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RELAXATION SCHEMES FOR THE MULTICOMPONENT EULER SYSTEM

STEPHANE DELLACHERIE'

Abstract. We show that it is possible to construct a class of entropic schemes for the multicompo-
nent Euler system describing a gas or fluid homogeneous mixture at thermodynamic equilibrium by
applying a relaxation technique. A first order Chapman—Enskog expansion shows that the relaxed
system formally converges when the relaxation frequencies go to the infinity toward a multicomponent
Navier—Stokes system with the classical Fick and Newton laws, with a thermal diffusion which can be
assimilated to a Soret effect in the case of a fluid mixture, and with also a pressure diffusion or a density
diffusion respectively for a gas or fluid mixture. We also discuss on the link between the convexity of
the entropies of each species and the existence of the Chapman—Enskog expansion.
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1. INTRODUCTION

The aim of this article is to show that it is possible to construct a class of entropic schemes for gas and fluid
mixtures flows described by the (monodimensionnal) multicomponent Euler system

Ve {1,....k— 1} : 0;(Yip) + 0x(Yipu) = 0,

atp+ax(pu =0,

O¢(pu) + 0. (pu® + P) = 0,

at(pE) + a:c[(pE + P)u] =0, (1)
E = §u2+5,

Vk : Pk = Pk(Tk,Ek),

YeYe=1

by using the ideas initially proposed by Coquel and Perthame in [7] (see also [1,17] and [10]). In this article, we
use the following classical definitions: p, P, u, € and E are the density, the pressure, the velocity, the internal
and the total energies of the mixture (we also define the specific volume 7 of the mixture with 7 = p=1); Y} is
the mass fraction of the kth species of the k species of the mixture; P, = Py (7, €k) is the equation of state of
the species k where Py, 7, and €, are the pressure, the specific volume and the internal energy of the species k
(we also define the density pp of the species k with p = 7, ). Let us remark that the system (1) implicitly
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supposes that the isovelocity closure
V(k, k/) LUK = Uk (2)
is verified in the mixture. In the sequel, we will have to define other closure laws for the mixture pressure and
for the mizture temperature to close the system (1). These supplementary closure laws will depend on the type
of mixture which will be considered.
In this paper, we study two types of mixture that we name gas mizture and fluid mizture:

e a gas mizture is an intimate mixture where all the species occupy the entire volume for any infinitesimal
volume;

e a fluid mizture is an immiscible mixture where all the species occupy different volumes from a mesoscopic
point of view. Let us notice that this type of mixture could also be defined as a separated phase mizture.

The case of gas miztures is classical in aerodynamics (see [20,21] and [9]) and in the field of the Boltzmann
kinetic theory (see [4]). The case of (immiscible) fluid miztures is also classical especially for the simulation of
interfaces problems (cf. [2,3,16,18] and the references herein). Nevertheless, the present paper is not dedicated
to simulations of interfaces problems where the fluid mixture is numerical and located to material interfaces,
but to simulations of physical fluid mixtures at thermodynamic equilibrium (as in the case of gas mixtures) and
at scales where it is impossible to define any material interface between each fluid. At last, let us remark that a
similar approach of what is proposed in that paper is studied in [6] for the homentropic multicomponent Euler
system.

The plan of this paper is the following: in Section 2, we define the closure laws to close the Euler system (1)
for a gas mixture and a fluid mixture, we recall some important results on the hyperbolicity of (1) and we prove
a Gibbs lemma for the mixture entropy; in Section 3, we define the relaxed multicomponent Euler system and
the relaxation scheme, and we prove entropic results; in Section 4, we compute a Chapman—Enskog expansion to
formally recover a classical multicomponent Navier—Stokes system from the relaxed system; at last, we conclude
the paper.

2. SOME PRELIMINARY RESULTS

We define in this section the mixture laws for a gas mixture and for a fluid mixture, and we close the
multicomponent Euler system by imposing closure laws on the pressure and on the temperature of the mixture.
The closure laws are such that the mixture is always at thermodynamic equilibrium. After, we prove that the
multicomponent Euler system (1) with the previous closure laws admits a convex entropy and is hyperbolic. At
last, we prove a minimization principle — ¢.e. a Gibbs lemma — on the mixture entropy, result which will allow
us to prove the entropic results for the numerical schemes in Section 3.

2.1. Mixture and closure laws

To close the system (1) constituted with 2k + 4 equations and with 4k + 5 unknowns, we need 2k + 1 closure
laws. In the case of a gas mixture, we use the following k + 2 closure laws:

€= Zk; Ykglw (a)
P=Y,P, (b (3)
Vi :Yiyme=7. (¢

Let us notice that (3b) is the Dalton law which is a natural closure for a gas mixture.
For a fluid mixture, we use the following k£ + 2 closure laws:

£ = Zk Yiek, (a)
V(k‘, k’l) : Pk = Pk/ and P = Pk, (b) (4)
Zk Yk'rk =T. (C)

The relation (4b) is the isobaric closure which is often used for fluid mixtures.
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The closure relations (3c¢) and (4c) are mizture laws which respectively impose that a gas mixture is an
intimate mixture and that a fluid mixture is an immiscible mixture: in these two cases, we can define the notion

of volumic fraction with

Y; Y;
o= Y2 _YiTe )

Pk T
which imposes that

Z AP = p (6)
k
since Y, Y = 1. Moreover, the mixture law (3c) imposes that
Vk: «ar=1 fora gas mixture (7)

which is coherent with the intimate character of the mixture; on the other hand, the mixture law (4c) is
equivalent to

Z ar =1 for a fluid mixture (8)
k
and we have a priori ay, # ayy which is a translation of the immiscible character of the mixture.
To obtain the last k — 1 closure laws, we use a thermodynamic hypothesis:

Hypothesis 2.1. Each equation of state Py (7,er) admits a convex entropy si(7i,er) and a thermodynamic
temperature Ty such that the second thermodynamic law

—Tyds, = deg + Prdry 9)

1s verified.

Then, we are able to define the last & — 1 closure laws by imposing that
V(k, kil) 2Ty = Ty (10)

for gas and fluid mixtures. The closure law (10) corresponds to the isothermal closure. Let us notice that it is
possible to define other closure laws as in [12,16]. Nevertheless, only the closure laws (3)—(10) and (4)—(10) will
allow us to obtain entropic results with the relaxation scheme proposed in this paper.

Having defined the temperatures T} with (9), the closure relation (10) allows us to define the mixture
temperature T by taking T' = Tj: we will see below that T is also a thermodynamic temperature of the
mixture. Moreover, we can now define the equations of state with 7, = 7 (T%, Pr) and e, = e (Tk, Px). Let us
remark that (1)—(3)—(10) and (1)—(4)—(10) are equivalent as soon as

T,
Vk, 3¢ (Tk) such that Tk(Tk,Pk):y and e (Tk, Pr) = E(Tk) (11)
k

which is the case when all the species k are ideal gases.

2.2. Mixture entropy and hyperbolicity
The multicomponent Euler system (1) being now closed, we are able to write the following result:
Theorem 2.1. Under the Hypothesis 2.1, the following properties are verified:

i) For any {Yy}x, 7 and ¢ in IRY, the algebraic systems

Vk : Yka(T, Pk) =T,
(gas mizture) (12)
Zk YkEk(T, Pk) =&
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and
Zk Yka(Ta P) =T,
(fluid mizture) (13)
Zk YkEk(T, P) =&

admit an unique solution respectively in (B+)E+1 and in (IRT)2.
1) The multicomponent Euler system (1) is closed with the laws (8)—(10) for a gas mizture and with the
laws (4)—(10) for a fluid mizture and is hyperbolic.

In the case of a fluid mixture, Theorem 2.1 was proven by Lagoutiére in [16]; then, we have extended its
proof to a case of a gas mixture in [12] by using similar techniques. More precisely, the proof of point i is
based on an extension of Godunov—Mock theorem proven by Lagoutiére in [16] which links the hyperbolicity
of (1) to the existence of a mixture entropy s({Y%}x,€, 7) which is strictly convex with respect to € and 7 for a
fixed {Y)}r. This entropy is defined in the following proposition:

Proposition 2.1. Under the closure laws (3)-(10) or under the closure laws (4)-(10), the mizture entropy
S = Z Yksk (14)
k

verifies the following properties:

i) s is a function of T and € (and of course of {Yi}x);
1) s({Yi}r, 7, €) is strictly convexr when {Yy}i is fived;
iii) when dYy =0, the mizture temperature T verifies

—Tds = de + Pdr.

Thus, T is the mixture thermodynamic temperature.

The proof is written in [12] for a gas mixture and in [16] for a fluid mixture.

2.3. Gibbs lemma

At last, we end this section with the important minimization principle which will allow us to prove in Section 3
the entropic properties of the relaxation scheme:

Proposition 2.2 (Gibbs Lemma). Let us suppose that ({Yi}, 7,u, E) is known. Then, the mizture entropy
s ({Yi}i,7,€) given by (14) verifies the minimization principle:

i) for a gas mizture described with the closure laws (3)—(10):

s({Yix}r,7,6) = min Yisk (i, € 15
({Yi}tw, 7€) (%uk,ak)zk: %Sk (Th, €1) (15)
under the constraints
Vk Yy =T, (a)
Zk quk = u, (b) (16)

S Y (gk + %uz) —E (o)

and this minimum is reached at an unique point which is, as expected, the isothermal-isovelocity equi-
librium deduced from system (12);
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i1) for a fluid mizture described with the closure laws (4)-(10):

s({Yix}r,7,e) = min Yisk (i, € 17
({Yi}tw, 7€) (%uk,ak)zk: %Sk (Th, 1) (17)
under the constraints
2o YT =T, (a)
Zk quk = u, (b) (18)

S Y <€k + %ui) —E (¢

and this minimum is reached at an unique point which is, as expected, the isothermal-isobaric-isovelocity
equilibrium deduced from system (13).

This proposition is similar to the Gibbs lemma which states — in its most classical form — that a Maxwellian
distribution M (v) minimizes the quantity H(f) = [ f(v)log f(v)dv under the constraint [ f(v)(1,v,v?/2)dv =
Const., lemma which is very important in the kmetlc theory (see [1 1] and the references herein for example): here,
the Maxwellian distribution M (v) corresponds to the isothermal-isovelocity equilibrium for the gas mixture and
to the isothermal-isobaric-isovelocity equilibrium for the fluid mixture, and the kinetic entropy H(f) corresponds
to the mixture entropy s = ), Yisy.

Proof of Proposition 2.2. Let us define oy (1, ug, Ex) = sk(7k, Ex — —uk) and o ({Yi}x, 7y u, E) = s({Yi}i, 7, E—
%u ), and let us show that o({Yi}r, 7,u, E) = min )Zk Yok (Tk, uk, Bx). Since for all k, ok (7, ug, Ey) is

Thy Uk, Bk
strictly convex because of the convexity of si(7k,ex) (¢f. Lem. 1.2, p. 101 in [14]), >, Yioy is also strictly
convex (we recall that {Yy}y is fixed). Then, we minimize a strictly convex function under linear constraints
which induces that we just have to prove the existence of a local minimum to obtain the existence of an unique
global minimum.

So, let us verify that the isothermal-isovelocity equilibrium — solution of (12) — is a local minimum for a gas
mixture and that the isothermal-isobaric-isovelocity equilibrium — solution of (13) — is a local minimum for a
fluid mixture. We define this equilibrium with 4° = {(72,u%, E9)}x and we recall that it is unique (cf. the
point i of Th. 2.1). The Taylor expansion of Y, Yo% (7k, uk, Ex) around U° gives

d
ZYkak (T,S + 5Tk,u2 + duy, E,g + 5Ek) = ZYkUk (T,?,ug, E,g) + WUO(SLI + second order term
k k

where

Doy,
OFEy
We know that the second order term is strictly positive because of the positivity of the Hessian matrix of

each oj. Thus, we just have to show that the first order term duU 950U is non negative to obtain the final result.
First of all, let us notice that

5u Z ( Yk6¢k> + Z (TOYkéuk> + Z ( ]ngéEk)

do Jdo Jdo
d—wauzzkjyk [8—7’; (70, B) 0+ 9 (nf, 0, B9) Sk + 9% (1,0, BD) 5Ek].

since
99k o 0 o sk o o B
o7 (Tkv“kaEk) = o1 (Tk’gk) = _T_,S’
Odo, Js u?
ok (ol ) = 5 (. ) = 2.
Jdo 0s 1
5, (7 ) = 5o (il eh) =~
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Secondly, since the equilibrium 2/° is an isothermal-isovelocity equilibrium, we have T,? = T° and ug = ul;
moreover, the constraints (16b,c) or (18b,c) induce that ), Yidu, =0 and ), Y,0E) = 0. So, we obtain that

do 1

oM = 70 > PYiom. (19)
k

In the case of a gas mixture, the constraint (16a) induces that for all k, Y07, = 0; in the case of a fluid mixture,

the isobaric closure law (4b) and the constraint (18a) respectively induces that P} = P% and Y, Yié7 = 0.

Then, in each case, we find that ;—1/‘{’051/{ = 0 which concludes the proof. O

3. RELAXATION SCHEME AND ENTROPIC RESULTS

The aim of this section is to propose a class of entropic schemes solving the multicomponent Euler system (1)
closed with (3)—(10) for a gas mixture and closed with (4)—(10) for a fluid mixture. The key point of the con-
struction of these schemes is to “artificially separate” the two species by introducing a relaxed multicomponent
Euler system and, then, by solving the mono-species Euler system for each species before relaxing the mixture
to a thermodynamic equilibrium mixture i.e. such that the closure relations (2)—(10) and the closure relations
(3) or (4) are verified. We will see that by using the minimization principles (15, 16) and (17, 18), this procedure
will allow us to construct a class of entropic schemes under a CFL criterion and to recover some entropic results
on existing numerical schemes.

Let us notice that the relaxed system studied in that paper is similar but not exactly equal to the one
proposed in [2].

To simplify the notations, we write the results for a mixture of two species (i.e. for a binary mixture) and
the discretization of the equations is written for a Cartesian mono-dimensional geometry.

3.1. The relaxed system

Let us write the relaxed system

Oi(c1p1) + Oz(ar1prur) =0, (a)
1
3t(041p1u1) + 395(041/)1’&% + a1P1) = )\— (U2 - Ul) + K POz, (b)
1 Uinter
O(orp1Er) + Oz[(capr Er + a1 Pr)us] = s (Ta = Th) + —— (uz —uq)
Pin er
+K |:-PintUintazO¢1 + )\—t (P, = P)|, (c)
P
(20)
O(aap2) + Oy (a2paus) = 0, (a)
1
O (2 pauin) + Ox(i2pou + o Py) = ~ (u1 — ug) + KPingOzra, (b")

1 Uin er
8t(o<2p2E2) + c%[(agngg + Oégpg)’u,g] = E (T1 — TQ) + )\—t (U1 — u2)

" Pater
+K RntUintachQ + )\te (Pl - P2) (Cv)
P

where the temperature T}, is the thermodynamic temperature associated to the equation of state Py (7%,¢ex) of
the kth species through the Hypothesis 2.1. We recall that «j is the volumic fraction of the species k and
verifies (7) and (8) respectively for a gas and fluid mixture. The constant « is such that x = 0 for a gas mixture
and k = 1 for a fluid mixture: see below.
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This system models a gas or fluid mixture which is not at thermodynamic equilibrium which is the case when
P, # P, for a fluid mixture and when w; # g, T1 # To for a gas or fluid mixture. To force the mixture to
go to the thermodynamic equilibrium, we introduce in the system (20) relazation terms which are functions of
ug — u1, 1o — T7 and, in the case of a fluid mixture, are functions of P, — P;. The coefficients A, A7 and Ap
are strictly positive modelling parameters.

We call the quantities Uipter and Piger respectively interfacial velocity and interfacial pressure in the case of
a fluid mixture — as in [2] — and, in that paper, also for a gas mixture although the notion of interface between
species disappears in a gas mixture: these quantities will be defined below (¢f. (27) and (28)).

The parameter « is a constant belonging to {0, 1} which turns off or turns on the pressure relaxation according
to the kind of mixture. Indeed, to take into account the Dalton law (3b) for a gas mixture and the isobaric
closure law (4b) for a fluid mixture, we close the system (20) with:

e For a gas mixture: in that case, the thermodynamic equilibrium does not impose that P; is equal to Ps.
Thus, we turn off the pressure relaxation by taking

k=0. (21)
We easily verify that the system (20) is closed when each ay, is given by

o] = ].,
(22)
g = 1

which is the case for a gas mixture (¢f. (7)).
e For a fluid mizture: the closure relation (4b) means that the system (20) has to include pressure
relaxation phenomena to obtain a good thermodynamic equilibrium. Thus, we impose that

k=1 (23)
and we close the system (20) with

art+az =1 (cf (8)), (a)
(24)

1
Ot + Uinter Oz = E(Pl — ). (b)

The equation (24b) will allow to obtain an H-theorem (¢f. Lem. 3.1) and will allow to perform a
Chapman—Enskog expansion in Section 4 (see also Sect. A.3).

It is important to underline that, for a fluid mixture, the non conservative terms PpiOrap and PiygUing Oz otk
in (20) are not necessary to obtain a system which conserves the momentum and the total energy of the fluid
mixture. From a physical point of view, they are supposed to model at a macroscopic level the mesoscopic
phenomena at the physical interface between the immiscible fluids.

What we can precisely say in this paper is that they are necessary to obtain a Navier—Stokes system with
a Chapman—Enskog expansion applied to the relaxed Euler system (20): see Section 4 and Section A.3 in
Appendix A.

Let us notice that the system (20) is very similar to the one proposed by Abgrall and Saurel in [2] for a fluid
mixture. The difference is that we take into account temperature relaxation phenomena contrary to what is
done in [2]: this will allow us to do a Chapman—Enskog expansion in Section 4 which would be certainly more
complicated without any temperature relaxation phenomena.
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Let us remark that the system (20) closed with (21, 22) or with (23, 24) can be rewritten with

Orcx
Oip1 + 0z (Mur) = K { L1 (Py — P1) + pr(Uinger — u1) 2|
a1 Ap aq
1
815 (p1U1) + 895 (plu% + P1) = — (u2 — ul)
al)\u
Oz
-H@{ 2 u1 (P2 — P1) + [pru1 (Usnter — 1) + (Pt — P1)]— !
a1 Ap (o351
Ot (p1E1) 4 0z [(p1E1 + Pr)wa] = (To = T1) + ——Ulnter (uz — u1)
o AT 01 Ay

+K { (p1E1 + Pter) (P2 — P1)

QAP

0y
+ [(p1E1 + P1)(Uint — u1) + Uint (Pint — P1)] - } )

aq
Orcx
Oip2 + Oz (pauz) = K { P2 (Pr = P2) + po(Uinter — u2) ——2 |,
aa\p (o)
9 1
Ot (p2uz) + 0y (p2us + Po) = - (ug — uz)
U
Orx
+rK p2 uz (P1 — P2) + [p2u2(Usnter — u2) + (Pt — P2)]— 2
asAp (07
1
Ot (p2E2) 4 0z [(p2 B2 + P2) us] = (Ty — To) + ——Ulnter (u1 — u2)
2T 2y

1
-H@{ (p2E2 4+ Pinter) (P — P2)
OéQ)\P

0y
+ [(p2 B2 + Pa)(Uint — u2) + Uint (Pint — P2)] 022 }

(©)
(25)

which is more complicated when x = 1 but does not rise ay in the left hand sides of system. Of course, for
a gas mixture (i.e. when o = 1 and k = 0), the system (25) is exactly the same than the system (20). The
system (25) is important because this will be under that form that we will deduce the relaxation scheme for a

fluid mixture.

We can notice that the non conservative complicated terms proportional to 9,y /ay in the right hand sides
of (25), firstly, are due to the non conservative terms P9 and Py UiniOz in (20) and, secondly, allow to

conserve the mass of each fluid and the momentum and total energy of the fluid mixture.

The following result shows that the relaxed system (20) is formally coherent with the multicomponent Euler

system (1) under conditions on Uinter and Pipger:

Property 3.1. Let us define

p = au1p1 + azpa,
Y1 = aupi/p,
Yo=1-1,

u = Yiur + Youo,
E=Y1F + YsEs.

(26)
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Then, under the Hypothesis 2.1, we have:

i) For a gas mizture: when A, and Ap go to zero, the relazed system (20) closed with (21, 22) is equivalent
to the multicomponent Euler system (1) closed with (3)-(10) as soon as

Uinter € [min (u1, ug) , max (u1, ug)] . (27)

1) For a fluid mizture: when Ay, A and Ap go to zero, the relazed system (20) closed with (23, 24) is
equivalent to the multicomponent Euler system (1) closed with (4)—(10) as soon as

Uinter € [min (u1, u2) , max (u, uz)], (28)
Rnter S [mln (Pl,PQ) , Imax (Pl,PQ)] .

In Section 4, we will precise this property by recovering a Navier—Stokes system with a Chapman—Enskog
expansion applied to relaxed system (20).

To prove this formal property, we firstly prove that the equilibrium solution of spatially homogeneous relaxed
System

K
O = )\—(P1 - P),
P

O(a1p1) =0,
1
O (041P1U1) = )\— (u2 - Ul) ,
? Uinter
O (aup1Br) = — (T —Th) + —— (u2 —uq)
)\T )\u
Rnter
+K )\P (PQ_Pl)) (29)
O(azp2) = 0,
1
O (042p2u2) = )\— (ul - U2) )
? Uinter
O (qopaEr) = — (Ty — To) + —— (u1 — ug)
AT Au

Rn I
NPRLLL (P — P»)
Ap

closed with (21, 22) or with (23, 24a) when ¢ goes to the infinity is respectively an isothermal-isovelocity
equilibrium for a gas mixture or an isothermal-isobaric-isovelocity equilibrium for a fluid mixture:

Lemma 3.1. (H-theorem) The quantities Yy, p, u and E defined by (26) and ¢ = E — u?/2 are constants of
dynamical system (29). Moreover, under the Hypothesis 2.1, the mizture entropy s = Y, Yisy decreases and
we have:

1) For a gas mizture: when t goes to the infinity, the solution of (29) converges to the isothermal
equilibrium given by the unique solution of algebraic system (12) as soon as Uinser verifies (27).

1) For a fluid mizture: when t goes to the infinity, the solution of (29) converges to the isothermal-
isobaric equilibrium given by the unique solution of algebraic system (13) as soon as Uinter and Piter
verify (28).

And, in these two cases, the velocities up converge to the velocity u. Moreover, the final equilibrium
minimizes the mizture entropy.

Let us notice that this lemma is the translation for the relaxed multicomponent Euler system (20) of the well
known H-theorem of Boltzmann (1872) traditionally applied to kinetic equations (see [11] and the references
herein for example).
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Proof of Lemma 3.1. Simple calculus show that Yy, p, u and E are constants of (29). We show now that
s = Zk Y} sy, verifies 0ys < 0 and that d;s = 0 if and only if the system has reached an unique equilibrium
which minimizes s. Then, we will be able to conclude by using the Lyapounov theorem.

Since, by using (9), we have —T10;s1 = P10y + 0:F1 — u10suq, we easily find that

(-Pinter - Pl) Uinter —Uux
—T10,s1 = Ty —T AMnter — 1) (p _ p) 4 Znter Z WL
1051 YipAr (T =Th) + % YipAp (Fe =)+ YipAu (u2 = 1) (30)
by using (29). In the same way, we obtain
1 (Pinter - PQ) Uinter — U2
—T50;89 = —— (T — T- ~—— _“(P,—-P - - — . 31
20452 Y2P>\T( 1 2) + kK Yaphp (P %) + Yapia (u1 — ug) (31)

Since 0;Yy, = 0, we have
Ors = 0 (Yis1 + Yasa) = Y10:51 + Ya0ss2

and we obtain

1 1 Uin r Uin T
) + L (UQ _Ul) |:( te u2) _ ( te Ul)

-
Bs= - (T—T) (= — —
s =5 (T2 1)(T2 )" T T

(Pinter B P2) - (-Pinter - Pl):| . (32)

Ap Ty Ty

St (Py— P)) {
Thus, when Uipter and Pipter verify (27) when x = 0 and (28) when x = 1, we find that d;s < 0 and that dys =0
if and only if u; = ue, Th = T and (when k = 1) P; = P», equilibrium which is unique (¢f. point ¢ of Th. 2.1)
and which is the minimum of s (¢f. Prop. 2.2). O

Formal proof of property 3.1. By using the Lemma 3.1, it is legitimate to state that when \,, Ay and Ap go to
zero, the velocities, the temperatures and the pressures are given by the equilibrium of spatially homogeneous
relaxed system (29). Then, by using the definition (26), we easily obtain the result by summing (20a,b,c)
respectively with (20a’,b’,c’). O

3.2. The numerical scheme and the entropy properties
The subscripts n and i are respectively the time and space subscripts and we recall that k£ is the species

subscript. The time and the mesh points are respectively defined by ¢" and {z;},.

Definition of the relaxation scheme: Using the Property 3.1, it is legitimate to solve (1) by doing a splitting
between the hydrodynamic part of (20) or of (25) and the spatially homogeneous relaxation part (29) of (20)
solved by making A,, Ar and Ap converge to zero. Then, the construction of the relaxation scheme is the
following:

Hydrodynamic stage:

Let us suppose that we know (Y7, p" u™, E™) at the time t" in each mesh point z;. Of course, we know
(T™, P, P}) — and thus (o}, p}, uff = u, E}}) — since the mixture is supposed to be at thermodynamic equilibrium
at the time ¢".
The hydrodynamic stage consists in “artificially separating” each species k of the mixture by solving with an
explicit finite volume scheme coupled to the initial condition (p}, u} = u™, E}) the hydrodynamic part of (20).
Since the mixture is at thermodynamic equilibrium at the time ¢t and since the scheme is explicit, we have
under the conditions (27) or (28) that u} = U, and, for a fluid mixture, P’ = P,. As a consequence, the non

1mn
conservative terms in the right hand side of (25) disappear for a fluid mixture (we recall that these terms do



RELAXATION SCHEMES FOR THE MULTICOMPONENT EULER SYSTEM 919

not exist for a gas mixture) which would not be the case by discretizing the hydrodynamic part of (20): thus,
to define the hydrodynamic stage, we use the system (25) instead of a priori more simple system (20).
Thus, for a gas or fluid mixture, we solve in a time step At

Otpr + Oz (prur) = 0,
O (prur) + 0z (pru + Pr) =0, (33)
Ot (puEx) + 0 [(pxEx + Pr) ug] = 0

with an Eulerian explicit finite volume scheme or we solve

Dka = amkuk,
Dy, = —0yn, Py, (34)
DfEk = _8mk (Pkuk)

with a Lagrangian explicit finite volume scheme (knowing that Df = 01 + ui0y and 0O, = 740,;) which gives
(py,ur, E}) at the intermediate time ¢*. Let us notice that we have uj # u3, Ty # T5 and, for a fluid mixture,
Py # Py since, at the time t*, the mixture is not at thermodynamic equilibrium.

What is important to remark here is that we have “forgotten” the type of mixture at the time ¢* by solving (33)
or (34) for each species k: the aim of the following relaxzation stage will be to “mix” the species together by
taking into account the mixture laws (3c) or (4c).

Relaxation stage:

We “mix” the species together to obtain a thermodynamic equilibrium mixture by solving (29) in the same
time step At with the initial condition given by (pj, uj, Ef) by making A, Ay and Ap converge to zero. Then,
because of the Lemma 3.1, we obtain (Y;**!, p»*! u"+1 E"*+1) in each mesh point at the time t"+1 with
+1 __ *
Y, =Y,
P = pt,
= Yiu + Y,

B =YY EY + Y5 E;

(35)

and we obtain (p7tt, pott Tl Pl prtl) by solving the system (12) for a gas mixture or the system (13)

for a fluid mixture. Let us remark that a simple calculus shows that "1 = E*t! — % (u”+1)2 is strictly positive
as soon as Y, > 0 and ¢ > 0.

Condition to obtain an entropic relaxation scheme: We will see in Section 3.2.1 and in Section 3.2.2
that a condition to obtain entropic results is that the previous relaxation numerical scheme verifies the following
hypothesis:

Hypothesis 3.1. The explicit finite volume schemes used to solve (33) or (34) defined with the numerical flux
fu = (fu1, fr2, fr,3) for each species k in Eulerian or Lagrangian variables are entropic under a CFL criterion.

3.2.1. For a gas mizture in Eulerian variables

Let us now define the Eulerian finite volume scheme

S, o) 50)

2

n+l _
urtt =upr -
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for the multicomponent Euler system (1) closed by (3)-(10) with U = (Yip, p, pu, pE), f(U)}, . being an ad
2

hoc numerical hydrodynamic flux defined in the following theorem. The subscript of the interface between the
mesh point z; and x;41 is noted ¢ + 1/2 and the time and space steps are respectively noted At and Ax;.
We have the following result:

Theorem 3.1. Let us suppose that the numerical hydrodynamic fluzx f(U)?+1 in (36) is simply defined by
2

fa (U1
n Jia (Ul)?_p +f21(U2)ZL+1
fU)i = " (37)
’ fraU)is + fop (U2) 7
fraU)iss + f23 (U2) 1
where Uy = (pr, pruk, prEx) and fi = (pruk, prus + Py, (pxEx + Pi)ug). Then, under the Hypothesis 2.1

and 3.1, the Eulerian numerical scheme (36) is consistent with (1) closed by (3)-(10), and is entropic under a
CFL criterion.

Proof of Theorem 3.1. Let us define the numerical schemes

. At n
Uu = U1n,z' Am [fl (Ul)H_l fi (U1)i_%} s (a)
At (38)
Us; =U3; — A, [fz (U2)sy — fo (U2)?7§} (b)
which discretize (33) for k € {1, 2}.
Consistency: It is obvious by summing (38a) and (38b), and by using the point ¢ of the Property 3.1.
Entropic property: Under the Hypothesis 2.1 and 3.1, we can write that
(prse) < (owsi)} = 3o |08 (Ui s = 00 (U7 (39)

under a CFL criterion for k& € {1,2} where g; is the numerical entropic flux associated to the entropic
scheme (38a) or (38b). By summing (p1s1); with (p2s2)} and by noting that

n+1 n+1 n+1
Y,i pkz

*x * ok
Prki = Yk,mi =

because of the mixture relation (3c) and the relations (35), we obtain that

At n n
P7+1 (Yn+151 i Yn+152 1) < pi'si — A—xz [QH% - gi,%} (40)

where
g=0ag + g2

And, by applying the minimization principle (15)—(16), we deduce that the relaxation stage (35) closed with (12)
to obtain P;""! and 7"+ implies that

{ s =Yis1 + Yaso,

n+1 YnJrlsl P + Yn+182

2

which concludes the proof. Il
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3.2.2. For a fluid mizture in Lagrangian variables

We now discretize the multicomponent Euler system written in Lagrangian variables

Veke{l,....,k—1}:0,Yy =0,

Oy = Omu,
(41)
atu = —8mP,
OE = =0 (Pu)
now closed by (4)—(10).
Hydrodynamic stage:
The two numerical schemes solving the hydrodynamic stages (34) are given by
At
x _rrn no n
U1,i = Uu Am? [fl (Ul)iJr% fi (Ul)i7%i| , (a)
At7 (42)
Usi = Ui = Sug (U7~ L] ()

with Amzyi = pZ’iAx? and where fi = (f1,1, f1,2, f1,3) and fo = (f2,1, f2,2, f2,3) are the respective Lagrangian
numerical fluxes. Moreover, the closure law (24b) imposes that

aj, = aj (43)

since the fluid mixture is initially at thermodynamic equilibrium (i.e. u} = uf = U}, and P> = P} = P2,)

1
and since the scheme is explicit.

Relaxation stage:

According to (35), we relaxe the mixture to the thermodynamic equilibrium by defining
+1 _
i =Y

n+l _ yv* , % * ok
u; = Yl,iul,i + Y2,i“2,m (44)

3

n+1l _ vy = * Tk
E’L - Yl,iEl,i + Y2,iE2,i

and we obtain the density p't* with
L _ ﬁ + Yo (45)
P?H pii p;,i
by using the mixture law (4c). The quantities 7;"*! and P"™! are computed with (13).
To obtain the entropic results in Lagrangian variables, we have to verify a supplementary hypothesis relative

to the numerical fluxes fy:

Hypothesis 3.2. We can modify the numerical flux fr, = (fi1, fr.2, fr,3)" for each species k such that

fi1 = fan (46)

when the isothermal-isobaric-isovelocity laws (2)-(4b)—(10) are verified and such that the Hypothesis 3.1 is still
verified.
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We have the following result:
Theorem 3.2. Under the Hypothesis 2.1 and 8.2, the Lagrangian numerical scheme (42)-(45) is consistent
with (1) closed by (4)—(10) and is entropic under a CFL criterion. Moreover, it is conservative as soon as the
fluzes fro and fi 3 for each species k verify

{ fi2 = fa2, (a) (47)

fiz=fa3 (b)
under the Hypothesis 3.2.

Proof of Theorem 3.2. The proof is similar to the proof of Theorem 3.1. We just have to underline that the
equality (46) is crucial since it allows to write that the scheme (42, 43) implies that Y}*, = Y7"; and Y5, = Y3,
which makes possible to use the minimization principle (17, 18) knowing the relations (44 45) 0

Let us remark that the Hypothesis 3.2 coupled with (47) is very restrictive. Nevertheless, we will see in
Section 3.3.2 that the set of such entropic schemes is not empty. At last, let us notice that a theorem similar to
Theorem 3.2 could be obtained for a gas mixture.

3.2.3. For a fluid mizture in Fulerian variables

We explain in this section why, contrary to a gas mixture (c¢f. Sect. 3.2.1), it seems impossible to prove
that the relaxation scheme is entropic in Fulerian variables for a fluid mizture. We can already say that this
impossibility is due to the mixture law (4c).

Indeed, in Eulerian variables, the hydrodynamic stage (33) for a fluid mixture is ezactly the same than the
hydrodynamic stage for a gas mixture; we just have also to solve the transport equation (24b) in order to
know o ; and Y7, . And, under the Hypothesis 3.1, we obtain the inequalities (39). Nevertheless, the relaxation
stage for a ﬂu1d mlxture is different from the relaxatlon stage for a gas mixture since the mixture laws are
different. And, it is easy to verify that the inequalities (39) do not imply the inequality (40) because of the
mixture law (4c). As a consequence, we can not use the minimization principle (17, 18) to obtain the entropic
result.

3.3. Two examples of relaxation schemes

We propose to present two examples of explicit finite volume schemes for the multicomponent Euler system (1)
closed with (3)—(10) or with (4)-(10) which are already known and which can be interpreted as relaxation
schemes. Then, it will be possible to immediately prove that these schemes are entropic under a CFL criterion
by applying the Theorems 3.1 or 3.2.

The first example is a kinetic scheme built for a gas mixture and proposed in [20]; the second one comes
from [13] and was extended in [16] for a fluid mixture.

3.3.1. For a gas mizture in Eulerian variables

Let us suppose that each gas is ideal which means that each equation of state is given by (cf. [14] for example)

Py = prTy/my,
gk = 8k(Tk)

(my is the atomic mass of the species k), and let us suppose that each numerical flux (f 1, fx,2, fx,3) is defined
by a mono-species kinetic scheme verifying the Hypothesis 3.1 as it is the case in [19] and [20].

Then, by applying the Theorem 3.1, we immediately obtain that the multicomponent kinetic scheme defined
with (36, 37) is entropic under a CFL criterion: this result was previously proposed in Section 4.4 of [20] where
it is proven entropic results in a more general context.
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3.3.2. For a fluid mizture in Lagrangian variables

Let us define the Lagrangian scheme for a fluid mixture

n+l _ yn
Yk,i - Yk,ia

. At

T = T+ Am; (u?+1/2 - u?ﬂ/z)a

unJrl =" = At ( n _pn ) (48)
i U _Ami i+1/2 i—1/2)

E; = Ei — A—m(3+1/zui+1/2 - Pz'71/2uz'71/2)

?

with Am; = pYAz? and with

u; + Ui+1 1

it 2 2(0¢)i+1/2( o : (49)
p _ Pi+Pi1 (po)iy1/2
i+1/2 = B - B (Ui-i-l - Uz)

And, to obtain 7"t and P!, we solve the algebraic system (13).
The term (pc);41/2 is strictly positive and is defined by

maX(Pisz,Pz‘HCz )
(pC)it1/2 = \/ - il (50)

min(z;, Pi+1)

in [16] where ¢ is the sound speed of the fluid mixture (of course, we suppose that the Hypothesis 2.1 is verified:
thus, because of the point ii of Theorem 2.1, we can define ¢ and we have ¢ > 0). Let us notice that (pc);11/2
is proportional to the numerical viscosity of the scheme.
Let us now define the mono-species Lagrangian schemes for each species k with (42) where the numerical

flux (fx1, fr,2, fr,3) is defined by

(fr1)it1/2 = Uit1/2,

(fr2)it1/2 = Piy1y2, (51)

(fk,3)i+1/2 = Pi+1/2ui+1/2-
In [13], it is proven that the mono-species numerical schemes (42a) or (42b) with (51) is entropic under a CFL
criterion for any strictly positive choice of (pc)it1/2 (the choice of the formula giving (pc);y1/2 defines the value
of the CFL constant). Then, the Hypothesis 3.2 and (47) are verified and we can rewrite the scheme (48)
closed with (13) with the relaxation formalism (42)—(45). This implies, by applying the Theorem 3.2, that the
Lagrangian scheme (48)—(50) closed with (13) is entropic under a CFL criterion.

4. CHAPMAN—ENSKOG EXPANSION

In order to formally prove that the relaxed system (20) is “well posed” when A, Az and, for a fluid mixture,
Ap go to zero and that the relaxation procedure described in Section 3.2 is consistent with the multicomponent
Euler system (1) closed with (3)—(10) or with (4)-(10), we compute a first order Chapman-Enskog expansion
for a binary mixture.

In the case of a gas mixture, we will recover a binary Navier—Stokes system with the classical Fick and Newton
laws, but with also the pressure diffusion and the thermal diffusion which are less known diffusion processes; in
the case of a fluid mixture, we will also recover a binary Navier—Stokes system with the Fick and Newton laws,
and with also two other diffusion laws: the first one is a density diffusion whose physical meaning is not clear,
and the second one is a thermal diffusion similar to the previous one obtained for a gas mixture.
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The thermal diffusion in the case of a fluid mixture can be seen as a Soret effect. Indeed, the Soret effect is
a diffusion effect in liquid mixtures which is equivalent to the thermal diffusion in gas mixtures. Let us notice
that, contrary to the thermal diffusion in gas mixtures (cf. [8]), it does not exist any theoretical derivation of
the Soret effect (¢f. [15], Chap. 8).

We will also underline that under the Hypothesis 2.1 and under the conditions (27) or (28), firstly, it is
possible to compute the previous Chapman—Enskog expansion and, secondly, the coefficient of the Fick law has
the good sign. Moreover, we will prove that the viscosity for a binary gas or fluid mixture is strictly positive
when each species is ideal. We will also show that the thermal diffusion coefficient in gas mixture depends on
the size of particles which is coherent with the Chapman and Cowling theory (cf. [5,8] and [15]).

All these results will allow us to show similarities between this Chapman—Enskog expansion and the Chapman—
Enskog expansion applied to classical Boltzmann equations (¢f. [8] for example): indeed, we will see that we can
compute the first order Chapman—Enskog expansion of the relaxed multicomponent Euler system (20) when
the Hypothesis 2.1 is verified and that it is also the case for the multi-species Boltzmann system when the
micro-reversibility hypothesis applied to the microscopic cross sections is verified, hypothesis which is necessary
to obtain a (kinetic) H-theorem and, thus, to prove the convergence of the distribution of each species k to a
Maxwellian distribution (cf. Lem. 3.1 for the Euler system).

Let us notice that we suppose that the relaxation process has only one time scale: thus, we impose that
)\u = )\T = )\p =\Ain (20)

4.1. The first order Chapman—Enskog expansion
The main results — whose proof are given in Appendix A — are the following:
Theorem 4.1. Under the Hypothesis 2.1 and under the conditions (27) or (28), it exists an unique (Jy, i) such

that the first order Chapman—FEnskog expansion of binary multicomponent Euler system (20) closed with (21,
22) for a gas mizture or with (23, 24) for a fluid mizture is given by the multicomponent Navier—Stokes system

Yk : 0y (Yip) + 0r(Yipu) = 0. (AJg),
O (pu) + 95 (pu? + P) = 0, (A\udru), (52)
Ot (pE) + Ou[(pE + P)u] = 0x[AN(J1h1 + J2ha)] + 0x (Apud,u)

where hy, = €, + P/ pr is the specific enthalpy of the species k, system which is closed with (3)—(10) for a gas
mizture or with (4)—(10) for a fluid mizture.

Let us notice that p can be assimilated to the classical viscosity of the Newton law.
And, it is possible to explicit the formula giving the flux Jy:

Proposition 4.1. Under the Hypothesis 2.1 and by defining

or
©12(T, P1, P,) = Y1—1(T7 P)+Ye—
oP;

we have:

i) For a gas mixzture, the flux Jy in (52) is defined by

Jr = X0 Y% + B0 P + 7,0;T (54)
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where N
1L T T2
— V1Y ,
X prira 010
}/22%(1—‘) PQ)
_ 2 _ _
ﬁl - pYVIX/Q @12 Yi € [ 1) 1]) (55)
0 0
Yza%(T, Py) — Yla%(Ta Py)
Y1 = pY1Ys 2 L
O12
with @12 = @12(T, Pl, PQ)
it) For a fluid mizture, the flux Ji, in (52) is defined by
Tk = X0u Yk + Br0zp + Tu0aT (56)
where )
S VY o (11 — 72) ’
X (pY1Y2) 7612
5 272 — T1
ﬁl - (Y1}/2) @12 ) (57)
or or
= (Y — )

with ©12 = ©12(T, P, P). . —
And we have B3 = —f1, v2 = —v1 and B2 = =1, 71 = —72.

The fluxes x0.Yy and X0,Y) in (54) and (56) model the classical Fick law. The fluxes 8,0, P and ~;0,T
in (54) model for a gas mixture the diffusion through the respective pressure and thermal diffusions which are
less known than the Fick law (c¢f. [8] and [5]).

The value of 41 in (55) is formally similar to the formula

Y28 — Y16

= o1 Y:
71 prira Si

given in [8] (¢f. formula (9.83,1) p. 165) where Sy and Si2 depend on the type of microscopic interaction
between the particles 1 and 2. s

For a fluid mixture, we also find two terms in (56) — namely S;0,p and 7;0,T — which are similar to the
previous pressure and thermal diffusions for a gas mixture.

Concerning the term (5,0, p, we can say that the density p = a1 p1 + azps in Ji for a fluid mixture plays the
role of the pressure P = a1 Py + agPs in Jj; for a gas mixture (we recall that a3 = as = 1 in a gas mixture).
But, its physical meaning is not obvious.

Nevertheless, the term 79,7 has a physical meaning: indeed, it can be assimilated to a Soret effect which
defines the thermal diffusion in a liguid mixture (cf. [15], Chap. 8).

Let us notice that there are no Fourier law and no Dufour law in the energy equation of (52): this shows that
the relaxed system (20) does not take into account all the physics. Let us recall that the Dufour law (also called
diffusion thermo-effect in [8]) models the creation of a temperature gradient through a mass fraction gradient
and does not have to be confounded with the energy flux A, Jxhy which is directly due to the interdiffusion
between species. In other words, the Dufour effect is the “opposite” of the thermal diffusion or Soret effect.
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Let us remark that the thermal diffusion and Dufour effect are known to be very tiny for common temperature
gradients (these diffusion phenomena are taken into account in combustion for example where the temperature
gradients are very important).

We can deduce from the previous proposition that:

Corollary 4.2. Under the Hypothesis 2.1, the Fick coefficients x and X are positive.

Unfortunately, it seems a priori more difficult to obtain a simple formula giving the viscosity u which
shows that pu > 0 under the Hypothesis 2.1 for any equation of state although this last result should be true.
Nevertheless, in the following subsection, we will show that this viscosity is strictly positive when all the species
are ideal.

Proof of corollary 4.2. We just have to prove that ©15 < 0 under the Hypothesis 2.1. This inequality is deduced
from the point 4 of the Lemma B.1 in Appendix B. O

4.2. Computation of the diffusion coefficients for ideal species

We now particularize the results of the Theorem 4.1 and of the Proposition 4.1:
Computation of the viscosity for a binary mixture when the species are ideal

Let us now suppose that each equation of state e (7x, Py) is given by

{ Py = piTy./my, (58)

gk = gk(Tk)

where my, is the atomic mass of the species k. Thus, each species k is ideal and we can establish the following
result (the proof is in Appendix C):

Lemma 4.1. When the equation of state e1(71, P1) and e2(1a, P2) are defined by (58), the Newton coefficient p

verifies
2
7 T(Y1Y2p)2 %51 (T)I — 2—?52 (T)'

mims Y1E(T) + Ya2&o(T)

>0 (59)

for a gas or fluid mixture.

Computation of the flux J; for a binary gas mixture when the species are ideal

Lemma 4.2. When the equation of state e1(71, P1) and e2(72, P2) are defined by (58) in a gas mixzture, the
thermal diffusion does not exist (i.e. v, =0) and the flux Jy, given by (54) can be rewritten with

Jp = D1» [axck + (1 - ﬂ) 10 1ogP} (60)
m
where D13 = Dy1 > 0 knowing that % = 7};—11 + % and cx, = Yem/my, which is the concentration of the species k.

Let us remark that the flux (60) is classical in isotopic separation. Moreover, it is known that for ideal gases,
the thermal diffusion effect is almost equal to zero compared to the Fick and pressure diffusion effects.
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Computation of the thermal diffusion in a binary gas mixture when only one of the species is
ideal

Now, e1(71, P1) and e2(72, P2) are respectively given by (58) and by

_ Tk/mk
by (61)
€k ng(Tk)

where the strictly positive constant by is called covolume. This covolume takes into account in a rough way the
fact that there is a compressibility limit for the gas 2 because of the size of the atoms or molecules constituting
this gas (here, the law (61) imposes that ps < by '). In this case, we obtain the following lemma:

Lemma 4.3. When the equations of state e1(11, P1) and e2(72, P2) are respectively defined by (58) and (61), it
exists I'19 > 0 such that
Y1 = leYQI’mbg > 0. (62)

We deduce of this lemma that the thermal diffusion depends on the size of the particles of each species which
is coherent with the Chapman and Cowling theory (cf. [8]). Let us notice that the positive sign of v; in (62)
implies that the more the size of the particle of type 2 is important, the more they diffuse to the hot area: in
general, the Chapman and Cowling theory shows that «; < 0; but, for particular microscopic interaction models
as the Lennard-Jones model, v, can be positive (see Figs. 9 and 10 in Sect. 2.7 of [15]).

4.3. Comparison with the Chapman—Enskog expansion applied to Boltzmann equations

An important remark is that we are able to compute the first order perturbations of the Chapman—Enskog
expansion for the relaxed Euler system (20) only under the thermodynamic Hypothesis 2.1 (and under the
conditions (27) for a gas mixture or (28) for a fluid mixture).

Similarly, for the multi-species Boltzmann system (cf. [22]), we are able to compute the first order pertur-
bations of the Chapman—Enskog expansion when the micro-reversibility hypothesis is verified, hypothesis which
imposes that the microscopic cross sections of the Boltzmann operator have a particular form (see Sect. 3 and
the remark at the end of Sect. 6 in [11] for example). Indeed, a mono-species or multi-species Boltzmann
operator admits only one equilibrium distribution (¢f. the point i of the Th. 2.1 for the Euler system) — namely
a Maxwellian distribution in the classical cases — and a H-theorem (cf. the Lem. 3.1 for the Euler system) when
the micro-reversibility hypothesis is fulfilled.

More precisely, we have seen in the proof of Theorem 4.1 (¢f. Prop. A.l in Appendix A) that, under the
Hypothesis 2.1, the first order perturbation X of the Chapman—-Enskog expansion is solution of a linear matricial
system of the type M - X = B; in the Boltzmann case, we could prove that the corresponding perturbation X is
solution of a linear system of the form L(X) = g where L is a linear integral operator and where g € Ker(L)~*
when the micro-reversibility hypothesis is verified. And, these two linear problems have an unique solution
because:

— for the relaxed multicomponent Euler system: det(M) > 0 (¢f. Appendix A);

— for the multi-species Boltzmann operator: we can apply the Fredholm alternative on the linear opera-
tor L.

Thus, we can say that the sentence
each macroscopic equation of state in the relaxed multicomponent Fuler system admits a convex entropy
is qualitatively equivalent to the sentence

each microscopic cross section in the multi-species Boltzmann system verifies the micro-reversibility property.
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TABLE 1.
| | Relaxed Euler system | Boltzmann system |

Perturbation X = (Pr1,Tr1)(t, x) X = (Xi)(t,z,v)

(¢f. Appendix A) (v is the microscopic velocity)
Condition sy strict. conv., 27 or 28 is verified | micro-reversibility hypothesis

I 4

3 a H-theorem U 3 a H-theorem (X
Linear Equation | 3(M, B) such that 3(L,g € Ker(L)*) such that

M- X = B(t,x) L(X) =g(t,z,v)
Existence det(M) >0 Fredholm alternative
and unicity (because sy, is strict. conv.)
Transport coefs. | Fick > 0 Fick > 0

Pressure diffusion# 0 Pressure diffusion# 0
for a binary ideal | Newton > 0 Newton > 0
gas mixture No Fourier Fourier > 0

No thermal diff. and no Dufour effect | Thermal diff. and Dufour effect

can exist but are often neglected

We summarize the previous remarks in the Table 1.

5. CONCLUSION

After having defined a gas mixture as an intimate mixture of gases and a fluid mixture as an immiscible
mixture of fluids (or separated phase mixture), we have extended the relaxation schemes initially proposed in [7]
for the mono-species Euler system to the multicomponent Euler system describing an isothermal-isovelocity
gas mixture or an isothermal-isobaric-isovelocity fluid mixture by solving with a splitting technique a relazed
multicomponent Euler system. And, with the help of a Gibbs lemma, we have proven entropic results on these
relaxation schemes in Eulerian variables for a gas mixture and in Lagrangian variables for a fluid mixture. These
results allowed us to prove that a multicomponent kinetic Eulerian scheme is entropic under a CFL criterion
(result already proven in [20]) and that the multicomponent version of the Lagrangian scheme described in [13]
and used in [16] is also entropic under a CFL criterion. It is important to recall that these relaxation schemes
in the case of fluid mixtures are not dedicated to simulations of interfaces problems where the fluid mixture is
numerical and located to material interfaces, but to simulations of physical fluid mixtures at thermodynamic
equilibrium (as in the case of gas mixtures) and at scales where it is impossible to define any material interface
between each fluid.

After having proven these entropic results, we have performed a first order Chapman—Enskog expansion on
the previous relaxed system for a binary mixture. This has allowed us to obtain a binary Navier—Stokes system
including the Fick and Newton laws for a gas and fluid mixture. We have also found the pressure and thermal
diffusions for a gas mixture and, for a fluid mixture, a density diffusion — whose physical meaning is not clear
— and a thermal diffusion which can be assimilated to a Soret effect. Moreover, for particular equations of
state, we have recovered some physical results concerning the sign of the diffusion constants. At last, we have
underlined similarities between this Chapman—Enskog expansion and the Chapman-Enskog expansion applied
to classical Boltzmann equations.

A next work could be to find a good projection stage to obtain an entropic Eulerian scheme for a fluid mixture
by using the Lagrange + projection technique described in [16] and by using the entropic Lagrangian scheme
proposed in this paper. At last, it should be interesting to specify the results on the positivity of the viscosity
in the Chapman—Enskog expansion for any equation of state and for any number of species in the mixture.
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APPENDIX A. PROOF OT THEOREM 4.1 AND OF PROPOSITION 4.1

A.1. Proof of Theorem 4.1
Let us suppose that at any point (¢, ), we know py = 1/7%, ag, ui and Ej, with k € {1,2}. Then, we know
2

p = a1p1+aops, Y = arpr/p, E = Y1E1 +YaEs, u = Yiur + Yaus, e = By, — u—; and the unique (T}, Px) such

that 7 (Tk, Pr) = 7% and e (T, P;) = €x. Moreover, we can define the associated thermodynamic equilibrium
with

alt=a =1,
YlTl(Teq,Pleq) =T,
Yoro (T, P3%) =, (63)
2
Yie(T*9, Py%) + Yoeo (T, P5%) = B — = = &9,
pea = pit 4+ Py
for a gas mixture, and with
aflt+ali=a1 +tar =1,
Y11 (T, PiY) 4 Yoo (T4, P3?) = T,
u2 (64)
Yie1(T°9, P{Y) + Yaeo (T, PyY) = F — 5 = €%,

Pea = pyd = pyd

for a fluid mixture where the subscript °? means equilibrium (we recall that this equilibrium is unique: cf.
Th. 2.1, point 7)). This allows to define 7% = 7, (7%, P?) and £, = &4,(T°%, P,?). Let us notice that Y,7* = Y%,
P = p, o pit = agpr, v =u and E°9 = E.

We will prove that this thermodynamic equilibrium is solution of (52) when A goes to zero. The first step is
to suppose that the solution of binary multicomponent Euler system (20) can be expanded in the following way:

eq

fo% Q. Akl

U u®4 Ukl

P | | A" P 2

Sl el I RPN I ECIED (65)
eq

Tk Tk Tkl
eq

€k €L €k1

We have the immediate property which is a consequence of (63), (64) and (65):

Property A.1l.

{ Yiuir + Youor =0 (a) (66)
Yie1r + Yaeo; = 0. (b)
Moreover, for a gas mixture
a1 =0 and T =0, (67)
and for a fluid mixture
«a ag1 = 0, a
o 0. & ©
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A.1.1. Continuity equations

We prove the following lemma:

Lemma A.1.
i)
Ot (Y1p) + 02 (Y1pu®Y) = 0, (AJ1) + O(AQ)

with Jl = prluu.

it) For a gas mizture:
Uil = —Yg(Yg@foq — YlaxPQeq).

iii) For a fluid mizture:
eq
Ul = —Yi}/Q (% — ) 6;8Peq.

Proof of Lemma A.1. The point 4 is deduced from (20a) and from the expansion (65). Moreover, the equa-
tions (20a) and (20b), the expansion (65) and the property (66a) imply that

e e e e e Ui
O + u19,u + 1790, Py = “YiYer +O(N). (69)

By summing (20b) and (20b’) and by using again the expansion (65), we also have
Oput + u®49,u = =79, P14+ O(N).

These two last equalities show that
T
uL = —Y1Ys <L8IPfq — 81Peq> .
T

We conclude the proof by using the relations (3b,c) or (4b). O

A.1.2. Momentum equation

As for the continuity equations, we easily obtain that
By (pu®) + 0;[p(u®®)? + P9 = =0, [A(a}" P11 + a5 Pa1)] + O(N%).

Then, we have to evaluate a{?Pi; + a5?Py;. We have the following proposition:

Proposition A.1. Under the Hypothesis 2.1 and under the conditions (27) or (28), it exists a matriz M,, and
two functions A(T, P) and B(T, P) which depend on the equations of state of each species such that the first
order perturbations Py, and Ty are solution of linear system

P 0
Po | 0
Meliy | T | svivaBea . a,uc (70)

Ty Y1Y5 A% Opud
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with kK = 0 for a gas mizture and k = 1 for a fluid mizture, and with A*4 = A(T°9, P*1) and B = B(T*4, P°9).
And, we have

v Ly, 002y 051y O

8P1 8P2 8T1 aTQ
on 0 om
Mo = opr, ) Ty ) (71)
T2 T2
0 — 0 —
8P2 8T2
0 0 —1 1

and
651 652 861 652
Y — Yo— Yi— Yo—
Yop, fop, l'oTy Oy
87’1 87’2 87'1 37’2

v Ly, 92y 9Ty, 972

M= = Yop, “%op, ‘or, (om, |- (72)
1 1 0 0
0 0 1 1

Moreover, det(M,;) > 0 which allows to easily write that it exists an unique function (T, P) depending on the
equations of state and of the type of mirture such that

eq eq _ e e
o P11+ a5 Py = —pf - 0putl.

Let us notice that the conditions (27) or (28) imply that Uiy = u®® + O(X) for a gas or fluid mixture and
that Py = P44+ O(A) for a fluid mixture: this property is necessary to obtain .4 and B and, thus, to obtain
the correct first order perturbations. This remark coupled with the Lemma 3.1 (H-theorem) links clearly the
existence of the diffusion processes in the spatially non homogeneous case with the existence of a convergence
toward a thermodynamic equilibrium minimizing the mixture entropy in the spatially homogeneous case.

Corollary A.1. The functions A and B are defined with

B O(s1 — s2) d(s1 — s2)
A=T | = +P—5;
and
~0(11 — 1) -T2 o(11 — 72)
b= or T P Oe

Proof of Proposition A.1.

Computation of the first line of M, and of the second line of M,_;: A Taylor expansion of ; around
the equilibrium gives

deid Oey? 9
_ ~€q
er(Pr, T) =&, + A <Pk1 oD, + T é)Tk) + O(N\?)

which shows that €1 = Pp ?,6—1;‘: + Tklge—q’fz. We conclude by using the property (66b). And, for a fluid mixture,

the relations (66b) and (68b) show that (ex,er1) and (7%, 7x1) play the same rule from an algebraic point of
view: then, we immediately obtain the second line of M,_;.

Computation of the second and third lines of M,_o: We apply the previous technique by taking into
account that for a gas mixture, we have Y7, = 7 and 75,1 = 0 (¢f. Property A.1).
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Computation of the fourth line of M, and computation of A: Since s; is the thermodynamic entropy
of the species 1, we easily have that

—T*Y1p(0ps1t + u®10,8]Y) = —T°WY1pDys{t = (Tor — T11) + O(N) (73)
under the conditions (27) or (28) and by using the closure law (24b) for a fluid mixture. By using the point ¢
of Theorem 2.1, we can write that s;' = si(7,e°1). Then, D;s{? = 8;; Dy + 8;; D;7. And since D;e®1 =

—7P®19,ut + O(A) and D1 = 70,u? + O()), we obtain that Ty — Ty = TY; (Pagzq — %) O,u®d which

allows to easily obtain the function A by symmetry with the entropy s5*.

Computation of the third line of M,.—; and computation of B: The equation (25a) and the expansion (65)
allow to write that

DtTleq = 7%9,u® + Tleq(Pll — Pgl) + O()\)

as soon as the interfacial velocity Uiy, verifies (28). Then, we continue the proof by noting that Dy7 = 70, u®d +
O(A) and by applying the previous technique used to evaluate A.

Computation of det(M,): Algebraic calculus show that

67’2

det(Mrc=O) = _Yl—(T, P2) ( Ocg 0T Oeo 87‘2)

oL )y [ =2 - =22
oP, 0T, 9Ty 0P, 25p, (1 1) (ap2 Ty T OP;

Oe1 07y Oe1 Oy omy
0P,

and that
det (M) = Oe Or  0Oe OT

T OPOT AT OP
For a gas mixture, the Lemma B.1 in Appendix B allows to conclude. For a fluid mixture, the Proposition 2.1
allows to apply the point i of the Lemma B.1 to the equations of state 7(T', P) and (7, P) of the mixture. O

A.1.8. Energy equation
We easily obtain that

O (pE) + 0.[(pE + PNu) = 0, (A\p®u10,uY) — 0 [MuY (g1 Py* + oy Py )]
— Oy [A(a‘iququu + OLSqPQBq’U,Ql)] — Oy [)\p(Ylf:‘El}qUH + YQESq’Ugl)]
(e
2

— Ox[Ap(Yie1 + Yaea1)u®d] — 0, [ Ap(Yiu11 + Youzr) + O(\).

We conclude the proof by using the Property A.1 and by noting that Jy = —pYiugr (¢f. Lem. A.1) and that
hy = ¢ +Pk/pk.

A.2. Proof of proposition 4.1

It remains to prove that under the Hypothesis 2.1, the flux J; = —pYjur1 can be written with (54) and (55)
for a gas mixture and with (56) and (57) for a fluid mixture.
We prove the result for a gas mixture. We have

{ Yimy (T°9, PrY) = (1 = Y1) (T, P3) = 0, (74)

P{Y 4 S = pea,
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Then, P, is a function of Y;, P°? and T (this is also a consequence of the point ¢ of Th. 2.1). And since
J1 = pY1Ya (Y20, Py — Y10, Py"), we can write that

J1 = X10:Y1 + 10, P4 + 710, T
where

x1 = pY1Y2(Y20y, P — Y10y, Py%),

B1= PY1Y2(Y28Pequq - Y13Pequeq)a

y1 = pY1Yo(YaOrea Py — Y107ea Py™)
with now P4 = P 9(Yy, Pe4,T°%). Moreover, the system (74) shows that

67’1 6Peq 87‘2 é)Peq
Y, 1y L2
Nt Vg gy~ Yegpe gy, =0
% T1 6Pfq _ 87‘2 (i‘)PQeq —0
YOPfT gpea TPQPST gpea
Yl( 87'1 anq 871 87'2 8P26q 87’2 _ 07

OP; 9T * aTes) ~ 2(aPSC‘ ‘et gred)
ort  opy°
;| oy
OPt | oPyt .
gpea ' gpea 7
OPt | oPyt 0
gTea " gTea

=0,

We can easily invert this linear system which gives the partial derivatives of P,%(Y7, P®4,T°1) with respect
to Y1, P°? and T°4. And, some basic calculus give (55).

The proof for a fluid mixture is similar by noting that the equality Y171 (T°9, P*)+ (1 —Y7)7o (T4, P¢4) = p~1
implies that P¢4 = P¢i(Yy, p, T°9).

A.3. A remark

It is important to underline that, in the case of a fluid mixture, the non conservative terms P.,;0,ap and
Pt Uint Oz, in (20) are necessary to obtain the zero order expansions (69) and (73). This implies that these
modelling terms — which are supposed to model interfacial phenomena — are necessary to compute the first order
Chapman-Enskog expansion and, then, to obtain the transport coefficients.

Let us notice that the closure law (24b) for a fluid mixture is also necessary to obtain the expansion (73).

APPENDIX B.
We prove the following lemma:

Lemma B.1. Under the Hypothesis 2.1:
i) The equation of state 7Tk, P) verifies

aTk

— (T}, P, 0.
8Pk( ks Pr) <
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it) The equations of state 7i(Tk, Py) and e (T, Py) verify

0Ek 6Tk aEk aTk

0P, 0Ty, 0Ty, 0P

Proof of Lemma B.1.

Point i) The second thermodynamic principle (9) shows that

—aTk (Thy Sk) = —782% (T, Sk)
a'rk k) k) — aTkaSk- k) k ) (76)
—8Tk (Thy Sk) = ——aQEk (T, Sk)
aSk k) k) — 88% k; k
and that
8Pk 625k 828k 8sk
o7t (7k, Tk) 572 (Tk» sk) 97 05k (Tk,Sk)aTk (k> Tx) (77)

by considering the function Py [7x, sk(7k, Tk)]. Let us now consider the function Ty[7%, sk (7%, Tx)]. We have

8Tk 6Tk 6sk
-k __r — 1) =
o7, (Tk» 5k) + Dor (Tk’sk)am (7%, Tx) = 0
which implies that
(f)sk o 825k 825k -t
Oty (7 Th)  O1L0sk, (7, 58) ds? (7 58)
by using (76). Then
OP, 02y 02y 02, *] 10% -t
Zh T = — _
o, (71, Tk) 572 (Tk, sk 752 (Tk, sk 9705, (Tk, 5k) 352 (Tk» 5k) (78)

because of (77). Moreover, the strict convexity of sy (7x,ex) implies that (¢f. [14])

825k
—(Tk,sk) >0
ds3
and that
82€k 828k 625k 2
8—7_]?(Tk75k)a—812€(7'k75k) - (m(ﬁmsk)) > 0.

Then, these two last inequalities with the equality (78) allow to conclude.

Point ) Since the Hessian matrice of sy(7x,€x) is strictly positive, the differential relation (9) allows to write
that the matrice

a&?k 85—:k
01/Ty,  OP/Ty
aTk aTk

o1/T, OPy/Ty

is strictly negative. Then, it is easy to conclude by calculating the determinant. O
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APPENDIX C. PROOF OF LEMMA 4.1

We prove this lemma for a gas mixture, the proof for a fluid mixture being the same. For a fluid mixture

whose each species is an ideal gas, it is easy to obtain that

by

Ty T
Ex(T) ~de + dr

~Tdsy =
kT VIE(T) + Ya&o(T) T

using (9) and the closure relations (3)—(10). Then, we obtain that

_ pYiX/gT mQEQ(T)/ — mlgl(T)’

A .
mims Y& (T)/ + }/252(T)/

and it is easy to conclude by solving (70) with k = 0. Then, we can evaluate P11+ P»; which gives the viscosity p.
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