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Abstract

We investigate a system of partial differential equations modeling supercritical multicompo-
nent reactive fluids. These equations involve nonideal fluid thermodynamics, nonideal chemistry
as well as multicomponent diffusion fluxes driven by chemical potential gradients. Only local
symmetrization of the resulting system of partial differential equations may be achieved because
of thermodynamic instabilities even though the entropy function is globally defined. Local sym-
metrized forms are explicitly evaluated in terms of the inverse of the chemical potential Hessian
and local normal forms lead to global existence and asymptotic stability of equilibrium states as
well as decay estimates. We also discuss the deficiency of the resulting system of partial differential
equations at thermodynamically unstable states typically associated with nonideal fluids.

1 Introduction

Supercritical reactive fluids arise in laboratory experiments and engineering applications like for in-
stance Ariane’s rocket engines [12, 46]. This is a strong motivation for investigating the mathemat-
ical structure of supercritical fluid models with chemical reactions. The mathematical structure of
hyperbolic-parabolic symmetrizable systems of partial differential equations modeling single species
fluids has already been investigated by many authors [44, 32, 82, 50, 71, 52, 18, 29, 9, 74]. Mathemat-
ical models for multicomponent ideal fluid mixtures with chemical kinetics of mass action type have
also been analyzed in various frameworks [38, 34, 39, 30, 48, 57], but, to the authors’ knowledge, the
situation of supercritical reactive fluids is analyzed here for the first time.

The system of partial differential equations modeling supercritical multicomponent reactive fluids is
first discussed. Governing equations for dense fluid mixtures may generally be derived from the thermo-
dynamics of irreversible processes [61, 62, 67, 20], from statistical mechanics [49, 3, 63], from nonequi-
librium statistical thermodynamics [54], as well as from the kinetic theory of dense gases [5, 6, 56]. The
conservation equations, the thermodynamics, the chemical production rates and the transport fluxes
are presented. Nonideal thermodynamics are often built from pressure laws by assuming a Gibbsian
structure and compatibility with perfect gases at low densities and such a construction has recently
been investigated mathematically [40]. The nonideal chemical production rates are deduced from sta-
tistical thermodynamics and are directly expressed in terms of chemical potentials [59, 60, 54, 43, 40].
These rates are compatible with the symmetric forms of rates of progress derived from the kinetic
theory of dilute reactive gases [27, 34]. The transport fluxes are deduced from various macroscopic or
molecular theories [62, 67, 20, 54, 5, 6, 56] and are driven by chemical potential gradients. Nonidealities
in transport fluxes are notably important to prevent unphysical diffusion in dense cold fluids [43, 41].
The resulting nonideal fluid model is shown to satisfy the second principle of thermodynamics, that
is, entropy production due to transport fluxes and chemistry are both shown to be nonnegative. As a
typical exemple, the nonideal thermodynamics built from the Soave-Redlich-Kwong cubic equation of
state, often used to model supercritical flames [70, 43], is discussed.

An important aspect of nonideal thermodynamics is the existence of thermodynamic instabilities
which may be of thermal, mechanical, or chemical origin [40]. Instabilities of mechanical origin typically
correspond to single species—or chemically frozen—Iliquid-vapor phase changes and are avoided at
sufficiently high pressure. At supercritical pressure, one may indeed continuously transform a fluid
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from a liquid-like state into a gas-like state [43]. On the other hand, the instabilities of chemical origin
correspond to phase separation at sufficiently—supercritical— high pressure and low temperature [43].
Mixtures of Hydrogen and Nitrogen may split for instance between two phases at temperatures below
100 K and pressures above 100 atm as established experimentally [81, 28], and these thermodynamic
instabilities of chemical origin have been well reproduced computationally by using the Soave Redlich
Kwong equation of state [40, 43]. From a mathematical point of view, these unstable points are
associated with a change of sign of entropy Hessian eigenvalues.

We investigate symmetrized forms of the resulting system of partial differential equations. Existence
of a symmetrized form is related to the existence of a mathematical entropy compatible with convective
terms, dissipative terms and source terms. This mathematical entropy is taken to be the opposite of
the physical entropy per unit volume. However, the open sets where thermodynamics is admissible—in
particular where the entropy Hessian is definite—are bounded by thermodynamically unstable states
for nonideal fluids. The set where the conservative variable may range is thus not anymore convex—Ilike
for perfect gases—and different states may correspond to the same entropic variable, i.e., to the same
thermal variables and chemical potentials. As a consequence, even though there exists a mathematical
entropy function ¢ and a symmetrizing variable v = (9,0)! defined for all admissible states of the
conservative variable u, the corresponding map u — v is not anymore globally one to one—unlike for
ideal fluids—because of thermodynamic instabilities. This symmetrizing change of variable is only
locally invertible for such nonideal thermodynamics. Similarly, the normal change of variable are only
locally invertible but this property is sufficient to rewrite locally the system into a normal form, that
this, in the form of a symmetric hyperbolic-parabolic composite system.

The symmetrized forms associated with supercritical reactive fluids are evaluated in terms of the
inverse of the Gibbs functions derivatives apjgi, 1 <i,5 < n, where G; is the Gibbs function of the ith
species per unit mass and p; the partial density of the jth species. We establish the dissipative structure
of the linearized normal form around constant equilibrium states as well as stability conditions on the
source term, i.e., the chemical entropy production is nonnegative and the source term lies in the range of
its derivative at equilibrium. As a consequence, we obtain global existence results, asymptotic stability
of stationary states and decay estimates towards the equilibrium states in all space dimensions for
multicomponent dense fluid models including arbitrary complex chemistry as well as detailed nonideal
transport fluxes. These results extends previous work associated with ideal gas mixtures and mass
action type chemical kinetics [38] and apply in particular to metastable states such as undercooled
vapor or superheated liquids.

We finally investigate how are transformed the mathematical properties of the system of partial
differential equations at thermodynamic unstable states. We specifically consider a single fluid at a
mechanical thermodynamic unstable point and a binary mixture at a chemical thermodynamic unsta-
ble point. In both situations, the normal forms degenerate whereas the rescaled normal forms remain
hyperbolic and their dissipative subsystems remain symmetrizable and parabolic in the sense of Petro-
vsky. However, these rescaled normal forms are not anymore symmetrizable, and more fundamentally,
the Shizuta-Kawashima condition does not hold anymore at thermodynamically unstable points so
that they are not strictly dissipative. In other words, it is the global system structure which presents
a deficiency at thermodynamically unstable states and pure compression waves remain undamped.

The system of partial differential equations modeling supercritical fluids is presented in Section 2.
Symmetrization, existence of an entropy, and normal forms are investigated in Section 3 for an abstract
system. These results are applied to supercritical reactive fluids in Section 4. Finally, the deficiency of
the system of partial differential equations at thermodynamic unstable points is studied in Section 5.

2 Supercritical fluids

We present in this section the system of equations modeling supercritical multicomponent reactive
fluids. We also discuss entropy production, thermodynamic instabilities as well a typical cubic equation
of state often used for high pressure fluids.

2.1 Governing equations
2.1.1 Conservation laws

We denote by & = {1,...,n} the species indexing set, n the number of species, p; the mass density of
the ith species, and m; the molar mass of the ith species. The mass conservation equation for the ith



species may be written
6tpi + V-(piv) + V- F;, = mw;, 1 €6, (2.1)

where v denotes the velocity of the mixture, F; the mass diffusion flux and w; the molar production
rate of the ith species. Bold symbols are used for vector or tensor quantities in the physical space R?

where d is the dimension of the physical model under consideration so that for instance v = (v1,...,vq)"
and V = (d4,...,04)t. The momentum conservation equation can be written in the form
O(pv) + V- (pvev + Ply) + V-II =0, (2.2)

where p = >, pi is the mass density of the mixture, P the pressure, I the unit tensor in R?, and
IT the viscous tensor. Finally, the energy conservation equation reads

O (€ + Lpvv) + V- ((€ + 2pvv + P)v) + V(Q + ITw) =0, (2.3)

where £ is the internal energy per unit volume and @ the heat flux. These equations have to be
completed by relations expressing the thermodynamic properties like £ and P, the chemical production
rates w;, © € &, and the transport fluxes F;, i € G, IT and Q.

2.1.2 Historical derivation

The general equations governing nonideal gas mixtures with expressions for multicomponent fluxes in
terms of chemical potential gradients and temperature gradients—with proper symmetry properties of
the transport coefficients—have first been derived from the thermodynamic of irreversible processes
by Meixner [61, 62] and Prigogine [67, 20]. The equations for dense fluids have then been obtained in
the framework of statistical mechanics by Irwing and Kirkwood [49] and for dense fluid mixtures by
Bearman and Kirkwood [3] and Mori [63]. The governing equations and the multicomponent fluxes
have also been obtained by Keizer [54] from nonequilibrium statistical thermodynamics.

The kinetic theory of gases has been very well developed for dilute gas mixtures but the resulting
equation of state is that of perfect gases [83, 80, 13, 31, 22]. A kinetic theory of dense gases has
first been developed by Enskog for rigid spheres and extended by Thorne to binary mixtures [13, 31].
The advantage of the rigid sphere model is that collisions are instantaneous so that the probability of
simultaneous multiple encounters is negligible. The principal transport mechanism in dense gases is
then that of collisional transfer at variance with dilute gases where it is free molecular flow. However,
it has been found by Bajaras et al. [2] that the results of the Enskog-Thorne theory—and of its
straightforward extensions—are not compatible with the thermodynamics of irreversible processes.
A modified form of Enskog equation has then been introduced by Van Beijeren and Ernst [5] and
the resulting dense fluid gas mixture kinetic theory [6] has been shown to be compatible with the
thermodynamics of irreversible processes. The corresponding Chapman-Enskog procedure has next
been performed by Kurochkin et al. [56]. More general theories of dense gases have been based on
multiple velocity distribution functions and on the BBGKY hierarchy of equations [13, 31]. Formal
expressions have notably been derived for a single gas, assuming that the two-particle distribution
function is time-independent [31]. To the authors’ knowledge, however, a general kinetic theory of
dense polyatomic reactive gas mixtures is still missing.

2.2 Thermodynamics
2.2.1 Dense fluid thermodynamics

We denote by S the entropy per unit volume, £ the energy per unit volume, and P the pres-
sure. The thermodynamic framework is presented by using the usual thermodynamic variables z =
(p1s---spn, T) and u = (p1,. .., pn, E)t where p1, ..., p, denotes the species mass per unit volume and
T the absolute temperature. These variables z and u are essentially the thermodynamic components
of the natural variable z and of the conservative variable u introduced later in Section 2.8. We denote
by O the derivation operator with respect to the variable u and by O the derivation operator with
respect to the variable z. The integer s € N, s > 3, denotes the regularity class of thermodynamic
functions.

Definition 2.1. Let £, P, and S be C* functions of the variable z = (p1,...,pn,T)" defined on a
simply connected open set O, C (0,00)" L. These functions are said to define a thermodynamics when

Properties (T1)-(Ta) hold.



(T1) The map z — u is a C* diffeomorphism from the set O, onto an open set O, .

(T2) Forany z € O, defining G; = 5;)16 - TgpiS, i € &, we have the volumetric Gibbs’ relation
TdS = - Gidp; + d&, (2.4)
€6
and the constraint Y, s piGi = E+P = TS.

(T3) For any z € O, the Hessian matriz 02,8 is negative definite.

(Ta) For any (y1,....yn,T) € (0,00)" %L, such that Y ,.qyi = 1, there exists pm > 0 such that
zp=(py1, -, pyn, T)t € Oy for 0 < p < pw. Moreover, we have the compatibility conditions

__ ©PG _ PG _ gpa
lim M =0, lim P(ZP) P (ZP) =0, lim M =0,

p—0 p p—0 p p—0 P

where the superscript *¢ denotes the thermodynamics properties of perfect gas mixtures.

Property (77) is associated with the natural change of variables traditionally encountered in ther-
modynamics and temperature as well as species densities are naturally assumed to be positive in the
model with O, C (0,+00)"*L. Property (72) is Gibbs’ relation in terms of volumetric densities with
a simplified definition of the species Gibbs functions G;, i € &. There is also a constraint associated
with Gibbs’ relation (2.4) in terms of S, &, and p1, ..., p,, since these variables are volumetric [40].
Property (73) is the natural thermodynamic stability condition since, from the second principle, the
evolution of an isolated system tends to maximize its entropy. The entropy of a stable isolated system
should thus be a concave function of its composition variables and internal energy. Whenever it is not
the case, the system loses its homogeneity and splits between two or more phases in order to reach
equilibrium. In particular, the open set O, may have a complex shape because of real gas effects and
thermodynamic instabilities at high pressure and low temperature. The open set O, is also simply
connected like O, from (7;) allowing a unique determination of entropy. Property (7z) is finally the
compatibility condition with perfect gases since for small p we must recover the perfect gas regime.
Note that division by p is required since as p — 0 all volumetric densities as well as both P and P*¢
go to zero. The compatibility with perfect gases must naturally be written in term of densities and it
is mathematically absurd to formulate such compatibility it in terms of extensive absolute quantities.

Remark 2.2. Since z — u is a diffeomorphism, we may equally define the thermodynamics with
functions T(u), P(u) and S(u) such that (T1)-(Ta) are satisfied.

Supercritical fluid thermodynamics are generally built from equations of states and such a con-
struction has been investigated mathematically [40]. In particular, unlike with classical fluid thermo-
dynamics, the domain of validity is restricted by thermodynamic instabilities at low temperature and
high pressure [43].

2.2.2 Perfect gases
The perfect gas pressure P'¢ associated with Property (72) is given by
; Pi
Pr¢ = RT — 2.5
Pt (2:5)
€S
and the corresponding energy per unit volume £¥¢ is in the form
T
e =Yt dr=et [ dswi, (2.6)
€& et

where el denotes the perfect gas internal energy per unit mass of the ith species, 75" the standard
temperature, €' the energy of formation at temperature 7" per unit mass of the ith species, and ¢''$
the perfect gas specific heat per unit mass of the ith species. The entropy per unit volume S in (7z)
is given by

T PG 9 T .
so=nsrt smst [ Sl Mg P (27)
= Tst m; mgry



where s* is the formation entropy of the ith species at the standard temperature 7°° and standard
pressure p**, and ** = p3*/ RT*' is the standard concentration. The enthalpy H"¢ = £¥¢ + PF¢. Gibbs
function GF¢ = £7¢ + PP¢ — TSP and free energy F*¢ = EP¢ — T'S™¢ are then easily evaluated. The
assumptions required for perfect gases (PG) may be written [40, 34]

(PG) The formation energies €5, i € &, and entropies s5*, i € &, are real constants. The species
mass per unit mole m;, 1 € &, and the gas constant R are positive constants. The species heat
per unit mass cbe, i € &, are C* functions over [0,00), and there exist constants ¢, and Gy

such that 0 < ¢, < Y <& forallT >0 andi € &.

The extension up to zero temperature of specific heats, energies and enthalpies is commonly used
in thermodynamics. The specific heats that are considered remain bounded away from zero since we
consider perfect gases governed by Boltzmann statistics [34]. In the following proposition we investigate
the mathematical properties of ideal gas mixture thermodynamics where of course (73) is trivial.

Proposition 2.3. The energy per unit volume EFC, the pressure PFC, and the entropy per unit volume
S*C . are C* functions defined on the open set O¢ = (0,00)" Tt which satisfy (T1)-(Ta). Moreover we
have
O ={u = (ur, ..., ue)' with uy >0,.. un >0,ue >y uel},
€S
st
where € denotes the energy of the ith species at zero temperature e = e5* — fOT b9 (0)do, i € 6.

vi

Proof. The proof is straightforward and we refer to [34]. O

2.2.3 The mass fraction variables

Thermodynamic functionals in terms of the variables (p1, ..., pn,T)" or (p,y2,...,yn,T)" do not have
homogeneity properties. In order to have homogeneous functionals, it is necessary to use the variable
(V915 -+ yn, T)" where v = 1/p is the volume per unit mass, p = Y, & pi, and y; = p;/p is the mass
fraction of the ith species. Assuming that the mass fractions are independent [40] and defining

e(”’ylﬂ"'7ynaT) :V(C/’(&’-“,y_"’T)’
v 1%

p(V’ylﬂ"'7ynaT) :P(Ea"wy_naT)a

v v
and
syt ey yn, T) = VS(E,...,y—n,T),
v v
then s and e are indeed 1-homogeneous and p is 0-homogeneous with respect to v,y1,...,yn [40].

With such independent mass fractions, the mass constraint ), _ yx = 1 must be recovered from the
governing equations and boundary conditions [34, 40]. The mathematical structure of the corresponding
mass based thermodynamic properties e, p, and s is fully described in [40] as well as the equivalence

with (71)-(7a).-

2.3 Chemical production rates

We present in this section the mathematical structure of nonideal chemical production rates [40]. The
mathematical structure of chemical kinetics has notably been investigated—generally for homogeneous
systems and kinetics of mass action type—by Aris [1], Wei [84], Shapiro and Shapley [72], Pousin [68],
Krambeck [55], Giovangigli and Massot [34, 38, 39|, and that of nonideal chemical production rates
has recently been investigated by the authors [40].

2.3.1 Nonideal rates

We consider an arbitrary complex reaction mechanism with n' reactions involving n species which may
be written symbolically
DEMiE Y M, jER, (2.8)

i€ €S



where l/ifj and Vl?j denote the forward and backward stoichiometric coefficients of the ith species in
the jth reaction, M; the symbol of the molecule of the ith species, and % = {1,...,n"} the reaction
indexing set. All chemical reactions are reversible and the number of reactions n* > 1 is arbitrary. We
are indeed interested in elementary chemical reactions which effectively take place in the fluid mixtures,
and elementary reactions are always reversible [34].

The molar production rate of the ith species w; is given by [59, 60, 54]

w; = Z(V% — Z/Z-fj)Tj, (2.9)

JER

where 7; denotes the rate of progress of the jth reaction. The proper form for the rate of progress of
the jth reaction 7; is deduced from statistical physics [59, 60, 54]

Tj = Kj (eXp(Z szjﬂi) — eXp(Z Vibj/ii)) , (2.10)
€S €S

where xj is the symmetric reaction constant of the jth reaction, u; = m;g; /RT the reduced molar
chemical potentials of the ith species, and G; the Gibbs function per unit mass of the ith species.

These nonideal rates of progress have first been derived by Marcelin from chemical and statistical
physics considerations [59, 60]. They have been rederived by Keizer in the framework of an extended
statistical theory of nonequilibrium processes [54]. This form for rates of progress insures that entropy
production due to chemical reactions is nonnegative and is compatible with traditional nonidealities
used to estimate equilibrium constants [19, 45]. They are also compatible with the symmetric forms
of rates of progress derived from the kinetic theory of dilute reactive gases [34, 27, 43]. Note that
these rates are expressed in terms of chemical potentials, so that they are only defined where the
corresponding thermodynamics is defined.

2.3.2 Mathematical structure

The species of the mixture are assumed to be constituted by atoms and we denote by a;; the number of
Ith atom in the ith species, 2l = {1, ..., n?} the set of atom indices, and n® > 1 the number of atoms—
or elements—in the mixture. It is convenient to introduce a vector notation in order to investigate
the mathematical structure of the chemical production rates. The forward and backward reaction
vectors v§ and v} of the jth reaction are defined by vf = (vf;,...,vf;) and vf = (W];,...,v0))",
and the global reaction vector by v; = 1/;? — i, The atomic vectors a;, | € 2, are similarly given by
a; = (a1g,. .., a,)t, the unit vector by T = (1,...,1)!, and the reduced chemical potentials vector by
= (p1,...,un)t, where u; = m;G;/RT, i € &. The Euclidean scalar product between x,y € R™ is
denoted by (x,y) and the orthogonal complement of a linear subspace E C R" is denoted by E+. The
production vector w is defined by w = (w1, . ..,w,)! so that we have the vector relation w = D jem TiVj
with 7; = &} (exp(u, I/]f> — exp(, ij>), j € R. The vector spaces spanned by the reaction vectors and
the atomic vectors are denoted by R and A, respectively

R =span{ v;, i € R }, A=span{ a;, l €A},

and we denote by M the diagonal matrix M = diag(my,...,m,). The mathematical assumptions
associated with the chemical production rates are the following.

(C1)  The stoichiometric coefficients V,Ej and I/Ej, k € G, j € R, and the atomic coefficients ay,
ke &, 1 e, are nonnegative integers. The atomic vectors a;, I € A, and the reaction vectors
v;, j € R, satisfy the atom conservation relations

(yjb,al> - (u§,al> = (uj,al) =0, jeR, le

(C2) The atom masses my, | € A, are positive constants, and the species molar masses my, k € &,
are given by

mk:Zﬁuakl, ke 6.
led

(C3)  The symmetric rate constants K3, J € R, are C positive functions of T'> 0.



The reaction and atomic vector spaces are thus such that R ¢ A+ and A C R from (Cp). For
realistic complex chemistry networks, the number of chemical reactions is always much larger than the
number of chemical species and one usually has R = AL. In other words, in practical situations, the
chemical reactions vectors v;, j € R, are spanning the largest possible space. When this is not the
case, one has simply to use the space R* instead of A [55].

Remark 2.4. The atoms vectors a;, | € U, may be assumed to be linearly independent. When this is
not the case, it is first necessary to eliminate linearly dependent atomic vectors.

Assuming that Properties (71)-(72), (PG), and (C1)-(Cs3) hold, the resulting chemical production
rates, which involve the chemical potentials u;, i € &, are thus defined over the open set O,. From
atom conservation and the definition of species masses, we now deduce the mass conservation property.

Lemma 2.5. The vector of chemical production rates w is such that w € R and Mw € MR. Moreover,
the unity vector satisfies T € (MR)L so that we have the total mass conservation relation (I, Mw) =

Zke@ mewWg = 0.

Proof. We deduce from (Cy)-(C3) that T = 3, o 7uM ~'a; so that T € (MR)L. Moreover, w € R
since w =} g 715 and thus Mw € MR and finally (Mw, T) = 0. O

2.4 Transport fluxes
2.4.1 General structure

A remarkable aspect of transport fluxes in nonideal gases is that they are directly expressed in terms of
temperature gradients and chemical potential gradients. In the absence of forces acting on the species,
the species mass and heat fluxes are in the form

Fi = —EZGLUV(%)—LZ-GV(—%), i€, (2.11)
Q = fZLejV(%)fLeeV(f%), (2.12)
j€S

where L;;, i,j € SGU{e}, are the mass and heat transport coefficients which depend on the local state z
of the fluid, G; the Gibbs function of the jth species per unit mass and 7" the absolute temperature.
On the other hand, the viscous tensor is in the form

II = —k(V-0)lg — (Vv + (Vv)' — 2(V-)l), (2.13)

where k denotes the effective volume viscosity, 1 the shear viscosity, and I; the identity matrix in
d dimensions. Actually, the full viscous tensor IT' is a matrix of dimension d’ = 3 in the form
II' = —x' Vulz—n(Vv+(Vv)'—2V-v];) involving the physical volume viscosity £’ and a coefficient
2/3 instead of the coefficient 2/d in (2.13) since d’ = 3 is the dimension of the velocity phase space of
the corresponding kinetic model. However, we may assume that the spatial dimension of the model
d has been reduced, that is, the equations are considered in R? with d < d’ = 3, independently from
the kinetic velocity fluctuations which are always three dimensional. If we denote by IT the upper left
block of size d of IT', that is, the useful part of IT’, we may rewrite IT in the form [35]

II=—(K+(3-2)n) Volg—n(Vo+ (Vo) = 2Voly). (2.14)

Therefore, using a coeefficient 2/d instead of 2/3 in the coefficient of the viscous tensor in (2.13) is
equivalent to increasing the physical volume viscosity ' by the amount 27 (d’' —d)/d'd = 2n (3 —d)/3d.
We have directly written the viscous tensor in the form (2.13) for convenience with the effective volume
viscosity kK = k' + 21 (3 — d)/3d. We will assume in particular in the following that x is positive when
d = 1 keeping in mind that Vv + (Vv)" — 2V-v ], then vanishes. Note incidentally that the volume
viscosity of polyatomic gases is positive and its impact on fast flows has been established in [8].

The mathematical properties of the transport coefficients are the following.

(Tr1)  The matriz L and the coefficients n and k are C* functions of z € O;.



(Tr2)  The matriz L defined by

Ly -+ Lin Lie
L= . - . . , (2.15)
Lnl T Lnn Lne
Lel e Len Lee
is symmetric positive semi-definite and has nullspace N(L) = R (1,0), where T € R™ and
1= (1, ey 1)t. The coefficient n is positive, the coefficient K is nonnegative and is positive
when d = 1.

From an historical point of view, to the authors’ knowledge, the expressions (2.11)(2.12) associated
with nonideal gas mixtures—taking into account the symmetry of the transport matrix—have first
been written in the framework of thermodynamics of irreversible processes by Meixner [61, 62] and
later by Prigogine [67, 20]. Similar expressions had been written previously by Eckart [21] but only
for ideal gas mixtures and without symmetry properties of the transport coefficients. The expressions
(2.11)(2.12) have then been rederived in various frameworks, in particular by Bearman and Kirkwood
[3] (only partially) and Mori [63] with statistical mechanics, by Keizer [54] in the framework of nonequi-
librium statistical thermodynamics, and by Van Beijeren and Ernst [6] and Kurochkin et al. [56] in the
framework of the kinetic theory of dense gases, thanks to a modified form of Enskog equation [5].

2.4.2 Heat and mass diffusion coefficients

The heat and mass diffusion fluxes F;, i € &, and @ may be rewritten in a more classical form than
(2.11)(2.12) by defining high pressure multicomponent transport coefficients. To this aim, we first
introduce the modified matrix L = A*LA where

Ly - Lin L —hy

= = - ], A= I, Lo (2.16)
Lnl e Lnn Lne *hn
Lo -+ Len Lee 0o -~ 0 1

and I, denotes the identity matrix in R". The high pressure multicomponent diffusion coefficients D;;;,

1,7 € 6, thermal diffusion coefficients 0;, ¢« € &, and partial thermal conductivity X are then defined
by [56]

RL,; P T -
= - ) 7’5.7665 91: - :iv 7’665 A=
PYiY;m eyl pyiT
We may also introduce the gradient at constant temperature (V)1 of the reduced chemical potential
w; =m;G;/RT and the generalized diffusion driving force d; = x;(Vu;)r, so that

(2.17)

Dij7

Sijjhj 3
ZL'jV,LLj = dj — WVT, VRS S.
In these relations x; = my;/m; is the mole fraction of the jth species and m the molar mass of the
mixture m = (3,;cq ¥i)/(Ocq ¥i/mi). Using the high pressure coefficients and the diffusion driving
forces, the fluxes F;, i € &, and Q may be rewritten in the familiar form

F, = —ZpyiDijdj—piniva, 1€6, (2.18)
JjEG
_ PRI NS0 .
Q = -~ Zojd] WT+ZhJ—'Z. (2.19)
JjES €S

The high pressure symmetric multicomponent diffusion coefficients D;;, 7,5 € &, introduced by
Kurochkin [56], generalize the symmetric coefficients introduced for dilute gases by Waldmann [83,
80, 13]. On the contrary, Hirschfelder, Curtiss, and Bird have artificially destroyed the natural sym-
metries of transport models as discussed by Van de Ree [80].

The multicomponent diffusion matrix D = (D;;)i jes, the vector § = (01,...,6,)" of thermal
diffusion coefficients and the partial thermal conductivity h) satisfy the following properties where we
denote by y = (y1,...,ys)t the mass fraction vector.



Proposition 2.6. Assume that Properties (T1)-(T2) and (PG) hold and assume that L € R*T1n+L g
symmetric positive semi-definite with N(L) = R (T,0)t. Let L = A*LA where A is given by (2.16) and
define the high pressure coefficients with (2.17). Then the matriz D is symmetric positive semi-definite
with nullspace N(D) = Ry, 0 € y*, and X > 0.

Proof. Since L = A'LA and A is invertible we obtain that L is symmetric positive semi-definite and
that N(L) = A='N(L). Since (1,0)" = A(T,0)" we deduce that N(L) =R (T,0)".
It is next easily established from (2.17) that

YD1 o yynDi, B0,
~  pm : . : :
L=— , 2.20
2~
R:lm 0, - anyn 0, }/R;Zﬂn 2\

and since E(]I, 0)! = 0 we obtain that Dy = 0 and (6, y) = 0. From the symmetry of L we also deduce
that D is symmetric. In addition, for any x, = (x1,...,x,)" € R", letting Y = diag(y1,...,yn) and
X = (V7 1x,,0)!, we have (pm/R)(LX,X) = (D XgyXo) S0 that D is positive semi-definite and N (D) = Ry
since Y1y = 1. Finally, f**1 = (0,...,0,1) is not in N(L) so that (Lf"*! f**+1) > 0and A > 0. O

Various mathematical properties of the transport coefficients D, X and 6 are discussed in [33, 26, 38,
34]. Evaluating the transport coefficients generally requires to solve transport linear systems derived
from the kinetic theory of gases [22, 56, 78]. These coefficients may also conveniently be evaluated from
convergent series arising from iterative solution of the transport linear systems [22, 23, 24, 25, 26, 36, 43].

2.4.3 Alternative formulation

An alternative form—similar to that of dilute gas mixtures—is also possible by introducing the high
pressure thermal diffusion ratios x;, ¢ € &, and thermal conductivity A [62, 56, 13]. The corresponding
expressions of the mass and heat diffusion fluxes in terms of x and A are more practical from a
mathematical point of view as well as a computational point of view than the corresponding expressions
in terms of 6 and A [23].

Definition 2.7. Keep the assumptions of Proposition 2.6. There exists a unique vector of thermal
diffusion ratios x such that § = Dx and (x, 1) = 0. The thermal conductivity is then defined by

Proof. From Proposition 2.6 we know that D is symmetric positive semi-definite, N(D) = Ry, and
that (f,y) = 0. Since D is symmetric, we also obtain that R(D) = y* so that § € R(D) and there
exists x € R™ such that Dx = 6. We may next consider x + ty and there exists a unique ¢ such that
(x + ty, T) = 0 since (y, I) = 1 and letting x = x+ ty we have Dy = 6 and (x, I) = 0. Finally, if there
are two such thermal diffusion vectors x and x’, they satisfy D(x —x’) = 0 and (I, x — x’) = 0 so that
X —x € N(D)NT+ = {0} and \' = . O

The transport fluxes may then be rewritten

Fi = =Y pyiDij(dj +x;VInT), €6, (2.21)
JjES
RT
Q = Y TNFE Avr+ Y wFE. (2.22)
JjES mYj €6

It is then convenient to express the matrix L directly in terms of the matrix D, the thermal diffusion
ratios x and the thermal conductivity A.

Corollary 2.8. Assume that the equivalent properties of Proposition 2.6 hold and define

s (Y B\ _ (L, EL\ (Y 0
(W) -5 )E ) 0.29



Then L is given by

Ly A
Proof. This results from direct calculations using (2.17), § = Dy, and A = X— %(Dx, X)- O

Remark 2.9. [t is also convenient to introduce the rescaled thermal diffusion ratio of the jth species
X; with Xj = x;/xj. These coefficients remain smooth and bounded for zero mole fractions [22, 84].

The mathematical properties of the multicomponent transport matrices L and L are then directly
related to those of the diffusion matrix D and the thermal conductivity A.

Proposition 2.10. Assume that Properties (T1)-(Ta) and (PG) hold. Let L,L € R*1:n+1 such that
L= A'LA andlet D € R®", x € R", and A € R such that (2.24) holds. Then the following properties
are equivalent

(i) The matriz L is positive semi-definite with nullspace N(L) = R (T, 0)*.
(ii) The matriz L is positive semi-definite with nullspace N(L) = R (1, 0)L.
(1it) The matriz D is symmetric positive semi-definite with nullspace N(D) =Ry and X\ > 0.

Proof. Since L = A'LA and A is invertible we first obtain that E is symmetric positive semi-definite
if and only if L is symmetric positive semi-definite and that N(L) = A"'N(L) and (i) and (ii) are
equivalent since (1I,0)" = A(T,0)".

Assuming that these properties hold, we may use Proposition 2.7 and write L in the form (2.24).
Introducing x' = (ZLy-1y, —1)t then X' ¢ N(L) = R(T,0)! since its last component is nonzero so
that (Lx',x') = AT2 > 0 and A > 0. We have thus established that (i) implies (i) since D = D* and
N(D) = Ry from Proposition 2.6.

Conversely, assume that (ii4) holds. It is then readily obtained from (2.24) that L is symmetric,
and after some algebra, we obtain that for any x = (x1,...,%n, xg)! € R"1 letting x, = (x1, ..., %)

(Zx, X) = %(D(J}XQ + %XX&'), (Yxo + %XX5)> + )\T2x§.

o~

This in turn implies that N(L) = R(TL,0)" since N(D) = Ry, YI = y and A > 0 and we have
established that (ié¢) implies (it). O

2.5 Entropy production

In this section, we investigate the entropy governing equation as well as the sign of entropy production.
The entropy production term b is decomposed into v = by + v, where vy denotes the variables’
gradients contribution and v, the chemical reactions contribution.

Lemma 2.11. The entropy governing equations may be written in the form

G, Q

ats+v.(5v)+v.(f “F+ T) =g +b,, (2.25)

€S
where the entropy production due to macroscopic gradients vy is in the form

MR PR

and the entropy production due to chemistry v,, reads

1
v, = —7 Z Grmywy = —R{u, w).
kes
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Proof. Tt is easily deduced from Gibbs relation TdS = — 3, & Gidp; + d€ that

T(0S +v-VS) == Gi(0pi +v-Vpi) + (€ + v-VE). (2.26)
€S

On the other hand, upon multiplying the momentum conservation equation (2.2) by the velocity vector
v we also obtain a governing equation for the kinetic energy % pv-v which can then be subtracted from
the total energy conservation equation (2.3) to form the following governing equation for the internal
energy &

0hE+v-VE=—-EVw—-PVw—-II:Vv-V-Q. (2.27)

Thanks to the internal energy governing equation (2.27) and the species (2.1) governing equations we
obtain with (2.26) that

((%SJrUVS Zgz —p;Vv—-V.-F,; +m1wz) EVv—-PVw—-II:Vv—-V-Q.
€S

Regrouping all terms proportional to V-v in the form (Zk€6 okGr — € — ’P)V-v = —TS8V-v this
equation is then rewritten

T (0,8 + V-(Sv)) =Y GV-Fi =Y Gimiw; — II: Vo — V-Q.

€S €S
Using the identities
Gi Gi Gi 1 Q 1
pVE =V (3F) - FEv(T). gve=-v(7)+ev(z)
we finally directly obtain the entropy conservation equation (2.25). O
We denote by v the variable
gl gn 1yt
==, .., =, —= 2.2
(F 7)) - (2:28)

which essentially represents the thermodynamic part of the entropic symmetrizing variables v investi-
gated in Section 4.2.

Proposition 2.12. The entropy production vy associated with the variables’ gradients may be written
by = Z LijVUi'Vflj (V ’U ’V’U + Vol — —V ’UHd‘ (229)
i,jEGU{e}

where, for any tensor X € R44 |X|? denotes |X|? = X:X = Di<ij<d X;, and this entropy production
by 1S nonnegative. -

Proof. The entropy production term associated with diffusion and heat conduction is directly rewritten
with the help of the matrix L. Similarly, after some tensor manipulations, the term —IT: Vv is easily
rewritten as k(V-v)? 4+ n|Vv + Vo' — 2V-vl4[%. Since the matrix L is positive semi-definite, we
conclude that entropy production associated with macroscopic gradients vy is nonnegative. |

In the following proposition—easily established—we discuss the situation where the entropy pro-
duction associated with heat and mass transfer vanish.

Proposition 2.13. Assume that (T1)-(Ta), (PG), and (Tr1)-(Tr2) hold and that x > 0. Denote by
d;, i € &, the linearly dependent diffusion driving forces di = di — yi Y ;e dj/ Y pes Yo, Then the
following properties are equivalent.

(i) The entropy production vy is zero.
(ii) There exists a € R? such that d; = y;a, i € &, and Vv is skew-symmetric.
(1it) We have d; = 0,7 €6, and Vv is skew-symmetric.

The most important property associated with the nonideal chemical production rates is that entropy
production is guaranteed to be nonnegative as established in the following proposition. This property
may be used in particular to establish the existence of chemical equilibrium points [40].
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Proposition 2.14. Assume that Properties (T1)-(Ta), (PG), and (C1)-(C3) hold and let z € O,. The
entropy production due to chemical reactions v, is nonnegative and can be written in the form

v, = _R<luaw> = Z R,‘ﬁj(<’u,’yjf> - <:u’al/jb>) (eXp<Ma V]f> - eXp(Ma V?)) (230)
JER
Proof. Rewriting v, in the form v, = —3 7 0 ce Ruitij7j = D jem R{u, ij» - ujb>7'j we directly

obtain (2.30) from the expression (2.10) of the nonideal rates 7;, j € R due to Marcelin [59, 60].
Finally the right hand side of (2.30) is always nonnegative thanks to (C3) since the exponential map
is increasing. |

2.6 Thermodynamic stability

Thermodynamic stability generally may not hold at high pressure and low temperature for nonideal
fluids. In the following proposition, we characterize thermodynamic stability in terms of the derivatives
of the species Gibbs functions G;, ¢ € G.

Proposition 2.15. Assume that (T1)-(T2) are satisfied and denote by I' the matriz of size n with coef-
fictents I}, = pd,, G/T = PO, Gi/T. Then, for any z € O, the following statements are equivalent :

(i) 02,8 is negative definite.
(i4) 5T5 > 0 and I' is positive definite.
Proof. From Gibbs’ relation (2.4) we obtain that

1 Gk

858: ?, Dk T

and this implies the compatibility relations

—0Ok 1
ag(T) :apk(?). (2.31)
Moreover, for any function f we have the differential relations
Oef = Opf 0T, Opf = 9gf 918, (2.32)
0,f=0,f+0rf0,T, 0,f=0,f+0:0,¢. (2.33)

We can now evaluate the volumetric entropy Hessian matrix. We first note that 93,8 = 85(%) S0

that 92,8 = —9.T/T?. Similarly, we have 8§pk8 = 8%(%) so that 82%8 = —0,,T/T?. Upon letting

f =T in (2.33) we obtain that 9, T' = 0T 5%5 and we have established that 9z, & = 0T 5Pk5/T2'
9, &

Combining 9, T' = —85T5pk5 with (2.31) and (2.32), we also deduce that ?T(%’ﬂ) :~——;%—. In
addition, from 6gkpl~8 = —6pk(%) and from (2.33) we deduce that 97, , S = —6pk(%’~) — O (%) 2,.T
so that 631”318 = —6”§gl — 6£T6;kf a”lg, k,l € &. We have thus established that
9T 8,Td, &
0%:8 = —%, 07,8 = T; ke6, (2.34)
9,6 0:79,£0,¢E
2 3
02 S = — 2 — b= k€S, (2.35)
Denoting € = (—5p15, . —5/)"5, 1)* we obtain that for any x = (x1,...,X,,xg)" € R*H1
i (1,
<(55u8) X, x> = —;<I’xg,xg> —0:T Tz (2.36)

where I}, = pgpkgl/T, k,l € & and x, = (x1,...,%n)".

Assume now that 92,8 is negative definite. Upon selecting first a vector x with x¢ = 1 and
xo = (0,...,0)" we obtain that 9.7 > 0 so that € = (1/0,T) > 0. Similarly, selecting any nonzero
X = (X1,...,%,)" and letting xe = Y, xigpié' we have (f¢,x) = 0 and (I'xy,%,), = —p((02,8) x,x) s0
that I" is positive definite. Finally, thanks to (2.36), the converse implications is straightforward. O
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The inequality 5T5 > 0 is usually termed the thermal stability condition. On the other hand,
letting 0 = (p1, ..., pn)?, the condition (I'p, o) > 0 is termed the mechanical stability condition. Indeed,
introducing the variable (v, y1,...,yn,T), where v denotes the volume per unit mass and y; the mass
fraction of the kth species, and the corresponding derivation operator 9, it is easily established—after
some differential algebra—that

0,1
== D pinsliy = —(le.0),
ijES

so that the stability condition (I'p, 0) > 0 it is easily interpreted as 5Up < 0 when p is considered as a
function of (v, y1,...,Yn,T) [40]. The condition that I" — I'o ®Io/(Ip, ) is positive semi-definite with
nullspace Ry is also termed the chemical stability condition [40]. Combining these results and writting

_ To®Ip ( 7FQ®FQ)
(I'o, 0) (I'o,0) /"

the property that I" is positive definite encompasses both the mechanical and the chemical stability
conditions [40]. Note that the mixture is globally stable on every convex set—with respect to the
variable #—included in the stability domain where 92,S is negative definite.

2.7 The SRK equation of state

We present in this section a typical equation of state often used to model mathematically high pressure
fluids. This particular equation of state is only investigated to illustrate the preceding developments
and will not be used outside Section 2.7.

2.7.1 Equation of state

Various equations of state have been introduced to represent the behavior of dense fluids [7, 76, 69, 77,

66]. The Benedict-Webb-Rubin equation of state [7] and its modified form by Soave [76] are notably

accurate but are uneasy to handle. On the other hand, the Soave-Redlich-Kwong equation of state

[69, 77] and the Peng-Robinson equation of state [66] allow an easier inversion by using Cardan’s

formula thanks to their cubic form. These cubic equations of state give accurate results over the range

of pressures, temperatures and mixture states of interest for supercritical combustion [65, 64, 70, 43].
We discuss here the Soave-Redlich-Kwong equation of state [69, 77] which is in the form

i RT a
pzzf’_ - (2.37)
ieGmil—ﬂ 14+ B

where P denotes the pressure, R the perfect gas constant, and 4 and B the attractive and repulsive
parameters. These parameters 4 (p1,...,pn,T) and B (p1,...,pn) are evaluated with the Van der
Waals mixing rules written here with a mass density formulation

a4 = Z Pipj i, B = Zpiﬁi- (2.38)

1,]€S €S

The pure-component parameters «;(7T') and 3; are deduced from the corresponding macroscopic fluid
behavior for stable—or metastable—species and from interaction potentials for active radicals [40, 43].
The validity of this equation of state (2.37) and of the corresponding mixing rules (2.38) has been
carefully studied by comparison with NIST data by Congiunti et al. [16] and with results of Monte
Carlo simulations by Colonna and Silva [15] and Canas-Marin et al. [10, 11]. This equation of state
has been used in high pressure combustion models by Ribert et al. [70] and Giovangigli et al. [43].

From a mathematical point of view, we assume the following properties on the pure species coeffi-
cients a;(T), and B;, i € &, where » € N and » > 3.

(SRK) For anyi € &, a; € C°[0,00) N C***(0,00), a;(0) > 0, a; = 0, limy oo o = 0, 5Tai < 0 and
02.ra; = 0 over (0,00), and the parameters 3;, i € &, are positive constants.
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2.7.2 Construction of the thermodynamics

The thermodynamics associated with the SRK equation of state may then be constructed under the
assumptions (SRK) and (PG) with the help of the Properties (71)-(74), and such a construction has
recently been investigated mathematically [40]. Some of the main results obtained in [40] are now
summarized in terms of volumetric variables. Let the open set O be given by

O, ={z=(p1,-pn D), p1>0,...,00>0, > pifi <1}, (2.39)
€6

and define the energy per unit volume & over O}, by

~ In(1
&= Z pie;¢ + (TopA — Q)M
€6 B

; (2.40)

where ef¢ = el“(T) is the perfect gas specific energy of the ith species. Further define the entropy per
unit volume S over O}, by

: iR piRT ~ _In(1+B)
S = pis; ot — Pt In(———— )+ 04—, 2.41)
Zc Z@ ms (mz—a - fB)pst) s (

where sf* = s'*(T') denotes the perfect gas specific entropy of the ith species at the standard pressure
p** [40].

Theorem 2.16. Assuming that Properties (SRK) and (PG) hold, there exists a unique thermodynamics
compatible with P which satisfies (T1)-(Ta). The corresponding energy and entropy per unit volume are
given by (2.40) and (2.41), respectively, and the open set O is given by

O, ={z€0., 9, >0 and I is positive definite }, (2.42)

where I' denotes the matriz defined over O, with coefficients I';; = pgpj G:/T,i,j€6.
Proof. The proof is lengthy and we refer to [40]. O

2.7.3 Thermodynamic stability with SRK

The thermal stability condition 5T5 > 0 is easily established as shown in the following proposition
since we have C¢ > 0 from (PG) and 02,4 > 0 from (SRK).

Proposition 2.17. The heat capacity per unit mass at constant volume of the mizture ng =Cy is
given by
Cy =C° + T2 A %, (2.43)
where CJ° =3 s picy so that (PG) and (SRK) insure that thermal stability holds.
The mechanical stability condition (I'p, ¢) > 0 for the SRK cubic equation of state is now discussed.

Proposition 2.18. For any 0 = (p1,...,pn)t € (0,00)" there exists a unique temperature T*(o) > 0
such that (I'(T, 0)o, 0) =0, and we have

(I'o,0) >0 <= T >T*(o0),

lim T*(9) =0, lim T*(p) = 0. (2.44)

ZiGGv piﬂiﬁl p—0
Proof. We refer the reader to [40] where the proposition is established in a mass based formulation. O

Defining then
P*(0) = P(.T*(0)),
and keeping in mind that P is a strictly increasing function of 7', we deduce from Proposition 2.18 that
(I'(0,T)o, 0) > 0 if and only if P > P*(p). Defining p = ;. pi, and letting

i = %, i€, (2.45)

14



we next investigate the maximum of 7% and P* as p is varying with y = (y1,...,y,)? fixed. The
following proposition is established in [40] is a mass based framework and is reformulated here in terms
of volumetric variables.

Proposition 2.19. For any y € (0,00)™ with (y, I) = 1, there exists a unique maximum positive value
of T* for p € (0,1/ Y ,ce ¥iBi) and this mazimum is reached for p = p*(y) where

“) V2-1

Py = ==

Zie@ y’L/B’L
Defining T** and P** by

T(y) =T*(p* (W) y), P W) =P (" Wy) =Pl W)y, T (0" () v)), (2.46)

then T**(y) and P**(y) correspond to the critical temperature and pressure of the mizture with frozen
mass fractions y. Moreover, for any o, letting o = py with (y, T) = 1, we always have the inequality

P(o,T*(0)) < P™(y),

and
P(o,T) > P (y) = (I'o,0) >0,

Finally, since the set ¥ = {y € [0,00)"; (y, 1) = 1} is compact, there exists a mazimum pressure

max, . P**(y).

When the condition P > P**(y) is satisfied, the fluid is said to be in supercritical state. This shows
that when the pressure P is large enough, the mechanical stability condition is automatically fulfilled for
all possible mass fractions. On the other hand, it is generally not possible to investigate analytically the
chemical stability conditions because of nonlinearities and furthermore chemical stability may not hold
at high pressure and low temperature. As a typical exemple, mixtures of Hydrogen and Nitrogen may
split into two phases at temperatures below 100 K and pressures higher that 100 atm as established
experimentally [81, 28]. These chemical instabilities have been well reproduced computationally by
using the Soave Redlich Kwong equation of state [40, 43]. In practice, the stability domain where the
entropy is concave and where the mixture is stable must be determined numerically by investigating
the eigenvalues of the matrix I'. In the special situation of the SRK equation of state, the matrix I is
given by the following proposition.

Proposition 2.20. The coefficients of the matriz I', defined over O, are given by

pmipi 1—B my i g e (1-B)? T B
2 In(1+ B) 1
+ = ) prak (B + a;fi) -
Tkez(; T ( B2 :1;(1+@))
ABi5; ( (1 + B) 2 1 .
+ -2 + + : jE®. 2.47
7 K B2(1+ B) @(1+@)2) b (247)

2.7.4 Rescaled Hessian matrices

The spectrum of the matrix I" is more conveniently investigated by using rescaled matrices. Let us
introduce the diagonal matrix II = diag(\/m ey \/m) / V'R as well as the rescaled matrices T,
I, and I, defined by ~ ~

T=1IIT1I, I,=TrT11, L=1I"T. (2.48)

These matrices are C*~! function of z € O and their extension to zero mass fractions is investigated
in the next proposition. When some species density vanishes, we assume for simplicity that for some
1 < nt < n, the positive mass densities are the n™ first components of p. The general case is easily
reduced to this situation upon introducing permutation matrices [22, 34]. We thus have p; > 0 for
1<k <ntand pp =0 for nt +1 < k < n. We denote by n® = n — nt the number of zero
mass densities, T the vector of positive mass densities and ¢° the vector of zero mass densities.
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The indexing set of positive mass densities is also denoted by &* and that of zero mass densities by
3. The decomposition R = R™" x R"* induces a partitionning of vectors and any x € R™ can be
written in the form x = (x*,x%)" and we have for instance IT € R and It = (1,...,1)’. This
partitionning of vectors induces a partitionning of matrices and for any matrix A € R™™ we denote
by A*T, A0 A%F AP0 the corresponding blocks, in such a way that (Ax)T = AT+ xT + AT0x0, and
(Ax)? = A% xF + A%%0. Assuming that S — ST remains smooth for vanishing mass densities, only
the blocks I'*, I't% and I'F of the matrix I" are defined for nonnegative mass fractions. This is
in contrast with the matrices I, I}, and I}, which are well defined for nonnegative mass fractions. In
addition, the ++ blocks are associated with the & submixture, that is, would be obtained by solely
considering the species subset indexed by &*. For any diagonalizable matrix A with real eigenvalues,
we denote by d*(4), d°(A), and d~(A4), the number of positive, zero and negative eigenvalues of A,
respectively.

Proposition 2.21. Assume that Properties (SRK) and (PG) hold, let I" be defined as in Proposi-
tion 2.20, and ', I,, and I} be defined as in (2.48). Then the matriz I admits a continuous extension

to the set O, be given by

6lz :{Z :(plv'-'vpnaT)ta PlZO,--anZOa sz>0 szﬂz<1 }5 (249>
€6 €6

whereas Iy and I} admit C*~1 extensions to (5; . In addition, for any z € O, we have d™(I') = d*(T),
do(I") =d°(T"), d=(I') =d~(I"), and the matrices I', I'", and I, have the same spectrum.
When there are zero mass fractions, we have the block decompositions

=+t [++ 7 A0
T — F 077,+,77,0 , fr — lj\r 0n+1n0 , ﬁ — l—‘|++ 1—‘|+ ,
Ono,n+ Hno Fr0+ I o 0n07n+ ]InU

n

so that T = 0, ™ = 0, fﬂ‘o = 0, and f,OJr = 0. Moreover, we have T = or+r++mg++,
It =2, 10 = 1O+ (152, IV = ()20, and 1,70 = (ITH4)20+0. In particular,
we have d¥T (') = d+(f++), doO(r++) = dO(T++), andd=(I'tT) = d_(T—H_), and the matrices T,
I+

T, and F|++, have the same spectrum.

Proof. From Theorem 2.16, the thermodynamic functions are defined over O, and the open set O is
given by (2.42). Therefore I, as well as I, and ﬁ, is a C*~! function of z € O, keeping in mind that
the species mass densities remain positive when z € O, . Moreover, the coefficients of I" are evaluated
in Proposition 2.20 so I3; ~ d;; pfl for vanishing mass densities. These expressions shows that the
matrix I’ admits a continuous extension to 6’5 and similarly that I + and ﬁ admit C*~! extensions to
(5; since the 1/p; singularity in I7; is cancelled for i € &.

Since the mass densities are positive if z € O, the matrix IT is then invertible. From Sylvester’s
law of inertia we thus deduce that d*(I") = d*(I'), d°(I") = d°(I"), and d=(I') = d~(I'). Finally,
we have H‘lﬁﬂ =T and Hﬁﬂ_l = T so that the matrices I, fr, and ﬁ, are similar and have
the same spectrum. The properties when some mass fractions vanish are easily obtained from the
assumption that S — S*® remains smooth for vanishing mass fractions, from the explicit evaluation of
I" in Proposition 2.20 and from block manipulations. [l

We deduce from Proposition 2.21 that d*(I') = d¥(T') = d¥([}) = d*(I}), d°(I") = d°(T") =
dO(I},) = d°(I}), and d=(I') = d=(T) = d=(I},) = d=(I}), in such a way that any of the matrices I,
T, I vy O ﬁ , may be used over @) to determine the stability domain. An important consequence of
Proposition 2.21 is that the stability of multicomponent mixtures can more conveniently be investigated
with the help of the matrices Iy or I] which behave smoothly for nonnegative mass fractions so that the
whole stability diagram can be constructed over the set O, including automatically all mixture states
with zero mass fractions. As a special case, we may also consider the limiting situation of pure species
states. Denoting by el, ..., e™ the canonical base vectors of R™ and by z° the state z% = (pe?, T') for
y = €', we investigate thermodynamic stability in the neighborhood of z°.

Proposition 2.22. Assume that for z = z° we have 5T5(zi) = Cy; > 0 and Iy;(2%) > 0 (or
equivalently 0,p(v,e',T) < 0). Then thermodynamic stability holds in the neighborhood of z* .
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Proof. Since ng (z%) > 0 thermal stability holds in the neighborhood of z¢ = (pe?, T')!. We thus only
have to investigate the positive definiteness of the matrix I" and thus of the matrix I". However, the
pure state is a special case of Proposition 2.21 and we only have to check that the matrix I'(z?) is
positive definite. However, the limit value at z* of I'(z?) is the matrix diag(1,...,1, %, 1,...,1) where
Ty = miI(2%) /R is positive so that I" and I are positive definite in the neighborhood of z°. O

In summary, thermal stability generally holds, mechanical stability holds when the mixture is super-
critical, and chemical stability has to be investigated numerically at high pressure and low temperature
by investigating the spectrum of the rescaled versions I, or I} of the matrix I', as for instance done
for hydrogen/air mixtures [43, 40].

2.8 Quasilinear form

The conservative variable u € R*+4+1 associated with the equations (2.1)-(2.3) is defined by

t
u= (pla"'apn7p075+ %p’U"U) ) (250)
where v = (vq,...,v4)" € R? and the natural variable z € R*++! by
t
z= (pl,...,pn,v, T) . (2.51)

Note that, for convenience, the velocity components of vectors in R4+l = R” x R? x R are written
as vectors of R%. The components of u naturally appear as conserved quantities in the fluid system,
and the components of the variable z are more practical to use in actual calculations of differential
identities.

Since the thermodynamic part of u is u = (p1,...,pn, &) and the thermodynamic part of z is
z =(p1,...,pn, T) it is easily seen that u is defined over the open set
+d+1 Ungg U gt
Ou:{ ueR” (ul,...,un,un+d+1f§ ) GOu }, (252)
21§i§n Ui

and similarly z is defined over the open set
Oz = { ze Rn+d+1 (Zla <5 Zn, Zn+d+1)t € Oz } (253)

Of course, whenever z € O,, the corresponding fluid variable z is naturally defined for all velocities
v € R%. Moreover, it is easily checked that when the set O, is convex then O, is also convex. Therefore,
since O, is generally not convex in the presence of thermodynamic unstable states, O, is not likely
to be convex in general, in contrast with ideal gas mixtures [38, 34]. In order to express the natural
variable z in terms of the conservative variable u, we investigate the map z — u and its range.

Proposition 2.23. Assuming that (71)-(Ta) and (PG) hold, the map z+—— u is a C* diffeomorphism
from the open set O, onto the open set O,.

Proof. We first establish that the map z —— u is one to one. Assuming that u(z!) = u(z’), then
the corresponding mass densities coincide pﬁk = p?c, k € &, as well as the velocities v# = v” with
straightforward notation. As a consequence, the energies £ and £” also coincide, and we may then
use the Property (7;) or the monotonicity of T — £(p1, ..., pn, T) in order to conclude that T% = T°
and the map is one to one. Moreover, the map z — u is C** over the open set O,.

On the other hand, thanks to the triangular structure of the Jacobian matrix

I, 0 0
Ju=[ oI pla 0 |,
9,& + 5lv* pv' 9pE
where [, is the identity tensor of size n, and since 5T5 > 0 from Proposition 2.15 and p > 0 since
0, C (0,00)"*! we deduce that 9,u is invertible. From the inverse function theorem, the z — u is a
local C* diffeomorphism and the image is an open set. Finally, from the construction of u and (77), it
is easily concluded that the range of z — u is the open set O, defined by (2.52). O
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The equations modeling supercritical multicomponent reactive fluids may next be written into the
compact form
Opu+ > 0F; + ) 0F =, (2.54)
i€C ieC
where 0; is the time derivative operator, 0; the space derivative operator in the ith direction, F; the
convective flux in the ith direction, F?iss the dissipative flux in the ith direction, {2 the source term,
and C = {1,...,d} the indexing set of spatial dimensions.
The convective flux F; in the ith direction is given by

Fi = (plvia -5 PYi; PUV; + Peia (5 + P+ %pv-v)vi)t, (255)

where P is the pressure, e’, i € C, the basis vectors of R%, and £ the total energy per unit mass. The
dissipative flux F?‘SS is given by

F?iss: (.7:11',...,]:7”'; 1, Qi+znijvj)t’ (256)
jeC

where II;;, i, j € C, are the components of the viscous tensor with ITe; = (II1;,...,I14)", Fri, k € S,
i € C, the spatial components of the species mass fluxes Fy = (Fk1,...,Fra)’, and Q;, i € C, the
components of the heat flux vector @ = (Q1,...,Qq)". Finally, the source term is given by
t

Q= (mwi,...,mpwy,0,0) (2.57)

where 0 = (0,...,0)! € R% From the expressions of the species mass fluxes, the viscous tensor,

and the heat flux, we deduce that the dissipative fluxes F355 i € C, may be written in the form

Fdiss — — Yjec @ij (2)05z, i € C, where @ij denotes the dissipative matrix relating the flux F{* in

the ith direction with the gradient of the natural variable 9;z in the jth direction. These matrices @ij

are square matrices of size n + d + 1 that are directly written in terms of the transport coefficients as

well as the derivatives of the species chemical potentials u, £ € 6. Thanks to Proposition 2.23, we
diss _

may then write that F{'™> = — 3. B;;(u)d;ju, i € C, where the dissipative matrix B;; is defined as

K3
Bi; = Bs;0,z, i,j € C. Further introducing the Jacobian matrices of the convective fluxes A; = 9,F;,
i € C, the governing equations are finally rewritten in the compact form

Oru+ Y A(w)du= > 9 (Bi;(u)d;u) + Qu). (2.58)

ieC i,jeC

This is a quasilinear system in terms of the conservative variable u whose structure is discussed in an
abstract framework in the next section.

3 Locally symmetrizable systems

We investigate in this section local symmetrization properties of a second-order quasilinear system of
conservation laws with a source term.

3.1 Local symmetrization
3.1.1 Symmetric form

We consider an abstract second-order quasilinear system in the form

g+ Y Aot = Y 8(By(uh)dut) + 0 (u), (3.1)
ieCx i,jeC*
where u* € O,., O,. is an open set of R” | and C* = {1,...,d} denotes the set of direction indices of

R<. The matrices A} are the jacobian matrices of the convective fluxes denoted by F7 in such a way
that A7 = 0,«F}, i € C*. The superscript * is used to distinguish between the abstract second-order
system (3.1) of size n* in R? and the particular system of partial differential equations (2.58) modeling
supercritical reactive fluids of size n + d 4+ 1 in R?. All quantities associated with the abstract system
have the corresponding superscript *, so that, for instance, the unknown vector is u*. We assume that

the following smoothness properties hold for system (3.1).
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(Pde1) The convective fluzes FY, i € C*, dissipation matrices Bi;, 4,5 € C*, and source term " are

C” functions of the variable u* € O,. and we have A} = 0,-F;, 1 € C*.

It is not assumed that O,. is convex since this is generally not the case for nonideal fluids, but it
is still assumed that O,. is simply connected since it is always the case in practical applications. A
major difficulty with nonideal gases is the presence of thermodynamic unstable states associated with
the loss of definiteness for entropy Hessian matrices. An important consequence is the existence of
distinct states which correspond to the same symmetrizing variable. In order to take into account this
situation, we use symmetryzing variables that are only local diffeomorphisms.

Definition 3.1. Consider a C* map u* — v* from the open domain O,. onto an open domain O,..
Assume that for any u € O,. there ezxists subdomains 0,. C O, and O,. C O,. such that u* — v* is
a C” diffeomorphism from O . onto O,. and consider the corresponding system in the v* variable

A (v + Y A (vt = Y (B (v)aVT) + (v, (3.2)

i€C* i,jeC*

where KS = O,-U", K’; = A70,.u* = 0,.F}, §fj = B};0,-u", Q* = Q*. The system is said of the local

symmetric form if the matrices AE‘), Af, 1€ C* and BY,, i,5 € C*, and the source term Q verify the

137
following properties (S1)-(S7) where ‘E is a vector space of R™ independent of u* and v*.

(S1)  The matriz KS(V*) is symmetric positive definite for v* € O,..

(S2)  The matrices AX(v*), i € C*, are symmetric for v* € O,..

(S3)  We have Efj(v*)t = g;}(v*) fori,j e C*, and v* € O..

(S4)  The matriz é*(v*, w) =Y é*»(v*)wiwj is symmetric positive semi-definite, for v* € O,

i,jeC* Pij
and w € L1, where X971 is the unit sphere in d dimensions.

(Ss) There exists a vector space E C R™ such that for any v* € O,-, we have ﬁ*(v*)
Moreover, we have Q*(v*) = 0 if and only if v* € E and if and only if <v*, Q*(v*)) =

(S6)  For anyv* € 0., if Q*(v*) = 0, then 8,-Q*(v*) = (8- Q*(v*))" and N (8,-Q*(v*)) = E.

(S7)  For any v* € 0., (v, Q*(v*)) <0.

The symmetryzing properties (S1)-(S2) for hyperbolic systems of conservation laws have been in-
troduced by Godunov [44] and Friedrichs and Lax [32], and are discussed in Dafermos [18] and Serre
[73]. The properties associated with the dissipative part (S3)-(S4) have been introduced by Kawashima
[50, 51], Umeda et al. [79], and Kawashima and Shizuta [75, 52]. The properties associated with the
source terms (Ss)-(S7) are adapted from the structure of chemical source and chemical equilibrium
flows [34, 39], and from the structure of collisional invariants investigated by Chen, Levermore and
Liu [14] and Kawashima and Yong [53]. In comparison with various definitions of symmetrizability
[44, 32, 50, 51, 52, 38, 34], we have taken into account in (S;1)-(S7) the second order dissipative terms,
the source terms, the map u* — v* is only a local diffeomorphism, and the open domain 0,. may
differ from O,.. Further properties of the jacobian matrix 8\,*(2* at equilibrium may be obtained from

(Ss)-(S7)-

Proposition 3.2. Keeping the notation of Definition 3.1 and assuming (Ss)-(S7), then if v¥ € 0O,.
s such that ﬁ*(v*) = 0, the matrizc L* = —GV*KNZ*(V*) s symmetric positive semi-definite. Moreover,
in Property (Se¢), we may replace N(@V*ﬁ*(v*)) =T by R(@V*ﬁ*(v*)) = EL or equivalently by
rank(@v*ﬁ*(v*)) =n* —dim(E).

Proof. Let us introduce the function of v* € 0,. defined by 1 (v*) = (v*, ﬁ*(v*)> = v** Q*(v*). From
(S7) we know that ¢ < 0 in such a way that if v* € 0,. satisfies ﬁ*(v*) = 0, then v reaches its

maximum at v*. In this situation where Q*(v*) = 0, we thus have d,-1(v*) = 0 and d24)(v*) has to
be symmetric negative semi-definite.
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A direct calculation yields that

et =0+ Y o9,

1<k<n*

which is automatically zero when the source term vanish ﬁ(v*) = 0 since then v* € £ and we have
A= Q2 (v¥) € E+ from Q* € £L. Similarly, 021 = 0y« (0,+1)" is generally given by

O%yeth = Oy O + 0 OF + O, IV,

but the last term vanishes when Q*(v*) = 0 thanks to 83“; Q*(v*) € EL since Q* € E£L, and
v* € E. This shows that 0, (v*) 4 (av*ﬁ*(v*))t is symmetric negative semi-definite. Therefore,
since L* (v*) = — 0Oy ﬁ;‘ (v*) by construction and L*(v*) = ([* (v*))t from (Sg) we deduce L* is symmetric
positive semi-definite. In addition, since Q*(v'*) € L for any v* € 0., we also obtain that that
R(&,*Q*(v*)) C ‘E~ by construction.

On the other hand, since d,-Q*(v*) is symmetric, we have N(@V*ﬁ*(v*)) = E if and only if
R(&,*Q*(v*)) = £+, In addition, ifR(&,*ﬁ*(v*)) = £+ then rank(&,*ﬁ*(v*)) = n*—dim(Z ) whereas
if rank(@v*ﬁ*(v*)) = n*—dim(ZE ) then R(@V*ﬁ*(v*)) = £+ since we always have R(@V*ﬁ*(v*)) CE*
from Q* € £+ and the proof is complete. O

3.1.2 Mathematical entropy

The following definition of an entropy function is adapted from Godunov [44] and Friedrichs and Lax
[32] for the hyperbolic part, from Kawashima and Shizuta [50, 51, 75, 52] for the dissipative part, from
the structure of thermochemistry and chemical equilibrium flows [34, 39] and from Chen, Levermore
and Liu [14] and Kawashima and Yong [53] for the source term.

Definition 3.3. Consider a C* function o*(u*) defined over the open domain O,. assumed to be
simply connected. The function o* is said to be an entropy function for the system (3.1) if the following
properties hold.

(E1)  The Hessian matriz 92.0*(u*) is positive definite over Oy .
(E2)  There ezists real-valued C* functions qf = qj (u*) such that

(040 (U")) Af(u*) = 0,uq; (u*), i€C*, u*€0,..

(E3)  For any u* € O,. we have

(020" (u™)) ' (B (M) = BL(u*)(02o* (W)™, ijeC.

(Es)  The matriz

* * * * 2 * * -1
B*(u*,w) = Z By, (u ) (83.0%(u*)) " wiwy,
i,jeCc*
is symmetric positive semi-definite for any u* € O,. and w € L471.

(Es)  There exists a vector space E C R™ such that for any u* € O,., Q*(u*) € EL. Moreover,
Q*(u*) = 0 if and only if (&,*J*(u*))t € E and if and only if (&,*U*(U*))Q*(u*) =0.

t

(Es)  For any u* € Oy, if @*(u*) = 0, then 9y-2* (u*) (02 0% (u*)) "' = (020" (u*)) ™ (De- 2" (u™))
and N (9= 2* (u*) (85*0*(u*))_1) =E.

(E7)  For any u* € O,., we have (&,*J*(u*)) Q*(u*) <0.

u*’

20



The fact that the entropy and the entropy fluxes may be defined uniquely over the domain O,. is
a consequence of its simple connectedness. The equivalence between symmetrization and entropy for
hyperbolic systems of conservation laws, that is, the equivalence between (S1)-(S2) and (E;)-(Ez2), has
been discussed by many authors and is obtained with v* = (9,.0*)". The extension of the equivalence
theorem to second-order systems of partial differential equations as well as to systems with source
terms is then obtained since (S3)-(S7) is a reformulation of (E3)-(E7) and conversely. We clarify here
the equivalence theorem in the particular situation of local symmetrizability including second-order
terms as well as source terms [34].

Theorem 3.4. Assume that the system (3.1) admits an entropy function o* defined over O,.. Then,
the system can be locally symmetrized around any point u* of O,. with the symmetrizing variable
v¥ = (9,.0%)t. Conversely, assume that the map u* — v* from O,. onto an open set O,. is a local
diffeomorphism such that the system can be locally symmetrized in the neighborhood of any point u* of
the simply connected open set O,.. Then there exists a globally defined entropy over the open set O,
such that v = (9,0t

Proof. Assume first that there exists an entropy ¢* as in Definition 3.3 and let v* = (au*a*)t be the
symmetrizing variable. The map u* — v* is then a local diffeomorphism from (E;) and we can define
the functions
§°(v7) = (u, v — o™ (u"),
and
q; (V') = (F',v) —q;(u), i€l

2

Differentiating these expressions then yields that (8V*5*)t = u* and (8V*qf )t = F}, making use of
v = (au*o*)t and Property (Ez). This implies that 2‘:3 = 0,.u* = 9%s* and K:‘ = 9,.Ff = 02.q;,
i € C*, so that these matrices are symmetric. It is next checked that (S3)-(S7) are direct consequences
of (E3)-(E7).

Conversely, assume that the system is locally symmetrizable with the map u* — v* in the sense
of Definition 3.1. It is mandatory then to look for gradients with respect to the conservative variable
u* and not with respect to the symmetric variable v* as in traditional proofs since u* — v* is not
globally invertible. To this aim, we observe that the matrices 9,.v* and 9. ((v*)',.F}) are symmetric.

This is clear for J,.v* which is the inverse of the symmetric matrix Aj = 0,.u* whereas denoting
pr = ((v*)tau*F;‘)k we have pr =3 - vj 0, (Fi)j so that

aufpk: Z auz‘vjauz(Fl);—i_ Z V;@SZU?(FJ;,

1<j<n* 1<j<n*

and is thus symmetric in (k,l) from the symmetry of second derivatives and the symmetry of the
product
(Dyov*) 0y Fr = (0,-v") A 0yev7,

which a consequence of the symmetry of ;AV\;‘ = A}0,.u*. Therefore, there exists o* and qf, ¢ € C¥,
defined over O,., such that (au*a*)t = v* and (8u*q:-‘)t =F}, i € C* and (E1)-(Ez) are established. It

79

is then easily checked that (E3)-(E7) are direct consequences of (S3)-(S7). O

3.2 Local normal variable

We assume that the abstract quasilinear system (3.1) satisfies the following properties.
(Pdez) The system (3.1) admits an entropy function o* defined over the simply connected open set O,,. .

Introducing the symmetrizing variable v* = (9,.0*)!, the corresponding symmetric system (3.2) then
locally satisfies Properties (S1)-(S7). The symmetric form (3.2) may be used in particular in order to
obtain the classical entropic estimates [38]. However, depending on the range of the dissipation matrices
E’{j, this system lies between the two limit cases of a hyperbolic system and a strongly parabolic system.
In order to split the variables between hyperbolic and parabolic variables, we have to put the system

into a normal form, that is, in the form of a symmetric hyperbolic—parabolic composite system.
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Definition 3.5. Consider a system locally symmetrizable as in Definition 3.1 and let u* — w* be a
map from the open set O . onto an open set O,,.. Assume that for any u* € O,. there exists Oy« C O,
and Oyx C O« such that u* — w* is a diffeomorphism and assume that u* — v*, from Oy« onto O,
is also a diffeomorphism. Consider then the induced local diffeomorphism v* — w* from O« onto O«.
Letting v* = v*(w*) in the symmetrized system (3.2), multiplying the conservative symmetric form
(3.2) on the left side by the transpose of the matriz O,.v*, we then get a new system in the variable w*
in the form

Agw)w™ + Y A (wH)aw = Y 8 (B (w)owt) + T (w, Vw') + O (w), (3.3)
eC* i,jeC*

= (O,v*)? K;‘ (O,«V*), satisfies the

where K; = (O v*)? KS (Oy=V7), B; w

w (%)
properties (S1)-(Sa) rewritten in terms of the overbar matrices and where O = (0,,-v*)!Q* and T =
— > 0i(0y=v*) By; (O,-v*)Oyw*. This system is then said to be of the local normal form if there

i,jeC*
exists a partition of {1,...,n*} into 1 ={1,...,n8} and 1 = {n{+1,...,n*} such that the following
properties hold.

= (Do) By (0-v7), A

w K3

(Nory) The matrices A, and E;— have the block structure

. A0 . 0 0
S v R A W -

(Norz) The matriz B (w*, w) = dijec g:;l’n(w*)wiwj is positive definite, for w* € Oy, and
w e Nt

(Nor3) Denoting 8, = (1,...,04)t, we have

——x — — t
T (', 0pw) = (T (W, 0aw;) T, (w, 0,w))

where we have used the vector and matriz block structure induced by the partitioning of {1,...,n*} into
1={1,....n%} and 11 = {n§+1,...,n*}, so that we have w* = (w;,w}), for instance.

A sufficient condition for system (3.2) to be recast into a normal form is that the nullspace naturally
associated with dissipation matrices is a fixed subspace of R” . This is Condition N introduced by
Kawashima and Shizuta [52] which has been strengthened in [38] and which is assumed to hold.

(Pde3) The nullspace of the matriz
E*(v*,w) = Z éfj(v*)wiwj,
i,j€C*

does not depend on v* € 0,. and w € X4~! and we have g;‘j (v*)N(g*) =0,1,j5€C*.

We denote by nfy = dim (N (ﬁ*)) the dimension of NV (E*) We further consider an arbitrary constant

nonsingular matrix P of dimension n*, such that its first n§ columns span the nullspace N(B*). More
specifically, the matrix P is such that

span{ (Pijs.e Poj) 1< j <l } — N(BY).

In order to characterize more easily normal forms for symmetric systems of conservation laws satisfying
(Pde;)-(Pdes) we introduce the auxiliary variables [38, 34] u* = P'u* and v*’ = P~1v*. The dissipation
matrices corresponding to these auxiliary variables have nonzero coefficients only in the lower right
block of size n* — ng, where nf = dim(N (B*)) Local normal symmetric forms are then equivalently—
and more easily—obtained from the v* symmetric equation [38, 34]. A carefull examination of the
proof in Giovangigli and Massot [38] reveals that the following theorem holds.
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Theorem 3.6. Consider a system of conservation laws (3.2) that is locally symmetric in the sense
of Definition 8.1 and assume that the nullspace invariance property (Pdes) is satisfied. Denoting by
u* = Ptu* and v*' = P~Iv*, the usual auxiliary variable, any normal form of the system (3.2) is given
by a local change of variable in the form

= (&i(u7"), du(vi))',

where ¢ and ¢y are two diffeomorphisms of R™ and R™ ~™, respectively, and we have
7* * * _* * %\
T (W ,8Iw ) = (0, TII(W aazwn)) .

When the mathematical entropy ¢* is unique up to an affine transformation, as can be established
for the Navier-Stokes-Fourier system of a single fluid [47, 34] and may be established for multicomponent
nonideal fluids under the assumption that ¢* is independent of heat and mass diffusion transport
parameters [42] then the symmetrizing variable v* is unique up to a multiplicative constant, and
Theorem 3.6 yields all the corresponding normal forms.

3.3 Dissipativity and asymptotic stability
3.3.1 Linearized normal form

We consider a system of conservation laws satisfying (Pde;)-(Pdes) and the additional property
(Pdes) The system (3.1) admits an equilibrium point u*®

We denote by v*¢ and w*¢ the equilibrium point in the v* and w* variables respectively. If we linearize

system (3 3) around the constant stationary state w*©, we obtain a linear system in the variable
Sk

W =w* —w*
*e at + Z A Z E; (W*e)azaj\?\/* _ E* (W*e)w*, (34)

i€C* i,jEC*
where L is defined by L -0, .Q". The properties of the linearized source terms are established in

the following lemma.
Lemma 3.7. Assuming Properties (Pde;)-(Pdes), (PG), and (S1)-(S7), and letting L = —8,,.8Y", the

matriz L (w*€) is symmetric positive semi-definite with mazimal rank n* — dim(E ).

Proof. This is a direct consequence of the identity L (w*¢) = —(Owev* (w*e))tav*ﬁ*(w*e)(ﬁw*v* (w*e))
and of Proposition 3.2. |

By Fourier transform, the spectral problem associated with the linear system of partial differential
equations (3.4) reads

N (w')o + (IR (W', w) + (BT (w,w) + L' (w*) ) = 0, (3.5)
where ¢ € R, i2 = -1, w € £4° !, and

Z A ’LU“ g*(w*e,w) = Z Eij(w*e)wiw]—.

i€C* i,jeC*

We denote by § (¢, w) the set of complex numbers X such that there exists ¢ € C*, ¢ # 0, satisfying
(3.5). The following result has been established by Shizuta and Kawashima [75] and Beauchard and
Zuazua [4], and equivalent forms of the Kalman condition are also given by Beauchard and Zuazua [4]
as well as Coron [17].

Theorem 3.8. Assume that the matrix K; (w*) is symmetric positive definite, the matrices K: (w*e),
i € C*, are symmetric, the reciprocity relations E:j (we)t = §;i (w*®), i,j5 € C*, hold and that the

matriz L (w*€) is symmetric positive semi-definite. Then the following properties are equivalent.
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(Spe;) There exists a compensating matriz K defined and C™ over X4~1. That is, for any w € 471
the matriz K (w) is real, the product K (w)Ay(w*) is skew-symmetric, K (—w) = —K (w), and
the matriz

K(w) A" (W, w) + B (W', w) + L (w*),

is positive definite.

(Spe,) For any ¢ € R, ¢ # 0, and any w € X471, the eigenvalues X € S (¢, w) have a negative real
part.

(Spe;) Let ¥ € R*\{0} such that B (w*, w)¥ = L (W)U = 0 for some w € 4L, Then we have
CK;(W*E)\II + K*(W*e,w)\ll #0 for any ¢ € R.

(Spey) There exists § > 0 such that for any ¢ € iR, w € X9 1 and any eigenvalue X of S ({,w), we
have )
<]

L+ [¢>

R(A) <

(Spes) Letting B*® = (Ko(w*e))_l(g*(w*e,w) + L' (w*®)) and Are = (Ko(w*e))_lﬂ*(w*e,w) the
Kalman condition is satisfied

rank[ﬁ*e,;‘:*e @*e, o (;“*e)n*fl @*e} — n*

The local dissipative properties (Spe;)-(Spes) may also equivalently be formulated with any sym-
metric formulation, not necessarily in normal form. It may be formulated for instance in terms of the
linearized natural symmetric form with v* = v* — v*¢

VOO + Y ATV = D B (V)20 — LF(vO)TT (3.6)

ieC* i,jeEC*

Such an equivalence is a direct consequence from the relations at equilibrium Ao = (B,V) Ay (,V),
Bij = (8,v)" B}; (O,v), Ai = (9,v)" A* (9,v), and L = (d,,v)! L (8,v), which show in particular that
(3.4) and (3.6) have the same spectrum S (¢, w).
A physical interpretation of the Shizuta-Kawashima condition may be obtained from (Spe;) which
means that all waves associated with the hyperbolic operator Ay (w*)d, + Y iccn A; (W), lead to

K3
dissipation, i.e., entropy production, since there are not in the nullspaces of B and L. Finally, even
if it is not known in general if the matrix K(w) may be written > jec- K7wj, it is generally possible
to obtain compensating matrices in this form in practical applications.

3.3.2 Global existence

We investigate the existence of solutions globally in time around equilibrium states. We assume that
the system is strictly dissipative in the sense of Theorem 3.8.

(Pdes) The linearized system is strictly dissipative in the sense of Theorem 3.8.

The following local properties of the source term required to obtain a priori estimates as well as
decay estimates has been introduced by Giovangigli and Massot [38] and may be deduced from (S1)-(S7)
as obsrved by Kawashima and Yong [53].

Proposition 3.9. There exists a neighborhood of v*¢ in O, and a positive constant § > 0 such that
for any v* in this neighborhood we have

5’?2*(v ?< —{v* — v*e,ﬁ*(v*».

Proof. We introduce the decomposition R” = E @ E L and write for convenience v* = (v¥,v’)*. We
then note that Q* = (0,QF)! or equivalently QF = 0 from (Ss), and that Q*(v 0) = 0 since v* € £
implies that * = 0 also from (Ss). This yields in particular that €2 (v* vivE) = Qr(vive) —Qr (v:,0)

e’ r
so that

1
:/ Oux 25 (vg, Ovy) do vy,
0
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in such a way that

1
f<v* — V*evﬂ*(\/*)> = 7<\/*,§*(V*)> — </O &,;ﬁf(v;‘,t?vf)de Vr,Vr>.

On the other hand, for vi = v the matrix —0.,» Q7 (vz,0) is symmetric positive definite since it is of
maximal rank which is the dimension of £+. We thus deduce that §|\v}|| < ||Q*] < (1/8)||v}] and
—{v* —v*,Q*(v*)) > &’'||v{||? in the neighborhood of v*¢ = (v3¢,0)" and the proof is complete. O

The following Theorem is established in [50, 38] under assumptions (Pde;)-(Pdes) and only local
diffeomorphisms are required in the proof.

Theorem 3.10. Let d > 1 and | > [d/2] + 2 be integers and consider the system (3.3). Then there
exists b > 0 small enough such that if w** satisfies |w*® —w*¢||, < b, there ezists a unique global
solution w* to the Cauchy problem

Agdw™ + > A ow = > 9i(Bow) +T +Q,
ieC* i,j€C*

with initial condition
W (0,2) = w(a),

such that
wi —wiee ([0, 00), WE(RY)) N C([0, 00), Wi (RY)),

wi — wi e C0([0,00), Wi(RY)) N C ([0, 00), W42(RY)),

and

dpwi € L*((0,00), W3~ (RY)),
duwi € L?((0,00), Wi (R?)).

Furthermore, w* satisfies the estimate
t
* xe||2 * 2 * 2 * xe||2
[[w* () = w™]|; +/O (10wl (D2 + 102w (T)]17) dr < Cllw™ — w*||},

where C is a positive constant and sup,cga |W*(t) — w€| goes to zero as t — oco.

We may further investigate decay estimates under stronger assumptions [79, 50, 51, 38]. A general
study of decay estimates for hyperbolic equations has recently been given by Beauchard and Zuazua [4].

Theorem 3.11. Let d > 1,1 > [d/2] + 3 and w*°(x) be given, such that
w0 —w*e ¢ WH(RY) N LP(RY),

withp=1ifd=1andp € [1,2) ifd > 2. Then, if [w** —w*||, and |[w*® —w*¢||, are small enough,
the unique global solution to the Cauchy problem satisfies the decay estimate

Iw*(t) = w*ll_y < CA+ )77 (W™ =Wl + W —w,)

where C' is a positive constant and v = d(1/2p —1/4).

3.4 Dependence on a parameter

The asymptotic stability of equilibrium states for quasilinear systems of partial differential equations is
by itself an important question. However, the coefficients of these systems often depend on parameters
that are denoted by €¢* € R™" where m* > 1 and the continuous dependence of solutions on these
parameters is then a natural question.

We thus consider a system of partial differential equations in the form

Ou* + Z Af(u*, €")d;u* = Z 8; (B; (u*, €)dju*) + Q* (u*, €"), (3.7)

i€C* i,jeC*

where (u*,e*) € Oy ,e%) and Oy e%) is an open set of R™ xR™ . The continuous dependence of

solutions with respect to the parameter ¢* € R™ has been investigated [37] and is summarized here.
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It is first assumed that the system (3.1) admits an equilibrium point u*¢ independent of €* and that
O(W* ) contains a subset in the form 0« x K.., where Oy~ is an open set of R” independent of €* and

K.~ a compact set of R™" independent of w*. A main idea for local in time solutions is that all usual
estimates can be made uniform with respect to the parameter e* since we are considering a compact
set K .. Thanks to the local existence theorem and to uniform stability estimates, global solutions are
next obtained for all ¢* € K_.. Continuity with respect to the parameter €* is then a consequence of the
continuity over finite time interval and of uniform asymptotic stability [37]. Similarly, decay estimates
may also be established globally with respect to the parameter ¢* € R™ [37].

4 Asymptotic stability for supercritical fluids

The abstract results established in the previous section are now applied to the system of partial dif-
ferential equations modeling supercritical reactive fluids. We first investigate the existence of constant
equilibrium points and then evaluate symmetric forms of the system of partial differential equations.
Local dissipativity and global existence results are then obtained and these results encompasses in
particular the situations of undercooled vapors and superheated liquids.

4.1 Chemical equilibrium
4.1.1 Definition of chemical equilibrium

We discuss in this section chemical equilibrium points in atom conservation manifolds under the struc-

tural assumptions (71)-(7a), (PG), and (Cy)-(Cs).

Proposition 4.1. Assume that Properties (T1)-(Ta), (PG), and (C1)-(C3) hold. Then for any z € O,
the following statements are equivalent :

(1) The entropy production due to chemistry vanishes v, = —(u,w) = 0.
(ii

) The reaction rates of progress vanish 7; =0, j € R.
(1it) The species production rates vanish wy =0, k € &.
)

(iv) The vector p = (p1, ..., pun)t belongs to R*.

Proof. From (2.30) and (C3) we obtain that v, = 0 implies (u,v;) =0, j € R, and so 7; =0, j € R,
and we have established that (i) implies (#¢). The fact that (i4) implies (i¢) is a consequence of the
relations wy = >~ TjVkj, k € &. We deduce from the definition v, = —(u, w) that (éé) implies (i) so
that the three statements (i), (éi), and (4i7) are equivalent. Finally, it is easily established that (iv) is
equivalent to (u,v;) =0, j € R, so that (i¢) and (iv) are also equivalent and the proof is complete. O

Definition 4.2. A point z° € O, which satisfies the equivalent properties of Proposition 4.1 is termed
an equilibrium point.

We are only interested here in positive equilibrium states with p; > 0, ¢ € &, which are in the interior
of the composition space. Spurious points with zero mass fractions where the source terms wy, k € S,
also vanish—termed ‘boundary equilibrium points’—are of a different nature [34]. Properly structured
chemical kinetic mechanisms automatically exclude such spurious points unless some element is missing
in the mixture [34].

4.1.2 Existence of equilibrium points

When defining chemical equilibrium states, it is necessary to use equations expressing the fact that
atoms are neither created nor destroyed by chemical reactions. These atom conservation relations are
typically in the form (o — o, M ~la) = 0, where a is an atom vector and of is a given state, and more
generally in the form (o — of,x) = 0, where x € (MR)*. As a consequence, equilibrium points have
to be investigated in atom conservation affine manifolds in the form of + MR. Different equilibrium
points may be obtained with various thermal properties kept fixed. We discuss in this section the
existence of equilibrium points at fixed temperature and mass density. Existence of equilibrium states
is generally obtained by extremalizing a thermodynamic functional over an atom conservation affine
subspace and the following theorem is established in [40].
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Theorem 4.3. Assume that Properties (T1)-(Ts), (PG), and (C1)-(C3) hold. Let of = (pf,..., o)
with p£ >0,71€ 6, and T® > 0 and assume that

Voe (6f + MR) N (0,00)"  (p1,...,pn,T¢) € O,. (4.1)

Further assume that € —E"¢—T(S—S8") admits a smooth extension to the closure (of +MR)N[0, 00)™ of
the reaction simplex. Then there exists a unique equilibrium state o° in the simplex (of +MR)N(0, 00)™.

The thermodynamic functional to be maximized or minimized depends on which thermal properties
are kept fixed and we refer to [34] for instance for equilibrium points with h and p fixed typical of laminar
flames, in an ideal gas framework.

Remark 4.4. In practical applications, the space R spanned by the reaction vectors vj, j € &, is
the mazimum space R = A+ so that equilibrium is achieved when pu € A. Equilibrium points depend
on the stoichiometric coefficients only through the vector space R spanned by the reaction vectors vj,
7 € R. On the contrary, forward and backward reaction vectors ij-, and I/;), J € %R, are important for

the production rates and in order to rule out ‘boundary equilibrium points’ [34].

Remark 4.5. Smoothness of equilibrium points as functions T® and of the orthogonal projection of o
onto (MR)* is easily obtained by using the implicit function theorem [55, 34].

We now establish the existence of constant equilibrium states and the following result is a direct
consequence of Theorem 4.3.

Corollary 4.6. Keep the assumptions of Theorem 4.3 and let v¢ € R?. Then, denoting z° =
(S, ..., pS, 08, T and letting u® = u®(z°) = (05,2, pPv°, E° + %pe|ve|2)t the state u® is an equi-
librium state

Qu®) =0. (4.2)

The equilibrium states for other variables will also be denoted with the superscript ¢. Thermo-
dynamic stability holds for these equilibrium states in the sense that 92, S is negative definite, from
Definition 4.2.

4.2 Local symmetrization

We investigate in this section symmetric forms for the system of partial differential equations modeling
nonideal fluids (2.1)—(2.3). We define the mathematical entropy o by

S
R )
where the 1/R factor is introduced for convenience. It is reminded that the velocity components of all
quantities in R**9+1 = R™ x R? x R are denoted as vectors of R? for the sake of notational simplicity
and the corresponding partitionning is also used for matrices. The following theorem generalizes the
symmetric form for multicomponent flow previously obtained for ideal gas mixtures, ideal type diffusion,
and chemical kinetics of mass action type [38].

Theorem 4.7. Assume that (T1)-(Ta), (PG), (C1)-(C3), and (Tr1)-(Tra2) hold. The function o is a
mathematical entropy for the system (2.1)~(2.3) and the corresponding entropic variable is given by

o=

(4.3)

1 t
v=(00) = (G — Sl G — Hlol v, 1) (4.4)

For any u € O, there exists an open subdomain 0, C O, such that the map u — v is a local C*
diffeomorphism from 0, onto an open set Oy. The system written in term of the entropic variable v is
in the form

Aoc()dv + Y Ai(v)dv = Y 3:(Bi; (v)v) + Q(v), (4.5)

ieC i,jeC
with Ay = ouu, A; = A;0u, éij = By;0.u, and Q= Q, is of the local symmetric form, that is, (S1)-(S7)
hold. The matrix Ag is given by

A Sym
Ao = | v@AT (AL Tvev + pRT1, , (4.6)
Ag (Ag,Mv' + pRTv*  AJT
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where A = pRI'™' and I'"' is the inverse of the matriz I, = pgpk_gl/T = pémgk/T defined in
Proposition 2.15 and where

Ji=Gi—TopGi + P =0, + wf,  ics,
AT = (Ag,g) + pRT|v|* + RT?0,€.

Since AO is symmetric, we only give its left lower triangular part and write “Sym” in the upper triangular
part. Denoting by € = (&1,...,&4)t an arbitrary vector of R and letting A = > icc SiAi the matriz A
s given by

0 Sym
A=v&Ag+RT| &0 p(ERQv + vRE) . (4.7)
vEo'  vEpv' + (E+p+ tplv)E 20€(E+p+ tplvf?)

Moreover, we have the decomposition associated with (2.11), (2.12), and (2.13)

Bij = RT B"6;; + kRT Bf; + nRT B, (4.8)
where
B 1 L Sym
B = T Odn Odd ; (4.9)

Leo Ol,d Le,e
and denoting by & = (£1,...,&) and ¢ = (C1,...,Cq)t arbitrary vectors of RY, the matrices éfj and
B?], i,j € C, are given by

On,n On,d On,l

S GGBY = | 0un €3¢ vCE |, (4.10)
i,j€C 01, v§ ¢t wvEvd
On,n On,d On,l
Y GGBL = | 0an  ECla+C@E-3E0¢  ECvtuvEC-FuCE | (4.11)
1I€0 Orn &Cv +v¢E —Fvel ECvv+(1-Hvévg
Finally, the equilibrium manifold is given by
£ =(MR): xR x R, (4.12)
where R = span{ v;, i € R} C R™ is spanned by the reaction vectors and M = diag(myq, ..., my).

Proof. In order to establish that o is an entropy we establish that properties (E1)-(E7) are satisfied. In
order to establish that 02,0 = 9,(9,0) is positive definite we can directly evaluate the differentials of
02,0 in terms of that of 92, S. After lengthy but straightforward algebra it is established that for any
u € 0, and x € R*"*4*1 and writting the components of u as u = u(z), we have

1
7R<(33uo)x, x> = <(83u5)xu,xu> — p_T|v<]I’X9> _ Xv|2,

where x = (xl, ey Xy Xy Xg )y Xy = (Xn+1, oy Xntd) by X = (xl, ooy Xn)t, and x, = (xl, cey Xp, Xe +
(%o, M|v|> - v~x,,)t. Since 82, S is negative definite, p > 0, and 7' > 0, it is easily concluded that 92,0
is positive definite and (E;) is established. The entropy fluxes are then taken in the form q; = ov;,
i € C and the relations 9,00,F; = 0,q are easily checked in the equivalent form 0,00,F; = 0,q after
a little algebra so that (E») is established. Properties (E3)(E4) are equivalent to (S3)(S4) and are then
established d1rect1y by inspecting the matrices B”, 1,7 €C.

The matrices AO, Az7 i€ C, and Bw, i,7 € C, are easily evaluated by using the natural variable z

after lengthy calculations that are omitted. The matrlces matrices AO, Az, 1 € C, are symmetric and
A is positive definite since the Hessian matrix (Ao) = 02,0 is positive definite. This may also be
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checked directly, letting x = (X1, . .., Xn, Xoy X2 )", Xo = (Xnt15 - -+ s Xnta)’y and x, = (x1,...,%,)", since a
direct calculation yields

(Aox, x) = (A(xo +Xp VI +xgg), (X0 + Xo 0L+ xgg)) + pRT (X + xgv)-(Xp + Xcv) + x%RT25T€,

so that ,KO is positive definite from thermodynamic stability. Similarly we have (4.8) and the expressions
of BL, EBZ, and éZ directly yields the reciprocity relations of Property (S3). Finally, for any & € R?,
the matrix Zi,jEC &i&;0i; BL = (X ice SE)EL is positive semi-definite since L is positive semi-definite,
whereas for any x = (x1, ..., Xn, Xy, Xe)! we have

(X 6B )xx) = (6 (xu+ vxe))”

i,jeC

(X 668 Jxx) = (1= 2) € G + 0xe))? + €[+ o]
i,jeC
so that Zi,jEC &&; E’fj an~d Zi,jEC fifjgyj are positive semi-definite for any dimension d > 1 keeping
in mind that 37, ;. &¢;B]; = 0 when d = 1. Therefore, Properties (S3)(S4) are established, and thus
(E3)(E4) are established.

We now investigate the structure and properties of the source term Q= (miwi, ..., Mpwn, 0,0)%.
We have defined the equilibrium manifold with (4.12) so that £+ = (MR) x {0}¢ x {0} and thus by
construction Q0 € EL. From Proposition 4.1, we obtain Q=0 if and only if u € R*t, and it is easy to
check that p € Rt if and only ifve E. More specifically, if © € R+, then (G, ... ,gn) eM YRt =
(MR)* since Gy = RT uy/my, and we know that T € (MR)* from Lemma 2.5 so that v € £ and the
proof of the converse is similar. In addition, we know from Proposition 4.1, that Q =0 if and only if
(n,w) = 0. A straightforward calculation, however, yields that (u,w) = (v, () and we have established
that Q = 0 if and only if v € £ and if and only if (v, Q) = (v, Q) = 0 and that (Ss) and (Es) hold.

We now have to evaluate the jacobian matrix of the source term a, at equilibrium. To this aim,
we define (M Z/Jf)* = (I\/I Z/Jf,O,O)t, (M 1/;?)* = (I\/I VJb,O,O)t, (Mv;)* =M ij)* — (M V]f)* so that

(My;)* = (My;,0,0)",

Q=Y (Mvhr

JER

and

The nonideal rate of progress for the jth reaction may also be written in the form

Tj = Kj (eXp<(l\/| ij-)*, v> — eXp<(|\/| 1/;-’)*, v>), (4.13)

where £ is the symmetric reaction constant of the jth reaction. Noting v¢ an equilibrium point where

Q(v¢) = 0, and thus where (M u]f-)*,ve) = ((MvP)*,v¢) for j € R, a direct calculation of 8,0 yields

that _
(v*) =Y K5 exp((Mv))*,ve) (My;)* @ (My;)*.
JER

As a consequence, at equilibrium, Lis symmetric positive semi-definite of rank dim(ZE +) = dim(R) so
that (Se) and (Eg) are established. Finally, (S7) and (E7) are a direct consequence of Proposition 2.14
since (u,w) = (v, ) and the proof is complete. O

For ideal fluids, the symmetrizing change of variable u — v is one to one and is thus a global change
of variable [38, 34]. On the contrary, for nonideal fluid, even though the entropy o is globally defined,
the map u — v is only locally invertible and a typical situation is that of distinct points uf and u’
such that vf = v*. Indeed, we see from (4.4) that the equality v = v’ corresponds to the chemical
equilibrium between the two stable phases u? and u” with identical pressure, temperature and chemical
potentials, that may be observed once the entropy Hessian has lost its signature [40].
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4.3 Local normal form

In this section we investigate local normal forms for the system (2.1)-(2.3) and first establish the
nullspace invariance property.

Lemma 4.8. The nullspace of the matrix

= > Bi(v)&s,

1,j€C

is independent of v € Oy and & € X471, where £~ is the unit sphere in d dimensions. This nullspace
s given by _

N(B) =R(I,0,0)",
and we have EU(V)N(g) =0,4,j€C, forveo,.
Proof. From the proof of Theorem 4.7, letting x = (x1,...,Xn, X, Xg)!, With x¢ = (x1,...,%n)", X4 =
(an, ... Xnaa)!, we obtain that

<§x, x> = 2%(5 (%o + ’UXg))2 + |£|2’xv + ’UXg’2 + |£|2<§Lx, x>.

Assuming that <§x, x> =0 and |£] = 1 we thus obtain that <§Lx, x> =0 and ‘xv + ’UXg‘ = 0. From the
structure of BX and since N(L) = R(T,0)*, we deduce that (X1, -+, Xn,xg)" € R(L0)* so that xe =0
and (x1,...,%,)" € RI. Next from |x1, + ’UXg| = 0 we obtain that Xnis = 0 for 1 < ¢ < d. We have

thus estabhshed that N(B) is spanned by (1,...,1,0,0)! and it is easily checked that Bu( V)N(B) =0,
1,7 € C, forveo,.

Since N(B) is spanned by (1, 0,0), we define the matrix P by

1 Ol,nfl 017d 0
o_ Ln—1n L1 On—1d On—in , (4.14)
Od,l Od,nfl Hd Odvl
0 Ol,n—l OLd 1

and we may introduce the auxiliary variable u’ = Pu and the corresponding entropic variable v/ = P~1v
given by
t
ul = (p7 P2y - apnvpvvg + %p|’0|2)
and

1 t
V= (- Yol G - Gr.. G~ G, 1)

From Theorem 3.6, all normal variables are in the form w = (¢;(u}), (bH(V{I))t where u/ is the first
component of v’ and v/, the last n + d components of v'. For convenience, we choose the variable w
given by

( G2 — G1 Gn — 01 )t

= p) AR ) v’ T )
RT RT

and we investigate the corresponding governing equations.

(4.15)

Theorem 4.9. Assume that (T1)-(Ta), (PG), (C1)-(C3), and (Tr1)-(Tr2) hold. For any u € O, there
exists a subdomain Oy C O, such that the map u — w is a C* diffeomorphism from the open set Oy
onto an open set Oy and the map u — v is a C* diffeomorphism from the open set O, onto an open set
Oy. The induced diffeomorphism v — w is then a C* diffeomorphism from 0O, onto Oy, and the system
written in the w variable is in the form

(W)Ow + Y Ai(w)dw = Y 0 (Bij(w)dw) + T (w, dew) + Q(w), (4.16)

ieC i,jeC

where Ag = Ouvt Ag Duv, A; = OuVt A; Ov, i € O, Bij = 0wV gij Owv, i,j € C, Q = 0t Q, and

T =— >ijecOi (Owv?) E~3ij dwv Ojw, and is in the local normal form. The matriz Ao is given by
— K;I Sym
Ao = —i |
On-‘rd,l AO
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with

— 1,11

. A Sym
Aj = ——— Ay = Oan-1 &l ;
(AT, ) L T
# Oa Ao

—I1,I . . . . .
and where A is the square matriz of dimension n — 1 with coefficients

—,1 (AT (AT),
= __—t < <
Akl Akl <A]I,]I> 5 2_k,l_n,
a is the vector of dimension n — 1 with coefficients
_ (Mg, T)
A= (g - (WD 2<1<n

T, T . .
and Ay is given by

€.

KT,Ti 1 (< >7<Aﬂ,]l>2) 1
O 7 R ’ (AT, T) RT?

Denoting by & = (&1,...,€q)t an arbitrary vector of R?, the matrices A;, i € C, are given by
0 Sym

On—11  On—1n-1

&A= Agu-€ + = 5
; IR IR £@b Od,a

0 011 € 0

where b is the vector of dimension n — 1 with components

— AT
bl:pl_p<5\]]:)]]l:>a §l§n7
and (Ag.T)
— 1 1 2 g’
1= (£+ 3ol +P7P<A]I,]I))'

The matrices §ij have the structure

Bi; = 6, RTB" + RTxB,, + RT1B,

95

=L
where the matrix B~ is given by

0 Sym
EL _ l 0n7111 Lnfl,nfl
T | 041 Odpn—1  Oqd
0 R;'Q L?._l Ol,d ﬁLee
Denoting by & = (&1,...,&0)t and ¢ = (C1,...,Cq)t arbitrary vectors of R?, the matrices §fj, §;-7j,
i,j € C, are given by
1 On,n On,d On,l
> GBI = gz | Oan €8C Oan |,
“jeC O1,n, O1ga 011
1 On,n On,d On,l
> &GB = g | Oan £CTa+(8E—F€2C Oan |,
hiec 01,n 01,4 01,1
and finally
_ t
Q= (O,mgwg, . 7mnwn,O,O) .
Proof. The proof is lengthy and tedious but presents no serious difficulties. [l
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4.4 Dissipativity and asymptotic stability
We consider the system (4.16) written in the w = (wy, wy;)" variable, with the hyperbolic variable
Wi = p,

and the parabolic variable

(g2 -G Gn —G1 )

wy = ey ,,T
RT RT

The mathematical structure of thermo-chemistry and multicomponent transport have been presented

in Sections 2.2. The existence of constant equilibrium states has been established in Section 4.1. The

equilibrium state in the variable w is denoted by w®. We establish in the next proposition that the

linearized system is strictly dissipative around constant equilibrium states.

t

Proposition 4.10. Assume that (T1)-(Ta), (PG), (C1)-(C3), and (Tr1)-(Trz) hold and consider a con-
stant equilibrium state as in Proposition 4.6. Then the symmetric form of Theorem 4.4 linearized at
v¢ and the normal form of Theorem 4.9 linearized at w® are strictly dissipative.

Proof. Since strict dissipativity is equivalently established with the normal form as well as with the
symmetrized form, we may use the later for convenience and use (Spe;). We thus consider £ € $4-1
and assume that ¥ # 0 is such that E(ve,ﬁ)\lf = [(ve)\lf = 0 where E(ve,ﬁ) =2 ijec E~3ij (ve)&:&; and
[(ve) is the opposite of the linearized source term at v€.

We know then from Lemma 4.8 that ¥ = «(T,0,0)? for some a # 0 and we must establish that for
any a € R we have aAg(v¥)U + A(ve, £)U # 0 where A(v, &) = Yice A; (V).

However, a direct calculation using (4.6)(4.7) from Theorem 4.7—keeping the same notation—yields
that

L R AT O1n
2 (Roe 4B 08) =@roeg) | vALD || ok
4 v-ep

If this vector is zero, then a + v - &€ = 0 from the n first components since A is invertible and T # 0.
This then implies that p = 0 from the velocity components, since €& € 4!, which is impossible so
that (Spes) holds. O

The following theorems are now consequences of Theorem 3.10, Theorem 3.11, Proposition 4.10 and
of the hyperbolic-parabolic structure of the system of partial differential equations modeling nonideal
fluids in normal form established in Theorem 4.9.

Theorem 4.11. Let d > 1 and 1 > [d/2] + 2 be integers and consider the system (4.16). There exists
b > 0 small enough such that if |w°® — w¢||, < b, there ezists a unique global solution w to the Cauchy
problem

Ag(W)Iew + Zﬂi(w)@w = Z 0; (§ij (W)ajw) + T (w, 9,w) + Q(w),
i€C i,j€C
with initial condition
w(0,z) = w(z),
such that
w; —w¢ € CO([0,00), WH(R?)) N C([0, 00), Wi (RY)),
wi — w§ € C°([0, 00), WE(R®)) N C ([0, 00), Wa % (RY)),

and
VW[ S L2 ((Oa OO), Wéil(Rd))’

Vw,; € L2((0,00), Wi(R?)).

Furthermore, w satisfies the estimate
2 ! 2 2 2
[Iw(t) —well; + / (IVwi(nliZy + 1Vwally) d7 < Cllw® —well;,

0

where C' is a positive constant and sup,cga [W(t) —w| goes to zero as t — oco.
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Theorem 4.12. Letd > 2,1 > [d/2] + 3 and w°(x) be given, such that
w? —we e Wi(R?) N LP(RY),

with p € [1,2). Then, if |[w® —w®||, and ||w® — w®||,, are small enough, the unique global solution to
the Cauchy problem satisfies the decay estimate

Iw(t) = welly_y < CA+6)77 (W =W,y + W —we] ), t € [0, +00),
uniformly in € € [0,€] where C is a positive constant and v = d(1/2p — 1/4).

Emphasizing the dependence on physical parameters e € K, C R™ and assuming structural proper-
ties discussed in Section 3.4 there is a continuous dependence of solutions with respect to the parame-
ters € [37]. Denoting by w(t, z, €) the solution obtained for ¢ € K_, we have for any o € K_

lim sup ||W(t, G E) — W(t, . Ck)llcl—([d/2]+2) = 0.
E—Q t>0

The physical parameters may typically chosen to be some transport coefficients parameters as well as
some thermochemistry constants.

5 Thermodynamically unstable points

We investigate in this section the deficiency of the system of partial differential equations modeling
multicomponent nonideal fluids at thermodynamic unstable states. We first characterize hyperbolic
and parabolic symmetric systems of conservation laws. We then specifically consider single component
fluids at thermodynamic mechanical unstable points as well as binary mixtures fluids at thermodynamic
chemical unstable points.

5.1 Hyperbolicity and parabolicity

We restate in this section various definitions of hyperbolicity and parabolicity keeping the notation of
Section 3.2 for abstract systems of conservation laws.

5.1.1 Symmetric hyperbolic systems

Consider a first-order abstract system of partial differential equations written in the form

Agw)ow* + " A (w)dw* =T (w), (5.1)
ieC
where K;, K:, 1€ C*, and Q" are smooth functions of w* over an open set Oy~, C* = {1,...,d} the

set of direction indices of RY, and where K; is assumed to be invertible. The following definition of
hyperbolicity can be found in the book of Denis Serre [73].

Definition 5.1. The system (5.1) is said to be hyperbolic at a given point w* if

sup Hexp(—i(ﬂg (w*)) -1

A" (w*, )| < oo, (5.2)
EER?

where for € € R we have defined A" (w*, &) = EjeC Ai(wh)E;.

When the system (5.1) is hyperbolic, it is easily established that the matrix (KS)AK* (&) is diago-
nalizable with real eigenvalues so that it is hyperbolic in the classical sense [18, 73]. We also have the
following sufficient condition in terms of eigenvalues and eigenvector matrices established by Serre [73].

*

Proposition 5.2. Assume that (K;)AK (w*,€) is diagonalizable at w* for any & € R? with real
eigenvalues. Let P(€) denote a matriz of eigenvectors and assume that

sup [|[P(€)] [[P(€)7"] < oc. (5.3)
EeRd

Then the system (5.1) is also hyperbolic at w*.
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A fundamental property of Definition 5.1 is its invariance under a change of variable [73]. Moreover,
when a first-order system is symmetrizable, the system (5.1) is hyperbolic [18, 73].

Definition 5.3. The system (5.1) is said to be symmetric at a given point w* when K; (w*) is positive
definite and the matrices K: (w*), i € C, are symmetric.

Proposition 5.4. A symmetric system of partial differential equation is hyperbolic.

Since the existence of an entropy function also implies symmetrizability, it automatically implies
hyperbolicity [18, 73].

5.1.2 Symmetric parabolic systems
Consider a second-order system in the form
K; (W")oew™ = Z E;— (W*)0;0;w™ + 98 (w*, Oxw™), (5.4)
1,j€C*
where KS, E:j,
Ow+ X R and where K; is invertible. We will generally consider second-order symmetric systems is
the following sense.

. . . =* . .
i,7 € C, are smooth functions of w* over an open set Oy~, 2 is a smooth function over

Definition 5.5. The system (5.4) is said to be symmetric at a given point w* when K; (w*) is symmetric
positive definite and (E:j(w*))t = g;i(w*), fori,j e C*.

We then have the following definition for strongly parabolic systems of second-order partial differ-
ential equations.

Definition 5.6. Assume that the system (5.4) is symmetric at a given point w*. This system is said
to be strongly parabolic at w* if there exists a positive constant § > 0 such that for any € = (&1,...,&q)¢
and w = (w1, ..., wy-)" we have

S (B & wnwn > 31wl (5.5)
1<4,5<d
1<k, I<n*

Remark 5.7. It is often the case that systems of partial differential equations of physical origin satisfy
stronger properties than (5.5) at a given point w* and are indeed such that

> (Biy)pCinGit = 0IC°, (5.6)
1<i,5<d
1<k, l<n*

for any ¢ € R*™ . The condition (5.5) then simply corresponds to the situation where ¢ is constrained
to be a tensor product ( = {Qw, so that (i, = &y, fori e {1,...,d}, ke {l,...,n*}.

The definition of strong parabolicity is only given here for symmetric systems and will be applied
to the symmetrized forms like (3.2) or (3.3), thereby naturally involving entropy Hessians. Indeed,
the definition of strong parabolicity in the usual sense, which neither require symmetry properties nor
entropy hessians, only has a meaning for particular forms of systems of partial differential equation
under consideration which need to be specified as shown by the following counter example. Consider
the system d;w* — D Aw* = 0 where w* = (wi,w3)", Aw* = (Aw}, Aw})?, and D = diag(d1, d2), with
01 > 0, 62 > 0, and &7 # J2. In other words, consider two uncoupled heat equations which of course
form a symmetric strongly parabolic system. Introduce next the modified variable w* = (wj+wj, dw3)?
where ¢ > 0 is a positive parameter. We then have 9yw™* — D’Aw’* = 0 with

! __ 61 —62561
o= |8 5

so that if 0 < 6 < |02 — d1|/(2+/6102) the quadratic form associated with D’ is not positive definite and
the system in the w* variable is not strongly parabolic in the usual sense even though it is obtained
from a trivially strongly parabolic system.
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Definition 5.8. Denoting B' (w*, &) = >ijeo ,fing;— (w*), a system (5.4) is said to be parabolic in
the sense of Petrovsky at a given point w* if there exists a positive constant § such that for any € € R?,
the eigenvalues A of (KS(W*))flg* (w*, &), are such that

R(A) > 9l€[*. (5.7)

Various other generalized definitions are discussed in the book of LadyZzenskaja et al. [58], in par-
ticular that of Douglis and Nirenberg, Shirota, and Eidel’'man, but these definitions coincide with that
of Petrovsky for second-order systems [58].

Proposition 5.9. Consider a second-order system in the form
Ay (W*)ow* = Z §:j (wW*)0;0;w* +q,
3,j€C*
and assume that the system is symmetric. Then the system is strongly parabolic at w* if and only if it
is Petrovsky parabolic at w*.

Proof. Assume that the system is parabolic in the sense of Petrovsky and let £ € R%. Since the matrix
(KS)_lg* is the product of a positive definite matrix (K;)_l and of the symmetric matrix B, it is
self-adjoint with respect to the scalar product ((z,y) = (Ayz,y) so that it is diagonalizable with real
eigenvalues and admits a basis of eigenvectors orthonormal with respect to the scalar product {(z,y)).

Denoting f!,...,f" a basis of eigenvectors and A!,..., A" the corresponding eigenvalues, we
have (Ag)™'B fi = Aif% so that B f* = MAyf?, for 1 < i < n*. Since the eigenvector basis is
orthonormal with respect to the scalar product ((z,y)) we have <K3 fi, f7) = 0 when i # j. Upon
forming )\i(Kzfi,fj> = (g*fi,fj> we deduce that (g*fi,fj> = 0 when ¢ # j. From the relations
X (Ao i, f3y = (B £, f7) and the lower bound 6|¢|2 < \;, for 1 < j < n*, we next obtain that

Sl Ao, zy =g Y a2(Aof, )y < Y Nal(Aof, f7) = (B x,a).
1<j<n* 1<j<n*
Since &' ||z|| < (Ayz, ) for some positive constant &’ the system is strongly parabolic.

—_%

Conversely, assume that the system is strongly parabolic and let A be an eigenvalue of (KS)_lB .
We have then (Kg)flg*x = Az for some z # 0 and we may write A(Ayz,z) = (B x,z). This implies
that A(Agz, z) > &'|z||€] since the system is strongly parabolic and we then obtain that A > /€| since
(Agz, ) < Clz| for some constant C' and the system is Petrovsky parabolic. O

From a practical point of view, for systems of partial differential equations derived from physics,
thanks to the existence of a mathematical entropy, we can use symmetrized systems of partial differ-
ential equations and then rely of the classical definition of strongly parabolic systems.

In addition, strongly parabolicity is also invariant by a change of variable for symmetric systems,
after multiplication of the left by the transpose of the jacobian matrix. Considering for instance the
previous system dyw* — D Aw* = 0 where w* = (w},w})!, Aw* = (Aw}, Aw})!, and D = diag(d1, d2),
with §; > 0, d2 > 0, and letting w'* = (w} + w3, dw3)* where § > 0 is a positive parameter and

11 -1
P - |:0 5:| ) Q - P 9
we then have

QtQatW/* o QtQDQAW/* — 0,

which remains symmetric strongly parabolic.

5.2 Mechanical unstable point for a single fluid

We investigate in this section the system of partial differential equation modeling a single fluid n =1
near a mechanical unstable point w" where app(wu) = 0. We assume that thermodynamic stability

holds with 5pp > 0 in some neighborhood and we pass to the limit w — w" in the resulting system of
partial differential equations.

We may use the calculations already made by using the normal variable w = (p,v,T)" presented
in Section 4.3. Note that the mass density p; is denoted by p since there is only one species. We may
also use the relation apgl = 8pp/p where the index 1 is kept to distinguish between G; and G = p1G;.
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Proposition 5.10. The system written in the w variable is in the form (4.16) and we have

8,p
P
_ pRT 017d 0
Ao=| 0a1 #Fla  0a1

0 014 708

Moreover, denoting by & = (£1,...,&4)t an arbitrary vector of R?, the matrices A;, i € C, are given by
9,p st
0 BT 0
J— J— 5 ~
D SA=RAwES | GRE Oua HE |
ieC ~

Orp ¢t
0 O 0

Finally, the dissipation matrices are left unchanged with respect to Theorem 4.9.

Proof. Tt is a particular case of Theorem 4.9. |

Assuming that we are in the neighborhood of the mechanical unstable point w" and passing to the
limit up to this point, we deduce from Proposition 5.10 that the normal form degenerates with lines of
zero coefficients in the matrices Ag(w"), A;(w"), i € C, B;;(w"), i,7 € O, of the system of quasilinear
partial differential equations as well as for the linearized source term in L(w") since then 5pp(wu) =0.
We also know that this is the case for all normal forms built from the representation Theorem 3.6.

It is thus mandatory to remove the singularity prior passing to the limit. This can be done by
considering the rescaled system

8tw + Z(KO)_lﬂi&-w = Z (KO)_1§Z-]-8¢8J-W + Z (Ko)_lai(Eij)ajw + (Ko)_lﬁ, (58)
ieC i,jeC i,jeC
and passing to the limit w — w" at a mechanical thermodynamically unstable point w". More specifi-
cally, since 8pp only appear in the upper left corner of Ay, it is easily checked that there is a cancellation
of singularities in all the products (Ag)~'A;, (Ag)™'Bij, (Ag)™10;T, and (Ag)~ Q. The limiting struc-
ture of the system of partial differential equations (5.8) is in the object of the following theorem.

Theorem 5.11. At a mechanical thermodynamic unstable point w" with 5pp(wu) =0 and 5Tp(w“) > 0,
the limiting rescaled system of partial differential equations (5.8) remains hyperbolic in the sense of
Definition 5.1 and the subsystem in the wy, variable remains symmetrizable and parabolic in the sense
of Definition 5.8. The coupled system is not anymore symmetrizable, although its parabolic part still
is. Finally, the Shizuta-Kawashima condition does not hold anymore and pure compression waves are
undamped by viscosity and thermal conductivity.

Proof. The products (Ag)~'A; are easily evaluated in the form
0 p& 0

— = a, )
(Ao)~'A; = v-€Tppart + Tp€ Oaa € |,

To,
0 ?T;’ &0
and there is a cancellation of singularities as 5pp goes to zero. The characteristic polynomial is easily
evaluated as N -
det(XT = (Bo) 'A;) = (X — v )" ((X = v€)* = (G0 + T12L)).
T

All eigenvalues of (Ag)~'A; thus remain real as 5pp — 0 and denoting by P (&) a change of basis matrix
between the canonical basis and a full system of eigenvectors, it is checked that ||P(€)|| ||[P(&€)7|
remains bounded independently of £ as 5pp — 0 so that the limiting system is hyperbolic.

On the other hand, the singularity in the matrices Ag and A;, i € C, does not influence the equa-
tions associated with the parabolic variables so that the dissipative part remains symmetric strongly
parabolic and the rescaled version remains Petrovsky parabolic.

Finally, the vector (1,0,...,0)" is an eigenvector of the limiting value of (KO)*% at a mechanically
unstable point and is also in the nullspace of B and L so that (Spe;) does not hold for the rescaled
system. [l
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We conclude here that the Shizuta-Kawashima condition is of fundamental importance since it is
the main indication that the state of the system is thermodynamically unstable.

5.3 Chemical unstable point for a binary mixture

We investigate in this section the system of partial differential equation modeling a binary fluid at a
chemical thermodynamical unstable point. More specifically, we consider the situation of a two species
mixture n = 2 near a point where the matrix

9,6 9,6
[’:£ p1 71 pad1

T aﬂl o aﬂz Ga
has one positive eigenvalue and one zero eigenvalue. We assume in all calculations that thermodynamic
stability holds with I' positive definite and pass to the limit where the determinant vanish and the
trace remains positive.

We may directly use in this situation the calculations already made using the normal variable
w = (p, (G2 — G1)/RT, v, T)t presented in Section 4.3. To this aim, the matrix A is easily evaluated to
be

RT 5/12 g2 o 5/)2 gl

Ao _ - N
0,,610,,G2 —0,,G20,,G1 =0,,G2  0,,Gi

The normal form is investigated in the following proposition.

Proposition 5.12. The system written in the w variable is in the form (4.16) and the coefficients of
the matriz Ay are the following. The coefficient KGI = 1/({AT, ) is given by

A= 1 _ 5,3191 @292 - §p1 Go 5p2~g1 '
RT 0,61 +0,,G2 -0, G2—0,,G1

P2

On the other hand, the coefficient A s easily evaluated after some algebra in the form

ZII,H . RT
9, 61+08,,G:—0, G, —0, G

The last coefficients are obtained after lengthy algebra in the form

a1 9,,6 —9,.E
RT? T 5p1g1 + 5,)2 Ga — 5p1g2 - 5,)2 G’
~TT 1 0,9, 6 1 ~
0o — L L + (9T5

~ RT® 5p1g1 + 5p2 Go — 5p1g2 - 5p2 G RT?

From the expressions of the various matrices appearing in the normal form, it is again deduced, using
the special form of the matrix Ay that the rescaled form of the system of partial differential equation
(5.8) pass to the limit at a chemical thermodynamically unstable point thanks to a cancellation of
singularities. The limiting structure of the system of partial differential equations (5.8) for binary
mixtures is in the object of the following theorem.

Theorem 5.13. At a chemical thermodynamically unstable point w" where the matriz I" is singular
with (8plgl 8p2g2 — 8p1 Go 8p2g1) (Wu) =0, (8p1 g1+ 8p292 — aplgz — 8p291)(w”) >0 and an(Wu) >0,
the limiting rescaled system of partial differential equations (5.8) remains hyperbolic in the sense of
Definition 5.1 and the subsystem in the wy variable remains symmetrizable and parabolic in the sense
of Definition 5.8. The coupled system is not anymore symmetrizable, although its parabolic part still
is. Finally, the Shizuta-Kawashima condition does not hold anymore and pure compression waves are
undamped by viscosity and thermal conductivity.

Proof. The proof is lengthy and tedious but similar to the previous situation of mechanically unstable
points. [l
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