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The Chapman-Enskog method of solution of kinetic equations, such as the Boltzmann equation, is based on
an expansion in gradients of the deviations of the hydrodynamic fields from a uniform reference state (e.g.,
local equilibrium). This paper presents an extension of the method so as to allow for expansions about
arbitrary, far-from-equilibrium reference states. The primary result is a set of hydrodynamic equations for
studying variations from the arbitrary reference state which, unlike the usual Navier-Stokes hydrodynamics,
does not restrict the reference state in any way. The method is illustrated by application to a sheared granular
gas which cannot be studied using the usual Navier-Stokes hydrodynamics.
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I. INTRODUCTION

The determination of the one-body distribution function,
which gives the probability of finding a particle at some
given position, with a given velocity at a given time, is one
of the central problems in nonequilibrium statistical mechan-
ics. Its time-evolution is in many cases well-described by
approximate kinetic equations such as the Boltzmann equa-
tion [1] for low-density gases and the revised Enskog equa-
tion [2,3] for denser hard-sphere gases and solids. Only
rarely are exact solutions of these equations possible. Prob-
ably the most important technique for generating approxi-
mate solutions to one-body kinetic equations is the
Chapman-Enskog method which, as originally formulated,
consists of a gradient expansion about a local-equilibrium
state [4,1]. The goal in this approach is to construct a par-
ticular type of solution, called a “normal solution,” in which
all space and time dependence of the one-body distribution
occurs implicitly via its dependence on the macroscopic hy-
drodynamic fields. The latter are, for a simple fluid, the den-
sity, velocity, and temperature fields corresponding to the
conserved variables of particle number, momentum, and en-
ergy, respectively. (In a multicomponent system, the partial
densities are also included.) The Chapman-Enskog method
proceeds to develop the solution perturbatively in the gradi-
ents of the hydrodynamic fields: the distribution is developed
as a functional of the fields and their gradients and at the
same time the equations of motion of the fields, the hydro-
dynamic equations, are also developed. The zeroth-order dis-
tribution is the local-equilibrium distribution; at first order,
this is corrected by terms involving linear gradients of the
hydrodynamic fields which in turn are governed by the Euler
equations (with an explicit prescription for the calculation of
the pressure from the kinetic theory). At second order, the
hydrodynamic fields are governed by the Navier-Stokes
equations, at third order, by the Burnett equations, etc. The
calculations involved in extending the solution to each suc-
cessive higher order are increasingly difficult and since the
Navier-Stokes equations are usually considered an adequate
description of fluid dynamics, results above third order (Bur-
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nett order) for the Boltzmann equation and above second
(Navier-Stokes) order for the Enskog equation are sparse.
The extension of the Chapman-Enskog method beyond the
Navier-Stokes level is, however, not physically irrelevant
since only by doing so is it possible to understand non-
Newtonian viscoelastic effects such as shear thinning and
normal stresses which occur even in simple fluids under ex-
treme conditions [5,6].

Recently, interest in non-Newtonian effects has increased
because of their importance in fluidized granular materials.
Granular systems are composed of particles—grains—which
lose energy when they collide. As such, there is no equilib-
rium state: an undriven homogeneous collection of grains
will cool continuously. This has many interesting conse-
quences such as the spontaneous formation of clusters in the
homogeneous gas and various segregation phenomena in
mixtures [7-10]. The applicability of standard kinetic theory
to fluidized granular materials has long been questioned (see,
e.g., Ref. [11]). While it is certainly true that the assumption
of binary collisions that underlies the Boltzmann and Enskog
equations does not apply to some important circumstances
such as when jamming and clusters form, there is support
both from experiment and from computer simulation studies
for the usefulness of the kinetic-theory description under
conditions in which the system remains fluidized so that bi-
nary collisons dominate the dynamics. (A recent discussion
of the evidence supporting the use of kinetic theory in fluid-
ized granular systems can be found, e.g., in Ref. [12].) The
collisional cooling also gives rise to a unique class of non-
equilibrium steady states due to the fact that the cooling can
be balanced by the viscous heating that occurs in inhomoge-
neous flows. One of the most widely studied examples of
such a system is a granular fluid undergoing planar Couette
flow where the velocity field takes the form v(r)=ayX, where
a is the shear rate. The common presence of non-Newtonian
effects, such as normal stresses, in these systems has long
been recognized as signaling the need to go beyond the
Navier-Stokes description [13]. As emphasized by Santos er
al. [14], the balance between the velocity gradients, which
determine the rate of viscous heating, and the cooling, aris-
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ing from a material property, means that such fluids are in-
herently non-Newtonian in the sense that the sheared state
cannot be viewed as a perturbation of the unsheared, homo-
geneous fluid and so the usual Navier-Stokes equations can-
not be used to study either the rheology or the stability of the
sheared granular fluid. One of the goals of the present work
is to show that a more general hydrodynamic description can
be derived for this, and other flow states, which is able to
accurately describe such far-from-equilibrium states. The
formalism developed here is general and not restricted to
granular fluids although they do provide the most obvious
application. Indeed, an application of this form of hydrody-
namics has recently been presented by Garzé [15] who stud-
ied the stability of a granular fluid under strong shear.

The extension of the Chapman-Enskog method to derive
the hydrodynamics for fluctuations about an arbitrary non-
equilibrium state might at first appear trivial but in fact it
involves a careful application of the ideas underlying the
method. To illustrate, let f(r,v,z) be the probability to find a
particle at position r with velocity v at time f. For a
D-dimensional system in equilibrium, this is just the (space
and time-independent) Gaussian distribution

m

27TkBT

D2
) exp(= (v = U)*kgT),

(1)

where 7 is the number density, kp is Boltzmann’s constant, 7
is the temperature, m is the mass of the particles, and U is the
center-of-mass velocity. The zeroth-order approximation in
the Chapman-Enskog method is the localized distribution
FO®r,v,0)=y(v;n(r,t),T(r,1),U(r,1)) or, in other words,
the local equilibrium distribution. In contrast, a homoge-
neous nonequilibrium steady state might be characterized by
some time-independent distribution

fe,v,t) =®(vin,T,U) (2)

f(r,v,1) = ¢o(v;n,T,U) = n(

but the zeroth-order approximation in the Chapman-Enskog
method will not in general be the localized steady-state dis-
tribution, fO(r,v,t) # ® (v;n(r,t),T(r,1),U(r,1)). The rea-
son is that a steady state is the result of a balance—in the
example given above, it is a balance between viscous heating
and collisional cooling. Thus any change in density must be
compensated by, say, a change in temperature or the system
is no longer in a steady state. This therefore gives a relation
between density and temperature in the steady state, say n
=ng(T), so that one has @ (v;n,T,U)=D (v;n,(T),T,U).
Clearly, it makes no sense to simply “localize” the hydrody-
namic variables as the starting point of the Chapman-Enskog
method since, in a steady state, the hydrodynamic variables
are not independent. Limited attempts have been made in the
past to perform the type of generalization suggested here. In
particular, Lee and Dufty considered this problem for the
specific case of an ordinary fluid under shear with an artifi-
cial thermostat present so as to make possible a steady state
[16,17]. However, the issues discussed in this paper were
circumvented through the use of a very particular type of
thermostat so that, while of theoretical interest, that calcula-
tion cannot serve as a template for the more general problem.
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In Sec. II, the abstract formulation of the Chapman-
Enskog expansion for fluctuations about a nonequilibrium
state is discussed. It not only requires care in understanding
the zeroth order approximation, but a generalization in the
concept of a normal solution. In Sec. III, the method is illus-
trated by application to the simple kinetic theory for a
sheared granular gas proposed by Brey, Dufty, and Santos
[18]. While a kinetic model can only be considered as a
crude approximation to a more complete kinetic description,
such as the Boltzmann equation, there is evidence supporting
the semiquantitative accuracy of such models in describing
the low-density fluids under shear flow. Comparisons of nu-
merical solutions of the Boltzmann equation to the predic-
tions of kinetic models such as the one used here show sur-
prisingly good agreement in the description of such
phenomena as normal stresses, shear thinning, and the pres-
sure tensor and heat-flux vector in the steady state are all
reasonably well-reproduced [19-21]. It is therefore of prac-
tical relevence, as well as of some intrinisic interest, to ex-
tend the analysis of this simple model. On the other hand, the
simplicity of the model will allow for a clearer illustration of
the principles of the extension of the Chapman-Enskog
method to nonequilibrium reference states than would be
possible with a more complex example such as the Boltz-
mann equation. The result is that exact expressions in the
form of ordinary differential equations can be given for the
full complement of transport coefficients. The section con-
cludes with a brief summary of the resulting hydrodynamics
and of the linearized form of the hydrodynamic equations
which leads to considerable simplification including explicit
expressions for the transport coefficients in the steady state.
The paper ends in Sec. IV with a summary of the results, a
comparison of the present results to the results of the stan-
dard Chapman-Enskog analysis, and a discussion of further
applications.

II. THE CHAPMAN-ENSKOG EXPANSION
ABOUT AN ARBITRARY STATE

A. Kinetic theory

Consider a single-component fluid composed of particles
of mass m in D dimensions. In general, the one-body distri-
bution will obey a kinetic equation of the form

(% +v- v) £e,v,0) = J[r,v, 1] (3)

where the collision operator J[r,v,¢|f] is a function of posi-
tion and velocity and a functional of the distribution func-
tion. No particular details of the form of the collision opera-
tor will be important here but all results are formulated with
the examples of BGK-type relaxation models, the Boltzmann
equation and the Enskog equation in mind. The first five
velocity moments of f define the number density

n(r,t) = f dvf(r,v,1), (4)

the flow velocity
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u(r,?) = ﬁ f dvvf(r,v,1), (5)

and the kinetic temperature

T(r,t):#,t)kls J AvC (e, 0)f(r,v,1), (6)

where C(r,z)=v—u(r,?) is the peculiar velocity. The mac-
roscopic balance equations for density n, momentum mu,
and energy (D/2)nkgT follow directly from Eq. (3) by mul-

tiplying with 1, mv, and %mC2 and integrating over Vv:

Dn+nV -u=0,

Dyu;+ (mn)™'V;P;=0,

2 (V-q+P,Vu)=—(T, (7)

DT+
! anB v

where D,=d,+u-V is the convective derivative. The micro-
scopic expressions for the pressure tensor P=P[f], the heat
flux q=q[f] depend on the exact form of the collision opera-
tor (see Refs. [1,22] for a general discussion) but as indi-
cated, they are in general functionals of the distribution,
while the cooling rate { is given by

{(r,t)=- ) fdvaZJ[r,V,tf]. (8)

Dn(r,0)kgT(r,

B. Formulation of the gradient expansion

The goal of the Chapman-Enskog method is to construct a
so-called normal solution to the kinetic equation, Eq. (3). In
the standard formulation of the method [1], this is defined as
a distribution f(r,v,r) for which all of the space and time
dependence occurs through the hydrodynamic variables, de-
noted collectively as ¢={n,u,T}, and their derivatives so
that

fe,v,0) = f(v;(r, 1), Viur,1), VVi(r,1), ... ). 9)

The distribution is therefore a functional of the fields y(r,z)
or, equivalently in this case, a function of the fields and their
gradients to all orders. In the following, this particular type
of functional dependence will be denoted more compactly
with the notation f(v;[V"™yd(r,7)]) where the index, n, indi-
cates the maximum derivative that is used. When all deriva-
tives are possible, as in Eq. (9) the notation f(r,v,?)
=f(v;[V®y(r,r)]) will be used. The kinetic equation, Eq.
(3), the balance equations, Egs. (7), and the definitions of the
various fluxes and sources then provide a closed set of equa-
tions from which to determine the distribution. Note that
since the fluxes and sources are functionals of the distribu-
tion, their space and time dependence also occurs implicitly
via their dependence on the hydrodynamic fields and their
derivatives.

Given such a solution has been found for a particular set
of boundary conditions yielding the hydrodynamic state
Yo(r,1) with distribution fo(v;[V™(r,1)]), the aim is to
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describe deviations about this state, denoted i, so that the
total hydrodynamic fields are =+ . In the Chapman-
Enskog method, it is assumed that the deviations are smooth
in the sense that

Sy 1V S>> 1PV V&, (10)

where [ is the mean free path, so that one can work pertur-
batively in terms of the gradients of the perturbations to the
hydrodynamic fields. To develop this perturbation theory
systematically, it is convenient to introduce a fictitious small
parameter, €, and to write the gradient operator as V=V
+¢eV() where the two operators on the right are defined by
Vor=Viy and V=V . This then generates an expansion
of the distribution that looks like

NCAAARZ ()]
= fO: Vi r.1)
+ef (Vi V8, Vi Y. 1)
+ EfP ViV, V80V, 892V . 0) + -
(11)

where f will be linear in V,8y, f%' will be linear in
V,V,8¢ and (V,8)?, etc. This notation is meant to be taken
literally: the quantity V(()m)lﬂ(r,t)={lﬂ(l‘,t),Volﬂ(l‘,t) .
={i(r,1),Vij(r,t), ...} so that at each order in perturbation
theory, the distribution is a function of the exact field y(r,7)
as well as all gradients of the reference field. This involves a
departure from the usual formulation of the Chapman-
Enskog definition of a normal state. In the standard form, the
distribution is assumed to be a functional of the exact fields
(r,t) whereas here it is proposed that the distribution is a
functional of the exact field ¢(r,¢) and of the reference state
o(r,1). Of course, it is obvious that in order to study devia-
tions about a reference state within the Chapman-Enskog
framework, the distribution will have to be a functional of
that reference state. Nevertheless, this violates, or general-
izes, the usual definition of a normal solution since there are
now two sources of space and time dependence in the distri-
bution: the exact hydrodynamics fields and the reference hy-
drodynamic state. For deviations from an equilibrium state,
this point is moot since Vi (r,7)=0, etc.

The perturbative expansion of the distribution will gener-
ate a similar expansion of the fluxes and sources through
their functional dependence on the distribution, see, e.g., Eq.
(8), so that one writes

Py=PY + el + - (12)

and so forth. Since the balance equations link space and time
derivatives, it is necessary to introduce a multiscale expan-
sion of the time derivatives in both the kinetic equation and
the balance equations as

d
5f=a§°)f+ edVf+ e (13)
The precise meaning of the symbols &ﬁo), (951) is that the bal-

ance equations define ﬁ;i) in terms of the spatial gradients of
the hydrodynamic fields and these definitions, together with
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the normal form of the distribution, define the action of these
symbols on the distribution. Finally, to maintain generality,
note that sometimes (specifically in the Enskog theory) the
collision operator itself is nonlocal and must be expanded as
well in gradients in oy so that we write

1= Jolr,v,tf]+ e/, [x,v,t|f]+ - (14)

Jr,v,t

and it is understood that Jy[r,v,z|f] by definition involves
no gradients with respect to the perturbations Si(r,z) but
will, in general, contain gradients of all orders in the refer-
ence fields ¢ (r,z). (Note that the existence of a normal so-
lution is plausible if the spatial and temporal dependence of
the collision operator is also normal which is, in fact, gener-
ally the case. However, for simplicity, no effort is made here
to indicate this explicitly.) A final property of the perturbative
expansion concerns the relation between the various distri-
butions and the hydrodynamic variables. The zeroth order
distribution is required to reproduce the exact hydrodynamic
variables via

n(r,t) 1
n(r,Nu(r,?) | = f v OV yr)av  (15)
Dn(r,0)kgT mC?

while the higher order terms are orthogonal to the first three
velocity moments

1
f vV e ))dv=00>0,  (16)
mC?

so that the total distribution f=f+fD4--- satisfies Eqs.

(4)-(6).

C. The reference state

Recall that the goal is to describe deviations from the
reference state i(r,z) which corresponds to the distribution
Sfolr,v,t;[)) and in fact the distribution and fields are re-
lated by the definitions given in Egs. (4)—(6). The reference
distribution is itself assumed to be normal so that the depen-
dence on r and ¢ occurs implicitly through the fields. In terms
of the notation used here, the reference distribution satisfies
the kinetic equation, Eq. (9), and the full, nonlinear balance
equations, Egs. (7). Using the definitions given above, these
translate into

(00 +v - VO £o(e,v, 15[ ]) = Jo[r, v,

fol (17)

and the fields are solutions to the full, nonlinear balance
equations

0750)110 +u- V(O)l’lo + nOV(O) ‘U= 0,

(‘750)1/{0,1'4' u - V(O)MOJ' + (mno)_l &](O)PI(JOO) = 0,
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2

nokp

ﬂ;O)TO+ u,- V(O)TO + 5 (V(O) . q(00) + P,(;)O)aj(-O)uo,i)

==, (18)

where, e.g., PEJQO) is the pressure tensor evaluated in the ref-
erence state, and

n>0. (19)

Thus, in the ordering scheme developed here, the reference
state is an exact solution to the zeroth order perturbative
equations.

For the standard case describing deviations from the equi-
librium state, the hydrodynamic fields are constant in both
space and time and ¢(°?=0 so that the balance equations just
reduce to (950)1#():0. The left-hand side of the kinetic equation
therefore vanishes leaving 0=Jy[r,v,z|f,] which is indeed
satisfied by the equilibrium distribution. For a granular fluid,
{990 and the simplest solution that can be constructed
consists of spatially homogeneous, but time dependent fields
giving

A0 fole,v, 15[ gh]) = Jo[r, v, 11 fo] (20)
and
&So)no = O,
(950)”0’1‘ = 0 N
30Ty == {7, (21)

so that the distribution depends on time through its depen-
dence on the temperature. The balance equations, together
with the assumption of normality, serve to define the mean-
ing of the left-hand side of Eq. (20) giving

R O A LR A )

Typically, this is solved by assuming a scaling solution of the
form fo(r,v,t;[p]) = ®(v\ma?/ kgT(1)).

D. The zeroth order Chapman-Enskog solution

As emphasized above, the Chapman-Enskog method is an
expansion in gradients of the deviations of the hydrodynamic
fields from the reference state. Using the ordering developed
above, the zeroth order kinetic equation is

AL, v; 8(e,1),[ o)) + v - VOLO (e, v; Sy, 1), [hp])
fol (23)

and the zeroth order balance equations are

=Jylr, v,z

(?go)n+u~Vn0+nV “uy=0,

&Eo)u[ +u-Vuy,; + (mn);lV(O)Pl(.f) =0,
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2
AT +u-VT,+ (VO qO+ PO ou,,) =- O,
anB J ’

(24)

Making use of the balance equations satisfied by the refer-
ence fields, Eq. (18), this can be written in terms of the
deviations as

A8+ su-Vny+n'V -uy=0,

(950> 5”1' + du - VMOJ* + (mn)_lVJ(O)Pl(?) - (mno) lV/Pl(JOO) - 0

VT + du - VT + (Vm) q”+P 5}’)V_,-uo,,-)

-5 (Va 4 POV g ) = = £OT + {07,
0B

(25)

Since the zeroth order distribution is a function of 6y but a
functional of the reference fields, the time derivative in Eq.
(23) is evaluated using

JOFO = E (0o (r.0) e ( t)f“’)

+> f G ()] ﬂ°> (26)

5¢(’

and these equations must be solved subject to the additional
boundary condition

Jim O Gev.1:00(r.0. LD = folev.r: LD (27)
There are several important points to be made here. First, it
must be emphasized that the reference fields ¢(r,7) and the
deviations Sy(r,r) are playing different roles in these equa-
tions. The former are fixed and assumed known whereas the
latter are independent variables. The result of a solution of
these equations will be the zeroth order distribution as a
function of the variables &i. For any given physical prob-
lem, the deviations will be determined by solving the balance
equations, Egs. (25), subject to appropriate boundary condi-
tions and only then is the distribution completely specified.
Second, nothing is said here about the solution of Egs.
(23)—(26) which, in general, constitute a complicated func-
tional equation in terms of the reference state variables
Yo.o(r,1). The only obvious exceptions, and perhaps the only
practical cases, are when the reference state is either time-
independent, so that 0)% =0, or spatially homogeneous so
that (9 is a function, and not a functional, of the reference
fields. The equilibrium state is both, the homogeneous cool-
ing state is a spatially homogeneous state, and time-
independent flow states such as uniform shear flow or
Pouseille flow with thermalizing walls are important ex-
amples of time-independent, spatially inhomogeneous states.
Third, since Egs. (23) and (24) are the lowest order equations
in a gradient expansion, they are to be solved for arbitrarily
large deviations of the fields, 8i. There is no sense in which
the deviations should be considered to be small. The fourth
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observation, and perhaps the most important, is that there is
no conceptual connection between the zeroth order distribu-
tion fO(v; 5¢(r 1, V(oo Yo(r,1)) and the reference distribu-
tion fo(v; Vo Vol t)) except for the limit given in Eq. (27).
In particular, it will almost always be the case that

FO; 8y, 1), V5 iy (r,0)) # fo(vi VS (o, 1) + Sy, 1))).
(28)

A rare exception for which this inequality is reversed is when
the reference state is the equilibrium state. In that case, the
density, temperature, and velocity fields are uniform and the
reference distribution is just a Gaussian

fo(l',V§Vg)w)l//0) = d’o(V;no, Ty, Uy) (29)

and the solution to the zeroth order equations is the local
equilibrium distribution

FOW; 8y(r, 1), V5 o (x,1))
= ¢y(v;n + on(r,t),T+ 61(r,t),U + SU(r,t))

= fo(V; V§ (o (1) + Sx, 1)) (30)

For steady states, as will be illustrated in the next section, it
is not the case that f¥ is obtained from the steady-state
distribution via a “localization” along the lines of that shown
in Eq. (30). On the other hand, Egs. (23) and (24) are the
same whether they are solved for the general field SyAr,1) or
for the spatially homogeneous field SyAr) with the subse-
quent localization dy(r) — Si(r,t). Furthermore, these equa-
tions are identical to those one would solve in order to obtain
an exact normal solution to the full kinetic equation, Eq.
(17), and balance equations, Egs. (18), for the fields
Yo(r, 1)+ Syfr). In other words, the zeroth order Chapman-
Enskog distribution is the localization of the exact distribu-
tion for homogeneous deviations from the reference state.
Again, only in the case of the equilibrium reference state is it
true that this corresponds to the localization of the reference
state itself.

E. First order Chapman-Enskog

In the following, the equations for the first order terms
will also be needed. Collecting terms in Eq. (17), the first
order distribution function is found to satisfy

A0SV e ). []) +v - VOV v dytr.). [go))

:|+]l ’t)’[l//()])
+v- VOO v 8y(e, 0, [4o]) (31)

and the first order balance equations become

dVon+u-Von+nV - du=0,

(7(1 Su;+u - Vou;+ (mn)” 1V(l +(mn) 1V(0 =0,

2
afl)ﬁ+u-VM+D f (V(1)~q(°)+P§f)Vj6u,»)

nkp

(VO qV+ POV ) == (V7. (32)

anB
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III. APPLICATION TO UNIFORM SHEAR FLOW
OF GRANULAR FLUIDS

Uniform shear flow (USF) is a macroscopic state that is
characterized by a constant density, a uniform temperature,
and a simple shear with the local velocity field given by
aij=a5‘ S (33)

ul':a”r‘ ixOjy»

gty

where a is the constant shear rate. If one assumes that the
pressure tensor, heat flux vector, and cooling rate are also
spatially uniform, the reference-state balance equations, Eqgs.
(18), become

&go)no = O,

&Eo)uo,i + auo’yﬁix =0,

aP\® = {007, (34)

(0)
d,"Ty+
R N

The question of whether or not these assumptions of spatial
homogeneity are true depends on the detailed form of the
collision operator: in Ref. [23] it is shown that only for the
linear velocity profile, Eq. (33), this assumption is easily
verified for the Enskog kinetic theory (and hence for simpler
approximations to it such as the Boltzmann and BGK theo-
ries). This linear velocity profile is generated by Lee-
Edwards boundary conditions [24], which are simply peri-
odic boundary conditions in the local Lagrangian frame. For
elastic gases, {°0=0 and the temperature grows in time due
to viscous heating and so a steady state is not possible unless
an external (artificial) thermostat is introduced [17]. How-
ever, for inelastic gases, the temperature changes in time due
to the competition between two (opposite) mechanisms: on
the one hand, viscous (shear) heating and on the other hand,
energy dissipation in collisions. A steady state occurs when
both mechanisms cancel each other at which point the bal-
ance equation for temperature becomes

(00) _ _ #(00)
DnOkBany =-{"T,. (35)
Note that both the pressure tensor and the cooling rate are in
general functions of the two control parameters, the shear
rate and the coefficient of restitution, and the hydrodynamic
variables, the density and the temperature, so that this rela-
tion fixes any one of these in terms of the other three: for
example, it could be viewed as giving the steady state tem-
perature as a function of the other variables.

At a microscopic level, the one-body distribution for USF
will clearly be inhomogeneous since Egs. (5) and (33) imply
that the steady state distribution must give

ayx = N f dvvfy(r,v). (36)
o

However, it can be shown, at least up to the Enskog theory
[23], that for the Lee-Edwards boundary conditions, the state
of USF possesses a modified translational invariance
whereby the steady state distribution, when expressed in

terms of the local rest-frame velocities V;=v;~a;;r;, does not
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have any explicit dependence on position. In terms of these
variables, and assuming a steady state, the kinetic equation
becomes

J
aVy,——f(V)=JIVIf.f]. (37)
v,
The solution of this equation has been considered in some
detail for the BGK-type models [16—19], the Boltzmann
equation [13], and the Enskog equation [25,26,23].

A. The model kinetic theory

Here, for simplicity, attention will be restricted to a par-
ticularly simple kinetic theory which nevertheless gives real-
istic results that can be compared to experiment. The kinetic
theory used is the kinetic model of Brey, Dufty, and Santos
[18], which is a relaxation type model where the operator
J[f.f] is approximated as

« L, d
Jff1= = v (@ v()(f - o) + 5¢ (a)V(lﬁ); -(Cf).
(38)

The right-hand side involves the peculiar velocity C=v—-u
=V-4u and the local equilibrium distribution, Eq. (1). The
parameters in this relaxation approximation are taken so as to
give agreement with the results from the Boltzmann theory
of the homogeneous cooling state as discussed in Ref. [18].
Defining the collision rate for elastic hard spheres in the
Boltzmann approximation as

gP-2/2 | ks T
V(i) = mn(fD o2 (39)

the correction for the effect of the inelasticity is chosen to
reproduce the Navier-Stokes shear viscosity coefficient of an
inelastic gas of hard spheres in the Boltzmann approximation
[27,12] giving

V*(a)=$(1+a)[(D—1)a+D+1]. (40)

The second term in Eq. (38) accounts for the collisional cool-
ing and the coefficient is chosen so as to give the same cool-
ing rate for the homogeneous cooling state as the Boltzmann
kinetic theory [27,12],

D+2

A _ _az
{(a)=—=(1-a’). (41)

In this case, the expressions for the pressure tensor, heat-flux
vector, and cooling rate take particularly simple forms typi-
cal of the Boltzmann description [4]

Pj=m f dCC,Cf(r,C,1),

1
qi= EmdeCiC'zf(l‘,CJ), (42)

while the cooling rate can be calculated directly from Eqgs.
(38) and (8) with the result () =v(){ ().
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B. The steady state

Before proceeding with the Chapman-Enskog solution of
the kinetic equation, it is useful to describe the steady state
for which the distribution satisfies Eq. (37) which now be-
comes

d

- avy&—vxf(V) == v (@) (o) (f = )

L.
3L @) (V). (43)

The balance equations reduce to
2aP}, == { (@) () DnokyT,. (44)
An equation for the pressure tensor is obtained by multiply-
ing Eq. (43) through by mV,V; and integrating giving
aP}y 8+ aPy 5, = — v ()W) (P} — nokpTo )
- (@) () Py
This set of algebraic equations is easily solved giving the
only nonzero components of the pressure tensor as
o _ V(@) +8,D{(a)
V(@ + (@

nokgTo,

*
a

P @ @ )

where a, =a,,/v(i) satisfies the steady state condition, Eq.
(44)
*2 E
a, v (e D
e =5 (). (46)
[+ (@ 2

For fixed control parameters, « and a, this is a relation con-
straining the state variables ny and T,,. The steady state dis-
tribution can be given explicitly, see, e.g., [28].

C. Zeroth order Chapman-Enskog

Since the only spatially varying reference field is the ve-
locity and since it is linear in the spatial coordinate, the ze-
roth order kinetic equation, Eq. (23), becomes

d
A0F0 4 v (VOug)——f
8140[

(O — )+ LA D L (O
=— () (f° ¢o)+2§()(¢)av (€ 47

or, writing the derivative on the left in terms of the peculiar
velocity,

J
S 40,81 v, =
X

_ 1. 9 A0
== v(h)(f = o) + 2§ (CY)V(lﬂ)(9V (CA9).  (48)

Here, the second term on the left accounts for any explicit
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dependence of the distribution on the coordinate y, aside
from the implicit dependence coming from C. Since it is a
zero order derivative, it does not act on the deviations di. In
terms of the peculiar velocity, this becomes

(9 (9

_ 1. 9 A0
== () (f - ) + 2( (a)V(lﬁ)aC (CrO). (49)

The first term on the left is evaluated using Eq. (26) and the
zeroth order balance equations

0§O)n =0,

&go)ui +adu, 6, =0,

2
0T +
Dnk

aPY) =~ (@) ()T, (50)
nKp

and the assumption of normality

dO 0 = (59 n) ( a—gnﬂ(”) +(9%87) ( %ﬂm)

1%
A (— 0>)
+(t ul) &&lif{

to give
2
anB

J J
u Pfg)) 0= aCy
X

J J
- aéuy(—f(o) + —f“”)

acC, dou,

(— {(@)(P)T -

=~ VU o) + 5L @) - (),
(51)

where the temperature derivative is understood to be evalu-
ated at constant density. Here, the second term on the left in
Eq. (49) has been dropped as neither Eq. (49) nor the balance
equations contain explicit reference to the velocity field u,,
and so no explicit dependence on the coordinate y, thus jus-
tifying the assumption that such dependence does not occur
in /9. One can also assume that f© depends on &u; only
through the peculiar velocity, since in that case the term pro-
portional to du, vanishes as well and there is no other ex-
plicit dependence on du,,.

Equation (51) is closed once the pressure tensor is speci-
fied. Since the primary goal here is to develop the transport
equations for deviations from the reference state, attention
will be focused on the determination of the pressure tensor
and the heat flux vector. It is a feature of the simple kinetic
model used here that these can be calculated without deter-
mining the explicit form of the distribution.

1. The zeroth order pressure tensor

An equation for the pressure tensor can be obtained by
multiplying this equation through by mC;C; and integrating
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over velocities. Using the definition given in Eq. (42),

=—v (a)V(¢)(P(0) jnkBT) — g*(a)v(w)Pl(;))’ (52)

and of course there is the constraint that by definition
Tr(P)=DnkgT. It is interesting to observe that Egs. (50)—(52)
are identical with their steady state counterparts when the
steady state condition, {O'T= 2/anBaP(o) is fulfilled. How-
ever, here the solution of these equations is needed for arbi-
trary values of 67, on, and Su. Another point of interest is
that these equations are local in the deviations ¢ so that
they are exactly the same equations as describe spatially ho-
mogeneous deviations from the reference state. As men-
tioned above, this is the meaning of the zeroth order solution
to the Chapman-Enskog expansion: it is the exact solution to
the problem of uniform deviations from the reference state. It
is this exact solution which is “localized” to give the zeroth
order Chapman-Enskog approximation and not the reference
distribution, f, except in the rare cases, such as equilibrium,
when they coincide.

To complete the specification of the distribution, Egs. (51)
and (52) must be supplemented by boundary conditions. The
relevant dimensionless quantity characterizing the strength
of the nonequilibrium state is the dimensionless shear rate
defined as

(D +2)['(D/2)

' =alv=a
g (L-12, 5P

(53)

It is clear that for a uniform system, the dimensionless shear
rate becomes smaller as the temperature rises so that we
expect that in the limit of infinite temperature, the system
will behave as an inelastic gas without any shear, i.e., in the
homogeneous cooling state, giving the boundary condition

1
T—o0 nkBT

(54)
and in this limit, the distribution must go to the homoge-
neous cooling state distribution. These boundary conditions
can be implemented equivalently by rewriting Egs. (60) in
terms of the inverse temperature, or more physically the vari-
able a’, and the dimensionless pressure tensor PE;)
= llnkBTPl(.j(.)) giving

5|« 0
(;(co +a Piv) P

2
_ 2 () p*) *) *) *) _
= Sa PPy - a“8,P\) —a" 8, P) - v'(a)(P) - &)

iy

(55)

and writing fO(C; ) =n(m/ 27k T)?2g(Nm/kzTC ;a")
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d “p() 9 *)
0_)a*g+5a nyCEg+a Px‘g

<§ (a)+—a P( )>

d
—a C fg— —v'(a)[g - exp(- mC%kzT)],  (56)
with boundary condition hmagOP =6; and lim,_ g
=exp(-mC?/kgT). For practical calculatlons it is more con-
venient to introduce a fictitious time variable, s, and to ex-
press these equations as

*

da 1 [P
I-za{(a)+5a PX},
J 2,
2 p0) _ == p(*) p(*) (*) *)
o"spij —Da PP, —a 5, Ly —a 5 Py
- V(P - 5 (57)
where the boundary condition is then P( (s=0)=0;;, and
a”(s=0)=0. The distribution then satlsﬁes
P g=t a’P{)c, P °C, J
—g=- —g-a +a C,—
PR acg ' ac.®
- v (a)[g — exp(- mC*kzT)] (58)

with lim,_ ,g=exp(-mC?/kzT). These are to be solved si-
multaneously to give P( )(s), a’(s), and fO(s) from which
the desired curves P( )(a ) and f19(a") are obtained.

Physically, if the gas starts at a very high temperature, it
would be expected to cool until it reached the steady state. It
is easy to see that the right-hand sides of Egs. (57) do in fact
vanish in the steady state so that the steady state represents a
critical point of this system of differential equations [29]. In
order to fully specify the curve P;(T) and the distribution ik
it is necessary to integrate as well from a temperature below
the steady state temperature. Clearly, in the case of zero tem-
perature, one expects that the pressure tensor goes to zero
since this corresponds to the physical situation in which the
atoms stream at exactly the velocities predicted by their po-
sitions and the macroscopic flow field. (Note that if the at-
oms have finite size, this could still lead to collisions. How-
ever, the BGK kinetic theory used here is properly
understood as an approximation to the Boltzmann theory ap-
propriate for a low density gas in which the finite size of the
grains is of no importance.) Thus the expectation is that the
zero-temperature limit will give

lim P(0 =0. (59)
T—0

Then, in terms of fictitious time parameters, one has

d—T == (@u(Y)T- —aTP<*)

Xy

J 2 .
Z p(*) _ 2 p(*) p(*) (*) (*)
oL =ap Py Py’ —aduPi - ady P,
~ v (@u()(P) - &) (60)

and for the distribution
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9 0 _ io)_*a,, 0 _
o =aCo = @D - )

1. 940
+ 2§ (a)v(l//)ac (CrO). (61)

A final point is that the solution of these equations requires
more than the boundary condition PEQ)(SIO):O since evalu-
ation of the right-hand side of Eq. (60) requires a statement
about Pl(.;)(s=0) as well. A straightforward series solution of
Eq. (52) in the vicinity of T=0 gives Py ,~a"""" and P;

a"?? so that the correct boundary condition here is
P( (s=0)=0. The solution of these equations can then be
performed as discussed in Ref. [14] with the boundary con-
ditions given here.

It will also prove useful below to know the behavior of
the pressure tensor near the steady state. This is obtained by
making a series solution to Eq. (55) in the variable (a"
—a,,) where a, is the reduced shear in the steady state. De-
tails are given in Appendix A and the result is that

p§f>=Pf;(1+A;‘j(a)<“—*-1)+ ) (62)
aSS

with the coefficients

Afa) + ¢ (@)

A;y(a) == é,*(a/) 5

v'(a)+{(a)
A+ (@) + 57 (@)

(1-8,)Aa)=- (1-5,),

[Aun+$vWM+§inﬂ]h%m+§7m1
A (@)==-2D {

AmwwHM+%fmﬁhHM+Dfmn
(63)

where A(a) is the real root of
AN+ 8[v () + {(a)]A? + [4v%(a) + 140" () (@)
+70%(@)]A+ {(a)[2v(a) - v (@) (@) - 20 ()]
=0. (64)

2. Higher order moments: the zeroth order heat flux vector

Determination of the heat flux vector requires consider-
ation of the full tensor of third order moments. Since fourth
order moments will also be needed later, it is easiest to con-
sider the equations for the general Nth order moment. Defin-
ing the s order contribution to the Nth moment as

(r,t)szdvcil---ciNﬂS>(r,C,t), (65)

the goal here will be to give expressions for the zeroth order
contribution, Ml(.?,)ul.N(r,t). To simplify the equations, a more
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compact notation will be used for the indices whereby a col-
lection of numbered indices, such as i;- iy, will be written
more compactly as Iy so that capital letters denote collec-
tions of indices and the subscript on the capital indicates the
number of indices in the collection. Some examples of this
are

0 0
M§N) = MEI')"[N’
MO =,
12’
0 0
M =M (66)

In terms of the general moments, the heat flux vector is

¢ (r.1) = —2 MO (r,1) = —M(O)(r 7, (67)

1y 1

where the second equality introduces the Einstein summation
convention whereby repeated indices are summed. The pres-
sure tensor is just the second moment PE?:MS.)). The local
equilibrium moments are easily shown to be zero for odd N
while the result for even N is

F<N+ 1>F<N+ 2)
(le) 2kgT e NI2 2 2
M; =mn 2 =

N \Val'(N)
XP, 0 (68)

iip ’3 . IN-1'N?

m

where the operator P;j;... indicates the sum over distinct per-
mutations of the indices ijk- - - and has no effect on any other
indices. (For example, P1,61,i,01,= 61,1, 011, % 11,01,
+(‘511,4 iy 3) An equation for the general Nth order moment
can be obtained from Eq. (47) with the result

= V*(a)ng). (69)

( () - —a P(*))T M0+

+ a*P]N5 M(O)

XIN

Writing M;O)=mn(2kBT/ m)N?M ?N gives

pon ;N+ (V () - —a P(*)>M;N

= (M. (70)

<§ (a)+—a P( )>T—

+ a"P,Nﬁx,NMIN v
Notice that the moments are completely decoupled order by
order in N. Since the source on the right vanishes for odd N
it is natural to assume that M ;N=0 for odd N. This is certainly
true for temperatures above the steady state temperature
since the appropriate boundary condition in this case, based

M(le =0. In the

opposne limit, 7— 0, as mentioned above one has that P@

~13~ V6 and there are two cases to consider depending
on whether or not the third term on the left contributes. If it
does, i.e., if one or more indices is equal to x, then a series
solution near T=0 gives M, ~a"~'~T"? while if no index
a*—z% 3

on the discussion above, is that limT_mM

is equal to x then M;N~ giving in both cases the
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boundary condition limTéoM;N:O. In particular, this shows

that the odd moments vanish for all temperatures. From this,
it immediately follows that

¢ (r,n=0. (71)

D. First order Chapman-Enskog: General formalism

The equation for the first order distribution, Eq. (31), be-
comes

7+ avyfmf“) = o+ 5 @) ()
=@V V), (72)

and the operator (951) is defined via the corresponding balance
equations which are now

dVen+u-Vén+nV - su=0,
ﬁ;l)b‘ui +u-Véu, + (mn)_lo’él)Pl(-j(-)) + (mn)_I&E,O)Pg,) =0,

2

nkB

VST +u - V8T + 5 (PEJ(»))VJ-5M,~+V(O) .qV +aPily)) =0.

(73)
Writing the kinetic equation in the form
OAD 4 400 A4 ) N
AVf ta vV + v (@) ()
Ox

1. J P
- 5( (a)y(‘ﬂ); A(CfV)==("n+ uzﬁ}n)%f«))

J 0
(1) 1y 2 A0) (1) 1 _ 7 A0)
— (8T +u0, T — (0, éu; + u;d; éu;
(t 191 )é’Tf( (t j 191 j)(?éujf(

= (qu)f? - 9Cf?, (74)

equations for the Nth moment can be obtained by multiply-
ing through by GG, and integrating over velocity. The
first two terms on the left contribute

J
0
f Cil oo C,-N<(9§ )f(l) + a;oxvyf“))dv
Jd
— A0) (1) (0) (1) _7 A (1)
=4 M,N + PIN(&, 5u,-N)M,N_l + a&u0X(MlNy + 5uyM,N)

+ aP[N@“.N(Mg/)f].V + 5MyM5;])71)

YN gy

(75)

J
="M + a—M") + suM) + aP; 5 MYV
N g, NY N N

where the last line follows from using the zeroth order bal-
ance equation &io) 5uiN=—a5iNx5uy. The evaluation of the
right-hand side is straightforward with the only difficult term
being
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I 9
e | — A0 - 0 0
f C CZN( 195ujf( )dv - (95ujM’N *+PrOiiMi

(76)

and from Eq. (70) it is clear that Mﬁg) is independent of Su;
so that the first term on the right vanishes. Thus

J
0 1 1 1 1
MY +a ” (M), + suMi)) +aPy 5, MiY
X

* N *
+ ( (a) + ¢ (a>)v(¢f>M5;)
(4D 1390 _ (A1) 1 9 2 10)
=—(d, n+u,o7,n)anM,N—(ﬁt T+ulﬁlT)(;TM’N

1 1 0 1 0
- ((75 )51/!] + “1(91 5MJ)P1N5 4M;N)—l - ((9[ MI)MEN)

le

- PIN(ﬁ;uiN)Mgg{lz - allMg(A),)l 7

Superficially, it appears that the right-hand side depends ex-
plicitly on the reference field, since u;=ug,+ du;, which
would in turn generate an explicit dependence of the mo-
ments on the y coordinate. However, when the balance equa-
tions are used to eliminate &El) this becomes

J
0 1 1 1 1
FOMY +a ” (M), + su,Mf)) +aPy 8, MiY |
X

+ (v*(a) . %V:“(a)) oM

1% 2 1%
—(AD g0 = ag(0) A1) (1Y _Z_34(0)
=(d, ' éuyn ﬁnMIN + Drky (M3, buy, + aM, )(9TM1N
1
_— (1) p(0) , 50) p(1)y 4 #(0) 1 (0)
+ mnPIN((yl PliN + (9_\’ Pyi]\)MIN—I - ((9[ 5MI)M1N
= Py (3] Su )M} = G ML), (78)

Then, assuming that the first order moments are independent
of the reference field, u,, gives

. N .
(750)M§11V)+a731]v5 MY+ (v'(a)+5§ (a)>V(¢)M2,)

Xint Iy
2a 9 J
_ 9o | s (n—M(O)—M(O))
(anB oT IN) Xy [ ab on Iy Iy

d
_ O L0 _p 5 4O
anBP“b oar v i M o

1 d
Lo (29 )0
" {mnpl’\’( (95nPliN>MIN-1

1 a ]
—p [—LpO ) _ 70 | (oD 5T
+{mn ’N(aaTP”N> I 98T ,N,}(a, ),

(79)

] (‘9511)5“b)

4 0 1
ﬁEMgN)I:| (85 )5}’1)

which is consistent since no factors of u, appear and since
the zeroth order moments are known to be independent of
the reference velocity field.
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The moment equations are linear in gradients in the de-
viation fields, so generalized transport coefficients are intro-
duced via the definition

(95% aon 96T
— == — - K
Hiya ar, N gy ar,

(95ua
771Nab (9}”
(80)

where the transport coefficients for different values of N
have the same name but can always be distinguished by the
number of indices they carry. The zeroth order time deriva-
tive is evaluated using

FYy) a&,/f FEY
(0) Z%%a _ ( 40) a 50 2%
9 Niyab o, = (9, )\INab) + N and; o,
(9)\ a)\l b | O
|:((3’0)T) +(07(0 ) N9 1 lﬂa
ar adu; | ar,
J
S G
b
(&(0) ) [N“b a&ﬁa (951#8 ‘9(‘950) 51//(1)
- ar  ary, N o, asy,
(0 Py A3 3y | aoy,
= ((?t T) (9T +)\[Ncb (95 )
(pa arb
(81)

where the third line follows from (a) the fact that the trans-
port coefficients will have no explicit dependence on the
velocity field, as may be verified from the structure of Eq.
(79), and (b) the fact that the gradient here is a first order
gradient V| so that it only contributes via gradients of the
deviations of the fields thus giving the last term on the right.
Since the fields are independent variables, the coefficients of
the various terms 98,/ dr, must vanish independently. For
the coefficients of the velocity gradients, this gives

(3" u,)

J

(0)my 2
a1 ) + 7 .
( t )&T Tab Ineb &514‘1

+ aPIN(szNnIN_]yab

J 0
_M( )) 77xyab

. N . 2a
+ (v () + EZ (a))V(lﬂ)ﬂlNab— (

DnkgdT v
a 2 a
__ D g0 _ ) _ 20 0
- “”("a Miy ’N) Dk iy
+PIN6thMIN ar (82)

The vanishing of the coefficients of the density gradients
gives

H3OT)

d
(aEO)T) I ald * Kiya + aPINgxiNﬂzlv_l ya

2a 8M(0))
Dnkgar v ) Hoe

+ (v*(a) + %’f(a’)) V() 0 = (

1 J
J— _~ p0) (0) (0)
mnPI’V< ﬁﬁnP”iN)MIN 1 9én MIN“’ (83)
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while the vanishing of the coefficient of the temperature gra-
dient gives

p A3OT)
(aﬁ‘”r)g—TK, ot a’T Kiya+ APy S K v
N 2a 4d
+(V(+ = - —M(°)> ;
(V(a) zi(a))V(t/f)KzNa (anBﬂT Iy | Ky
Lp PO @ 4 ——M}),. (84)
mn’ ™\ 98T Paiy JMi., 46T

Notice that for even moments, the source terms for the den-
sity and temperature transport coefficients all vanish (as they
involve odd zeroth order moments) and it is easy to verify
that the boundary conditions are consistent with u; =Kl
=0 and only the velocity gradients contribute. For odd values
of N, the opposite is true and 7; Nab:O while the others are in
general nonzero.

E. Navier-Stokes transport
1. The first order pressure tensor
Specializing to the case N=2 gives the transport coeffi-

cients appearing in the pressure tensor

ddu,
(9}"1,

PSV) == Miyab (85)

where the generalized viscosity satisfies
)9
(ar T)ﬁnijab —a Nijxb 5ay + aéxi Njyab +aé, xj Miyab
. . 2a 0
+ (V' (@) + & (@) () 7y - ( P“”) Tesab
2 09 po)

Dnkg oT " ¥
J
(0) (0)
= n— P [ e = 9
“”( an ’f> Dnky T Y

+8,PY + 8,0 (86)

ja

2. First order third moments and the heat flux vector

For the third moments, the contribution of density gradi-
ents to the heat flux is well-known in the theory of granular
fluids and the transport coefficient is here the solution of

adOT)
lu’i jka + an

J TR
(aEO)T)a_T Kijka + (V () + Eg (a)> V() Wija

+ a(sxkﬂijya + aéxilukjva + a5x jMikya
__ L(iPm))P@) L( S o>)P<o>
mn\dn “*) U an

0
Mf]k)a’

(87)

and the generalized thermal conductivity is determined from
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a H3OT) 3.
(&EO)T)[?_TKijka + (;T Kijka + | v (@) + 55 (@) | () Kkijia
+a5ka,]W+a5x,~Kk]-)a+a5 Klk)a
1 (0 1 (0
| ZpO))po) _ _~ (0) | p(0)
T mn ( ﬁTP“k )Pij " mn ( ﬁTP“i )ij
1 (a0 4 I o
- _< aTPE")>P aTM’('f’g“' (88)

Note that both of these require knowledge of the zeroth order
fourth velocity moment M%) . The heat flux vector is

ljka
dén _ JoT
q(']) == lu’ta - Kia? (89)
Tq a
where
Mia = Mijjas
I?m = Kl]ja (90)

F. The second order transport equations

In this section, the results obtained so far are put together
so as to give the Navier-Stokes equations for deviations from
the steady state. The Navier-Stokes equations result from the
sum of the balance equations. To first order, this takes the
form

dn+u-Vén+nV -déu=0,

du;+u - Vou; + adou, + (mn)_lo'?;l)PE?) =0,

M#uVW+——UMV&+MM+Mm)

Dnkpg
=—{(Qv(PT, 91)
where d,=4, © aj”. By analogy with the analysis of an equi-

librium system, these will be termed the Euler approxima-
tion. Summing to second order to get the Navier-Stokes ap-
proximation gives

dn+u-Vén+nV -déu=0,

du;+ - Vu; + ad;ou, + (mn)_lt?j(»l)P,(»;D + (mn)_lr?;”Pf}l,)
+ (mn)‘I&EO)Pg) =0,

2
d,T+u-VoT+ Dk (V“) q 4+ VO . ¢ +P§?)Vj5u,-

+ P(l)V Su; + aP(O) + aP(l) + ani) - (a)v(P)T,
(92)
where now d,=4, © 6(1) (9(2 but this expression is problem-
atic. Based on the results so far, it seems reasonable to expect
that &(0 P<2 =V©.q»=0. However, to consistently write the
equatrons to third order requires knowledge of P Wthh is
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not available without extending the solution of the kinetic
equation to third order. The reason this problem arises here,
and not in the analysis about equilibrium, is that the shear
rate, a, arises from a gradient of the reference field. In the
usual analy51s such a term would be first order and aP(i)
=(9; uoj)P would be of third order and therefore neglected
here. ThlS is unfortunate and shows that this method of
analysis does not completely supplant the need to go beyond
the second order solution in order to study shear flow. How-
ever, this problem is not unique. In fact, in calculations of the
transport coefficients for the homogeneous cooling state of a
granular gas, a similar problem occurs in the calculation of
the cooling rate: the true Navier-Stokes expression requires
going to third order in the solution of the kinetic equation
[30,12]. (This is because the source does not appear under a
gradient, as can be seen in the equations above.) This sug-
gests that the same type of approximation be accepted here,
namely that the term aP() is neglected, so that the total
pressure tensor and heat ﬁux vectors are

0 1
Pij=P§) Pfj)’

ai=q" +q" (93)

and the transport equations can be written as

on+V-(n)=0,

&lui +u- Vui + (mn)_lﬁjpu = O,

(V q+PVu) == (v,

(94)

oT+u-VT+
Dnk

which is the expected form of the balance equations. The
total fluxes are given terms of the generalized transport co-
efficients

dou
_ p0) a
Pij_Pij = Wijab ar >
don d6T
qi =~ Mijja (95)

— = Kjiig -
jja
ar, ar,

G. Linearized second order transport

Some simplification occurs if attention is restricted to lin-
ear deviations from the steady state. In particular, since the
dissipitive contributions to the fluxes are already of first or-
der in the deviations from the steady state, see Eq. (95), the
transport coefficients are only needed to lowest, i.e., zero,
order in the deviations. The defining expressions for the
transport coefficients therefore simplify since the factor 0§O)T
occuring in Egs. (86) and (87) is at least of first order in the
deviations from the steady state (since it vanishes in the
steady state) thus implying that the temperature derivative
can be neglected. The differential equations for the transport
coefficients thus become coupled algebraic equations greatly
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simplifying the determination of the transport coefficients.
Taking this into account, the total fluxes are

opY op\? o6
Pij=P,(js<s)+<—”— Sn+|—L| oT- 7% a

adn ger ) [0 T Mg,
,06n  _ 96T

Gi== B~ Ko s (96)
ar, ar,

where the superscript on the transport coefficients, and sub-

script on the derivatives, indicate that they are evaluated to

zeroth order in the deviations from the steady state {1}, e.g.,
P\ POV (n,T;a) P (n,Ty;q)

<_’L = lim —"" _ lim _'I—O’
(95” 5 17#—)17&0 (95” n—ng (95”

0 0 ) 0 .
(2 ~ o LT, P 00Ti0)
96T ss b=y aoT T—T, aon
(97)
The equation for the viscosity becomes
= Ao By + A Buiap + By + V(@) + £ (@]
Dngkg \ T y N xyab

) P ,
=-v 1(¢0)5ab[”0<51)1('?)> _PE'./S‘S)]
AN
-1
_ 2 () P(ss)<i P(Q))
aT 55

DnOkB ab ij
+ 07 () (8, P + 8, PLY), (98)

where a, was defined in Eq. (46). The generalized heat con-
ductivities will be given by the simplified equations

(0)
a(a T)) l/ka ( (C!) +z é’ (a)>MzS;ka

* sS8
+ ampijk 6kaij_va

i
v (¢0) 4 (0) (s5) ~1 J (0)
=——Pijk<£Pak mPij + 7 (i) %Mijka .

‘(tﬂo)(

mny
(99)
and
(7(9
1( ())( ( )> , Uka (V(a)+ g(a)) ljka
+(1 Pljk tjva
- _1(1110) ( P(o) piss) 4 ‘1(¢)<—M(0 )
mng ljk JT ak . ij ijka ss.
(100)

In these equations, the hydrodynamic variables ¢y, must sat-
isfy the steady state balance condition, Eq. (46). The deriva-
tives of the pressure tensor and fourth order moment tensor,
M fok)a, in the steady state are given explicitly in Appendix A

and the explicit solution of Egs. (98)—(100) are given in Ap-
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pendix B. The linearized transport equations become

d
d,6n +aya—5n +nyV -éu=0,
X

J
d,0u; + ayaéui +adu, o, + (mng)~!

(0) (0)
" (ap,) @Jr((api.) ﬁrﬂﬁ P ou, o
an | or; ar )y ar; P arar, | T

2 ( _,, O on
; +
Hia (?r,»(?ra

55 325]-' (m)ﬂé\u
+ P

K4
“oror, Y ar;

d
9,0 + ay— T +
ox Dngkp

dou 2a P\
+an’ a)+ |:n< o) pl) | sy
Tar o ) T Dndkgl O\ don )T
2a (3P§°>) s
+
DnokB (95T s

=20 (@U@ Ty
n

0

(101)

where the fact that v(if) ~nT"? has been used. These equa-
tions have recently been used by Garzé to study the stability
of the granular fluid under uniform shear flow [15].

IV. CONCLUSIONS

In this paper, the extension of the Chapman-Enskog
method to arbitrary reference states has been presented. One
of the key ideas is the separation of the gradient operator into
“zeroth” and “first” order operators that help to organize the
expansion. It is also important that the zeroth order distribu-
tion be recognized as corresponding to the exact distribution
for arbitrary uniform deviations of all hydrodynamic fields
from the reference state. This distribution does not in general
have anything to do with the distribution in the reference
state, except in the very special case that the reference state
itself is spatially uniform.

The method was illustrated by application to the paradig-
matic nonuniform system of a fluid undergoing uniform
shear flow. In particular, the fluid was chosen to be a granular
fluid which therefore admits of a steady state. The analysis
was based on a particularly simple kinetic theory in order to
allow for illustration of the general concepts without the
technical complications involved in, e.g., using the Boltz-
mann equation. Nevertheless, it should be emphasized that
the difference between the present calculation and that using
the Boltzmann equation would be no greater than in the case
of an equilibrium fluid. The main difference is that with the
simplified kinetic theory, it is possible to obtain closed equa-
tions for the velocity moments without having to explicitly
solve for the distribution. When solving the Boltzmann equa-
tion, the moment equations are not closed and it is necessary
to resort to expansions in orthogonal polynomials. In that
case, the calculation is usually organized somewhat differ-
ently: attention is focused on solving directly for the distri-
bution but this is only a technical point. (In fact, Chapman
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originally developed his version of the Chapman-Enskog
method using Maxwell’s moment equations while Enskog
based his on the Boltzmann equation [4]. The methods are of
course equivalent.)

It is interesting to compare the hydrodynamic equations
derived here to the ‘“standard” equations for fluctuations
about a uniform granular fluid. As might be expected, the
hydrodynamic equations describing fluctuations about the
state of uniform shear flow are more complex in some ways
than are the usual Navier-Stokes equations for a granular
fluid, but the similarities with the simpler case are perhaps
more surprising. The complexity arises from the fact that the
transport coefficients do not have the simple spatial symme-
tries present in the homogeneous fluid where, e.g., there is a
single thermal conductivity rather than the vector quantity
that occurs here. However, just as in the homogeneous sys-
tem, the heat flux vector still only couples to density and
temperature gradients and the pressure tensor to velocity gra-
dients so that the hydrodynamics equations, Eqs. (94), have
the same structure as the Navier-Stokes equations for the
homogeneous system.

An additional complication in the general analysis pre-
sented here is that the zeroth order pressure tensor and the
transport coefficients are obtained as the solution to partial
differential equations in the temperature rather than as simple
algebraic functions. This requires that appropriate boundary
conditions be supplied which will, in general, depend on the
particular problem being solved. Here, in the high-
temperature limit, the nonequilibrium effects are of no im-
portance and the appropriate boundary condition on all quan-
tities is that they approach their equilibrium values.
Boundary conditions must also be given at low temperature
as the two domains are separated by the steady state which
represents a critical point. At low temperatures, there are no
collisions and no deviations from the macroscopic state so
that all velocity moments go to zero thus giving the neces-
sary boundary conditions. A particularly simple case occurs
when the hydrodynamic equations are linearized about the
reference state as would be appropriate for a linear stability
analysis. Then, the transport properties are obtained as the
solution to simple algebraic equations. The solutions of those
equations have been explicitly formulated in Appendix B. It
is to be hoped that the existence of these expressions will
lead to new empirical work, either experimental or computer
simulation, to test these results.

A particular simplifying feature of uniform shear flow is
that the flow field has a constant first gradient and, as a
result, the moments do not explicitly depend on the flow
field. This will not be true for more complex, nonlinear flow
fields. However, the application of the methods discussed in
Sec. II should make possible an analysis similar to that given
here for the simple case of uniform shear flow.
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APPENDIX A: DERIVATIVES OF THE ZEROTH ORDER
MOMENTS IN THE STEADY STATE

1. The pressure
Recall that in the steady state

v V(@) +8,D¢ ()
T V(@+ ()

s _ a:s V*(a)
Y () + L (F
and the explicit form of the steady state condition, Eq. (44)

giving the value of the reduced shear in the steady state, a,,,
is

(A1)

a 20 ()
[v(a)+g<a)]2_5“)

Assume that the stresses are analytic in @~ so that near the
singularity

(A2)

PL=P +A(d —agy)+ (A3)
They satisfy Eq. (55),
Eg (a) + Ba P, la gPij
2 * *
= Ba PX}P” a’s; Piy—a 5jx -v (a)(P 3
(A4)

Substituting Eq. (A3) into this and equating terms order by
order in (a"-a, ) gives

( () +— aMPXy”> MA”
=Ba”ny P = a0, Py’ — a6, Py -1« )(Pl] ;)
(A5)
and
L, -
( e quy) agAyj
= LRI TP P 6P
- 8, P — a8, AL - a8 AL - v (@A (A6)

The first of these is satisfied identically by Egs. (Al) and
(A2) while the second gives

BaSSAX)A,-j + am<v (a) + 5{ (a))Al] - Ba 2AXVP1, 55)
L) *) w( ) _
+ass 6ixA]y+a 5]XA1V_ v (a)( ])

In component form this is

(A7)
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1 * 1 s« 2 . gy
e 3AxyAyy"'a ( (a)+5§ (a))Ayy D ZAXyP

=v' ()P - 1),

1 * * 1 * S8
BaS:A§y+a ( (a)+E§ (a))Axy 2Axnyy +a SSA)V
= V*(a)P;;S. (A8)
Substituting
—DC/a;?,
(1= 8,)A;=(1- 8,)DBla,
EAn:O (A9)
gives
% 1 5 2 *gg 1 s g
BC+\|v(a)+ 55 () |B - BCPW = l—)v (oz)(Pyy -1),
( (o) + = f(a)) aCP“+ B
1 *S_S
=5V (@)a, P, (A10)

and the steady state condition makes this

2 *ss 1 ss_
= 5P :l_)v( (P -1),

BC + (v*(a) + %g*(@)B
2 * 3 * *2 1 5 #
+|v(a)+ z{ () |C+a, B=- EV () ().
(A11)
The solution is

popyl_ 20@-C@

. (A12)
Cla)+v'(a) + 5(*(60

with C(a) being the real root of

4C°+8[v'(a) + L (a)]C?
+[4v(a) + 140 (@) (@) + T H@)]IC + L (@)[207(a)
—v (@) (@) -2 (@)]=0. (A13)

In summary, near the steady state, the pressure takes the
form

ij—nkBT[P Ss+A (Cl - ”)+ ]

v (a) >2C(a) 1,20

_ *2 _
Ay =Dl = ([v<a>+g<a>]2 @ o™ P
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[ 2C(a) -
~ 8,)A;;=DBlay = — P, (@)= (a)

", N Y
Cla)+v () + 54 (@)

2C(a) - £ ()

-(D-1) *Pyjf . (A14)
B @@ (@
This gives
li —"): k (PJ”—— ‘A~>,
P e R
Py
lim( ) ksTo(PL = ajAy). (A15)
T—Ty\ on

2. Higher order moments

The general moment equations are

N
+a*791N5,NXM = V*(a)Mny“>. (A16)
In the linear approximation, writing
M1 —M”+2A (a —a)+ (A17)

where the factor of 2 is introduced to agree with the notation
for the pressure, gives

* N * p(* *ss * 58 * le*
(V (a) - o° PQ)M,N +a PIN(S)”NMIN Y=V (a)MEN )
(A138)
and
L s A (e S i,
+ a;’;P,N(szA?N,I,,

_l Na NP(‘JS *éé rP *u
_2 D S. X} D IN i\x IN e

(A19)
For N>2 these are simple linear equations for M ;;S and A}kN.

They have the common form
Z +a, X\Py 6.7 =Ry, (A20)

where for Z; =M,** one has
N N
sy N
Xy= <v () — D° Piy)) ,

Ry, = v (@M, (A21)

whereas for Z A ¥ one has
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V() + (N;

1w
XN= D vaxy

1)*a>-1

1
”z*(a)) ,

1 £ * *
RIN= _XN< (assAx) +P YS)ZW Ys_,Pl[\,étN)ch,f,él\>

- (C(a) + (@) + W-

2
(A22)
The solution of Eq. (A20) is straightforward and the result is
ZZV=RI Xampl (6 i BRyr, 1)
+ Q)X (3,48, Ry, )
- (3‘)(Xass)37)1 ( lN lxatN_sz vyl 3) -
+ (N Ry 8y Oy (A23)

thus giving explicit expressions for both M;k]‘;‘Y and A; .

Using these results, derivatives of the moments in the
steady state can easily be evaluated. Using

da_ _ d
(9”0 nO ’
{9 ®
@ __a (A24)
Ty 2T,

gives

o (oM, 2T\ e 1.
lim =m| —— M,” - —d'A; |,
T—Ty\ On m N2 N

(M, (2K T\ (N Lo 1,
lim | — | =mnyTy | —— —M,”-—aA; |.
ar N

T—T, m 2 4 N
(A25)
It is also useful to calculate
r?V(W)T( () - —a P, )
lim
T—Ty W
2 da"
- U TP +aSSAXy) lim a—‘; (A26)
so that
. &f%)l .
TILHTIO( P 5V Woa ag (P +agA)
1
EV(l/fo)[ZC(a) ()],
~ (00T 2 To o, g
T .
=mmfmam—§mn (A27)
0
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APPENDIX B: TRANSPORT COEFFICIENTS
IN THE STEADY STATE

In this appendix, the equations for the transport coeffi-
cients in the steady state are solved. Note that throughout this
appendix, the summation convention is not used.

1. Viscosity
The viscosities are determined by Eq. (98) which is

Syntjxh5 + as 5 77;';(1}7 + ass(sx nzvah + [V (a) + g (a ]nzjah
zass ( (0))
— | — P 77‘“? b
DnokB JoT g 58 wa

(9 SS
=- _1(‘/10)511;;{”0(%}’1(‘?)) _Pz(j )]

21/_1 J
B (lﬂo) P;};)( Pg)))
nOkB s

U () (3Pl + 8P
Using Eq. (A15), this becomes

(B1)

svnt/xhg + as 5 njyab + avs(sJCj ntvab + [V (a) + { (a ]ntjab
20, o 1w s
- FSS(PUSS - EamAij) ﬂfc;ab

1 *ss
=”0kBToV_l(l//o)[ sztj( ab+D ssPab>

2 *ss p*ss s, *ss
DP P+ 6Py + 8P, } (B2)
It is convenient to introduce a scaled viscosity
& V( iﬁo)
L= 35 B3
nljab nOkBT() ﬂzjab ( )
and the abbreviations
Y=[v () +{ ()],
1 *ss 2 *ss p*ss
Rijab 53141] ab+ DassPab - BPij Pab
+ 5b,-P; + 6P *”] (B4)

so that the defining equation can be written as

kS *
nljab - leab + assYnUxbﬁ assY5xi77jyab a Yﬁx nlyab

2 *
" %{pr- (BS)

D S.Alj) Ynxyab

It is easiest to separate this into two cases. For a#y, the
second term on the right drops out giving

s % s
Dijab = Rijab - assygxi njvab ag Y5x nl)ab

£
2am
+— i-

D SSAU> 77xyab’ a# y (B6)

and the indices a and b are passive in the sense that the
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equations are invariant with respect to their values so that the

only important indices are i and j. To solve this requires
* * * . .

knowledge of 7,,,=7,;,, and 7,,,, which satisty

2a.

sS *ss 1
<Piy 2 _SSAZ)>Y77qub’

ﬂt}ub_Rlyab a Y(len)ryab+ D

a+y,

* _ R * Y * 2as§ P*SS l * * Y *
Neyab = Kxyab = Agst Myyap + D xy zassAxy Mxyab>
a#y. (B7)

Finally, these in turn require knowledge of n;yab which sat-
isfies

o 2a; " N
Myyab _Ryyﬂh + D Pyy - 2assA)y Ynxyab’ a#y.

(B3)

Using this to eliminate nwh in the previous equation gives
an explicit solution for 7,,,,,

|: 1- ?‘H(Px;‘? - EaséAx},)Y

261;2 55 Lo« 2| ,F
+ D Pyy - EassAyy Y Mxyab
=Ryyap = Ay, YRy @ # Y. (B9)

Using Egs. (A1), (A2), (A9), and (A12), the prefactor is

|:1 ZL;(P*SS l * *)Y 2a_:52<P*SS l* *>Y2:|
- D xy _zassAxy + D y —2(1334”.
Cla)+ v () + Eé'*(a)
SO
o[, L@+ C@ (@ -
T ™| T (@) + L ()

Cla) +v(a)+ L (a)

x (RX.WI}’ - a:sYRyyab)’ a#y,

* _ 2(1; *s5 L.
n)'yab - Ryyab + D Pyy zaébA)y Ynxyab’ a #: y’

261; g 1 * % *
D Piy - Easﬁiy Ynxyub’

Niyab = Riyub - assY5xi Myyab +

a+y,
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Dijab = Rijah - as‘vY@ci 77j-yah ag Yﬁx 771yah
1

2“; * gy P %
+ ?(Pij - Eax_yf\ij>Y17xyab, a#y. (Bll)

Then, the remaining unknown viscosities correspond to the
case a=y and satisfy

Dijyb = Rijyb + assYniij - assyaxi Diyyb — Gy Y5x nlvyb

+ _”<Piju - EasxAij)Ynxyyb'

- (B12)

ThlS has the same Structure as Eq. (B6) with R”ab—>wa
Y 771 wp Where 7] wp 18 NOW known. The solution is there-
fore analogous

{(a) -
Cla) +vi(a)+ L (a)

-, f@c@

Devop = :
o Vi) +{ ()
% s # %2 o
X (nyyb + a.stnxyxh - amYRyyyb —dg Y nyyxb) >
* * *
nyyyb = Ryyub + as‘vyylyyxb

L2 (Lo )y
D »y zassAyy Mxyybs

®
2a

. * * * * sS *5s

Tiyyb = Riyyb + assY”’iyxb - assY5xi Myyyb + D Piy

1 *
Ea“Aly Ynxy)'b’

* * * * *
7]ijyb = Rijyb + assYniij - assygxi njy)b as Y5 /nzyyb

2a;
D Py

2. Thermal conductivity

EaMAu)Yniyyb. (B13)

From Eq. (100), the generalized heat conductivities &},
are solutions of

WD\
10/’0)( Uka v (a) + g (a) zjka
+a, Pljk lj}a
_l(l/’()) ( (0)) s, -1 ( J (0))
= mng Pijk (?TP ak SSP ij TV () aTMijka N

(B14)

Using Egs. (A15), (A27), and (A25) this becomes
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[Cla)+ v (a)+ (a)]Kl]ka + a”P,]kaka

l]ya
nOTOki’ ( #5s 1 woE ) *ss
= = Pi' P _— P
mV(l,l’()) jk\ * ka 2astka ij
*ss 1
+4 2Ml]k0 Za Aljka (BIS)
Introducing the scaled transport coefficient
o mu(dy) (B16)

Kijka = nok%;To Kijka
and the definitions
X=[Cla)+ v (a)+ ()],
Oijka =X{— Pt}k(Plt: =5 :sAka)P + 8M1]ka A;ka:|
(B17)
the equation to be solved becomes

Kfjka + a:sXPijkéxiKija = Qijka- (B18)

This is of the same form as Eq. (A20) [note that the index a
plays no role in this equation and that Egs. (65) and (80)
imply that «j, is symmetric in the first three indices, i, j,
and k] so the solution is obtained from Eq. (A23) and is

Kijka = Qijka - ass)(fpijkakuijya + Z(LIMX)ZPUI( 5)«:} 5kuiyya
- 6((,1:XX)3 5xi6xj5kuyyya . (B 19)

From this, the thermal conductivities entering the Navier-
Stokes equations are

Rl*a = E (Qijja - a;rxaxinjya) - zairXQixya + z(a;rX)ZQiyya
J

+ 4(a,,X)? 8 Qxyya = 6(a3X)* 8,40, 0 (B20)
3. Coupling of density gradients to the heat flux

The transport coefficient governing the contributions of
density gradients to the heat flux satisfies

(0)
vl 0)((?(& )> Kijka

S8
+a Pljk klu’ijva

v ()
r \¥Y) 0 SS — 0
== l]k((; szk)> Pij ](¢0)<_Mf]k)a> .

mng

(V@20 @)u

(B21)
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Using Egs. (A15), (A27), and (A25) this becomes

s 3 * s * ss
v(a)+ Eg () Mija * g PijkOuMijya

_l(l/fo)

*

(kBTO) [ ljk Pk;_ sxAka)P*SY

*ss 1
. 4<M,;,:k‘a S k) [2C(0) = £ (@)K, |
(B22)
so that defining
‘1(«//)
/*Lf;ka = ° (kBT())zlu’l]ka (B23)
the equation for s, becomes
Ed 3 K Ed *
v (a) + Eg (a) lbl’ijka+a Pl]k kMijya
*as *gs *5s 1 ok
= l]k(P sﬁka)P +4\|M ljka - EassAijka
~[2C(a) - £ (@10 K- (B24)

Again noting that the index a is passive in this equation and
that ,ul tq 18 Symmetric in i, j, and k, this is again of the same
form as Eq. (A20) so that

a:Q(szk@cinjyu + Z(Q:SX)ZPijk5 2

xj kuiyya
(B25)

Qijka—
- 6(ajSX)35xi5xj5kuyyya ’

E3
Mijka =

with

-1

=(v*(a)+§z*(a>) ,

Ql]ka_X( ,Pljk(P*SY SAIJ)PIJYY+4MUYI:(1 2a:SA:]k(l
-[2C(a) - L' (a)]v(h) ki) - (B26)

The transport coefficients required for the Navier-Stokes or-
der equations are

ﬁ:’ka = 2 (Qijja - a;)(@cinjya) - Za:A)(Qixya + Z(Q:A)()ZQiyya

J
+4(a, X)?6

iQxyya - 6(ajsX)35xinyya' (B 27)
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