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Abstract

This paper is devoted to the derivation of an Ellipsoidal Statistical model for a mixture
constituted by both monoatomic and polyatomic gases. The non translational degrees of freedom
are described by a continous variable and each polyatomic component is allowed to have its own
internal degrees of freedom. The construction of the model is based on the moment relaxed
method that has been developped in previous works that is generalized in the present paper
to a more general setting. More precisely, this method is based on the introduction of free
parameters and on the resolution of an entropy minimisation problem. The resulting model
satisfies conservation properties and a H theorem. Next, by performing a Chapman-Engskog
expansion, the model is shown to recover the right heat transfer coefficient, the shear viscosity
and the volume viscosity.
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1 Introduction

In the context of atmospheric reentry, it is necessary to use kinetic models, because in high altitude
the Knudsen number can be of order 1. However most of the kinetic models that have been
constructed up to now have been developped only for a monoatomic single gas. But in the upper
atmosphere the air is made of moleculars like molecular oxygen (O2) and molecular nitrogen (/N2)
which are both diatomic. Moreover the atomic oxygen (O), the atomic nitrogen (N), and the
diatomic nitrogen (NO) monoxide are also present. Therefore a kinetic description involving in
the same time polyatomic and monoatomic gases is necessary. For this modelling, each polyatomic
components are represented by a distribution function f(¢,x,v,I) depending on time t, space x,
velocity v and on a continous quantum number I ([1]). This last variable collects in particular
vibrational and rotational modes. In ([15]), the authors proposed a Boltzmann like collision operator
for a single polyatomic gas that is based on the Borgnakke-Larsen procedure ([14]). This means that
in each binary interaction, a fraction of the ingoing total energy is attributed to the internal energy
of the outgoing pair of molecules and then randomly distributed between the two single particles.
This operator is shown to satisfy the right conservation laws and a H theorem. In [25], an existence
theorem is proved for the nonlinear collision operator ([15]) in the space homogeneous case. Starting
from this model, a compressible Euler system with a general internal energy law has been derived
in ([20]) for a single gas. The generalisation of the collision operator in the context of a polyatomic
reacting gas mixture has been performed in ([21]) together with the derivation of a compressible
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Euler system. In ([6]), a Navier-Stokes system has been rigorously constructed starting from a
Boltzmann model in the context of a mixture of any monoatomic and any polyatomic components.
In particular, in the case of maxwellian and diatomic molecules explicit transport coefficients are
computed. In ([4]), the authors derive a two temperature Navier-Stokes system for a polyatomic
gas.

In some applications, the complicated Boltzmann collision operator has to be simplified into a
BGK model. The principle is to replace the complicated integral operator by a relaxation model
while keeping some important physical and mathematical properties: Maxwellian equilibrium states,
conservation laws, H theorem. However in the mixture case, even for monoatomic gases, things are
not clear. For example, the hydrodynamic limit is much more complicated to handle because
there are several transport coefficients and interspecies phenomena, like thermal diffusion have to be
considered. There are mainly two familly of BGK models for gas mixtures. The first type is based
on a unique Maxwellian attractor per species ([2], [16]). The interactions between the particles are
modelled by fictitious macroscopic quantites. In particular, in ([2]), these quantities are chosen in
order to reproduce the same momentum and energy exchange terms per species like for Maxwell
molecules. Moreover [2], is generalized to reactive gas mixtures in ([17], [11] [27]). So when the
chemical reactions stop, the model derived in ([17], [11] [27]) correspond to ([2]). In ([40]), the
Shakhov model and the ESBGK are improved by introducing fictitious macroscopic velocities in
the model. The second type of BGK model is made by a sum of BGK models which reproduce
the Boltzmann structure ([5], [13]). In particular, in ([29]), the authors propose a BGK model
that is able to reproduce Coulombian cross-sections which is more appropriate for plasma physics
applications.

In the present paper, we consider polyatomic gas mixtures. More precisely, we aim to derive
from an entropy minimisation problem a BGK model that enables to recover in the same time
the shear viscositiy, the volume viscosity and the thermal conductivity coefficient for a mixture of
any number monoatomic components and any number of polyatomic components. The question is
crucial because in general the authors compute the hydrodynamic limit and eventually compare a
posteriori with some existing models. So even if the structure of the fluxes is recovered, the values
of the transport coefficients are not correct. By using this minimisation principle, an Ellipsoidal
Statistical Model (ESBGK model) ([3], [34]), has been constructed in the monoatomic case in ([18])
and in the polyatomic case in ([19]) for a single gas. Next this technics has been transported to a
monoatomic gas mixture ([16], [17]). In ([31]), the authors propose an ESBGK model for a binary
polyatomic mixture. In ([36], [37], [41]), existence theorems are proved for the ESBGK model.
Hence the main novelty of this paper is the rigorous construction of an Ellpsoidal Statistical Model
for a monoatomic and polyatomic gas mixture.

The internal energy variable can also be discrete. For example, a first paper ([33]) incorporates
discrete internal degrees of energy in a BGK model. Theses energies correspond in this model to
a vibrationnal energy. Moreover, in ([26]), the hydrodynamic limit is studied up to Navier-Stokes
system including chemical reactions by starting from a collisional model. In particular, transport
coefficients are explicitely computed. Moreover, BGK models have also been derived ([7], [12], [38])
for discrete energy variable. In particular, in ([38]), a generalisation of ([17]) is performed to the
polyatomic setting within the formalism of ([26]).

Concerning some applications of such models, we refer to ([24], [32]). In particular, in ([32]) the
authors highlight different types of shock profiles that are specific to a polyatomic framework.

The paper is organised as follows. In section 2, the notations that are used in this paper
are precised. In particular, hydrodynamic quantities are defined. In section 3, the ESBGK is



constructed by solving an entropy minimisation problem. The model is next shown to satisfy
a H theorem and an indifferentiability principle. In section 4, a Chapman-Enskog expansion is
performed for the present model and a compressible Navier-Stokes system is obtained. In this part,
the relaxation coefficients are detemined in order to fit the thermal conductivity coefficient, the shear
viscosity and the volume viscosity. Some concluding remarks and perspectives are summarized in
section 5.

2 Notations

In the present paper, we consider a mixture of A monoatomic components and B polyatomic com-
ponents. For i € {1,..., A}, fi(t,z,v;, I;) represents the distribution function of the i component
where v; and I; are respectively the velocity and the continous quantum number of the i species.
The indexes of species are S,,, = {1,..., A} and S, = {A+1,..., A+ B}.

The sets of quantum numbers are

Q; = {0} if i€ S,
Q; =[0,400] if i€S,

and the associated integration measures dI; are defined by

dl; =6; if i€ S,
dl; =m, if i€S,

where 61; is the Dirac distribution and m. the Lebesgue measure over R, .

Next, we introduce for i € S, §; as the number of internal degrees of freedom for species i. This
parameter collects rotational and vibrational modes. For i € S,,, §; = 0 and we use the convention
fi(t,x,v;,0) = fi(t,x,v;) in order to be consistent with the monospecies case. In this context, I 22 /8

represents the internal energy of the i species.
Next, we recall the definition of macroscopic quantities:

The number density of species i (at time ¢ and space z) is given by

n; = / fid’UZ'dIZ'.
R3xQ;

n = Z n; represents the total number density.
€S
The mass density of species i € S (at time ¢ and point x)

pi = / m; fidv;dl;,
R3xQ;

where m; represents the molecular mass of species .
p= Z m;n,; represents the total mass density.

€S
The momentum of species i € S (at time ¢ and point x)

pitl; = / m;v; fidvidl;.
R3xQ;



U = Z piu; represents the total momentum.
€S
The total energy of species i € S (at time ¢ and point x)

pPi€; = / (mz\vl — ’U,‘2 + If/éz)fzdvldfl
R3xQ;

Next, the macroscopic internal energy is splitted into a translational and an internal part. So we
define the macroscopic translational energy of species i € S (at time ¢ and point z)

1 .
PiCitr = / —mi(v — ’U,Z)2fld'l)zd.[“ 1€ 8.
R3xQ; 2

The macroscopic internal energy of species i € S (at time ¢ and point x) writes

05
Pi€iint = / Iiz/ fidv;dI;.
R3xQ;

The total energy for the mixture reads

1 5
pe= Z/ (5mi(v; — w)? + 1% fidv; dI; = peyy + peins, (2.1)
cs Y R¥x Qi 2

where

Pi
Etr = g Ci€itr, Eint = E Ci€iint, Ci= —. (2.2)

ies €S P

ey represents the translational energy for the mixture and e;,; reprents the internal energy for the
mixture.
We define § as the number of internal degrees of freedom for the mixture

0= ZCZ(SZ (2'3)

€S

Temperatures are associated to each energy e, e, €, defined in (2.1, 2.2) by e = #kBTeq,
etr = %kBTtr, Eint = %k:BTmt. Hence T, writes

3 )
2Ty + sT;
T, = 202 (2.4)
2 + g
27T 3
Moreover 0; is related to e; int by €;int = %k‘BTmt. So, the relation (2.2) defining e;,,; in function of
eiint i consistent with the definition of ¢ given in (2.3)

Remark 1. In ([21], [6]), the authors use in kinetic models ¢, f; instead of f;. In that case, @;f;
represents the effective distribution function of species i. This means that in the definitions of
macroscopic quantities, a weight measure p; appears. Moreover, in the Boltzmann operator the
cross sections have to be modified accordingly into effective cross sections. We refer to ([6]) for
more details and to ([22]) where a comparison of the two formalisms is presented.



Introduce the natural scalar product ([26])

(o)) = dipidvidl;,

ies YR3xQi
where ¢ and v are tensors. Consider the vector distribution function f by

f=(fj)jes
and the family of polynomials (¥1)1cg, ™™ and we

1 .
U = (0)jes, 1 €S, ¥ = (mjv;)jes, T = (5mjlvj — uil® + Ij/% )jes-

Then, according to the notation (2.5), the macroscopic quantities write
pi=((E,Th),  pu= (£, @), pe = ((f,T°))
and the Boltzmann entropy is defined by
H(f) = ((fIn(f))).
The stationary states M = (M,);cs of the collision operator presented in ([6]) read

mi\vi — 'LL|2 + 2[22/61

. n; 3 ;
= e (PG ) e e ies

with

ol — 2rkpT : th_/ o (_Iz?/&i)d],
T T m; ) i o, XP ]CBT I

3 Construction of an ESBGK model

The aim of this section is to construct an ESBGK model

Ofi +v-Vaofi= MG — fi), i€,

(2.6)

(2.8)

where, the function G; is constructed according to an entropy minimisation principle. The steps
of the construction are the following. We firstly define the space of constraints (section 3.2), next
the entropy minimisation problem is solved (section 3.3). Finally the model is shown to satisfy a H

theorem (section 3.4) and an indifferentiability principle (section 3.5)

3.1 Important families of polynomials

In this section, we define polynoms that will be involved in the definition of the space of constraints

and in the computation of the hydrodynamic limit. Le us define

r r 1
PP = (V) jes = <mj((vj —u) ® (v —u) — Z|v; — U|21d)> :
3 jeS

(3.9)



where I; represents the identity matrix on R3,

. , o 1 2 2/6;
lIllnt _ \Iﬂﬂt . — - oy — 02 I J)
(W5 )ses (5(3+5) Rl — G i)
1 2 2 v —ul* | 2
— Zm ol — _ . I 1
<3m]|v] ul G550) (m; 5 +1;7) jES, (3.10)
1
Pt — (\I/z-r)jeg = <§mj|vj — u|2> , (3.11)
JjES
)2 2 S
= ()jes = ((m; = 2 1 gt ) - w)) (3.12)
7 2 2 j 2 s
For any j € S,

. 1 i .
WO = (1 )ies = (0 = D)(wi—w), i€,

where p; = n;kgT represents the species partial pressure of the it species.

3.2 Space of constraints

We define now the set constraints, in order to prescribe some properties to the BGK operator that
we aim to construct. The principle is to garantee firstly the classical conservation properties (mass,
total momentum, total energy). But also some supplementary moments have to be relaxed with a
correct rate in order to recover correct transport coefficients. So, f being given, K(f) is defined as
the set of functions g = (g;)jes s.t. g; > 0 for j € S and satisfying the constraints

((g —f, \Ill>> =0, leSu{mm,en}, (3.13)
AM(g — £, ¥P")) = = ((F, &P7)), (3.14)
Mg — £, ®10)) = )\, ((f, @Bt (3.15)

The constraints (3.13) impose the conservation of mass, momentum and total energy for the resulting
model. The relation (3.14) has been introduced in ([18]) for a single monoatomic gas and generalised
next ([19], [16]). This constraint means more precisely that the solution of the homogeneous BGK
model tends to an isotropic distribution function as time tends to infinity. The constraint (3.15)
implies that the distribution function tends to a distribution function whose translational and
internal macroscopic temperatures are equal. This relation has been introduced in ([19]). Hence
the constraints (3.14, 3.15) are consistant with the fact that the distribution function tends to the
Maxwellian (2.7, 2.8) when time tends to infinity.

In order to solve a entropy minimisation problem, the constraints (3.14, 3.15) should be recast
in a more convenient form. So, by using (3.13, 3.11, 3.10), it comes that

(lg— 1, w™) = (g — £, )



So, the equation (3.15) can be rewritten as

2 2 Ao Ay 2

Sl W) = (L= (W) + ().

Hence by using the definition e and ey given in (2.2, 2.1), the previous relation yields

2 A2

e ) = 2(1— E)pen +

A 3+5p’

But as e = ?’iz‘sk:BTeq and ey = %kBTtr and by setting 6 = %, the relation (3.16) reads

3 3
(g, ‘I’tr>> = 5(1 — 0)pkpTy + 590kBTeq-

From the definition (3.9) of WP*, the relation (3.14) gives

(g W)+ (1= ), 2PT))

[SSRN )

Z/ mi(vi —u) @ (v; —u)g; dvidl; =
ies TR3xQ;

Moreover by setting

%zl—y(l—e)

and by using the relation (3.17), we get
({8, TP")) = (1 — )pks Ty, + 6pkpTi) Lo+ v(1 — O){(£, ¥*)).
Hence by using the relation
(£, W) = O,
where O represents the pressure tensor, we get the relation
(g, ¥P")) = pT,
with

T =(1-0)[(1—)kpTy I+ vO] + 0kpTigly.

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

Hence, K (f) is constituted by distribution functions g satisfying (3.13, 3.17, 3.19, 3.20). In the next

steps of the paper, we will consider this version of K(f).

3.3 Entropy minimisation problem

In this section we consider the variational problem

Find a solution to the minimisation problem

G = argmingck 1) H(8),

(3.21)

where K(f) is the set of function g s.t g; > 0 and s.t. the constraints (3.13, 3.17, 3.19, 3.20) are

satisfied. We recall that H is the Boltzmann entropy defined in (2.6).



Theorem 3.1. Let f = (fj)jes, be a nonnegative function, v € [-1/2,1[, 6 € [0,1]. Then the
tensor T defined in (3.20) is symetric positive definite and the minimization problem (3.21) admits
a unique solution G = (Gj)jes, s.t.

2

(kT (3+4:)/2 . 7o
G; = —albD) exp [ —THT o — ), (v —w) = e | i€ s (3.22)
Q? ant det(7-)(k:BT’rel)7 Bfre
where
Trel - eTeq + (]- - Q)Ent (323)

Proof. First of all, by arguing as in ([19]), we can show that 7 € S5 (R) is equivalent to 6 € [0,1]
and v € [~1/2,1[. In ([3]) it is only proved that 7 € S5 (R) implies that 6 € [0,1] and v € [-1/2,1].
Moreover, in this proof, we follow the approach of Junk ([30]) that has been generalized to a
mixture setting in ([28]). So, we proceed as in ([16], [17], [18], [19]). Let v; 1, v; 2, v; 3 be the three
components of v;. Hence, we consider the set

L={(N)ies, ()reqr,..30> (Bs)seqi,..6p, Vs /

2/6;
/3 €xp <Z>\Z\Ijl+zarvzr+zlﬁs ZS+/84U21'Uz2+/85U21'Uz3+/86vz2vz3 +’VI/ )
R3xQ;

les r=1 s=1
dv;dI; < —I—OO}.

Let us show that £ is open by proceeding as in ([16]). Let (A\)ics, (ar)req,..33 (Bs)seqi,...61> 7 €
L. In that case, v < 0 and the signature of the quadratic form

2 2 2
q(vi) = Prvig + Boviy + B1vis + Bavivia + Bsvi1viz + Beviavi3

s (0,3). Hence the Gauss reduction of the quadratic form writes

2 2
q(vi) = B <Uz 1+ ZBB vi2 + ZBB vzg> + o <Uz2 + o (56 - /624—/6615)1)@3) + 042%2,3,
with 51 <0, a1 <0, ag < 0 where
ap = 52—4%1 a2=52—4%’+—(ﬁ —524—55)

Therefore by proceeding in the same way, we can prove that for € > 0 small enough, the signature
of the quadratic form whose terms are 5; + ¢ and 3; — ¢ is still (0,3). Moreover, € can be chosen
such as v4+¢e < 0 and v — ¢ < 0. So L is open. Moreover, £ is non empty.

Hence according to ([28], [30]), the solution G = (G} )ics of the minimisation problem (3.21) reads

G; = ajexp(—mi(v; — u, A(v; — u)) — al%) ies,

where A € M3(R), a; € R, a € R. Next we aim to determine these parameters.
By using constraint (3.13), we get

(kBT)(3+5i)/2 5/

Q= det(A)l/znZ Qtr Qint a ’

i€ S. (3.24)



A straightforward computation gives

1 B 1 Qtr ant 1 B
\/R:sxgzmi(vi — U) X ('Ui — u) Gl dvldfz = OéZ§A la—%m = EnZA 1.
Hence by comparing the two previous expressions with the relations (3.19, 3.20) we get A = %7—_1.
So (3.24) implies

n; 1
;= —— kpT)BH00/2¢%/2 e g.
oo i) L)

By combining (3.13) and (3.16), it comes that

2

2 2
(e — Zalmz/ I% exp(—m?(v —u, T v —u)) —al®)dv;dl;) = (1 — «9)§petr + Gpe.
€S R3xQ;

(3.25)
A straightforward computation gives that

(Z/ " exp(— i)dlz') 3T pit G Z pi-

€S

Hence the relation (3.25) gives

—(e — — ——)=(1-4¢ -+ 0
5 az2p) (1 =0)zer +037
€S
So
16 2 2 2
——=—-e—(1—-0)=¢, — 0 .
23~ 3¢ (- Ogen —O375¢
By using that e = ey + €jpne, we get
146 2 2 2
- fe — et
03~ G gyg)0et 3 Oeim

As % — % = 3(3 + 5 the previous relation gives a = k:B;T where T}, has been defined in (3.23)

rel

and we recover that G; is given by (3.22). O

3.4 H theorem

Theorem 3.2. For all —3 L<v <1 and6ec|0,1], we denote by GZ.”’Q the expression of G; given by
(8.22) and by G the vector G0 = (G.Vg)zeg. Hence, the entropy dissipation satisfies

2

D(f) = GY? — ) In(f)dv; dI; < 0.
(f) §;/Rg< i) In( o)

Moreover D(f) < 0 for —% <v<1land0 <0 <1 with equality iff f = M, where M is given by
(2.7).



Proof. By using the convexity of xIn(x), it holds that
(G —£,In(f))) <> / (G m(GYY) — filn(fy))dvsdI;.
ies TRIx Qs
By using the minimisation problem for ¥ =1 and 0 = 0, we get
/ GO (G0 dvidI; < H(F),
ies JR3xQ;
where we have used for G%’O the previous notation. So
(G —f,(f) <Y / (Gjﬂ In(G*%) — GHO ln(GZ-l’O)> dv;d;.
ies JRIxQ;

Moreover a straightforward computation gives ([3]),

/ (G?’e IH(G?’G) - G?’e)dvidh = piln ( P — > - §p¢, icS (3.26)
R3x Q; V21 T) (kBTe) 2 2
we get
1 det(©) T?
w0 _ £ In(f))) < =pl int |
(16"~ £(E)) < 5o G 73

The end of the proof is inspired fom ([18]). Consider A1, A2, A3 the eigenvalues of ©. Hence, we
have to study the sign of

3
p(v,0) = ([T A)TH0) = In (det (1= O)(1 = ¥)Tor La +vO) + 0Ty 1) ) Ty ) -
1=1

By using that tr(©) = 37},, the maximum of p is reached by \; = Ao = A3 = T},.. Then, we have to
study the sign of
In((T)°T2,) — In <(<1 —O)T + eTqud>)3Tfel> — 3In(Ty,) + 5 In(Tnr)
— 3In((1 = 0)Ty + 0T%q) — 6 In(Trey).
Then, by using the concavity of In, we get
310(Ty) + 0 10(Tine) — 3(1 — 0) In(Tyr) — 301n(Teg) — 6 1n(Trer)
< 3Wn(Ty) + 6 n(Tiny) — 3(1 — 0) In(T},) — 30 In(Try) — 60 In(Trq) — 6(1 — )T
So,
3In(Ty) + 6 In(Tine) — 3(1 — 0) In(T,) — 30 In(Teq) — 6 In(Threr)
< 30In(Ty,) + 00 In(Te) — 0(3 + 6) In(Toy).

Therefore, by using the definition (2.4) of T, and the concavity of In, we get that the right-hand
side of the previous inequality is negative.

When D(f) = 0, from previously we get © = T},.1;. Moreover, we obtain H(f) = H(G?) and
H(f) = H(G"?). By uniqueness of the minimisation problem, f is the Gaussian distribution satis-
fying f = G0, Hence from (3.26), we get Tyt = Tpep. S0 Ting = Tpr = Teq. So f = M, where M is
given by (2.7). O

10



3.5 Indifferentiability principle

In this section, we show that our model satisfies the indiferentiability principle stated in ([2]) for

an inert monoatomic gas mixture. This means that when all the molecular masses are equal, the

distribution function that is obtained by adding all the species satisfies the single gas version of the

present BGK model. In this paper, we aim to compare the present model with the single gas BGK

models ([18], [19]).

If S =5,,, we consider a monoatomic mixture and we recover the model of ([16]). Therefore the

distribution function f = Z fi is solution of the Ellipsoidal Statistical Model for monospecies ([3],
1€Sm

[18]).

In the case, where the mixture is purely polyatomic (S = S,), the distribution function f = Z fi

i€S,
is solution of the polyatomic Ellipsoidal Statistical Model for monospecies ([3], [19]) when all the
molecular masses are equal.

4 Chapman-Enskog expansion

This section is devoted to the derivation of the Navier-Stokes system starting from the ESBGK
model obtained in Theorem 3.1. More precisely, we consider the system

Ofi+v-Vaofi= )\(Gi - fi), i€S8, (4.27)

T
where 7 is proportional to the Knudsen number. In this process, the relaxation coefficients A, Aq
and Ao are adjusted in order to fit the shear viscosity, the volume viscosity and the heat conductivity
coefficient.

4.1 Euler system

Starting from (4.27), we can derive the compressible Euler system as in ([21]). Hence, we get

Opi +V - (piu) =0, €S,

O (pu) + Ve - (pu®@u+ply) =0,

1 1
O(5pu* + &) + Vo - (u(zpu” + € +p)) =0,

where the internal energy £ per unit volutme is defined by

3 9
Sznk3(5+§)

and p = nkpT represents the thermodynamic pressure.
The non conservative form of the Euler system writes

oni+ (u-Vn;+n;V-u=0, i€Ss,

11



8tu+u'Vu+¥:O,

> ni
T + 2 S TV -u—+u-VT =0.

327%—1—2517%

€S €S

4.2 Derivation of the Navier-Stokes Fourier system
4.2.1 Computation of the expansion
f = (fi)ies is expanded around a Maxwellian M = (M, );cs as
fi=M;+7M;fl +0(r%), (4.28)
with
(MFL @) =0, 1€ SU{mm, en}. (4.29)
Moreover G; satisfies for any ¢ € S,
Gi = M; +1G} + O(1?), (4.30)

with

G} = DGi(M) - Mg = lim Gi(M + 7 Me) = M;

7—0 T

Moreover, it can be proved that G! = (G});cs satisfies
(G ®hY) =O(r), 1€ SU{mm, en}.
Introduce (4.28) into (4.27) leads to

G} 1 1
fh= /\/zl —X(at/\/li—l—v'szi)M—i-(’)(T). (4.31)
A direct computation gives
1 D, 1 vT
i Ve M;) = U7 Vpi+ —— 0 Vo + 0
o OMi + v VM) ]; VR W Ve 0
2 52 % (vi—u)Q 3
—AN(—=kpT — I — (== AN)(mj——— — —kpT -,
</~:BT (SheT = 17) + o7 (5 = Mmi—— 2kBT) )V u
(4.32)
with
>_n;
A jes
3an—|—2nj5j
jes jes

12



Finally, by using (4.32) f! = (f-(l))ieg defined by (4.31) reads for i € S

)

o o | Y vT
O = (pr P W Veu = 0] kBT2>
jES
A o 2 1 (vi —u)? 3
— (22— (kpTZ -1} SN Y kT Vew (4
< kBT(kB )+ k:BT(3 )(m 5 2/-63 )|V -u (4.33)

4.2.2 Macroscopic equations and computation of the fluxes

In this section, the fluxes are computed and the relaxation parameters A\, \; and A, are fixed during
the procedure.
By performing a Chapman-Engskog expansion we get

pi +V - (piu) +V-DY = 0,
d(pu) + V- (pu@u+plg) +V-II = 0,

u? u?
where we have introduced the diffusion fluxes

D(l) = / szz(l)mzvz dvidlz-, 1€ S,

R3xQ;

where we have introduced the the pressure tensor

II = Z/ m;v; X v; szz(l) dv;dl;,

ies YRxQ;
the heat flux Q
2)-2 2 1
0=3" / (mi—t + I Yo M, £V dvyd;.
ies /R3x Qs 2

As in ([26]), the diffusion velocity can be introduced as V; = %. Hence using the expression (4.33)

of fi(l) and according to eveness properties

i \/k' U + 2[2/6 .
DY = S Z/wg Qterr P <_mi( 23<:BT W - Vpy mi(v; — u) dvgdl;

1 n; m;(v —u)? + 2[2/5 NERYZA
- i exp | 0w} JdI;.
3/Rgxgim QrQr eXp( 2T (o =) o vl

Moreover a direct computation gives

1 n; (v —u)? (vi—u)®> 5 5 15 15
-3 v —m; i = 5kBT)(vi —u)dvi = —— (5 — - :
3/Rng§TeXp<m 2k3T>(m 2 pkpT)(vi —u)"dv 3(2 3)=0

13



So, D writes

. )2 e
T B () g, i

DO = ) (v — u)?dvidI; Vp;.

Ap; ics JRxQ; Qrr 2T
So

DO — _

VkT m;in;. Vp;
)\B ’I’LZ((SZ']'——] )—]

== (4.34)

Jjes

Then by comparison with [26], the species multicomponent diffusion coefficient D;; for i, j € S reads

VikgTn m;in;
= i > (06— =),

D,
i P

jes

where A will be fixed during the computation of k.
Moreover, according to (4.34), the model gives a Soret effect that is equal to 0. Indeed, we can
show that

(wPi ML) = %D(i). (4.35)

More precisely, formula (4.35) is obtained by developping ((¥Pi, Mf)) as

(P ety =3 [

1 D
(855 — ) (v — w)M; £V dvjdl;.
jes P

.
3%xQ; Dy

So by using the orthogonality relation for the momentum (4.29), we get (4.35). Therefore,

1_4 ; T
Pi jes p

with
= (WP, W M),

0; represents the thermal diffusion coeffcient ([26]) and yields 0 in the present case. This term
correspond to the Soret effect.
Next, by using the constraint (3.15) and the expansions (4.28, 4.30), it holds that

Z/ m;(v — u)%\(G} — Mifi(l))dvi = —)\g Z/ m;(v; — u)QMifi(l)dvidIi.
R3xQ; g JR3XQ;

€S

Moreover by using (4.31), it comes that

—)\2 Z/ mi(vi — U)2M7,fz(1)d'07,df7, = Z/ (8t/\/lz +v- VMZ)mZ(vZ — U)dezd.[l
€S RdXQz icS RJXQZ

14



Hence from (4.32), it holds that

—)\2 Z/ ’I’)’LZ'(UZ' - u)zMZ’fi(l)dvidIi

ies YR*xQ;
2
& I 1 (v; —u)? 3
2 ? )
= — (U — N(—= — —— 2(= — A P — — ZdldIZV .
;/Rgxgim(” u) ( Q) T3 )<m kgl 2) | Midy “
A straightforward computation gives
5 I
9,04
i(vi —u) (5 — ) Midvidl; =
/ngim (v; — u) (2 kBT)M v 0,
and
2 ; — 2 3
Z/ ) (mz (U U) — —> Midvidfi = 32%1.
i€S R3><Qz 2kpT 2 i€S
So

—AQZ/ vi — u)?M; f) dvdl; = —6kpT Y n; <§ —A) V.

€S R3 XQ”” €S

Then by comparing with the viscous stress tensor, it holds that the second viscosity 7 satisfies

2 1 ImkpT 1
= ZkgTS ny(= —A) = S Q).
N B Z”(3 ) Ao (3-4)

and can be adjusted from Ag. Due to orthogonality relations (4.29), IT reads

II = Z/ mi(v; —u) @ (v; — u) ./\/lz-fi(l) dv;dI;.
ies YR3xQi
Next, we insert the expansion (4.28) into the constraint (3.14). So
((WPT G — MFD)) = —\; ((BPF, MFD)Y),

Hence by using the relation (4.33) together with orthogonality relations, it comes that

1 2
r _ pr . \pyPr Ay AT, — t_Zvy.
((@Pr, M _——Z/ in\Ili LU Midvidl; - <Vu+Vu N u>
So
(WPT MDY = ”’;BT ! <v + VvVl — §v u[d>
1

TLkBT

Then the viscosity u, satisfies p =
Next, the heat flux writes

and can be adjusted from Aj.

. 3
i€s xQ;
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Therefore, it comes that

0i

Q = Mu + (¥ MFW)) + 3~ /-cBT/ Mifi(l)(g + 50 — w)dvidI;.

ies R3xQ;

Hence by introducing the enthalpy h; = (gT—F %T)% of it species, with the convention that §; = 0
for i € S,,, it holds that

Q = TTu + (¥}, Mf)) + Y " 1D,
€S

By using the expression of M; fi(l) together with orthogonality properties, it holds that

Q - u——Z/

€S R3xQ;

1 26
ij) <§ml(vz — u) — —kBT + 16 — %kBT> (vi — U)MZ dvidfi
]GS

T .
T MENY) v +> hDW.
Moreover, a direct computation gives

(0 MBY) = (k) 30 4 0
icS t

So, the expression of Q yields

_ _kBT 5, 0\ () _ D; ) ,
Q =Tlu A;(ZJF2)mv:r’+;hD 3)\;(<\IIJ,‘IIM>>V1)J.

But, as ((¥Di, A M)) = 0, Q writes finally

k5T 5 0y
Q =Mu — ~5— (§+2) VT + ) DO (4.36)
€S €S
So
P 2Ty
€S

Hence, the heat conductivity coefficient can be obtained from A. Moreover, the relation (4.36)
implies that the Duffour effect yields 0 which is consistent with the fact that the Soret effect is
equal to 0. This point comes from the fact that ((®P5, BAM)) =0

4.3 Comparison with the Ellipsoidal Statistical Model

According to (3.18), A satisfies the relation

N\ = )\1 N ’I’Lk‘BT
(I —v+0v)  u(l—v+ov)
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and the relaxation operator reads
(Gi—fi), €8,

Therefore, we obtain a generalisation of the Ellipsoidal Statistical Model for a mixture of any
monoatomic components and any polyatomic components.
Define the mixture enthalpy h by the relation (][26])

pz 1 5 51
zGS €S
Hence, the constant pressure speciﬁc heat ¢, reads ([1])
h Z Pip Z nZk:B (4.37)
zES ZES

The Prandtl number can be defined by Pr = % So by using the definition of u, the definition
(4.37) of ¢, and the definition of A\, we obtain

0 (5
an 2) an 5 1
pr=—2 15 — D8 (4.38)
p)q n; 5 0 ) 5 5_ (1—v+6v)
;mi(Q * 2) Z 2

where ¢ € [0,1] and v € [—3, 1] is chosen according to Theorem 3.2.
We remark that in case of indifferentiability, when all the molecular masses are equal, the formula
(4.38) reduces to

1

Pr=—
T A vt

as in ([3], [18]). For some comparisons with values of Prandtl number, we refer to ([22]).

5 Conclusion

We have built up an Ellipsoidal Statistical Model for a mixture of any component of monoatomic
and polyatomic gases, where the non-translational degrees of freedom are modeled by a continous
variable. The construction is based on the resolution of an entropy minimisation problem under
moments constraints and generalizes the papers ([18], [19], [17], [16]). The resulting model is made
of a unique attractor and reproduces the correct equilibrium states of ([6]). Moreover, it is consis-
tent with the correct conservation laws, recovers the H theorem and satisfies an indifferentiability
principle. We have next developped a Chapman-Enskog expansion in the spirit of ([6]) and a Navier-
Stokes system has been derived. The structure of the fluxes has been of course recovered. During
the procedure, the free parameters have been fixed in order to fit the shear viscosity, the volume
viscosity and the thermal heat conductivity.

As a perspective, we planned to design a BGK model for a mixture of any component of
monoatomic and polyatomic gases in the spirit of ([17]) with a continous non-translational en-
ergy variable. Moreover, we aim to generalise this work to discrete energies by proceeding like in
([38]). The case of fitting the Fick matrix in the context of a mixture of monoatomic and polyatomic
components for a continous energy variable is left in perspective.
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