Arch. Mech., 60, 1, pp. 87-116, Warszawa 2008
SIXTY YEARS OF THE ARCHIVES OF MECHANICS

Kinetic boundary layers for the Boltzmann equation on discrete
velocity lattices

H. BABOVSKYY, T. PLATKOWSKI?

U Institute for Mathematics
Technical University of Ilmenau
Weimarer Str. 25, D-98693, Ilmenau, Germany

2) Faculty of Mathematics
Informatics and Mechanics, University of Warsaw
02-097 Warsaw, Banacha 2, Poland
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1. Introduction

FOR MANY FLUID dynamic applications, a correct description of the real phe-
nomena occurring in fluid flows in the vicinity of obstacles (e.g. supersonic,
hypersonic airplanes, space shuttles, reentry problems) in rarefied flows is es-
sential to calculate proper values of the temperature and pressure fields on the
surface of the body.

In particular, numerical calculations based on the compressible Navier—Stokes
equations with the non-slip boundary conditions do not provide the proper de-
scription of the shocks for such flows. It amounts to the fact that fluid dynamic
equations are not valid in the thin region in vicinity of the obstacles, usually of
the order of the mean free path. In this boundary layer region the Boltzmann
equation describes properly the flow and provides correct boundary conditions
for the flow outside the boundary layer, cf. [1].

Let M be a macroscopic physical quantity (mass, bulk velocity, energy), with
known macroscopic gradients at infinity (outside the boundary layer). These
gradients are known, for example, from numerical calculations based on fluid
dynamic equations. Thus (with the z-axis being the direction perpendicular to
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the wall), the relevant quantity can be written as:
M = zr + A(z),

where A(z) has vanishing gradients for x — oo. For a correct fluid dynamic
description it is important to know the limit values of M at x = 0, which means
the value A(0). As an illustration, let M = T be a fluid temperature. For fluid
dynamic calculations we need T'(z = 0) as a boundary condition. It would be
reasonable to use the wall temperature as T'(0). However, it turns out that it
has to be corrected due to kinetic effects in the boundary layer. In fluid dynamic
calculations we do not want to use the detailed description of the kinetic model.
The influence of the kinetic layer enters into the fluid dynamic correction as a
jump coeflicient, defined as a difference between the wall temperature and the
effective fluid temperature at = = 0.

The Boltzmann equation [2] is a complicated integro-differential equation,
and its solution is a formidable numerical task. Deterministic numerical schemes
of solving the Boltzmann equation require discretization of the velocity space.
The reader is referred to e.g. [3-10] and the references therein for various compu-
tational and theoretical aspects of the discretization of the original Boltzmann
equation.

In computations, the discretized velocity space has to be finite. The relevant
Discrete Velocity Models should possess specific properties, necessary for the
consistence of the models and the correct description of physics, cf. [11]. In gen-
eral, for arbitrary discretization of the velocity space, velocities of the particles
after the collision do not need to belong to the velocity lattice, from which the
velocities of the pre-colliding particles have been chosen. Thus, the first essential
property of the admissible collisions (binary as well as higher-order collisions)
is that the underlying discrete lattice is invariant under all such collisions. The
second essential requirement for the discrete lattice is that mass, momentum and
energy are conserved in the admissible collisions. In addition, one requires that
there are no other conserved quantities, i.e. there are no spurious conservation
laws in the considered model., cf. [12]. In other words, the number of collision
invariants is the same as for the original Boltzmann equation with continuum
velocity space.

Additional requirements for a model construction follow from the physics of
the considered problem. In particular, in order to obtain the proper numerical
scheme for the boundary layer, first the problem of well-posedness of the kinetic
boundary layer problem should be solved, cf. [13, 14].

In the case of a linearized Boltzmann equation with continuum velocity space,
this problem has been solved in [18]. The authors proved existence and unique-
ness (in a weighted Lo space) of the boundary value problem for the linearized
Boltzmann equation in one spatial dimension, with given mass flux through an
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arbitrary wall x = const., integrable inflow distribution at x = 0, and prescribed
gradients of velocity and temperature at * — oo. The solution can be decom-
posed into three parts: the hydrodynamic part (linear in z, i.e. with constant
gradients), the constant part which is orthogonal to the null space of the lin-
earized Boltzmann operator and does not contribute to macroscopic quantities
(the so-called fluctuation part), and the exponentially decaying boundary layer
part, which is a solution of an adequate Milne problem. Any discrete veloc-
ity counterpart of the considered boundary value problem should conserve this
structure of the solution, cf. [14]. It is precisely this structure which is analyzed
in the present paper and which can be applied, e.g. for the derivation of diffusion
limits within thin gaps [15]. The assumptions introduced are physically reason-
able and turn out to be valid for discrete velocity models used for the numerical
simulation of rarefied gas flows, like that described in [16, 17].

In this paper we discuss general algebraic criteria for the discretized Boltz-
mann collision operator, and several families of general discrete velocity lattices,
which satisfy the above requirements and provide sufficient conditions for the
well-posedness of the linearized kinetic boundary layer problem. We study suf-
ficient conditions for discretization schemes, which provide the same qualitative
behavior of the distribution function as that found in the original linearized
Boltzmann equation. We consider various hierarchies of discrete models and
calculate the relevant slip coefficients of adequate macroscopic quantities for
representatives of two such hierarchies: 12-velocity model and 13-velocity model.
The latter hierarchy admits, beyond usual binary collisions, also the collisions of
higher order, in particular the so-called ternary (triple) collisions, in which three
particles take part in the collision. This means that both the pre-collisional and
post-collisional velocities of the three particles belong to the lattice. We assume
that the usual conservation laws are satisfied for such collisions.

We investigate the influence of higher order collisions on the properties of the
considered boundary layers, in particular on their thickness and the numerical
values of slip coefficients. In addition, we also present exact analytical and nu-
merical results for the simplest, nontrivial in the context of the kinetic boundary
layer model — a plane 8 — velocity model, in which triple collisions are necessary
to preserve proper structure of the kinetic boundary layer.

The paper is organized as follows. In the first section we consider various
algebraic aspects of the linearized problem and prove the relevant mathematical
results. In the second section we introduce two general hierarchies of the dis-
crete velocity lattices, which have the required theoretical properties. The next
sections deal with analytical and numerical calculations for the representative
examples of the hierarchies considered. We also shortly discuss some other, well-
known discrete models, such as 8-velocity or 6-velocity planar models. In the
last section we discuss the results and their possible generalizations.
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2. Linearized kinetic boundary layers

2.1. Discrete Velocity Models

We consider Discrete Velocity Models consisting of 2NV + K discrete velocities
Vi,...,Vonyk in R? (d = 2,3). We denote by v; the z-component of v;, with
the z-axis being the direction normal to the wall.

Introducing a binary collision model, we arrive at a set of (nonlinear) ki-
netic equations. Here, we are interested only in the stationary, spatially one-
dimensional version given by

IN+K
(2.1) vibafi = > A (frfi = fif)):
jhi=1

Linearization around a constant equilibrium state m = (ml)?iVl+K readily yields

the following system (we denote the linearized part of f; also by f;):

2N+K
(2.2) viefi = Y AN (mpfi+ mifr — mif; — m;fi).

jkl=1
Physically relevant collision models follow certain (symmetry) principles (like
rotational invariance of the collision rates, invariance with respect to reflection
at a plane etc.), and the principle of micro-reversibility (stating that the rate
for a collision (v,w) — (v',w’) is the same as that for the reverse collision
(v, w') — (v, w)). Properties like these are reflected in the Assumptions 1 and
2 to follow.
ASSUMPTION 1. (a) Symmetries of collision coefficients:

(2.3) Al = AT = A
if i € {j, k,1}, then AJ = 0.

(b) Symmetries of velocities: The velocities are arranged in such a way that for
i=1,...,N, viyny = —v;; (other components of v; and of v, are assumed
to be equal, i.e. v;;y is obtained from v; by reflection at the plane z = 0);
furthermore, v; > 0. For i =2N +1,...,2N + K, v; = 0.

We write the linearized equations in the form

(2.4) V.-of=MFf

with V' = diag(v;,7 = 1,...2N + K) and decompose M in the form
Ay B (4

(2.5) M= By Ay (o
D1 Dy E

with the N x N-matrices Ay, By, Bo, As.
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ASSUMPTION 2. (“left-right-symmetry”) (a) The collision coefficients satisfy for
1<4,7,k,1 < N the conditions

Kl 4k+NJIEN Bl qk+NJIEN i kNN
(26) A =ANN Alen = AN ANy = A :

(b) Fori > 2N and 1 < j,k,l < N,

Kl kNN KL kNN KIEN kN,
@7 A=Ak A=A AT = AL

(c) The linearized system is obtained by linearization around an equilibrium
solution satisfying the condition

(28) mi; = Mi4+N, izl,...,N.

A simple consequence of these assumptions is the following:

LEMMA 1. (a) M takes the form

A B C
M=| B A C
ct ¢t E
with Ay = Ay =1 A, By = By = B, and C; = Cy = DI = DI = C. The
coefficients of A, B, C and E are given by
IN+K
(2.9) Qi = — Z Af}mj,
J7k7l):1
IN+K IN+K
_ il
(2.10) a; =2 Y Almi— > Afm,,
k=1 k=1
(2.11) bii = 0,
IN+K IN+K
7 i+Nl
(2.12) bij =2 > AMmi— Y AR vm,
k=1 k=1
2N+ K 2N+ K
i+2N1
(2.13) cij =2y ALPNIm = N AR om
k=1 k=1
IN+K IN+K
-+2N,1 kl
(2.14) ey = 2 Z Ag+2N,kml_ Z AfLaN jranMiteN
k=1 k=1

(b) If m; =mj for all i,j =1,...,2N + K, then A, B and E are symmetric.
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A special treatment is necessary for the algebraic equations
(2.15) (cT CcT E)f=0.

If the K x K-matrix E is regular, then the components f(®9) .= (foN41s---s

foni+x)T can be obtained from fO .= (fi,..., fv)" and f(2) = (fNgts- s fon)T
by

(2.16) Flale) — _p=1(cT ¢ 4 T £(2),

This means that the algebraic components can be removed in order to obtain
a regular differential system.

COROLLARY 1. If F is invertible, then the linearized equations for f) and f(2)
read

(2.17) Vo, fM = (A—CE'CT W + (B—-CE~'CT) @,
(2.18) V18, f® = (B—CcE'CTfW +(B-CcE~'CT)f®),
where V] = diag (v1,...,vN).

If m; =mj for 1 <4,5 <2N + K, then
(2.19) A=A-CE'CT and B:=B-CE'CT
are symmetric.

2.2. A system of ordinary differential equations

According to the results of previous section, we consider the system
(2.20) V.o, f=Mf

where now f is the distribution function related to 2N velocities,

_( diag(v1,...,vN) 0 (W 0
(2.21) V= ( 0 diag(—v1,...,—vN) > o < 0 -V ) ’

v; >0,

and

(2.22) M:(BA).
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Our main concern here is the eigenspace structure and with this, the Jordan
normal form of V~'M. Denote

1
_ ("W Fi._ VljF§
(2.23) V| := ( v > VT2 = ( A

Then V1M is similar to the matrix

- A B
/2L ~1/2 _ A b
(2.24) M = V'V M)V <_B _A>
with
(2.25) A=v72av7? and B=v; V2BV

For us it is more convenient to work with M rather than V1M . We notice that
., [ B2-B AB-BA
(2.26) M* = - - -~ - - .
AB — BA A? — B2

Let us begin with some clarifying remarks. In the following, we will call a vector
z with block structure of the form z = (z1, 22) even, if 21 = 29, and odd, if
z1 = —z9, Where z1, z9 are N-dimensional vectors.

REMARKS (a) Suppose z = (21, 22)T € ker(M). Then z can be written uniquely
as the sum of an even vector z™ and an odd vector z~. These vectors are given as

i 1 /[ 21+ 29 _ 1 21 — 29
zT == and z = - .

2\ 21+ 2 2\ —(z1—22)
A simple calculation shows that z € ker(M) if and only if (21 + 22) € ker(A+ B)
and (21 — 22) € ker(A — B).
(b) For realistic models linearized around a symmetric equilibrium state, the
even eigenvectors are the mass, y-impulse and energy vector; the only odd eigen-
vector is the z-impulse vector.

The eigenspaces of {\Z corresponding to nonzero real eigenvalues are related
to the eigenspaces of (A + B)(A — B) and (A — B)(A + B) as follows.

LEMMA 2. For a given real number A\ # 0, the following statements are
equivalent: S
(i) A2 is an eigenvalue of (A+ B)(A — B),

(ii) A? is an eigenvalue of g[l — B)(A+ B),

(i) A is an eigenvalue of M,
(iv) —X\ is an eigenvalue of M.
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P roof. We note that necessary and sufficient condition for a vector
(y + z,y — 2)T # 0 to be an eigenvector of M? with eigenvalue A\? is that y
and z should be eigenvectors of (A — B)(A + B) resp. of (A + B)(A — B) with
the same eigenvalue.

It follows that both (iii) and (iv) imply that at least one of the conditions
(i) or (ii) holds. On the other hand, suppose that (i) is satisfied with an eigen-
vector z. Then

(2.27) y = %(A ~B):

is an eigenvector of (A — B)(A + B) with the same eigenvalue A2, and
1

(2.28) c=(A+By.

Similarly, if (ii) is satisfied with an eigenvector y, then

(2.29) 2=

(2.30) y=—(A—- B)z.

If (y, 2)T is a pair of eigenvectors satisfying (2.28) resp. (2.30), then (y+z,y—2)7
is an eigenvector of M with eigenvalue X, and (y — 2,y + 2)T is one with eigen-
value —A.

These remarks should justify the following assumptions.

AssuMPTION 3. (i) The zero-eigenspace of M is spanned by ny odd eigenvectors
b, = (ej,—e; )T, i=1,...,n0, and ng + ro even eigenvectors b = (e, e; )T
1=1,...,n9+ 0.
(ii) (A+ B)(A— B) is diagonizable, and all eigenvalues are real and nonnegative.
It is not clear whether this is a consequence of some intrinsic properties of
all “reasonable” collision models. In all the particular regular models which we
have investigated, M2 turns out to be diagonizable.
Under this assumption, we are able to determine, as a first main result, the
Jordan normal form of M. At first we have to analyze the zero eigenspace.

9

LEMMA 3. Under the Assumptions 3, the following holds.
(a) Defect(A — B) = ng and defect(A + B) = ng + rp.
(b) Define the integer qo > 0 by

(2.31) dim[R(A — B) + ker(A + B)] = N — qq.
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Then

(2.32) dim[R(A — B) Nker(A + B)] = 7o + qo
and

(2.33) defect[(A + B)(A — B)] = no + 0 + qo-

(¢) If A and B are symmetric, then also

(2.34) defect[(A — B)(A + B)] = ng + 0 + qo,
and
(2.35) dim[R(A + B) Nker(A — B)] = qo.

Proof. (a) Anodd vector (v,—v)T is in the kernel of M iff v € ker(A— B).
Thus a basis of ker(A—B) is given by e; , i = 1,...,ng, and VV/2e; i = 1,...,ng
is a basis of ker(fl — B) Similarly, V1/2ej, 1 =1,...,n9 + rg, is a basis of
ker(A + B).

(b) Suppose v € ker[(A + B)(A — B]. Then either v € ker(A — B) or (A— B)v €
ker(A 4+ B) \ {0}. Thus

(2.36) defect[(A + B)(A — B)]
= defect(A — B) + dim[R(A — B) Nker(A + B)].
From the formula for general subspaces U, U’,
dim(U) + dim(U’) = dim(U + U’) + dim(U N U’)
follows
(2.37)  dim[R(A — B) Nker(A + B)]
= dim[R(A — B)] + defect(A + B) — dim[R(A — B) + ker(A + B)]
= (N —ng)+ (no+70) — (N — qo) = ro+ qo-

With (2.36) follows (2.33).
(c) If A and B are symmetric, then

(2.38) (A+B)(A-B)" =[(A-B)(A+B),

and (2.34) follows from (2.33). (2.35) is an immediate consequence of (2.34) and
defect(A + B) = ng + ro.
The general normal form is now given as follows.
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THEOREM 1. If go = 0 or if A and B are symmetric, then M has a Jordan
normal form M = TJT™', where T is a nonsingular transformation matriz,
and

A
—A
J1

2.39 J= h :
( ) J?"o+q0

where

(2.40) A=diag(Ni,i=1,...,N—(no+r0+qo)), i >0,

and the Jordan blocks
01
(2.41) J=--= T0+q0:<00>.

P r o o f. We have to construct a basis of RV, under which M acts as given
by J.
(i) First, we construct the eigenvectors of M with nonzero eigenvalues. For this,
denote by z;, i =1,..., N — (ng + 70 + qo), linearly independent eigenvectors of
(A + B)(A — B) with eigenvalues A\? > 0. (Compare Assumption 3 (ii) and
Eq. (2.33).) With ;- 4; := (A — B)z;, the vectors (y; + ZziyYi — 2)T resp.

(yi — 2i,y; + z)T are linearly independent eigenvectors of M with eigenvalues
+\;.
(ii) We need a collection of pairs (v;,w;) of independent vectors, i =1,...,r9+

2qo, which correspond to the Jordan blocks J;. From (2.32) it follows that there
are r9+qo vectors x; such that y; := (A— B)z; are linearly independent elements
of ker(A + B). Denote

(2.42) v 1= ( xl) and  w; 1= (yz ) .
T4 Yi

Then w; = M v; and M w; = 0. Similarly, the existence of gy additional pairs
follows from formula (2.35).

(iif) In (ii), ro + qo resp. qo elements of ker(A + B) resp. of ker(A — B) have been
used to construct the basis elements related to J. We supplement these with
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ng — qo linearly independent vectors b; € ker(A + B) and ng — qo indepen-
dent elements ¢; € ker(A — B), and complete the basis in R*N by (b;, b;)T and
(Ci, *Ci)T.

REMARK. We consider a Discrete Velocity Model to reveal the correct physi-
cal behavior, if the Jordan normal form reflects the structure of the full
(i.e. continuous) system. Corresponding to [18], this means that there are two
(in 2D) resp. 3 (in 3D) 2 x 2-Jordan blocks, and two further zero-eigenvectors;
the latter ones are the mass vector (even) and normal momentum pv, (odd).
The Jordan blocks are related to the tangential moment components and to the
energy vector.

2.3. Boundary layers and jump conditions

As worked out in the previous section, solutions of the system (2.4) on the
half-space [0, 00) can be presented in the form

(2.43) (x) =T -exp(z]) - T &y,
where exp(zJ) is a block diagonal matrix
exp(xzJ) = diag(exp(zA), exp(—zA),exp(zJ1),...,exp(@Jrytq ), L)

consisting of an exponentially increasing part exp(zA), an exponentially decreas-
ing part exp(—xA), the blocks

1
exp(ei) = -+ = exp(@Jrgtq0) = ( 0 916 )

and a lower-dimensional unit matrix I. @ represents the solution at =z = 0.
We call a solution of the form (2.43) a boundary layer, if ®¢ is such that the
exponentially increasing part is vanishing.

As afirst simple illustration consider a four-velocity model with two velocities
pointing to the right (i.e. v; > 0) and two — to the left. In this case, N = 2,
K = 0. We assume the existence of one Jordan block, i.e. 1o = 1 and thus
ng = qo = 0. The Jordan normal form reads

A

and

(2.44) B(z)=T-
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Denoting by t; the i-th column of the transformation matrix 7', and the
initial vector as

4
(245) @0 - Zn‘ti,
=1

the Eq. (2.44) is given as
(2.46) @(z) = riexp(Az)ty + roexp(—Ax)te + (rs3 + rax)ts + raty.

Notice that tg is the component related to one of the (“even”) conservation laws
(e.g. energy, y-velocity). Using the terminology of [14, 18], the component t4 is
called a fluctuation part.

Usually, a kinetic boundary layer is prescribed by some boundary condition
at z = 0, concerning the inflow part @E{ (i.e. the restriction of @ to the velocities
with v, > 0). In our case, these are given by two conditions. The third condition
comes from the definition of a boundary layer and reads r; = 0. The fourth
condition is left and is used to prescribe the gradient of t3 at infinity, which fixes
the component r4 of the fluctuation part. With these requirements, the solution
is in general uniquely described. In particular, r3 is fixed what determines the
value of the physically relevant component ts at = 0. This quantity is called
the jump condition for t3 and is usually not to be read off directly from the
boundary condition for @g . (In particular, it can not be determined in the full
system from the wall temperature in the case of kinetic energy, or in the form
of a zero-velocity condition for a wall at rest.)

3. Hierarchies of discrete lattices

3.1. Hierarchy 1

Hierarchy 1 is defined as a geometrical superposition of two sub-lattices £
(with even coordinates of the velocities), and O (with odd velocity coordinates)
in R? with d = 2 or 3. For d = 2, the sub-lattices are defined as follows:

(3.1) E = {(v1,v2) € R? : v1 = ¥2k,vg = F2,k,1 € {0,1...L}},

(32)  O={(vi,v1) € R? :v1 =F(2k + 1),
vy = F(20+1),k, 1 €{0,1...L — 1} },
with obvious generalization to three dimensions, and for the lattices with unequal

number of nodes along different coordinate axes. The integer L € {1,2,...}
determines the size of the lattice.
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For given L and d, the number of nodes is (2L + 1)? 4+ (2L)¢. Thus, with
L = 1 the simplest two-dimensional model is the (9 4+ 4) velocity model. In
the notation of Subsection 2.1, the model is the (2*5+3)-velocity model, with
three algebraic equations (K = 3). The subsequent two-dimensional model is the
(2*18+5)-velocity model with K = 5 algebraic equations. In three dimensions
(d = 3), the simplest model is the (2*13+9)-velocity model with 9 algebraic
equations.

For future discussion we define “strong mixing” collisions as such, for which
the pre-collisional and post-collisional velocity vectors of the collision partners
are different. One can verify by inspection the existence of the binary strong mix-
ing collisions in the models of Hierarchy 1, as well as the existence of higher-order
(triple, quadruple) strong-mixing collisions. Explicit examples will be considered
in Sec. 4.

3.2. Hierarchy 2

Hierarchy 2 is defined as a superposition of “strips”, parallel to the coordinate
axes. For d = 2, Hierarchy 2 consists of two strips:
The “horizontal” strip, the set of velocity vectors:

(3.3) H={[F2k+1),-1],[F2k+1),+1],k=0,...L}
and the “vertical” strip, the set of velocity vectors:
(3.4) V={[-1,F2k+1),],[1,F(2k+1)],k=0,..L}, L=0,1,....

Note that all the velocity vectors of Hierarchy 2 have all the components
different from zero. For a given N, the number of different velocity vectors
(lattice nodes) is 8(L + 1) + 4. The simplest model corresponds to L = 0, which
gives a symmetric 12-velocity model.

Analogous formulas can be derived in 3 dimensions. In that case the gen-
eral model for Hierarchy 2 has 8 4+ 24L velocities. The simplest example is the
32-velocity model. Generalization for lattices with different number of velocity
nodes along the coordinate axes is straightforward.

We define a “weak mixing collision” as the one, when pre-collisional and
post-collisional velocities are from different strips. Weak mixing exists in both
hierarchies, whereas strong mixing only in Hierarchy 1. Moreover, one can prove
that increase of the number of nodes in Hierarchy 2 is always accompanied by
the appearance of a new type of weak mixing collisions.

LEMMA 4. Let us consider the general 8L + 4 model of Hierarchy 2. Then,
for any L € {2,3,...} there exists a weak mizing collision, not present in the
relevant lattice with smaller L.
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P roof. For a given L value, which determines the size of the lattice, the
velocities forming the horizontal (i.e. parallel to the z-axis) strip, belong to the
set:

(3.5) {[=(2k + 1), —1],[(2k + 1), —1], [ (2k + 1), 1], [(2k + 1), 1],
k=0,..L}.

The velocities forming the vertical strip, belong to the set:

(3.6) {[-1,-(2k +1),],[-1, (2k + 1)], [1, = (2k + 1)], [1, (2k + 1)],
k=0,...L}.

Let us choose [—(2(L—1)+1),1] and [(2L+1), 1] as the pre-collisional pair, and
[—1,—(2(L—1)+1)] and [1, (2L +1)] as the post-collisional one. One verifies by
inspection that the conservation laws are satisfied, therefore this choice gives a
weak mixing collision in which two particles from the “L” lattice, and two from
the “L — 1”7 lattice participate.

4. Examples

In this section we report the results of analytical and numerical calculations
of the kinetic boundary layers, obtained on the basis of theoretical considera-
tions of the first section. We discuss three examples: one for each of the intro-
duced hierarchies, and the kinetic boundary layer from an 8-velocity model on
a plane. We calculate the relevant algebraic properties of the matrices defin-
ing the corresponding linearized operators, obtain expressions for the boundary
layer thickness, and calculate the slip coefficients for the considered models.

As the first example we discuss the algebraic differential model with 13 veloc-
ities, with three algebraic equations resulting from the zero velocity projections
of three velocity nodes of the lattice, which corresponds to K = 3 in notation of
Sec. 2. The second example provides the differential model with all the velocity
components different from zero, i.e. the model without the algebraic part, which
corresponds to K = 0. Finally we consider a 8-velocity planar model, which
does not belong to any of the considered hierarchies, however it gives the proper
structure of the kinetic boundary layer, and exact analytic expressions for the
slip coefficients.

4.1. Example of Hierarchy 1: (9 + 4)-velocity model with binary
and triple collisions

This 2-dimensional discrete velocity lattice is obtained from the general Hi-
erarchy 1 for L = 1, with 9 velocity vectors of the “even” sub-lattice F, and 4
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velocity vectors of the “odd” hierarchy O. The relevant one-dimensional steady
discrete velocity model equations read, after suitable rearrangement of the num-
bering of the velocity vectors:

(4.1) Vi fi = Qi i=1,..13
with

(4.2) vi=42,i=1,2,3, v.=+1,i=4,5 v.=-21i=6,17,8,

xT

(4.3) vi=—1,i=9,10, ol =0,4=11,12,13,

Note that the last three equations are algebraic, what corresponds to the alge-
braic part of Sec. 2 with K = 3.

The collision terms take into account all admissible binary and nontrivial
(cf. Appendix A) triple collisions which conserve mass, momentum and energy
for the considered lattice. For example,

(4.4) Q1= c(f3fe — fifs) +e(fafo — fifr) +e(fafir — fifi2)
+ g(fafi1 — fifiz) + t2(fafafir — fifrfi2).

The collision rates c, e, g are assumed to be proportional to the moduli of
differences of the velocities of colliding particles in the case of binary collisions,
cf. [10]. The coefficient ty describes the influence of triple collisions. Complete
definitions and explanation of all the collision terms are given in Appendix A.

We linearize the equations around the symmetric Maxwellian m; = 1,
i=1,..13:
(4.5) fi=mi+ fi, i=1,..13.

The last three algebraic equations ¢ = 11,12, 13 are used to reduce the system
to the one with ten linear differential equations:

(46) V-OF = MF, F = (fla "'flO)T7

with V' = diag(v;,7 = 1,...10) and

(4.7) M:(éi)

with the 5 x b-matrices A, B, cf. Subs. 2.2.
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The coefficients of the matrices A and B are rather complicated algebraic
expressions, nonlinearly depending on the collision rates. Their explicit values
are given in Appendix B.

Using symbolic calculations we calculate:

~1 3
(4.8) Ker(A+ B) = span{[—Z, 0,0, 0, 1], [0, 0,1, - 0] , [3 1,0, 5,0} }

(4.9) Ker(A — B) = span{[?, 2,2, 1, 1]},

what confirms the correct structure of matrices obtained from the collision op-
erators for the considered model, as discussed in Sec. 2.

We note that the correct structure of the matrices does not depend in this
model on the existence of the triple collisions, cf. the 8-velocity planar model
discussed in the next section, where the correct structure of the relevant matrices
can be obtained only in the presence of triple collisions.

Eigenvalues of (A + B)(A — B):

7
A%::618t+33,

/\2'_gl5+16t+4t2
T2 13+6t

where t = t1 + to determines the contribution of both types of triple collisions
to the boundary layer thickness, cf. discussion below and in Appendix A.

With explicit values of the collision rates: ¢ = 1,b = 1,¢ = 2,d = 1,
e=2,f=1,9g=1,t; =ty =1 we obtain, using symbolic calculus, the following
approximate values for the velocity and energy jumps across the boundary layer:

Vy (perpendicular) velocity jump = 0.14 3,

energy jump = —0.146 — 2.02 «,
where the constants «, (3, § are obtained from numerical calculations based on
fluid dynamical equations, as discussed in the Introduction.

REMARK 1. Analysis of the eigenvalues shows that the thickness of the
boundary layer, being proportional to the smaller of both eigenvalues is, for any
positive ¢, greater than for ¢ = 0; thus the triple collisions diminish the thickness
of the boundary layer. Therefore, with the triple collisions taken into account,
the region of validity of the description based on the fluid dynamical equations,
enlarges. We point out however that in the considered model, triple collisions
are not necessary to preserve the correct structure of the kinetic boundary layer.
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4.2. Example 2: Hierarchy 2: (4 + 8)-velocity model

This 2 — dimensional discrete velocity model is obtained from the general
Hierarchy 2 for L = 0. The velocity vectors are denoted v* = (v, v;), i=1,..6,
9,...14, with

(4.10) vl =43,i=1,3, v\ =+1,i=2,4,56, vi=-34i=9,11,
vl = —1, i =10,12,13, 14,

(4.11) vy =+3,i=5,13, v, =+1,i=1,2,9,10, v, = -3, i =6,14,

vh =1, i =3,4,11,12,

The relevant one-dimensional steady discrete velocity model equations read:
(4.12) VO fi = Qi i=1,..6,9,..14.

Note that in this model the algebraic part vanishes.

The collision terms take into account all the admissible binary and nontrivial
quadruple collisions (contrary to the previously considered model, this one does
not admit nontrivial triple collisions), which conserve mass, momentum and
energy for the considered lattice. Thus, e.g.

(4.13) Q1=—-A1— B —C1+ F1 + Gy — Gy,
(4.14) Ay =a(fifa— fafs), Bi=0b(f1fi2 — f3fi0),
(4.15) Ci = c(fifis — f3fa), F1 = f(fafs — f1f10),

G1 = g(fafafefo — [r1frof12/14),
Gy = g(fifafrofia — fafafiafiz).

(4.16)

The collision frequencies a, b, ¢, f are assumed to be proportional to the mo-
duli of differences of the velocities of colliding particles in the case of binary
collisions, cf. [10]. The operators G; describe the influence of the quadruple
collisions, cf. Appendix C for details.

We linearize the equations around the symmetric Maxwellian m; = 1,
i=1,..6,9,..14:

(4.17) fi=mi+ fi,
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and obtain the linear differential system of 12 equations

(4.18) V-0F = MF,
with V = diag(v;,i = 1,...6,9,...14), F = (f1,...f6, fo,...f14)", and
A B
(4.19) M_(BA).
Using symbolic calculations we obtain:
r 1 1 1,1 1 1 1 1 1.1 1.1 T
30 gbremgligagargbige gataf getafige
a,—2a—2b—d—-2f,—a+ f,a+b+d,a,b—f
1 1 1 1 1 1 1 1 1 1 1 1
A=|3etgbtge—gatgliga-gb-cemgf,ga,ge,getgf

—a+f,a+b+d,a,-2a—-2b—d—-2f,b—f,a
c+f,a,c,b—f,—a—-b—-3c—f,c

c,b—f,c+f,a,c,—a—-b—3c—f ]

o1 1 1 1 1 1 )
gc gb—gf —C —gb §C §C
b—f a+b+d —-b —-d+2f —a+f —b
1 1 1 1 1 1
B = —C *gb gC gb*g‘f gC gC
b —d+2f b—f a+b+d —b  —a+f
c —a+ f c —b a+b+c =3¢
c —b c —a+f -3¢ a+b+c |

Ker(A + B) = span{[-1,-1,0,0,-2,1},[2,1,1,0,3,0],[0,1,0,1,0,0] },
Ker(A — B) =span{[3,1,3,1,1, 1]}.

For the choice of the collision rates: a =3 :b=4:c=2:d=3: f =4,
g = 0, corresponding to the closest integral number approximation of the values
of collision rates for hard spheres, we obtain the following approximate values
for perpendicular bulk velocity and energy:

Vy jump = 0.04 3,

energy jump = —2.14 a — .04 4.
Fora=b=c=d= f =1 we obtain:

Vy jump = 0.10 33,

energy jump = —2.16 a« — 0.13 9.
Note the qualitative agreement of the results with those obtained from the pre-
viously considered model of Hierarchy 1.
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4.3. Example 3: Plane 8v-model

This model seems to be the simplest one which gives the proper structure
of the kinetic boundary layer. For this model, which does not belong to any of
the above-defined hierarchies of regular models, one can obtain exact analytical
expressions for the relevant jump coefficients. Six velocity vectors of the model
vt = (v;,vz) are distributed regularly on a circle of radius 2, and have the
following coordinates:

(4.20) 0¥ =(2,0), o'=(1,v3), ©°=(-1,V3),

(4.21) vt = (=2,0), vl = (-1, —\/5)7 v’ = (1, _\/g)a
and the remaining two velocity vectors are
(4.22) v? = (1.0), %= (-1,0).

We denote the distribution functions of the particles with the above velocity

vectors by: fo, fo,...f7.
The relevant one-dimensional steady discrete velocity model equations read:

(4.23) VoL fi = Qi i=0,..7,
with
Qo= B2+ B3 —T,
(4.24)
Q=A1+DB1+B+T,
QZ = _Al + AQa
(4.25) Q3 =—Ay— B1— B3+ T,

Qs =By —Bs—T,

Q5:A1+B+1+B3+T7
(4.26) Qe = —A1 + Ag,
Qr=—As+ By — By + 1T,

and with the binary collisional operators:

(4.27) Ay =alfafs — fifs), Azx=a(fsfe — faf7),
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(4.28) By =b(f3fs — fifr), Ba=0b(fofsa— fifr) Bz =0b(fafs — fofs),

a,b being the collision rates for the relevant types of binary collisions. T =
t(fofsfr — f1fsfa) is the operator of triple collisions, with ¢ — the collision rate
for triple collisions. In this model triple collisions are necessary for the correct
number of collision invariants, cf. Subs. 4.3.2. For this model we obtain exact
expressions for the jumps in parametric form.

4.3.1. Plane 8-velocity model with triple collisions. We linearize the equations
around the symmetric maxwellian m; =m, ¢ =0, ...7:

(4.29) fi=m+ fi,
and obtain the system of 8 linear differential equations
(4.30) V.0F = MF,

with V = diag(v;,i =0,...7), F = (fo...fz)T, and

A B
(4.31) M_<B A)'
Using symbolic calculations we obtain:
i 1 1 1 1 1 i
—b—gt Sbtgt 0 Sbtot
b+t —-m—2b—t 1 b—t
A=
0 m -2 m
b+t b—t 1 —m—2b—1|
[ 1. 1 1 1 1.7
—bt gt gb—gt 0 Sb—gt

b—t m4+b+t -1 —-2b+1

0 —-m 2 -m

b—t —2b+t —1 m+b+t|
Basis of Ker(A + B):

[1, 2,0, 0], [0, 0, 1, 0], [0, —1, O, 1].

Basis of Ker(A — B):
2,1, m, 1].
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V,, and energy collisional invariants for 8v model:
1 1 1 1
Oa 5\/57 O>_§\/§) 07 5\/5) 07 _5\/§ 5[47 47 1) 47 4) 47 17 4]

Eigenvalue of (A + B)(A — B):
A =18bt +4mb.

Note that the presence of ternary collisions decreases the boundary layer
thickness, as it already has been discussed in Example 1. V, jump is

B
3b+m

DN |

1
and energy jump: —6(—325771—165m2—1895t2+1080t2a+216\/§clt04—

725t+54t2am—8v2cl§m—1026t m+264tam+12tam?+12v2cltam—
36v2c16t)/(t(2m2+9mt+2v2clm+54t+12v2cl 4+ 12m)), where ¢l =
/b(9t + 2m).

Note, as in the previously considered examples of Hierarchies 1 and 2, the
correct, linear dependence of the velocity and energy jumps on the fluid dynamics
coefficients «, 3, 4.

4.3.2. Plane 8-velocity model without triple collisions. In this case the algebraic
structure of the linearized problem is different. In particular, the F=A— B
matrix has a two-dimensional zero eigenspace, which reflects existence of a spu-
rious collision invariant. Nevertheless the general structure is conserved, with
the energy jump zero as a necessary condition for the existence of the kinetic
layer solution.

Eigenvectors of A + B:

11, 2,0, 0], [0, 0, 1, 0], [0, —1, O, 1].

Eigenvectors of A — B:
[0, 1, m, 1], [1, 0, 0, 0].

Eigenvalue of (A + B)(A — B):
A? =2mb.

In this case the energy jump vanishes, and V,, jump is

B
m-+3b

N =
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5. Conclusions

We have derived algebraic criteria under which discrete velocity models lead
to qualitatively correct boundary layers. These criteria include not only correct
number of the conserved quantities, but also allow to model gradients of fluid
quantities at infinity, and to calculate the jump conditions. We have tested the
theory in a number of cases. As it turns out, the relevant algebraic details are
readily calculated through application of computer algebra tools. They allow to
determine the physical relevance of a given model and in particular, to answer the
questions, which type of collisions can be dropped, thus simplifying the model,
and which are essential to preserve the correct structure of the kinetic boundary
layer. The explicit formulas derived in the theory allow to determine all the
quantities relevant for the coupling with fluid dynamics, like layer thickness,
flow gradients and jump conditions.

Included in the framework are also the models described by differential al-
gebraic rather than only differential equations. The theory is flexible enough to
include several of more general classes, like three-particle interaction models. It
can be also applied for discrete velocity models of mixtures [19].
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Appendix A.

We present expressions for the collision operators Q; for the (944)-velocity
model of Hierarchy 1.

(A1) Q2 = e(fifr — fafs)
+0(f11f12 — fofs) + d(fafiz — fafio) + d(fsfi1 — fafo)

+e(fafr — fofs) + f(fafs — f2f13) + g(f1fi3 — faf11) + 9(f3f13 — fafi2)
+ti(frfafs — fofofur) + ta(fifrfiz — fafafir) + to(fafrfir — fefafio)-

(A.2) Q3 = c(fifs — fef3)
+e(fifiz — fafi1) +e(fofs — f3f7) + g(fafi2 — f3f11)
+to(fefaf12 — f3frf11) + to(f1frfi2 — fsfafin)-
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(A.3) Q4 = d(f2f10 — faf12)
+a(fofs — fafio) +d(frofir — fafr) + f(fiifiz — fafo)
+ f(fafis — fafs) + ti(fafofio — frfafs) + t1(fiifiofs — fiafafo).

(A4) Qs = d(f2fo — f5f11)
+a(fafro — fsfo) +d(fofi2 — fsfz) + f(faf13 — fafs)
+ f(friafi3 = fs.f10) + ti(fafofio — frfafs) + ti(frafiafo — fiifiofs)-

(A.5) Qs = c(f1fs — fof3)
+e(fifr — fafe) + e(fafir — fofi2) + g(frfi1 — fef13)
+ta(fafrfir — fefaf12)

(A.6)  Qr=celfafs — f1f7)
+0(fi1fr2 — fafz) + d(fafo — fafr) + d(fafro — f5f7)
+e(fafs = fsf7) + [(frfro = fafi3) + 9(fefis — frf11) + 9(fsfis — frf12)
+to(fsfofir — fifrfi2) + ta(fofafrz — fafrfur) + ti(fafofio — frfafs)

(A7) Qs = c(fofz — f1fs) +e(fsfr — fafs) +e(fofi2 — fafi1)
+ g(frfi2 — fafiz) — ta(fafofir — frfrfi2).

(A.8) Qo = d(faf7r — f2fo)
+ a(fafio — fsfo) +d(fi1fio — fofi2) + f(firfiz — fafo)
+ f(frfiz — fofio) + t1(frfafs — fafofio) + ti(frofirfs — fiafafo).

(A9) Q1o = d(fs5f7 — f2f10)
+a(fofs — fafir) +d(fofiz — fiifio) + f(frfis — fofio)
+ f(fizfi3 = f5.f10) + ti(frfafs — fafofr0) + ti(frafafo — fi1fiof5)-

(A.10) Qu = e(fifiz — f3f11)
+ b(fafr — firfiz) + e(fofiz — fsfu) + d(fafo — f5.f11)
+d(fafr — frofir) + f(fafr = furfis) + 9(fifis — fafu1) + 9(fef13 — frfi1)
+t1(fizfiafo — finfrofs) + t2(frfr fr2 — fsfafir) + ta(fefafiz — f3frfir).
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(A.11) Q12 = e(f3fu1 — f1fi2)
+0(fafr — firfrz) +e(fsfri1 — fofi2) + d(fafio — fafi2)
+d(fsfr — fofiz) + f(fsfio — frafi3) + g(fsfis — frfr2) + 9(fsfis — fafi2)
+t1(frofinfs — frzfafo) + ta(fsfofir — fifrfre) + ta(f3frfi1r — fefafi2)-

(A.12) Q13 = f(fafs + fafo
+ fofio + fsfio — fofiz — fiifizs — frfin — fef13)
+ g(fofir — fifiz) + 9(frfi1 — fefiz) + 9(frfi2 — fafiz) + 9(fafiz — f3fi3)

In all the terms corresponding to the triple collisions we have assumed that
the post-collisional velocities of the colliding particles are different from the pre-
collisional ones, in order to eliminate the so-called triple collisions with a “spec-
tator”, in which one of the velocities remains unchanged (note that we assume
that particles are indistinguishable).

Appendix B.

We give expressions for the matrices A and B of the linearized system of
equations obtained from the 13-velocity model of Hierarchy 1.

Tl 1 1 1 1 1 1 1 ]
——c—e—— —z211 —=t2, = — — 212 4+ = t2
20 e 2g+2z 5 2 2e+2g+2z —|—2 )

1 1 1 1 1
§c+§e+§zlfy’, 5214,5215

a2l , a22, a23, a24, a25

1 1 1 1 1 1 1
— — — 281, = — — —
2c+2e+2z3, 2e+2g+2232+22,
1 1 1 1 1 1
- — - — — __t — —
20 e zg+2z33 22, 225’4,2z5’5

41, d+ f+ 242 +tl, 248, ~2d —a—2 f + 244 — 211,
a—f+ 245
251, d+ f+ 252 +t1, 253, a— f+ 254,

—2d—a—2f+ 255 — 211
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+1 +116 L —1—117 th 1+118+1t2
ctgetgzlb, —getg2l7— 512, —cet 218+ 512,
L 19 ! 10
9“7 9"
b21, b22, b23, b2}, b25
1 1 1 1 1 1 1 1
§z36‘+§t2,—§e+§z37—§t2,50—1—56—1—5&3’8,
1 1
§z5’9,§z5’0

246, —d 4+ 247 —t1, 248, a— f+249,2d—a+ 240 + 211

256, —d + 257 —t1, 258, 2d — a + 259 + 211 , a — f + 250 |

The remaining unknown parameters in these expressions are defined as fol-

lows:

a2l

a2?

a3 -

a2 :

a2b

b21

b22

b23

b24

b25

1 1 1 1
i=—e+ g+ - 221 + - t2,

2 2 2 2

1 1 1
e mbh—d— = f—g—e+ - 222 —

5 2f g e+2222
_1 -1-1 +123+1t2
R

1 1 1 1
=_d+-f+= = 11

2d+2f+2224+2t,

1 1 1 1

1 1 1
f=——e+-226— -t

26-!-2226 22,

N I - Y
FT TP Ty Ty ’

1 1 1
= ——e+ 228 — -2,

2 2 2
1 1 1

N T
FT T4 9 M

! t1 —t2
2 )
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where

z21 =
222 =
228 =
224 =
225 =
220 =
227 =
228 =
229 =
220 :

231
232
238
234
235
2360
237
238
239

230 -

241
242
248
244
245
246 =
247 =
248
249 :
24
251
252

=

pl +rl
p2 412
p3 4+ r3

( J(b—g+d)+s1 (29— f);
( J(b—g+d)+52(29—f);
( J(b—g+d)+53(29—f);
(4 +r4)(b—g+d)+s4 (29— f):
(po+15)(b—g+d)+s529—f);
(p6+16)(b—g+d)+s6(2g9—f)

(p7+7r7)(b—g+d)+3s72g—f);
(p8+1r8)(b—g+d)+3s812g—f);
(p9+7r9)(b—g+d) +35912g—f);
(

= —pbe+rb(e+g)—sb6g+t2(r6 —
=—pTle+r7(et+g)—sTg+1t2(r7 —
=-—pSe+r8(e+g)—s8g+1t2(r8 —
=—p9e+r19(e+g)—s9g+t2(r9 —
—plO0e+ 7110 (e+g) —s10 g+ t2(r10 — p10);

=pl(d+f)—rid+2sl f+t1(pl—rl);
=p2(d+f)—r2d+2s2f+1t1(p2—r2);
=p3(d+f)—r38d+2s3 f+tl(p3—
=pjd+[f)—rid+2sf f+1tl(pf—
=p5(d+f)—rod+2s5f+tl(p5—
p6(d+f)—r6d+2s6 f+tl(p6—16);
p7(d+ f)—r7d+2s7f+t1 (p7—17
=p8(d+f)—r8d+2s8 f+1t1(p8—r8;
=p9(d+f)—r9d+2s9 f+tl (p9 —r9);

pl10+110)(b—g+d)+s10(2g— f);
=—ple+rl(e+g)—slg+t2(rl —pl);
=—ple+r2(e+g)—s2g+t2(r2—
=—ple+r3(e+g)—s3g+1t2(rs—
=—pjetriletyg)—s{g+i2(rf—
=—-pbe+r5(e+g)—s5g+t2(r5—
(e+9) (
(e+9) (
(e+9) (
( (

);

p2);
p3);
P4);
pd);
p6);

p7);
p8);
p9);

)

r3

);
);
);
4);
r5);
);
)

)

= p10(d+ f) — r10d + 2510 f + t1 (p10 — r10);
=—pld+rl(f+d) +2s1 f+1t1(rl —pl);

= —p2d+r2(f+d)+2s2 f+tl(r2—p2);
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with

258 = —p8d+r3(f+d
254 = —p4sd+r14(f+d
255 = —pbd+r5(f+d

( +2s3 f+t1(r3 —
(
(

256 == —p6d+ 16 (f+d
(
(
(

(r8 —p3);
+ 254 f4t1 (14 —p4)
+2s5 f4+t1(r5 —pd);
+2s6 f+t1(r6 — pb6)
207 = —pTd+r7(f+d ( )
258 i = —p8d+r8(f+d)+2s8f+tl(r8—p8)
259 = —p9d+r9(f+d)+2s9f+1tl(r9—p9);

250 == —p10d+ r10 (f +d) + 210 f + t1 (r10 — p10)

+2s7Tf+1t1(r7—p7);

N~~~ N —

S 9
YT T G
1
T det2d+ fr2g+2(t +212)
_ 29-f)?* , 29-1Ff
k.—2b+29+2d+f—m, = e
h(2g—f)?
IR D e U R L I
m = 2 ;om = 2
o 2g-0) . _(2g—-f)2m—h)
lf._1+42(f+g), mf = Fio) :
_(29-f)2n+h)
"= A(f+g)

pl:=—lw2+m(e+g+1t2)+n(—e—1t2);

p2 :=1(—wl +2w2)+ (m+n)(b—g+d);
);

p3 = —lw2+m(—e—t2)+n(e+g+1t2);

p4 =12wl +m(d+ f+t1)+n(—d—t1

)

)i
p5i=12wl +m(—d—t1)+n(d+tl + f);

pb = pl; p7:=p2;

p§=p3; p9:=ps; pll:=pd;
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rl :==—lw2+(m—nh)(e+g+1t2)+(n+h)(—e—12);
r2 :=1(—wl +2w2)+ (m+n)(b—g+d);

r8 = —lw2+ (m—h)(—e—t2)+ (n+h)(e+g+t2),
rf =12wl + (m—h) (d+ f+t1)+ (n+h) (—=d — t1);
r5 :=12wl + (m —h)(—d—t1)+ (n+h)(d+t1+f)7
r6:=rl; r7:=1r2; r§:=7r8; r9:=r4; ri0:=rdH;

sl :=—Ilf w2+ mf (e+ g+ t2)+ nf (—e—12);
s2 = If (—wl +2w2) + (mf + nf) (b— g +d);
59 1= —If w2 + mf (— e—t2)+nf(e+g+t2),
s4 = 1f 2wl +mf (d+ f+t1) +nf (—d—t1);
sh :=1f 2wl +mf (—d—t1)+nf (d+t1 + f);
s6 :=s1; s7T:=382; s8§:=5883; 89 :=s4; s10:= 85,

z11 :=pl(e+g)—rle—slg+t2(pl —rl);
212 :=p2(e+g)—12e—82g+12(p2 —1r2);
213 :=p3(e+g)—r3e—s3g+1t2(p3 —1r3);
21 =p4(et+g)—rje—stbg+12(pf —14);
215 :=pbs(e+g)—rbe—s5g+t2(p5—rH);
216 == p6(e+g)—r6e—s6g+t2(p6—r106);
217T:=p7(e+g)—17e—sTg+12(p7—1r7);
218 :=p8(e+g)—r8e—s8g+t2(p8 —1r8);
219 :=p9(e+g)—r9e—s9g+t2(p9 —19);
210 :=pl0(e+g) —ri0e— s10 g+ t2 (p10 — r10).
Appendix C

The remaining collision terms Qo,...Q14 of the (4 + 8)-velocity model are
defined as follows:

Q2=A1—D—By+ A3+ By + F> + Fy — Gy + Gy — G3 — Gy,
Q3=A1+B1+Cy — Fys+G3+ Gy,

Qi=—-A1+D+By—B3— Ay — F1 + F3 — G1 — G2 — G3 + Gy,
Qs = —A3+Bs— Cy — F1 — Gy — G3,
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Qe =C2+ Ay + Fy — G1 + Gy,

Qo =C1 4+ By + As + F5 — G + Go,
Quo=B1+D— Ay — A3+ Bs+ F1 — I3+ G1 + G2 + G3 — Gy,
Q11 =C1— By — Ay + F5 — G2 — G,
Qiz2=-B1—D+As+ B3+ Ay — Fo — Fy + G1 — G2 + G5 + Gy,
Q13 = A3+ C2 — o + G5 + Gy,
Qua=—-Ca+ By — Ay — F5+ G1 — Gy,

D =d(fafi2 — fafi0), B2 =b(fafi1 — fafo),
= a(fiofun — fofi2), Az =a(fsfio — fafi3),
a(f1fia — fefi2),
b(fafis — f5f12),  Ba = b(fefi0 — fafia),
b(fsf1a — fef13),
fizfis = fafo),  Fs = c(fiofia — firfa),

f(
f(fafi2 — fafs),
9(fafsfiifiz = fafsfofr0), Gz = g(fafafsfi1 — f3frofi2f13).

The collision frequencies a, b, c,d, f are assumed to be proportional to the
moduli of differences of the velocities of colliding particles in the case of binary
collisions, cf. [10]. The operators G; describe the influence of quadruple collisions,
g being the parameter describing the collision rate for the quadruple collisions.
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