viscosity defined by

. P, Xy
n=— lim —, (80)

—>00 y
where y is a bulk shear rate defined by the gradient of
the flow velocity U, and P,, can be measured by the
DSMC. To suppress the boundary effects, we measure y
in the range —L/4 <y < L/4, that is, y = (U;|y=1/4 —
U.ly=—1/4)/(L/2). Although the Newtonian shear viscosity
should be measured by a relaxation process from the initial
perturbation for the homogeneous cooling system [27,66,67],
this method is hard to measure the shear viscosity in the
low temperature region. It is also noted that the Newtonian
viscosity is known to be identical to the steady state shear
viscosity in the elastic limit [68], which is the reason why

Iy

) |
x ~L/2 0 L/2
FIG. 5. A schematic view of our setup to measure the shear

viscosity. The walls at y =L/2 (y = —L/2) move to positive
(negative) z direction.
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0.3

T T L L T
Holleran & Hulburt ] DSMC o

kinetic theory (e=1) - - - high-T expansion ——-—-
kinetic theory —_— 7]

" PR " PR " P | " P | " PR
1078 1072 107 10° 10° 102
T/e

FIG. 6. Granular temperature dependence of the shear viscosity
obtained by the DSMC (red open circles), that by the elastic kinetic
theory (black solid squares in the previous study [43] and black
dashed line), and that by the kinetic theory (blue solid line), where
n* is the dimensionless shear viscosity defined as n* = nd*/./me.
The dotted line represents the shear viscosity for the hard core system
of the diameter d. The dot-dashed line represents the shear viscosity
obtained from the high temperature expansion.

we adopt the above setup. Figure 6 shows the comparison
of the shear viscosity obtained by the kinetic theory with
that by the DSMC, in which the number of particles, the
system size, the number density, the potential width, and
the restitution coefficient are, respectively, N = 10000, L =
3000d, nd* =0.01, A =2.5, and e = 0.99. Similar to the
case of M, the shear viscosity obtained by the DSMC is
identical to that obtained from the kinetic theory for hard-core
systems with a particle diameter d in the high temperature
limit. We cannot measure the shear viscosity for 7 < 107 's
because the system is heated up by the shear even if we
start from a lower temperature. The first-order solution of
the kinetic theory with respect to € also deviates from the
zeroth order solution below this temperature, which suggests
that the hydrodynamic description is no longer valid in this
regime. This may correspond to the limitation of the inelastic
Boltzmann equation, where the trapping processes cannot be
ignored even in the elastic limit.

C. Thermal conductivity

Next we compare the thermal conductivity obtained by the
kinetic theory with that by the DSMC. Although the heat
flux contains the term proportional to the density gradient,
we ignore its contribution because the term disappears in
the elastic limit e — 1 as in Eq. (78). To obtain the thermal
conductivity from the DSMC, we solve the heat equation under
a confined geometry shown in Fig. 7, where the temperature
at the left (right) wall at y = —L/2 (y = L/2) keeps T (Tr)
[69-71]. In the steady state, because hydrodynamic variables
depend only on y, the heat equation (31) is reduced to

T d T 81

y‘[v—é-v qy = Kdy. (81)

Let us nondimensionalize the quantities using the mass m, the
system size L, and the well depth ¢ as

n*

n=—,

- T = eT*, (82)

y=Ly",

PHYSICAL REVIEW E 94, 012906 (2016)

o o ? Iy
<& J/O%TR

z T, | . /o %
¢ é§ e
Y |
x —L/2 0 L/2

FIG. 7. A schematic view of our setup to measure the thermal
conductivity. The temperature of the left (right) side wall is kept at
T (Ty).

& d * ’ 1 1%
P=130 M2=<2>sz =R (83)

Thus we rewrite the heat equation as

d2

_ 20-1/3
gyt =3 (84)

with § = T*3/2 and y? = (1/«/§)p*2/\/l;/lc’*. By multiplying
d6/dy* on both sides of Eq. (84) and integrating the equation
from y* = 0 to y*, we obtain

de 1
R S— (85)
dy* VC —9y20%/3

where C is given by C = 6} +9y20§/3 with 6y = 0]y+=0

and 6) = df/dy*|y+=. Here we consider the system that the
temperature at y = —L/2 is lower than that at y = L/2, in
which the plus sign is selected in Eq. (85). Under this condition,
the solution of Eq. (85) has the following form:

g1/

®
y* — 20_ |:_®\/:m + ﬂz arctan <—>
14

8 _ 02
+/B2 =1 — Barctan (—ﬂzl = 1>:|, (86)

where 8 = {(6”2/9726;") + 1}'/? and © = (6/6,)'/3.

To obtain «’ from the DSMC, we numerically evaluate y
from the comparison of the temperature profile (86) with that
by the DSMC in the range —L/5 < y < L/10 as in Fig. 8.
It should be noted that we omit the data near the walls to
suppress the boundary effects. Using the estimated y and
the simulation results 6, 96, and M, in the homogeneous
freely cooling, we estimate «” in terms of the DSMC. Here the
number of particles, the system size, the number density, the
potential width, and the restitution coefficient are, respectively,
N = 10000, L = 3000d, nd®> = 0.01, A = 2.5, and e = 0.99.
Figure 9 shows the results of the DSMC and the kinetic theory,
which is similar to that for 5. The heat conductivity in the high
temperature limit of DSMC is identical to that predicted by the
kinetic theory for hard-core systems with a particle diameter
d. We note that the profile of the temperature described by
Eq. (86) cannot be achieved for T < 10~ 's. Moreover, the
perturbative contribution becomes larger than the base value
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FIG. 8. The solution of the heat equation (blue solid line) and
the temperature profile obtained by the DSMC (red open circles). We
choose y to fit the DSMC result in the range —L/5 < y < L/10.

of the perturbation (76) for T < 0.1¢ as in the case of the
viscosity.

V. DISCUSSION

In this paper we have obtained the transport coefficients
as functions of the granular temperature. The transport
coefficients in high temperature limit are identical to those
for the hard core system with the diameter d. Let us consider
this reason. As explained in Sec. II, the collision is inelastic for
b < min(vd,\d) while it becomes an elastic grazing collision
for min(vd,Ad) < b < Ad. The value of v = /1 + 4¢/(mv?)
converges to 1 in the high temperature limit. On the other
hand, grazing collisions only change the directions of colliding
particles and the kinetic energy is kept unchanged. Therefore,
the energy change by collisions in high temperature limit is
identical to that for the hard core system of the diameter d.

Below T ~ 10~ ¢, the first-order solutions of the transport
coefficients with respect to € deviate from the zeroth order
solutions. Moreover, the first-order solutions diverge as T !

— T T T T
1 FHolleran & Hulburt L] T

Ry DSMC o]
kinetic theory (e=1) - - - high-T expansion ——-—-—

* kinetic theor _—
& ,
~ 0. ]
*
¢
0 1 1 " 1 1
107 1072 107" 10° 10" 102

FIG. 9. The temperature dependence of the thermal conductivity
obtained by the DSMC (red open circles), that by the elastic kinetic
theory (black solid squares in the previous study [43] and black
dashed line), and that by the kinetic theory (blue solid line), where «*
is the dimensionless thermal conductivity defined as k* = kd*+/m /.
The dotted line represents the thermal conductivity for the hard core
system of the diameter d. The dot-dashed line represents the shear
viscosity obtained from the high temperature expansion.
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in the low temperature limit. This is because v diverges as
= T2 (87)

in the low temperature limit. This indicates that our hydrody-
namic description in terms of the perturbation method is no
longer valid for low temperature.

Murphy and Subramaniam [51] studied the homogeneous
cooling state for a system of particles having an inelastic hard
core associated with van der Waals potential. They obtained
that the time evolution of the granular temperature obeys Haff’s
law in the initial stage and decreases faster as time goes on,
then approaches Haff’s law for e = 0. They considered that
the particles aggregate after the collision when two particles
have small kinetic energy when compared to the potential
well keeping the potential contribution after the coalescence.
Although we do not consider the aggregation process, the time
evolution of the granular temperature in Fig. 3 is similar to
their result.

Our theory becomes invalid for 7 < 0.1¢ as shown in
Figs. 6 and 9. Let us estimate this critical temperature
of coalescence processes from a simple one-dimensional
collision model. As explained in Appendix G, if the kinetic
energy is less than the well depth, the particle cannot escape
from the well and be trapped by another particle. This
critical velocity can be estimated as vyap 2~ {8(1 — e)e/m}'/2,
which leads to the corresponding critical temperature as
Tiap = (1 /2)mv12rap ~ 4(1 — e)e. Using our choice of parame-
ter (e = 0.99), this temperature becomes Ty, = 0.04¢, which
qualitatively reproduces the lower bound of our theory as
shown in Figs. 6 and 9. Even if we can ignore aggregations of
colliding particles, the equation of state p = nT is no longer
valid for low temperature regime. The replacement of the
equation of state will be discussed elsewhere. It should be
noted, however, that realistic situations might not be described
by Smoluchowski’s rate equation as used in Refs. [72-85]
because the biggest cluster may absorb other particles [42].
We will study the effects of aggregation processes in the near
future.

Here we have only focused on the dilute system. To discuss
the behavior of a system with finite density is also our future
work.

VI. CONCLUSION

In this paper we have developed the kinetic theory for
dilute cohesive granular gases having the square well potential
to derive the hydrodynamic equations using the Champan-
Enskog theory for the inelastic Boltzmann equation. We have
obtained the second moment M, of the collision integral
and the transport coefficients for this system. We have found
that they are identical to those for hard core gases at high
temperature and the hydrodynamic description is no longer
valid at low temperature. We have also performed DSMC
simulation to check the validity of the kinetic theory and found
that all results of DSMC are consistent with those obtained by
the kinetic theory.
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APPENDIX A: COLLISION GEOMETRY FOR THE
SQUARE WELL POTENTIAL

In this Appendix let us explain the collision geometry
scattered by the square well potential. First, we consider the
case for a grazing collision as in Fig. 10 in the frame that
the target is stationary. Let us consider the process that two
particles approach from far away with relative velocity v from
O;. When the incident particle enters the well at the point
A, the relative velocity changes because of the conservation
of the energy and the angular momentum, whose speed inside
the well is given by vv. At the point A, the relative velocity
perpendicular to OA is conserved, that is, vsina = vvsin g
is satisfied [58]. The change of the velocity parallel to OA is
given by

/ 1
vvcosff —vcosa = vu 1——2sm2a—vcosot
v

= (v/v? —sin?a — cosa)v, (A1)

O,

FIG. 10. Collision geometry for a grazing collision. Two particles
approach from O; and leave for O,. The solid and dotted circles
represent the hard core (radius d) and the outer edge of the potential
(radius Ad), respectively.
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which means that the velocity change Av, at the point A

satisfies
Avy = —(v1? — sin2a — cos a)via (A2)

with the unit vector 75 = [cos( — @), sin(r — a)]" parallel
to OA. We note that the minus sign in Eq. (A2) comes from
the fact that the velocity change is opposite direction to 7 a.
Similarly, the component of the velocity change parallel to
OC at the point C is given by (cos & — +/v? — sin? o)v, which
means that the velocity change Awvc at the point C becomes

Ave = —(Vv? — sin2 & — cos a)vic (A3)

with the unit vector Fc = [cos(t — 26 + «), sin(r — 260 +
a)]T.

From Egs. (A2) and (A3) the velocity change Av during
this grazing collision becomes

AV = Avp + Ave = —2(v/ V% — sina — cos o)
cos(m — 6))

sin(r — 0) Aad

X vcos(d — 0()(
From Eq. (7) and o = arcsin(AE/OA) = arcsin(b/Ad), the
following relationships are satisfied:

© ) T . b
0s(f0 — a) = cos | — — arcsin — | =
cos o o > arcs ord

b

—_, A5
vAd (AS)

vid rd

. . b . b
= sin | arcsin — ) cos [ arcsin —
vAid 2

in b in in b

cos | arcs ord S arcs v

. . b b
cosf = sin (arcsm —— — arcsin —

b
=—5 (VA2d? — b2 —/v232d? —b?),  (A6)
and
1
V2 —sina — cosa = m(\/vzkzdz — b2 — 222 — b?).
(A7)
From these equations we can rewrite Eq. (A4) as
_ cos(mr — 0)
Av =20 Cose(sin(n B 0))
. cos(mr — 0)
= —2vcos(w — 9)<sin(n _ 0))
= —2v - kk, (A8)

with the unit vector k = [cos(w — 0), sin(w — 0)]T.

Next, let us consider the case for a hard core collision as
in Fig. 11. In this case, an inelastic collision takes place at
the point D. To calculate the energy dissipation at the point
D, we consider the angle ® between the relative velocity of
the particle and OB. From AB = Ad sin(60 — «), BD = OB —
OD = [Acos(f — o) — 1]d, we can write © as

AD _ asin — o)

= ° (A9)
BD Acos(d —a)—1
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1 0" C a’
; b1
“ 09N B 0
0, ; “ 0 ga’ ‘
: E o

FIG. 11. Collision geometry for a core collision. Two particles
approach from O; and leave for O,.The solid and dotted lines
represent the hard core (radius d) and the outer edge of the potential
(radius Ad), respectively.

From Eq. (10), cos(d — «) and sin(f — «) are, respectively,
given by

b b
cos(d — a) = cos | arcsin — — arcsin —
vd rd

v
_ 2
- ZAdZ ——— (V2% — D222 — b2 + D),
(A10)
sin(6 ) = sin ( arcsin b arcsin b
—a) = Z .
vd vid
= zwz (/v222d? — b2 — Jv2d? — b?), (All)
and substituting Egs. (A10) and (A11) into Eq. (A9), we obtain
tan © b (A12)
an® = ——,
/02d2 — b2

or, equivalently, Eq. (12). From this we can calculate the
change Av? after the collision at the point B as

AV = —(1— 2)vzv cos’ ©

2
=—(1 —e*n? <v2 - %).

Correspondingly, the change of relative velocity Av is given
by

(A13)

v=—[(v-k)+ \/(v k)2 — (1= w22 cos? Ok
2

1 ,cos“®
=-2(1—- <ev
2 cos2 6

which reduces to Av = —2(v - I})l} in the elastic limit.

i|(v bk + o0,  (Al14)

APPENDIX B: CHAPMAN-ENSKOG EXPANSION

In this Appendix let us explain the outline of the Chapman-
Enskog theory [14,60]. As explained in Sec. III, the zeroth
order distribution function f® is determined by Eq. (40) in
the form Eq. (23) [13]. The first-order distribution £V satisfies
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Eq. (46), which can be rewritten as

a0 0 af©
JOFO £ (O Y
“ar +JU( ) = ¢ 9T
=A-VlegT + B -Vlogn+ C;;V;U;, (BI)

where the coefficients A, B, and C;; are, respectively, given
by

AWV) =SV or - (V) = Vf“”
_ V[;("i—f - 1)&% + }f“”, (B2)
B(V)= -V 5O _ Zavf(())
:—V(Z%%—kl)ﬂo) (B3)
Cij(V) = —(V f“”)——al,av vV f)
_ (v,-vj NG )éags) (B4)

From Eq. (B1), £ is expected to have the form
fY=A-ViegT +B-Vlogn+C;V,;U,. (B5)

The relationships between the coefficients A, B, C;; and A,
B, C;; are, respectively, obtained by substituting the solution
Eq. (BS) into Eq. (B1) as

TiT(c“”A) +JO(O A = A, (B6)
-¢Or ‘;? (PA+ IO OB =B, (BT
—¢<°>TE;C—T” + IO,y = €y, (BS)

where we have used ¢ = 0 because the coefficient C;; is
traceless.

Substituting Eq. (BS) into Eq. (32) with the aid of Egs. (42)
and (49), we obtain

2
/dVD,-j(V)Ckl(V)V;Ukz — n(Vin+VjU,-—§8ijV . U).
(B9)
Therefore, the shear viscosity 7 is given by

1
n= 10 dVDz](V)le(V)

Substituting Eq. (56) into Eq. (B4), we obtain the explicit form
of C;;(V) as

(B10)

1
Cij(V)y= — TDij(V)

X {1 + ) [Seled + S(3/2)(c2)]}fM(V). (B11)
¢
This form and Eq. (B8) leads to
C
_Dlj(v)fM(V)

Cij(V) = B12)
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where C; is a constant. Substituting Eq. (B12) into Eq. (B10),
we obtain C; = —n/(nT).

Similarly, substituting ! into Eq. (33) with the aid of
Egs. (42) and (50), we obtain

{%/dVS,-(V)Aj(V)}VjT = —kVT, (B13)
{%/dVSi(V)Bj(V)}an = — uVin. (B14)

Therefore, we, respectively, obtain the thermal conductivity
and the coefficient u as

1
K = —ﬁ/‘dVS(V) ~A(V), (B15)

n= —% / dVS(V)-B(V). (B16)

Substituting Eq. (56) into Egs. (B2) and (B3), we obtain the
explicit forms of A(V) and B(V) as

A(V) = V{SP/Z)(CZ)[l + a2<sf/2)(c2) - 5)}

2
+§: ac[S7P (S (D)1 =S D)) } (W),
B (B17)
B(V) =) " a VS fu(V). (B18)
Equations (B6) and (B7)Kleads to
A=— %S(V)fM(V), (B19)
B=- %S(V)fM(V), (B20)

where A, and B; are constants. Substituting Eqs. (B2) and
(B3) into Egs. (B15) and (B16), respectively, and integrating
over V, we obtain A; = 2mk/5nT and By = 2mu/5T>.

Let us determine the explicit forms of the transport
coefficients. Multiplying Eq. (B8) by D;;(V ) and integrate
over V, we obtain

d
10§(O)T£ + /dVlD,-j(V1)J(l)(f(0)vCij)

(B21)
J

= /dleij(Vl)Cij(Vl)'

etmmpa = / dc / ders / k5 (i 8)lers - KOOI (i) CEy(C - )™ (C - B (ers - R,

with C = (¢; + ¢2)/2. This is rewritten as
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The second term on the left-hand side of Eq. (B21) is written
as

2T
[ aviDs a0 e =ama e, @22)

where €27 is defined as Eq. (52). Similarly, the right-hand side
of Eq. (B21) satisfies

/dVlD,-j(V)C,-J-(Vl) = 10nT. (B23)

Therefore, Eq. (B21) is reduced to Eq. (51). The perturbative
solution of Eq. (51) with respect to the small inelasticity is
given by Eq. (70).

Similarly, we derive the differential equation for the
thermal conductivity «. Multiplying Eq. (B6) by S(V1)/T
and integrating over V|, we obtain

0 1
S Ge VT + deV]S(V,)J(I)(f("),A)

1
= FdeIS(Vl)-A(Vl). (B24)
The second term on the left-hand side of Eq. (B24) is written
as

1 4 2T
T/dvls(vl)JW(f@),A): 5Kndz Q¢ (B25)
m

where Q¢ is given by Eq. (55). The right-hand side on
Eq. (B24) satisfies

15nT

1
—/dVls(V1)~A(V1)= ———(1+42a). (B26)
T 2 m

It should be noted that terms proportional to a, (n > 3) vanish
due to the orthogonality of the Sonine polynomials. Therefore,
Eq. (B24) is reduced to Eq. (53). The solution of Eq. (53) is
given by Eq. (74).

Similarly, multiplying Eq. (B7) by S(V 1)/ T and integrating
over V|, the coefficient u is given by Eq. (75).

APPENDIX C: DETERMINATION OF a, AND a3

In this Appendix we determine the coefficients a, and a3
using the moments of the dimensionless collision integrals
[62—64]. It is useful to introduce the basic integral [60]

(ChH

k4 m 3 n (L n . )
Jkiman.p.a =2_(k+m+”_')/2f‘(—n )71_1/2 E (7)[1 +(=1)7] ( 21.)/ dOsin’ ! @ cos" "7 @
: J . 0
—0 7

2

* * ! 3 i X X
x depn db b TP sint i 2 ‘sin Z
0 0 2 2

r(%)

o X 1
cos’ %exp <—§cf2>. (C2)
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Fora =0andn =0, 1 and 2, Eq. (C2) reduces to

2—(k+m—3)/2 " k+m + 3 o'} © Imapi3 . X 1
Jk,l,m,O,p,O = m—_H[l + (—1) ]F<—2 > /(; dC12 /(; db bclz r Slnp E exp <_§C%2>, (C3)
= (k+m=2)/2 m k+m+4 * s emip3 X 1
tmtrn =y = (SR [P [Fapier e o (<) e
2—(k+m—l)/2

i kKtm+5SY [ s tmipad . p X .2 X 1
Jeimpo = s+ (1) ]F(T>/O dc12/0 db by SIHP5(1+msln25)exp —Ec%z ,

(C5)

respectively. These integrals recover the previous results in the hard core limit [60]. In this paper we only consider the nearly
elastic case 1 — e < 1. We assume that the coefficients a, and a3 are ~propgrtional to 1 — e. When we use the truncated distribution
function Eq. (56), we rewrite the nth moment M, = — [ de,c] I(f©, @) (p € N) as

1 A ~ “
M, = — zdedﬁzdk&(X’Cn,ENClz ~klp(c)p(cr)(ern - k)

x {1+ a[S(c]) + S2(c3)] + as[S3(c}) + Ss(c3) ]} A (el + b)), (C6)

where we have ignored the terms proportional to a%, a%, and a»as, because they are the order of (1 — e). The explicit forms of
A(c} + ¢f) for p = 2, 4, and 6 are, respectively, given by

cos? ©

A(ct +63) = — €@ — BV (e -k + 0. (C7)
4 4 2 2 £\2 £\2 ~ - 2‘:052®
Ale} +e3) = = 8(C - ) (C - ker2 - k) +8(C - kP (er- B + € OB — BV

X [—262@12-1%)2 — %c%zmz kY +4(C - e1)(C - k)(err - k) — 8(0-12)2@12-1%)2} + 0(e?), (C8)
A(§ +¢§) = = 24C%(C - €1n)(C - k)(ern - k) +24C*H(C - k) (c1n - k)* — 6¢3,(C - 1) (C - k)(era - K)

2
; ; S ®
+ 63,(C - bP(ers - k) + € Obpax — b2 >

cos2 9
n 3 N N N N N
x [3c4(c12 b+ Ec%fz(clz k) = 12CHC - ¢12)(C - k)(ern - k) +24C*(C - k)*(crp - k)?
3 . . . . . .
+ Rcfz(clz k)? = 3¢4(C - e1n)(C - E)(ern - k) + 6¢3,(C - k) (crn - k)* 4 3(C - ern)*(ena - k)
— 12(C - €2)(C - k)(era - k) + 12(C - k) (e .1})4] + 0(Y). (C9)
Then, we explicitly write Mj, My, and Mg as

My = 27(S1 + a2 Sz + a3 S3),
My =V21n(Th + ax Tr + a3 T3), (C10)
Mg = 21(Dy + ay Dy + a3 D3),

where
oo max
) 255 1 2 2
NS dcyp db b(v: — b)ci, exp _§C12 + O(e?), (C11)
0 0
1 [® B _ 1

S =€ dc12/ db b(v* — b*)ci, (15 — 107, + cf,) exp (—Ec%z) + 0(e), (C12)

0 0

1 o] Emax . - 1
Sy = e@/o dclzfo db b(v* — b*)c7,(105 — 105¢t, + 21ct, — ;) exp (—chz) + 0(e?), (C13)
l oo Emax . - 1
T, = €5 / dera / db b(v* — b*)c7, (5 + cf,) exp <—§cf2> + 0(eY), (C14)
0 0
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I = / dcu/ db b/, sin® x¢ exp( c12>
L N 2 4 6 l,
+ €| = dcip db b(v* — b*)c}, (— 25 — 23c7, — 5¢f, + ¢},) exp | — =i,
32 Jo 0 2
00 bwas - x© 1
+ / dery / db b(v* — b*)c],sin> Z—exp [ —=c3,
0 0 2 2
1 [ o 1
+ Z/ dclzf db bel,x "V sin? 2V exp <—§c%2>i| + 0(€?), (C15)
0 0
1 P 2\ in2 5,0 )
Ty =— dc12 db bl (7 — cf,) sin” x P exp [ —= ¢,
16 0 2

1 00 bmax . B 1
+ € [ﬁ fo den /O db b(v* — b*)c, (— 525 — 168¢, — 6¢t, + 16¢5, — ct,) exp (—ch2>

[ bu o s o 2y XY 1,

+4—l/ dc12/ db b(v* — b*)c],(7 — c1,) sin =5 exp <_§C]2)
0 0

1 [ o 1

+1¢ /0 dclzfo db bely (7 — cf,) xV sin” 2V exp <—§c%2>] + 0(e?), (C16)
3 oo Emax . - 1

D, :eﬁ fo dep A db b(v* — b*)c1,(35 + 14cT, + cf,) exp <—§cf2> + O(e?), (C17)

3 s 2\ oin2 (0 1,
D, = 1%, dclz /(; db bely (7 + cf,) sin® x @ exp <—Ec,2)

3 00 bmax . B 1
+ € [ﬁ /0 der /0 db b(v* — b*)cy, (— 595 — 252¢f, — 18¢t, + 4cS, + ;) exp <—§c%2)
o] Emax - - X(O) 1
fo dcyy fo db b(v* — b*)c],(7 — cf,) sin® - exp <—§cfz>

3
4
3 [ bwax - ) 1
+= / derp / db b(v? — b1)eS, sin* X— exp ( —=¢2,
2 Jo 0 2 2

3 (™ o 1
+—/ dchf db bc] 7+c 5) X WDsin? 2x @ exp (—§C12>:| + 0(e?), (C18)
0 0

3 [ . 1
Dy =2 / dcuf db bcl, (35 — cf,) sin® x ¥ exp <—§cf2>
0 0

1 oo };max . - 1
+ e[ / derpy / db b(v* — b*)c},(— 5145 — 1785¢1, + 798¢}, + 228, + 7c}, — cl9) exp <—5c’;’2)
0 0

N

1024

3 oo Emax - - X(O) 1
+= | den / db b(v* — b*)c],(35 — 14ct, + cf,) sin® 5 oxp (——c%z)

16 2
‘max (] 1
/ dcia / db b(v* — b*)c},(7 — cf,) sin* X— exp ( Cu)
3 P 4\, (1) i 2n 0 (0) > 2
+ 6, dclz db bel, (35 — ) x 1V sin® 2x @ exp —5¢n) |+ 0@ (C19)
0

Here we only show the lowest order of each term. Here M, and Mg are, respectively, related to M», the fourth moment (c4)
and the sixth moment (c®) as

%M2<C4) = My,

C20
2./\/12(6'6) = Ms. ( )
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Substituting Eqs. (C10) into Eq. (C20) with (c*) = (15/4)(1 4+ a,) and (c®) = (105/8)(1 + 3a, — a3), we obtain the simultaneous
equations with respect to a, and a3 as

(5S1 + 5S2 — Tz)az + (553 - T3)Cl3 = T1 — 551,

(c21)
(%Sl + I%SQ — Dz)az + (—14251 + %5} — D3)a3 =D, — %Sl.

These equations can be solved easily and the explicit forms of a, and a3 up to € order are given by Egs. (57)—-(61). Thus we
explicitly write M», My, and Mg up to the first order of € as

o0 Emax - - l
M,y =e 21 /0 de /0 db b(v* — b*)c}, exp <—§c§2> + 0(e?), (C22)
b

V2 x ~ 1
My = e|: 2” db b(v* — B*)c}, (5 + c7,) exp <—§c%2>
V2 o0 o 1
+ aél)Tﬂ / dclz/ db bel, sin® x© exp (—Ec%z)

(1)V27T/ dC12/ dbbc12 C12) sin® x @ exp <—%c12>i|+0(62) (C23)
3v2
Mg =e [ i

dC]z

'max 1
(1 - e)/ dc12/ db b(v* — b2)612(35 + 143, + Clz) exp < C12)

3 /2 00 A s 1
+ a;l) 167[ / dqz/ db be, (7 + c%z) sin® x @ exp <—§c%2)
0 0

3 /2 00 A s 1
+a" 64” / dein f db bcl5 (35 — cty) sin® x© exp (—Ec%z)} + 0(€Y). (C24)
0 0

APPENDIX D: CALCULATION OF @7 AND

In this Appendix we calculate the quantities Qf’ and €27 in Eqgs. (52) and (55). From the definition D; i(€) =cicj — c25; /3,
Dl‘]‘(Cz)A[bl‘j (e1)+ D,-j(cz)] is rewritten as

- - - 1 1
D;j(c2)AlD;j(cr) + Djj(er)] = <C2iC2j - 3&‘,‘%) [C/UC'U + ¢hi¢h; — crictj — €2iCaj — 551-,' (F+c2—cf— c%):|

~ n 1 ~ N N N
=c1o(C -k)(erp - k) — Ec%zmz k) —2(C - e1)(C -k)(ern - k) + (C - epa)ern - k)?

,cos? @
cos? 6

N N ~ n 1 ~ - -
+ 2C kY (e - k) = 2(C - k)(ern - k) + Sen ) + € Obmax — b)v
1 ~ 1 ~ ~ 1 ~ ~ o
X |:§C2(012 k) — EC%Z(C ~k)(ern - k) + 56%2(012 k)? +(C - e2)(C - k)(err - k)

5 A ~ ~ ~ ~ 1 ~
—=(Ccn)en - k) —2(C - k) (c1a - k)* +2(C - k)(ern - k)* — e k)“]

+ 0(ed). (D1)

Substituting this result into Eq. (52) we obtain Eq. (65).
For Q¢, we rewrite S(cz) - A[S(c;) + S(cz)] as

- - - 5
S(e2) - A[S(er) + S(e2)] = <C§ - 5)[(0/1 - €)cf + (¢h - )5 — (€1 - e2)ef — (€2 €2)c3 ]
=C%cL(C -k)ern - k) — ACHC - €12)(C - k)(cra - k) + CHC - epn)(ers - k) +4CHC - k) (crn - k)?

~ n 1 N N N N
— 2C*(C -k)(crr - k) + Zci‘z(c k)(e1a - k) — 2¢1,(C - e12)(C - k)(err - k)
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1 ~ ~ n 1 n n
+ Zc%z(C-c12)<clz-k>2+ ch(C - k) (ern - k)* — Ec%zw-k)(clz-kf

5 ~ N ~ “ “
- chz(c k(e - k) +4C - e)X(C -k)(ern - k) — (C - c1n)*(ern - k)?

— 4(C - e2)(C - k) (ern - k)* + 2(C - €12)(C - k)(era - k) + 10(C - €12)(C - k) ez - k)

5 ~ n ~ n o - -
= 5(C-en)en- k)? — 10(C - k)’ (c12 - k)* +5(C - k)(cra - k) + € Obmax — D)V

2
,€08” ©

cos2 0

“ 1 ~ ~ 1 ~ n N
X [—C4(612 k)? — Ec%%z(c ke - k) — ZCZsz(clz k)? +2C*(C - e12)(C - k)(c1a - K)

N N N N N 5 N
+ CXC - en)ern - k)* —4CHC - k)*(err - k)* +2C*(C - k)(err - k) + ECZ(Clz k)

1 - - - A - - 1 A -
= (€ B)en k) + cip(C - en)(C - k) er2 - k) — e (C -k (e - B + Seip(C - Byens - k)’

5 ~ ~ o ~ “ “
+ Zcﬁ(C k(e - k) —2(C - €)X (C - k)(ern - k) +4(C - ¢12)(C - k)*(cra - k)?

— 2(C - e2)(C - k)(era - k) —5(C - ¢12)(C - k)(err - k) + 10(C - k)’ (12 - k) — 5(C - )(ern - 12)3}

+ 0(ed).

Substituting this into Eq. (55), we obtain Eq. (65) after the long and tedious calculation.

APPENDIX E: HIGH AND LOW TEMPERATURE
EXPANSIONS

We can evaluate the explicit forms of the transport co-
efficients in terms of high temperature expansion. We can
also evaluate the dissipation rate M, as a low temperature
expansion, though it diverges in the low temperature limit.

First, we discuss the high temperature expansion. From
Eq. (6) we expand v as

2
p= 1+2—€=1+3i+0[(3)}, (El)

for T'/e > 1. Substituting Eq. (E1) into Eq. (62), we expand
M, in terms of the small parameter ¢/ 7T as

MY =0, M= 04 En v o (£)]
(E2)
with
MO =2v2m, MP =2v2n. (E3)

Similarly, €27 and €2} are, respectively, expanded as
e e\’
e(0) __ e(0,0) e(0,1)
Q)" = Q7 + 79” + 0|:<7> :| (E4)
e(l) _ qe(1,0) €
Q=7 + 0(;), (ES)

2
0 = 00 4 Q0D 4 0[<£> } (E6)

(D2)
[
2 = 2+ 0(+) (E7)
K K T
with
1127
e(0,0) __ e(1,0) __
Q00 = —avom, Q0 =-— 50 (E8)
NG
Q0D = _24” O — 1){2(15A4 1523 +22% + 24 + 2)
+ 3220+ DGA2 = Dlo Aol (E9)
& +1)
1989+/2
QOO = 427, QU0 = 2V (g)
320
NG
QO = Tf(’\ — 1){2(15)&‘ + 153 + 207+ 20 +2)

+ 3220+ DGA2 = 1 log o
A1)
Next, let us calculate the expansions of the transport
coefficients. Substituting Eqs. (E2)—(ES) into Egs. (72) and
(73), we expand 7 as

(E11)

2
O _ 00 & ony ol (£ E12
n v+ il + [(T) } (E12)

)7(1) = r)(l’o) + 0(%) (E13)

with

0,00 _ 5

=5 mT a0 1567 oo
16d>V =’ 3840

(E14)
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A —
n 0D =00~ s {2(15k4+15k3+2/\2+2x\+2)

+ 32200 4+ D(GAE = Do - El5
g)\+1' EL5)

Similarly, x and u are, respectively, expanded as

2
«© _K<oo>Jr O 1>+0[<T> } (E16)

D = 10 4 0(%) (E17)
1® =0, uM =004 0<%> (E18)
with
00 — e i, 10 — ﬁ,((o,(», (E19)
64d2\ 7 1280

A —
kO = @0 {2(15)»4 + 1523 + 202 4240 +2)

+ 3220 4+ D(GAE = Do r-1 E20

g)\+1 , (E20)

o _ 185 ,/T—S. (E21)
1024nd? NV mm

Let us also calculate the low temperature expansion of M.

From Eq. (6) we expand v as
7\3
o |:<—> ] . (E22)
€

_ Y2 [e VaenT |
C12 T 4 &

Substituting Eq. (E22) into Eq. (62), we can expand M, in

terms of the small parameter 7' /¢ as

T
0) 1 (1,-1) 1,0)
MP =0, M= M + My +0(‘/;>

(E23)

with

MV =2v2ma2, MY =22, (B24)

APPENDIX F: DSMC ALGORITHM

In this Appendix we briefly summarize the DSMC proce-
dure [22,24-26,65], which is a numerical technique to obtain
the solution of the Boltzmann equation at ¢ + At from that at
t. For small At, the velocity distribution function at r + At is
given by

ft+ At)= f(v,t)+

of .1\, (F1)
ot ’

Substituting the Boltzmann equation (17) into this, we obtain

fu,t+ A1) = (1 — AtD + AtT) f(v,1)

= (14 AtJ)(1 — AtD) f(v,1) + O(AL2),
(F2)

PHYSICAL REVIEW E 94, 012906 (2016)

where we have introduced Df =v -V f and Jf = I(f,f)
for simplicity. Equation (F2) shows that the time evolution of
the velocity distribution function can be separated into two
parts: advective process and collision process. According to
this separation, DSMC iteration is as follows: (i) We determine
the time step A¢ smaller than L /vp,x, where L is the system
size and vyax 1S the maximum speed among the particles, which
is evaluated as vma,x = Svr with the thermal velocity vr. In this
paper we adopt At = 0.2L /vy,.x. (i) We move the particles
during At without any collisions. This corresponds to update
the distribution function f*(v,t) = (1 — AtD) f(v,t). (iii) We
modify the velocities of the particles due to collisions. We
randomly determine the collisions without taking into account
the actual positions of the particles. The square of the collision
parameter b is chosen in the range 0 < b*> < A?d? at random.
A pair of colliding particles change the velocities according
to rule in Egs. (19) and (20) for a hard core collisions and
Egs. (19) and (21) for a grazing collision Here the number
of collisions N, is evaluated as 7 (Ad)>N2vmax Af, Which is
proportional to the total cross section, the maximum speed, and
the time step At. This process corresponds to obtain f(v,r +
At) = (1 4+ AtJ) f*(v,t). (iv) We update the time ¢ + At.

APPENDIX G: ESTIMATION OF THE
TRAPPING TEMPERATURE

As stated in Sec. II, we ignore the trapping process by
the potential well throughout the paper. In this Appendix
we briefly discuss the critical condition which validates this
approximation using a simple one-dimensional model. Let us
consider a process in which two particles approach from far
away relative speed v in the frame that the target is stationary.
When the particle enters the potential region (d < r < Ad),
the velocity becomes

4
vinz‘/vz—i-i (G1)

from the energy conservation (1/2)m,v? = (1/2)m,v3 — ¢
with the reduced mass m, = m /2. After the inelastic scattering
on the hard core (r = d), the velocity changes from v;, to
—evi,. When the particle is trapped by the potential, the energy
is negative, that is, (1/2)m.e*v3, — ¢ < 0. Using Eq. (G1), the
trapping condition is given by

V< vtmpz‘/fn—g(l —e)+ 0 —e). (G2)

The corresponding granular temperature is given by

T < Tyap = 2 4e(1 —e) + O[(1 —e)*]. (G3)

2 Zm Utrdp

The critical trapping temperature is given by Tir,p 22 0.04¢ for
e = 0.99, which is consistent with the lower bound of our
theory as shown in Figs. 6 and 9.
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