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Abstract

Explicit method of constructing of approximations (Triangle Entropy Method)
is developed for strongly nonequilibrium problems of Boltzmann’s—type kinetics, i.e.
when standard moment variables are insufficient. This method enables one to treat
any complicated nonlinear functionals that fit the physics of a problem (such as, for
example, rates of processes) as new independent variables.

The method is applied to the problem of derivation of hydrodynamics from the
Boltzmann equation. New macroscopic variables are introduced (moments of the
Boltzmann collision integral, or collision moments). They are treated as independent
variables rather than as infinite moment series. This approach gives the complete
account of rates of scattering processes. Transport equations for scattering rates are
obtained (the second hydrodynamic chain), similar to the usual moment chain (the
first hydrodynamic chain). Using the triangle entropy method, three different types
of the macroscopic description are considered. The first type involves only moments
of distribution functions, and results coincide with those of the Grad method in the
Maximum Entropy version. The second type of description involves only collision
moments. Finally, the third type involves both the moments and the collision mo-
ments (the mixed description). The second and the mixed hydrodynamics are sen-
sitive to the choice of the collision model. The second hydrodynamics is equivalent
to the first hydrodynamics only for Maxwell molecules, and the mixed hydrody-
namics exists for all types of collision models excluding Maxwell molecules. Various
examples of the closure of the first, of the second, and of the mixed hydrodynamic
chains are considered for the hard spheres model. It is shown, in particular, that
the complete account of scattering processes leads to a renormalization of transport
coefficients.
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1 Triangle Entropy Method

Many works are devoted to the problem of constructing approximate solutions of the
Boltzmann kinetic equation, and to obtaining a closed macroscopic description. Hilbert
[14], Chapman-Enskog [16] and Grad [19] methods, as well as their modifications are most
commonly used for solving this problem. In the present section, which is of introductory
character, we shall mean for certainty the Boltzmann kinetic equation for simple gas whose
state (in the microscopic sense) is described by the one-particle distribution function
f(v,x,t) depending on the velocity vector v = {vk}izl, the spatial position x = {xk}izl
and time ¢. The the Boltzmann equation describes the evolution of f and in the absence
of external forces is

O f + v f = SH(f, f), (1)

where 0, = 0/0t is the time partial derivative, 0y = 0/0z;, is partial derivative with
respect to k-th component of x, here summation in two repeating indices is assumed, and
St(f, f) is the collision integral (its concrete form is of no importance for the present, just
note that it is functional-integral operator quadratic with respect to f).

The Boltzmann equation possesses two properties principal for the subsequent reason-
ing.

1. There are exactly five scalar functions 1, (v)(additive collision invariants), 1, v, v
such that for any their linear combination with coefficients depending on x,t¢ and for
arbitrary f ensuring existence of the integrals the following equality is true:
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2. The equation (1) possesses global Lyapunov functional: the H-function,

H(t) = H[f] = / F(v,x,8) In f(v, %, t)dvdx, (3)

the derivative of which by virtue of the equation (1) is non-positive under appropriate
boundary conditions:

dH(t)/dt < 0 (4)

and turns into zero in the only point of the space, corresponding to the spatially uniform
Maxwell distribution function fo(v). The H-function is unique within the accuracy of
adding to it of a moment with respect to f of arbitrary linear combination of additive
collision invariants.

Grad’s method [19] and its variants result in constructing of closed systems of equations
for macroscopic parameters are represented by moments (or, in more general consider-
ation, linear functionals) of the distribution function f (hence their alternative name is
“moment methods”). The entropy maximum method [11] is of particular importance for
the subsequent reasoning. It consists in the following. A finite set of the moments describ-
ing macroscopic state is chosen. Then, the distribution function of the quasi-equilibrium
state under given values of the chosen moments is determined, i.e. the problem is solved

H[f] — min, for M;[f]=M;, i=1,... k, (5)



where M; [f] are linear functionals with respect to f; M, are the corresponding values of
the chosen set of k macroscopic parameters. The obtained quasi-equilibrium distribution
function f*(v,M(x,t)), M = {M,..., My}, parametrically depends on M;, its depen-
dence on space x and on time t being represented only by M (x,t). Then the obtained f*
is substituted into the Boltzmann equation (1).

As a result we have closed systems of equations with respect to M;(x,t), i =1,..., k:
0, M; + Milvidy f*(v, M)] = Mi[St(f*(v, M), f*(v, M))]. (6)

The following heuristic explanation [6, 7, 11, 15] can be given to the entropy method. A
state of the gas can be described by a finite set of moments on some temporal scale 6§ only if
all the other (“fast”) moments of the distribution function during some characteristic time
7,7 << 0, relax to their values determined by the chosen set of “slow” moments, while
the latter almost do not change during the time 7. In the process of the fast relaxation the
H-function decreases, and in the end of this fast relaxation process a quasi-equilibrium
state sets in with a distribution function being solution of the problem (5). Then “slow”
moments relax to the equilibrium state by virtue of (6).

The entropy method has a number of advantages in comparison with the classical Grad
method [2]. Firstly, being not necessarily restricted to any specific system of orthogonal
polynomials, and leading to solving an optimization problem, it is more convenient from
the technical point of view. Secondly, and what is more important, the resulting quasi-
equilibrium H-function, H*(M) = H[f*(v, M)], decreases due of the moment equations
(6).

Let us note one common disadvantage of all the moment methods, and, in particular,
of the entropy method. Macroscopic parameters, for which these methods enable to
obtain closed systems, must be moments of the distribution function. On the other hand,
it is easy to find examples when the interesting macroscopic parameters are not linear
functionals of the distribution function. In the case of simple gas those are the integrals
of velocity polynomials with respect to the collision integral St(f, f) of (1), for chemically
reacting mixture those are the reaction rates and so on. If the characteristic relaxation
time of such non-linear macroscopic parameters is comparable with that of the “slow”
moments, then they should be included into the list of “slow” variables on the same
footing.

In this paper for constructing closed systems of equations for non-linear (in a general
case) macroscopic variables the triangle entropy method proposed in [8, 9, 10] is used.
Let us describe the scheme of this method after the example of the equation (1).

Let a set of M[f] = {Ml[f], e Mk[f]} linear, and N[f] = {Nl[f], . .,Nl[f]} nonlin-
ear (in a general case) macroscopic variables be chosen. Then, just as for the problem (5),
the first quasi-equilibrium approximation is constructed under fixed values of the linear
macroscopic parameters M:

H[f] — min for M;[f] = M;, i=1,...,k, (7)
and the resulting distribution function is f*(v, M). After that, we seek the true distribu-

tion function in the form,

f=1r1+e), (8)
where ¢ is a deviation from the first quasi-equilibrium approximation. In order to deter-
mine the latter, the second quasi-equilibrium approximation is constructed. Let us denote
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AH|[f*, o] as the quadratic term in the expansion of the H-function into powers of ¢ in
the neighbourhood of the first quasi-equilibrium state f*. The distribution function of
the second quasi-equilibrium approximation is the solution to the problem,

AH[f*, ¢] — min for
M[f*o]=0, i=1,...k
ANj[f*a(p]:ANja jzla"'7la (9)

where ANj are linear operators characterizing the linear with respect to ¢ deviation of
(nonlinear) macroscopic parameters N from their values, N = N;[f*], in the first quasi-
equilibrium state. The obtained distribution function,

f=1 (v, M)(1+¢"(v,M,AN)) (10)

is used to construct the closed system of equations for the macroparameters M, and AN.
Further in this section some examples of using the triangle entropy method for chem-
ically non-reacting gases are considered. Applications of the triangle entropy method to
chemically reacting gases see in [10].
Finally, let us note that the entropy and triangle entropy methods are particular cases
of elimination of rapid variables by means of the Lyapunov function (general statements
and detailed analysis of this problem for Pauli equation see in [6]).

2 Linear Macroscopic parameters

Let us consider the simplest example of using the triangle entropy method, when all the
macroscopic parameters both of the first and of the second quasi-equilibrium states are
the moments of the distribution function.

2.1 Quasi-equilibrium projector

Let u1(v), ..., ug(v) be the microscopic densities of the moments M (x,t), .. .., My(x,t)
determining the first quasi-equilibrium state,

Mix,t) = [ () f(v.x,0)dv, (11)
and, let v1(v), ..., (V) be the microscopic densities of the moments N, (x,1),. ..., Ni(x,t)

determining together with (1) the second quasi-equilibrium state,

Ny(x, 1) = / (V) f (v, %, £)dv. (12)

The choice of the set of the moments of the first and second quasi-equilibrium approxima-
tions depends on a specific problem. The only natural restriction being always imposed
on the distribution function is the normalization condition. Further on we will suppose
that the microscopic density po = 1 corresponding to that condition is always included
in the list of microscopic densities of the moments of the first quasi-equilibrium state
(11 = po = 1). The distribution function of the first quasi-equilibrium state results from
solving the optimization problem,



= /f(v) In f(v)dv — min (13)

for
/MZ Vidv=M,i=1,... k

Let us denote by M = {Mjy, ..., M} the vector of moments of the first quasi-equilibrium
state, and by f*(v, M) let us denote the solution of the problem (13).

The distribution function of the second quasi-equilibrium state is sought for in the
form,

f=1v, M)(1+¢). (14)

Expanding the H-function (3) in the neighbourhood of f*(v, M) into powers of ¢ to
second order, we obtain,

AH(x,t) = AH[f", ¢l = H' (M) + [ (v, M)In f*(v, M)p(v)dv +
+§ (v, M)p*(v)dv, (15)
where H*(M) = H[f*(v, M)] is the value of the H-function in the first quasi-equilibrium
Stat&/hen searching for the second quasi-equilibrium state, it is necessary that the true

values of the moments M coincide with their values in the first quasi-equilibrium state,
ie.,

M, = /ul M)(1 + ¢(v) dv—/ul Fv,Mydv=Mi=1,... .k (16)

In other words, the set of the uniform restrictions on ¢ in the problem (9),

[ ) (v M)p(v)dv =0, =1,k (17)
ensures a shift (change) of the first quasi-equilibrium state only due to introducing the
new moments Ny,..., N; in addition to M. In order to take this condition into account

automatically, let us introduce the following structure of a Hilbert space:
1. Define the scalar product

(Vr.102) = [ £ (v, MY (V)a(v)dv. (18)

2. Let E, be the linear envelope of the set of moment densities {{1(v), ..., ux(v)}. Let us

construct a basis of E,, {e1(v),...,e,(v)} orthonormal in the sense of the scalar product
(18):

(i, €5) = 0y, (19)

t,7 =1,...,7;0; is the Kronecker symbol.
3. Define a projector P* on the first quasi-equilibrium state,

Py =Y eile;, ). (20)
=1



The projector P*is orthogonal: for any pair of functions 1, s,
(P, (1= P)y) =0, (21)
where 1 is the unit operator. Then the condition (17) means that
P =0, (22)
and the expression for the quadratic part of the H-function (15) takes the form,

AH[f*, o] = H*(M) + (In f*,¢) + (1/2) (¢, ¢). (23)

Now, let us note that the function In f* is invariant with respect to action of the
projector P*:

P*In f* =1In f*. (24)

This directly follows from the solution of the problem (13) using of the method of Lagrange
multipliers:

k
fr=expd Ai(M)pi(v),
i=1

where \;(M) are Lagrange multipliers. Thus, if the condition (22) is satisfied, then from
(21) and (24) it follows that

(Inf*, @) = (P*In f*, (1= P*)p) = 0.

Condition (22) is satisfied automatically, if AN; are taken as follows:

AN; = (1= P, @), i=1,...,1 (25)

Thus, the problem (9) of finding the second quasi-equilibrium state reduces to

AH[f*, o] — H (M) = (1/2)(p, ¢) — min for
(1= Py, o) =AN;,, i=1,...,1 (26)

Note that it is not strictly necessary to introduce the structure of the Hilbert space.
Moreover that may be impossible, since the “distribution function” and the “microscopic
moment densities” are, strictly speaking, elements of different (conjugate one to another)
spaces, which may be not reflexive. However, in the examples considered below the
mentioned difference is not manifested.

In the remainder of this section we demonstrate how the triangle entropy method is
related to Grad’s moment method.

2.2 Ten-moment Grad approximation.

Let us take the five additive collision invariants as moment densities of the first quasi-
equilibrium state:

=15 pgy = v (k= 1,2,3); ps = mv?/2, (27)



where v are Cartesian components of the velocity, and m is particle’s mass. Then the
solution to the problem (13) is the local Maxwell distribution function f© (v, x,t):

kT (x,1)\ m(v —u(x, t))?

0) _ t SNBSS Y _ ) 2
7O =) (FEELE) g {1 w2, 29
where n(x,t) = [ f(v)dv is local gas density, u(x,t) = n71(x,t) [ f(v)vdv is local flow
density, T'(x,t) = [ f(v )%dv is local temperature, kp is the Boltzmann constant.

Orthonormalization of the set of moment densities (27) with the weight (28) gives

ey = [bkpT —m(v —u)?/[(10n)Y2kpT),
erene = m?(vp —u)/(nkgT)Y? k=1,2,3, (29)
es = m(v—u)?/[(15n)?ksT].

For the moment densities of the second quasi-equilibrium state let us take,

Vi, = mugug, 1,k =1,2,3. (30)
Then ]
(i - P(O))Vik = m(v; — ug)(vy, — up) — 3 iwm (v — 11)2= (31)

and, since ((i — po ))I/Zk, (1 — po Nus) = (0i10ks + 0xi0is) PkpT /m, where P = nkgT is the
pressure, and oy, = (f, (1 — P(O))V,k) is the traceless part of stress tensor, then from (14),
(27), (28), (31) we obtain the distribution function of the second quasi-equilibrium state
in the form

£= 0 (1 et - w)on = w) = g0ty — up]) 2

which is precisely the distribution function of the ten-moment Grad approximation [11, 19]
(let us recall that here summation in two repeated indices is assumed).

2.3 Thirteen-moment Grad approximation

In addition to (27), (30) let us extend the list of moment densities of the second quasi-
equilibrium state with the functions

& =mun?/2, i =1,2,3. (33)

The corresponding orthogonal complements to the projection on the first quasi-equilibrium
state are

m

@—ﬂ%@:—m—m(w—w%—

(34)

dkpT
5 .

m

The moments corresponding to the densities (1 — P (0)¢; are the components of the heat
flux vector ¢;:

= (p, (1 - PD)gy). (35)



Since

(1= PO, (1 = POYuy) =0

)

for any ¢, k, [, then the constraints

(1= PO, ) = o, (1 = POYG, ) =

in the problem (26) are independent, and Lagrange multipliers corresponding to &; are

1 (kpT\’
% (%) qi- (36)

Finally, taking into account (27), (32), (34), (36), we find the distribution function of
the second quasi-equilibrium state in the form

f=r9 (1 + 20;]!:ZT <(Uz' — u) (v — wg) — % (v — u)2) +
gm m(v —u)?
+Pk:BT(Ui - Uz) <75kBT - 1)) ) (37)

which coincides with the thirteen-moment Grad distribution function [11, 19].

Let us remark on the thirteen-moment approximation. From (37) it follows that
for large enough negative values of (v; — u;) the thirteen-moment distribution function
becomes negative. This peculiarity of the thirteen-moment approximation is due to the
fact that the moment density &; is odd power of v;. In order to eliminate this difficulty,
one may from the very beginning consider that in a finite volume the square of velocity
of a particle does not exceed a certain value v, which is finite owing to the finiteness of
the total energy, and ¢; is such that when changing to infinite volume ¢; — 0,03  — oo
and ¢;(v; — u;)(v — u)? is finite.

On the other hand, the solution to the optimization problem (5) does not exist (is not
normalizable), if the highest-order velocity polynomial is odd, as it is for the 13-moment
Grad moment system.

Approximation (32) yields AH(5) as follows:

Oik0ik

— g
AH=H +n4P2 : (38)
while AH corresponding to (37) is,
_ 1700 Oik0ik qrqkpP
AH =H +n4P2 +n5P3, (39)
where p = mn, and H® is the local equilibrium value of the H-function
5 3 3 2
H<°>:§n1nn—§n1np—§n <1+1n£>. (40)

These expressions coincide with the corresponding expansions of the quasi-equilibrium
H-functions obtained by the entropy method, if microscopic moment densities of the first
quasi-equilibrium approximation are chosen as 1,v;, and v;v;, or as 1,v;, v;v;, and v;v?.
As it was noted in [11], they differs from the H-functions obtained by the Grad method



(without the maximum entropy hypothesis), and in contrast to the latter they give proper
entropy balance equations.

The transition to the closed system of equations for the moments of the first and
of the second quasi-equilibrium approximations is accomplished by proceeding from the
chain of the Maxwell moment equations, which is equivalent to the Boltzmann equation.
Substituting f in the form of £ (1 + ¢) into equation (1), and multiplying by p;(v), and
integrating over v, we obtain

0,1, POwi(v)) + 0u((v), 15(v)) + Bk (0rp(v), p1s(v)) +
+0k(vr, (V) = Mg [, #]- (41)

Here

Mgglpi, @] = [ SHFO+ ), FOU + )uilv)dv

is a moment (corresponding to the microscopic density) p;(v) with respect to the collision
integral (further we will term Mgy the collision moment). Now, if one uses f given by
equations (32), and (37), then the system (41) gives closed ten- and thirteen-moment Grad
equations, respectively, whereas only linear terms in ¢ should be kept when calculating
Mgt -

Let us note some limitation of the truncating the chain (41) by means of the quasi-
equilibrium distribution functions (32) and (37) (or for any other depending on the mo-
ments of the distribution functions only). When such closure is used, it is assumed
implicitly that the collision moments in the right hand side of (41) “rapidly” relax to
their values determined by “slow” (quasi-equilibrium) moments. Collision moments are,
generally speaking,independent variables. This peculiarity of the chain (41), resulting
from non-linear character of the Boltzmann equation, distinguishes it essentially from the
other hierarchy equations of statistical mechanics (for example, from the BBGKY chain
[3] which follows from the linear Liouville equation). Thus, equations (41) are not closed
twice: into the left hand side of the equation for the i-th moment enters the (i + 1)-th
moment, and the right hand side contains additional variables: collision moments.

A consequent way of closure of (41) should address both sets of variables (moments
and collision moments) as independent variables. The triangle entropy method enables
to do this.

3 Transport Equations for Collision Moments in the
Neighbourhood of Local Equilibrium. Second and
Mixed Hydrodynamic Chains

In this section we derive equations of motion for the collision moments. It proves conve-
nient to use the following form of the collision integral St(f, f):

SN = [ a0V vavn) (FV)FE) = FE)f ) dvVdvidve,  (42)

where v and v; are velocities of the two colliding particles before the collision, v/ and
v are their velocities after the collision, w is a kernel responsible for the post-collision
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relations v/(v,vy) and v}(v,vy), momentum and energy conservation laws being taken
into account in w by means of corresponding d-functions. The kernel w has the following
symmetry property with respect to its arguments:

w(vy, Vv, vy) = w(vy, V|ve, v) = oV, v | vi,v) =w(v, vy |V, V). (43)

Let u(v) be the microscopic density of a moment M. The corresponding collision
moment Mg¢[f, p1] is defined as follows:

Mgglfo] = [ St N(u(v)dv. (44)

First, we should obtain transport equations for collision moments (44), analogous to
the moment transport equations. Let us restrict ourselves to the case when f can be
represented in the form,

f=r20+y), (45)
where f© is local Maxwell distribution function (28), and all the quadratic with respect

to ¢ terms will be neglected below.
Since, by detail balance,

FOWFOv) = fOW) O (v)) (46)
for all such (v, vq), (v/, v}) which are related to each other by conservation laws, we
have,

Mg [f, 4] = 0, for any p. (47)

Further, by virtue of conservation laws,

Mg [f, POyl =0, for any f. (48)
From (46)-(48) it follows,

Mg [fO 1+ @), 1] = Mg [0, (1 = PO)p) =
= _/w(w,v; | v, vi) O W) fO(vy) {(1 _ p(0)>ﬂ(v)}dv/dvlldv1dv. (19)

We used notation,

{v(V)} =o(v) +¥(vi) — (V) = P(vh). (50)
Also, it proves convenient to introduce the microscopic density of the collision moment,
pgt (v):

pse(v) = [0,V [vov) fO) {(L = PO} dvavidve.  (51)
Then,
Mgt le, n] = = (@, nst), (52)

where (-, -) is the scalar product with the distribution function £ (28).
Now, we obtain transport equations for the collision moments (52). We write down
the time derivative of the collision integral due to the Boltzmann equation,
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OSt(f. f)(v) = TSt(f, )(v) + RSt(f. ))(v).
where
TSHFNE) = [0 vova) FV)eudf (v) + F(v)udef (v)
~F(V)UBF (VD) = FV)o O (V)] dVdVsdvady;
RSUS D)) = [0 V5 v va) [SHE V) SV + L P V)T (v) =
=St(f, [)(vi)f(v) = St(f, [)(v)f(v1)] dv'dvidvidv.

Using the representation,

O fOv) = A(v) FO(v);

m(v —u)

2
_ —3/2 m
Ap(V) = O In(nT™7%) + T Oy InT,

and after some simple transformations using the relation

{Ax(v)} =0,

in linear with respect to ¢ deviation from f(® (45), we obtain in (53):

TSUS V) = Ok [0 v v, v SO0 O W) {op(v)} dvidv'dv, +
[0 vy v fO ) FO) {oeAn(v) }dv'avidv, +

[ v v v PO PO () [p(v) Ak(vi) (o — o)+

+o(v) Ap(v) (v — vir) + (V) Ar(vi) (v} — Vi) +
+o(vi) Ap (V) (viy, — vp)] dvidv'dvy;

RSUL DY) = [0V v, va) fO ) [ va) {E(v)} dviav'avy;
£v) = [avvi [ v,v) fO ) {elv)} dvavavi;

05tL ) = =0 [0 ¥ Vv FOW) O (va) {o(v)} dv'dviva

(54)

(55)

(58)

(59)

(60)

Now, multiplying (58)-(60) by the microscopic moment density p(v) and performing
integration over v using the symmetry property of the kernel w (43) which follows from

(43), (46),

/w(v', Vi | v, v) fO ) FOV) g (V) {g2(v)} dv'aviydvydy =

[ o Ve Vv fO V) fO V) ga(v) {91 (v)} dv'dvdvaay,

(61)

and is true for any two functions g, g ensuring existence of the integrals, and also using

the consequence

(62)



of the conservation laws, it is straightforward to obtain the required transport equation
for the collision moment in th linear neighbourhood of the local equilibrium:

—0, AMgt [, ] = —3t( ,HGt) =
= (0 Ar(v), ngi (1 - ) (v))) +

O (v >vk,u3t<<i D)+ [ @ v v, va) fOv) O (v) x
x {1 =P } ) (v — ve)p(V)dv'dv,dvydv +
+(£v), nge (1= PO >>u<v>)) : (63)

The chain of equations (63) is an analogue of the hydrodynamic moment chain (41)
for collision moments (further on, we will call equation (63) the second chain, and (41)
- the first chain). The second chain possesses the same way of chaining as the first one:
the last term in the right part of (32) (¢, uSt((i — PO)1)) depends on the whole totality
of moments and collision moments and may be treated as a new variable. Therefore,
generally speaking, we have an infinite sequence of chains of increasingly higher orders.
Only in the case of a special choice of collision model - Maxwell potential U = —xr~* -
this sequence degenerates: the second and the sequent chains are equivalent to the first
(see below).

Let us restrict ourselves to the first and second hydrodynamic chains. Then deviation
from local equilibrium state and transition to closed macrodescription equations may be
performed in three different ways for the microscopic density p(v). Firstly, one can specify
the moment M[u] and perform closure of the chain (41) by the triangle method given in
sections 1,2, and leading to Grad’s moment method. Secondly, one can specify collision
moment MSt (1] and perform closure of the second hydrodynamic chain (32). Finally, one
can use simultaneously both M|u] and MSt (1] (mixed chain). Quasi-equilibrium distribu-
tion functions corresponding to the last two variants will be constructed in the following
section. As collision models, hard spheres and Maxwell molecules will be considered.

4 Distribution Functions of the Second
Quasi-equilibrium Approximation
for Collision Moments

4.1 First five moments plus collision stress tensor

Throughout below as first quasi-equilibrium approximation local equilibrium state f© (28)
is chosen.

Let us choose vy, = mw;ug(30) as the microscopic density p(v) of the second quasi-
equilibrium state. Let us write down the corresponding collision moment (collision stress
tensor) Ay in the form,

where

vt (V) = m [0V | Vi, v) O (v) %

13



X {(vl —u;) (v — uy) — % (v — u)2} dv'dvdvy (65)

is the microscopic density of the collision moment A;.
Function of the second quasi-equilibrium approximation under the given collision mo-
ment (64) is determined as the solution to the problem

(p, ) — min for
(Q0> Vstik) = —Aj. (66)

The method of Lagrange multipliers yields

p(v) = )\ikVStik(V)a
Aik (VS VStrs) = Ds, (67)

where \;; are the Lagrange multipliers.
In the considered below examples of collision models (and in general, for central in-
teraction forces of particles) vgy . is of the form

vspik(v) = (1 = POyu(v)@((v — u)?), (68)

where (1 — P©)yy, is determined only by the correlation (31), and ® depends only on the
absolute value of the peculiar velocity (v — u). Then

it = 1A
rt = (2/15) (@2 ((v — w)?), (v — u)*) (69)

and the distribution function of the second quasi-equilibrium approximation for collision
moments (64) is given by the expression

F=FO0 + rApugi)- (70)

The form of the function ®((v —u)?), and the value of the parameter r are determined
by the model of particle’s interaction. In the Appendix, they are obtained for hard spheres
and Maxwell molecules models (see equations 129-134). The distribution function (70) is
given by the following expressions:

For Maxwell molecules:

£ = 5O {1 i @ T) g (= ) (o — ) — 50(v —)?) |,

M.M. _ k‘BT\/ 2m
0 3mAy(5)V/K

where pd™- is a viscosity coefficient obtained at first approximation of the Chapman-
Enskog method (exact in this case), & is a force constant, Ay(5) is a number, Ay (5) ~ 0.436
(see [16], p.209);

For the hard spheres model:

(71)

14



2/ 2rmptl-S: -1 m(v —u)?
f=ro {1 + WAM » exp _%yz (1 =) (1+y?)x

X (7”(2"]{;7;]}1)2(1 —y?) + 2) dy ((Uz —u;)(vp — ug) — %@k(v — u)2>} y
o = (5y/kgTm)/(16y70?),  (72)

where 7 is a number represented as follows:

= [ e B)BEn () X
x(160” + 28a(y(y) + 7(2)) + 637(y)y(2))dydz, (73)
a=1+y*+2%  Bl)=1+y", Ay =1-¢"

Numerical value of 771 is 5.212 to the third digit accuracy.

Distribution function of the second quasi-equilibrium approximation under fixed val-
ues of moment and collision moment corresponding to the microscopic density (30) is
determined as solution of the problem

(¢, ) — min for (74)
((i - p(O))Vikv @) = Ok,
(VSm']g, @) = Ay

Taking into account the relation (68), we obtain the solution of the problem (74) in
the form,

p(v) = Qa®((v = w)?*) + Bi) ((vi — ui) (v — ur) = (1/3)dix(v — 0)?). (75)

Lagrange multipliers Az, B;r are determined from the system of linear equations,

ms™ '\ + 2PkgTm ™' By, = o,
mr~ N +ms B = Ak, (76)

where
s7H = (2/15)(®((v —w)?), (v —u)*). (77)

If the solvability condition of the system (76) is satisfied,

D =m?s™? — 2PkpgTr ' #0, (78)

then the distribution function of the second quasi-equilibrium approximation exists and
takes the form

fo= O+ (m*s = 2PkpTr™) ' x
x[(ms oy, — 2PkpTm ™ Ay)®((v — u)?) +
+(ms™ Ay — mr o) (v — ug) (ve — ug) — (1/3)0ir(v — u)2)} : (79)
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The condition (78) means independence of the set of moments oy, from the collision
moments A;,. If it is not satisfied, then the collision moments A;. may be represented
in the form of linear combinations of oy, (with coefficients depending on space and time).
Then the closed by means of (70) equations of the second chain are equivalent to ten
moment Grad equations, while the mixed chain does not exist. This happens only in the
model of Maxwell molecules. Indeed, in this case

st = 2P%kpT(m*ud™)~ D = 0.
The transformation changing A to oy is

M AR P = oy (80)
For hard spheres:

5P%kpT +1 7
-1 _ B ! 1 —7/2 ( o ) d 81
Wl S F /_1 Y)W~ Bly) + ) Jdy - (81)
The numerical value of 57! is 1.115 to third digit. The condition (77) takes the form,
25 (P%kpT\’
D=2 =2 =1 ' 9
32 <m,u5{-s'> (57 =) #0 (82)

Consequently, for the hard spheres model the distribution function of the second quasi-
equilibrium approximation of the mixed chain exists and is determined by the expression

fo= fO{i4mAPksT(57? = 771) %

. 8V2 +1 m(v — u)?
X [(Uiks b 5—PME'S'AH¢> /_1 exp <—W?Jz> X

x(1—y*)(1+9?) <m(2‘,k7;]?)2(1 — )+ 2) dy +
(N_l : i—fﬂg'S'Aik - f_laik>] <(UZ — ;) (Vg — up) — % (v — u)z)} (83)

4.2 First five moments plus collision stress tensor, plus collision
heat flux vector

Distribution function of the second quasi-equilibrium approximation which allows for
collision heat flux vector () is constructed in a similar way. The microscopic density gy,
corresponding to @); is

N 7 > 'Ui2'U ! 3!
Esp,(v) = /w(v V[ vov) FO(vy) {(1 - P<0>)7} dv' dv'dv,. (84)

The desired distribution functions are the solutions to the optimization problems: for
the second chain it is the solution to the problem (66) with additional conditions,

m((pv gStz) - Qh (85)
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for the mixed chain the distribution functions is the solution to the problem (74) with
additional conditions,

m(e,&s;) = Qi (86)
m(p, (1 - PO)&) = q.. (87)

Here & = v;0°/2 (see (33)). In the Appendix {gy; are determined for Maxwell molecules
and hard spheres (see (134)-(139)). Since

(€St VStay) = (- P, VSte;) =
= (&gt (1 = POYuy) = (1 = P&, (1 = PO)wy) = 0, (88)
the conditions (85) do not depend on the restrictions of the problem (66), and the condi-
tions (87) do not depend on the restrictions of the problem (74).

Distribution function of the second quasi-equilibrium approximation of the second
chain under given A;z, Q; is of the form,

f= f(o)(l + rAplGt, UszSti)- (89)

The parameter 7 is determined by the relation

= (1/3)(Es; Sst)- (90)

According to (138), for Maxwell molecules
OBy
1= 0P8 (kpT)?

and the distribution function (89) is

(91)

f=fO {1 + u"™Mm(2P?kpT) ™ A (v — wi) (vg — ug) — (1/3)0(v — u)?)+

by Mm(PpT) ™ (v — wi) <7m<g’k;T“> —1)}. (92)

According to the Appendix, for hard spheres

B2
— 1 125P3(kpT)?’
where 7 is a number equal to 16.077 to third digit accuracy.
The distribution function (89) for hard spheres takes the form

= H.S. 1 vV —1u 2
fo=f9 {1 + MAM /_+1 exp (—M?f) By)y(y)x

(93)

5P2k’BT QkBT
_ 2
X <%7(y) + 2) dy (('Uz - uz)('Uk — uk) — %@k(v _ u)2> +
24/29m>3 H.S. 5T
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’ /—:1 o (—%?f) By)v(y) (%v(y) + 2) dy +

Hor= v = w2 e (<52 ) =

X @@)% + 5(y)> dy] } : (94)
The functions 3(y),v(y),o(y) and §(y) are

Bly)=1+y* vy) =1—y% oly) =y*(1 —y?), o(y) = 3y> — 1. (95)

The condition of existence of the second quasi-equilibrium approximation of the mixed
chain (78) should be supplemented with the requirement

o o BP(kpT)?

_ - -1
R=m"t o # 0. (96)
Here
B 1,2 oV
=3 (A= PO e m). (o7

For Maxwell molecules
T = (SPPRAT) /(3

and the condition (96) is not satisfied. Distribution function of the second quasi-equilibrium
approximation of mixed chain does not exist. The variables (); are changed to ¢; by the
transformation

33N Q; = 2Py, (98)

For hard spheres

1 25(PkpT)?
8v/2m3 S’

=7

(99)

where

= % /_+11 B2 (y)y(y) {63(4(y) + a(y) + 78(y) (4 — 107(y) + 25(y) — 50 (y))+

+3°()(257(y) — 105(y) — 40) + 203*(y) } dy. (100)

Numerical value of 77! is about 4.322.
Then the condition (96) is satisfied:

R~ 66m~*(PkpT)* ()2

Finally, under given values of o, A, ¢; and @Q; the distribution function of the second
quasi-equilibrium approximation of the second chain for hard spheres is of the form,

fo=fO0+
moa 1y-1 |1 8V2 ys. /+1 m(v —u)? ,
_ . A, _
TPkt T KS T T g o Sk ) P\ T ok V)
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<(Uz' N Uz) <(V N u)2 . 5]4;zT> /_"1'1 exp <_m(2vk;Tu) y2> >

Ay)+ 2) dy + (v — w)(v — )? x

2

. /_+11 o <_M2Vk7;TU)2y2> Blyhrv) <%0(9) + 5(?/)) dy) +
+2 <4f S0, ) (00— ) <(V i 51{:BT>] } | o)

m

Thus, the expressions (71), (72), (83), (92), (94) and (101) give distribution functions of
the second quasi-equilibrium approximation of the second and mixed hydrodynamic chains
for Maxwell molecules and hard spheres. They are analogues of ten- and thirteen-moment
Grad approximations (32), (36).

The next step is to close the second and mixed hydrodynamic chains by means of the
found distribution functions.

5 Closure of the the Second and Mixed Hydrody-
namic Chains

The distribution function of the second quasi-equilibrium approximation under fixed Ay
for Maxwell molecules (71) presents the simplest example of closure of the first (40) and
second (63) hydrodynamic chains. With the help of it, we obtain from (40) the following
transport equations for the moments of the first (local equilibrium) approximation:

Op + Oi(u;p) = 0;
p(@tuk + uﬁluk) + 8kP + 8Z(P‘1u10\4MAlk) = 0; (102)

3 5

Now, let us from the collision moment transport chain (63) find an equation for A;; which
closes the system (64). Substituting (71) into (63), we obtain after simple calculations:

2
atAik + as (usAzk) + Aisasuk + Aksasui - géikAlsasul +
—|—P2 MIO\/LM. -1 Oiuy + Opu; — géikasus + P MIO\/LM. _1Aik + A;jpOsus = 0. 104
3

For comparison, let us give ten-moment Grad equations obtained when closing the chain
(40) by the distribution functions (32):

Oip + Oi(uip) = 0;
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p(atuk + uﬁ,uk) + O P + 0io4, = 0

3 5
5(8tP + +U202P) + §P0,u, + aik&-uk = 0;

2
8taik -+ 8s(usaik) + P (&uk —+ 8ku2 — gélk83u3> +

+O’i383Uk + O'ksﬁsui —

2
géikalsﬁsul + f)(,ul(}/I

M')_laik =0.

(105)

(106)

Using the explicit form of p)™:(71), it is easy to make sure that the transformation
(80) maps the systems (102), (104) and (105) into one another. This is a consequence
of the degeneration of the mixed hydrodynamic chain which was discussed in the end
of the section 3. The systems (102), (104) and (105) are essentially equivalent. These
specific properties of Maxwell molecules result from the fact that for them the microscopic
densities (1 — P©)vuy, and (1 — PO)v0? are eigen-functions of the linearized collision

integral.

We now turn our attention to the case of closure of the second and of the mixed
hydrodynamic chains for the hard spheres model. Substituting the distribution function
(72) into (40) and (63), we obtain an analogue of the systems (102) and (104) (second

chain, hard spheres):

p(Ouy, + uOpuy) + O P + 7571
3 5 .

atAik + as(usAzk) + fdl (asus) ik +

Op + 0 (u;p) = 0;

8v2
: ?f@i(ﬂg'sp_lﬁik) =0;
8v2
\;_ué{'s'P_lAik&-uk = 0;
55 —1P2 2

2
+f(a1 + C~L2) (Aisasuk + ApOstt; — —(5'kAlSasul) +

(@ + ) <Ai58kus 4 A, —

The dimensionless parameters ag, a1, as and as are determined by the quadratures

5 +1
@= 16/ /

x{997(y)7(2)(v(2) =
+y(y) (4 () ))

5 +1 +1
@2 = 16/ /

+1404(y, )( ( )

+1
s a2
“ 16 / / (v, 2

x{637(y)v(2)(v(2) —
+7(y)(37v(2)

By)B(2)7y*(2)1(y)ex

—2))aly,

3 (2

2
géikAlsﬁsul) + (Pf&o/ugS)A,k = 0.

13/2( ,Z) %
1) + 18al(y, 2)(2v(2)(v(2) — 1) +
8 (y, z)(4v(z) — 3) }dydz;
B2 ()7 (2)e 2 (y, 2){63v(y)v(2) +

2v(2)) + 24a?(y, 2) Ydydz;
(

)8(2)7(y)(2) X

(y
+14(2y(2)(v(2) = 1) +
2) +8a®(y, 2)(37(2) — 2)}dydz;

2)8
1)

‘ m /_+11 /:1 /_tl(w(‘”’%Z))_lg/zﬁ(x)ﬁ(y)ﬁ(Z) X
Xy ()7 (y)v(2){103957(2)y(y)y(2) + 37803 (2, y, 2) X
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X (Y(@)y(y) + v(@)v(z) + 7(y)7(2)) + 16804 (2, y, 2) x
X (y(x) +7(y) +7(2)) + 960¢° (z,y, 2) }dxdydz;
Uz, y, 2) =1+ 2% +y* + 22 (109)

Their numerical values are a; ~ 0.36, ay ~ 5.59, a3 ~ 0.38, ag ~ 2.92 to second digit.
Closure of the mixed hydrodynamic chain at the functions (83) gives the following
modification of the system of equations (107):

Op + 0;(uip) = 0;
p(Oyuy, + uw;Ouy) + O P + O;o4 = 0
5
(0P + u;0; P) + ipaiui + o Oiur, = 0;

DN W

atO'ik + 08

—~

2
usoik) + P (&uk + Opu; — g@ﬂ%%) +

2
+0,5s0sup, + 03s0su; — gémazsasw + Ay, = 0;
N 5P2

a 1
{%(8sus)aik + 5(611 + C~L2) (Oéisasuk—l—

at Azk + as (usAzk)
5P
+ = =
WIESGE )

2 1
+aksasui - g(sikalsﬁsul> + 5(&1 + d3) (O‘isﬁkus + O‘ksﬁius -

+El (asus)ﬁzk + (61 + 62) <ﬁisasuk + ﬁksasui -

2
(&uk -+ &wl — 552k83u5> +

2
§5ikoélsasuz> +
2
§5ikﬁzsasul> +
- - 2
+(bl + b3) </6isakus + ﬁksaius - gdik/@lsasul>} +
5P? 5
i+ Qoo ¢ = 0; 110
NG (e e <0
8v/2

+

i =8 o — = e A
.82 _
ﬁik =S 15—P . /JJSISAZ]@ -Tr 10'Z'k. (].1].)

It is clear from the analysis of distribution functions of the second quasi-equilibrium
approximations of the second hydrodynamic chain that in the Grad moment method a
substitution of a constant for the function ®(c?) is performed. Finally, let us note the
simplest consequence of variability of ®(c?). If po is multiplied with a small parame-
ter (Knudsen number Kn equal to the ratio of the main free path the to characteristic
spatial scale of variations of hydrodynamic values), then the first with respect to Kn

approximation of collision stress tensor AE,? has the form,

2
AR =P <aiuk + Opu; — géik85u> (112)
for Maxwell molecules, and

or

AW =
k8250,

P <aiuk + Opu; — %@'kasus) (113)
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for hard spheres. Substitution of these expressions into the momentum equations results
in the Navier-Stokes equations with effective viscosity coefficients pg,

Hoff = 1o " (114)

for Maxwell molecules and

Hoff = o Ho ™ (115)

for hard spheres. When using ten-moment Grad approximation which does not distinguish
Maxwell molecules and hard spheres, we obtain p.g = udts-.

6 Appendix: Calculation of distribution functions
of the second quasi-equilibrium approximation of
the second and mixed hydrodynamic chains for
Maxwell molecules and hard spheres

Write vgy,, (65) in the standard form:

VSt = /f(o) |vi— V| {(vz — w;) (v — ug) — % (v — u)z} bdbdedvy, (116)

where b is the impact parameter, € is the angle between the plane containing the trajectory
of the particle being scattered in the system of the center of mass and the plane containing
the entering asymptote, the trajectory, and a certain fixed direction. It is convenient to
switch to the dimensionless velocity c:

m \1/2
i = i — U 11
‘ <2k:BT> (0 = ) (117)
and to the dimensionless relative velocity g:
1 m \1/2
i =5\ 7T i~ U 11
973 (kBT) (015 = i) (118)

After standard transformations and integration with respect to € (see [16], p. 212) we
obtain in (116)

3P 1
VStik = EW_W/QXP(—C%)SO?) (9) ((Cu —¢;)(ew — ) — géik(cl - c)2> dey  (119)
Here
db
o® — /(1 —cos’x) | vy — V| b(x)‘@‘dx, (120)

and y is an angle between the vectors g and ¢'.

The dependence of gogz) on the vector ¢ is determined by the choice of the model of
particle’s interaction.

For Maxwell molecules,
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2 1/2
W= (22) " 40, (121)

where k is a force constant, As(5) is a number, Ay(5) ~ 0.436.
For the model of hard spheres

\/50'2 ]{?BT 1/2
o® — 3 - lcp—c, (122)

where o is diameter of the sphere modelling the particle.
Substituting (121) and (122) into (119), we transform the latter to the form:
for Maxwell molecules

0 0 1 o 0
o 1.0 TMM. (2
de; Ocy, 36“C dey 8cs> (),

TM'M'(C2) _ /exp(—552 — 2xpcy)dx; (123)

VStir = am \xm

P (25" ) exp(—c2><

for hard spheres

Po? (kgT\"? o (0N O 1. 0 0. 4s, -
VStir = <—> exp(—c ) (acl> a—Ck — gézkﬁ—csﬁ—csT (C ),

TS () = / | x | exp(—a2? — 225c5)dx. (124)

It is an easy matter to perform integration in (123), the integral is equal to m%/ 20¢%,

Therefore for Maxwell molecules,

Z<E §mr (2—K>1/2 Ay(5) ((v —u;)(vg — ug) — L5 (v — u)2) (125)
Stik ~ 9 m 2 i i) (Vg k) = 50 .
The integral T™5 in (124) can be transformed as follows:
+1
THS(?) = 21 + 7T/ exp(c?(1 — y?))A(1 + y?)dy. (126)
-1

Then for the model of hard spheres,

kpT\? 1
VSt = V 2mno? (%) (cick — géikcz) X

< [ =1 )1 = A E - ) + 2y, (127

Let us note a useful relationship:

TS (@) =7 [ el (1~ ) x
X(1+y*)(1 = )" (1 = y°) +n)dy,n > 1. (128)
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Use the expressions for the viscosity coefficient py which are obtained in the first
approximation of the Chapman-Enskog method:
for Maxwell molecules,

2m\'?  kpT
M.M. B
Ho ( K ) 3mAy(5)’ (129)
for hard spheres,
5(kBTm)1/2
H.S. _
R T (130)
Transformation of (125), (127) to the form of (68) gives the following functions
O((v —u)?):
for Maxwell molecules,
& = P/ (131)

for hard spheres

& 5P /He m(v —u)? , y
= X -
16v201s )y P 2%l 7

m(v —u)?
<+ =) ("S- ) 2] an (132)
The parameter r from (69) is:
for Maxwell molecules:
2
r= (muy™)" /(2P kpT); (133)

for hard spheres:

64 (i)’

=T 134
" T s PkT (134)
The dimensionless parameter 7 is analytically represented as follows:
o 1+l 1
= [ [ et B)BE ) ) x
x(160% + 28a(Y(y) + 7(2)) + 63v(y)v(2))dyd=. (135)
Here and below the following notations are used:
Bly)=1+y* Ay =1-¢", a=1+y"+2" (136)
Numerical value of 77! is 5.212 to third digit.
The parameter (77) is:
for Maxwell molecules
s7' = (2P%kpT)/ (m? g™ ) ; (137)
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for hard spheres

4 §_15\/§P2/€BT
T EmgS T

is of the form

5 (138)

The dimensionless parameter 51

- —/ BT )(ﬁ(y)+£7(y)> dy. (139)

Numerical value of 57! is 1.115 to third digit.
The collision moment density (84) is of the form,

Egt: = V2 <@> [ 100 [vi=v] {cl (c - 5) } bdbdedvy. (140

Standard transformation of the expression {c¢;(c¢* —5/2)} and integration with respect to
¢ change (140) to the form,

tstu = e [ epl=De B — ew— )~ — Pl tedder (14

Further, using the expressions (121) and (122) for 0¥, we obtain:

for Maxwell molecules:

P (rkgT\"? N o AL o
€St = m2 ( - ) Ay(5) exp (—C )DiT (c*); (142)
for hard spheres:
P]{?BTO'2 2\ A HS./ 2
gt = N exp(—c) DT> (c%). (143)

The operator D; is of the form

160090 3 60 108
10c; 0c. e 2%0c.0e; 27 0¢. dey

The operator D; acts on the function ¢(c?) as follows:
d*y) 5 d*y) d®y
— 2 [ — —) nes - : 145
d(@pc (C 3) TG <d(c2)2 A2 (145)

From (142), (143) we obtain:
for Maxwell molecules:

(144)

P SkgT
st = gryrer (- ) (v = w? - 22T, (116

for hard spheres:
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5P S5kpT
£St; = W{(%—Ui) ((V—u)2 ﬂi ) X

<[ e (<Y o) (M )+ 2)
))a

oly) =y’ (1—9?),  6(y)=3y>— 1L (148)

The parameter 1 from (90) is:
for Maxwell molecules:

m(v —u)® m(v—u)?

+(v; — u;)(v — u)? /_:1 exp <— T Y ) By)v(y) (dzﬁw +0(y

The functions o(y), d(y) are of the form

n
}147)

2
_om? () (149)
T 0P3 (kT2

for hard spheres:
2
64m? (,u(})l's')
T 95 P3 (kT2

The dimensionless parameter 7 is of the form

i = [ [ swsEn e S G ) + o)t

Folyr(2) + (D)) + soa(2y(y) + 29(2) ~ (=) +

+2(o(y) +0(2)) +7(2)0(y) +7(y)o(2) + ( ) (2) +0(2)d(y)) +

04— 10(y) — 107(2)) + 21 ()1 (2) + 26(0) +
+20(2) = 50(y) — 50 (2) — 2(7(2)5( ) +7()d(2) +0(y)o(2)) +
308 (<204 20,(9) +1() = 56() + 6(:)) + ot b= (151)
Numerical value of 7~! is 0.622 to second digit.

Finally, from (146), (147) we obtain 771(97):
for Maxwell molecules

(150)

Z
1y

o
5
2

_ 5(PkgT)?

1_ )

T = e (152)
for hard spheres

=7 8\/77713#6{'8'7

= [ ) 830) + o) +

+76(y)(4 — 10v(y )+25( )—50( ) +2053°(y) +
+582(1)(257(y) — 106(y) — 40) }dy ~ 4.322. (153)
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