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The Burnett transport equations for a dense hard-sphere gas as given by the standard
(SET) and revised (RET) Enskog theories are discussed. It is shown that beyond the
Navier—Stokes approximation, the expressions for the collisional transfer contributions to the
molecular fluxes are formally different in both theories. In contrast, by using the Chapman—
Enskog method, the Burnett approximation to the single particle distribution function is
found to be identical. The differences between the SET and the RET in this hydrodynamic
order appear only through two linearized Burnett transport coefficients in the momentum
flux. The numerical evaluation of these differences is explicitly carried out.

1. Introduction

In a memoir of 1922, Enskog [1] presented an approximate kinetic equation
for a dense hard-sphere fluid as an extension of the Boltzmann equation to
higher densities. The merits of Enskog’s theory (which is now called the
standard Enskog theory (SET)) are discussed in the various existing mono-
graphs, (e.g. [2]) in kinetic theory. They remained unchallenged until in 1973
van Beijeren and Ernst [3], taking up earlier results of Garcia-Colin, Barajas
and Pina [4], pointed out the inadequacies of the extensions of the SET to
mixtures and produced a modified Enskog equation which in particular avoided
the inconsistency of the SET with irreversible thermodynamics. The theory of
van Beijeren and Ernst, usually called the revised Enskog theory (RET), was
later shown to possess further nice properties [5].

In the case of multicomponent mixtures, van Beijeren and Ernst showed that
the SET and the RET differed already at the Navier—Stokes level. This
prompted a number of studies [6] geared at examining the nature and
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magnitude of the differences, particularly in view of the fact that some
experimental work kept being interpreted in terms of the SET [7]. On the
other hand, for a monatomic dense gas of hard spheres the SET and the RET
lead to the same results up to the Navier-Stokes approximation, but they
would differ beyond. In particular, as Enskog himself realized and van
Beijeren and Ernst also stressed, the SET may not in principle be used to
derive (linear and nonlinear) Burnett and higher-order hydrodynamic equa-
tions and corresponding transport coefficients. This is due to the fact that if
there exists a strong density gradient in the gas or one has a strong external
field, the collision frequency should depend on the gradients of the local
density as well as on the local density itself, which was not accounted for in the
SET. Nevertheless, recently Alves and Kremer [8] have used the linearized
Burnett equations of the SET to study light scattering in a dense monatomic
gas.

A practical question then arises: To what extent do the linearized Burnett
coefficients in the RET differ from those in the SET for a dense monatomic
gas? In this paper we address this question by considering the Burnett
hydrodynamic equations in both Enskog theories. In the same spirit that led to
the assessment of the numerical differences between the Navier—Stokes trans-
port coefficients of multicomponent mixtures [6] as given by the SET and the
RET, we will explicitly determine below the corresponding differences in the
case of the Burnett transport coefficients.

The paper is organized as follows. In section 2, we derive the balance
equations for the conserved densities of mass, momentum and energy both in
the SET and the RET. Here we consider all terms in the collisional transfer
that will contribute to the Burnett approximation. Section 3 is concerned with
the Chapman-Enskog solution to the kinetic equations. The explicit difference
between the SET and the RET transport coefficients, which manifests itself
only in some linearized Burnett terms, is computed. Finally, in section 4 we
present a brief discussion of our results and give some concluding remarks.

2. The standard and revised Enskog theories for a dense monatomic
hard-sphere gas

Our starting point is the kinetic equation for a dense monatomic gas of hard
spheres,

(Z+o-2+L.2) frwin =y, @1)
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where the collision operator is given by

a1y = [0k £ D Lxtr, r + okln) fir, 0730 i + ok vis 0
— x(r, r — ak|n) f(r,v; ) f(r— ok, v;; )] dk do, . (2.2)

Here, f(r, v; t) is the single particle distribution function and represents the
average number of hard-sphere molecules (with diameter o and mass m) at the
position r with velocity v at time ¢. F is the outside force acting on the system,
g=v, —v is the relative velocity of two spheres with velocities v, and v,
respectively, k is a unit vector directed along the line of centers from the
sphere centered at r + ok to the sphere with center at r upon collision (i.e. at
contact) and 6 is the Heaviside step function. Finally, v’ and v are the
velocities of the restituting collision, i.e.

v =v+(g-kk, (2.3)
vi=v, (g bk, (2.4)

and y is the radial distribution function of two hard spheres at contact, namely,
when the distance between their centers is o. In the SET [1], x is the same
function of the number density »n as in fluid in uniform equilibrium with n
evaluated at the point of contact. On the other hand, in the RET [3] the radial
distribution function is the same functional of n as in a fluid in nonuniform
equilibrium. Hence,

X =X, i) = 14 n(h(r+ ) [ Vir, #lry) dr,

+ % nz(%(r'i' r'))ffV(r, r’|r3r4) dry dry+---,
' (2.5)

and

XRET = yRET (. p|p) =1+ f n(r,) V(r, r'|r;) dr,

1
+ = n(r;) n(r,) V(r, r'|lryr,)drydr, + - - -
2! ff (2.6)

where 7' = r+ ok. In egs. (2.5) and (2.6) the number density » is defined by

n(r;t) =J flr,v;t)dv, 2.7)
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and we have introduced the usual Husimi V-functions of the virial expansion of
the pair distribution function [9].

In order to assess the differences between both descriptions, it is necessary
to explicitly derive the hydrodynamic equations beyond the Navier—Stokes
order. This will be achieved below by means of the Chapman—Enskog method
[10]. Notice that, by taking into account the difference in position of two hard
spheres at collision, the collision operator J(ff,) is nonlocal. On the other
hand, the hydrodynamic equations are local so that some manipulations are
required. By performing a Taylor expansion of J( ff;) around r keeping terms
up to third order, subsequently multiplying the resulting kinetic equation with
m, mv and :muv’, respectively, and finally integrating over v, one obtains the
conservation equations. The mathematical details are presented in the appen-
dix and the final forms are the following:

ap d _
9 (puy+ 2 (P + pu) = nF 2.9)
5 (POt 5, puu)=nF , .

ad 9
Py (pu’ + 3nky,T) + E-[q+(%pu2+ inkyT)u+ P-ul=nF-u,

(2.10)
where p = mn is the mass density, the local velocity u is defined by
p(r; ) u(r;t)= J’ flr,v; ) mvdvo, (2.11)
and the local temperature T is defined by
In(r; £) kg T(r; t) = f f(r,v; ) smV?(r; 1) dv (2.12)
with V= v — u the peculiar velocity.
The pressure tensor P is given by
P(r; )= PX(r; ) + P%(r; 1) . (2.13)
where the kinetic part is
PX(r;t) = f fmvV dv, (2.14)

and the potential part differs depending on whether the SET or the RET is
considered. In the first case,
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P* ()= 3mo” [ [ [ 6 o)

X(ﬁ'g)(V’—V)l?{xc[ffl(H% i ai i)

&1
s a 9 af of; )]
1.2 R v v v 1
+ 5o kk: (f ar arf fior ar ar ar or
RV ) .
+ Lokk: ar ar(X° ffl)} dk dv dv, (2.15)

while in the RET one gets

P? "5 (r; 1) = P*>FT(r; 1) — fgmo f f f o(k - g)
i aa 0 dn -
X (k- g)v'— V)k k: 3 ar ffidkdvdu, . (2.16)

Similarly, the heat flux vector ¢ is given by

ar;)=q¢“(r; )+ ¢*(r; 1), (2.17)
where
g (r; )= f fimV?vdv, (2.18)

and again the potential parts are different in the SET and in the RET:
0= 4mo’ [ [ [ 0 0 G- v - vk

» 0 f
X{Xc[ff<1+10'k'—- )
1 2 F fl
otk (2 L ag 23 p o U 3]
* 8o k'(fararf tha a2 o
+71;azkk — (chfl)}dﬁdvdvl, (2.19)

and

¢ (s 0= ¢ () - hmo® [ [ [ 0 gk o)

d AA 6 P d
X (V2= VA)k 2 g X k-aia—"ffldkdvdv1

(2.20)
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In egs. (2.15), (2.16), (2.19) and (2.20), y, is the equilibrium value of the
pair correlation function for two spheres at contact with the equilibrium density
replaced by the local equilibrium density at the point r.

The kinetic fluxes PX and ¢X arise from the translational transfer of
momentum and energy, respectively, while their potential counterparts contain
contributions from the instantaneous transfer of momentum and energy at
collision between two spheres, via the interparticle potential field, over the
distance o between their centers. Such a transport mechanism, which does not
appear in a dilute gas, is much faster and more effective than translational
transfer and therefore dominant in dense gases. We remark that the differences
in collisional transfer in the RET and the SET, which is the main result of this
section, contrast with what occurs when only terms up to second order in the
Taylor expansion of the collision operator are retained (Navier—Stokes regime)
[3]. In this latter regime the collisional transport is identical in both theories.

Once the conservation laws have been derived, the explicit expressions for
the fluxes (and hence for the transport coefficients) can be obtained with the
aid of the Chapman—Enskog method. This will be done in the next section up
to Burnett hydrodynamic order.

3. The Burnett hydrodynamic equations

Following the standard Chapman-Enskog procedure [10], we now assume
that the single particle distribution function f depends on r and ¢ only through
the space and time dependence of n, # and 7. Thus, we look for a normal
solution of the form

F=fO4pufO 4 O 3.1

where u is the relative variation of the locally conserved densities over a mean
free path, and hence proportional to the gradients of these quantities in the
system. It is only used as a uniformity parameter to select terms of equal order
of magnitude and is eventually set equal to one at the end of the calculations.
Similar w-expansions are carried out for all operators appearing in the Enskog
kinetic equation (2.1). When one collects the coefficients of equal powers in
on both sides of the expanded equation, a set of integral equations for the
different approximations f* is obtained. These integral equations are then
solved iteratively.

The solution up to the Navier-Stokes order (linear transport theory) is
well-known and identical in both the SET and the RET [2,3]. Therefore, we
will not rederive it here. Rather, we will concentrate on the second order
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(Burnett) transport constitutive relations for the momentum and heat fluxes.
Since our main concern is to elucidate the discrepancies between the RET and
the SET and as shown in the appendix, the integral equations for £ are equal
in both theories (and hence also the kinetic contribution to the fluxes), we only
have to deal with the collisional transfer contributions. More specifically, we
are interested in the magnitude of the second terms appearing on the right-
hand sides of egs. (2.16) and (2.20) respectively, when one restricts to the
Burnett approximation. We then find that

2

(2v2 5+ —t ) (32)

p? D RET _ pé (2) SET _
Y ar; or;

q¢ (2) RET _ q¢ (2) SET i (3.3)
where we have introduced the reduced density p* = 2wo’n.

It must be emphasized that up to this order only the pressure tensor differs
in the SET and the RET and that the difference will solely affect some of the
linearized Burnett coefficients. Therefore, our task is reduced to evaluating the
numerical differences in these coefficients.

Recently, the linearized Burnett equations in the SET (in the first Enskog
approximation) have been used by Alves and Kremer [8] to study light
scattering from density fluctuations. It is straightforward to see from eqs. (3.2)
and (3.3) that the linearized Burnett equations in the RET have the same
structure as those given by the SET (cf. egs. (10) and (11) of ref. [8]) and may

be obtained directly from the latter by replacing the coefficients a$*" (cf. eq.
(15) of ref. [8]) and a3F" (cf. eq. (17), same reference) by
RET _ _SET _ 2 aXc
«a 1 =a 1 125 P ( ) (3‘4)
and
RET _  SET | n)? aXc

where 1 = (5/160)(ky Tm/w)"'? is the first Enskog approximation to the shear
viscosity of a low density hard-sphere gas [10].

In order to evaluate numerically the differences between af"' and a'®
(i=1,3), an explicit expression for y. is required. We will consider the
Carnahan-Starling approximation [11] which in terms of p* reads

RET T

p*—8

X.=8
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Fig. 1. Reduced density dependence of the relative differences between the linearized Burnett
transport coefficients a, and a, as given by the SET and RET. The solid line corresponds to the
absolute value of 4,(p*) while the dashed line refers to 4,(p*).

For the sake of illustration of such numerical differences, in fig. 1 we show
—A4A,(p*) and 4;(p*), where

RET SET
@, ~a;

A(p*) = T ST (i=1,3). (3.7

We remark that in the limit of small p*, — A, =0.66p* and 4; = 0.12p**. This is
suggestive of why the relative difference is much more important in the case of
a, than for a, as can be clearly observed in the figure. As a matter of fact, for
p*=0.5, —A,=36% and 4, is less than 1% whereas for p*=1, —4, =80%

and A, =8%, so that for moderate densities the relative difference in a;, is
practically negligible.

4. Discussion

In this paper we have examined the differences between two versions of the
Enskog theory, the SET and the RET, through the consideration of the
Burnett hydrodynamic equations for a dense monatomic hard-sphere gas.
These versions, in which the collision frequency of the Boltzmann equation is
increased by a factor y and which take into account the correlations between
the positions of two colliding spheres and the sizes of the molecules, differ in
the form assumed for the density dependence of x. It had been previously
shown that up to the Navier—-Stokes approximation, both descriptions lead to
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the same results [3]. Here, we have shown that beyond the Navier—Stokes
order, the expressions for the collisional transfer contributions to the fluxes of
momentum and energy are in general different in the SET and the RET. This
result is important in the context of transport in dense fluids since it is
well-known that collisional transfer is dominant in such systems. Besides, by
using the Chapman—Enskog method, we explicitly computed the differences
between the Burnett transport coefficients as given from both theories and
found that they only concerned two linearized Burnett coefficients.

Our results deserve some further comments. While the RET is clearly a
cleaner and conceptually more attractive theory, in terms of the Burnett
transport coefficients it is indeed remarkable that the only significant numerical
difference between both theories shows through «, (cf. eq. (3.4) and fig. 1).
Moreover, the fact that f ) verifies the same integral equation in the SET and
the RET indicates that the discrepancies in Burnett order associated to the
different choices in y are subtler than might have been anticipated. Therefore,
given the fact that the SET is mathematically simpler than the RET, one might
conclude that the overall performance of the SET up to the Burnett approxi-
mation in a dense monatomic gas is not too bad. In this sense, the calculations
performed by Alves and Kremer [8] would retain some of their value.
However, we must point out that for the particular situation that they
examined, we found that the contributions to the structure factor arising from
the linearized Burnett terms are completely negligible when compared with the
ones coming from the Navier—Stokes terms.

As a final point, we want to mention that the effort carried out here will be
extended in the near future to the case of multicomponent fluid mixtures.
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Appendix

This appendix is concerned with the derivation of the conservation equations
(2.8)—(2.10) and the integral equation for f®. Let us start from the nonlinear
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Enskog kinetic equation

d a F a )
(Z+o- 245 2 000 =uis). (A1)
where the collision operator J( ff,) is defined by eq. (2.2). We expand J( ff;) in
a Taylor series around r and, in order to cater for all the contributions to

Burnett hydrodynamic order, retain terms up to third order in the spatial
gradients. Carrying out such expansions, one gets

JOff) = B(ff) + W) + L(F)+ Ko+ (A.2)

where the J,(ff;) (i=0,...,3) are given in the SET and RET by

Joo ()= o (M)

= x. [ [ k- g1k (111~ ff) dk v, (A3)
(M) = SR8
= [[ o 0 G- 0| k- (£ L+ £ )
+3 % (fc- g—':)(f’f{ +ff1)] dkdv, , (A4)

() =1 [ [ o ) - o
X{XJ}’}: (f ar or i far ar fl)

o (e 2)e-( &1 1)
+6nkarkfarf1f fi
X os

[ka.ii

* “oror”
- Zz,,xz (’2 ?;:)( )](ff1 )}dkdvl, (A.5)

IR = I - 4 [ [ 0k g) - ot e

< (ke & )i 1) koo, (4.6)
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()= [ [ 00 ) - go*{ & xcki:
< S P i )

ax, <. n>n( a 9 a 9 )
+l_° . — . [ ] —_
4 an k or ek ¢f~)rarfl+far6rf1

3. [+ on\(. an\ Ox. (s 9 O
e 52 (k-2 (6 52) + 3 (ak: 2 2. 0)
8L on? or k- ar on ka 3

e ppp: 28 8 ] g } i
+ 5 Kk - — o n|(f'fi+ f)p dkdo, (A7)

S =) - 4 [ [0k g (k- g)or
i"g(“._"_i ) ( , 9f1 3f1>
X{an kk'&rarnk f or +far
X, 220 0 8 @ aZX(A an)(.aa )]
+l|:__° [ < - _
z ankkkararar +an2k6r kkarar”

x(ffi+ ) dkdv, (A8)

where f=f(r,v; ), fi=f(r,v; 1), f =f(r,v';t) and f, = f(r, v;; t). In deriv-
ing eqs. (A.3)-(A.8) we have made use of the following expansions around r:

2

ot = fir iy ok Lm0 e &
f(r,v, t)—f(l', v,t)iO'k' ar f(r,v,t)-f-.i-’—

3

An

Jd 9
k .E;Ef(r,v,t)

LT aep 0 9 0
® oy kkk: 2 — v )+, (A.9)
SET Lo 0 o’ .. 9 9
(r,r'ln)=x.* Zk—,x o ko X

3
AR
—_— - - = 4 10
a8 Mk o o X ’ (A.10)
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2 52y
T o in o ( )(, 6n>
+ == =
(r, r'lm) = xc 2aank or 8 on’ k- ar k- ar
9
d

3
_ T BXCAM ii
T2 on B G ar "
3 3
T axc(A an> . an>(A an>
—+ —_ « — PR -« — o
x 57 oos Ve o e S0 )+ (A.11)

with ' = r+ gk and

Xe = xc(o|n(r))

2
=1+ n(r) j V(r, r'|r;)dr, + nz(r) jf V(r, r'|ryr,)drydr, +

) (A.12)

Furthermore, in order to express x =" and the gradients of x, in terms of the
gradients of the number density, the following relations are required:

3
X“ J H(r,r',ry)drs, (A.13)
a*
X° j f K(r, ¥, ry,r,) dr,dr, (A.14)
= j J' f L(r,r',ry, ry, r5)drydr,dr, (A.15)
where

H(r, r', rs|n(r)) = V(r, r'|ry) + n(r) f V(r, r'|r,r,) dr,
+ 2 (r) ffV(r r'lryrrs)dr,drg+ - (A.16)
K(r,r', ry, r|n(n) = V(r, r'|ryr,) + n(r) J’ V(r, r'|ryr,rs) dr

+Z (r) JfV(r r'|ryrrsr)drsdrg+--- (A17)

and

L(r, r', ry, ry, rs|n(r)) = V(r, r'|rsr,rs) + n(r) f V(r, r'|ryr rsrg) drg

+2 (r) f f V(r, r'|ryrorsrgr;) drg dr, +
(A.18)
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It must be remarked that in writing JX° () in terms of J T (ff,) we have
taken into account that H(r,, r,,r;), K(r,,r,, 1y, r,) and L(r,, r,, 1y, 1., 15)
depend only on relative distances and are symmetric under the interchange of
labels 1 and 2, whereby it follows that

fH(’l"'zﬂ'a) ry dry = %’21J'H('1”'2"'3)d’35 (A.19)
fH(rl, Ty, ry) ryry, dry =ffK(r1, ry,ry, r,)ryry, drodr, =0, (A.20)
IH("D Ty, T3) I3 T3y, dry = _%’21"21’214,’1'1("1’ ry,ry)dry, (A.21)

ffK("l”'z’raa’4)’31r41 drydr, 2%’21'21ffK(’l’rz”a,rtt)d’sd";
(A.22)
and

IIIL(’U’E, T3, Tys Is) Iy ryrs; drydr drs

= %’21'21’21J'JJ'L(’vrz”'a”m’s)d’a dr,dr,, (A.23)

where r,=r,—r,.

In order to get the conservation equations, one multiplies both sides of eq.
(A.1) with the collisional invariants ¢ and integrates over v. Using the above
results and standard manipulations such as interchanging the roles of molecules

or of the direct and restituting collisions, one gets

9 s  F i) —_ 9 g
j"’(at“’ or T omaw) T 5 R (A.24)

where the collisional transfer of ¢ is given by

2 0= 1o [ [ [ 00k, g - )0 - W

1oh. 2 i)
x{Xc[ffl<1+2(rk arlogf1

s a 9 a 9 afaf)]
1, 2¢87, g 9 — T e 2N
+80kk'(far 6rf1+f1 ar ar zar ar

A 0 ”
+ hokh: air (x. jfl)} dkdv, dv , (A.25)
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and

R* ;1) = * )~ o [ [ [ ok ) e )0 - Wk

x ‘;—’; i = 2% ff, di dv, dv. (A.26)
Letting ¢ be in turn m, mv and {mv’ in eq. (A.24) and using egs. (A.25) and
(A.26), after the standard manipulations of the left-hand side of eq. (A.24) one
directly arrives at the conservation equations (2.8)—(2.10)*!

For the derivation of the Burnett equations one uses the Chapman—Enskog
method. The terms of order @(u’) and O(u) are well known and may be
found for instance in the book by Chapman and Cowling [10]. As for the terms
of O(u?) required here, the method leads to the following integral equation for
the distribution function f® = f(©@®:

d a
2 @y 20 (1) 1 £(0)
n“I(P*) atf +—atf
”fi(k g)(k- o (fOf; W - fOr) dk do,
g 3
x| [0 G- otk Z 0040 2 g

r

3 R
9 W4 1) & 20
+f arfl f arfl ) dk dv,

1 J' ¢ . 4( w0y 8 9 0
x| 6 g - ot (10 2 2 gy

d 6
o) 7
~f or ar

ff@(k g) (k- g)a’k- (f'(o)f:(l)

+f1Op D 4 pOp) +f§°)f(1>) dk dv,

L[| ot 9 e o 2
+2! Ok-g)(k-gc’'k 3

f‘“’) dk dv,

x[é-(f'“”f; - i f‘o))]dkdvl, (A.27)

*! As a matter of fact, as remarked in ref. [10], the same form of the balance equations holds if
instead of v one takes the peculiar velocity V= v — u where u is evaluated at the special point r
under consideration, and so, does not vary with the position of the molecule.
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where the operators 9./t and 9,/9¢ have their usual meaning in the Chapman—
Enskog method [10] and I(®®) is defined as

Xe i i ' '
1(@®) =2 [ [ o(k- g) (k- Doy V(@D + 5@ - @
- o) dkdv, . (A.28)

It must be emphasized that, although J5E7(ff,) and JSET(ff,) are different,
eq. (A.27) holds for both the SET and RET due to the fact that f'®f!(¥ =
FOFO Therefore, the Burnett distribution function happens to be identical in
both formulations. On the other hand, it is also important to point out that,
similarly to what occurs in the case of dilute gases [10], in order to obtain the
kinetic contributions to the transport fluxes it is not necessary to explicitly solve
the integral equation (A.27). Moreover, the part that involves @ in the
collisional contributions can also be cast into a form that involves a factor times
the kinetic contributions. The calculations of these kinetic contributions (not
reported here since they are not relevant in our discussion) follow very nearly
those methods of chapter 15 of ref. [10].
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