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Abstract

This thesis, in the frame of kinetic theory of gas mixtures, develops a gen-
eral framework which integrates the Boltzmann and the BGK descriptions of
the collision operators within one model, with the aim of combining the accu-
racy of the Boltzmann integral with the greater analytical and computational
tractability of the BGK operator. Hence, the proposed model allows for each
binary interaction to be described by either operators. After having proved
the consistency properties, namely the correct conservation laws, uniqueness of
equilibrium distribution and H-theorem, the dimensionless form of the model
is introduced, enabling the analysis of different hydrodynamic regimes. In the
classical collision dominated regime, in which all collisions are equally domi-
nant in the evolution, we consider a Chapman-Enskog expansion in terms of
a suitable Knudsen number and derive Euler and Navier-Stokes equations in
the hydrodynamic limit. In order to provide a closure for the Navier-Stokes
equations, we derive explicit first-order corrections for the species velocities,
while the complexity of the Boltzmann linearized operator prevents a closed-
form computation of the first order corrections of the pressure tensor and heat
flux. Nevertheless, the computations involve linear systems which admit unique
solutions, ensuring a constructive closure of the Navier—Stokes equations. Since
in real mixtures the number of species is typically small, the coefficient matrix
can easily be inverted using standard numerical tools. We then analyze binary
mixtures in which intra-species collisions are described by Boltzmann operators
and inter-species ones by BGK terms, focusing on two relevant hydrodynamic
regimes. In the first one, both intra-species interactions play a dominant role,
allowing to obtain the Navier-Stokes equations for macroscopic fields of both
species, with source terms on the right-hand side, representative of the slow
collisional dynamics. In the second one, the dominant role is played by the
intra-species interactions of the heavier species only, allowing for fluid equations
of Navier-Stokes type for such species, while the lightest one retains a kinetic de-
scription. Finally, exponential convergence of the species distribution functions
towards the species Maxwellian distribution is proved, with explicit dependence
of the convergence rate on the collision frequencies and mixture parameters.
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Introduction

The kinetic theory approach to gas mixtures has received increasing attention
in recent decades, and the Boltzmann description has been extended to model
more complex systems, including chemically reacting mixtures [46] and poly-
atomic constituents [27]. For inert mixtures of monatomic species, the classical
Boltzmann description is well established, but the analytical investigation of its
mathematical properties remains challenging. Despite several advances, both
in rigorous results and in the construction of efficient numerical schemes, the
Boltzmann system for mixtures is still notoriously difficult to handle because of
its nonlinear and multidimensional integral structure. To overcome these diffi-
culties, several simplified models have been proposed, most notably of the BGK
type, generalizing the relaxation model proposed by Bhatnagar-Groos-Krook in
[3] for a single gas.

A first mathematically rigorous BGK model for gas mixtures was proposed in [1],
employing for each species a global relaxation operator towards an auxiliary at-
tracting Maxwellian that accounts for all interactions with all the constituents.
Despite its simplicity, this model has been effective and has inspired various
generalizations, also to reactive mixtures [29], even of monatomic and poly-
atomic gases [12]. In a recent paper [13], the analogies and differences among
existing BGK models for inert mixtures were discussed, and a new BGK ap-
proximation was developed. In this model, the collision operators are expressed
as appropriate sums of binary relaxation terms, each reproducing the exchange
rates of momentum and energy corresponding to the binary Boltzmann opera-
tor. This correspondence between BGK and Boltzmann exchange rates is exact
for Maxwell molecule interactions, while a suitable approximation enables the
determination of consistent auxiliary parameters, defining the Maxwellian at-
tractors of the BGK operators, even for more general intermolecular potentials.
This approach thus extends the applicability of the BGK approximation. How-
ever, the important features that make BGK-type models more tractable than
the Boltzmann ones also limit their accuracy, and this trade-off between com-
putational manageability and accuracy of the description is what has motivated
the construction of a hybrid kinetic model.

Specifically, in this thesis we aim at combining in one model the BGK and the
Boltzmann descriptions, therefore we propose a mixed Boltzmann—-BGK model
for inert mixtures of monatomic gases, where some kinds of interactions are
described by means of classical bi-species Boltzmann operators, and the others



by means of the binary BGK operators introduced in [13]. It is well-known
indeed that the numerical methods for multi-species Boltzmann equations are
computationally expensive, as we can see in [31]. On the other hand, BGK ap-
proximations are not capable to reproduce peculiar nonlinear effects, especially
in the evolution of high order moments in mixtures with heavy and light com-
ponents [30]. Considering pros and cons of Boltzmann and BGK approaches,
we would like to preserve as much as possible the details of collision parameters
and intermolecular potentials as in the Boltzmann description, but keeping the
kinetic model manageable from the analytical and the numerical points of view.
For this reason, we try to replace some of the integral Boltzmann operators by
their simpler BGK approximation, which takes into account the collision pro-
cess only through the Maxwellian attractor and the collision frequency. Among
the many BGK models available for inert mixtures, we use the one of Ref. [13],
since it has the same structure as the Boltzmann model and simply replaces
each bi—species Boltzmann operator by a proper relaxation term. In addition,
contrary to other BGK approaches, this model allows to relate its parameters
to each binary interaction potential, preserving a more physically realistic de-
scription of the collisions. Thus, it seemed us well suited as a starting point
to construct a hybrid kinetic model where only some bi—species interactions are
described by relaxation—type operators. It is remarkable that such structure of
the mixed kinetic model, mimicking the one of the Boltzmann system, is par-
ticularly suitable to describe mixtures of gases with disparate masses, in which
the role played by collisions of heavier particles can be put in the right light.
The thesis is organized as follows. In the first chapter we present the distribu-
tion function, its moments and the full Boltzmann description of a gas mixture,
along with the properties of the collisional operator, the momentum and kinetic
energy exchange between generic species s and r, the weak form of the Boltz-
mann equation and the equilibrium distribution. Then we introduce the BGK
model presented in [13] and, by imposing that the exchange of momentum and
kinetic energy occurring between species s and r is the same when collisions are
described by either the Boltzmann or the BGK operator, we fix the fictitious
parameters involved in the auxiliary Maxwellian Mg, of the BGK operator.

In the second chapter we introduce our generalized Boltzmann-BGK model.
Specifically, for any pair of species (s,r) with s, = 1,..., N, the relative col-
lision may be described by a Boltzmann or a BGK operator: we fix a set of
coefficients xs € {0,1}, with the reasonable symmetry assumption X = Xrs,
such that if xs. = 1 the (s,r) interactions are modeled by the Boltzmann op-
erator, while if ys- = 0 by a BGK one. The option g, = 1, V(s,r) reproduces
the full Boltzmann model, while the option ys, = 0 yields the BGK model built
up in [13]. The construction of the mixed kinetic model and its main properties
have been published in Ref. [5]. We prove the consistency properties of the
model, including the H-theorem, for any choices of coefficients x;-.

The general structure of this hybrid kinetic model allows, in particular, model-
ing the more significant part of the collision operator by Boltzmann terms (for
instance the dominant interactions, or the ones giving rise to specific features
of the considered physical problem), and the other ones by means of simpler



relaxation terms. For instance, in plasmas the physically admissible scalings
are strongly affected by the very large mass ratio between ions and electrons,
so that the ions—ions interactions play the dominant role (and should be prop-
erly described by Boltzmann operators), whereas ions are almost no affected
by electrons [32]. Analogously, when a gaseous mixture is assumed diffusing
in a much denser host medium [10], Boltzmann description could be used only
for the dominant interactions with the background, leaving other intra- and in-
ter—species interactions modeled by BGK terms.

After establishing the consistency properties, we derive the dimensionless form
of the model equations. The presence of a collision operator for each gaseous
component allows for the study of different hydrodynamic regimes, while also
enabling the derivation of evolution equations for the main macroscopic fields.
A suitable coefficient appears in front of each collision operator, allowing the
selection of the desired regime.

In chapter 3, we focus on the classical collision dominated regime, which is par-
ticularly useful when the system is close to local equilibrium and collisions occur
much more frequently than macroscopic variations. Using Chapman-Enskog ex-
pansion, we derive the Euler equations and we adopt the same approach as in [9]
to obtain a closure for the Navier—Stokes equations. We first derive an explicit
expression for the first-order approximation of the species velocities. As regards
the first-order approximation of the pressure tensor and of the heat-flux vector,
the algebraic complexity of the moment equations, due to the simultaneous pres-
ence of the Boltzmann linearized operators and of the first order approximation
of the BGK terms, prevents their explicit computations; nonetheless, we rigor-
ously establish the existence and uniqueness of solutions to the associated linear
systems, proving diagonal dominance of the system matrix and thus providing a
constructive closure of the Navier—Stokes equations. However, in real mixtures
the number of species N is typically not very large, and the variables involved
reduce to strictly positive real numbers. In such cases, the coefficient matrix
can be inverted straightforwardly using standard mathematical software.

In chapter 4, we investigate the case in which intra-species collisions are de-
scribed by the the Boltzmann operators and inter-species ones are treated by
the BGK formulation. Exploiting the simpler computations involved, in this
case it is possible to provide an explicit expression for any of the additional
unknowns of the Navier-Stokes system, and therefore to derive explicitly the
transport coefficients, which will still depend on the collision frequencies of bi-
nary Boltzmann and BGK operators.

In the last part of the thesis, still pertaining to the case where intra-species
collisions are described through the Boltzmann integral and inter-species ones
through the BGK operator, the analysis is focused on binary mixtures. In partic-
ular, in Chapter 5 we first consider a mixture where one species is much heavier
than the other, and investigate the asymptotic limit in the regime dominated
by the intra-species collision, obtaining multi-velocities and multi-temperatures
Navier-Stokes equations, with source terms accounting for the slow collisional
dynamics. In the second part of the same chapter, we analyze a regime where
the dominant role is played only by intra-species collisions of the heaviest con-



stituent. This more realistic situation has not yet been deeply investigated in
literature and leads to a fluid-kinetic system, composed by macroscopic equa-
tions for the heaviest component, coupled with a kinetic equation for the light
one, according with the multiscale feature of the dynamics.

In the last Chapter, in the space-homogeneous case, we focus on the estimate
of the convergence rate of the kinetic solutions towards the species Maxwellian
distributions. We begin by proving the exponential decay rate of the velocities
and the temperatures. We then introduce some analytical lemmas that allow
us to establish a rigorous proof of exponential convergence of the kinetic solu-
tions towards the local species Maxwellians, showing that any initial distribution
relaxes at an explicit rate, depending on collision frequencies and mixture pa-
rameters.

Finally, we present some concluding remarks and in Appendix we collect several
useful formulas and calculation details of results presented in the thesis.



Chapter 1

Boltzmann and BGK
models for gas mixtures

1.1 The distribution function and its moments

In this chapter we report some preliminaries on kinetic theory for rarefied gases,
that is at the basis of our research work. Further details may be found in classical
books [18, 20, 25, 34]. Since gases involved in physical problems are usually
composed of particles of different constituents, in this thesis we consider an
inert mixture of N rarefied monatomic gases. Generalizations of kinetic models
to polyatomic particles (with translational and rotational degrees of freedom)
are available in [23, 27, 47].

We begin with some basic notions and results from the kinetic theory of gas
mixtures, [18].
Each species is characterized by its molecular mass

ms, S§=1,...,N.

The molecules are regarded as point particles that possess only translational
degrees of freedom, which can be identified with the spatial coordinates of its
center of mass, collected in the vector x € R3.

Furthermore, the kinetic state of each molecule is identified with its velocity
vector v € R3.

The evolution of the mixture is described through the distribution functions
vector

f:(flv""fN)T7

in which f; = fs(v,x,t), where t € R is obviously representative for the time.

Remark. For simplicity, for any vector a € R®, we denote the square of its
norm |al?, by a? or by (a)?.



We are now going to introduce the macroscopic and measurable quantities of
each species and of the whole mixture, as suitable moments of the distribution
function f,.

For every species we define its number density ng, mass velocity u, and
kinetic temperature T (in which the Boltzmann constant K g is incorporated
for convenience) as follows

1 My

ng = - fs(v)dva Us = ;S s 'vfs('u)d'v, T, = 3n,

[ w=ws w)av.

For the whole mixture, we define the number density n

N
n = E N,
s=1

the average mass velocity u

1 N
U = prsus,
ps=1

where p,; := mgng represents the mass density of each species and the global
mass density p is given by
N
pi=> ps
s=1

Pertaining to the global temperature T (in which we incorporate once
again the Boltzmann constant K ), we require it to represent a measure of the
mixture thermal agitation. We define indeed the global kinetic energy density,
obtained as the sum of the species-specific kinetic energy densities, to be equal
to

1
§pu2 + gnT,
and, specifically, we have
1 N
= ms/ v* fs(v)dv
2 s=1 R3
1N N N
- 5“2 Z;mn +u ;ms / (v —u) fs(v)dv + = ;ms /R (v —u)® f,(v)dv
N N
_ 2 z —u)?
= 5pu +u ;(ménéué MgNsW) —&—; 5 s /R3 (v —u)” fs(v)dv
1 1
=—pu+ = ms/ (v —u)? fy(v)dv
2 227 Jos



Introducing the peculiar velocity ¢ := v — u, the global temperature turns

out to be
1
_ 2
nT = 3 5221 /RB c“fs(v)dv

that can be reformulated as follows

_1 m v—Uu Us —u ? v)av
=53 [ [l )+ 0 o
N N
B ;;ms /Rs (v — Us)2 fs(v)dv + g s=1 e (s =) /]Rs (0 =) fu(v)dv

=nsus—nsus=0

| N N | N
2 2
Jrgs;ms(usfu) /RBfS(v)dvszzlnSTs+3szzlpS(USU)
N L N
— nT = T+ = —u)? 1.1
n ;n (+3;ps(us u) (1.1)

The overall thermal agitation of the mixture arises both from the thermal
motion of each species individually and from the motion of each species rela-
tive to the mixture. For this reason, the temperature of the mixture is always
greater—often significantly greater—than the weighted average of the temper-
atures of its constituent species. Similarly, the scalar pressure of the mixture,
p = nT, exceeds the sum of the partial scalar pressures, ps = nsTs, with equal-
ity occurring only when all diffusion velocities s — u vanish.

Let us examine the components of the pressure tensor P, considered as the total
flux of momentum relative to a surface moving with the macroscopic velocity u
of the gas

N N
Pij = ;ms /]RS (vi — us)vj fs(v)dv = Zlms /}R3 cicjfs(v)dv. (1.2)

Defining the component of the pressure tensor for single species P as

N
Py = st /RS cicjfs(v)dv,
s=1

where ¢ = v; — uf, the following relation between the pressure tensor of the
mixture and of the single species holds

N N
Py =Y PS5+ pa(u —ui)(u — uy).
s=1 s=1

In fact, P is not only obtained by adding the tensors corresponding to the
individual species; an additional contribution, which (as for the temperatures)

10



arises from the diffusion velocities, must be included.
In the case of a single gas we have nT = %TT(B) and this continues to hold for
a mixture as well

1 N L
_ 2 _
gTT(P) = ;:1 nsTs + 3 55:1 ps(us —u)® =nT.

Furthermore, the following decomposition
P=nTI+1I,

where IT is the traceless viscous stress tensor, remains valid in the case of a
mixture.
Finally, we define the heat flux g of the mixture and of the individual species.
We have

and

Proceeding as before, it is not difficult to show that

N N g N | X
¢ = qu—l—ZPZ(uj —u;)+ 3 ZnSTS(uf —u;)+ 3 Zps(uf —u;)(us —u)?,
s=1 s=1 s=1 s=1

(1.3)
where diffusion velocities continue to play a crucial role.

1.2 Boltzmann system for a gas mixture

Assuming that no external forces are present, the dynamics of a mixture of
rarefied gases is governed by a system of Boltzmann-type equations

9fs
ot

where the left-hand side describes the ”free-flight” phase, in which the term
depending on spatial gradients stands for the streaming operator, and the right-
hand side is responsible for the collision contributions.

Consistently with the rarefied gas assumption, the model considers exclusively
binary collisions, that is, if two molecules collide with each other, no other
collision involving them can occur until such a phase has ended.

The molecules of each species collide with any other species molecule. Therefore,
the collision operator @), is the result of the sum of the contribution due to the
collision of the s-th species with each of the other NV species

+'U'wa5:Qs, S:17...,N,

N
Qs = Zer(fsvfr) .
r=1

11



We are ready to construct the Boltzmann operator that describes the colli-
sions between molecules of the s-th and r-th species.
We begin by introducing the collision total mass

My, :=mgs+ m,,

the reduced mass

. Mgy
Hsr = m7
and the mass fractions
My _my
aS’I" - MST7 aT‘S - MS,’.’

with obviously ag, + a5 = 1.

Remark. Let v,w be the pre-collision velocities of species s and r. Post-

iy L o P
collision velocities are indicated by an apex ', v, w,.

Bearing in mind that having assumed collisions to be elastic, the momentum
and the kinetic energy are preserved in each of them, and it holds

/ /
MgV + Mpw = MgV, + MWy,
(1.4)

2 /2

2 2
MgV + MpwW™ = MgV, + MpW. .

Being Y the velocity of the center of mass, Y = ag.v + a,;w, and y
the relative velocity of the colliding molecules, y = v —w, we reformulate
system (1.4) as follows

(ms+m,)Y = (ms+m,)Y’
(ms + mr) Y2 + Msry2 = (ms + mr) YIQ + Ms’ry/2 5
from which we obtain
Y'=Y and vy =|ylw, weS?

where w is the unit vector of the post-collisional relative velocity.
Combining the above equalities, velocities v, w can be expressed in terms of Y
and y

v=Y + o,y

w:Y*asrya

and making use of momentum and energy conservations, we can reformulate
post-collisional velocities as functions of the incoming velocities

Vi = Q¥ + s (W + |y|w)

(1.5)

w:;r = QpsW + Qg ('l) - |y|w) .

12



We are now ready to formulate the Boltzmann collision operator Qs,(fs, fr)
that will be the result of the difference between a scattering in term Q, and
a scattering out one Q. i.e.

er = :r - s_r . (16)

Let gsr(|y|, §-w) be the collision kernel function that provides the interaction
between the s— and r— species molecules, in which ¥ is the unit vector of relative
velocity. It is obviously symmetric with respect to their indices, i.e. g5 = grs-
Hence, the number of molecules of species s with velocity in dv and impact

parameter in dw, colliding with a fixed target molecule of species r located in
dx with velocity in dw, is given by

fs(z,v,t)dv gsr-(|y|, § - w)dwdt .

To obtain the total number of collisions, we multiply by the number of target
molecules present, which is

fr(z, v, t)dwdz,

reaching
9sr(lyl, ¥ - w) fs(x,v,t) fr(z,v,t)dedwdwdt .

The total number of collisions occurring in dx and dt that remove a molecule
from the velocity range dv is therefore given by integrating over all target
molecules and all admissible solid angles, namely

o= / Gor (Y18 - ) (@, 0, 8) f (@, v, £)dewdos
R3xS2?

To construct the gain term Q7,., we introduce the notion of a dual collision,
in which the post-collisional velocities from the direct interaction are interpreted
as incoming collisional velocities. Specifically, a gain of particles in dv in the
direct collision corresponds to a loss of particles in dv in the dual collision. This
observation allows us to recast the gain term as a loss term associated with the
dual process.

Using the dual collision method, and observing that

‘ (Y, y)
d(v, w)

=1 = dvdwdw = dv'dw’dv’,

we have
= [ gyl ) 020, (w2 )
R3xS2
Eventually, from (1.6),
Qulled) = [ 0099 -) (L0 ) = £ o) ()] i (1.7)

In the case of collisions between molecules of the same species, we find the
Boltzmann collision operator for single gas

Q= [ gllyl g ) (001 (w)) ~ (o). (w)) dudes
R3xS2

13



1.3 Properties of the Boltzmann equations

In each elastic collision, molecules undergo a variation of their molecular veloc-
ity and thus a transfer of momentum and kinetic energy between the species
involved in the collision.

Since we have assumed the mixture to be inert and therefore the mass of each
species is preserved, the transfer of such quantities from species s to species r
is the opposite of the corresponding transfer from species r to species s.
Consequently, defining the following scalar product as

(wl0). 0w = [ plopio)dv,
and upon summing over all molecular velocities, we expect to recover

Ms(Qsr(fss fr)s 0) + M (Qrs(fr f5),v) = 0,
ms<er(fsafr)aU2> + mr<Qr5(frafS)aU2> =0.

We prove it analytically through the general weak formulations of binary

Boltzmann operators, with test functions ¢ (v) = msv, mgv?:

(Qsrs @5 (’U)> + <Qrsa ©r ('U)> (1.9)

(1.8)

— / 0a(0)gar (51,9 - @) [Fu(W) fr (') — fu(w) i (w)] dodudu
R3xR3xS2

+ / or(v)gsr(lyl, 9 - w) [fr(vlrs)fS(wlrs) - fr(v)f5<w)}dvdwdw .
R3 xRR3 xS2

Now, we reformulate these integrals using the following change of variable

v—w
w— v (1.10)

w— —w ,

from which

! !/
UV, = QepW + Qs (V — Y - w) = W

!/ /!
W, — Qs+ agr(W+ Yy -w) =v,, .

Then

(Qsrs ps (V) + (Qrss pr(v)) (1.11)

= / s (w)gsr (Y, 4 - w) [fs(wrg) fr (V1) = fos(w) fr(v)] dvdwdw
R3 xR3 xS?

+ / er(W)gsr (Y1, - w) [fr(wi,) fs (Vi) = fr(w) fs(v)] dvdwdw
R3 xR3 xS2

14



In (1.9), by switching now pre- and post-collisional velocities, that is

v— v,
w — wh, (1.12)
w—w
in the first integral, and
v— vl
w — w. (1.13)
w—=w

in the second integral, we get the following reformulation

(Qsr, 9s(v)) + (Qrs, o1 (v)) (1.14)

- /Ri" S @S(v;r>gsr(|y|a'g : w) [fs(v/sr)fr(wgr) - fs(w)fr(v)] dvdwdw

_ /]R3 . or (V1) gsr ([Yl, 4 - w) [ fr (V) fs(whg) = fr () fs(w)]dvdwdw |

thanks also to dv'dw’dw = dvdwdw.

Combining the previous changes of variables, we also get

(Qsryps(v)) + (Qrs, (V)

- /]R?’ o @S(w;s)gST(‘y|7@ : OJ) [fs(w;‘s)fr(v/rs) - fs(w)fT(v)] dvdwdw

[ el o) [l o) = ) f(0) dodwdes

(1.15)
Since (1.9), (1.11), (1.14) and (1.15) are equivalent formulations of (Qs., s (v))+

(Qrs, or(v)), we can recast it as

(Qsry ps(V)) + (Qrs, 1 (v))
1

t Lo Tl e wl) — o) = o)

X [fs(vl) + fr(wh,) = fo(v) = fr(w)] dvdwdw
1

(1.16)
Lo T e wl,) — o) — o)

X [f”‘(v;s) + fs(w;“s) - fr(v) - fs(w)} dvdwdw .

Setting o, = msv, msv? and recalling (1.4), we have proved (1.8).

15



Obviously, if s = r, we have

mS<QSS(f8)"v> =0, m5<Q55(f5),’U2>:0.

In the case of a constant test function, i.e. ¢s(v) = 1, switching pre- and
post-collisional velocities as in (1.12) and (1.13) leads to
1 N
@ty =5 [ gullul @ (wl) - L () (w)
R3 X R3 x§? (1_17)
— [ (W) fr(wl,) + fs(v) fr(w)] = 0,

confirming preservation of species number densities.

1.4 Collision invariants and equilibrium distri-
butions
Given a regular test function ¢g(v), using changes of variables analogous to

those presented in the previous section and summing on all species, the weak
form of the Boltzmann equation may be cast as

N
Y5 o))+ o Vet 00)
N
= *i ,«,SZ=1 /1R3><]R3><S2‘ Isr (Y], U - W) [s (V) + (W) — s (v) — o (w)]

< [fs (W) fr(wl,) = fs(v) = fr(w)] dvdwdew.
(1.18)
It can also be easily checked, by exchanging pre- and post—collision velocities,
that an additional equivalent formulation of the weak form of each bi-species
Boltzmann operator is

<er(f87 fr)’ <Ps(’U)> - % /RS /]RS /sz gsr(|y|”g ’ w) [@s('U;,.) - @s(v)]
X [fs (V) fr(w',) — fo(v) fr(w)] dvdwdw .

We define a collisional invariant as a molecular property that is conserved
in the collisional process. More rigorously, according to equation (1.16), the
following condition must be satisfied

(1.19)

os(v,) + or(wl,) = ps(v) + pr(w) Yo,w,w, r,s=1,...,N. (1.20)

Asin a single gas, collisional invariants are suitable combinations of the principal
molecular properties.

It is possible to prove (see, for instance, [42] for details) that the collisional
invariants take the form

ps(v) =a+b-myv+ %msv2 , (1.21)

16



and can be written as linear combination of the following N + 4 linearly inde-
pendent vectors

1 0 miVg
0 Mo
(1) (N) —(N+1) 2V
Z/J (U) = ’ ’ 7/) (’U) = ) d} (U) = ’
0 1 MN Uy
MUy mivy 777,11}2
2
—(N+2) Mavy —(N+3) mavy —(N+4) 1 [ mav
R I I T I IR
MNUy mynvU, TI’LN’U2

which constitute a basis for the associated linear subspace.

In the full-Boltzmann description, we have proved the mass conservation of
every species
(Qs,1)=0, s=1,...,N, (1.22)

and of global momentum and kinetic energy

N N

Z<Qs>msv> =0, Z<Q87msv2> =0. (123)

s=1 s=1
Starting from the weak form, taking moments of the Boltzmann equation with
respect to N + 4 collision invariants of the basis, the corresponding N + 4
macroscopic conservation equations for the hydrodynamic variables n,,u and
T can be derived

ong

ot + Vg (nsus) =0

0

5;(Pw) + Ve - (pu@u) + Vo - (nT + 1) = 0

o (1 , 3 1, 5 B
(,%(2pu +2nT>+Vm- Kqu +2nT>u}+Vm~(H-u+q)—O,

where, in addition to the hydrodynamic variables, the 3N — 3 independent com-
ponents of the diffusion velocities u,, the five independent components of the
viscous stress tensor IT and the three components of the heat flux vector g
appear, for which constitutive equations will be required in order to close the
system.

We define collisional equilibria those distribution functions f which nullify
the collisional operator Qg, i.e.

Qs(.f(v)) =0, Vsv;
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it can be proven that the principle of detailed balance holds true also for
mixtures, namely

Qs(f(v)) =0, Vs,v
= fo(vl,)fr(w,) = fs(v)fr(w) Vs, rv,w,w
<= log f(v) is a collisional invariant ,

where
log f1
log fo
log f(v) = :

log fn

Using the form of the collision invariant (1.21) and the detailed balance principle,
if log f(v) is a collisional invariant, then there exist a, b and ¢ such that

1
fs(v) =exp <a+b'msv+02msv2> , Vs=1,...,N, (1.24)
where c¢ is required to be negative to ensure that f, € L.

It can be shown, after a suitable reformulation, that the collisional equi-
libria M¢? take the Maxwellian distribution form

T s s
M= M ('v;ns, u, ms) =n, (%) exp (—;n—T (v— u)z) .

We observe that the equilibrium Maxwellian distributions allow the species

densities to be independent, while prescribe the same velocity and temperature
for all distributions, i.e. w1 =...=uyn, T1 =... =Tn.
It follows that the collisional equilibria remain local Maxwellians and constitute
an N + 4-parameter family, depending on the macroscopic fields ng,u and T,
which can be expressed as suitable moments of M¢? or appropriate combination
of them.

By some standard computations, we get the zeroth, first, and second order
moment of M2

<M§qv 1) =mn,
(M v) =nsu

(M, 02) = n, (u n ?’T) .

ms

Furthermore, the NV 4 4 parameters characterizing the collisional equilibria
are in one to one correspondence with the N + 4 scalar functions identifying the
collisional invariants, this correspondence being explicitly given in (1.24).
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1.5 The BGK collisional operator

Kinetic Boltzmann-type models are particularly difficult to handle both ana-
lytically and numerically, due to the presence of nonlinear integral operators.
These difficulties are amplified when moving from a single gas to a mixture,
since the collision operator for each component is a sum of binary integral oper-
ators. For this reason, simplified models are desirable, allowing the preservation
of the fundamental properties without entering into the details of microscopic
collisions. The most famous one, originally built up for a single gas [3], is the
BGK model, where the Boltzmann collision integral is replaced by a relaxation-
type operator, forcing the distribution towards a local Maxwellian equilibrium.
The first mathematically rigorous BGK model for mixtures of monoatomic
gases, proposed in 2002 in [1], considers a single relaxation operator for the
entire collision process, thus losing the structure of the Boltzmann operator
characterized by a sum of binary terms. Starting from [1], more refined mod-
els have been proposed (see for instance [15]), that also take into account the
polyatomic structure of components or the possibility of chemical interactions
between molecules [4, 11, 16, 28, 35].

A different way of modeling, based on the pioneering work by McCormack [39],
considers a collision term provided by a sum of binary operators, thus mimicking
the structure of the classical Boltzmann collision operator for mixtures [31, 33].
The recent paper [13] by Bobylev and co-authors fits into this research line,
and proposes a model valid for general intermolecular potentials. The collision
operator is given by

with .

Qsr = Ve (Msr - fs)7 (1'25)
where v, is a parameter independent of v to be fixed, representing the col-
lision frequency, having units of ¢!, and M,,., dependent on the fictitious
parameters

Ner s  Uers Lo,

is a suitable local Maxwellian,
TS’I"
Mg =M | ving, ugr, — |, s,r=1,..., V. (1.26)
m

Remark. Contrary to the case of a single gas, the local Mazwellian Mg, in
(1.26) depends on auxiliary fields ng.,us. and Ts. different from the actual
moments of the distribution function fs.

The equation governing the evolution of the generic species s will therefore
be

o7,
ot

N
+v- va:fs = ZVST(MST - fs)
r=1
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It is necessary to determine fictitious parameters involved in the Maxwellian
attractors. We observe that, following the natural choice of setting nss = ns,
uss = Ug, and Ty = Ty (i.e., the parameters related to collisions of species s
with itself coincide with the moments of the distribution function fy), there still
remain 5(N?— N) fictitious parameters to be fixed, while only N+4 conservation
laws are available (the N continuity equations, one for each species, plus the
global conservation of momentum and kinetic energy).

To determine the fictitious parameters, in [13] it is imposed that the mass
of the molecules is conserved in each collision, as it occurs for the Boltzmann
operator, i.e.,

<er7 1> = <QST7 ]-> = O, (127)

and that the transfer of momentum and kinetic energy through each binary
inter-species BGK operator coincides with the respective transfer of molecular
properties in the corresponding binary Boltzmann operator, i.e.,

<Qs7' - era 'U> = 07 <Qs7' - Qs7'7v2> =0. (128)

These assumptions are sufficient to determine the fictitious parameters in terms
of the main macroscopic species fields.

For the obtained model, it is possible to prove the positivity of the fictitious
temperatures T, and the consistency of the model. The proof techniques are
similar to those we will use in the next chapter to analyze the mixed model
proposed in this thesis.

Before proceeding to express the fictitious parameters in terms of the macro-
scopic species ones, we observe that equations (1.27) and (1.28) provide them-
selves the conservation of mass, total momentum and kinetic energy. Indeed,
the exchanged amount of any of these molecular properties is the same when
the collision is described by either the Boltzmann or the BGK operator.

Going through the same calculations computed in previous sections for the

global and species Maxwellian, we are able to explicitly determine zero-th, first-
and second-order momentum of the fictitious Maxwellian Mg,

<Msr7 1> = Nsr

<Msra ’U> = NgrUsy

3T,
(Mr,v?) = ng, (u?r + ) :
m

S

Let us now compute the explicit expression of the fictitious parameters.
Recalling the mass conservation (1.27), we get
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<Q87'71> = Vsr /]R?’ (Msr - fs)dv

= Vsr(/ Mg dv — / fsdv>
R3 R3

= Vsr(nsr - ns) =0,

and so
Ngr =ng, Vs,r=1,...,N. (1.29)

Therefore, the fictitious densities coincide with the species densities.

Computing the exchange of momentum relative to the BGK collisional op-
erator, we find

<er7’U> = Vgp /Rd (Mgr — fs)’Ud’U

= Vsr(/ Mvdv — / fwdv) = Vg (usr — us) ) (1.30)
R3 R3

As regards kinetic energy, we have

(Qorsv?) = ver Moy = fo, %)
= Vsr [<M8T7v2> - <f5’ U2>]

Tsr - Ts
= VgpNg [3 +u?, — ui} . (1.31)

ms

First and second order moments of the Boltzmann integral @, are computed
making use the weak form

<er7 (Ps(v» = /R3><]R3><S2 Gsr (|y‘>@ ‘w) (@S(v;r) - (pS(v))fs(U)fT(w)dvdwdwv

obtained by exchanging the pre- and post-collisional velocities.
Inserting ¢s(v) = v, and referring to Appendix A for detailed computation, we
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obtain
Q)= [ gyl i) (v, — ) ) )i
R3 xR3 xS2
— e [ () ) () (w)dudwd
(1.32)

2mm, 1

= 7m [RSXRs fe(’v)fr(w)y/l(l — N)ger(|y|7ﬂ)dﬂdvdw

My

— [ R ) - w)eld (o - wdedw,
R3 xR3

ms + My

in which we have defined

1
ﬁ%woz%/‘u—m%mmwm»
-1

Inserting now ¢(v) = v? in the weak form and once again referring to Ap-
pendix A for further details, for the second order moment of Q),., we obtain

Q)= [ gyl i) (2~ o7) (o) (w)dvduode
R3xR3 xS2

- 2m,

= et m)? /R3><R3 fs(v) fr(w) (msv + m,w) ./32 9sr([yl, ¥ - w) (y — |y|w) dwdvdw

:_L v w)\mgv mp,wj- - \v—w (1) vV —w vaw
s [ HO )0+ ) (0= )l o =l

(1.33)

The terms just computed are obtained for an arbitrary interaction poten-
tial; from this point onward, we fix the potential to that of Maxwellian
molecules [18]. In this case, the collision kernel gq.(|y|, 1) is independent of

|y|, and therefore ggp becomes a definite integral in du of a function depending
only on u. Thus, it is a constant and we set

(1) = A,, = constant. (1.34)

Remark. It is possible to represent in this framework, also more general inter-
action potentials, as proposed in [13], by approximating ggi)(|y\) by its value in
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some typical point y, like, for instance, in an average of the relative speed

1
2

= (o [ o wr o o)

NNy
s, | T, 2
— [3 ( + ) + (us — ur)Q} .
ms o m

Hence, (1.32) can be reformulated into

(Qurv) = —— /R )yl dvdw

Mg + My

= LAST/ fs() fr(w)(v — w)dvdw
R3 xR3

7ms +m,
m
=——" A, / (V) fr(w)vdodw — (V) fr(w wdvdw)
n ([ nenw) [ L)
= *LAsrnsnr (us - ur) )
mg + My
(1.35)
while (1.33) provides
2m,
(Qurs%) = =Gt g (O 0 (s my0) - (0 = )
:—LA f(v)f(w)[mv2—mw2+(m —m)v-w}dvdw
(ms + mT)Q ST R3XR3 S T S T T S
:—LA NN 3(T —T)+m u? —m u2—|—(m —-m )u -u
(ms+mT)2 srltsTly s r slg r Uy T s s r
= —LAsrnsnr [S(TS - TT) + (msuS + mrur) . (us - ur)]
(ms + mT)Q
(1.36)
We are eventually capable of writing the explicit form of (1.28)
A msm
sry g :_#Asr slip\Ug — Wy ),
(Qsr, msv) p— nsny(Us — Uy)
2memy,.

Asrnsnr [3(Ts - T’r‘) + (msus - mrur) : (us - ur)]7
(1.37)

and thus, taking into account (1.30) and (1.31), we can write the fictitious pa-
rameters u,,. and T, in terms of the macroscopic species fields.

<Qr57 msv2> = —W
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From the equality of the momentum exchange, we get

m
- mAsrnsnr (us - u'r‘) = VgrNg (usr - us)
My Ny A
= Ugyp = ——— (U — Uy ) + Uy
ST (ms +mr) UST, ( S "’) S
setting
e — _MeneBsy (1.38)
T vg(ms+my) '
we can write
Usr = (1 — agr) Us + AUy (1.39)

On the other hand, from the equality of the kinetic energy exchange, we get

2m,.
_ WAsrnsnr |:3(Ts - Tr) + (msus —+ m'r‘ur) . (us _ u'r’):|
= Vsrs [3M +ul, — uf]
ms

2mem,  Agn,
(ms +my)? vio

=3T,, — 3T, + ms{ [(1—as)us + asrur]2 — uf},

{3TS - 31, + msug — mruf — (ms — mr)us . uT}

setting
b — 2m,n, Ay, my _ 2a4m, (1.40)
o Vgr (ms + mr) Mg + My mg +my ’ ’

we can compute

— by, 3T — 3T + msui — mTuf — (ms — mr)uS - U,

= 3T, — 3T, +mg [(1 + a2, — 2a4)u? + a2 u? + (2as, — 202, )us - u, — uf],

which, through further computations, becomes

STST = 3[(1 - brs)Ts + bsrTr] + ms (21157’ - bsr - air)ui
(1.41)
+ (mrbsr — msa;)uf + (bST(mS —m,) — 2ms(as, — air))us Uy
At this point, recalling (1.40), we find
20,67 Mm 2
ms (2asr bsr - asr) =mg| 2as — M. +m — Qg
LT (1.42)



2m,
mybg. — msagr = MsQgy (T — asr) , (1.43)
mg + m,

and

2m.
bsr(ms — my) + msasy (2as, — 2) = —2mgas, (m — asr). (1.44)
Mg + My

Finally, using the computations above and setting

MsQsr (2
sr — — Usr |, 1.45
gl 3 (m e ) (1.45)

we find an explicit expression for the fictitious temperature Tk,
Ter = (1 - bsr)T@ + bsrTr + ’Ysruz + Vsruz - Q'Ysrus s Uy

= (1 - bs’r‘)Ts + ber T + Vsr (us - u'r‘)2 .

Summarizing, we obtain the expressions of the fictitious moments in terms
of the macroscopic fields

Usr = (1 - asr)us + asruy

) (1.46)
Tsr = (1 - bsr)Ts + bsr T + Ysr (us - ur) )
along with
MmNy A gy
Agp = ——F
Vsr (ms + m,.)
= Do (147
MsQgy < 2m, >
Ysr = — Qgr | -
3 Mg + My

Proposition. The fictitious temperatures Ty, provided in (1.46) are well de-
fined, i.e. Ts. > 0, if collision frequencies fulfill the constraint

1
Vs Z iAsrnr (148)

for each s,r=1,... N, r #s.
Proof. By definition, it follows that

Asp > 0; bsy > 07 (149)
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moreover, under (1.48), we have

Ag, Mg My Mg My Mg Ms
ber =2 Ny < =4 -
s (ms +my)? (ms +my)? My + My Ms + My
1
<4.-=1
— 4 )
(1.50)
and ) ) A
Yor = gy [ —r . Ser e ) s (1.51)
3 ms + M, Vesr (ms + m?“)
Hence, the positiveness of the fictitious temperatures trivially follows. O

Remark. Regarding the choice of the collision frequencies vs,, one possibility is
provided by estimating the number of collisions between species s and r as done
in [43], which leads to relating them to the first moment of the impact parameter
functions gs-(|y|, ¥ - w), obtaining

Vsr:nr/ 9sr(|Y], ¥ - w)dw .
SQ

However, in this work, to maintain the greatest generality and possibly reproduce
the correct Prandtl number in the Navier-Stokes expansion, we deliberately leave
them free and not fix them.

Any BGK model must satisfy the main consistency properties verified by the
Boltzmann operator; in particular, for the model proposed in [13] the following
must holds:

e conservation of mass, momentum, and kinetic energy:

N N
<QST71> :0 S,Tzl,...,N; Zm8<QS7U> :07 ZmS<QS’U2> 207
- - (1.52)

e uniqueness of collisional equilibria:

Qs=0 s:l,...,N:>fS:M§q('u;ns,u,m£) s=1,..N |,

e the H—theorem:
N

> (Qalog f) <0 . (1.54)

s=1

The proofs of these properties can be found in [13] and will be partially
revisited in the next chapter.
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Chapter 2

The mixed
Boltzmann-BGK model

In this chapter, we propose a mixed Boltzmann—-BGK model that combines
the positive aspects of the two previous descriptions, which can be regarded
as complementary; the corresponding results have been published in [5]. The
Boltzmann operator allows for a high level of accuracy in the interaction dy-
namics and for the derivation of precise transport coefficients. However, being
a b-dimensional integral hard to handle either analytically or computationally,
numerical solutions are often very demanding. On the other hand, the BGK
operator comes with analytical convenience, allowing explicit calculations, and
computational efficiency, since its simplified relaxation structure makes it possi-
ble to obtain numerical solutions with far less effort compared to the Boltzmann
operator. However, these advantages come at the cost of a slightly approximated
representation of collisional dynamics.

A remarkable property of the hybrid model we will construct is that it allows
for the study of different asymptotic regimes, where the dominant role in the
evolution is played either by the whole collision process or by any of the binary
interactions.

The general mixed Boltzmann—-BGK model for an inert mixture of N gaseous
species reads as

9fs
ot

N
=3 [ Qurlfes f) + A=) Qur(£)] 0 s =100 N,
r=1

+v-Vafs = Qs
(2.1)

where Qg (fs, fr) is the bi—species Boltzmann operator defined in (1.7), and
er(fs) = Vs (Msr — fs) is the BGK operator (1.25) constructed in Chapter
1, with the auxiliary Maxwellian My, depending on the fictitious moments
(1.46) involving coefficients (1.47); moreover, coefficients x5, € {0,1} are such
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that xsr = xrs, V 8,7 = 1,..., N. This means that if y,. = 1 the interactions
between particles s and r are modeled by a Boltzmann operator, while if y,. = 0
a BGK term is used.

Notice that the option xs = 1, V(s,7) provides the pure Boltzmann model for
inert mixtures, while the option x4 = 0, V(s,7) allows to recover the full BGK
model proposed in [1].

The general collision operator in (2.1) takes into account that, for any pair
(s,r), with s, = 1,..., N, we can choose to describe the interactions between
particles of species s and r by means of a classical Boltzmann operator (keeping
all the details of the intermolecular interaction potential), or by means of a
simpler BGK operator that, as described in the previous sections, introduces
some proper approximations. A possible reasonable choice could be to model the
dominant collisions (for instance the ones involving particles with much larger
mass) with Boltzmann terms, and the others, providing momentum and energy
exchanging on a slower time scale, with BGK terms. Many other choices can
be put in this frame, including also not symmetric scenarios like, for instance,
x11 = 1 and xs, = 0 for any pair (s,7) # (1, 1), suitable to describe a mixture
in which the component labelled by 1 is much heavier than the others. If two
gas components s and 7 are similar, namely with particle masses of the same
order of magnitude and with analogous interaction potentials, one should choose
Xsj = Xrj» V j = 1,...,N; consequently, the particular limiting case where all
species become equal should be described only by the full Boltzmann model
(with all coefficients equal to 1) or by the full BGK approximation (with all
coefficients equal to 0).

2.1 Consistency of the model

We show now that the mixed description introduced above satisfies the consis-
tency properties; more precisely, we prove

A) conservation of species masses, global momentum and energy, i.e.

(Qss,1) = (Qss,1) =0, s=1,...,N (2.2)
(QST,D:(QST,l):O, s,r=1,...,N, r#s, .
and
N N A
DD Xar Qurlfar fr) + (1= Xar) Qur(fo), 0(v)) =0, (2.3)
s=1r=1

for ps(v) = msv and p4(v) = mgv?.

B) the validity of Boltzmann H-theorem, in particular of the entropy dissipa-

tion estimate, i.e.
N

> (Qulog fo) <0; (2.4)

s=1
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C) preservation of Boltzmann equilibrium distribution functions, i.e.

€q __ <m8)3/2 [ ms( )

st =ns 57 exp v—u
(2.5)

where u and T are the global mean velocity and temperature, respectively.

Qs=0, s=1,...,.N <= f;=

In the following, Proposition 1 will be devoted to the proof of item A),
Proposition 2 to the proof of item B), and Proposition 3 to the proof of item
Q).

Proposition 1. The conservation laws (2.2) and (2.8) hold for the mized model

(2.1).

Proof. The conservation of species number densities trivially follows from the
constraint (1.27).

As concerns the conservation of momentum and kinetic energy, we start by
proving that

<er7 m3v> = 7<Qrs; mrv>7
<er7 msv2> = _<Q7'sy m,-v2>.
Having imposed that the exchange of momentum and kinetic energy between

species s and r described by the Boltzmann operator equals the one due to the
BGK operator, we have

<er7 msv> = -

(2.6)

mMsMy

M I m, Asrnsnr (us - ur) )

and since \g. = A\,

A msmy _ A
<Q7"S7 mr'v> = _mAm‘nsnr (ur - us) = <er7 ms'U>. (27)
Analogously
A 2
(er7ms|'v|2> = _%Asrnsnr [3 (Ts - Tr) + (msus + mru’l‘) : (us — Ur)] )
(ms + mr)
and
(Qrs,mpv?) = 2msmy s Arsnsng [3(Ts — T,) + (msus + meuy) - (s — uy)]
(ms +m,)
= _<er,msv2>-
(2.8)
Now, equation (2.3) may be rewritten as
N A
Z(Xss Qss(fs, fs) + (1= Xss) Qus(fs), ps(v))
s=1
N N A (2.9)
“I‘ZZ Xsr Qsr féaf’r) ( Xsr) er(fs)a()OS(v» =0.
s=1r=1
r#s
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The first sum vanishes, since ¢4(v) = msv and @s(v) = mgv? are collision

invariants for the single—species Boltzmann operators, and BGK contributions
(1.37) also vanish when r = s.

As concerns the second sum, involving interactions between different species, by
exchanging indices r and s and recalling that y,s = xs- We get

N N

<Xsr er(fs, fr) + (1 - Xsr) er(fs), SOS(U>

s=1r=1
r

N N
= %ZZ [Xsr<<er(fs; Ir), ps(v)) + <Qr(9(fraf8)790r(v)>)

w
Il
-

1= ) ({0 £ 20D + @5, 000

Owing to (1.8), we see that Boltzmann contributions vanish due to conservations
of momentum and energy in each collision; even BGK contributions vanish as
already proved in (2.7)-(2.8), therefore also the second sum in (2.9) is equal to
zero, concluding thus the proof of conservation laws. O

We prove now the validity of two lemmas that will be used in the demon-
stration of the H-theorem and the uniqueness of equilibrium solutions.

Lemma 1. Let {kij,i,7 = 1,...,N,i # j} be a set of N(N — 1) positive

numbers such that k;; = K;; for each admissible pair. Then, the linear system
Zn” &) =0, i=1,...,N (2.10)
375%

admits only the trivial solution & = ... = &n = const.

Proof. We multiply each equation by & and we sum over i; we obtain

ZZ/@” —&i&) = ZZK,J =0. (2.11)

i=1 j=1 =1 j=1
J#i J#i
Since all coefficients &;; are positive, the only admissible solution is § —&; =0
for each pair of indices. O
Lemma 2. Forany s=1,...,N, we have
N N
S5 Qurlog £1) <0, (2.12)
s=1r=1,
r#£s
and

anlogfs ) =0 <= fs=M. (2.13)

V)
Il
-

] =
HMZ
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Proof.

] =

(Qsrslog fo) =

s=1

Vsr<Msr - fsa log fs>

M=
] =

»
Il
—
<3
w =

53
Sl

1 =
s #
N N
S Z Z Vgy [<Msr710g MST‘ - 1> - <f3710g fS - 1” (214)
s=1r=1
r#s

I
M=
M=

Vsr [<Msralongr> - <.fsa10g f9>] )

w
Il
-
5
I
-

3
S
»

where in the last equality we have taken into account that (Mg, 1) = (fs,1) =
ns and the inequality follows from

(y—z)logz < y(logy — 1) — z(logz — 1), for any z,y > 0. (2.15)

In fact,
(y—z)logz < y(logy — 1) — z(logz — 1)
< ylogx <ylogy —y+x

xr X
<~ log— < ——1,
Yy Yy

that holds for any z, y > 0.
Now, we can use the classical inequality

(fs;log fo) = (M, log M), (2.16)

T.
where M, = M | v;ng, us, S) is a Maxwellian function having the same
mg
moments as fs; it follows that

N N
S v (M log M) — (M, log M) - (2.17)
s=1 :;;
We compute explicitly

3
<Ms7'710g Ms7'> = <M87'a IOgns + 5 IOg (27:2‘—‘;“) - 27;:7” |’U - usr|2>

3 m m
=1 | ° 1) — — — ug|?
|:Ogns + 5 0og ( )] <Msr; > o <Msr7 |’U usr| >

3 my me My 3/23 3/2 [ Ms —5/2
= N 1 s -1 - s 5 —
" [Og” T3 Og(szsrﬂ o, (%TST) 2" <2TST)

(2.18)
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hence

TST
Verng log T (2.19)

w\w

TNGE

N N N
DY (Qurslog fo) <=5

1 s=1r
s r#s

From the expressions of auxiliary temperatures given in (1.46), we have

Tsr Z (1 - bsr)Ts + bsrTr

(2.20)
- IOg Tsr > log[(l - bsr)Ts + bsrTr] > (]- - bsr) log Ts + bsr log Tr )

where last inequality follows from concavity arguments, recalling that bg,. < 1;
by such result, we can rewrite

T, T,
log T, =log Ty, — logTs > (1 — bs,) log T + bsy- log T, — log T = by, log — .’
(2. 21)
and
N N g NN T
97“310 s S Y VerNs bsr 10 i
2,2 (Qunlonfi) 750 2 vombrlon
% 7 (2.22)
A (o
5 VsrNsbgy | log - + log ) =0,
2 poeft T T,
r>s
where using (1.47) we have noted that v,sn,.b,.s = Vs, nsbgy. O

We are now ready to prove the analogous of the Boltzmann H-theorem for
our mixed Boltzmann—-BGK model.

Proposition 2. In the space homogeneous case, the functional
N N
M =D ttosf) =3 [ L@l (f@)dv (229
s=1 s=1

dH
18 a Lyapunov functional, namely — < 0 along each solution of the mized

Boltzmann—-BGK system (2.1), and H(f) > H(M®) for any f # M1, with
Med = (M. MDT, where M are the Mazwellian equilibrium distri-
butions defined in (1.53).

Proof. In order to verify the validity of the theorem we have to prove that along
any solution of the mixed model (2.1) in space homogeneous conditions we have
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d
di: < 0. Similarly to (2.1), it can be checked that

d al .
H Z Xsr er f?vfr) (1 - Xsr) er(fs);logfs>

r=

(Xss Qss(fss fs) + (1 — Xss) st(fs)a log f)

H
‘M-

I
M=

@
Il
—

(Xsr Qsr(fss ) + (1 = Xsr) Qsr(fs), 10g fs).

n
M=
WE

W

I

—
=3

Sl
=

Since Qss(fs, fs) is the one—species Boltzmann operator [18] and st(fs) is the
standard BGK operator for a single gas [3], it is well known that

(Qss(fs, fs),log fs) < 0 and (Qus(fs),log fs) < 0. As concerns contributions
involving operators with r # s, for the BGK ones we have already proved in
lemma 2

(Qsr(fs),10g fs) +(Qrs(fr),1og fr) <0,

while for the Boltzmann terms, recalling the weak form (1.19), we have

(Qur(for £):108 £2) + (Qralfrs £2),log £,)
1 RO A ACATACS
- 2//AaxRaxszgsr(y’y )1g< Fo(v) [ (w) )

M_ v w)dvdwdw
X[ fs(v) fr(w) 1} fs(v) fr(w)dvdwdw < 0,

where the inequality holds since (y — 1) logy > 0, Yy > 0. In conclusion, the

d d
inequality diz;[ < 0 is fulfilled and, more specifically, a7 may be seen as a sum

dt
of non—positive contributions as follows:

N N
— =) Xes (Qus(fss f5):10g fo) + > (1= Xss) (Qus(fs). log fs)

<0 <0

N N
YD Xer ( (Qsr(fs: fr)10g fs) + (Qrs(fr, f5),1og fr) ) (2.24)

s=1r=1

r>s <0
+ le = or) ((Qur(fs)s108 fi) + (Qro(fr) Tog /> ).
s <0

We note that each addend of the right-hand side above vanishes only if f is a
stationary state, i.e. f = M®9. Hence the the proof is concluded.
O
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Proposition 3. The equilibrium solutions of the Boltzmann—-BGK model (2.1)
are provided by Mazwellian functions depending on global mean velocity and
temperature, i.e.

Mg 3/2 Mg
Q:s=0, s=1,...,N < fs:M:q:ns(%‘T) exp [—ﬁ(v—uﬂ :
(2.25)

Proof. Firstly we observe that one of the two implications is trivial: if the
Maxwellian distribution functions share the same mean velocity and tempera-
ture then each term in Q)5 vanishes. For the reverse implication, we remark that

dH
in (2.24) we have shown that s is a sum of non-negative terms, therefore if

dH
f=(f1,..., fn) is a stationary state, then s must vanish.

By considering at first the interactions between particles of the same species we
get that, for any s = 1,..., N, if xss = 1 then (Qss(fs, f5),log fs) = 0, while if
Yss = 0 then (Qus(fs),log f) = 0; in both cases this obviously yields (recalling
classical results for one-species Boltzmann and BGK H-theorem)

fs =M (v; LYy (e ) e | . (2.26)
s = s | U5 s, Us, o = TNs T, exp T, V— Usg s .

namely it is a Maxwellian distribution with species macroscopic fields ng, us
and T5.

Taking into account this result, let us consider the interactions between different
constituents. For any (s, r) with r # s such that xs = 1, from the computations
above and from the well known detailed balance principle for bi—species Boltz-
mann operators [19], we have that the pertinent contribution to the entropy
dissipation estimate (2.24) vanishes only if

log (fs(vl,)) +log (fr(wl,)) =log (fs(v)) +log (fr(w)), Vv,weR’ weS>.

By substituting into this equality the expressions of the local Maxwellian M
and M, given in (2.26) we get

ms

m m, m

ih’;r - us|2 + ?:h”;r - ur|2 = ?jv - US|2 + T: lw — ur|27
hence
ms ms my ’

T (0Pl )5 (ol Pt ) 275 () = 272" () = 0
. / My
choosing w = —v and w = —v/|v| we get v, = |1—-4——— ] v and
My + Mg
mgm m 1 1 Mg m u u
§——" (2 T 1) (=== )P —— v = - ) =0.
ms +my ( ms +my )(Tg Tr>|v| " my +my, (Ts Tr)
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Since such equality must hold Vv € R3, we obtain uw, = u, and T, = T}
for all pairs (s,r) with xs = 1. Under these constraints, distributions (2.26)
are such that Qg.(Ms, M,.) = Qrs(M,, M) = 0, for any (s,r) with x,s = 1.
Therefore, by multiplying the s-th collision operator in (2.1) by m, v, only BGK
contributions remain:

N

D or Qor(Mas, My) + (1 = Xor) Qar(My), ms v)

r=1

N N
Zl_XST er( Zl_Xsr srur_u8)7

r=1 r=1
r#S r#Ss
with coefficients Cy, = Asr%nsnr > 0 (see (1.37)).
S mT
At the equilibrium we have thus
chr(ur*us)zoa 5:13"'7]\]7

where Z; denotes the set of indices r = 1,..., N such that xs. = 0. According
to Lemma 1, these equalities hold if and only if u,. = u, for any (s, r) such that
Xrs = 0. Using this result in the weak form of the s-th collision operator in
(2.1) with weight m,v? we obtain

N

D (er Qer(Mg, M,) + (1 = Xar) Qar(M,), my v%)

r=1

N N

217X9r sr( 217X9r ST‘T T)

r=1 r=1

r#s r#s
with coefficients Dy, = 2Cs/(ms + m,) > 0, see again (1.37), and the same
arguments as above imply 7, = Ts for any (s,r) such that xs = 0. This
concludes the proof of equalization of mean velocities and temperatures of all

species in any equilibrium configuration.
O

2.2 Dimensionless equations

We now turn to the dimensionless form of the kinetic equations in order to
introduce the Knudsen number and other dimensionless numbers able to identify
the role of various collision processes. This formulation will enable the analysis
of different regimes and, in particular, the identification of the hydrodynamic
limits of these equations. To begin, we order the masses of the components;
without loss of generality, we may assume that

O<m <me < ..<my_1<mpy ,
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and we set

hence my = 1.

Let us consider a reference temperature Ty and introduce a velocity defined

as )
()
T =
myn
We also denote by ng a suitable reference molecular density, and write

g = T . v - U
n3_77 s — 7 U_iﬂ us_i'
no To T T

and we then normalize the distribution functions as follows

fs:TBE .

No

Finally, recalling that the collision frequencies have the unit measure of the
inverse of time, we rescale the spatial and temporal variables as follows
- _ vz
t=vt, ®x=—,
-
where v is a reference value for the collision frequencies.
In order to study different hydrodynamic regimes, characterized by different
dominant collisional phenomena, we rescale the collision frequencies and the
differential cross sections by introducing the constants S, and €
ENno

EVgp
sy Gsr = 5—Gsr VS,T’:L...,N.
Bsrv Bsrv

Vspr =

(2.27)

specifically, € is the Knudsen number, the small parameter representative of
the ratio between microscopic and macroscopic scale, while S, will allow us to
analyze different hydrodynamic regimes.

We recall the equation of the system describing the evolution of the s-th

species
N

+v- vmfs = Z |:XSTQST + (1 - Xsr)@sr (228)

r=1

o/,
ot

and make it dimensionless.
Exploiting the dimensionless variables above, first addend of the left-hand

side becomes -
8fs _ 8fs @ 8f3

ot "ot T o

(2.29)
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and the second

v-vmfsw.vm<”§f>
.

vV ng.

=0 v, (2.30)
T T

vng . ~
<~ ’U'meszj 'U'v;i;fs.

Boltzmann collisional operator thus turns into

Qsr = / gsr(ly‘, Y- w) [fS(v;r>fs (w;r) - fs(v)fs(w):| dwdw
R3 x§?

B [ Gyl | L)) ~ @) )| dwds

B [ ol [l ) - o))t

e 18
hence 5
vng
er === 3 er~ (231)
e T
Focusing now on the BGK collisional operator QST, we need to adimension-
alize the the fictitious parameter ug,. and Tk,..
Recalling the expression of their coefficients

o My A gy
sr — 7\
Vsr (Mg +my.)

2a5,m
bsr =

mg + My

MsQsy 2m,,
Vsr = — Qsr

3 ms + my, ’

we notice that ag- and by, are already pure numbers, i.e. we can write ag,. = ag,
bsy = by, while 4, has the dimension of a mass: we then introduce

-~ _ ’YST
Vsr = .
my
We set now T
uST‘ s S
Ugsr = ) T@r = 7
T TO

from which
Usr = (1 - asr) Us + GspUy

- ﬁsr = (1 - asr) ﬁs + dsrﬁr )
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and

Ts = (1 - bsr) T 4 by 4 vor (us - 'u/r)2

— Tsr = (1 - lN)sr) Ts + BS’I“TT + ﬁlsr (as - ﬁT)Q )
where we have used my72 = Tp.
We now concentrate on the fictitious Maxwellian M,: dividing both nu-

merator and denominator by my and exploiting the relations computed above,
we obtain

3 s
o Mg 2 M 9~ o~ 19
M, —nons(m> GXP<— WT |0 — sy | )

ST m N 'I"SmN

3 -
_ Mo . <ms>2exp <m,,_u |z)
3\ 2r T, 2T, )
then no -
Msr - ﬁMsr .

Hence, the BGK operator accounting for the collision between species s and
r can be reformulated as

A Bsrv . Mo = no
= S; l/sr(iMsr*ﬁfs)

sr T
3

(2.32)

o Bsr vnog . _ 557" vno

c T3 Vsr(j\;lsrffs) - c F er .

We are now ready to write the dimensionless form of the Boltzmann equa-
tions which drives the evolution of the system. Using (2.29), (2.30), (2.31) and

(2.32), simplifying V—T? and omitting the symbol ~ we finally obtain
T

0 s N ST A
8]; +v- vwfs = ; ﬂ? [Xersr + (1 - XST)QST:| 3 (233)

which will allow us to study different hydrodynamic regimes.

In particular, throughout this thesis, thanks to (2.33), we will be able to study
the classical collision-dominated regime, the regime dominated by intra—species
collisions, and the fluid—kinetic regime, corresponding to a binary mixture in
which one species is significantly heavier than the other.

Remark. The possibility of choosing which interactions are described by the
classical Boltzmann operator and which by the BGK terms includes in particular
the case where the Boltzmann operators model intra-species interactions, while
the BGK operators account for inter-species interactions.

This choice could be motivated by the fact that in some physical problems, like
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e-mixtures of heavy and light masses or in astro-physics problems, particles of
the same species exchange enerqgy faster than particles with disparate masses,
and consequently Boltzmann’s description of intra-species collisions is the most
adequate. Moreover, in the regime dominated by the intra-species collisions only,
this approach allows for the correct reproduction of species Prandtl number in
the hydrodynamic limit [8], a property that is not satisfied by the full-lBGK
description [9].
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Chapter 3

Classical collision
dominated regime

3.1 Chapman-Enskog expansion

In this chapter we analyze the classical fluid-dynamic regime, where molecules
are subject to a huge number of collisions with particles of all species. In order
to enforce the dominance of the entire collisional phenomenon, both intra- and
inter-species, in the dimensionless kinetic equation (2.33), we set

Bsr =1, Vs,r=1,...,N;

The evolution equation for the s-th species will then be

9fs
ot

N
1 R
+uv- mes - g E XSTQST + (1 - XST)QST 5 (31)
r=1

where we recall that ¢ represents the Knudsen number, ratio between the molec-
ular mean free path and a macroscopic length, that is small in a collision dom-
inated regime.

To analyze this regime, we employ the Chapman—Enskog expansion, an asymp-
totic procedure aimed at obtaining the closure of the macroscopic conservation
equations. In this expansion, the hydrodynamic variables, which are moments
of the distribution function corresponding to the collisional invariants, are not
expanded in powers of ¢; rather, they are treated as standalone entities, repre-
sentative of the corresponding physical quantities. In the case where all collisions
are dominant, the collisional invariants for the entire collision operator are those
of the mixture, namely the density ns of each species, the velocity w and the
temperature 7. The expansions of ns, w and T are considered as a single O(1)
term corresponding to the leading-order fj of the asymptotic series

+oo
fs(z, v, t,e) = Z e (@, v,1), (3.2)
n=0
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of which in this thesis we will investigate the first two terms, neglecting O(¢?)
corrections: we consider the first order expansion

fo= 10 +ef?.

By substituting this expansion in (3.1), we get

(0) (1)
3J;st +v-mes(0)+€<af +v-V f(l)

N
{ > Xer [QST £, f(o))+€(er(f§0’,f£”)+er(f§1’,f£°)))1 (3.3)

r=1
N

£3°0 - ) (49 + V) <Mg9) LMW O sf§”> } .

r=1

As for the distribution functions, the macroscopic variables of the species w4
and Ty, as well as the global pressure tensor P and the global heat flux vector
q, are also expanded with respect to ¢

Us = ugo) + 5“21) ;
T, =T 4TV ;
P= E(O) + E£(1) :

q=q9 +eq®.

Similar expansions are also introduced for the auxiliary parameters v, ug.,
and T, as well as for the constants appearing in these parameters ag, bsr, Vsr
and A, from which

e =)+ cul) = (1 alf) —all) (w0 + cul?)

+ (agg) + 6ag)) (u&o) + euﬁl)) :

then
ul® = (1 _ agg)) QETHOMO
(3.5)
ul) = (1 _ a(o>) u®d 4 ¢ @y @ 4 o) (u§o> _ ugm) 7
and analogously
70 = (1-89) 7O 4+ bOTO 43 () ~u®)’
TO = ( —p® ) T 4 pOTW 4 2, (u< ) _ ug)) . (ugm _ ugp))
e ( o)) m (u(o £0)>2 ’
(3.6)
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where

a(O) _ Asrns“O)mr
v (my 4+ m,)
a(l) _ Asrmr <n(1) ng»ygp)
v (my +m,) i
b0 _ 200 m,
o mes+m
s r (3.7
pL) 2457 m,
sr me + m,
NON msaly 2m, 2
sT 3 ms + m, ST
2
'7‘571‘) = gagl‘) (msr - msa.(spf)) .

At leading order of (3.3), we find the following

5 [erQur (.19 + (1~ o (MY = 19)] =0,

that by the uniqueness of the equilibrium distribution, proved in Proposition 3,

implies

J1O = M =, (55 ) exp [~ 2o —ul?] (3.8)

which through some standard computations provides the zeroth, first, and sec-

ond order moment of fs(o)

fs(o)('v)dv =ng, /
RS

'vfs(o) (v)dv = nsu, / UQfS(O) (v)dv = n, < 4 3T>
RB

ms

(3.9)

As previously anticipated, in the Chapman-Enskog procedure, the hydrody-
namic variables —moments of the distribution function corresponding to the
collisional invariants —must remain unexpanded. In our case, therefore, the
species densities ng, along with global velocity u and temperature 7', remain

unexpanded, i.e.

0)

nszng u:ugo), T:TS(O).

The species densities non-expansion directly implies

/ (1O@) +ef@))dv=n, = [ fOw)do=n =0 (3.10)
R3 R3

As regards the first order momentum, we have

/ v(fO +efMydv = ng(u+ eull) = vfWdv =nau®.  (3.11)
R3

R3
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Neglecting O(e?) corrections, for the temperatures we find

T+ e
/ V2 (O 4 efM)dv = n, <u2 + 2eu - ull) + 3%
R3 S

(3.12)

7
— [ ®fWdv=n, | 2u-uV +3"—|.
R3 Mg

Recalling the definition of global velocity and temperature, we find the con-
straints

| N 1 N
= prsus = ;Zps(u+sugl)) = Zpsugl) =0, (3.13)
s=1
and
N
an (T +eTV) +0(?) = an1 (3.14)
s=1

Formulas (3.13) and (3.14), in conjunction with n =0, Vs=1,...,N, pro-
vide the compatibility constraints.

We are now ready to compute the N +4 macroscopic conservation equations.
The first N scalar collision invariants provide

(0)
/ A" +efV) )dv+/ v Val£O +f)dv
R3 R3

ot
4 (0) ) (0) M
f dv+e foldv| + Vg - vfs/dv+e vfy/dv
(% R3 R3 R3
o 0
= o + Vg (nsu) +eVy - (nsuy’) =0, for s=1,...,N.

Exploiting the compatibility constraints, the test function mgsv yield the

following N "
a(f 1
st / v%f)dv
e R3 t

S =2 = 2 ()
= 5 2 msnsU 562& 2 MsNsUy ' = It ou) ;

furthermore, with regard to the spatial derivatives, adopting the Einstein con-
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vention on repeated indices we obtain
(0) (1)
Z/ m, vﬂ;j +efs )
aSUj

0

"o Z [ () (o ) (110 + 20w
- ;msuzuj/ 5O 4 efO)dw + *Zm/ cicy (fO + 2 f D) do

0 )

- 6753 Z wiu mgns + - Z Mg |:[Rd cicjfs(o)dv + s/RB C’:ijs(l)dv}

s=1 T s=1

= —(puivj) + m—(nT' —
8xj (pu UJ) + a(Ej (n ) te al'j
where we used that P = nTI+1II and that at collisional equilibrium the viscous
stress tensor II vanishes. Writing in vector form what we have just derived
becomes
V- (,ou ® u) 4+ Ve (nT) + eV -E(l) .

1
Ultimately, we consider as a test function —m,v2.

We first focus on the term related to fs(o)7 subsequently to the one related to
(1)

(0)
E/fmq afd—l—E/mvaf(O
RS

P N

RN A 2 H0) 1
—a; R3§ms(u +2'LLC+C)f d'U—Fail.jSz::

“mev® (u; + ¢;) fL ©) doy
R3 2

N

o1 , 3 o (1 , 3
=il e ] g (a4 )]

(0)
8%;/@6]27@@ + 2u - c—l—c)f dv

01 3 0 1 3
T)+ —|uj( =pu® + =nT
8t< pu® +2n )+5xj {uj<2pu +2n )}
5 X PR
7§ - ef0) N Z 2 +(0)
+ oz, S_lms/Rz cju-cfy dv+8xj 8221 2m5/RS cijc fgdv.

The third addend is related to the pressure tensor P, which at the collisional
equilibrium reduces to the purely hydrostatic part nTI; the fourth addend is
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related to the heat flux vector g, which vanishes at the collisional equilibrium.

Therefore we find
0 1
61"3 [( pu - nT>UJ]7

0 (1
T
o ( pu® + 2n
1 5
4+ Vg - {<2pu2 + 2nT>u} .
As regards the term related to fs(1 we go through an analogous computation

that, in vector form, provides
0 (1 3
< pu® + =nT
N 1) N
1 Qafs 3
= dv + — Do + = e
- 2m3/RS” ot +axj[; M /Rsfé v+2;"‘s .
—_——

ot 2
=0

\/\_/

8% Sz:/Rz € 2mé ft2utc )f(l)d'u

N N N O / ,
= 5 = Ms d . = Ms (l)d
(975;27” “ ‘/Rsfs U+8t;2m R3C fodv

:ngl) =0

0 1 0 N 1
+ jul E 2ms/3czcj fo~/dv + ’ ;1/3 c]2msc fo~/dv

M\r—l
QJ‘Q;

N
PHEA P“>uz+q§”] Vo (BM - u+q®),

=0
where we used the compatibility constraint.
Recalling the Knudsen number ¢ multiplying the term related to fs(l)
produce the last macroscopic conservation equation

gt[lpu + nT}—kV K;puz—kgnT) }-ng ( PO . u—f—q(l)) 0.

, We can

The system of macroscopic conservation equations, with first-order corrections,
gives rise to the structure of the Navier—Stokes hydrodynamic equations

ong
ot

+ Vg (nsu) +eVy - (nsugl)) =0

a( u) + Vg - (pu @ u) + Vg (nT) +eVy - P =0

otV

0 3 1 )

e RN (AR S P
(3.15)
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which involves 4N + 9 unknowns.
These are

e the N species densities ng;
e the 3 components of the macroscopic velocity of the mixture w;

e the temperature of the mixture T

e the 3N — 3 independent components of the diffusion velocities ugl), first

order corrections of the species velocities, representative for the deviation
with respect to the mean velocity w;

e the 5 independent components of the first order corrections of the sym-
metric and traceless viscous stress tensor IT;

e the 3 components of the first order corrections of the heat flux vector q.

We designate the first N + 4 unknowns ng,u and T as main unknowns
(since they correspond to the collision invariants of the whole dominant collision
operator), and the remaining 3N + 5 secondary unknowns.

The Chapman—Enskog asymptotic expansion aims to derive constitutive
equations for the secondary unknowns, allowing the fields beyond the primary
ones to be explicitly expressed and the macroscopic conservation equations to
be closed, leading to the Navier—Stokes equations—a closed system of partial
differential equations approximating the dynamics near equilibrium. This ap-
proach inevitably introduces approximations to the exact conservation laws, as
the constitutive relations are obtained from truncated expansions of the distri-
bution functions and, consequently, from the mixed Boltzmann-BGK equations
at subsequent orders of approximation.

3.2 Euler equations

The simplest closure of the system described above is obtained by truncating
at zeroth order, approximating the distribution functions by their equilibrium
forms. This is equivalent to setting

Us = U
=0 (3.16)
qg=0.

Although these constitutive relations are very simple, they provide a reasonable
approximation in situations close to equilibrium. By closing the macroscopic
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equations using the Maxwellian equilibrium, one obtains the Euler hydrody-
namic equations:

Ons

a”t + Ve - (nsu) =0

0

a(pu) +Ve - (pu@u)+Va(nT)=0 (3.17)
o1 , 3 1, 5 B

5 [2pu + 2nT] + Vg - Kqu + 2nT) u} =0.

Equivalently, the same result can be obtained by setting ¢ = 0 in the Navier—Stokes
system (3.15), thereby recovering a closed set of partial differential equations
describing the dynamics near equilibrium.

3.3 Navier-Stokes equations

In order to close the Navier-Stokes system (3.15), one needs to specify the
constitutive relations for the first-order corrections, namely the secondary fields.
Terms O(1) in expanded equation (3.3) yield

0f 0)
En +v-Vgfs
N
=> {xsr [Qur(FO, ) + Qur(F, FN] + (1 = xsr DM — fé”)}
r=1
= o _ O )
<~ ;(1_)(\”)”57’ fs :_W_U'vwfs (318)

_|_
] =
——

Xor [Qer(FD, FD) + Qur (1, )] + (1 = xer W@ MG} .

Now, the first-order term of the attractor MQP corresponds to the coefficient
of the linear term in the Taylor expansion of the attractor with respect to the
expansion parameter ¢, that is

, (3.19)

T+ T
oD “)
e=0

0
MS} = &M (v;ns,u—Fe s

mg
where

(1)
M (v; ng, u +eull), TtnETST>

S

o

= n(;r;) : (T + gTS(p)*% exp [— %(T + gTsf;))*l(v —u— 5uglr))2} .
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Then

3 ms \ 5 1 Mg
(1) i ) L) s (0 —
Mo’ =3 6(27{[ T eXp[ o7 (v “)}
3
(”>zep[;n;( ”)ZKQTZTG(?}) tope “29>
(1)
(1) _ 40 [Ms ), (Ms o 3\ Tsr
= M) =f; {Tc usr+<2Tc 5 )7 |- (3.20)

Taking advantage of fs(o) = M9 and of the computations made in [5], we get

(0)
1 [ 0Ong msc [ Ou
— r(0) s . s= (X2 .
fs [ns( 5 + v ans) + T <8t + v un) (3.21)

1(ms 5 3\ /[O0T
— | —=c—= || = VT )| .
+T<2Tc 2)(&“’ v )}
To rewrite the terms appearing inside the parentheses in (3.21), we can make
use of the macroscopic Euler equations (3.17), since any further approximation

introduced would be of second order in the small parameter and is therefore
neglected.

First Euler equation provides

ags +v-Vgns—c-Vgngs +nsVyg-u=20
t o (3.22)
<= 8; +v-Vgns=c-Vgns —n,Vg-u.
The second one results in
0 0 0 (nT)
3t (pui) + oz, (puiug) + z,
_ U +u'@ -I—u'u'@ + u-auj + u{@ui + O(nT)
=P ot lat ¢ ](%cj P za.’IJ]' P ]ij 8301 (3 23)
O Ou; ou;  O(nT) '
=po- T + =0

ot Pz, P99z, T o
) 1
— a—?+v~ku:c.ku—;vw(nﬂ -0,

where we have exploited (3.22).
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Finally, the third one yields

2
8815 [1,0112 + 3nT} + Vg - Klqu + 5nT)u} = wop + pu Ou + §na—T

2 2 2 2 2 ot ot 2ot

3,.0n 1 5 U o D
+§TE+§pu Vm~u+§nTVw~u+§~Vm(pu)+§u-Vz(nT)

u? Op Ou 3 0T 3_0n 1 2

5 U
e AT ¥ S Ety A VPR v S “nTvV., - -
sar TP e T Tl T Ve ut gntVa ut S Vap

) )
+ puVy - u+ §nu-VmT+§Tu-an:0,
that, thanks to (3.22) and (3.23), becomes

3
fn——nu~VwT—Tu~an+TVw-(nu)+nu-VwT+§nu-VwT:O

3 30T

or

2

Hence, we have found

aants +v:-Vgns=c-Vgns —nsVg - u

1
%+v~vmu:c~vmuf ;Vm (nT) (3.24)
oT 2

ot
that reformulates (3.21) into

afi”

1
5 +wv- mes(o) = fs(o) [n( —nsVg-u+c- ans) (3.25)

Mg 1 1 [/ mg 3 2
e Vgt — =V (nT 2= Vel — =TV, - .
T ¢ (c v p (n )) T(?Tc 2) (c 3 u>‘|

Collecting the terms involving the gradients of the species densities, of the ve-
locity of the mixture and of the temperature, we obtain

1 S xlls x
C~vmnsmc.vmn_msc.<vn‘vn>’
Ng P

MmN p
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s 2 s 1
—Vm-u—&—m c®c:Vmu—TVm-u<m 02—3>

T 3 2T 2T
= Ve ut Zege:V ’U,—E%C2V u—i—lTV u
" T rTo3T " T ®
. 1
= n} <c®c—3c21> :Veu,
and
msm 1{ms o 3 VeI [ms o mgn 3
_ s 2 2 T — s 2 _°
T ,¢ Ve +T<2TC 2>c Ve T <2T s 2
Thus, (3.21) eventually becomes
85(0) Vaens Van
‘gt +vafs(0):fs(0) mgcC- Ds - P

Mg c? Mg 3 mgn \V A
s N & I Se2__ Loz
+ T (c@c 3> un—l—<2Tc 5 ) >c

So, (3.18) yields
N

2
— Xsr )V \ = — 7 mgC - mins an +% C®C*Cfl :vmu
S xS = v
p—t Ps P T 3
ms o 3 MmN VT
_Z_ . .2
+ ( it el )c = (3.26)
N
37 {Xer [Qur PO 1) 4 Qur (PO, 1)) + (1 = o@D MWD Y
r=1
Using (3.20), we obtain the ultimate implicit expression of fs(l)
N 2
1— X )OO = — O 1 e Vafts _ Vot + D C®C—C—l :Vau
Z( X ) ST S S
—1 Ps p T 3
m 3 mgn VT N
522 s Lz (0) £(1) (1) £(0)
+ <2TC 9 P )C T +;Xsr [er(fs s fr )+QST(fs s fr )}
(3.27)
m N m 3\ 1 N
(0) | s 1— (0) 4, (1) s 2 _ 1— (0)p(1)
+fs [ T & ;( XST)VST usr + <2TC 2) T ;( XST)VST ST
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In order to find the closure of the Navier-Stokes equations (3.15), we need to
provide the secondary unknowns ugl), B(l) and ¢V and make sure that we ei-
ther obtain an explicit expression for them or at least prove that such expression
always exist and may be numerically computed when we know the parameters

(initial values and collision frequencies) of the mixture under investigation.

Remark. Throughout the following computations we will repeatedly use the
identities
s T o
[ @rOwado= [ cu i@ =" Vie gk, (329)
R3 R3 m

S

which can be obtained from standard Gaussian-moment calculations.
Moreover, any integral of the form

/RS cf"'cf" & fO(v)dv =0, (3.29)

if at least one among i, B, Bi is a positive odd integer. In fact, the integral in
(3.29) vanishes by symmetry, due to the oddness and isotropy of the integrand.
For the same reasons, it also holds

/ coom fO(v)dv =0, Ye#m, {,;me {i,j,k}. (3.30)
R3

We begin with the first-order approximation of the species velocities ugl),

exploiting
uf(l) _ 1 v fPdv .
Ng Jrs3
Making use of the linearity of the integral, we derive the contribution of single
addends on the right hand side of (3.27). So, the first, using (3.28) and (3.30),

provides

% 8715 i _ on 1 / ci/UifS(O)d,U
ng \ 0r; Ps Ox; P R3

Oong 1 on 1
= (89@ E - oz, p)T. (3.31)
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The second addend provides
m Ouy 2

- a. m -6 m 7 (O)d
nsT Z 0z, /R3 (cw 37" )v fo"do

_oms Ouy 2 0)
=Tl > 0z, /RS (cwm 35zm> fsdv (3.32)

m=1i,j,k

aU[ C2 (0)
= Uj — | fi/dv=0.
(9()3‘[ /]R3 < 3 > fé v 0

Now, the third addend yields

1 oT Mg 3 mgn
T Z 87‘%(/ |:2T (C +C +Ck> 2 - P :| 7,f(0)dv
ST =ijk

B 1 0T My 3 msn\ 5| .0
[ rageaa- (22w

where we used (3.29).
Than, recalling the Gaussian integrals reported in Appendix B, in formulas
(B.2) and (B.3), we obtain

1 /5T 3T or 1 oT
- B (=n . (3.33)
T \2ms 2mgy P 8xi ms p) O0x;
The fourth addend is related to the Boltzmann collisional operator @4, and
Qrs, we have to make its contribution explicit by computing

/‘wwwoﬁhﬁ“y+Qwu§%ﬁmmw. (3.34)
RB

Remark. Since this contribution cannot be made explicit for a generic interac-
tion potential, consistently with the standard Mazwellian molecules assumption

gST’(|y|7@ : CU) = gsr(ﬂ), so that

1
ot =2 [ (1= W)gurli)di = Aor. (339
-1
we adopt the following choice

gs’r‘(k‘/‘vﬂ) = )\sr = CO?’LSt, (336)

that leads to
A, =4, .

When s = r, we will denote

Ass = Agy Ass = As



Remark. Under assumption (3.36), constants coefficients agy, b, and 7ye, de-
pend on the Knudsen number € only through collision frequencies vy, and their
expression can be simplified into

Qs AspTir
bg?") = 2asrag(7)“)
1
7 = gmsagg) (204” - agg))
o _ v o (3.37)
Asy = — Asr ’
vy

0

b(l) _ _Per b(O)

ST (1) ST
Vsr

o_ V(o 1 (0)y2
Ysr' = — 6) Ysr® — gms(asr) .

Vsr

Now, (3.34) leads to

/ 01 gor ([l - ) {fﬁo)(v;r)fﬁ” (W) + FO @) 1O ()
R3xR3xS2 S——

=Asr
- 190 0 w) - (o) £0w) | dviwds (3.39)
—_— ——— —
:n(rl):() nsuf(l) nr

= )\sr / V; |:fs(0) (’Ulsr).ﬂgl) (w;r) + fs(l) (vlsr)f7SO) (w;r):| dvdwdw - 47r>‘STnSnTuf(l)
R3 xXR3 xS2

Recalling v’ = a5 v+a,sw+a-s;gw’ and by exchanging pre- and post-collisional
velocities, we obtain

Asr (QerVi 4 Qpsw; + Qpsgu;) {fs(o)(v)fr(l)(w) + fs(l)('v)fr(o) ('w)} dvdwdw
R3 xR3 xS§2

(1)

— 4T Agrngnpug (3.39)

=47\ [asrnr/ vlvfs(l)dv + amns/ wifr(l)dw — nsnruf(l)]
R3

R3
=47 Agp NNy [(ozsr - 1)uf(l) + arsuf(l)} = AT\ g NNy Olyeg (ug(l) — uf(1)> .
(3.40)
Hence, the fourth addend provides
N
ary XorAsrapsnp(uf — i), (3.41)

r=1
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which we can see it vanishes when s = r, consistently with the fact that v
belongs to the kernel of the linearized Boltzmann operator in the intra-species
case.

We now focus of the fifth addend of the right-hand side of (3.27), which, thanks
to (3.28), yields

N N
ﬂ; Z vy / (umeci n u;;,.(ncj n UZT(I)Ck) vif Wy — Z POy
s r=1 R3 r=1,
r#£s
(3.42)
Ultimately, from the sixth addend, we obtain
N
1 m 3
_— (0)(1) 052 2 ) fOyg
nsT;VST or /W (2TC 2>”Zf5 v
r;ﬁs’
- m m 3
_ O [ Ms [ 200 gy 11T / 2 0) gy — S
’I’LST 2; Ver L gr <2T /]1{3 GiC fs U+2Tu2 ]RSC fs v Qnsuz
r=1, ) ——
r#s )

1 & 3 3
T Z ugﬂ)Ts(}) <2TnsuiT — Qn‘gui) =0.
ns
r=1

Collecting (3.31), (3.33), (3.40) and (3.42), and recasting it in vector notation,
we get

N
S0 naipugy = [ (Teme Ty (1 g

—i Ps P

N
+>° {Vﬁ?)(l — Xsr)ul)) + 4ATx s Asr sy (ull) — ugl))} :
r=1

and, from uld) = oM + agg)(ug) — ugl)) and rearranging the terms involving
the gradients of the densities and the temperatures, we obtain
N
{(1 — xer ) Va(® + 47rxsr)\srarsnr} (ul) —ulD) (3.43)
r=1

~ Va(nT) n Va(nT)
Ps p

Now, recalling the expression of ag(,)-) from (3.37), multiplying both sides for
mgns and noticing that s-th term of the sum vanishes, we obtain

N
4 3" Ay (ul) — ull) = ~Vo(n,T) + 22V, (nT), (3.44)
p
r=1,

r#s
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which is a linear system for the unknowns ugl).

Remark. We notice that the linear system that provides the first order ap-
prozimation of the diffusion velocities does not depend on the coefficients X
Therefore, any choice of the Boltzmann or BGK operators will reproduce the
same results.

By summing on s the N equations of system (3.43), thanks to n = Zivzl Ng
and p = Zivzl ps, we have both sides vanishing, which implies that the solution
is not unique. By restricting to the first N —1 rows and columns of the coefficient
matrix, we obtain the following coefficient sub-matrix,

N
Age =47 Y Apftarniany, (3.45)
r=1,

r#s
Agr = —Am A plspnsny,  s#1, s;r=1,...,N—1.

Since any strictly diagonal dominant M x M matrix A, namely that fulfills

M
[Asel > D Aw], Vs=1,...,M, (3.46)
r=1,

r#s

is non-singular, and we notice that conditions (3.46) is satisfied by the (N —
1) x (N — 1) sub-matrix considered in (3.45), since

N N-1
§ /\sr,usrnsnr > E Asrﬂsrnsnrv
r=1 r=1

1'7'5.97 r#s

then the N — 1 equations are independent and there exists co! solutions at most.
The additional condition that ensures the uniqueness of the solution is provided
by the compatibility constraint

N

> o) =0,

s=1

which follows from the requirement that the global velocity is unexpanded.
It can be shown as in [9], that (3.43) along with the compatibility constraint,
leads to

N
ugl):vxnszfsr+asvxTa for s=1,...,N,

r=1

where Fj, denote the entries of the Fick matrix and «, the Soret coefficients.
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Remark. Unlike the BGK mixture model [9], in the case of the mixzed model,
due to the difficulty of making explicit the inverse of the linearized operator, it
s not possible to obtain a closed-form expression for the first-order correction of
the distribution function (3.27). Due to this and to the large number of variables
and terms in the systems we will derive, obtaining a closed-form expression of
PY and qV is impractical.

What we will derive are two linear systems in which the unknowns will be,
respectively,

mS/ cicjfs(l)(v)d'v, ms/ Ciczfgl)(v)dv,
R3 R3

and, in order to prove the invertibility of the coefficient matrizes, we will demon-
strate their diagonal dominance.

On the other hand, in real miztures the number of species N is typically not very
large, and the variables involved reduce to strictly positive real numbers. In such
cases, the coefficient matriz can be inverted straightforwardly using standard
mathematical software.

Remark. Due to the length of the computations related to the first-order ap-
prozimation of the pressure tensor and the heat flux vector, in order to preserve
the flow of the reading, we have decided to place most of them in Appendix C
and to focus in the main body on the theoretical aspects of the procedure.

We now turn our attention to the global pressure tensor B(l), defined as
N
PO = [ cociwav.
s=1 R3

and, by the explicit expression of fs(l) given in (3.27),we multiply the single
addends by the test function ¢s = msc ® c.

The computations corresponding to the first, second, third, fifth, and sixth terms
are analogous to those carried out for ugl), and their contribution is also made
explicit in [9]. Therefore, we focus on the fourth addend, the one involving the

intra- and inter-species Boltzmann collisional operator

ms / CiCj [er(fs(o)a fﬁl)) =+ Qrs(fs(l)a f;O))] dv
R3

= ms)\sr/ <Uivj — UVj — UjV; + uiuj) [er(fsgo)v fﬁl)) + Qrs(fsgl)v fﬁ()))] dv
RS —

=0

where in the round brackets the last addend vanishes due to mass preservation
and the second and third addends, taking advantage of (3.40), yield

e e

— AT N g Mg Ny fhor [uj(uz —ul )+ ui(ugf(l) — uf(l)))] . (3.47)
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Then, it is left to compute
ms)\sr/ UZUJ |:f(0)( sr)f(l)( ) f(l)( sr)f(O)( )
R3XR3 x§?

— FP @) {1 (w) = £ (v) £ (w) ] dvdwdu
—— N——

:ngl):O nr
—m [ bl [10 @)U (w) + 1D )10 (w)] dodwds
R3 xR3xS2
— 47rms)\srnr/ vivjfs(l)dv, (3.48)
R3

where we have exploited (3.38) and exchanged pre- and post-collision velocities.
Now, rcferrmg to the Appendix A for the product of post-collision velocities
= v’ vl dw, (A.9), and the computations for the first integral of (3.48), explic-
itly carried out in (C.1), (3.48) becomes

AT N gy sy [nr(—l — ozST)/ vivjfs(l)dv + NgQlpg / vivjfr(l)dv
R3 R3

i

1 1
e s s e TS( ) TT( )
+agrnsny (wiuy o +uguy o uiug o 4wy + 50 snsny +

ms my
(3.49)
where we made use of the derivations (C.1), reported in Appendix C.
We quickly compute
/ vv; fMdv = / cici fMdv 4 n (u uj "4 (o s<1>) , (3.50)
R3 R3

and obviously the same for fR3 vivjfr(l)dv. Inserting both these in (3.49), it
provides

47r)\sr,usr{nT(—1 — asr)/ cicjfs(l)dv + gy / cicjf,gl)d'u
R3 R3

7 )
+ ngny [uz (ug(l) - U§(1)> +uj (u;‘(l) - uf(l)>] + 5ijarsnsnr ( > + - ’
msg my

S
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which, along with (3.47), finally provides

ma [ e [Qu O £9) 4 Qur (#1010 o
R3

= 47r)\sr,usr{nT(—1 — aST)/ clcjf )dv + NgQlpg / cicjf,gl)d'u
R3 R3

Ts(l) Tfl)
+ 5ijarsnsnr < + . (351)

ms my

Hence, as previously stated, by analogous computations to the ones carried out

for the velocities ugl), we obtain

N
] 1Cj (1) d 1* sr *51 T 1* sr
m, /Rscc]fs 'UZ X ijTs g X

ou; Ou; 2 N
— nST |:al'j + al‘z - gva: : U6z]:| + 47T§Xsr)\srﬂsr{nr(_1 - O‘sr)/R Czcjf )d’U
o0 P
+ Mg / cici fMVdv + 5ijaransn, ( + = : (3.52)
R3 ms my
which, reformulated, becomes
N
ms/ cicjfs(l)('v)d'v { Z [(1 — Xer )00 ) + A X srAsr st (1 + g ) | (3.53)
R3 r=1,
r#s
N
+ (1 - Xss)ygg) + 27"-Xss)\sns} —4m Z XSTASTMsrnsars/ C,ij,(l)(’v)d’l]
r=1, R3
r#s
N ou ou 2
— 5. (1) _ (0) _ i Jj_ 2 Cus
= 0insTy ;(1 Xsr)Vsy) — NsT [ij + oz, 3Vw uéu}
N ®
4 62 s sr)\sr srlbrQprs > . . 3.54
IR S S L (350

This leads to an IV x NN linear system for the unknowns

ms/ cic; f (v)dv
R3

whose right-hand side coincides with that of the equation above.
Our next goal is to prove the invertibility of the coefficient matrix by establishing
its diagonal dominance. In order to do so, we rescale the unknowns as

mg

—/ cicjfs(l)('v)dv, for s=1,...,N.
R3

ns
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Let A denote the coefficient matrix. Its entries read

N
(A)ss = ns{ Z [(1 - Xsr)Vgg) + 477Xsr>\srnrars(1 + asr)

r=1,

r#s
+ (]- - Xss)ygg) + 2’i'rXss)\sns} 9
(A)sr = _47TXST/\STO‘3T04rsnsnra Vs 7é .
We note that

AT X sr AsrQrs (1 + Qsr )Ny > AT X 5r Asr Qsr Qps sy

— 14+ as > agr,

which proves that A is strictly diagonally dominant, namely [Ass| > 37, [Asr],
hence invertible. Consequently, the linear system above always admits a unique
solution.

Remark. For the first-order approzimation of the heat fluz vector q(t), we
adopt the same approach leveraged for the pressure tensor. Hence, for the first,
second, third, fifth and sizth addends on the right-hand side of (3.27), we will
exploit the computations already made for the first-order approximation of the
velocities and made explicit in [9], and we focus on the addend involving the
Boltzmann collisional operators Qs ( 3(0)7 r(l)) + Qrs(fs(l)7 r(o)).

Eventually, we will obtain a linear system of unknowns similar to the one derived
for myg fR3 cicj s(l)dv and we will prove its diagonal dominance.

So, from

N
1
a =y > [ e,

to provide the fourth addend explicit expression we must compute
me [ e [QufY 10) + QuusiD. £0)] v
= e [0 [l £+ Q7D 4] o (3.5)
+ My /R3 [—uv® + wv; — 2(u0] + uwjviv; + upvivg) + 2uu - v (3.56)

% [Qur (0, 1) + Qual(7 D), £ do

As concerns the contribution given from (3.55) and (3.56), the long computa-
tions are similar to the ones carried out for the pressure tensor and they are

99



made explicit in Appendix C, respectively in (C.3) and (C.5). Combining those,
we notice that most of the terms vanish and we ultimately obtain

1
g [ [l F0) 4 Q. 0] dv = 27h e

2
X { - <1 + 202, — 30[”01”) nr/ it fWdv + gafsns/ cict fVdv
R3 R3

T 4 T
+5ngn,. || 1— §asram ug(l)— + 205 [ 1 — —apg uf(l) — . (3.57)
3 mg 3 my

Referring once again to [9] for the computation of the leftover addends and
coming back to the vector notation, we get

N N

1
ims /]RS CCQfs(l) (’U)d’u Z(l - XS’I‘)I/,gg) = 27.(- Z XS’I‘AS’I‘/J’ST

r=1 r=1

2 8
X { - (1 +2a2, — ozsroz,.s> nr/ e fMdv + fozfsns/ e fV dv
3 RS 3 RS
8 T 4 T
+ 5ngn, [(1 — asrozrs) ugl) + 2004 (1 — aT5> ugl) } } (3.58)
3 Mg 3 my

N
5 Van Van 2 n
_ (0 1) _ JTxts = _ = _Z
+ 2nST{ ;,1(1 Xor )V Dull) — T ( ) 2 ( ) Val } :

Ps P ms p

Exploiting the same procedure we used for the pressure tensor, we have
reached a linear system for the unknowns

%/ el fWdv
R3

ns

having the following coefficient matrix A

N
(A)ss = ns{ Z {(1 — Xsr)y@ + AT X or N sr Ty (1 + 2a§r — 20497,04”)} (3.59)

r=1, 3
r#s
0 4 4
+ (1 — xs8)ves) + gﬂ'Xss/\sns , s=1,...,N; (3.60)

8
(A = —47rnsxsr)\s,,§asrafsnr, Vs #r;

and known terms

N
8 4
5’[7,ST{47T ZXST)\STTLT |:(1 - 3asra7‘s> arsugl) + 2as’ra’rs (1 - 3ars) u‘(gl)]
r=1

N
1 s 2
P u -7 (Vw _ an) ) ( _ n) VT
Ps P

r=1
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We easily check that

2 8
(1 + 2a§r — Sasrars> Qg > gasrafs

9 10
— 1+ 2a;, > anam ,

which holds true since o, sorg, < i.

Altogether, this establishes the invertibility of the coefficient matrix, and there-
fore the existence and uniqueness of the solution vector. Consequently, it be-
comes possible to determine the explicit expression of g1, thereby ultimately
closing the Navier—Stokes fluid dynamic equations (3.15).

Remark. [t is worth noting that the present closure at the Navier—Stokes level
remains valid for arbitrary intermolecular potentials. The only simplification
arising in the case of Mazwell molecules considered here is that the expressions
of the diffusion wvelocities and the heat flur involve constant parameters like
Asr o1 Agp; in contrast, for other interaction potentials these parameters could
depend on the macroscopic fields us and Ts.
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Chapter 4

Navier-Stokes equations in
the case of Boltzmann
intra-species operators

In this section we introduce in detail the model in which, by setting s =
dsr, intra—species collisions are governed by a one—species Boltzmann opera-
tor, whereas inter—species collisions are described by the binary BGK operators
(1.25). The well-posedness of this hybrid model—mnamely, the fulfillment of con-
servation laws, the validity of the Boltzmann H-theorem, and the preservation
of the correct Maxwellian equilibria—has already been established in Chapter
2.

The adoption of this choice of kinetic operators—taking advantage of the ana-
lytical convenience of the Boltzmann-type operators for intra—species collisions
and the BGK-type operator for inter—species collisions—enables us to study
not only the classical collision-dominated regime, as in the previous chapter,
but also the scenario in which intra—species collisions constitute the prevailing
mechanism and for both regimes we are able to abtain a close form of PW and
gV, providing an explicit closure of the Navier-Stokes equations.

The choice of the Boltzmann model for intra—species interactions and a proper
BGK model for inter—species ones is also motivated by the fact that in some
physical problems particles of the same species exchange energy faster than par-
ticles with disparate masses. This occurs for instance in e-mixtures of heavy and
light gases [26] or in astro-physics problems [49], but also some phenomena in
plasma physics are studied neglecting inter—species interactions (as the so—called
Z—pinch dynamics, meaning anomalous resistivity and plasma sheath formation
[40]). Therefore, we consider the following integro—differential equations:

Ofs
ot

N
+U'vmfs:Qs:st+Zysr(Msr_fs)- (41)
r=1
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As regards the dimensionless form of the equation (4.1), we take advantage
of the computations carried out in Chapter 2 and simply set xs, = 05, in (2.33),
obtaining

N
afs /Bss Bsr A
. s — ss STy 4.2
5 Tv Vaf €Q+€;Q (4.2)
T;és’
which under the assumption of y,. = dg will allow us to study either the

classical collision dominated regime and the intra-species collision dominated
one.

4.1 Classical collision dominated regime

Implementing S5, = 1 for all s,r = 1,..., N, in (4.2), we get the collision
dominated regime already investigated in previous chapter for the general mixed
model:

dfs 1 =
ot +v-Vofs = €<st+7;@sr) . (4'3)
7"7’557

We notice that expanding fs = fs(o) + sfs(l), at the leading order of (4.3) we
have

N

Quu(F™) + D v (MY = 1) =0,
r=1,

r#s

that by the uniqueness of equilibrium distributions, still implies
f =M

The results on the hydrodynamic variables, on the main moments of expanded
distributions given (3.10), (3.11) and (3.12) and the related compatibility con-
straints (3.13), (3.14) still hold.

Before computing the implicit expression of fs(l), we rewrite the first-order ap-
proximation of the distribution function f§1) as f§1) = fs(o)hgl), where hgl)
stands for the realtive perturbation, and introduce the linearized intra-species
Boltzmann operator E(hgl)) defined in [42], given by

L) = [ gyl i) [0} + KO (wl) ~ h (0) — WD )] dods
R3xS2

for which it holds

ker (fs(o)ﬁ(hgl))) = span{1,v,v*}, (4.4)
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meaning that it shares the same kernel of the intra-species Boltzmann operator.
The linearized Boltzmann intra-species operator allows us to write

Qss (FO, I + Qus (f, £y = fO L (M)

Rearranging the terms O(1) in the expanded equation yields

N
(1) _ # ©0) A1) o £(0) (1) af AT
fs - (0) Z Vsr Msr + fs ‘C(hs ) V vst 9

r=1Vsr r=
Z r#s r;éi
where
) T+ el
/\/l(l) = —MST <v u+ Eug«), +€>
Oe ms
e=0
o : .
] +v-Vy may be computed owing to Euler equations

ot

) f§°)/:(h£”) involves the linearized Boltzmann operator defined above, for
which we set

Ly = fOLnM).

Analogous computations lead to the Navier-Stokes system of equations (3.15)

2
s <c®c—2[> S Vapu

and to the following implicit expression of fs(l)

(0) V.n., V
fs(l) _ ]\{S & [—msc- < xlls + mﬂ) n

Zrzl Vsr Ps P
Mg o9 3 Mgn VT 1)
c . h 4.
+ <2TC 5 ; )c T + L(hg)+ (4.5)
al m 3\ 1 &
s _ (0 (1) s2_ 2 _ ( ) (1)
+ 2ee. Z 1= xsr)vg ug,) + <2T 2) T;(l Xsr)Vspr' Tp’ | -

4.2 Existence of solutions to the linearized prob-
lem

In the following section we will derive the Navier—Stokes equations for the clas-
sical collision-dominated regime. We believe that it is appropriate to investigate
first the analytical properties of the kinetic operators underlying these deriva-
tions. In this section we focus on the Boltzmann operator associated with intra-
species collisions in its linearized form. We show that this operator is always
invertible with finite norm, a property that ensures the consistency of the hy-
drodynamic equations and provides a solid basis for treating the slow collisional
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exchanges between different species.

We begin by introducing the linear operator

Eszld—éﬁ

N (0) S
Zr:l, Vsr
r#s

where L; is the standard Boltzmann linearized operator
Lo=fLhD)
= [ gyl )£ [0 + b)) B (0) WD (w)] duwd,
R3 xS?

with
£ (w) = ME.

We consider now the real Hilbert space
R, := L*(R3; M%dv),

with inner product

(Fahaase = [ FaMeTdv, fgen..

By standard arguments, one can show that L is a non-positive coercive
symmetric operator with the set of collision invariants as kernel in N, i.e.

(fLLsg)mer = (Lsf,ghaeas {9, Lsg)per <03 L =span{l,v,v°}.

Hence, clearly, L is a coercive symmetric operator with a trivial kernel in
N, such that

(FLsghmee = (Lofr ) mces (9 Lsg)aaze > (g, 9)mee s ker £, = {0}
The linearized operator L5 can be decomposed as
Ls=Ks—1s,
where 7, is the positive multiplication operator
nsg = 0sg

for the collision frequency

6, — / gus(y], 8 - ) FO () dwdo
R3xS2
while

ngZ/ gs([yl, § - ) FO (w) [g(v}) + g(w]) — g(w)]dwdw .
R3 xS2
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The linear operator K, is a compact operator on R; under, for instance,
Grad’s assumption on the collision kernel, i.e.

el <0 (1914 i )
for some positive constants bs > 0 and 0 < £ < 1, acknowledging that Grad’s as-
sumption is fulfilled for hard-sphere potentials, as well as, cut-off inverse power-
law potentials, including Maxwell molecules.
Assume that the above operator K is compact on N,. Then L is a self-adjoint
operator with the domain

D('Cs):{feNs§ estNs}~

Furthermore, 7, is, at least under Grad’s assumption, a closed, densely de-
fined, and self-adjoint operator and is also Fredholm if and only if 7, is coercive.
Hence, £, is a Fredholm operator if and only if 7y is coercive; indeed Fred-
holmness is conserved under addition of compact operators. The multiplication
operator 7 is coercive for e.g. hard-sphere potentials, as well as, cut-off hard
potentials and Maxwell molecules. On the other hand,

Lo=1Id+n, — K,

hence L, is a Fredholm operator, since, clearly, Id+n; is coercive. Then the lin-
ear operator L, is Fredholm, with a trivial kernel, therefore L, is also invertible,

s —1
with an inverse operator £, , such that

H,és_l <1,

4.3 First order macroscopic fields

Once the existence of the solution fgl) has been proved, we can proceed to the
explicit computation of its moments. We compute them without making use of
the explicit expression of the first order distribution functions, since the presence
of fs(l) inside the linearized intra-species operator prevents its calculation.
With regard to ugl), we need to multiply equation (4.5) by ¢s(v) = v; we simply
notice that

/ vfOLhMdv =0,
R3

and using the computations carried out for the general mixed model we reach
the following

N
1 Van Vazn 1 n
= [ S (S Ty (L onyo
ZT:L Vsr r=1, Ps P
r#s r#s
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Recalling the expression of uglr) = ugl) + agg)(ug) — ugl)) and multiplying both

sides for mgng, we obtain, as expected, the same linear system of (3.44) for the
diffusion velocities, independently from the choice of the collisional operators
between Boltzmann and BGK

N
4 Z Asr Ty gy (ugl) — ugl)) = -V (nsT) + %Vm (nT) .
r=1,

r#s

Hence, it leads again to

N
ul) =" FoVang + aVa T,
r=1,

r#s

with the same Fick matrix entries F, and Soret coefficients a.

Remark. As regards the first-order approximation of the pressure tensor prY
and of the heat fluz vector ¢V, we notice from (4.5) that in the explicit expres-
sion of fgl), the only Boltzmann collisional operator involved is the linearized
operator for single gas ﬁ(hgl)).

Hence, the computations of

ms/ cicjfs(l)dv, Mg ciczfﬁl)dv, (4.7)
RS RB

do not depend on other species moments of m, fRs cicjfr(l)dv ormy ng ciczfr(l)dv
respectively, and is therefore possible to factor out both terms in (4.7) and to
obtain a closed expression for either PY and q.

Furthermore, we focus on deriving

Mg / cicifOLMM)dv, m, [ ¢ fOL(hM)dv, (4.8)
R3 R3

since the computations of moments of other addends appearing in (4.5) are
identical to the ones already carried out for the general model.

As in Chapter 3, some technical details on the computations of moments of
the linearized Boltzmann operator are given in Appendix C. Specifically, using
(A.11) and the symmetry with respect to the variables v and w of the linearized
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intra-species operator, for mg fR3 cicj §0)£(hgl))dv we have
ms/ cicjfs(o)ﬁ(hgl))dv
R3

= TMgA\g {21},‘1}]‘ + 2v,w; + % (v2 +w?—2v- 'w) }
R3 xR3 3
< [HO@ 0 w) + 1O @)D )] dodw — drmin [ v Do)
R

ms

2 T
= 2T Mg AgNs [/ vivjfs(l)d'v + ns(uiui(l) + ujuf(l)) + géijns <2u . ugl) + 3)
R3
(4.9)

4
— géijnsu . ugl)]

= 2TMsAsNs [ — / cici fMdv — ui/ (vj —u;) f P dv — uj / (v; — ;) fVdv
RS RS R3

Ts(l) Ts(l)
+ ns (uiuf + ujui) + 51‘]’”3] = 2TmsAsns _/ cic; fdv + Sym, :
mg R3 mg
(4.10)
Therefore, from (3.52) and (4.10), we obtain
e — 5D nsI'  (Oui  Ouj 2o o
Mg /R3 cicjfy (v)dv = 0;n Ty + ) (893 D 3Vm ud;;
r=1, Vsr J ?
r#s
2TMgAgMg Ts(l)
TSN (‘ [ eestPav+me
=1, Vsr S
C';ﬁs
2mAgn 1
<= my cic»fs(l)dv = (5i»nsTs(1) 1+ 22
/JR3 ’ ! ivzl, ngg) 1+ _2mAsns
r7s Zivzl, Vgg)
r#s
ngT 1 ou; Ou; 2
_ s Z+ j_vaCsl),
2%1, v 42]7;)‘3”?0) (3%‘ dz; 3 !
i r=1, Vgrp
Zr;ﬁs

and, taking into account the constraint 25:1 ngT 3(1) = 0, we get that the global
pressure tensor is provided by

N nsT <8ui Ou, 2

Py == Z Ve - udij | . 4.11
K er’vzl Vs(g) +2mAng \Oz; Oz 3 U0ij ( )
r#s

s=1
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Hence, the tensor PV takes the following form
E(l) = —uT,

where p is a proper viscosity coefficient and 7 is the strain rate tensor,
provided by

N n Ou;  Ouj; 2
n="T - R P A R T
52::1 27]“\[:1, Vgg) + 21 Asns 7 0z, O 3 J
r#s

Remark. From (4.11), it can be easily verified that Tr(P™) = 0, consistently
with the fact that the viscous stress tensor represents the traceless deviatoric
part of the pressure tensor.

Referring, once again, to Appendix C for the long computations, analogous

to those already carried out, (C.6) provides the following for m, [ps ci02f§0)£(hgl))dv,

1 1
“my [ e fOLMD)dv = fms/ 002 fO LRV dw
2 R3 2 R3

T
— 27ruims)\sns{ — / vffgl)dv + 2nsuiuf(1) + ng }
R3 s
— 27rujm8)\5ns{ —/ vivjfs(l)dv + ng (uiujm + ujuf(l)) } (4.12)
R3
— 27Tukms>\sns{ — / vwkfsfl)dv + ng (uiuzm + ukuf(l)) } ,
RS

and, with regards to mg [5s v;v? §O)£(hgl))dv, from (C.7), we get

R3

1 2
—m vafs(o)ﬁ(hgl))dv = —TMsAsNg{ — / ciCQfs(l)d'u — 3ui/ v?fs(l)dv
2 3 R3 R3

1 1 5 ¢ STS(l)
- 3“3‘/ Uinfs( )dv — 3Uk/ 'Ui'kaS( )dv + ngu ui o — nguy
R3 R3

(4.13)

S

T Ts(l) T
+anul” (uQ - : ) 205U <2u cult + E — N (uiu ull) + ufm) .
M - e

Now, plugging (4.13) into (4.12) and referring to (C.7) for details, we get
the following

1 2 T
gms . cic2f§0)£(hgl))dv = gﬂ'ms)\sns (— /R3 CiC2fs(1)d’U + 5nsuf<1) m> .
(4.14)
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Hence, exploiting (3.58) for the computation of the remaining addends, we

thus find
1 5 T T
7ms/ e fO (v)dv = 2~ Ve
2 R3 2 Z (0) Mg

r=1, Vsr
r;és
+Z y Oy _p (Velts  Ven) G (1 1
ps p ms  p
r;és
—u)

2 Mg )\ ns <_/ CCQfé(\l)d’U + 5nsu‘(91)T>
321‘ 1, Vsr R3 ms

7‘755

ST iET 4 S)\S
:_§;L7(O)v + bng u(l)T 14+ -———= ik
2 ergl, Ve’ s 3 ZT 1, V57
r#s r;ﬁs

2 TmgAsNg 2 (1)
_ gizi\’:l Vgg) /RS cc” foHdv
r#s

—1
1 4 SAS
= -ms, cczfs(l)dv =—|1+ m
2 R3 BZT’ 1, I/
r;és

5 nT VT +§n3ugl)T-
QZT 1 1/(2) M 2

We can finally formulate the explicit expression of g(!)

N N
5 Ng
qV = st /}R3 e f (v)dv = _§TZ ) fTanu(l
s=1

s=1 Zr:l Vsy’ + 7Tns)\ ms

5 N
_ 2 (1)
= §VmT+2T§ nsug’,

s=1
with thermal conductivity coefficient
N

5 71

s=1 Zr 1 Vsr) + 7Tns)\s

Remark. Viscosity and conduction coefficients depend on collision frequencies

only through the combinations vy = ZiV:L yﬁg), s =1,...,N, which play the

r#s

role of overall collision frequencies for single species. It is possible to tune the
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collision frequencies g, which we remind to be free parameters, in order to repro-
duce the correct physical ratio “5¥, the Prandtl number, where cp is the specific
heat at constant pressure, of the gas mizture under investigation. This allows
in principle to overcome the main drawback of the BGK approzimation, namely
that for a single gas it is not able to reproduce the correct Prandtl number.
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Chapter 5

Various hydrodynamic
limits for a binary mixture

In this chapter, we consider a binary mixture, which naturally arises in many
physical contexts, such as e-mixtures of heavy and light gases [26], or in plasmas
constituted by ions and electrons [40], focusing on two relevant regimes.

The first concerns intra-species dominated collisions, where self-interactions gov-
ern the relaxation dynamics and inter-species collisions act as small pertur-
bations, that will lead to multi-velocity and multi-temperature Navier-Stokes
equations, with source terms accounting for the slow collisional dynamics and,
consequently, for the transfer of momentum and kinetic energy between the two
components.

The second one addresses a mixture of heavy and light particles, in which only
the heaviest intra-species collisions play a dominant role while the binary light-
est intra-species encounters account for the slowest process.

By sticking to the case xs» = d5r,where Boltzmann operators are used for intra-
species collisions only, the dimensionless system for a binary mixture reads as

afl ﬂll 512

ﬁ +v-Vefi=—0Q11 + 7V12(M12 - fl)

€ € (5.1)
df _ B Paz
- T Vafo = —1v12(Ma1 — f2) + —Q22,

E E

in which the different choices of the §-coefficients will allow for the study of the
regimes cited above.

5.1 Binary mixture with intra-species dominant
collisions

The regime with dominant intra-species collisions corresponds to the choice

Bi1 =P =1, Bi2 = Bo1 = €,
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n (5.1), leading to

o 1

% +v-Vfi = ngl + vi2(Maz — f1)
9 1

—a{f v Vafs = vio(Mor = fo) + = Q22

This scaling defines the so-called e—mixture regime, which arises when the mix-
ture is composed of particles with strongly different masses with both intra-
species interactions playing a dominant role and energy transfer between species
occurring on a much slower timescale than within each species [26]. A promi-
nent example is provided by plasma physics, where light electrons coexist with
much heavier constituents such as atoms, molecules, and ions [44].

By expanding the macroscopic and the fictitious parameters as we did in the
classical collision dominated regime, we get

(0) (1)
821 +v- Vo +e (83 +v~mes(1)> (5.2)

ot
= é {st(fgo)) + € <st(f§0),fs(1)) + st(f§1)7f§o))> +52st(fs(1))

+ 0 +erD) (MO + M) = 1O —ef D) sr=12, st

which, at the leading order, yields
QSS(fs(O)) =0,

which implies that leading order distributions are equilibria of the single species
Boltzmann operators, hence Maxwellians depending on species fields:

O =M (v;ns,us, Tg) , s=1,2. (5.3)
ms

The hydrodynamic variables that remain unexpanded in the Chapman-Enskog
procedure correspond to the collision invariants of leading order operators,
namely of the single species Boltzmann ones; therefore, they are the species
density ns, mean velocity us and temperature T, which means

ngo) =N ngl) =0
wW =u = {uP=0 (5.4)
T =T, ™V =0

From this, it also follows that (£, o, (v)) = 0, for any of p,(v) = 1, msv, msv2.

With regard to the fictitious parameters, exploiting (5.4), we find
ul) = (1 - aV)u, + afu,
uly) = al) (u, — u,)
75 = 1= 0T+ 00T + 48 (ue — u,)?

TS = b0N(T = T) + 45 (ug — uy)?.
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From (5.5), we get

3
Mg 2 Mg 2
./\/lg?) = n, <27rT(0)> exp {— 7 ('U — ug?)) } 7

ST

thus, the computation of the zeroth, first and second order moment of M(O)
yields
<Mg9’)7 1> =TNs
(M, v) = nsul)
2 37 (5:6)
i o)

ms

Regarding Mgp, by considering the derivative of the Maxwellian attractor
with respect to the small parameter, with computations analogous to those
leading to (3.20), but with w replaced by u( ) and T replaced by TS(T), we
obtain

1 T(l) m
(1) — Aq(0) (1) . A0 ) st [ 10 A(00y2 _
M) = M, [TS)) ug,’ - ¢y’ + 2T(0) (Tﬁ?) (cs)) 3)] , (5.7)

0 _ (0).

where cg, — Uy
As for its moments, we have

(1)
(M, 1) = 22 u(”/ O M dv +1T“ <m5/( )2 MO gy — 3 /M dv)
sr Ts(g) sr R sr (()) ng) RS sr
—_—
=0

1T(1) m
s (i [0 )7 20 @) 30,
275 \ T Jrs

(1)
1T. m m
_ - zsr 5 (00 S (202 _ 5 (a1(0) —
= 270 (T( )( N2+ 3n, + 70 (uy,)) QT(O) (ul9)? 3n5) =0,
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ms 1T m,
(Mv) = oy [ vl - eIMGdw +2T@IWLASQ¢QV_3)mMgmv

m M
= — (1) v o MO dy — 7(1‘(1) u(O))/ oM O do
TS(’I(‘)) / sr T(O) sT - sr
LYo LT o ()2 A4 (0) 3T 0)
(T‘;(S))Qqsr +3 (T(O)) ’LL( ) /]R3 (cs’r‘ ) Msr dv — 5 TG(B) ‘/]Rs 'UMg'r dv
m Mg
- T(g) ull) . (nsuan ©ul® + ng) _ T@ u®) - (nul® ® ul®)
! 1
L maTir 3nT3 o)

il (0) 2 (00y2 _ 94y . 7,(0) 0) Joy —
3 ([0 20w Mo = STl

Ms . (1)(0) m, Ty (0) (0)2 (0))2 (0))2 (1)
= (0) Uy TST + W“’sr (ns(usr ) + ns (usr ) - 2n8(usr ) ) =NsUg,” ,

where
PO =, / (9 @ NMODdy = n,TOT,

since the strain rate tensor and the heat flux vector

al) = g, [ D (el Ma

vanish at local equilibrium Msr .

Eventually,
ms
(M, v?) = 700 /RB v (ul) - D) MO dv
1 Ts(rl) ms (0)\2,,2 A 4(0) 21 4(0)
+ 2T(0) 7O /Rs(csr) v M dv — 3 o v Mg du |,

where the first term of the right hand side leads to

el [ [(e0)7 + @) 4 26 ] e D
R3

TS(?Q’) ST
27wl (- [ (el 0 M) = 2mal?) il
TS(E) E £ R3 E E &
while the second one to
1m, T8 3n T 378
1moTsr 02 [(£(0)2 4 (4,© (0) . ) gy 3MTsr [ 2, Lo
3 (0 e [ )+ 2wl ] Mo — SR () 2

(1) (1) (0)
_ Tsr |:15ns<T(0))2 + §(u(0)) T(O):| 3 nsTw <(u(0))2 + STST >
ST 2 ST ST ST

(TS(S))Q 2 myg 2 70 My
15 T 9 §1> T

= 5 s - o - =3 s - )
2 n Mg 2 " Mg
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where we took advantage of the Gaussian integral (B.2).
Therefore, we obtain

(1)
<Mg~),’u2> = 2nsug9} . ugp 4 3ns Tsr 7
mS
and summarizing
(1) 2\ __ (0) (1) Ts(rl)
<MST i > = 2nsusy - Usy + 37157717 .

Macroscopic equations can be achieved by computing the weak form of equa-
tion (5.2) with respect to the test functions ¢s(v) = 1, mv, $myv?, which is

0

*/ L)08("-’)fs(0)dv“"va:'/ Ws(v>vfs(0)dv+5vm'/ ‘Ps(v)vfs(l)dv
Ot Jgs R3 R3

= / (Qus (£, FD) + Qual( S, 10 ) dv + ¢ / 25(0)Qss(f)dv (5.9)
R3 R3
=1 L))

[ ) {HPOME 1) 42 [ (M 1) 402 (M~ 10)] o,

for s,r =1,2, 1 # s.
Recalling (5.4), as regards the left-hand side, we get for ps(v) =1

ong
ot

+ Ve - (nsus), (5.10)
for s(v) = myv

d d

ireud) g [ s (10 + sy

0 : 0 , , , ,
= —-(psu;) + Mo / [ufuf + ¢ 4+ uics + uic]| (fO 4 e fMydw
Jj JR3

ot

:Q(p u$)+i psuiul +m / S fOdu + em / et D o
atsz aﬂi‘]‘ st Wy SR37,js SR3Z]S
0

= —(psts) + Vg - [ps(us @ ug) + nsTsI] + Vg -Bgl) , (5.11)

ot
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and for ¢,(v) = tm,v?

1 0 1

—Ms—=— / V2 fOdv + ~m V- [ 02 (us + ¢s) (O + efM)do
at R3 2 R3

0 (1 3 1
8t ( psu + 2nsTs> + §msvm . Us/ U2(fs(0) +€fs(1))d'v
R3

1
+ 7m5v”’ ’ (ui + CE + 211,5 . Cs)cs(fs(o) + «“:fs(l))d’u

2 RS
o (1 3 1, 3
6t ( psu + N s> + Vw Us <2P5Us + 2nsTs>
+msVg - (us/ (cs @ cs)(fO + Efs(l))dv) + gmsvm . / e fMdv
R3 R3

2
0 (1 3 5 3
8t ( peu + 2"3 s> + Vg <2psu§ + 2nslrs> Us

(B0 ).

Concerning the right-hand side of (5.9), from the theory for the single gas
Boltzmann collisional operator, we know that ¢4(v) = 1, msv Lmgv? are colli-

’ 2

sion invariants for both the whole operator QQ,s and the linearized Boltzmann

intra-species one L(hgl)). Hence,
[ u@Quts®io = [ ou@pchiaw =0,
R3 R3

for any of our test functions ¢4(v). As for
[ a0 [P = 5O) 0@ (M — 1] o
R3

the moments of Mgi) given in (5.8) allow to show that it vanishes.
Indeed, making use of (5.4), (5.5), (3.37), and (5.8), we obtain

A0 [ MY = 0o [ (@ = )0 =0,
R3 3

R

ma? [ oD — 1w mar? [ oM~ )a
R3

R3
= sy (ul) — ) + porPul) = ps(vPal —vPal)) (u, —u) =0,
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and

gt [ O = (0o 50 [ 2D - 1Dy
2 R3 2 R3

1 3
= S [ps( 0)2 4 3, T(O) 42 —SnSTS} + 0 ( peuld) - ul}) + g T(1)>
1
= —71/(0) all) [ag)(us —u,) + 2us} (us —uy)

(1)
300 (o0, - 73y + (vgi) . <°>>> —

— Engl/gg)

3
+v9p.all) { (us —uy) + a9 (us —u,) ] + 2u Ing [b(l (T — Ts) + P (us — uT)Q}
1
g [l (0l (s — ) 2, ) - oty = ) + ol asy = )7
+v9p.all) {us (uy —ug) + a9 (u, — ur)z] =0.

Ultimately, with respect to

A [ e - 10w

it also trivially vanishes for ¢,(v) = 1.

With test functions ¢, (v) = myv, 3myv?, however, it yields some source terms.
In particular

Ry = msv (0) / U(Mg) - fé('O))dv = Vgg)ps (ng - US)
R3
= V(O)ps (0)( - us) = Ms’r’Asrnsnr(ur - us) . (513)

Turning to the energy exchanges, we obtain

3. — %ms (0) /R )2 (Mgg) _ f§0>) dv = %ugg)ns [3 (T§,‘?> - Ts) +m, ((U§9))2 - UQ)]
- %ygg)ns [3 (2T, = 7) + 2D (g = w)?) s (1= 0l + agﬂ)ur)Q - mﬂ

1
= arsAsrnsnr |:3asr(Tr - Te) + §ms(2o¢7’s - ag?«))(uz + uq% — Ug * 'U/r):|

267

1
+ aT'SAST‘nSnTmS |:Cl(0) (uf + U’72) - u? + (1 (0))11'6 ' u7':|
= 3agr s Ngpnsne (T — T) + atps Agrnsnp Cgpmy (uf + u%)

M 5
— apsNgrngn,mecrg, <m - 1> Ug - Up — QpsQsr Ngpngng(ms + my)us
,

= Qsr Qs Asrnsn [3(T, — Ts) — (msus + mpu,) - (us — uy)] . (5.14)
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Collecting (5.10), (5.11), (5.12), (5.13) and (5.14), we are finally ready to
provide the Navier-Stokes equations

Ong
a’; + V- (naus) =0
9 (1)
& (psus) + vm . (psus ®us + nsTel) + evm : Bs - Rsr
J[1 3 1 5
(5.15)
where

R, = Asrarsmsnsn?" (U’T - US)

Ser = Aspspaupsngn, [3(Tr = T5) + (msus + meuy) - (ur — u“)] :

for any s,7r =1,2, 1 # s.
The system above involves the following unknowns

e the species densities ny, ns;
e the 6 components of the species velocities w1, ws;

e the species temperatures 17, Ts;

the 10 independent components of the first order corrections of the viscous
stress tensors Egl), H(Ql);

the 6 components of the first order corrections of the heat flux vector qgl),

")

We observe that the resulting multi-velocity and multi-temperature equa-
tions are not conservation equations but take the form of balance equations,
with source terms R, and Sg,.accounting for the slow collisional dynamics and,
consequently, for the transfer of momentum and energy between the different
components. In contrast to the global equations in the classical collision domi-
nated regime (3.15), which describe inter-species interactions only through diffu-
sion and transport coefficients, the present system explicitly includes additional
source terms that model the slow collisional exchange of momentum and energy.

Multi-velocities and multi-temperatures Euler-like equa-
tions

As done in Chapter 3, the simplest closure of the system above is obtained by
truncating at zeroth order, approximating the distribution functions by their
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equilibrium form. In this regime, this is equivalent to setting

o =o
g’ =0,

obtaining
ong
E + Vm . (nsus) =0
0
a (psus) + Vg - (psus Qus + nsTsl) =R,
a1 3 1 5
o [2,051@ + 2nSTS} + Vg - [<2psu§ + 2nSTs)us] =S,., s,r=12, r+#s.

(5.16)
As in the classical collision dominated-regime, despite its simplicity, such
closure still provides an efficient approximation in situations close to equilibrium.

Multi-velocities and multi-temperatures Navier-Stokes equa-
tions

In order to close the macroscopic equations system (5.15), we need to provide
constitutive relations for the first-order approximations of the following

1
P = m, / (s ®e)f D)o, gV = im, / cuc? fD) (v)dv

For this purpose, we start by equating O(1) terms in the expansion of (5.2)

ofY
ot

+0 Vo f9 = Qus (19, F) + Qus (f, fO) + D (MY — 0 (5.17)

=)

Now, it can be easily computed that

(0) ) ]
Ofs _ {1 ong 1 (mscs B 3) oT, my ' Oou, fs(o), (5.18)

at ns ot 2T, \ T, ot T TS or |

and

1 1 myc? Mg ]
Vol = [nsvmns taor (T - 3) Vels + 5 Valls - €5 £

1 1 MsC> mg
—— v - mes(o) = l:n’U . ans + f (Ts — 3) (O VmTS + ?(U . Vmus) - Cg fs(o) .
(5.19)
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Making use of the computations that led to (3.24), Euler-like equations (5.16)
can be rearranged into

In
8nt +v-Vgng =cCs - Vgng —ngVg - Us
du, 1 1
22 4 Vau, = ¢ - Vo, — —Va(n,T,) + —Re,
ot s Ps
T, P 21
ot +'U'Vst:Cs'vas_gTsvm'us"_g?ﬂTs (Ssr_us'Rsr) .
(5.20)
Now, (5.18), (5.19) and (5.20) altogether provide
0 5(0) 1 Mg c2
](;t +v- wago) = nsTscs ‘R, + ?S (cs R cs — ;I) : Vaeus
2 1 [(ms, 3 ms 5 5 VT,
o -5 Ssr_ s'Rsr P s " ©
3T, <2TSCS 2)( v )+ (2TSCS 2>c T |
Hence, (5.17) can be reformulated into
L£(hM) = Lc~R + D c®c70—§1 1 Veu
S - nSTS S ST 1—"S S S 3 = . x S
2 1 Mms o 3 ms o 5 VT,
2 3 (S0 — s -Ro 5., Vol | o)
HETWR (2Tscé 2>( sr W S)+<2Tscé 2) ¢ |
(5.21)

0 (MO — )

Remark. Since in the first-order expansion (5.17), fs(l) appears only within

the integrals defining £(hgl)), it s not possible to derive an explicit expression
for it, as done in (3.27) for the classical collision dominated regime. Nonethe-
less, by computing the weak form of (5.21) with respect to the test functions

— 2
Ps = MsCs & Cs, 7MsCsC

5 2, we can still obtain explicit expressions for Bgl) and
1)

a

Remark. As for the right-hand side of the weak form of (5.21) with respect

1
to the test functions ps = mgcs ® cg, §mscsc§, the computations are analo-

gous to those performed for the classical collision-dominated regime, and the
corresponding results can be directly recovered from [8], [9].

We now compute ms [ps cfc;?[,(hgl))dv. Writing

S S o oy o0ySay. _ 1Say. 5,8
CiCj = Vilj — U; U — U0 + Uz u;,
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and recalling that ker([ﬁ(h(l))) = span{1, v,v?}, the contribution from the sec-

ond, third and fourth term vanish when paired to ,C(h( )) Hence it suffices to

consider

Mg / v L(hM)dw .
R3

For it, recalling that under the assumption (3.36) gs(1) = As = const., from
which Ag = 4w\, we obtain

o | [f§°> ()£ D ) + FO () O ()
R3 xR3 xS2

- O (0 w) - 10(0) £ )| oo
\‘/—/

—_——
:ns‘l):O =Nr
- [f (0D (w )+f§1><v;>f§°><w;>]dvdwdw
R3xR3xS2

— 47Tm5)\5ns/ vivjfgl)(v)dv
R3

By exchanging pre- and post-collision velocities in the first integral and recalling
the integral on post-collision velocities (A.11), we get

5o
= 7rms)\s/ {fuivj +wiw; + 2L (v? + w? = 2v - w) + vaw; + fujwi]
R3 xR3 3

x [f§°><v>f (w) + f () 1 (w >}dvdw4msAsns / vy 1D (v)dw
R3

= TAsMs vivjfs(l)(v)dv—l—ns/ wiw; fO (w )dw—i—%ns/ 02 fV (v)dv
R3 R? R3
=0
+ %n / w? ) (w v—75 / vfO(v / wf (w)dw
R3
— —
=0 =0
2
= 3% | ofPdv- | wf®(w)dw
3 R3 R3
=0
+ [ wsOwav [ wiPwide s [ wiOwad [ O wie
R3 R3 R3 R3
=0 =0
+/ vjfs(o)(v)dv/ wifgl)(w)dw—i—/ vjfs(l)(v)dv/ wifgo)(w)dw—élns/ vivjfs(l)dv>
R3 R3 R3 R? R3
=0 =0

:—271')\3/)5/ vivjfs(l)(v)dv
R?)
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where we made use of (5.4).

Furthermore,

/vivjfs(l)(v)dv (5.22)

R3

= [ O+ [ - 0@t [ - O eaeta [ 0@,
R3 R3 R3 R3

—_—
=0 =0 =0

and we have reached
M /11&3 cfcjﬁ(hgl))dv = —2mAps /]Rs Cfcjfsfl)(v) = _271—)\'5”513,5;1) . (5.23)

hence, from (5.21), we find
pst = s ! / (cictes - R )f<0)dv+%/ ciciles®c fc—g D Vau, | fO
G 2w\ | neTy Jgao LS s T, Jpa | ©9\° ST ) TR
1 Mg 3
nsTs /1;3 [Cfc; <2TS Ci - 2) (SST s RST)

s s [ Ms 5 VT < s
ciel (QTS o 2) Cs - % fs(o)d'u} — 1/5(2) /]R3 e e (Mgﬂ) — fs(o)) dv .

As concerns the right-hand side, computations are analogous to the ones
performed in the classical collision-dominated regime and referring to [9, 8] for
a more detailed view of those, it yields

T ous  Ouf 2
pL — _ s i ) IV, udi
s 21\ <8xj + ox; SV v ]>

1 1
+ 2T AsNs Vgg)ps(agg))Q [(ur —Us) @ (ur —us) — §|ur —u)’I|, s,r=12, r#s.

Wl

f0dv

in which we can notice the strain tensor multiplied by the viscosity coefficient

21

Hs

and also additional contributions involving the differences among species mean
velocities, specific of the present multi-velocity and multi-temperature hydro-
dynamic regime.

As regards the first-order approximation of the heat flux vector qgl), starting
from

2 2 2 2 2 2
cics = vv° Fous —2(uiv; + ujvv; Fupvivg) —uivC —ujui 4+ 2uiug v, (5.24)
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and recalling that ker([ﬁ(hgl))) = span{1,v,v?}, we get
1 1
fms/ & L(hY)dv = fms/ viv? L(hM)dw
2 R3 2 R3

— mgu; /RS v2L(hM)dv — msu; /]RS vivjﬁ(hgl))dv — msuj, /]RB viuR L(hM)dv

1 1 1 1
=g | v L(hD)dv + 2 Ay (ufPfi( "ruspy 4P >) . (5.25)
where we used (5.22), (5.23).
Now, recalling (5.4) and (A.10), we derive
1
fms/ viv? L(RY)dv
27" Jas
1
= 5mss {fﬁ‘” (WO FP (wl) + FD () FO () = £ () {1 (w) = £V (0) £ (w) } dvdwds
R3 xRS X §2 —— ~——
:ngl):o =ng

1
= fms)\s/ viv'? [f§0)(v)f§1)(w) + f1 (0) f1O (w)} dvdwdw — 27rmsns)\5/ 002 fV (v)dv
2 R3 XR3 x§2 R3

1
= Ims)\s/ ;02 + wiw? + v2w; + vyw? —1—7(1)2 +w? — 2uw; — 2ujw; — 2vwg) (v + w;)
2 R3 xR3 —_—— 3

x [fs(o)(v)fs(”(W) + D (0) £ <w)} dvdw — 27\ ps / v;v? f{M (v)dv
]RS

= ﬂ-ms)\s{Qns/ vivzfgl)('u)dv
2 s

1
+ 3 (11,112 + wyw? + v:w; 4+ v;w? —ZU?wi — Qinf — 2uv5w5 — 20;w;w5 — 20;VWy — QUkwiwk)
R3 X R3 —_—

=0
x [féo)(v)fs(”(w) + FP )£ <w)} dvdw} — 27\, / viv? [ (v)dv
R3
8 4 4
= gms)\s (an /R3 viv? fH do — gnsuf /R3 v fdo — gnsuj /R3 vv; f dv

4
— gnsu;/ vikas(l)dv> —27r)\5n5/ viv2f§1)(v)dv
R3 R3

2
= ——TAsPs / 00?2 fVdv + ug / 02 f D dw + usi/ vivjfgl)dv + ’U,'Z/ vivpfPdw | .
3 R3 R3 J R3 R3

As concerns [g; v;v? v, from (5.4), (5.24), we have

/ vafs(l)d'u:/ cic? S(l)d'u+2<uf/ vffs(l)dv-i-u;/ vivjfs(l)dv—i-ui/ vikas(l)d'u>.
RS RS RS RS RS
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Hence, using (5.22), (5.23) we obtain
1 2
fms/ UZ'UQ,C(hgl))dv: —*ﬂ'/\sps/ cic? (1)d
2" Jos 3

— 27 Agps (uf/ 02 fWdo + uj/ v fV dv + uz/ vikas(l)dv)
R3 R3 R3
2
— —§7r)\sps /RS cfcgfs(l)d'u — 2T AN (ulel + uijJ + ZPfk(l)) .

Ultimately, from (5.25), we obtain

e

ms/ 2E(h(l))dv = —771')\ sNsq;
RS

As for the pressure tensor, we resort to [9, 8] for the computation of the
following from (5.21)

o 3me f 1 O 4 M
% = 47r/\sns{nsTs /Rs(c €s€s  Rar) f v + Ts Jrs

3
2 1 9 ms o 3 5 ms
o Ssr - Wg Rsr (O)d / 2 2 _—
3 ]R3 [CZ S <2T 2)( u )1fs v+ ]RS CZCS 2T5 S
- / i (MY — 1) o
R3
we obtain
157 15
gV = —— VT, + ——a v (T, — T)(u, — uy)

STmsAs 4\

4 .
+ D @) Gars — ) —u)t, sr=12, r#s,
TAs

where the first term on the right-hand-side is proportional to the opposite of

the gradient of species temperature by means of the conductivity coefficient
15T
STMsAg

fs:

As in the case of the pressure tensor, the additional contributions involv-
ing differences between species velocities and species temperatures are due to
the considered asymptotic limit in which only intra-species collisions play the
dominant role.

Remark. The same computations can be repeated with the standard Maxwellian
assumption
9s = gs(1)

where p is the deflection angle p = [i - w, obtaining the same results, provided
that one substitutes

%WAS with AP =2 / gss(1) (1 — cos® () sin(p)dps
0
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5.2 Fluid-kinetic equations for mixtures

Sticking to the assumption ys. = ds-, as in (5.1), we consider a binary gas
mixture in which one species has a mass much heavier than the other, i.e.,
mi >> Mma.

By setting
1
Bii=¢, Pra=P0i2=1, Por=-

6 b
in the dimensionless system (5.1), we obtain the following scaling

o 1

% +v-Vafi = an + vi2 (Mi2 — f1)

” (5.26)
(’th T v Vg fo =vo (Mo — f2) +eQa2.

This framework defines a rescaled kinetic system that in the asymptotic limit

will lead to the so-called fluid—kinetic regime, which arises when the components
of a mixture experience collisions on different timescales. In such situations, it
can be seen how the different timescales influence the trend to equilibrium: one
species rapidly attains local equilibrium and can be described by macroscopic
balance equations, while the other remains out of equilibrium and requires a
kinetic description, [22, 33].
In the regime considered here, the asymmetry between the two species originates
from their strongly disparate masses. The heavier component relaxes toward
equilibrium much faster than the lighter one, as its larger mass implies smaller
velocity variations in individual collisions and thus a faster equilibration process
on the kinetic timescale. Accordingly, its distribution function is expanded as

=10 eV,

and we can apply the standard Chapman-Enskog expansion.

In contrast, the light component undergoes more significant changes in veloc-
ity during collisions and relaxes on a slower timescale. Its distribution function
is therefore written as

fo =Mz + go,

without introducing the small parameter ¢, since go may represent a deviation
of order one from local equilibrium.

This scaling emphasizes the physical structure of the fluid—kinetic mixture:
the heavy species rapidly equilibrates and behaves as a fluid, while the light
species evolves on a kinetic timescale, exchanging momentum and energy with
the species 1, active as a background.

Going through the standard Chapman-Enskog expansion for species 1, mak-
ing use of what computed in the previous section, at the leading order we find
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Qu(f”) =0. (5.27)

and this implies

3
© _ g — my (w—w)?
fl o Ml -m <27TT1> exp{ 2T1 ’

and that the hydrodynamic variables will be the macroscopic fields of species 1,
so that

ngo) =n; n(ll) =0
ugo) =u ugl) =0

=1, TV =0,

)

By following the same procedure performed in the previous section, we
directly find the Navier-Stokes balance equations for the macroscopic fields
ny, w1, 11
3711

E“rvw'(nlul) =0

%(plul) + Ve - (prur @ uy + i I) +eVy .Bgl) — Ry,

01 3 1 5
(5.28)
where

Ris = Apasimining(us — uy)

S12 = Aparpaaining [3(Te — T1) 4 (myuy + maus) - (ug — uq)],

and the closure of the system above is provided by

Ty (Our Oul 2
P(l) - _ 1 i j 4 . 5
L1 27T>\1 3xj + 61'1 3 Va; U1 j
0 0)\2 1
2T AT ’42)/?1 (agz)) [(UQ —u1) ® (ug —uy) — g\uQ —u|’I| ,
1 15T 15 0, (0
qg '= _mval + A a12u£2)(a§2))2(T2 —T1)(us — uy)

4 2
+ e (a1) (Gaar — af)(uz — ).

As concerns species 2, we aim to extend the micro-macro decomposition in-
troduced in [2, 21]. This approach, originally developed for numerical schemes

87



applied to Boltzmann-type equations for mixtures, allows one to accurately cap-
ture the compressible Navier—Stokes dynamics at small-Knudsen-number. The
central idea is to express the distribution function as the sum of its local equilib-
rium, which satisfies a fluid-type equation, and a kinetic remainder accounting
for deviations from equilibrium. Accordingly, we decompose fo as follows

fa=Mz+g2,
and since fo and My share the same zeroth, first and second order moments,
we have (g2, p2) = 0, for o = 1,v,v%

Using the decomposition above, the equation for species 2 can be reformu-
lated as

8/\/12 392
5 TU VeMat T8 v Vg (5.29)
= 11 (Ma1 — My — g2) + €[ Q22(Ma) +Lo(Ma, g2) + Qa2(g2)]
—_——

=0

where L2(Ms, go) is the linearized Boltzmann operator of species 2, i.e.

L2(Maz, g2) = Q22(Ma, g2) + Q22(g2, M2),

which, by standard arguments, can be shown to possess the same collision in-
variants 1,v,v? as the linearized Boltzmann intra-species operator E(hgl)) in-
troduced in the previous chapters.

Let us consider the Hilbert space L%vlz’

1
L3, = {¢ LM, € L2dv} ,
with the weighted inner product

(00):= [ oM o,

Given its subspace
N, = span {MQ,'UMQ,UQMQ} ,

we call ITxq, the orthogonal projection in L%AQ on the subspace Ns.
Given the orthonormal basis By of N3, we have

1 1 v— 1 1 — 2 1
By = span{n2 Mo, ﬁvfuzng Mo, \/; <(’UT:LQ) - 3> Ny 2./\/12} = {b%,bg,bg},

Ty ma
ma

and
3
i, (8) = Y (6, b5)b5 (5.30)
n=1
M, ma 1| (v—uy)? (v — uy)?
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Lemma 3. From standard properties of the orthogonal projection on an Hilbert
space, it holds that

(1~ ) (M) = (1 = M) (2512 =0,
HMz (92) = HMz (aagf) =0,
M, (L2(Ma, g2)) = T, (Q22(g2)) =0,

and
maoagy (ug —ug) - (v —ua) 1| (v—uz)?
HMz(M21)=M2{1+ 4= - _3
315 6 77722

3151 me
X |: o —‘rE (u%l—i—aglug-(ug—ul)) —3:| }

Proof. e Since ITxq, (Msa) = My, it holds (I — Iy, )(Mz) = 0.

0
e From (5.18), Mo is a linear combination of My, v Ma,v2Msy. Hence

o o 0
22 € N, and therefore Iy, (2582) = 222,

e From (pa(v),g2) = 0, for po(v) = 1,v,9?, it follows that the weighted
integral

3<P2(v)g2dv:0 = g2 LNy = Tag,(92) =0.

(p2(v) Mz, go) = /

R

e Analogously

892 0

(«pg(v)Mz,at) = 5 (P20 Mz, g2) =0 = ILy, (‘if) ~0.

e From (5.30) and the fact that 1, v, v? are collision invariants for both
L(Ma3,g2), Qa22(ge) it follows that they are orthogonal to N3 and then

M, (£( M2, g2)) = TTm, (Q22(g2)) = 0.

89



o From Iug, (¢) = Yoo, (6, b5)b%, we get
3

3
M, (Ma) = S (Mar B0 = D285 [ Mty o
n=1 R3

n=1
M 1 - M
_ M me,wg./ (v — uz) Mardv
U») R3 3 T2 N9 R3
1 — uy)? — up)?
+ - L Tuz)* -3 &/ (v Tuz)* — 3| Mardv
6 m—ZZ ) R3 ’m722

3 Ty 2T

mao n2

:M2+1m2a21(u1—ug).(v—uz)M N 1 l(v_w_?)] Mo

X {mQ/ (v? 4 u2 — 2uy - V) Myrdv — 3n2}
Ty Jos

315 6 Ty

mo 3T21 ]
X |:CZ—‘2 (U§1+m+u2'(u2_u21)) _3 }

:M2{1+m2a21(ul—’LLQ)'(’U—’UQ) 1 _(’U—'U,g)2 _3]

3T *e T,

3T: m
X 21 + —2 (u§1 + az1ug - (ug — Ul)) -3 .
Ts T

O

We now apply the orthogonal projection I — IIxq, to the kinetic equation
(5.29) and, using lemma 3, we obtain

0
% + (I = m, ) (v - VaMa) + (I = g, ) (v - Vago)

=va1(I —Ila,) (Mo — Mo — g2) + € [L(Ma, g2) + Q22(g2)]

maoagy (g —ug) - (v —ug) 1| (v—uy)?
=vy1q Mo — Maq 1+ + |2 3
21{ 21 2{ 3T 5 7%

X [3;21 + 7;2 (u3) + agius - (w2 — uy)) — 3} } - 92} +e[L(Mz,92) + Q22(g2)] -
2 2

On the other hand, computing the weak form of (5.29) with the collision invari-
ants o (v) = 1,v,02, along with (p2(v), g2) = 0, we get

2 (2(0), M) + Vo (92(0), 0Ma1) + Vi - (02(0), )

= va1{pa(v), Moy — Ma) .
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Altogether, this yields a coupled microscopic—macroscopic system for the
lighter species

0
T (= Tlw,) (v VaMa) + (I = Tug,) (v Virg)
— . — 1 _ 2
:1/21{M21—M2{1+m2a21(u1 3’;22) (v —u2) ; (v nTgLQ) 4

X {3521 + % (u3;, + az1ug - (ug —uy)) — 3} } - 92} +e[L(Ma, 92) + Q22(92)]
P 2

9
ot

(p2(v), M2) 4+ Va - (p2(v), vMa1) + Vo - (92(v), vg2) = va1{p2(v), Ma1 — My).
Analogously to what was done for the ful-BGK model in [2, 44], it can be

proved that the Boltzmann-BGK equation for f in (5.26), is equivalent to the
above system of equations for g, and Ms.
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Chapter 6

Convergence results

In this chapter we investigate the challenging problems of finding convergence
results for our mixed Boltzmann-BGK model. Specifically, we look for the rate
of convergence of distribution functions towards the Maxwellian ones.
This problem has been studied extensively for single species Boltzmann equa-
tion. In particular, in 1979 Cercignani proposed the following conjecture for a
single gas [17]:

D(f) > cH(fIM),

where D(f) is the entropy production functional, defined as
()=~ [ Qpogsav,
R

H(f|M) is the relative entropy with respect to the local Maxwellian M

H(fIM) = /]R Flog %dv, (6.1)

and c is a positive constant. Subsequent investigations have shown that this
conjecture is generally false for all distributions f, due to the presence of very
slow relaxation tails [14]. However, a weaker form of the conjecture,

D(f) = cH(f| M),

has been proven to hold under the assumption of hard potentials with angular
cut-off [24], while exponential convergence has been established for distributions
sufficiently close to equilibrium [37].

Regarding the BGK operator, the stronger version of the conjecture is known
to hold for a single in the space homogeneous case and it follows directly from
the ordinary differential equation

atf = I/(M - f) 9
and from the fact that M does not depend on ¢.

In the case of a mixture, the problem is more difficult to deal with and it has

92



not been fully investigated yet in the present literature. For this reason, in
this chapter, we are going to derive the exponential convergence rate towards
the Maxwellian species distributions for a hybrid Boltzmann-BGK model for a
binary mixture, with Boltzmann intra-species operators.

Restricting ourselves, as is often done in this context, to the spatially homoge-
neous case, we obtain the following system

Oufr = Q11 +v12(Maz — f1)

Orfa = v21(Ma1 — f2) + Qa2

(6.2)

We begin by proving the exponential decay rate for the difference of the
velocities and temperatures.

Theorem 1. In the space-homogeneous case (6.2), we have the following decay
rate of the velocities
uy —up = e “w(ud —u?) (6.3)

With ¢y = V12aG12 + Va1a21, and u(l), ug denote the initial values of the diffusion
velocities.

Proof. By the fact that v is a collision invariant for the Boltzmann intra-species
operator,

8t/ ’Ufld’l) = V12/ U(M12 — fl)dv
3 R3
> Ouy = via(wi2 — u1) = vigaia(us — uy) .

Analogously,
Oy = vo1a21 (U1 — ug)

Hence
O¢(ug —u1) = —(viga12 + vo1a21) (U2 — up)
= uy —u; =e “(u) —ul) .

O

By an analogous reasoning, albeit with a slightly more involved computation,
we obtain the following

Theorem 2. In the space-homogeneous case (6.2), we have the following decay
rate of the temperatures

Ty — Ty =t |19 =70 — L (=2t — 1) | (6.4)
C2
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with

cr = vi2bia + va1bay
1 pia(varas — vizarz)(ud — uf)?(my + mp)?
€1 =3 ) 2
3 A12(m1n1 + mgng)
2A15 (m%nl + m%ng)
Cy =
(my + ma)?

2

Proof. Again, since v* is a collision invariant of the single species Boltzmann

operator, we have

m13t/ v? frdv = m1V12/ v*(Miz — fi)dv
R3 R3
3T 3
< ml(?t {u% + 1:| = mili2 |:’U,%2 — U% + 7(T12 — Tl)
my my
<~ 2miu; - Oy + 30,13
= miVi2a12 [a12(u2 —u1)® + 2uy - (ug — “1)} + 3v12 [le(TQ = Th) + ma(ug — ul)z]
= 2miviza12uy - (ug — 1) + 3v12b12(Th — T1) + 2myvisaizas (us — up)?,
since 12 = myvi2a12(a12 — a12).

Then
30;T) = 3v12b12(Ty — T1) + 2myvizaisca; (us — ug)? .

In the same way, we reach
30,T> = 3va1ba1 (Th — To) + 2mavaraziara(ug — uq)?
Hence, taking advantage of (6.3), we find

2
O(To — Th) = — (v12big + vo1bo1 ) (To — T4) + §M12(V21a21 — v12a12) (ug — up)?
~————

=cCcT

2 o
=—cp(Th —Th) + §M12(V21a21 — v1za12)(ud — ul)? e~ 2wt

=C1
<~ 8t(T2 — Tl) = —CT(TQ — Tl) + Cle_QC“t .

Duhamel formula gives
t
Ty =Ty =e 7t {Tzo —TY + cl/ eler=2cu)s gg ,]
0

where ) )
miny +msn
cr — 2Cy = —2A12M = —cy <0.

(m1 +ma)”
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Redefining ¢; as

o _ 1 pria(va1a21 — viza12)(ud — u)?(my + mo)?
3 Az (ming 4+ ming)

C1 = s

we have
Ty =Ty =e T [T9 =T — 1 (' — 1)]

From Theorem 1 and 2, it follows

Theorem 3. For the space homogeneous system (6.2), for any species s = 1,2,
the difference between us (or Ts) and the corresponding mizture field w (or T)
exponentially decreases in time according to:

pr

u—ug = —(ud —ul)e !

p

Ny _ 0 o €1, _ PspP: 0 02 —2cq
T—TS:;Te ert TT—Ts—a(e et 1) + i:pr(ur—us)e cut

with  s,r =1,2,, r # s, the constant ¢y, ca, ¢y and cp defined in Theorem 1

and 2 and ugo)! uéo), Tl(o) and TQ(O) are the initial values for species velocities

and temperatures.
Proof. From the definition of u,

_ p1u1 + paus
=t 1rr2ee

p1+ p2
we obtain P .
u—u = —(Us —uy) = ?(ug —ud)ecut,
On the other hand, the definition of T,
ni1Ty + nods 1 9 2
I'=s——"—""+ uU—u u—u )
i, 3 [ ( 1)” + paf 2)°]
implies
T —T, 1 2 2
ToT = m( 2 1) L { P1P3 . P1P2 2} (ug _ u(l))ze—zcut
ny + ng 3 L(p1+p2)?  (p1+p2)
N2 _cpt |0 0 Cl, —cot P1P2 , o 0\2, —2cuyt
== T —T17 — — 2t 1 —_— — ut
emert 19— 10— Dot 1) 4 B2 - w2
Obviously, w — us and T — Ty are derived analogously. O

We show now some elementary properties of the distribution function f;
and of the Maxwellian distributions M which will be used in the subsequent
theorem.
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Lemma 4. For a space homogeneous inert gas mizture, if we denote with M
the Mazwellian function characterized by the same fields ng, us, T of the species
distribution fs, it holds

8t~/\/ts

M. dv=0.

[s
R3

Proof. Since we are in the space homogeneous case,

_ Oins My Mg 9 3
atMs - { e + Ts atus : (’U - us) + |:2T3 (’U - us) - 2Té:| 8tTS}Msv

(6.5)

then, taking into account that in an inert space-homogeneous mixture dyns = 0,

8,/\/[5 mg mg 3
j\/ls — iﬁtus (v —us) + {21182(1)1%)2 - 2TJ T .
Hence,
M m m 3n
s Sd :788 s _ssd . _SQSd_ SaTS
RSf M. v T. X /Rg(v us)f U+[2T§/Ra(v us)? fsdv QTJt
—_—
=nsus—nsus=0
3ng  3ng
hn 2@]&5 0
O

Lemma 5. As in lemma 4, for a space homogeneous inert gas mizture, it holds
8tMsdv =0.
R3

Proof. By (6.5), we have

3 Ng

mg 9
. /Rs(v —ug)Mgdv + 9, T} {ZTE /]R3(U — uy)*Mdv — 5T

msatus
OMdv =
R3 ' Y T

1 3n
=0T, [ —3n,T, — -2 ) =0.
' (2713 " m)

We now prove the upcoming lemma.

Lemma 6. Let H denote the classical Boltzmann H -functional

H(f) = [ f(o)log()dv.
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Given masses ms, densities ns, velocities us, temperatures Ts (s = 1,2), the fol-
lowing relation holds, connecting the H -functional computed in the Mazwellian
attractors Mis, Moy defined in (1.26) with the one computed in the local
Mazwellians My, Ms:

vioH(M12) + va1 HMay) < vi2H(My) + vo1 H(Ms)
Proof. One easily checks that

- 3 Mg Mg 9
log M =logns + B log (27TTS> ~ar (v —us) (6.6)

3 mg ms 2
log M, = logn, + 5 log <27TTST> - (U - usr) )

that leads to

3 Mg 3
H(Ms) = Ns {IOgns + 510g (27TTS) - 2}

3 Mg 3
H sr) — Tls 1 s =1 -5 )
(M) =n {ogn +3 og(%TTsr) 2}

and the inequality we aim to prove becomes equivalent to

3 3
viong < log |ng (@) - §10gT12 + vo1n2 4 log |ne (@) - §10gT21
2 2 2 2
mi\ 5 3 ma\ 5 3
< wvi9nq < log |ng (—1> — —logTi ¢ + v91n9 4 log [ne (—2) — —logTs ; ,
2w 2 2w 2

namely

< V12N log Tio + Voo IOg Th1 > viang IOg T1 + va1n9o IOg Ts.

The only condition we have imposed on v, is vg. > %)\Srnr7 guarantees the
positivity of the coefficients v, appearing in T,, hence by the monotonicity of
the logarithm, the left-hand side of the last inequality becomes

vigny log [(1 = bia)Th + bioTs + vi2(uy — u2)?]
+ varnglog [(1 = ba1)To + b1 T1 + Yo1 (ur — u2)?]

> vigng log [(1 — bi2)Th + bi2T5] + varnglog [(1 — bo1)Ts + ba1 T4 ] .

Knowing that 0 < b, < 1 and exploiting the concavity of the logarithm, the
inequality to be proven develops into

viany [(1 = b12)log Th + b1 log To] + va1ng [(1 — boy) log Ty + bay log T ]

Z V1N lOg Tl —+ 919 log T2

T: T;
<= vion1bislog ?2 + v91M9bo1 log Tl >0.
1 2

97



By the definition of b;;, we have

mimsa

vignibiz = 2ning 5 A2 = va1n2b21

(m1 +my)
and the thesis is proven. O

We are now ready to prove the convergence rate of each species distribution
fs towards the corresponding local Maxwell species distribution M.

Theorem 4. In the space homogeneous case, with the relative entropy H(f|g)
defined as in (6.1), we have the following convergence rate of the distribution
functions fi1 and fo towards the local Mazwellians My and Mo

iy k —v v—2c
=Ml ) < 4e™ 3 [HPIME) + HUSIME)|+——oe ™ (72 —1)

2c

where MY and M3 are the local Mazwellians depending on the initial values for
species velocities and temperatures, and

v = min{va, vo1}

mimaninalio { 3
k= X

(i -+ ma)2hr [@W+dxm+mm@ﬁf}

kr
¢ =min{cy, cr},

with kr = min{TY, T9}.

s=1,2,

Proof. We consider the entropy production of each species Ds(fs, f) := —(log fs, Qs),

Di(f1, f2) = —/]RS log f1Q11dv — v12 /]R?’<M12 — f1)log f1dv.

Since the function h(z) := zlogx — x satisfies h'(z) = logx and is convex,
we can deduce

Di(f1, f2) = _/]RS log f1Q11dv — V12/ h/(f1)(/\/112 — fi)dv

R3

> —/R3 log f1Q11dv + 12 /RS [h(f1) — h(M12)]dv

= */ log f1Qu1dv + vi2[H(f1) — H(Mi2)] .
R3
In the same way we get a similar expression for Da(fa, f1).
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By recalling the expression of log M provided in (6.6), and bearing in mind
that fs and M, have the same moments, we have

/ (M — fs)log Mgdv =0,
R3
then

I—I(fs|-/\/ls):/R3 fs(lngs_IOng)d'U:/ [fs(lngs_IOng)_<Ms_fs)long]dv

R3

= flegfsd'U*/ MSIOngdU:H(fs)fH(MS)'
R3 R3

Moreover, from lemma 6 and from the well known inequality f]Ra log fsQss(fs)dv <
0, we get

D1 (f1, f2) + Da(f2, f1) > */ log f1Quidv + vi2(H(f1) — H(M1))
R3

— /]RS 10g fQQQQd’U + V91 (H(fg) — H(MQ))

> vigH (f1|My) + vo1 H(f2| Ma)
= —[Di(f1, fo) + Da(f2, f1)] < —[v12H(f1|M1) + vo1 H(fo|M2)]. (6.7)

Using lemma 4, we now compute

% [H(f1|/\/l1) + H(szz)]

:/RS& [fllOg/\J:;J dv—&—/RSBt {fglog@} dv

= /}R3 {5tf1(10gf1 —log M) + f1 [;latﬁ - 35\//1\/111} }dv

=0

-F/R3 {3tf2(10gf2 —log M3) + f2 [;28th - 85\'//\1/212] }dv

=0
- / 10,f1(1og f1 — log My)] do + / 04 o (log f — log Mo)] do .
R3 R3

By recalling the expression of d; fs from the space homogeneous system (6.2),
we get

99



0 0

E[H(JHMI)] + E[H(fﬂ/\/b)] (6.8)

- _/ [Qu1 + v12(Maz — f1)]log /\J%dv + /R3 [V21(Ma1 — f2) + Qa2] log /\{lizdv

R3

= / [Q11 + v12(M12 — f1)] logfldv+/]R [V21(Ma1 — f2) + Qa2] log fo

R3 3

—D1(f1,f2) —D3(f2,f1)
3

- [1/12/ (Mi2 = f1)log Mydv + 1/21/ (Ma1 — f2)10gM2d0:| )
R3 R

where in the last equality we used that log M provided in(6.6) is a linear
combination of collision invariants for the Boltzmann intra-species operator.
We now focus on

_ 1/12/ (M2 — f1)log Mdv = 71/12/ (My2 — f1) {log lnl (le>
R3 R3 7TT1

m
= V1271/3(M12 — fl)(v2 —&—u% —2u; - v)dv
R‘

3
2

m 3n m
= V12n127T11(u%2 —u?) + 27;1/12(7112 -Ty) — u12n12—Tlla12(uz —uy) U

ni

= ﬁ{mlalg [alg(UQ — U1)2 — 2u1 . (u1 — UQ)]

+ 3u1b12(To — T1) + 3vio712(u2 — w1)® — 2v19maaiouy - (ug — u)}

Viam V12G120(12M
= ;;_, ! [3b12(T2 — Tl) + m1a122a21(u2 — ul)ﬂ = % [3b12(T2 - Tl) + m2(u2 - u1)2]
1 1

a
= T [3b12(T2 — Tl) + m2('“f2 - ul)ﬂ ,

1
having set

o - mM1MmaninaAia o
V12G120012M1 = V21G21021M2 = — 5 ‘= Q@

(my +mg)?

Obviously, analogous computations lead to

—V21/ (M21 — fz) IOgMgd’U = ,1% [3b21(T1 — Tg) + mg(’u,z — u1)2]
R3
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Hence the sum of the two yields

1 1 mg My
— (T =Ty + —(Ty, — T —up)? | ==+ —
3a {Tl( 5 1) + Tg( 1 2)} +a(uz —u1) {Tl Tg]
L (T —Ty)? 9 [mMm2 My
=3a T +a(ug —uq) T, T

So, recalling the decay rate of the velocities and temperatures proved in
Theorem 1 and Theorem 2, we get

71/12/ (Mu*fl)longd’l}*Vm/ (Mglffg)logMQd’U
R3 R

3

= 3qe 2Tt [TQO S (6762)5 — 1)]

+ a(ud — uf)2e 2t [m2 ml}

T\ T, T
Using the exponential decay of the temperatures difference along with kp :=
min{7?, 79}, and the fact that 0 < 1 — e < 1 for any k& > 0, the latter

expression can be controlled from above with

a
—2crt + 7(,“8 _ u(1)>2(m1 +m2)6_20“t < ke—Qct ,

3 TO _ TO 7
alfz =10+ e kr
with
3
k= amax{2 [T9 — TP + c1] ,m(ug - u?)Q}
k7. kr
¢ = min{cy,cr} .
Hence

O [H(filM1) + H(f2|M2)] < —[D1(f1, f2) + Da(fo, f1)] + ke >
< —min{vig, vor } [H(f1|M1) + H(fo| Ma)] + ke .

We set v := min{v2, 21} and apply Duhamel formula

H(fu M) + H(fo| Mg) < e [H(FOIMO) + H(FIMY)] + ke / =295 gy
0

k
= e [H(IMS) + HUEIMY)] + —— (72 — ™)

With the Ciszar-Kullback inequality (see appendix D) we get
[ fs = MsllL1(aw) < Z [ fs = Ml (dw)

s=1,2

_1, k —v v—2c
< e [H(fIMS) + H(BIMY)] + e (#7297 1)

101



The positivity of the right-hand side is assured by the fact that both -~ ’;C
(v—2¢)t
e _

and 1 are positive if v > 2¢, and both are negative if v < 2c.

O

Remark. The proof still holds for the full BGK description, with the only dif-
ference that we find

—[D1(f1, f2) + Da(f2, f1)] < — (111 + v12) H(f1|M1) + (Vo1 + ve2) H(f2| M2)] ,

and then v = min{vy1+v12, 1/21—|—1/22}, whffre V11, Voo are the collision frequencies
of the intra-species BGK operator Q11, Q22.

Remark. Since we have demonstrated, in Theorem 8, that velocities and tem-
peratures converge exponentially towards the mizture velocity and temperature
respectively, Theorem 4 could be considered representative of the exponential
convergence of the distribution functions towards the Mazxwellian equilibrium
distribution.
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Conclusions

We have proposed and investigated a mixed Boltzmann—BGK kinetic model for
an inert gas mixtures of N constituents which allows some kind of interactions
to be modeled by Boltzmann operators and others by the binary BGK relax-
ation terms built up in [13]. As well known, the Boltzmann description is able
to take into suitable account the intermolecular potential and the microscopic
impact parameters of each collision. On the other hand, a BGK approximation
neglects some microscopic details of single interactions, preserving only some
basic features as conservation laws and entropy dissipation, but it turns out to
be more manageable from the numerical point of view and also in the analytical
derivation of hydrodynamic closures [9)].

Some possible combined uses of nonlinear terms coming from Boltzmann de-
scriptions and of linear contributions from BGK operators have already been
proposed in literature in view of numerical approximations [36, 45], but for the
first time in this thesis we have proved that a general mixed Boltzmann-BGK
description is consistent even from the theoretical point of view. Specifically, we
have shown that our general model correctly reproduces conservation laws and
Maxwellian equilibria of the Boltzmann kinetic equations, and even the entropy
dissipation property is fulfilled. The proof of the H-theorem is based on the
fact that entropy dissipation holds separately for the single-species Boltzmann
or BGK operators, and for the two symmetric operators relevant to each pair
of interacting species (s,7), with r # s, both of Boltzmann or of BGK type.

In several problems for mixtures of rarefied gases, differences between the re-
sults corresponding to various interaction potentials may be more appreciated
in presence of nonlinear terms [48]. On the other hand, it is known that the evo-
lution is driven by heaviest molecules, leading to unexpected behaviors in high
order moments, as heat flux [30]. In this respect, our hybrid model is devised
to describe the evolution of gas mixtures whose constituents show different fea-
tures, and allows to treat the most meaningful binary interactions, as the ones
involving heavy particles or higher collision frequencies, by accurate Boltzmann
operators, and to approximate by simpler BGK terms the interactions playing
a minor role in the global evolution of the mixture.

The framework of this model allows for the study of different hydrodynamic
regimes. In this respect, we have performed at first the Chapman—Enskog
asymptotic procedure at Euler and Navier-Stokes accuracy for the classical colli-
sion dominated regime. In particular, the linear system of the diffusion velocities
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does not depend on the coefficients x, ruling the choice of the collision opera-
tors, showing that their expressions are independent of which interactions have
been chosen to be modeled by the Boltzmann or BGK operators. As concerns
the first order correction of the pressure tensor and of the heat flux vector, the
simultaneous presence of the linearized Boltzmann operators and of the first
order correction of BGK relaxation terms makes their explicit computations
impracticable. Nonetheless, we demonstrated the non-singularity of the system
matrix associated to them and thus leading to an effective closure of the Navier-
Stokes equations.

Within the same collisional regime, we have investigated the particular case
with intra—species collisions modeled by Boltzmann operators and inter—species
interactions by BGK terms. In this case, it is possible to prove the existence and
uniqueness of the first order distribution functions, whose expression, however,
cannot be made explicit. Anyway, taking advantage that the only linearized
Boltzmann operators involved in the computations are the single-species ones,
we established an explicit expressions for any of the additional macroscopic un-
knowns of the Navier-Stokes system.

In the last part of the thesis we focus on binary mixtures, investigating two
different collisional regimes. In the first one both intra-species collisions play a
dominant role. This scaling defines the so-called e—mixtures, namely mixtures
composed by particles with strongly different masses, with energy transfer be-
tween different species occurring on a much slower timescale than within each
species [26]. In this case, the Chapman-Enskog procedure leads to a multi-
velocities and multi-temperatures Navier-Stokes system, where source terms on
the right-hand side are representative of the slow collisional dynamics and, con-
sequently, of the transfer of momentum and kinetic energy between the two
components.

The second regime addresses a mixture of heavy and light particles, in which
only the heaviest intra-species collisions play a dominant role, while the lightest
intra-species encounters account for the slowest process. The asymmetry be-
tween the two species stems from the large difference in their masses. Because
the heavier particles experience smaller velocity changes during collisions, they
approach equilibrium much more quickly than the lighter ones. As a result,
their distribution relaxes on a significantly shorter timescale, while the lightest
species remains far from equilibrium and retains a kinetic description [22, 33].
This results in a coupled microscopic—macroscopic system, where the evolution
of the heaviest species is governed by Navier-Stokes equations, while the lightest
species retains a mesoscopic description.

In the last chapter, we have derived the exponential convergence rate towards
the Maxwellian species distributions for a hybrid Boltzmann-BGK model for a
binary mixture, with Boltzmann intra-species operators. Restricting ourselves
to the spatially homogeneous case, as often done in this context, we have first
demonstrated the exponential decay rate of the velocities and the temperatures
and then the exponential convergence rate of the distribution functions towards
the local Maxwellians, depending on collision frequencies and relaxation param-
eters.
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The present results suggest some further research lines. First, the intra-species
dominated regime, investigated in this thesis only in the case when the intra-
species collisions are described by Boltzmann operators and inter-species in-
teractions by BGK terms, could be studied for the more general model with
arbitrary chosen collision operators.

Second, we would like to extend to an arbitrary number of species N the fluid-
kinetic description performed in Chapter 5 for a binary mixture. Furthermore,
it would be interesting to investigate the exponential convergence of the dis-
tribution functions towards species Maxwellian or towards global distributions
in the case of a generic N —components mixtures. Some preliminary attempts
show that additional difficulties arise in the decay rate estimates for velocities
and temperatures and the exponential convergence may be lost.

105



Appendix A

Computations on pre- and
post-collisional velocities

Recalling the expressions of post-collision velocities in an inert gas mixtures

vl = agv + ars (w4 |y|w) A1)
W, = W + ag (v — |ylw)
we obtain
, MgV + Mpw my
= Ty (4.2
thus
, msv + myw My
v, — V= + |lv — wlw—v
my + Mg ms + m,
msv + m,w s \v—w\w— msv + m,v
My + Mg Mg + My ms + My
_ M0 + mew + me|ylw — msv — mpv (A.3)
- Mg + My
m?”
= w— v+ w
. mr( lylw)
m,
=— — |ly|lw) .
i (v — lylw)
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Analogously,

V2 — 2 = (msv + myw)? m; 2w
sT (ms +m1‘)2 (ms +mr)2
2m
+ —————(msv +mw) - ylw —v*

(ms +my)?

m2v? + m2w? + 2mem,v - w + m?2(v? + w? — 2v - w)
(ms + mr)2

2m,.(msv + myw) - |[ylw — (m? + m?2 + 2mym,.)v?
(ms +m,.)?

2m
= —m msv2 _ mrw2 _ (msv + mrw) . |y|w 4 (mr _ ms),v Lwl .

The term within the square brackets provides

msv? —mpw? — (mev +myw) - lylw + (m, —my)v - w

(A.4)
= (msv + mrw) ' (y - |y|w) 5
hence
2m,
V2 —0? = —W#T)Z(msv +myw) - (y — |ylw) . (A.5)
We now rewrite in polar coordinates
1
[ ool e = 52m [ gyl (4.6)
-1
and we define .
oDy =2n [ (1= p)garlyl win (A7)
-1

Product of post-collision velocities

Recalling (A.1) for v, and w/,, and using the following integrals on the unit

ST
sphere

4
/dw:47r, /wgdw:O, /w?dw:—ﬂ, C=1,5,k
S2 SQ SZ 3

(A.8)
/wgwmdeO, CFm, Lm=1i7jk;
SQ
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we obtain
’ /
/ v;" vl dw = / (QusrVi + QrsW; + Qrsgw;) (QerVj + QrsW; + Qrsgw;) dw
s? s?

5o
=47 [agrvivj + a2 ww; + %afs\yp + agras(Viw; + vjwi)} . (A.9)

Now,

U;%" = (air + a?‘s)vz + 20435"“’2 + (viwi + vjwj + vkwk)(aSTaTS - a?‘s)

+ 20059 [wi(Qsrv; + Qrsw;) + wj( e v + apsw;) + wi(spvr + apswy)]

hence

st 12 _ 3 2 2 3 2 2 2
/S2 v;" v dw = . (ozsr + ozsrozm) V0”7 + 20 wiw” 4 20,0 VW

+ (azrars + afs) v2w; + 2 (azTars — asrafs) (vfwivivjwj + v;vEWy )

+ 2(agr 0, — ) (viw? + vjww; + vpw;wy) + 202 W (gpv; + psw;)

rsTUt

x [v? +w? — 2(vyw; + vjw; + vkwk)]] dw

=47

5 8 8 5
(agr + 3asrozfs) viv? + gafswiw2 + gasrazsviuﬂ + (airozrs + 304:33) v2w;

5

+2 (agrozrs — Sasrafs> (vfwz + vvjw; + vivkwk)
5

+ 2 (asrozfs — Sai’s) (vlw? + vjwiw; + vkwiwk) ] . (A.10)

In the intra-species case we have ag, = qypg = %, hence (A.9) becomes

i
/ vvdw = 7T|:’Uﬂ)j + wiw; + viwj + viw; + ?](1)2 +w? — 2v - 'w)} . (A1)
S2

and, analogously, (A.10) turns into
10012 4 2 2 2 2
vV dw = 37 (fuifu + w;w® + viw; + v;w ) (A.12)
S2

2 2
_ §7r (vi Wi + Vw; + V0w + vjwW;W; + VU UpWE + vkwiwk) .
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Appendix B

Some (Gaussian integrals

Starting from

e dy = \/7 /a: e dy = \/: /a:467‘”02dx = %?, (B.1)
a2 R 4a2

where a > 0, we compute

%/ O (v)dv = (%)éﬂ'*%ns/ﬂ§3 cfexp{f%g}dc

|
/
[\
SR
N—
|
:‘\
Nl
3
@
T
o
S
]
o]
o]
v A
|
5|
@
o
=0
H/_/
QU
O
—
]

o]
o]
/—'h\

ﬂ
K
H/_/
QU
bﬁ
[©]
o]
o]
—
|
x|
o
TN
——
QU
o
Ead

ms\: s 3 /mg\"2 3 3n,T
- (ﬁ) T ANy (2T) ™= o, (B-2)
Analogously,
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Appendix C

Analytical computations of
macroscopic fields

Analytical computations for the first-order ap-
proximation of the pressure tensor P for the
general mixed model

In this appendix we report some technical computations useful to recover the
closure of pressure tensor in Navier—Stokes equations derived from the general

mixed Boltzmann-BGK model. More specifically, making use of (A.9), we com-
pute

e [ [0 0 ) + 1 )10 (w)] dvdwd
R3 XR3 x§2

— 4Tmg gy Ny / vivjfs(l)d'u
JR3
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:47rm5>\sr{nra§T/ vivjfs(l)dv—knsafs/ wiwjfr(l)dw
R3 R3

+asram[/ vifs(o)dv/ wjfﬁl)d'er/ vifs(l)dv/ wjfﬁo)dw
R3 R3 R3 R3

+/ vjfs(o)dv/ wifﬁl)dwqt/ vjfs(l)d'v/ wifﬁo)dw]
R3 R3 R3 R3

5
—|—€a$s [nr/ vzfgl)d'v—kns/ waﬁl)dw—Q/ vfOdv [ wfWdw
R3 R3 R3 R3

— 2/ vfWdv wfr(o)dw] } - 47rms)\srnr/ viv; f dv
R3 R3 R3

=Adrm g e (a2, —1) /vivjfs(l)dv—i—nsafs/ vivjfr(l)dv
N—— R3 R3

=_047‘s(1+asr)

T,(

1 e e e ]
+ QgrQpsNgMy Uil +uu;  + U + uju; + ?arsnsm

}

= 4Tt X gy fhsr lm(—l — asr)/ vivjfs(l)d'u + nsars/ Uivjfr(l)dv
RS ]RS

(1) (

T T
3 —2u - (ulV +uV) + L
Mg my

X l2u (uM +uV) +

ms My

(C.1)

1 1
e s s e TS( ) TT( )
+agrnsny (wiuy - +uguy o uiug o 4wy + dij0rsnsny +
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Analytical computations for the first-order ap-
proximation of the heat flux vector q! for the
general mixed model

It holds that

/ 002 f) (v)dv = / [cic? + cu® + 2ciu - e+ wi + i’ + 2w - (v — )] Y (v)dv
R3 R3
/ [eic® + (vi —w) u® +2 (v — ) w- (v —w) +u; (v +u® — 20 - u) + 2uu - v] f9(v)do
R3
= / [cic2 +vu +2 (vi —u;) (u ‘v — u2) + u;v? — 2uu - v + 2uu - v} fs(l)('v)dv
R3

&)
= / ciczfgl)dv + nSuQuf ' + / [2111- (uv; + ujvj + upvr) — 2u; (U0 + ujv; + upvy)
RS R3

— 2vu? + ui’uﬂ fgl)dv

= / clvczfs(l)dv + 2u; / vffs(,l)dv + 2u; / vivjfs(l)dv + 2uy, / vikas(l)dv
R3 R3 R3 R3

2 s 2 s W € 1 37

—nsu‘u;  — 2ng (u7 uj 4 u,;ujuj + uuguy, ) +ngu; | 2u - 'u,(g )y 228

My
= / 0¢02fs(1)dv + 2u; / vffs(l)dv + 2u; / vivjfgl)dv + 2uyg /
R3 R3 R3

v,;kas(l)dv
]RS

1
9 &M 3Ts()
—Nsuu; + Nsu; .

(C.2)

S
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Making use of (3.40) and (3.51), for ql(l) we compute
M / [—uwQ + w?v; — 2(ug0? + UV + URV; V) + 2w - v]
R3
% [Que(£D, ) + Qual(s 1V, 1) dw

1 es

= ms{47r)\srnsnramu2 {u’f( — U } + 8T A NNy Qps U U [ugl) — ugl)}

K2 ?

+ 8Tuj Asr s [n,.(—l — asr)/ Ciijs(l)dU + nsa,.s/ cicjfr(l)dv]
R? R?

+ 8TURAgr Qg [nr(—l - asr)/ cz-ckfs(l)dv + nscvm/ cickfﬁl)dv}
RS R3

7O
+ dmuidsrars |3 | (=1 — asr)/ c?fs(l)dv + nsars/ c?fr(l)d'u + NNy Qpg | —— +
R3 R3

ms My

Mg m,

T
+n,(—1 — ag) /]R3 c?fégl)dv + Nspg /R3 c?fﬁl)dv + ngnpaps | — +

Ts(l) Tr(l)
+n.(—1— ag) / cifs(l)d'v + NgOtpg / cifr(l)d'u + NNy Qg +
R3 R3 n my

e s

= 47r)\srusr{n5nru2 {ul —u; ] + 2ngn,puu - [ugl) — ugl)]

+2|n. (-1 — agp) (uj / cicjfb(,l)dv + uk/ cickfgl)dv>
R3 R?

+ Nslirs (uj / cl-cjfr(l)dv + uk/ cickfﬁl)dv) 1 (C.3)
R3 R3

ny(—1 — asy) <3/ c?fs(l)dv—k/ c s(l)d'v+/ cifs(l)dv)
R? R? R?

T Nslrs (3/ o 7§”dv+/ C?fﬁl)d'tH—/ ciﬂ@du)
R3 R3 R3
AR
+

+ u;

ms My

+ 5057'377’8”7" (

Exchanging pre- and post-collision velocities and exploiting (A.10), we now
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derive

ms)\sr/ viv l:f(O)( s’r)f(l)( ) + f(l)( sr)f(O)( ):| dvdwdw
R3 xR3 xS?

—47Tms)\srnr/ viv2f§1)d'u

RB

S [ [fﬂ( 1D (aw) + £ () O (w)} dodwds
R3xR3xS2

- 47Tms)\srnr/ viv2f8(1)d'u
]RS

5 8
= 47rm5)\sr/ ag’r + fasrozfs vzv + afsw w? 4 aSTaQ vlw2
R3 X R3 3 3 3

5 5

+ (0427-047-8 + 304(73-5) viw; + 2 (a Qg — 30587'0435) (Uizwi +vvwy + Uivkwk)
5

+ 2 <asrafs — 3%315) (viwf + vjw;w; + vkwiwk)]

. [f§0><v>f,£”<w> 7O () O <w)} doduw
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3

+8asrafs</ vifsfo)dv/ wzfﬁl)der/ vifgl)dv/ w2f7(,0)dw>
3 R3 R3 R3 R3
5
+ <a§Tars+afs> (/ UQfS(O)dv/ wifr(l)dw—i-/ v2fs(1)dv/ w?fgo)dw>
3 R3 R3 R3 R3
5
2 (airam - asrais) ( [0 [ wiiPdws [ 2o [ wsOde
3 R3 R3 R3 R3
—|—/ vivjfs(o)dv/ wjfr(l)dw—i—/ vivjfs(l)dv/ wjfr(o)dw
R3 R3 R3 R3
—|—/ vika§0)dv/ wkfr(l)dw—l—/ vikas(l)dv/ wkfﬁo)dw>
R3 R3 R3 R3
+2 (asrafs — 5ai’5) (/ vif§0)dv/ wl-zfﬁl)dw—f—/ vifgl)dv/ w?fﬁo)dw
3 R3 R3 R3 R3

+ / v; {9 dv / wiw; f dw + / v; fYdv / wiw; ) dw
R3 R3 R3 R3

+/ kas(o)dv/ wiwkfr(l)d'w—l—/ kas(l)dv/ wiwkfr(o)d'w>
R3 RS R3 RS

5 8
= 47Tm5)\sr{ (a‘zr + fasrafs — 1) nr/ Uw2fs(1)d'u + fafsns/ vw2fT(1)d’U
3 R3 3 R3

8 RYp 3T
+ 704”04287157% [ui <2u . u&l) + T + uf(l) (u2 + )

= mgdm Ay, [ (agr + 5a5Tafs> nr/ UiU2fS(1)dv + §afsns/ Uw2f7§1)d”
R3 3 R3

3 - m,
5 37 3T
+ (asrazs - afs> NgTy [uz <2u . ugl) +— + u?(l) <u2 + )
3 mg ms
5 n T
+2 (ag,.a,.s — 3as,.ozfs> [nsn,. (uiu . ugl) + uf( )m> (C.4)

+ n, (uz/ cffgl)dv +uj / c,»cjf&(,l)dv + uk/ cickfb(l)dv> ]
R3 R3 R3

5 n T
+2 (asrozfs - 30[25) NNy <uzu cul) + uf( )>

my
+ ng (uz/ c?fﬁl)dv + uj / cicjfﬁl)dv + uk/ cickf,gl)dv> ] ,
R3 R3 R3
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where we used the moments of fs(o), fs(l)7 along with (3.50).

Now, taking advantage of (C.2) to explicit the integrals fR3 viv2f§1)dv , fRS viUQf,El)d'u,
(C.4) becomes

MeAsr {fﬁ‘” (W) D (wl,) + F9 (v),) 1O <w;r>} dvdwdw
R3xR3 x§?

- 47rms)\srnr/ Uﬂ)zfs(l)d’v
RS

= 47rms)\sr{ (ai’r + §asrafs - 1> . [/ Ciczfél)d'v +2 (uz/ c?fsfl)d’v
3 R3 R3

+ (1)
! 31
uj/ Cicjfsgl)d’v Uk/ CiCkfs(l)d'U> +nsu2uf( ) + nsty; <2u -~V >
R3 RS

ms
8
+ gaisns [/RS 2 fMdv + 2 (ui /R3 A fWYdv + u; /R3 cic; fDdw

37t
+ uy / cicka(l)d'u> + nsuQuf(l) + ngu; <2u . ugl) + —
RS

my

8 2 y |, 3 Jo [ 5 3T

+ cagra NNy | UG 2u - ’U.S‘ ) +— | +tu; (u 4+ —
3 my my

5 37 3T
+ (asrafs - afs> NgTy [ul <2u . ugl) + + u?(l) <u2 + )
3 ms ms

+2 (agrozm — 5asrafs> [nsnT (uiu . ugl) + uf“) r )
3 m

S

+ n, <ul/ cffgl)dv + u, / cicjfs(l)d'u + uk/ cickfs(l)dv> ‘|
R3 R3 R3

5 n T
+2 (as,nozfs - 3@?8) NNy (ulu cul) + uf( )>

T

+ ng (uz/ c?f,gl)d’v + uj / cicjfﬁl)dv + uk/ cickffl)d'v> ] .
R3 R3 R3
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Analytical computations for the first-order ap-
proximation of the heat flux vector ¢! under the
assumption y, = g,

Recalling (4.4) and setting v}, = v’, we compute m; [ps ciCQfS(O),C(hgl))dv,

1

“my | e fOLMY)dv

2" |

=5Ms /RS (vi — u;) (v2 + w? — 2vu; — 2uju; — 2vkuk) fgo)ﬁ(hgl))dv
=0

1
= 3ms . UiUQfé(O)ﬁ(hgl))dv — My /]RS (ulvz2 + u;vv; + ukvwk) f§0)£(hg1))dv

1 , T
= 3ms /Ra v¢v2f§0)£(hgl))dv — 27ruims)\sns{ — /RS vizfs(l)d'u + 2nsuiuf( ) +ng }

ms

- 27Tujms/\sns{ - /11%3 viv; fD dw + ng (uiujm + ujuf(l)> } (C.6)
- 27mkms>‘sns{ —/ v fPdv + ng (uiui(l) + ukufu)) } .
R3

Now, making use of (A.12) and the symmetry with respect to the variables
v and w of the linearized intra-species operator, we obtain

1 1
fms/ 002 fO L(RV)dv = fms)\s/ viv'?
2 R3 2 R3 XR3 x§2

X {fﬁo) (v) M (w) + fﬁl)(v)fgo)(w)} dvdwdw — 27rms)\sns/ vv? fM do
R3

T / 8 2 8o Ao 4 4
=—-m — VU —VW; — SU;W; — SV 05Wy — SV UEW
2 B3 ms \ 3 3 3 3 3 kTR

[fs@ (v) fM) (w) + fﬁl)(v)fs(o)(w)} dvdw — 27rms>\sns/

X

v0? fVdw
R3
4 T 1
= zms)\s — fns/ vl-UQfgl)dv + §n§ u? + 3T uf(l) + jnguiu . ugl)
2 37 Jps 3 3

ms

S

4 4 T 4
— gnsui /R3 vffs(l)d'v — gni (ul2 + m) uf(l) — gnsuj /R3 vivjfs(l)dv

4 4
_ 7nsuk/ ”Uikaégl)d’l) — fni (uiujuj-(l) + um;mf”)]
3 R3 3
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2
= wms)\sns{ — / viv2f§1)dv — ul/ v?ﬁ”dv —uj / vivjfs(l)dv
3 R3 R3 R3
37 3tV
_ uk/ vikas(l)dv + 2nsuf(1) (u2 + ) + 2nsu, <2u . ugl) + —
R3 mg ms

(1) T (1) (1)
— N {uf (uf + m) +ujujul 4 ugugug, ]

2
= 37rm5)\5n5{ —/ ciCQfs(l)dv - 3ui/ v?fgl)dv — 3uj/ vivjfs(l)dv
R3 R3 R3
T
— 3uy / vikas(l)dv + nsuzuf(l) + 2nguu - ugl) — NgU; <2u . ugl) + 3
]Ri}

ms
(1)
+ ZnSufm <u2 + 3T> + 2n4u; <2u . ugl) + 3TS>

ms ms

T
— Ny {uf“) <u3 + m> + u; (ujuj(l) + ukuzm)] } ,
S

where in the last equality we exploited (C.2). Hence,
R3

1 2
“my [ 0 fOLRD)dv = ZamAngd — / i fWdv — 3ui/ 02 fVdy
2 3 R3 R3

1 1 2 (1) 3T5(1)
— 3uy / vivjfs( )dv — 3u;€/ vikas( )dv + ngu ul = ngu;— (C.7)
R3 R3

S

3T 37V T
+2n,uf” <u2 + ) +2nu; <2u cull) + = |~ (uz-u cull) g ) :
ms ms m

S
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Appendix D

Ciszar-Kullback inequality

Theorem 5. Let Q C RY and foo : Q — R be a strictly probability density
on Q. Assume that ¢ : RT — R is a smooth and strictly convex function with
¢”(1)Zc>0f07"a110§x§1.

For the relative enthropy functional

Holfl = [ o (Jj;) food

the following ineqaulity holds
1f = fcllr) < C(Holf] — Hy[fc])?
for all probability densities f € P(Q).

Proof. The proof is given in [38].
Since ¢ is assumed to be smooth, we can write the Taylor expansion of ¢ as

6() = (1) + S (s 1) + L1 -2

for s > 0 and 7 between s and 1. Since ¢ is convex with ¢ (z) > 2¢ > 0 for all
x € [0,1], we obtain

#s) = d(1) = ¢'(1)(s — 1) + (1 = 5)°Lcny,

for all s > 0, where 1,4 denotes the characteristic function of the set A. Since
foo(x)dz defines a probability measure on €2, we have

Holf) = Holf) = | {¢ (;;) - ¢(1>] froda
> ¢'(1) /Q(f — foo)dz + c/f%o (fi - 1)2 fooda. (D.1)
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The integral fQ( f — feo)dz vanishes because fdr and fo.dz are both prob-
ability measures meaning the integrals of both function are 1. So the previous

inequality reduces to
2
(f - 1) Food . (D.2)
f

Another consequence for the probability measures is that

Hylf] — Hy[fo] = C/f<f

1f = foollLr@) =2/f<f If—fOOId:v=2/f<f foo’fi—1 dz

( [ (fi_lffoodm)% | 03

where the last inequality uses the Holder inequality for the functions ( foo)% and
(foo) 2 |f% - 1‘
A combination of (D.2) and (D.3) leads to the result. O
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