MAXWELL-STEFAN DIFFUSION ASYMPTOTICS FOR GAS MIXTURES
IN NON-ISOTHERMAL SETTING
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ABSTRACT. A mathematical model is proposed where the classical Maxwell-Stefan diffusion model
for gas mixtures is coupled to an advection-type equation for the temperature of the physical
system. This coupled system is derived from first principles in the sense that the starting point of
our analysis is a system of Boltzmann equations for gaseous mixtures. We perform an asymptotic
analysis on the Boltzmann model under diffuse scaling to arrive at the proposed coupled system.

1. INTRODUCTION

The Maxwell-Stefan theory [23, 27] has been the most successful approach for describing diffusive
phenomena in gaseous mixtures, and it is now the reference model for studying multicomponent
diffusion. The Maxwell-Stefan system is a coupled system of cross-diffusion equations and it is
commonly used in many scientific fields, for e.g., in engineering [22] and in medical sciences |7, 28].

Despite its current utility, the mathematical studies on the subject are however quite recent
(see [17, 15, 16, 18]). In particular, existence and uniqueness issues, as well as the long-time
behaviour, have been considered in [6, 10, 21, 13], whereas [24] deals with the numerical study of
the Maxwell-Stefan equations.

In [11], the authors provide the formal derivation of the Maxwell-Stefan diffusion equations
starting from the non-reactive elastic Boltzmann system for monatomic gaseous mixtures [12, 14, 9].
They show that the zeroth and first order moments of appropriate solutions of the Boltzmann
system, in the diffusive scaling and for vanishing Mach and Knudsen numbers limit, formally
converge to the solution of the Maxwell-Stefan equations. This result, which lies in the research
line introduced by Bardos, Golse and Levermore in [1, 2, 3], has been obtained in the framework of
Maxwellian cross sections. Subsequently, the approach of [11] has been generalized in [8], where the
Maxwell-Stefan diffusion coefficients have been written in terms of explicit formulas with respect to
the cross-sections, and in [20] where the explicit dependence of the Maxwell-Stefan binary diffusion
coefficients with respect to the temperature of the mixture has been obtained for general analytical
cross sections satisfying Grad’s cutoff assumption [19].

All the previous results have been obtained in the isothermal case. However, as pointed out by
Krishna and Wesselingh, “perfectly isothermal systems are rare in chemical engineering practice
and many processes such as distillation, absorption, condensation, evaporation and drying involve
the simultaneous transfer of mass and energy across phase interfaces” [22, p.876].

For this reason, it is natural to extend the strategy of [11] to the non-isothermal case, and this
is the purpose of the present article: we provide here the asymptotics of the Boltzmann system for
monatomic mixtures that leads to a non-isothermal form of the Maxwell-Stefan equations, and thus
we can take into account the thermal diffusion contribution to the molar fluxes (thermophoresis).
We postulate that the solution of the Boltzmann system keeps the structure of a local Maxwellian
and then we deduce, in the standard diffusive limit, the coupled relationships satisfied by the
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densities, the fluxes and the temperature at the macroscopic level which guarantee that the local
Maxwellian structure is preserved by the time evolution of the system.

A major question is posed by the closure relationship. Indeed, as in the case of the Maxwell-
Stefan system, the resulting equations for the densities, the fluxes and the temperature are, in the
diffusive limit, linearly dependent and an additional equation between the unknowns is necessary
in order to close it. As it is well known, in the isothermal Maxwell-Stefan system, the closure
relationship consists in supposing that the sum of all molar fluxes J; is locally identically zero.
This supplementary equation could be incompatible with some experimental behaviours in the non-
isothermal setting: as pointed out in [22], indeed, in chemical vapour deposition (CVD) processes,
thermal diffusion causes large, heavy gas molecules (for e.g., WFg) to concentrate in cold regions
whereas small, light molecules (such as Hy) to concentrate in hot regions. Hence, non-isothermal
systems could require new closure relationships which, of course, relax to the isothermal one when
the temperature is uniform in time and constant in space.

The closure relation that we suggest is the following: sum of the molar fluxes J; is locally
proportional to the gradient of the total molar concentration, i.e.,

Z Ji = —aVegot.

i=1
With respect to the above mentioned closure relation, we characterize the total molar concentration
ctot and the temperature field T'(¢,z) as solutions to a coupled system of evolution equations.
Furthermore, the temperature-dependent flux-gradient relations derived in this paper — see second
line of (24) — implies that the product cy 1T is space-independent. Hence the above mentioned
closure relation postulated in this paper recovers the standard closure relation — sum of the molar
fluxes J; being locally identically zero — in the isothermal case.

The outline of the paper is as follows: In subsection 2.1, we introduce the kinetic model — system
of Boltzmann equations for gas mixtures — and present the assumptions made on the Boltzmann
collision kernels (Maxwellian molecules). Subsection 2.2 deals with the scaling considered in this
work and the main assumption made on the solutions to the scaled mesoscopic kinetic model.
In subsection 2.3 we derive the balance laws (mass, momentum and energy) — see Proposition 1.
Emphasis is given on computing the coefficients in the balance laws — given in terms of the velocity
averages of certain statistical quantities. A formal asymptotic analysis (in the mean free path going
to zero limit) is performed in subsection 2.4 which culminates in Theorem 2. Subsection 2.5 deals
with the closure relation. Finally, in subsection 2.6, we derive some qualitative properties on the
total concentration ctot (¢, ) and the temperature field T'(¢, x).

2. KINETIC MODEL AND ASYMPTOTICS

2.1. Kinetic model. The starting point of our analysis is a system of Boltzmann-type equations
that models the evolution of a mixture of ideal monatomic inert gases A;, i = 1,...,n with
n > 2, subject to elastic mechanical collisions between each other. More precisely, for the unknown
probability density functions f;(¢,z,v) > 0, we consider the Cauchy problem

(1) 8tfz+vvzfz:Zsz(fhfj) for (t,fL',’U) € (0700) XRB XRSa

j=1
(2) fi(0,2,0) = fi*(z,v) for (z,v) € R® x R?,
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for each ¢ = 1,...,n where Q;;(-,-) denotes the bilinear integral operator describing the collisions
of molecules of species \A; with molecules of species A;. In the above model, we have supposed that
there are no external forces acting on the gas mixture. Hence any given particle travels in a straight
line (ballistic motion) until it encounters another particle resulting in a mechanical collision which
is assumed here to be elastic. To facilitate the definition of the collision operator Q;(-,-), consider
two particles belonging to the species A; and A;, 1 < 4,5 < n, with masses m;, m;, and pre-
collisional velocities v/, v/,. A microscopic collision is an instantaneous phenomenon which modifies
the velocities of the particles, which become v and vy, obtained by imposing the conservation of
both momentum and kinetic energy:

1 1 1
@) kgl =mav b mgoe, g+ gmg ol = Gmfol o+ 5mg fo
The previous equations allow us to write v’ and v} in terms of v and vy:
1
(4) v = m(miv + mjv, + mjlv — v o), vl = m(mlv + mjv, — mylv — vi| o),
i J i J

where o € S? describes the two degrees of freedom in (3).
If f and g are nonnegative functions, the operator describing the collisions between molecules of
species A; and molecules of species A; is defined by

5) Q(1.90) = [ [ Bitv.0n0) [£)9(w)) ~ F0)g(0,)] dode,

R3xS2

where v" and v, are given by the relation (4), and the cross sections B,j satisfy the microreversibility
assumptions: Bjj(v, vy, 0) = Bji(vx,v,0) and Byj(v,v4, 0) = Byj(v', v}, 0).

The operators @;; can be written in weak form. For example, by using the changes of variables
(v,v4) > (vg,v) and (v, vi) — (V/,0}), we have

/ Qui(f.9)() $(v) dv
RS
=5 [ Butwono) [f9(w0) - $0)g(00)] [660) = 00)] do doa,
R6 xS2
- / / Bij(0,00,0) f(0)g(ve) [90') = (0)] dordv
R6 xS2
/Qufg dv+/czﬂgf v) 6(v) dv

_ _7/// (0,00, 0)[F(0)g(02) = F(@)g(w)] [£0) + 6(02) = 0(0) = 9(02)] dor v,

RO xS2

for any ¢, ¢ : R® — R such that the integrals on the left hand sides of (6) and (7) are well defined.
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The collision kernels B;; only depend on the modulus of the relative velocity and on the cosine

of the deviation angle, i.e.,
Bij(v,v4,0) = Byj (Jlv — vi|,cos6)  with cosf = L
v — sl

In order to ease the presentation and also to ensure that the resulting mathematical model for the
molar concentrations be simple, throughout this work we stick to the case of Maxwellian molecules.
More specifically, we shall work with collision kernels that are independent of the relative velocity,
i.e., they are of the form

(8) Bij(v,v4,0) = bjj(cosb),

where we assume that the angular collision kernels b;; € L'(—1,+1) and are even. Observe that,
because of the microreversibility assumption on the collision kernels, we have
v—uv Ve — U
Bij(v,vs,0) = Bji(vy,v,0) = bjj <|UU* ~a'> = bj; <*| . 0'> ,
— Ux

and that, by parity, b;j(cos#) = bj;(cos@).
Remark 1. Taking ¥(v) =1 in the weak form (6), yields

(9) /Qij(f,g)(v)dv:() foralli,j=1,...,n
R3

which helps us deduce the conservation of the total number of molecules of species A;. Moreover
in (7), if v(v) = miv and ¢(vi) = mjvs, and then if (v) = m; [v]?/2 and Gp(v) = m; |v.]? /2, we
recover the conservation of the total momentum and of the total kinetic energy during the collision
between a particle of species A; and a particle of species Aj;:

R[Qm(f,g)(v) ( m:?1j|g/2 ) dv—l—R[Qﬁ(g, H) ( mﬁﬁg/z > dv = 0.

2.2. Diffuse scaling and main assumptions. In order to arrive at the diffusive limit, we intro-
duce a scaling parameter 0 < € < 1 which represents the mean free path. The space-time variables
are scaled as (t,r) — (¢?t,ex). Note that the velocity variable is not scaled. The unknown dis-
tribution functions in the transformed variables are denoted by f7. Each distribution function f;
solves the following scaled version of (1)-(2):

(10) €3tff+v~vmff:§ZQij( o f5) for (t,z,v) € (0,00) x R® x R3
j=1
(11) fi(0,2,0) = ( iin)E (z,v) for (z,v) € R® x R3.

The initial data are assumed to be such that the associated local macroscopic velocities are of O(e),
ie.,

o () (o) do = @t )
R3
for some ¢ : R? — [0, 00) and ul : R? — R3.
The main assumption in our work is that the evolution following (10) keeps the distribution
functions ff (¢, z,v) in local Maxwellian states. We hence suppose that there exist the local densities
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¢ 1 [0,00) x R® — [0,00), the local macroscopic velocities u5 : [0,00) x R® — R? and the local
temperatures ¢ : [0,00) x R3 — [0, 00) such that the solution to the scaled Boltzmann system (10)
has the following Maxwellian structure:

3/2
my; e 2 e
12 € — £ T —m;|v—euf (t,2)|? /2T (t,2)
( ) fl (t7l'7’U) Cz(t,l') <27Tk7-;€(t,x)> e

where k is the Boltzmann constant. We record the zeroth, first and second moments for the above
Maxwellian states:

1 ¢ (t,z)
(13) fitzo)| v | duo= e (t, z)us (t, z)
J, [v]? Bk e (b, ) TE (t, ) + €25 (¢, o) us (¢, )|

NOTATION: For £ € {1,2,3}, we denote by w(y) the (-th component of any vector w € R3.

Note that we postulate the ansatz (12) for the distribution functions. This line of attack to address
diffusion limit procedures in the context of Boltzmann models is borrowed from [11, 20]. Also, note
that the choice of O(g) local macroscopic velocities in the ansatz (12) results in the first moment of
the distribution functions to be of O(g) since we are only interested in the pure diffusive dynamics.

2.3. Balance laws. To derive a macroscopic description out of the mesoscopic dynamics of the
Boltzmann-type equations such as (10), we need to arrive at balance equations obtained by in-
tegrating the transport model (10) with respect to the velocity variable v only. The next result
records various macroscopic equations associated with the scaled Boltzmann-like system (10)-(11).

Proposition 1. Suppose that the evolution according to (10) keeps the distribution functions
fE(t,z,v) in the local Mazwellian states (12) for all time t > 0. Then, the local macroscopic
observables (¢, us,T¢) solve the following equations. We have the mass balance equations:

(14) ocs + Vg (Gui) =0 for (t,z) € (0,00) X R3,

for each 1 < i < n. We further have the momentum balance:

(15) (0 (u) + V- (G 0 0)) ) 4 VL (GT) = OF  for (t.2) € (0,00) x B,
o~

1

for each 1 < i < n, where the right hand side of (15) reads

(16) 05 (t.x) = Y 2nllbyll —2— (cgcju; - c§c§u§) +O(e).

m;
i i+ my;
Furthermore, the energy balance reads

3k 5k 3k
(1) (20T + SV (7)) + 2 (00 (i) + 2V (TP ) ) = =

(3

for (t,x) € (0,00) x R? and for each 1 < i < n, where the right hand side of (17) reads

- 1 mj
‘:‘l‘?(t’ ZE) = g ; Hb’LJHL1 (mz ¥ mj)gcfci (T;E - T]{E)
(18) ( 5 € € €
21bss € £ . J1%3 7 J 7 )
re D2y lcim, (T

JFi
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Proof. To arrive at the balance equations (14)-(15)-(17), multiply the scaled equation (10) by
(1, v, |v?) and integrate over all possible velocities in R? yielding

(19)

1
Eat/ff(t,x,v) U(g% dv—}—VI./Uff(t,x,v) U(g% dv Z Qij fl,f) V(e do.
R3 R3

[l [l [l

The assumption of Maxwellian structure (12) on the solution f;(¢,2,v) helps us compute the
divergence term in the second line on the left hand side of the above equation:

([R/ v fi (¢, ,v)vdo

0 . . _ )
my; &W) ( (t l‘)T (t t ) T 82 Z ax(k ( i(t?x) (ui)(k) (tal‘) (Ui)(e) (Lm)).

Next, we have for the divergence term in the third line on the left hand side of (19):

Voo | [ Z 5 / (o ? + o P + o ) v (0) o
3
3
9 2
=3 g [ (o + g P+ oy + 2 @i P+ e+ () )
= 0 )
‘ 3/2 —mylvf?
m’L E(t.x
(v(k) +e (uf)(k)) s (t,x) (W) LD o,
Therefore, we have:
2, pe 5k eeE, € 33k eEE|, €12,
(21) V- [v[“vfi (v) dv zsﬁvw-(CiTi ui) +e va. (Csz u§ |Puf) .
3 (2 (2

Observation (9) in Remark 1 implies that the first line on the right hand side of (19) vanishes.
Under the Maxwellian molecules assumption (8) and under the local Maxwellian states assumption
(12) on the solution ff(t,x,v), the second line on the right hand side of (19) has already been
computed by L. Boudin, B. Grec and F. Salvarani [11, Section 4]. We will simply borrow the end
result of their computation below:

2 b 71
@) 13 [t e =30 L (s ) e g, ) + 00)

— M +my
J Ip3 JFi I
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On the other hand to arrive at the expression (18), let us consider the right hand side of the third
line in (19):

1 j (v,v4,0) ff F(vg) (Jv v o dv dv,
g%;g'”'@w(wf Y ] Butvo sz @f; ) (WP - 107) dodvd

J#i R6 xS2

IS ][ o255 (W~ o) dr v,

J71 =1 g6\ g2
where we have used the weak form (6) with ¥ (v) = |v|?
expression can be further simplified as

LS [yt g o fZanwuLl (-1) / £ (o) (0o dv o

J?ﬁle j#i £=1

. Next, using the relation (4), the above

+ = b; /  ( ) [Vx () |7 dv doy
ZZHJHL e || FOL @l v

37512 1
2mlm
+- ZZH%HL oy / F2 ) 5 0oy vagey do dos
j;ézé 1
3
223 g [ Bote st w0
7= R6xS2
(mimj|v — vs|v(p) +m2»| — u|vy(p)) 00 do dv o,
1
+ EZ ml+m // Bz] U, U, 0 ( )f€<v*)| v*|2|0(5)|2dadvdv*
7 =1 R6 xS2

=T +L+Is+14+Is.

Substituting the local Maxwellian structure (12) for the distribution function f; (¢, z,v) in the above
integrals and computing the thus obtained Gaussian integrals yield

1 m2 < 3kTY m2
T, = = bz [ -1 ovrg 2 bz i -1 £ €2
1 EZ(H s <(mi+mj>2 ) B byl ((mﬁw ) clus |)

JF#
1 m2 3kT¢ m2
Ty == biillr1 J eI 1 2p 17JE u€2
6; (H Z]HL <mz+m])2 ] m; || UHL (mz+m]> | |
1 9 2mymy
I3 = Z ; ( 1635 1 chcj (u§ ug)

Now, to treat the integral Zy, let us introduce the polar variable ¢ € [0, 27] so that we can find the
relationships between the Euclidean coordinates of o and the spherical ones, namely

o) =sinfcosp, o) =sinfsing, o3 = cosb.
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In the integral Z4, note that the terms for £ =1 or 2 in the sum are zero because

2 27
/sincpdgpz/coscpdgpzo,
0 0

and for £ = 3, because b;; is even, one has

™

1
/bij <|Z:Z| : o—) o(3) do = QW/SiHHCOSHbij(COS 6)do = 2w/nbij(n) dn = 0.
S2 0 -1

Hence the integral 7, vanishes. Next, we get to the computation of the integral Z5. Before we go
further, we make the following observation:

3
> [ Botwvnolowfdo = [ Bytwsves0)do = byl
[:1S2 S2
because |o|2 = 1. Hence the integral Z5 reduces to

me ﬁﬁj%* o dudo.

3751

Substituting the local Maxwellian structures (12) for the distribution functions f{ and performing
the change of variables: (v, v.) = (v + euf, vs + cuj) yields

3/9 3/2
= Il e (e ) ()
! +m )2\ 2mk Ty kTS

J#%
2 _—m.lvul? E i 2 €
//|v+€u§ — by — w2 IV TE sl BT gy, gy,

3/9 3/2
SO Py zﬁé(”“ﬂ/ m)
por m; mj) 27k T} 2nkT;

Zﬂﬁm%ﬂ Uy P4 250 (1) + e+ €2 () o) 2 + 220,y (5),

—my;|v e —mj|ug|? H
= 20(0yvagey — 2500 (15) 4 — 220aey (1)) — 26 () gy (1) ) )€ /AT b 2HT o
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Note that some of the Gaussian integrals in the above sum vanish. Thus, the integral Z5 simplifies
as follows:

3/2
m; 5
15:72”1””“1 +mj)2c’%§(27rka> <2wkT€> Z// vl + ol

JF#i
+e%l (W) I” + 71 (45) ) I* = 257 (uf) gy (u5) )eimi‘vl JHTE gmmalv=FI2MT y do,
3kTE BkTE
= fZII bij 1 g m,)chcj( L T P P 252u§~u§>.
i i J ’ J

Summing all the above integral computations together, i.e., Z; through 75, we have

23 [ bPQuUE £ a0 = 2 3 byl i (T7 - )

J#le J#l
(23) (mjus + mu) - (u§ — us)
+e 2||bi; 1c¢cam-< 1 i J l).
; H z]HL R (mz + mj>2
Finally, using the moments’ computations (13), the divergence terms (20)-(21) and the right hand
side terms (22)-(23) in the balance equation (19), we have arrived at the result. O

In this article, we suppose that the cross sections are of Maxwellian type. Of course, it is possible
to consider the problem under more general assumptions on the cross sections. For example, in
[20] the authors considered collision kernels of the form

Bij(v,v4,0) = bij (cos(0)) ®(|v — v|)
with the kinetic collision kernel having the structure (see [20, section 4] for precise details)
v —vl) = > anlv—v.*".
neN*

It would be clearly feasible to handle such cross sections in the computations for =; above — see
(18). However an inspection of the computations in the proof of Proposition 1 suggests that any
such consideration of a general cross section would only complicate the computations, without
giving a reasonable added value about the structure of the equation. For this reason, we have not
considered here this possibility.

2.4. Asymptotic analysis. We are now ready to consider, at the formal level the ¢ — 0 limit of
the system (14)-(15)-(17).
In the following, let us set the fluxes for i =1,... n:
1 .
Ji(tx) = — /vff(t@:,v) dv = ¢ (t,2)us(t,z) for (t,x) € (0,00) x R3,
€
R3
and denote, for any ¢t > 0 and = € R?,
ci(t,z) == lim (¢, z); Ji(t,x) := lim J; (¢, z);
e—0t

e—0t

T;(t, Z’) = El_i)%l+ Tz:E(t? 17); coot (1, .1’) = El_igﬂr Cfot(t7 ),
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where
n

Gt ) =Y ci(t ).
i=1
We first note that, at the leading order, all the kinetic temperatures of the components of the
mixture converge to the same limit.

Lemma 1. Suppose that the distribution functions ff(t, z,v) preserve the local Mazwellian structure
(12) for all time t > 0. Then, we have

Ti(tx) = T5(t,z) = O(e?) for (t,x) € (0,00) xR3, i,j=1,...,n.
Consequently,
lim 77 (t,x) = T(¢,
lim T5(t,2) =T(¢,2)
foralli=1,...,n.
Proof. By considering the leading order terms in the energy balance (17)-(18) we have:
mj _ 2 C_
Z b3 |l L1 chcj (ITf —T5) = O(e®)  foreachi=1,...,n.
J#
In the limit, the above relations are linearly dependent. Hence we deduce that
Ti(t,x) =Tj(t,x) = T(t,x) for (t,z) € (0,00) x R?

foreach 7,7 =1,...,n.

Then, the following theorem holds.

Theorem 2. Let (¢;, J;,T) be the limit, as € — 0 of the quantities (c5,J¢,TF). Then the macro-
scopic observables (¢;, J;, T) solve the system

Oci + V- Ji =0 on (0,00) x R3, i=1,...,n
iJi — ¢idj ,
Vm(ciT):fZ% on (0,00) x R3, i=1,....n
(24) i g

5 n
Ot (ctotT) + =V - (TZ Ji> =0 on (0,00) x R3,
3 i=1

n
where ciot(t, ) = Z ci(t, z) is the total concentration and the binary diffusion coefficients D;; are
i=1
given by
k (mi + Mj)
27r||bij||L1 mgm;

Bij: Z#]v i)j:]-v"'?n'

n
Furthermore, the sum Z ci(t,z)T(t, x) is space-independent.
i=1
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Proof. The first equation of (24) can be straightforwardly obtained by performing the formal limit,
as ¢ — 0, of Equation (14). Deducing the flux-gradient relations is straightforward: equate the
O(1) terms in the momentum balance equations (15)-(16) and pass to the limit as € — 0. Observe
that the binary diffusion coeflicients P;; = Dj;, thanks to our earlier observation that b;; = bj;
for 4,7 = 1,...,n on the angular collision kernels. To show that the sum " , ¢;T is space-
independent, consider the flux-gradient relations on the second line of Equation (24), sum over the
index 1 <7 < n and pass to the limit. The result is

(25) V (i CiT) = V(CtotT) =0

which in turn implies that
n
> ailt,x)T(t,x) = g(t) for (t,z) € (0,00) x R3,
i=1
for some function g(t). At the next order in the energy balance, by summing Equations (17)-(18)
over the index 1 < ¢ < n, we have that the right-hand side is identically zero by symmetry and
hence, at the leading order in €, we obtain the transport equation:

5 n
8t (CtotT) + gvx . (T i:E - Jl> =0.
(I

Remark 2. In our setting, all the kinetic temperatures of the species tend to the same limit T.
In the literature, some authors considered limit procedures leading to multi-temperature and multi-
velocity fluid-dynamic models, starting from the rescaled system

1
Off +v-VIF = Qi (f7 17 + Y Qu(f. f5)
J#i
for i € {1,...,n}, which can be interpreted to be under the hyperbolic time-space scaling, i.e.,
(t,z) — (et,ex). More details can be found in [4, 5, 25, 26].

2.5. Closure relation. Note that the flux-gradient relations, i.e., the second line of equations in
(24) are linearly dependent. So, we have 2n independent equations for 2n + 1 unknowns (¢;, J;, T).
This necessitates an additional equation — a closure relation. Of course, the correct closure depends
on the physical setting and on the observed physical phenomena. We propose here, as an example,
a possible closure relation, which basically imposes that, as a whole, the total concentration follows
a Fickian behaviour, and analyse its consequences.

We hence suppose that the sum of the molar fluxes is locally proportional to the gradient of the
total molar concentration, i.e.,

g vT

26 Ji = —aVcyey = ot ——
( ) ; 7 tot tot T
for some proportionality constant o > 0, where the last equality comes from Equation (25). The
negative sign guarantees that the mass flows locally in the opposite direction of the total concen-
tration gradient. We name this closure the decoupling closure relation, as this leads to decoupled
equations for the total concentration ciot and the temperature field T
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Remark 3. In (25), if we take the temperature field to be constant (i.e., isothermal case), then
Vewot = 0. Hence the closure relation (26) would yield in this scenario:

n
>0
i=1
i.e., the sum of the molar fluxes is locally identically zero. This is indeed the classical closure

equation for the Mazxwell-Stefan diffusion model in the isothermal setting.

2.6. Qualitative properties of the coupled system for ci,; and T. Associated with the
closure relation (26), we shall derive a system of equations for the total molar concentration and
for the temperature field.

Lemma 2. Under the closure relation (26), the unknowns cyor, and T' satisfy the equations:

(27) OrCrot — Acior = 0,

2 5
(28) &T — (3@ log cmt> T- (;‘wog ct0t> VT = 0.

Proof. Sum the mass balance equations in (24) over the index i = 1,..., n yielding

dicrot + V- (Z JZ) =0.
i=1

Substituting the closure relation (26) in the above equation yields the parabolic equation (27).
Next we substitute the closure relation (26) in the energy balance equation in (24) which yields

5%} da
CtotatT + T@tctot - FVctot -VT — ?TACtOt =0.

Substituting for Acgo using (27) in the above equation yields the advection equation (28) for the
temperature field T'(¢, x). O

Note that the system of equations (27)-(28) are decoupled. One can solve the heat equation (27)
for the total concentration ctot and treat it as a known coefficient in the advection problem (28)
for T'(t, x).

For system (27)-(28), we record a maximum principle.

Proposition 3. Suppose the initial data c®, and T™ to the evolution equations (27)-(28) are
non-negative and satisfy

0 < emin < clt’gt(:v) < Cmax < 005 0 < T < Ti“(x) < Thax < 00.

Then
Cmin < Ctot(ta 1‘) < Cmax  for (t,l') S [0, OO) X Rs.
Furthermore
t
) 2 [ 8¢ (log crot) (s,X (s5t,x)) ds
(29) T(t,x) = TO(x(0:t,2))e’ 0 for (t,2) € [0,00) x R3,

where X(s;t,x) is the flow associated with the vector field V(t,x) := —%O‘Vlog Ctot -
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Proof. Standard maximum principles on the heat equation implies that the solution to (27) stays
non-negative and is bounded both from above and below, the same as the initial data.

To solve for the temperature field T'(¢,z) in the evolution equation (28), consider the solution
X(s;t,x) to the differential equation

d
T (t2) = Vs, x(s:t,2))
x(t;t.x) = x.
Equipped with the flow x(s;t.x), the solution T'(¢,x) as given by (29) follows. O

This article concerns a formal derivation of the diffusion limit for the gas mixtures in a non-
isothermal setting. Proving an existence-uniqueness result for the proposed system is out of the
scope of this present article. The authors are currently working on this problem and expect to have
a publication in the near future.

Acknowledgments: This work was partially funded by the projects Kimega (ANR-14-ACHN-
0030-01) and Kibord (ANR-13-BS01-0004). H.H. acknowledges the support of the ERC grant
MATKIT and the EPSRC programme grant “Mathematical fundamentals of Metamaterials for
multiscale Physics and Mechanic” (EP/L024926/1).

REFERENCES

[1] C. Bardos, F. Golse, and C. D. Levermore. Sur les limites asymptotiques de la théorie cinétique conduisant a la
dynamique des fluides incompressibles. C. R. Acad. Sci. Paris Sér. I Math., 309(11):727-732, 1989.

[2] C. Bardos, F. Golse, and C. D. Levermore. Fluid dynamic limits of kinetic equations. I. Formal derivations. J.
Statist. Phys., 63(1-2):323-344, 1991.

[3] C. Bardos, F. Golse, and C. D. Levermore. Fluid dynamic limits of kinetic equations. II. Convergence proofs for
the Boltzmann equation. Comm. Pure Appl. Math., 46(5):667-753, 1993.

[4] M. Bisi and G. Martalo and G. Spiga. Multi-temperature Euler hydrodynamics for a reacting gas from a kinetic
approach to rarefied mixtures with resonant collisions. EPL (Europhysics Letters), 95(5):55002, 2011.

[5] M. Bisi and G. Martalo and G. Spiga. Multi-temperature Hydrodynamic Limit from Kinetic Theory in a Mixture
of Rarefied Gases. Acta. Appl. Math., 122(1):37-51, 2012.

[6] D. Bothe. On the Maxwell-Stefan approach to multicomponent diffusion. In Parabolic problems, volume 80 of
Progr. Nonlinear Differential Equations Appl., pages 81-93. Birkh#duser/Springer Basel AG, Basel, 2011.

[7] L. Boudin, D. Gétz, and B. Grec. Diffusive models for the air in the acinus. ESAIM: Proc., 30:90-103, 2010.

[8] L. Boudin, B. Grec, and V. Pavan. The Maxwell-Stefan diffusion limit for a kinetic model of mixtures with
general cross sections. This issue.

[9] L. Boudin, B. Grec, M. Pavi¢, and F. Salvarani. Diffusion asymptotics of a kinetic model for gaseous mixtures.
Kinet. Relat. Models, 6(1):137-157, 2013.

[10] L. Boudin, B. Grec, and F. Salvarani. A mathematical and numerical analysis of the Maxwell-Stefan diffusion
equations. Discrete Contin. Dyn. Syst. Ser. B, 17(5):1427-1440, 2012.

[11] L. Boudin, B. Grec, and F. Salvarani. The Maxwell-Stefan diffusion limit for a kinetic model of mixtures. Acta
Appl. Math., 136:79-90, 2015.

[12] J.-F. Bourgat, L. Desvillettes, P. Le Tallec, and B. Perthame. Microreversible collisions for polyatomic gases
and boltzmann’s theorem. Furopean journal of mechanics. B, Fluids, 13(2):237-254, 1994.

[13] X. Chen and A. Jiingel. Analysis of an Incompressible Navier—Stokes—-Maxwell-Stefan System. Comm. Math.
Phys., 340(2):471-497, 2015.

[14] L. Desvillettes, R. Monaco, and F. Salvarani. A kinetic model allowing to obtain the energy law of polytropic
gases in the presence of chemical reactions. Eur. J. Mech. B Fluids, 24(2):219-236, 2005.

[15] A. Ern and V. Giovangigli. Multicomponent transport algorithms, volume 24 of Lecture Notes in Physics. New
Series M: Monographs. Springer-Verlag, Berlin, 1994.



14 HARSHA HUTRIDURGA AND FRANCESCO SALVARANI

[16] A. Ern and V. Giovangigli. Projected iterative algorithms with application to multicomponent transport. Linear
Algebra Appl., 250:289-315, 1997.

[17] V. Giovangigli. Convergent iterative methods for multicomponent diffusion. Impact Comput. Sci. Engrg.,
3(3):244-276, 1991.

[18] V. Giovangigli. Multicomponent flow modeling. Modeling and Simulation in Science, Engineering and Technology.
Birkh&user Boston Inc., Boston, MA, 1999.

[19] H. Grad. Principles of the kinetic theory of gases. In Handbuch der Physik (herausgegeben von S. Fligge), Bd.
12, Thermodynamik der Gase, pages 205—294. Springer-Verlag, Berlin-Gottingen-Heidelberg, 1958.

[20] H. Hutridurga, and F. Salvarani. On the Maxwell-Stefan diffusion limit for a mixture of monatomic gases. Math.
Meth. Appl. Sci., 40(3):803-813, 2017.

[21] A. Jiingel and I. V. Stelzer. Existence analysis of Maxwell-Stefan systems for multicomponent mixtures. STAM
J. Math. Anal., 45(4):2421-2440, 2013.

[22] R. Krishna and J. A. Wesselingh. The Maxwell-Stefan approach to mass transfer. Chem. Eng. Sci., 52(6):861—
911, 1997.

[23] J. C. Maxwell. On the dynamical theory of gases. Phil. Trans. R. Soc., 157:49-88, 1866.

[24] M. McLeod and Y. Bourgault. Mixed finite element methods for addressing multi-species diffusion using the
Maxwell-Stefan equations. Comput. Methods Appl. Mech. Engrg., 279:515-535, 2014.

[25] M. Pavi¢. Mathematical modelling and analysis of polyatomic gases and mixtures in the context of kinetic
theory of gases and fluid mechanics. Ecole Normale Supérieure de Cachan, PhD Thesis, 2014.

[26] S. Simi¢, M. Pavié-Coli¢ and D. Madjarevi¢. Non-equilibrium mixtures of gases: modelling and computation.
Riv. Mat. Univ. Parma, 6(1):135-214, 2015.

[27] J. Stefan. Ueber das Gleichgewicht und die Bewegung insbesondere die Diffusion von Gasgemengen. Akad. Wiss.
Wien, 63:63-124, 1871.

[28] M. Thiriet. Anatomy and Physiology of the Circulatory and Ventilatory Systems. . Springer, New York, 2014.

H.H.: DEPARTMENT OF MATHEMATICS, IMPERIAL COLLEGE LONDON, LONDON, SW7 2AZ, UNITED KINGDOM.
E-mail address: h.hutridurga-ramaiah@imperial.ac.uk

F.S.: UNIVERSITE PARIS-DAUPHINE, CEREMADE, UMR CNRS 7534, F-75775 Paris CEDEX 16, FRANCE &
UNIVERSITA DEGLI STUDI DI PAviA, DIPARTIMENTO DI MATEMATICA, 1-27100 Pavia, ITALY
E-mail address: francesco.salvarani@unipv.it



