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A BGK RELAXATION MODEL FOR POLYATOMIC GAS MIXTURES*

MARZIA BISIT AND MARIA JOSE CACERES!

Abstract. We present a BGK approximation of a kinetic Boltzmann model for a mixture of
polyatomic gases, in which non-translational degrees of freedom of each gas are represented by means
of a set of discrete internal energy levels. We also deal with situations, in which even chemical reactions
implying transfer of mass may occur. The consistency of the proposed BGK model is proved in both
inert and reactive frames, and numerical simulations in space homogeneous settings are presented.
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1. Introduction

A Kkinetic description of rarefied gas mixtures was proposed in scientific literature
several years ago [11, 10], and suitable generalizations to physical situations with non-
conservative collisions, which imply transfer of energy and of mass, have also been
widely investigated both from the analytical and the numerical point of view (see for in-
stance [23, 13, 4, 18] and the references therein). These kinetic models usually describe
the evolution of the distribution functions, f?, of single gases by means of suitable
integro-differential equations of Boltzmann type. However, such equations are quite
awkward to deal with, especially because of energy thresholds appearing in the collision
operators relevant to endothermic interactions, that may occur only if the impinging
kinetic energy overcomes a suitable potential barrier [22]. For this reason, in recent
years interest has been gained by proper extensions to gas mixtures of the relaxation
model proposed for a single gas by Bhatnagar, Gross, and Krook in [2], in which Boltz-
mann collision operator is replaced by v(M — f) where v is a collision frequency and
M is a suitable local Maxwellian attractor. Besides BGK-type descriptions for inert
mixtures, considered for instance in [19, 1, 7], relaxation models taking into account
also simple chemical reactions have been deeply investigated [17, 20, 5, 9]. Such mod-
els are able to reproduce the main features of the kinetic Boltzmann equations they
want to approximate: Maxwellian collision equilibria, the correct collision invariants,
and classical H-theorem. In reactive frames, the proof of the consistency of a BGK
approximation is much more involved than in inert situations, since a transcendental
relation between single number densities and global temperature (the so-called mass ac-
tion law of chemistry [4]) has to be fulfilled by the equilibrium states, and consequently
it deeply affects the relations between the fictitious parameters of the Maxwellian attrac-
tors and the actual macroscopic fields. Because of these difficulties, to our knowledge
all non-conservative BGK models for mixtures deal only with monoatomic gases, even
if it is well known that physically meaningful chemical processes usually also involve
polyatomic gases.

Kinetic Boltzmann descriptions for polyatomic gases have been proposed in [21,
16, 12], in which single gases are also endowed with a (discrete or continuous) energy
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variable, to mimic non-translational degrees of freedom. The main aim of this paper
is to build up a consistent BGK approximation of the Boltzmann model presented
n [16], but considering a mixture of @) polyatomic gases G*, s=1,...,Q, each one
with a structure of N >1 discrete energy levels. At first we will assume that particles
may interact only through binary elastic or inelastic collisions, the inelastic collisions
implying changes of the energy levels of the colliding pair, then we will take into account
more complicated situations also allowing chemical reactions with transfer of mass.
The BGK models we are proposing follow the same lines as [5, 6], and they will be
validated by both analytical proofs and numerical simulations in space homogeneous
frames. We know that a drawback of such a BGK approach is that the corresponding
hydrodynamic equations do not reproduce the correct Prandtl number; to this aim,
quite complicated BGK models of ellipsoidal type have been proposed in the literature
even for an elastically scattering mixture [14] and for a single polyatomic gas [8], but
their extension to polyatomic and reacting gas mixtures is left to future work.

More precisely, the article is organized as follows. In Section 2, the main features of
the kinetic Boltzmann model for polyatomic gases as proposed in [16] are summarized,
forgetting for now chemical reactions. Then, in Section 3 a BGK relaxation model for
(inert) polyatomic gas mixtures is built up in the spirit of [5], determining in a unique
way parameters of the Maxwellian attractors in terms of species-number densities, mass
velocities, and temperatures; moreover, fulfillment of correct H-theorem is analytically
proved. Section 4 deals with possible generalizations of such a BGK model to reactive
frames, in which a suitable mass action law affects collision equilibria and, consequently,
attractor parameters; at first we deal with a binary reacting mixture, for which mass
action law is an explicit relation between number densities of the two gases, then we
consider the case of four reacting species, for which the analytical proof of consistency
of the BGK model turns out to be much more complicated. Finally, Section 5 is devoted
to the presentation of some numerical results in space-homogeneous conditions (both for
inert and reacting polyatomic mixtures); time evolution of distribution functions and
of macroscopic fields is shown in order to illustrate the adherence of the BGK model to
physical expectations, and to test its response to variation of initial data and of internal
energies.

2. Kinetic Boltzmann model for polyatomic gases

We shall start from the kinetic model for internal state transitions as proposed
in [16], in which a mixture of @ gases G*, s=1,...,Q, is considered, each one endowed
with a structure of N >1 discrete energy levels, in order to mimic non-translational
degrees of freedom. In other words, each polyatomic gas G° is represented as a mixture
of monoatomic gases, and each particle is characterized by the usual continuous variable
representing its center of mass velocity and also by a discrete variable representing its
internal state. For a proper mathematical treatment, the QN different components are
labeled according to a single index and ordered in such a way that the s-th chemical
species may be regarded as the equivalence class of the indices ¢ which are congruent
to s modulo @ (we shall write simply i =s). Each component A’, 1<i<QN, is then
identified by the energy E? of its state, while obviously all molecules A* with i = s share
the same mass m?®. Energies F' >0 are assumed to be monotonically increasing with
their index in the frame of each species.

We deal with binary interactions in which a collision between two particles of com-
ponents ¢ and j yields a pair of molecules of the same gas, but with possibly different
energy levels (we neglect for now more complicated chemical reactions also implying
transfer of mass, which will be taken into account in Section 4). The general binary
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interaction may thus be written as
ATy AT = Al AP h=i  k=j. (2.1)
We will denote the net increase of internal energy E" + E¥ — E' — EJ by AElhjk, whose
gain or loss must be compensated by an opposite variation of the kinetic energies.
The kinetic equations for the evolution of the distribution functions, f¢(x,v,t) may
be cast, as in [16], as

68']:—|—vale | Z //Kfjhk[i](v,w,fl')dwdﬁ’, 1§1§QN
(4. h,k)E€D;
KM [f)(v,w. i) = O(g° — 5 Bl (9,8-1)
. l([f) (i) £ (WZ’“)—f’(V)fJ(W)]- (2.2)

Here g=v—w=gn, and the post-collision velocities are given by v!F =c"v+eliw +
. 1/2
ghh gfjkfl' and wfjk =clv4eliw—chk gg-kfl', with gg-k = {%(92 —6%’“)} / , €Y standing
for the mass ratio m*/(m*+m?) and p% for the reduced mass ¢ m?. For mechanical
interactions (2.1) it obviously holds u% /u"* =1, but we prefer to write the scattering
operator in the most general form (by means of (2.2)), able to also describe collisions
with mass transfer that will be dealt with in Section 4. Moreover BZ’C = gafjk denotes
the collision kernel (Ufj’C is the differential cross section of the interaction A’+ A7 —
Al A%) | while 6%’“ stands for QAEfjk/uij; when the latter is positive, the unit step
function © actually introduces a threshold for the collision. Finally, the set D; includes
all possible collisions, namely it is made up by all triplets (j,h,k) with h=1¢ and k=.
Major moments of each component A® (number density nf, drift velocity u’, and
kinetic temperature 7"%) reconstruct in the usual way [4] the corresponding moments of
each gas G*® and of the whole mixture as

N:gn u_]éznu NSKTS:ZniKTi+%mSZni(|ui|2—|u5|2),

- - (2.3)
and
Q Q
R WS
s=1 s=1
L@ 0 L@ 2 2 (2.4)
u=->Y) m*N°®u’, nKT=Y N°KT®+ - m*N*(Ju®|* —|u
p; ; 3; ([ = ul?)

where K is the Boltzmann constant. Analogous relations hold for the pressure tensor P
and the thermal heat flux q.

The main properties of the collision operator (collision invariants, equilibria, and
H-theorem) are a byproduct of the detailed investigation performed in [16]. In our
frame there exist @ +4 independent collision invariants for the global collision operator,
and they correspond to the preservation of species number densities N*, of global mass
velocity u, and of total energy, sum of the kinetic contribution and of the internal energy.
Consequently, Q44 exact non-closed macroscopic conservation equations hold

ON*®
ot

+Vy (N*u®) =0, s=1,....Q,
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0
E@u)wx (pu®@u+P)=

0 | |2+ KT+Q§EH 4V, | (4 | |2+§ KT
ot u n 2pu 2n u

QN
—I—P-u—l—q—i-ZEinZul

i=1

=0. (2.5)

Collision equilibria are a (Q+4)-parameter family of Maxwellians with a common
drift velocity and temperature

S 3/2 S
S m m e . _
fi(v)= (27TKT) exp[ 2KT|V u| } Vi=s, Vs=1,...,Q, (2.6)

with equilibrium number densities related by the constraints
n'=N*y(E"T), (2.7)

where

exp EK}?E) o ()

Zexp ( E) Z5(T)

Note that 1(E*,T) represents the fraction of particles of species G* (s=1) that belongs
to the component A’ in any equilibrium configuration. For any component i =1,...,QN
we have 0 <¢(E*,T) <1, and for any gas G* it holds }_,_ ¢(E*,T)=1. Moreover, for
any i,7 with i=j and i < j, we have ¥(E*, T) >(E’,T), hence in any equilibrium state
the highest fraction of particles G* has the lowest energy level E*.

In space homogeneous conditions, a strict entropy inequality can also be established
in terms of the classical H-functional:

H= ZZ/fllogfzdv (2.9)

s=1li=s

Y(ELT) = (2.8)

quantifying relaxation rate to the unique collision equilibrium corresponding to the
initial data.

3. BGK relaxation model for polyatomic gas mixtures

BGK approaches for mixtures proposed in the literature are usually non-trivial
generalizations of the classical BGK model for a single gas, since one must take care of
reproducing some further basic principles, as positivity of densities and temperatures of
all interacting species, and “indifferentiability”, namely the requirement that when all
species are identical one must recover the BGK model for a single gas. These fundamen-
tal issues are satisfied by the model proposed in [1] for inert monoatomic gas mixtures
and extended in [5, 6] to reactive frames, and for this reason we build up a BGK model
for polyatomic gases following the same lines. The crucial idea of this kind of relaxation
models comnsists in replacing the actual i-th Boltzmann collision operator by a single
BGK operator v{(M?— ), i=1,...,QN, where v! are suitable v-independent macro-
scopic collision frequencies (or inverse relaxation times), and the “attractors” M are
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fictitious Maxwellians with macroscopic parameters to be properly determined:

oft
ot

+v -V fi=vi (M — 1), i=1,...,QN. (3.1)

Attractors M? are assumed accommodated at a common auxiliary velocity @1 and tem-
perature T'

s 3/2 s
Mi(v) =i <27Z(T> exp [— ”Iz . |v—ﬁ|2} , (3.2)

while fictitious densities 72? are taken bound together as
nt=NS(ET). (3.3)

Note that the attractors (3.2)—(3.3) are chosen in such a way that they fulfill all equilib-
rium conditions, namely they are Maxwellian distributions with a unique drift velocity
and temperature, and with number densities provided by (3.3), which are the equilib-
rium constraint specific of the polyatomic structure of gases. Therefore, this BGK model
will describe a general relaxation of all components A? towards an equilibrium configu-
ration, loosing in some sense the details of interactions between different species: in the
Boltzmann equation (2.2) there is a collision operator for each admissible interaction
Al AT = Ah 4 AF while in the BGK approximation (3.1) the effects on velocity u’ and
temperature T due to collisions with all possible other components have to be included
in the parameters of M(7?,01,T). Relaxation-type kinetic models with attracting dis-
tributions M (R?, @’ T%) each having a different fictitious velocity and temperature for
each species have been widely used (for monoatomic mixtures) in a recent past, but
the proof of their consistency from the mathematical point of view still has some open
problems (for instance, for the model proposed in [17] a rigorous proof of H-theorem is
lacking).

Our attractors (3.2) are then defined in terms of the QN 44 auxiliary variables
7', @, T, related by the constraints (3.3), so that only the Q+4 quantities N*, a,
and T are actually disposable parameters to be suitably determined to make the BGK
approximation consistent.

Following the procedure described in [1, 5, 6], we impose that the BGK model (3.1)
shares the same collision invariants of the original Boltzmann kinetic model (2.2). This
yields the equations

Z / Ndv=0 s=1,...,Q, (3.4)
ZZ /mv fHdv=0, (3.5)

s=1i=s

izﬂ / (émﬂvﬁwi) (M = fi)dv =0, (3.6)

representing preservation of species number densities, global mass velocity, and total
energy, respectively. These are () +4 equations for the Q+4 unknowns N*, u, T. The
main part of this section will be devoted to proving that the system (3.4)— ( .6) has a
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unique admissible solution for any choice of collision frequencies %, masses m*, and
internal energies E°.
For any s=1,...,Q, condition (3.4) provides

Zyiﬁi:ZVini (3.7)

(relation that will be very useful in the sequel), from which, bearing in mind the con-
straint (3.3) for the auxiliary number densities, we get

-(z)/ (g m) -

Thus N* are positive quantities, uniquely determined in terms of actual number densi-
ties n' and auxiliary temperature 7.
Coming to equation (3.5), it yields

Q
ZmSZVi(ﬁiﬁ—niui):O, (3.9)
s=1 i=s

that owing to (3.7) provides

= <Zm Zul i )/(imEun) (3.10)

hence u is explicitly given as combination of actual number densities n’ and mass
velocities u’.

The investigation of constraint (3.6) turns out to be much more complicated, since
it gives the relation

Q T . 3 1 R S
ZZV’ {5m5ﬁ1|ﬁ|2+§ﬁlKT+Ezﬁz— §7nsrﬂ|u’|2 - §nZKT1—E’nZ] =0, (3.11)

s=1li=s

that resorting again to (3.3) and (3.7) may be cast as

35 i i & < o .
Q
_;;msgwnlﬂuﬂ? |u| ZzylanTl‘FZZy E'L ,L (312)

Sl’LS s=1i=s

This is a transcendental equation for the auxiliary temperature T of the form

Q
)= b S S (- o)+ 33K T - S B, (31
s=1 i=s

s=11i1=s s=11i1=s
where
g VB EZ

Q
T):Sz::1 jzg;yam —KT-HiUJw o | (3.14)
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The BGK approximation is consistent if equation (3.13) has a unique solution, since the
auxiliary variable N* is determined in a unique way in terms of T' (see (3.8)) and u is

explicitly given by the expression (3.10). Uniqueness of solution to the transcendental
equation (3.13) is a consequence of the two following lemmas:

LEMMA 3.1. For the right-hand side of (3.13) the following lower bound holds:

Q
%ZmSZVini (jo'P—|al?) + ZZV%ZKTZ—I—ZZWE%Z > Z (ZV )
s=1 i=s s=11i=s s=1i=s
(3.15)
As a consequence the right-hand side of (3.13) is positive.

Proof. Since E* > E° Vi=s, it suffices to prove that
> om*> vt (Jul? - [af?) >0, (3.16)
s=1 i=s
which, bearing in mind the expression (3.10) for 4, is equivalent to
St S | (S St ) - (S o] =0
s=1 Jj=s r=1 i=r

The left-hand side of this latter formula is nothing but

ZZZZm m v'vn'n? (ju'> —u'-u’) ZZZZm m"v'vin'nd ju’ —u|?

s=1j=sr=1i=r sljsrlzr

2

(last equality has been obtained by exchanging the indices s« and i+ j), and this
concludes the proof. 0

LEMMA 3.2. The function F(T) defined in (3.14) is a monotonically increasing func-
tion.

Proof. We want to prove that the first derivative F’(T) is positive for any admis-
sible values of masses, energies, collision frequencies, and number densities.
After some computations we get

—2

Q »
. o 3 Ei —E* .
— ind |2 = =
E Eun 2K—|— = Euexp< - ) G(T)y, (317

s=1 \ j=s J=s

where

=33 v exp( E;(TEs>exp (—%) [(Ei)2_EiEa}.

1=s j=s
Exchanging the indices i <> j yields

~ 1 o Ei—F° Ei—FE* . ;
—§ZZVll/Jexp<— o7 )exp(—ﬁ)(El—Ej)QZO,

1=s j=s
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so that F'(T)>0. 0

To conclude the proof of existence and uniqueness of solution to equation (3.13) we
observe that, since energy levels E* >0 relevant to any gas G° are assumed increasing
with their index, we get

s s R nll Ei_Es
ZVZEZ wET) VF +;”Eexp<_ﬁ>
Z ip(B T = T 2 minE =FE (3.18)
Vp(E s i - =5
v+ v’ ex -
2 p< KT >
i#s
therefore

:llinoF ; <gl/ ) Tl_l)rilooF(T) +o0.
In conclusion, we have proved that F' (T) is a strictly increasing function that for posi-
tive T varies from the minimum admissible value for the right-hand side of (3.13) to +oo0,
hence existence and uniqueness of solution to equation (3.13) is guaranteed. The BGK
algorithm proposed in this section works then properly, since all auxiliary variables may
be determined in a unique way (through relations (3.8), (3.10), (3.13)) in terms of the
actual macroscopic fields, without no restriction on the collision model, or on energy
level properties.

3.1. Steady states of the BGK model for the homogeneous case. As
regards collision equilibria of the relaxation model (3.1), they are defined by fi=M?
Vi=1,...,QQN, hence they are Maxwellian distributions sharing a common mass velocity
u=u and a common temperature T = T, and with number densities n' =’ satisfying
thus the relations (3.3) (assumed for 7* from the beginning), so that they reproduce
the correct (Q+4)-parameter family (2.6)—(2.7) of collision equilibria deduced from the
original Boltzmann equations.

This BGK model yields immediately by its construction the preservation of the
same conservation equations obtained from the Boltzmann model. In particular, in
space homogeneous conditions, (Q+4 conservation laws hold:

NS=Zni=constant, s=1,...,Q, pu = constant,
i1=s

) 3 Q (3.19)
§p|u|2 + inKT—l-ZZEini = constant.

s=1i=s

Because of these first integrals, once the initial parameters nf), uf), Tg are assigned, the
corresponding equilibrium values nf;, uas, T are related to them by

Znﬁlw:an s=1,...,0Q,
1=S8 1=S8

Q Q
ZmSanMuM :ZmSZnéué,
s=1 i=s s=1 i=s
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2 L5 i 2 3 i i i

ZZ 3m oyl +§nMKTM+E nhy
s=1i=s

>

3 .
Z { mind|up|? + = 5 ny KTg+ Elnf)] ) (3.20)

and, in addition, they have to fulfill the equilibrium constraint (2.7). This system is
actually a special case of conditions (3.7), (3.9), (3.11) already investigated above, with
v’ =1 for each gas component, n, unr, Ty in place of 7', @, T, and with nj, uj, Tj
in place of n’, u’, T?. Therefore the proof of existence and uniqueness of a solution is
the same as above, and guarantees that equilibrium values may be uniquely determined
in terms of initial data. In particular, it holds uy; =uy, nZM = Ngz/J(Ei,TM), and Ty is
given by the solution of an equation of the form (3.12) with v =1:

Q
3 s i i
oK Tar+ Y NGy E'w(E' Tay)

s=1 i=s

z—Zm Zno (Juf|* —[uo?) ZZnOKTO—i—ZZEl : (3.21)

slzs s=1i=s

3.2. H-Theorem for the BGK model for the homogeneous case. An-
other significant result of the present BGK model is that it is possible to prove that, in
space homogeneous conditions, the physical entropy (2.9) holding at Boltzmann level is
a suitable Lyapunov functional also for the approximated relaxation model (3.1). In-
deed, it has been already proved [16] that such a functional, in the class of admissible
distribution functions f=(f%,...,f%") for which conservations (3.19) are in order, at-
tains its minimum exactly at the unique Maxwellian stationary point f Lo relevant to
the conserved quantities: for any f in that class, we have H[f]>H[f . Vf#[, .1
order to achieve the H-theorem it suffices then to prove the dissipation property

ZZ / Nogfldv<0  Vf#f,. (3.22)

s=11i=s
We start by proving the following equality:

LEMMA 3.3.

Q
ZZ / fHlogMidv=0  Vf. (3.23)

Proof. It can be easily checked that

ZZ / “Ylog M dv

s=1li=s

_ZZ / {logn —|—3logm —§log(2ﬂ'KT)—§(|v|2 20-v+|a?) |d

s=1i=s
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and the right-hand side, bearing in mind conservations (3.4)—(3.6), simplifies to
S i [ ] S i [bgzvs (zs@))} ~o,

s=1i=s s=1i=s
(3.24)
where in last equality we resorted again to condition (3.7). g

Previous lemma allows to write

ZZ / log/\f/t—dv (3.25)

s=1li=s

and now the usual convexity argument applies for the function (x —1)logz, and we may
conclude that H[f] <0, with equal sign if and only if f?=M? Vi, i.e. correspondingly
to the unique collision equilibrium f o determined by initial conditions. This completes
the proof of (3.22) and of the H-theorem.

4. Generalization of the BGK approximation to chemically reactive
frames

In this section we consider mixtures of polyatomic gases that, besides elastic and
inelastic mechanical scattering dealt with in previous sections, may undergo also (bi-
molecular and reversible) chemical interactions implying also transfer of mass between
the colliding particles. More precisely, we will include interactions of the type

Alp A= AP 4 AF

with the input particles (A%, A7) belonging to gases (G*,G") and the output particles
(A" AF) belonging to different species (GP,G?). Without loss of generality we may
order species in such a way that AE?? = EP 4+ F9— E° — E" > (; moreover, notice that
conservation of total mass in each chemical encounter implies m®+m” =mP +m?. The
additional reactive processes entail that collision equilibria of the Boltzmann equations
are again Maxwellian distributions (2.6) with number densities and temperature satis-
fying conditions (2.7), but a further constraint appears relating total number densities
(N*,N" NP N?) of the gases involved in chemical reactions, that is the mass action law
of chemistry [22, 16]. We will emphasize in the sequel how this additional requirement
deeply affects the proof of the consistency of our BGK model. For this reason, we divide
this section in two separate parts.

At first, in Subsection 4.1, we consider a binary mixture (of gases G*, G?), whose
particles are subject to the reaction

Al AT = Al 4 AP i=j=1, h=k=2, (4.1)

with the assumption AE?? =2(E?— E')>0. Conservation of mass simply yields m! =
m? =m therefore in this very simplified case mass transfer disappears; in this sense this
may not be considered a real chemical process and G' and G? should be represented as
two different components of the same gas (G in the fundamental state and G? in an
excited one). However, we believe this case meaningful from the mathematical point of
view, in order to study the effects on the BGK parameters of the simplest mass action
law, that is nothing but a linear relation between N! and N?, with a temperature

depending coeflicient:

e” kT NI (4.2)



M. BISI, AND M.J. CACERES 307

Then, we shall consider a more realistic situation, namely a mixture of four gases G*,
s=1,2,3,4, each one with N different energy levels, subject to a chemical reaction in
which a collision between a pair of species G' and G2 may give rise to a pair of particles
G? and G* and vice versa:

Al AT = A4 AF iZjZh#k, i+j=3, h+k=3, (4.3)

with AE?% E3+E*—E'— E?>0. Now conservation of mass yields the relation m! +

m?=m34+m?, and mass action law characterizing collision equilibria reads as

(4.4)

= e KT
N3N4 m

N'N2 (NP ZU(T)ZA(T) s
34 Z3(T)Z4(T) ’

that is a transcendental equation involving number densities of all interacting gases.
The further difficulties in the construction of the BGK model for this reactive frame
will be outlined in Subsections 4.2 and 4.3, and also in the relevant numerical simulations
presented in Section 5.

4.1. BGK model for a binary mixture. We start considering a mixture
of two gases G, G? subject to the chemical reaction (4.1). Collision equilibria of the
relevant Boltzmann equations are provided by (2.6), (2.7), (4.2), hence they constitute
a 5-parameter family. We aim at building up BGK equations like (3.1)

ofi

o +v- Vi fi=vi(M' = f9), i=1,...,.2N, (4.5)
where Maxwellian attractor parameters fulfill the constraints
7= Ny)(ET), (4.6)
gt 20 et (47)
ZY(T)

We want to obtain the auxiliary parameters in terms of the actual ones by imposing that
BGK equations preserve the same collision invariants of the Boltzmann model, that for
the present problem read as

Z / dv+z / v =0, (4.8)
mzz / — fHdv =0, (4.9)

s=1li=s

ZZ /< |V|2+Ei)(Mi—fi)dv—0; (4.10)

s=1i=s

equations (4.9), (4.10) coincide with (3.5), (3.6) for a non reactive mixture, correspond-
ing to preservation of global momentum and energy, while the Q =2 equations for single
gas densities (3.4) are here replaced by a unique equation (4.8) representing conservation
of total density only.

Condition (4.8) provides

Zui(ﬁi—ni)+zyi(ﬁi—ni):0, (4.11)
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hence

2N 2N
> viat=>"vin'. (4.12)
1=1 1=1

By inserting the expressions (4.6) into (4.11) we get

2N
N'YS V(ELT)+ N2 vp(BL,T)=Y vin', (4.13)
1=1 1=2 =1

from which, taking into account (4.7) and the expression of ¢)(E?,T) given in (2.8), we

get,
N1 2N _)/2N i
— = v'n' v'e T KT . (4.14)
A (27) /%

Consequently, again from (4.7),

NQ 2N ) ) 2N ) Ei—Ez
72T = < E 1/%1) / E v'e” T KT (4.15)
i—1 i=1

hence, in compact form,

N N ES—E! 2 . Ei—p!
— = ZuznZ e KT ZZV e KT s=1,2. (4.16)
Zs(T) =

s=1i=s

Equations (4.14), (4.15) (or, equivalently, (4.16)) give the auxiliary number densities
N', N2 in terms of the actual densities n’ and the auxiliary temperature 7.
Analogously to previous section, equation (4.9) yields

2N 2N
a= (Z ylnluz> Zl/znz; (4.17)
i=1 i=1
finally, skipping intermediate details, constraint (4.10) provides, analogously to (3.12),
2N 2 = v
3 o ~ N* . E'—ES
= v'n' | KT+Y ——— ) V'E'e &7
(L) S

1 2N 3 2N 2N
:imZVini (Ju'>—|a?) + 5ZuiniKTi+ZyiEini. (4.18)
1=1 1=1 1=1

This is a transcendental equation for T that may be cast as

} 2N -1 | 2N 3 2N 2N
H(T) = (; Vini> l2 m;ﬁni (Ja')?—[a*)+ 5 ;I/iniKTi + ;VZE%Z ,
) ~ (4.19)
where, taking into account (4.16) for N*®/Z*(T),

H(T)—Z;KT—F(ZZViEie_E;qu)/ ZZVjG_EjP;’fEI . (4.20)

s=1i=s r=1j=r
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As already done for a non reactive mixture, we are able to prove that #(7') is an
increasing function of its argument. In fact

-2

, _Ei_p! 1 -
H(T)—K+ Zzuﬂ T 72 9(D)

r=1j=r
where

o7 =33 S Y e S - pw)

s=1lr=1i=sj=r

IS Y e S

s=1lr=1i=s j=r

Moreover, since E'* < E? and energy levels of each gas are assumed increasing with their
index, we have

lim #(T)=E*, lim H(T) = +oo,

T—0 T—4o00
and these are exactly the lower and upper bounds of the right-hand side of (4.19),
therefore existence of a unique solution to (4.19) is guaranteed. In conclusion, following

a strategy very similar to the one explained in Section 3 for a non reacting mixture, we
have proved that all auxiliary parameters are well defined in terms of the actual ones.

4.2. BGK model for a four-species mixture. The proof of consistency of
our BGK model turns out to be much more involved if we consider a mixture of four
polyatomic gases G*, for s=1,2,3,4, with chemical reactions (4.3) in which encounters
between particles of species G' and G? may provide as output a pair of gases G* and G*
or vice versa. For this physical situation equilibria are given by distributions (2.6), with
the constraints (2.7) and (4.4) for the macroscopic parameters, hence they constitute a
7-parameter family. Consequently, we impose that Maxwellian attractor parameters of
our BGK model fulfill the analogous constraints

7' =Ny(ET), (4.21)
()" 202 )
N3Nt \p*t)  Z3(T)ZM(T) ' '

Independent collision invariants for the Boltzmann equations correspond to preservation
of global momentum and total (kinetic plus internal) energy, and of three suitable com-
binations of gas densities, for instance N'4+ N3, N'4+ N4 N2+ N% Hence, imposing
the same also for the BGK model yields

Z / dv+z / Ndv =0, (4.23)
Z / dv—I—Zl// Hdv=0, (4.24)
St fai= v+ oo [t = v o (425)
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ZZ]/ /m v(M' = f)dv=0, (4.26)

s=11i=s

izyi/(%mSIVIQJrEi) (M' = fH)dv=0. (4.27)

s=1i=s

Equations (4.23)—(4.25) provide
Zuz(ﬁz_nl)—’_zuz(ﬁz_nl) =0 (S,’I’) = (173)7 (154)5 (274)

Linear combinations of these equalities yield

4N AN
S oviai=Y v (4.28)
i=1 i=1

and

4 4
ZmSZViﬁi:ZmSZVini. (4.29)
s=1 i=s s=1 i=s

More precisely, bearing in mind the expression (4.21), conditions (4.23)-(4.25) allow to
express three among the auxiliary number densities (i.e. N2, N3, N*) in terms of the
fourth one (N'), the auxiliary temperature 7' and the actual number densities n’

. 1 i Qi (BT | N1

=2

N3 = W{ZUZnZ—FZV (;VW(EiaT)) Nl}? (4.30)

i=3
- 1 o o . )
NY= — -~ {Zylnl—l—ZVznz— (Zqu/)(El,T)) Nl},
ZVW)(EZvT) i=4 i=1 i=1
i=4
that may be written in a compact form as

N* 1 . . . El-p! N1
— = — v'nt =A%y vin'4+ N v'e” KT = (4.31)
Z(T) Zﬂéf “rr {; ; <; ) Zl(T>}

where \* are the stoichiometric coefficients Al=X2=1, M3 =\*=—
Momentum conservation (4.26), analogously to previous sections and taking into
account (4.29), yields

while energy conservation (4.27) provides an equation very similar to (4.18)

3 (&, i _Es
3 ;yn KT—I—ZZS ZVE
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1 g AN AN
=5 st Zuini (ju')?=|al?*)+ 3 Zl/iniKTi + Zl/iEini. (4.33)
s=1  i=s i=1 i=1

At this point (and this is the main difference with respect to the inert case and the
binary mixture), last equality (4.33) together with the mass action law (4.22) are a set
of two transcendental equations for the two unknown fields N' and T, and the rest of
this subsection will be devoted to proving that, for any values of actual parameters and
collision frequencies, equations (4.22)—(4.33) have a unique admissible solution

(NI,T)E{N1>O, T>0: N*>0, N°>0, N4>0},

where N2, N3, N* are provided by (4.30). For future convenience it is better to write
the system which is investigated using as unknown variables T and

Nl ) il
Yie——— Y e i (4.34)
Z (T) =1

With these notations, equations (4.33) and (4.22) may be cast as

i i EI ES
3 AN 4 ZVE
° <Zyn> KT+Y y* = ——=A, (4.35)
2 i=1 s=1 Zl/ e KT

/ Z’/e E/Kszy —EI/KT
3/2

Y1Y2 12 —
Y3Y4 = (,LL34) theiEh/KTZVk 7E /KT (436)

where A is simply the right-hand side of (4.33), thus it is a known explicit function of
the actual parameters (and is independent from our unknown fields), and

NS . Et_ES . .
Y?®= = vieT TR =Y vinf =X vinf4 N Y! s=2,3,4. (4.37
RS Sy ()

i=s i=s =1

We note that by inserting expressions (4.37) into (4.35), this becomes a linear equation in
the unknown Y, so it is possible to obtain a (very complicated, but explicit) expression
for Y! in terms of T. Skipping calculation details, we get

Yi=Y vin'+8(T) (4.38)
with
S(T)= %, (4.39)

where the numerator N takes the form

4 ZV I
N(T)zA—ng(;yim) Z(Zy ) S )
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and the denominator D is given by

PR . . 4.41

Therefore there remains only one transcendental equation, which comes from mass ac-
tion law (4.36); using (4.37) and (4.38), it may be cast as

Q(f)——<ﬁﬁ2>3/2, (4.42)

M34

where

ZVZTLH—S Zu n? +8(T) ZV e =g Zy e~ B
g(T) _ h=3 v k=4 , e~ KF .

i BBl j ) o o
KT T KT
E :thh E :ank E v'e E v’e
h=3 k=4 =1 7=2

(4.43)
We must prove that equation (4.42) admits a positive solution in the range for which
all densities, hence all Y*, are positive; this means that we have to prove existence and
uniqueness of a solution to (4.42) in the set

A= {T>O © max (—Zl/ini, —Zl/%’) <S(T) <min <Zuini, Zulnl> }
i=1 =2 i=3 i=4

(4.44)
The proof will be divided into several steps:

- at first we prove that in any interval (Ty,T,) CAi in which the sign of the de-
nominator D(T) does not change, the function S(T') is strictly monotone;

- then, we actually notice that A is a connected set of RT and, except for a very
particular choice of initial data, the sign of D(T') does not change in A;

- finally we prove that G(T ) is strictly monotone in A and it ranges from 0 to
+00, providing does a unique solution to equation (4.42).

Let us start by the first point:

LEMMA 4.1. In any interval (Tl,Tg) C A in which the sign of D(T) (given in (4.41)) does
not_change, the function S(T') (given in (4.39)) is strictly monotone: more precisely,

S(T) is increasing if D(T) <0, and S(T) is decreasing if D(T) > 0.

Proof. Since S(T)=N(T)/D(T) with N and D given in (4.40) and (4.41), respec-
tively, we have

N 1 1 (T Y T ¥ _N/(T)_ NDI)
Mﬂ_ﬁﬁﬂN@m@)NmD@»_mﬁ ST) oz (4.45)
It can be easily checked that
D) =Y N S KTQZZV V(BB B e S e S

s=1 |:Eye KT:| 1=5 j=s
k=s
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hence, by exchanging indices ¢ < j,

4
"(T)=> X F*(T) (4.46)
s=1
where
. 1 1 —p* _ pi_pe
Fo(T)= oSS Vi (B - B Re TR e TR >0, (447)
2OKT . Ek_E] ==
ZV e KT
k=s

On the other hand, owing to analogous arguments,

4 4
'(T):—;KZ (ZWW) —Z (ZyinZ) F*(T) <0. (4.48)
s=1 i=s

s=1

Coming back to (4.45) we get

S/(T) = —% {SKZ; (;mm) +Z <guini> FS(T)JrS(T)z;/\SFS(T)}
1 3 . 1,0 [ s s
__D(T){2K;<§Vn>+z Zun—l—/\ (T )} (
4.49)

s=1 Li=s
where the contents of the curly brackets are strictly positive for T € A, hence the sign
of §'(T) is opposite to the one of D(T'), and this concludes the proof. O

From the proof of the previous lemma, we note that the numerator N is a strictly
decreasing function (see (4.48)) ranging from

hrn./\/ =A— ZZVlnlEs

T—0 s=1i=s

4
:%ZmSZVini(|ui|2—|ﬁ| ZulanTl—l-ZZV —E*)n'>0
s=1 i=s

s=1i=s

(see also Lemma 3.1) to

lim NV(T)=—o0,

T— 400

therefore & (T) admits a unique root T*c A. In order to avoid special singularities in

the definition of S(T), we neglect here the very particular situation in which initial

data, internal energies and collision frequencies are chosen in such a way that even

D(T*)=0: in this case T ="T* would be a trivial solution of (4.35), and correspondingly

equation (4.36) would become an algebraic second order equation for the unknown Y.
As concerns D(T'), using the same technique as in (3.18) we note that

. DVE
lim D —AE} lim D(T PR — 4.50
T—0 ()= T too Z Zw (4:50)
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The sign of lim;_, +OOD(T) depends on internal energies and collision frequencies; in
any case, if there is a change of sign in the function D(T) (namely a value T +£T* such
that D(T*) =0), we have limz_, 7, S(T) = o0, hence in a suitable neighborhood of T*
the constraint (4.44) is certainly not fulfilled, thus this zone is not of interest for our
physical problem. Therefore we may assert that in each interval (Tl,TQ) C A, the sign
of D(T) does not change. Consequently, we may prove the following:

LEMMA 4.2, The set A defined in (4.44) is a connected set Of;RJrN,‘ in other words, if
Ty, To € A (with Ty <Ty), then also each T € R such that Ty <T < Ty belongs to the set
A.

Proof. First of all notice that in each maximal connected subset (T),T})
(i.e. “connected component”) of A the function S(T)=N(T)/D(T) is a continu-
ous and strictly monotone function ranging from its infimum admissible value, that
is max (=Y, v'n’, =Y ,_,vn?) if T.#0 or S(0)<0 if T, =0, to its supremum:
min (Y,_,vn’, 3,_,vin?). Hence there is a suitable value in (7,,7}) making the
function S vanish; this is of course T*, the unique root of N(T'), and this implies that
the set A is connected. O

Finally, we may prove the last step:

LEMMA 4.3. In the set A, the function Q(T) ranges from 0 to 4+00 in a strictly monotone

way: more precisely, G(T) increases if D(T) <0, and decreases if D(T)>0.
Proof. Skipping details, it can be shown that the derivative of G (T) may be cast

as
g'(T)

L SV(E - Ee S o

_ ~ 2\® i=s 12

o Z Zuw TASS KT2 Z S e B S

J=s
- 1 -
:g(T) Zzylnl_FAS KT? D(T)

(4.51)
and, also bearing in mind Lemma 4.1, the content of the curly brackets has a sign
opposite to the one of D(T). Moreover, notice that for T’ ranging in the interval A=
(Trmins Tmax) defined in (4. 44), the function G( T) varies (in a monotonic way) from 0 to
+00. This is true even if Tiyin =0 since limz_,,G(T ) 0. Therefore existence of a unique
solution to (4.42) in the range (4.44) is guaranteed. O

4.3. H-Theorem for the homogeneous case. To conclude this section we
show that, in space homogeneous conditions, the H-Theorem also holds when chemical
reactions are considered. At the Boltzmann level, it has been already proved [16] that the
physical entropy (2.9) attains its minimum exactly at the unique Maxwellian stationary
point f —relevant to the conserved quantities: H[f]>H[f |, Vf#f, . Therefore,
H-theorem is proved if the entropy production is negative:

ZZ / Nlogfidv<0  Vf#f,,

s=1i=s
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To obtain the sign of entropy production we follow a well known strategy (as in Sub-
section 3.2), whose principal ingredient is the following equality (as Lemma 3.3 for the
case without chemical reactions):

LEMMA 4.4.
ZZ / NlogMidv=0  Vf. (4.52)
s=11i=s
Proof. We can generalize the calculations done in [5] to the case of several

energy levels. Using the conservation equations (4.23)—(4.27) and the fact that equations
(4.23)—(4.25) can be rewritten as:

Zyi(,ﬁi _ni) — )\szui(ﬁz
i=s i=1

it can be easily checked that

ZZ / Y log M dv

s=1i=s

zzzyi(ﬁi_ni) {logNS—l-

s=1i=s

—ZV nt—n' Z/\S [logNS

o 1772 3/2 735 74 (T A3
=ZV’(ﬁl—nz)10g N (mlmQ) z (jj)Z (jj) e” KT | =0,
: N3N4 \mim ZY(T)Z*(T)

S

ET —log (ZS(T)) + g logms}

(ZS(T)) + g logms]

where last equality holds because of the constraint (4.22). 0

And again, using this lemma we can write

ZZ / log./\]il dv (4.53)

s=1i=s

and the usual convexity argument applies for the function (z — 1)logz giving us H[f] <0,
with equal sign if and only if f?=M?, for all i, i.e., correspondingly to the unique
collision equilibrium f o determined by initial conditions. This completes the proof of
the H-theorem.

5. Numerical simulations

In this section we report some calculations in order to check the response of the BGK
model proposed in the previous sections both for inert and for reactive situations. Some
preliminary test cases will be shown only for illustrative purposes, while the comparison
between Boltzmann and BGK descriptions for physically meaningful problems, such as
traveling shock waves or Riemann problem, is left as future work.

At first, we specialize our BGK equations to gases drifting only along the axial
direction (with respect to 21 =), but with distribution functions still depending on the
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three-dimensional velocity vector v. As pointed out in [3], in this frame it is convenient
to introduce the new unknowns

‘bi://fidvzd%, ‘I/i://(vg—l—vg)fidvgdvg, i=1,....,QN, (5.1)
RJR RJR

depending only on one space and one velocity variable. With these new unknowns, the
fundamental macroscopic fields may be reconstructed as

ni:/q)idv, uizil. v®ido,
n
KT 1 ) ) (5:2)
= {/(v—ui)QfI)idv—l—/\I/idv], 1=1,...,QN,
mt nt R R
while the BGK equations for ®¢, W%, for i=1,...,QN, read as
0P? Od° P i
5 + v 5 =v'(M"'—d")
) . - (5.3)
ov* ot A 2KT _ . .
— 3 i MZ_Wl
ot T ar < m? )’
where
E'-B*
) _ exXp|\ — = s 1/2 s
Mi(v)=N° ( KT )( mn > exp[— mN(v—a)Q], (5.4)
Z3(T) 2n KT 2KT

and N*, @ and T are the auxiliary parameters of our BGK model.

In this paper we simulate only the space homogeneous version of system (5.3), using
a third order TVD (Total Variation Diminishing) Runge-Kutta explicit method which
describes its evolution on time. In this way, we can get the distribution functions for ev-
ery time step and, consequently, all the macroscopic quantities, by simple integrations of
the distribution functions. Moreover, the evolution on time of the entropy functional is
obtained using the solutions f?, which are approximated by means of an explicit Runge—
Kutta scheme, since the collision operator (namely right-hand side of equation (3.1))
can be approximated through the macroscopic quantities. To define auxiliary macro-
scopic quantities we follow the described algorithms in Section 3, for the case with only
mechanical interaction, and Section 4, where chemical effect is also taken into account.
We recall that for inert mixtures expressions of N* and @ are given in (3.8) and (3.10),
respectively, while temperature T is provided by the transcendental equation (3.13); in
the case of four reactive gases, & has the same expression (see (4.32)), number densities
are provided by (4.30) and (4.38) (with Y! defined in (4.34)), while temperature is
defined through the transcendental equation (4.42). Thus, in both cases we must solve
a trascendental equation and we do it numerically using the bisection method. Notice
that the numerical scheme to solve the equation (4.42) has an additional ingredient (not
necessary for equation (3.13)): we need to find the solution of the equation in the range
of values of T which are in A (see (4.44)). This means that, for the bisection method, at
every time step the left and the right T values have to be suitably determined in order
to restrict our analysis to the admissible set A. To do that, we start with a small value
of T which is increasing, with a tiny step, until it satisfies

max <—Zuini, —Zyiﬂf) <S(T).
i=1 1=2
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Evolution on time of solution ¢8 Evolution on time of solution \VB
3.5 4
—Time: 0 —Time: 0
3 - --Time:0.1*Tfinal 3.5 - --Time:0.1*Tfinal
- Time: 0.2*Tfinal - Time: 0.2*Tfinal
- - Time: Tfinal 3 - - Time: Tfinal
2.5
2.5]
2
2
1.5
1.5]
! 1
0.5]

time " time

Fic. 5.1. Reference test, for Maxwellian initial data.
Top: Time evolution of the distribution functions ®8 and U8 until the steady states.
Bottom: Left: Evolution of the number densities. Right: Evolution of the temperatures.

This value is fixed as left value, a, for the bisection method. To obtain the right value, b,
we proceed in analogous way, starting with a plus a small positive quantity, which is
increasing, with a tiny step, until it is satisfying

S(T) <min Zl/ini, Zl/ini ;
=3 i=4

last value fulfilling this inequality is taken as right value b.

The analytical proofs performed in Sections 3 and 4 hold independently from the
choice of collision frequencies v* involved in the BGK operator. On the other hand,
in numerical simulations relaxation parameters v’ are essential quantities which mea-
sure the rate at which BGK equations drive distributions towards equilibrium, hence
they should be somehow related to the rate of convergence predicted by the original
Boltzmann equations. As already assumed in numerical simulations relevant to dif-
ferent BGK models for mixtures [15, 3], we impose here that averaged loss terms of
Boltzmann equations equal the BGK ones. More precisely, for a non reacting mixture
we impose

% Z ///(K;'jhk)—[f](v7w7f1/)dvdwdf1/:%Vi/fi(v)dv, 1<i<@QN

(4,h, k) €D;
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Evolution on time of solution ¢8 Evolution on time of solution \VB
3 1 25
—Time: 0 —Time: 0
" N - --Time:0.1*Tfinal N - --Time:0.1*Tfinal
25 (4| Time: 0.2*Tfinal 2 (oY | Time: 0.2*Tfinal
¢y |- Time: Tfinal L4 |- Time: Tfinal
2
1.5
1.5]
1
1
05 0.5]
£>5 5 £>5 5
Solution \4/8 Evolution of the entropy functional
25 -410
- v — Entropy‘
- Entropy
) . ‘4/8 -420
-430
1.5
-440
1
-450
05 460
—47
£>5 0 5 00 0.2 04 0.6 0.8 1
v time

Fic. 5.2. Reference test, for initial data given by sums of Maxwellians.
Top: Time evolution of the distribution functions ®® and W8 until the steady states, for the reference
test with initial data given by sums of Mazwellians.
Bottom: Left: Steady state of U8; Right: Entropy functional: comparison between the reference test
with Mazwellian initial data and the test with initial data given by sums of Mazwellians. Lines relevant
to the original reference case are denoted by a subscript t.

where (K/"*)~ denotes the second (negative) summand in K" given in (2.2), hence

Vi:% Z ///@(92—5?jk)ijk(g,ﬁ.ﬁ’)fi(v)fﬂ' (w)dvdwdn',  1<i<QN.
(j,h,k)eD;
(5.5)
For all exothermic collisions, namely for all encounters A’+4 A7 — A"+ A¥ such that
AE[F <0, we assume that differential cross sections are of Maxwell molecule type:

/ Bl¥(g,n-n)dh" = constant =v/’", (5.6)
and, for symmetry reasons, V¥ =v!*. The differential cross sections By’ relevant to

the reverse (endothermic) collisions are related to the exothermic ones by means of the
micro-reversibility condition [16]
(u)?g Bif (g,0-0') = (u"*)? gl ©(g° = 017) By (9 0 -1'),

ij ij

hence it can be easily checked that

g i 3/2 ij
/B;gk(g,ﬁ-ﬁ')dﬁ’z (W) — Bk Rk (5.7)
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Solution ¢6

-5 0
v

Comparison between number densities for gas 2

2

0 0.2 0.4 0.6 0.8
time

Comparison between temperatures for gas 2

T
2t 5 R
= 6
B T
1.5 ot
- -‘TG

10 0.2 0.4 0.6 0.8

Fig. 5.3. Test 1.

Solution w6

319

-5 0
v

Comparison between velocities for gas 2
0.24

0.22

0.2

0.18]

0.16]

0.14

0.12

0.1

0.08

0 0.2 0.4 0.6 0.8
time

Evolution of the temperatures

time

Top: Comparison between the steady states, for the gas G? at level 2, of the reference test and test 1.
Middle: Comparison between the densities and the velocities of the reference test and test 1.
Bottom: Left: Comparison between the temperatures of the reference test and test 1. Right: Evolution
of the temperatures for test 1.

Therefore, the integrals appearing in (5.5) result immediately in Vzhjk n’ for the exother-

DgX:{j,h,ngN: h=i, k=j AEZ’“SO},

D = {jhk<QN: h=i, k=j, AB>0},

mic collisions, while the endothermic ones have to be managed numerically; however,
an explicit solution is possible if we replace distributions by Maxwellian shapes char-
acterized by actual number densities n’, mass velocity u, and temperature T, and this
will be the choice adopted here. Skipping all intermediate details, if we set

(5.8)
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Solution ¢6 Solution w6

-5 0 5 -5 0 5
v v

Comparison between number densities for gas 2 Comparison between velocities for gas 2

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time time

Comparison between temperatures for gas 2 Evolution of the densities

25 3

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
time time

Fic. 5.4. Test 2.
Top: Comparison between the steady states, for the gas G? at level 2, of the reference test and test 2.
Middle: Comparison between the densities and the velocities of the reference test and test 2.
Bottom: Left: Comparison between the temperatures of the reference test and test 2. Right: Evolution
of the densities for test 2.

collision frequencies in our numerical examples for inert mixtures will be

| , e
V= E ufjknj + E vphon’e” TRT (5.9)

(4, h, k) € DY (3 h, k)€ DF"

(ratios between reduced masses simplify to 1 since there is no transfer of mass). Anal-
ogously, to analyze the BGK model with chemical reaction we set:

pyemehaieal _{j p k<AN: h=i, k=j, ABRF<0},
Dfx‘c"e”‘ica':{j,h,k§4N:i§éj§éh§ék, iti=3, h+k=3, AEgkgo},

Dfn—mechanical:{j7h,k§4N: hEZ, kE], AEihjk>O},
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5.5 1
5 — (N'N?)(N°N* 45 NN
. - - - KT (12,3432 (122 1)) 23(T)ZH(TY) NN
450 - Left hand side of Mass Action Law CONeNd
* Right hand side of Mass Action Law 0 T

35

B[ e

25
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Fic. 5.5. Test 3.
Top: Left: Mass Action Law: RHS and LHS of (4.22) and of (4.4). Right: Conservation of sum of
total densities.
Bottom: Left: Conservation of pu. Right: Evolution of v'.

Dfn—chemical:{j7h’k§4N:i§éj?—éh§ék, i—}—jE?), h+kE3, AEZ-]C>O}7 (510)

and collision frequencies in our simulations will be

i hk, j hk, j
V= E Vig 7+ E Vig 1

(j) h1 k) c sz—mechanical (], h, k) c sz—chemical
3/2
T _ampp i phk / aphk
* Z vppn'eT KT+ E vn’ - e~ w1, (5.11)
(j1 h) k) c D:n—mechanical (‘L h, k‘) c D:"’Chemical /’L

In our examples we consider for simplicity a mixture of four gases, each one endowed
with two energy levels (a fundamental state and an excited one); of course all could be
extended to an higher number of mechanically interacting species and of energy levels.
Masses of the four gases are m' =11.7, m?=3.6, m®>=8 and m*=7.3, while collision
frequencies of the exothermic interactions are taken as Vzhjk = % With this choice,
several numerical tests have been done, and some illustrative ones are reported here
below.

Reference test:
In the reference test we consider, initial conditions are given by Maxwellian shapes
characterized by velocities
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Fic. 5.6. Test 3.
Top: Comparison between the steady states, for the gas G? at level 2, of the reference test and test 3.
Middle: Comparison between the densities and the velocities of the reference test and test 3.
Bottom: Comparison between the temperatures and the entropy functional of the reference test and

test 3.

and temperatures
T=1 T§=3.5 T3=2 T3=2.5
T5o=3 T$=15 T =5 T8=4.5

while initial number densities and internal energies are reported in the following table:

ng=11|n2=9 [ n3=10 [ ng=7 [ ng=10 | n§=8 | nf=9 | n5=6
E'=3 | E?=2| E°=4 | E*=7| E°=5 | E°=4 | ET=6 | E¥=9

Consequently, ug~0.23 and T~ 2.8. Figure 5.1 shows the evolution in time, until the
steady state, of the unknowns ®2 and ¥ describing the distribution of the second energy
level (the most excited one) of the gas G*, and also the evolution of the densities and the
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temperatures for every gas at both energy levels. We see that equilibrium temperature
holds Ths~3 higher than the initial one, hence this mixture (with the chosen initial
data) is macroscopically slightly exothermic, with transformation of internal energy
into thermal energy.

We repeat then the reference test starting from initial distributions f¢ given by sums
of two Gaussians symmetric with respect to uj, with the same macroscopic densities
and temperatures reported above. Figure 5.2 shows the behaviour of ®® and ¥® in
this case, and it compares the steady state (that of course is exactly the same) and the
evolution of the entropy functional for initial data given by single Maxwellians or by
sums of Gaussians. In this comparison and also in the other tests we will describe below,
quantities relevant to the original reference case (with Maxwellian initial distributions)
are denoted by a subscript ¢.

Test 1: We modify now the reference case considering different values for the internal
energies:

n%):ll n%:Q ngzl() né:? ngzl() n8:8 ng:9 n8:6
7

E'=3 | E?=2| E*=4 | E'= E5=10 | E°=12 | E"=8 | E®=9

Figure 5.3 illustrates the results relevant to this test, also in comparison with the refer-
ence test case. Steady states are again Maxwellian distributions with (constant) mean
velocity u~0.23, but equilibrium temperature and, consequently, number densities,
change with respect to the reference plots. More precisely, since energies in the second
level have been increased, also equilibrium temperature increases to T ~4.055 provid-
ing thus equilibrium densities of the excited levels lower (and, because of conservation
of global N*, the ones of the fundamentals states higher) than the ones of the reference
test. This mixture is thus really exothermic, since during the evolution a lot of particles
de-excite, and transform their internal energy into thermal one.

Test 2: Now, with respect to the reference case, we modify (precisely, we increase)
densities of the excited energy levels:

ng=11[n3=9 [ n3=10 [ nf=7 | ng=13 | n§=11 | nf=12 | n§=
E'=3 | E?=2| E3=4 | EF*=7]| E°=

This test is described and compared to the reference one in Figure 5.4. Changing initial
densities provides a different mass velocity w=0.22, and a different global temperature,
ranging from Ty 2.9 to Ty ~ 3.18. As noticed since Section 2 relevant to the Boltzmann
description, in any equilibrium configuration for a mixture of polyatomic gases we have
the highest fraction of each gas G* belongs to the fundamental (de-excited) level, and
we show here that this fact is true even if we choose as initial situation the reverse one,
in which highest number densities characterize the excited components.

Test 3: Finally, we consider the same initial conditions as for the reference test, but we
assume that the four gases are subject also to the chemical reaction with transfer of mass
described in Subsection 4.2. Simulations of this reactive case are shown in Figures 5.5
and 5.6. First, Figure 5.5 confirms numerically the Mass Action Law and the conser-
vation of the sums of total densities N' 4+ N3, N'+ N4, N2+ N* and of pu; moreover,
it shows the evolution of the collision frequencies v* versus time. Last, in Figure 5.6
we present a comparison between the reference test, without chemical collisions, and
test 3. Mean velocity does not change, while equilibrium temperature is now Ths ~ 3.2.
As concerns the evolution of number densities, we note that the chemical reaction can
produce loss of monotony (see n®). It would be of course interesting to extend such
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simulations of reactive polyatomic mixtures to several different situations, varying for
instance the order of magnitude of the involved collision frequencies, changing thus the
dominant processes in the evolution (elastic scattering, or excitation/de-excitation of
interacting particles, or chemical reactions). Such investigation, together with compar-
isons with experimental data or with numerical simulations of the Boltzmann system,
is left to future work.
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