AIMS Mathematics, 9(9): 25979-26034.
DOI: 10.3934/math.20241270
ATMS Mathematics Received: 30 March 2024

Revised: 05 June 2024

Accepted: 13 June 2024
https://www.aimspress.com/journal/Math Published: 06 September 2024

Research article

Multicomponent thermodynamics with instabilities and diffuse interfaces
fluids

Vincent Giovangigli'*, Yoann Le Calvez' and Guillaume Ribert’

' CMAP, CNRS, Ecole Polytechnique, 91128 Palaiseau, France
2 CORIA, CNRS, Av. de I’Université, 76801 Saint-Etienne-du-Rouvray, France

* Correspondence: Email: vincent.giovangigli@polytechnique.edu.

Abstract: We investigated the mathematical structure of Gibbsian multicomponent thermodynamics
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ideal gases as the low density limit. The fluid mixtures were allowed to have mechanically and
chemically unstable states that were excluded in previous work on supercritical fluids, and the
Soave-Redlich-Kwong cubic equation of state was specifically considered. We also investigated the
mathematical structure of extended thermodynamics in the presence of cohesive forces—capillary
effects—for a simplified diffuse interface fluid model. The thermodynamic formalism was validated
by comparison with experimental data for mixtures of ethane and nitrogen. Very good agreement with
experimental data was obtained for specific heats, multiphase equilibrium, and critical points, and we
also analyzed the structure of strained jets of ethane.
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1. Introduction

Mathematical thermodynamics is an essential tool for studying multicomponent fluids with
instabilities that arise during phase transition. Mathematical thermodynamics has notably been
investigated by Guggenheim [1], Shapiro and Shapley [2], Aris [3], Truesdell [4], Krambeck [5],
Pousin [6], Helluy and Mathis [7], and Giovangigli and Matuszewski [8, 9]. Thermodynamics
is also essential for analyzing the mathematical structure of hyperbolic-parabolic symmetrizable
systems of partial differential equations modeling fluids. Hyperbolic systems have notably been
studied by Friedrich and Lax [10], Ruggeri [11], Godlevski and Raviart [12] and Dafermos [13]
and hyperbolic-parabolic systems by Volpert and Hudjaev [14], Kawashima and Shizuta [15], and
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Giovangigli et al. [16-19]. Classical multicomponent fluid thermodynamics are often built in
practice from equations of states using ideal gas mixtures as the low-density limit [9]. Extended
multicomponent thermodynamics required for diffuse interface fluid models are then obtained by
adding gradient squared terms arising from molecular cohesive forces. For single species fluids, the
thermodynamics of diffuse interface models has been built by Van der Walls [20, 21], the capillary
tensor derived by Korteweg [22] and the heat flux by Dunn and Serrin [23]. Diffuse interface
models have been studied by de Gennes [24], Rowlinson [25], and Anderson et al. [26], numerical
simulations with artificial interface thickening by Jamet et al. [27,28], and applications are presented
by Gaillard et al. [29, 30], Nayigizente et al. [31], and Le Calvez [32]. These equations have
alternatively been obtained from Hamiltonian considerations by Gavrilyuk and Shugrin [33] and the
links with the kinetic theory of dense gases addressed by Rocard [34], Barbante and Frezzotti [35], and
Giovangigli [36]. For fluid mixtures, Cahn and Hilliard [37] first used a mole fraction gradient squared
term in the free energy and later a density gradient in order to develop a thermodynamic formalism [38].
Rational thermodynamic aspects of Cahn-Hilliard fluids have been investigated by Falk [39], Kim and
Lowengrub [40], Alt [41], Abels et al. [42], and Guo and Lin [43]. Cahn-Hilliard fluid models have
further been derived from the kinetic theory of dense gas mixtures by Giovangigli [44]. Application
of rational thermodynamics to Cahn-Hilliard type models have also presented by Lee et al. [45],
Wang and Wise [46], Wang et al. [47], and Zhang et al. [48]. Mathematical aspects are discussed
by Miranville [49], application to surface diffusion by Bretin et al. [50] and the physics of Cahn-
Hilliard fluids with applications to water/air interfaces by Benilov [51]. These are strong motivations
for investigating mathematically the structure of multicomponent fluid thermodynamics allowing
instabilities, their construction from pressure laws, and their extended version including cohesive or
capillary effects and the corresponding diffuse interface fluid models.

We initially discuss the mathematical structure and properties of classical thermodynamic functions
in terms of intensive variables indispensable for fluid models. The complex situations of polymers [52],
multitemperature flows [53, 54], and links with statistical mechanics investigated by Fowler [55],
Ferziger and Kaper [56], Keizer [57], Laasonen et al. [58], and Chen and Doolen [59], lay beyond the
scope of this work. General physical formalisms including conservation laws and spatial transport like
the thermodynamics of irreversible processes [60] or the GENERIC formalism of H. C. Ottinger [61]
also lay beyond the scope of this work. A mathematical definition of thermodynamics is introduced
and involves smoothness and homogeneity properties of thermodynamic functions, Gibbs’ relation,
and the compatibility with ideal gases at low density. We characterize thermal, mechanical and
chemical thermodynamic stability. Thermal stability is generally guaranteed in practical applications
and instabilities may then only be of mechanical or chemical type and determined by the spectrum of
a single symmetric matrix A related to the species chemical potentials or Gibbs’ functions [9, 29, 30].
The natural variable is denoted by ¢ = (T,v,yy,...,y,)" where T is the absolute temperature, v
the volume per unit mass, yi,...,y, the species mass fractions supposed to be independent, and n
the number of species. The Gibbsian thermodynamic model is specified as e({), p({), and s(¢),
where e denotes the energy per unit mass, p the pressure, and s the entropy per unit mass, over
an open set O; C R*". We also address a different structure associated with the thermodynamic

variable z = (T, py,...,pn)", Where py,...,p, denotes the species masses per unit volume. Using the
variable £ = (T, v,y1,...,y,)" leads to homogeneous thermodynamic functions—with singular entropy
Hessians—and using the variable z = (T,py,...,p,)" leads to nonhomogeneous thermodynamic

AIMS Mathematics Volume 9, Issue 9, 25979-26034.



25981

functions and nonsingular entropy Hessian matrices when stability holds. These two frameworks are
useful and have been investigated in the literature generally for ideal gas mixtures [1-9]. We establish
the mathematical equivalence between these thermodynamic formalisms under proper transformation
rules. The thermodynamic functions are not defined for all states because of nonidealities and
thermodynamic instabilities—associated with phase changes—are allowed. We also discuss the
thermodynamic—part of the—entropic %’ and normal 7/ variables. The entropic variable ¥ is closely
associated with symmetrization properties for systems of conservation laws. However, the entropic
variable 7 is not practical in the presence of phase changes where it is more interesting to use a
thermodynamic—part of a—normal variables 7/. We investigate conditions allowing the use of such
a normal variable %/ in multicomponent flows.

We then study the mathematical construction of such fluid thermodynamics allowing instabilities
from a pressure law, extending previous work solely devoted to the situation of supercritical fluids [9].
Such a procedure is often used to model multicomponent fluids using typically a cubic equation of
states. Nonideal pressure laws have notably been discussed by Gillespie [62], Benedict et al. [63],
Beattie [64], Redlich and Kwong [65], Soave [66, 67], Peng and Robinson [68], Graboski and
Daubert [69], Ozowkelu and Erbar [70], Harstadt et al. [71], Congiunti et al. [72], Colonna and
Silva [73], and Cafias-Martin et al. [74, 75]. We investigate mathematically natural structural
assumptions on a pressure law that may then define a Gibbsian thermodynamics using ideal gas
mixtures as the low-density limit. Thermodynamic stability is not required a priori and unstable
states associated with phase changes are taken into account. The resulting construction appears
to be more general and more natural than that obtained in previous work [9] only focused on
supercritical states. The structural assumptions are the O-homogeneity of the pressure p({) with respect
to (v,y1,...,Yy,) and a quadratic expression of p — p'¢ as p goes to zero where p'¢ denotes the ideal gas
pressure. We determine the energy and entropy per unit mass and then establish that they constitute a
thermodynamics according to the previous definition. We also also introduce rescaled versions of the
stability matrix A that behave smoothly for vanishing mass fractions.

Cubic equations of state, like the Soave-Redlich-Kwong [65,66] or the Peng-Robinson [68] pressure
laws, have been found to be convenient since they may be inverted using Cardan’s formula and give
accurate results over the range of pressure, temperature, and mixture states of various applications.
Such cubic equations of state have notably been used by Saur et al. [76], Meng and Yang [77],
Oefelein [78], Ribert [79], Giovangigli et al. [80], and Gaillard et al. [29, 30, 81]. The Benedict-
Webb-Rubin equation of state [63, 67] or its generalizations are more accurate but uneasy to handle
and contain many approximating parameters. We investigate in particular the Soave-Redlicht-Kwong
equation of state and the corresponding Gibbsian thermodynamics compatible with that of ideal gas
mixtures. The necessary conditions to define a thermodynamics are established and the entropy and
energy per unit mass are obtained explicitly in terms of the natural variable. The matrix A associated
with mechanical and chemical stability is also obtained explicitly. The parameters of the Soave-
Redlich-Kwong (SKR) equations of state are related to critical state for pure stable substances or to
Lennard-Jones interaction potentials for unstable species.

We next investigate the mathematical structure of an extended thermodynamics associated with a
simplified diffuse interface fluid model [20-51]. Diffuse interface models, like those of van der Waals
or Cahn and Hilliard, are obtained in the presence of internal cohesive forces and involve density
gradient squared terms in the free energies. Such diffuse interface models describe interphases—
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interfaces between phases—as regions with smooth variations of physical properties and have been
used successfully in order to describe spinodal decomposition, droplets dynamics, three phase contact
lines, and surface diffusion, as well as transcritical flames [20-51]. The simplified multicomponent
flow model investigated in this paper is obtained by assuming that the capillarity coefficients are
identical and derived in appendix C. In this situation, only the density gradient Vp is involved in
thermodynamic functions, and this model has been used successfully in the numerical simulation
of high pressure flames [29, 30]. We further investigate the corresponding augmented formulation
obtained by introducing a local representation w of the gradient of density following Gavrilyuk and
Gouin [82], Benzoni et al. [83], Bresch et al. [84, 85], Kotschote [86], and Giovangigli et al. [87]. The
mathematical structure of the extended thermodynamics is obtained in a similar way as for classical
thermodynamics. Such augmented formulations may be used in order to investigate the existence
of solutions [83, 85-87] as well as for numerical simulations of diffuse interface fluids [84]. We
also address the mathematical structure of chemical production terms for completeness even though
chemical reactions will not be considered in the numerical simulations. The chemical production rates
involve, in particular, Marcelin’s expression for the chemical reaction rates of progress discussed by
Marcelin [88, 89], Keizer [57], and Giovangigli et al. [8,80,90,91].

We then specialize the multicomponent diffuse interface model to the situation of self-similar
strained flows discussed notably be Ribert et al. [79], Pons et al. [92], and Giovangigli and
Matuszewski [93]. The low Mach number regime is analyzed and the simplified strained flow equations
are obtained by using a similarity assumption. The evaluation of high pressure transport coefficients
is briefly addressed as well as how to avoid exploding coefficients at mechanical instabilities. The
numerical tools used in the simulations include application independent libraries for the evaluation
of thermodynamic properties [94, 95]. Nonlinear solvers based on Newton’s method [96] and
continuation techniques [97] are also used for the evaluation of equilibrium curves or critical states.
Two points boundary value problems are solved using finite difference methods and adaptive grids
as well as optimized chemistry and transport libraries. Newton’s method are notably discussed
by Deuflhard [96], self-adaptive grids by Smooke [98, 99] and Oran and Boris [100], continuation
techniques by Keller [97] and Giovangigli and Smooke [101], optimized chemistry and transport
libraries by Giovangigli et al. [102, 103] and Matuszewski [104], and fast and accurate evaluation
of transport properties by Ern and Giovangigli [105-110] with applications to thermal diffusion [111].

The thermodynamic formalism is validated by comparison with experimental measurements for
mixtures of ethane C,Hg and nitrogen N,. High pressure thermodynamic data and transport coefficients
as well as experimental results are obtained from the literature. We mention notably the classification
of Van Konynenburg and Scott [112, 113], the high pressure correlations of Ely and Hanley [114],
Chung et al. [115], the kinetic results of Kurochkin et al. [116], the thermodynamic data of
Kee et al. [117], Chase [118], and McBride et al. [119], the gradient modeling of Lin et al. [120], the
experimental results of Youglove [121], Youglove and Ely [122], Gupta et al. [123], Eakin et al. [124],
Stryjek et al. [125], Wisotski et al. [126], Japas and Frank [127], and the analysis of critical point
of Peng and Robinson [128]. We first investigate specific heats with a very good agreement with
the experimental measurements of Youglove and Ely [121, 122]. High pressure and low temperature
mixtures of ethane C,Hg and nitrogen N, may be chemically unstable. These mixtures may split
between an ethane-rich gaseous-like phase and an ethane-poor liquid-like phase. The two phase
chemical equilibrium curves are found to be in very good agreement with experimental results of
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Gupta et al. [123]. We also investigate the critical points of ethane-nitrogen mixtures. Following
the classification of Van Konynenburg and Scott [112, 113], the curve of critical points is known
to be of Type III [124-126]. The numerical simulations confirm such a type III behavior with an
overall very satisfactory agreement in comparison with experimental results of Eakin at al. [124],
Stryjek et al. [125], and Wisotzki and Schneider [126]. We finally investigate the structure of ethane
liquid-vapor interfaces and study the influence of the capillarity coefficients on the flow structure.

The thermodynamic formalism presented in this paper could naturally be used in association
with other fluid models in order to investigate mathematical as well as numerical issues. We may
mention, for instance, gradient flow structures that have been obtained in the absence of convection
phenomena [129, 130], numerical stability issues [131], or problems with boundary conditions.

Thermodynamics is investigated in Section 2 for the homogeneous case and in Section 3 for
the nonhomogeneous situation. The construction of the thermodynamics is discussed in Section 4.
The Soave-Redlich-Kwong equation of state is investigated in Section 5. Extended thermodynamics
and diffuse interface models are presented in Section 6 and strained flow in Section 7. Numerical
simulations of C,Hg-N, mixtures are finally considered in Section 8.

2. Homogeneous Gibbsian thermodynamics

We investigate in this section the mathematical structure of homogeneous multicomponent fluid
thermodynamics compatible at low density with that of ideal gases.

2.1. The natural variable

We investigate thermodynamics in terms of the natural variable { = (T,v,yy,...,y,)" where T
denotes the absolute temperature, v the volume per unit mass, i.e., v = 1/p where p is the mass density,
Yi,-..,Yn the species mass fractions, n > 1 the number of species, and & the species indexing set
S = {l,...,n}. The thermodynamic model is specified as e({), p({), and s({), defined on an open
set O; C (0,00)**", where e denotes the energy per unit mass, p the pressure, and s the entropy per
unit mass. The open set O, frequently differs from (0, c0)**" because of real gas effects. We often
commit the traditional abuse of notation of denoting by the same symbol a given quantity as function
of different state variables unless confusion may arise. The superscript ¢ is associated with ideal gas
mixtures thermodynamics.

We denote by 9 the derivation operator with respect to the variable £ = (T, v,y1,...,y,), by d the
total differential operator, and for any 1 > 0, we define {, = (T, Av, Ay, ..., Ay,)'. We denote by y
the mass fraction vector y = (yy,...,Yy,), I the vector with unit components I = (1,...,1)’, (,) the
Euclidean scalar product, and define £ = {y € (0, o)"; (y, ) = 1}. Physically, the mass fraction y must
sum up to unity y € X. However, as usual in the modeling of multicomponent flows, we assume that
the mass fractions are independent and the mass constraint (y, I) = 1 then results from the governing
equations and boundary conditions [8,60]. The formalism developed in this paper also applies when
n = 1, but in this special situation, the variable y; is usually formally eliminated as discussed in
Appendix A. We denote by y € N, y > 2, the regularity class of thermodynamics functions.

Definition 2.1. Let e, p, and s, be functions of the variable { defined over an open set O; C (0, 00)**".
These functions are said to define a thermodynamics if properties (To-T2) hold.
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(To) The functions e, p, and s are C” over a nonempty, connected, open set O; C (0, 00)**". For any

(4,8) € (0,00)X0;, {; € Oy, e(L)) = Ae(d), p(§y) = p({), and s(§;) = As(0).
(T1) Forany{ € O, defining g = d,e — TO,,5, k € S, we have Gibbs’ relation:

Tds=0;edT +(p+0,e)dv + Z(ﬁyke - g1) dyy. 2.1

keS

(T2) Forany (T,y;...,yn)" € (0,00)!*", there exists vy, so that v > vy, implies (T,v,y;...,y,)' € Oy
and
lim (e - e =0, lim v(p - P =0, lim (s - 519 = 0. (2.2)
Property (To) expresses the smoothness and the homogeneity properties of Gibbsian
thermodynamics written in terms of the natural variable . Temperature, volume and mass fractions are
assumed to be positive with O, C (0, +00)**", Property (T1) is Gibbs’ relation for fluid mixtures written
with the £ variable. With the simplified definition of the species, Gibbs functions g, k € S, (2.1) are
equivalent to Td,s = 0,e and Td,s = 0,e + p. Property (T) is the compatibility condition with
ideal gases since for large v, we must recover the ideal gas thermodynamics. The multiplication by
v is required for the pressure since as v — oo, both p and p'9 goes to zero. In comparison with
previous work devoted to supercritical fluids, we do not assume that thermodynamic stability holds in
the definition of the thermodynamics [9].

Lemma 2.2. Assuming (To-T) and defining the mixture Gibbs function by g = e + pv — T's, we have
the relation g = ) jcc Yi&k-

Proof. Since e and s are 1-homogeneous with respect to (v, yy,...,y,), we obtain from Euler’s relation
that e = vd,e + Yec Y0y, € and s = vd,s + Yiee Y0y, s. On the other hand, we deduce from Gibbs’
relation (2.1) that 70,s = p + d,e and TO,, s = d, e — g;. Forming finally g = e + pv — T's, we then
obtain that g = >} Yi&s- O

2.2. The energy-based variable

We introduce the energy-based variable & = (e,v,yy,...,y,)" that may be used whenever the map
{ = & 1s at least a local diffeomorphism from a subset O’g of O, onto an open set O}, and denote by

0 the derivation operator with respect to the variable & = (e,v,yy,...,y,). Both variables ¢ and ¢ are
practical and useful since ¢ is naturally used in equations of state—or for compatibility conditions with
ideal gases—and ¢ is more naturally associated with conservation laws and Gibbs’ relation.

Lemma 2.3. Assume that the map { — & is a C? local diffeomorphism from an open set 02 onto an
open set O‘;. Then, Gibbs’ relation is locally in the form

Tds = de + pdv — Z gidyy, (2.3)

keS

and we have, in particular, Tges =1, Tgvs = p, and T;?dyvs = —g.
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Proof. The map { — & is a C” local diffeomorphism, and we may use the variable £&. Gibbs’
relation (2.1) is then easily rewritten in the form (2.3) since de = d,e dT + 0, edv + ;. 0, edy,. O

© 7Yk

It is easily deduced from Gibbs relation that the equilibrium conditions between two mixture states
denoted with the sharp and flat symbols are 7% = T°, p* = p’, and g? = g? foralli € ©[1-3,5]. We
now give a sufficient conditions (T3), often met in practice, in such a way that the map { — & are a
global diffeomorphism. The nonempty, open set O, is said to be increasing with temperature if for
any (T,v,y1,...,yx) € Orand any T < T’, we have (T’,v,yi,...,yn)' € O;.

(Ts) Forany{ € O; d,e(l) > 0, and Oy is increasing with temperature.

Lemma 2.4. Assume that (To) and (T3) hold, then the map { w— & is a C? global diffeomorphism
from O onto a nonempty, connected, open set O.

Proof. The map { + ¢ is C” and its Jacobian matrix is invertible over O, since d,e > 0. From the
local inversion theorem, we know that the image O, of O, is an open set. Moreover, the map { +— ¢
is one-to-one since if (e’,V’,y},...,y}) = (eﬁ,vﬁ,yﬁ,...,yﬁ) denoting v = v = vt and y, = y) = yi
for k € S, then e(T", v, Viseoes¥n) = e(Tﬁ, V,¥1i,-..,Y¥a). The structure of O, then guarantees that the
segment [, £*] given by (T + (1 — &)T*, v, yi,...,y,) for 0 < @ < 1 lies in O; so that

Tt
eﬁ—eb:f8Te(0,v,y1,...,y,,)d0:0.
Th

Since 8, ¢ is positive over [¢”, £], this relation implies that 7° = T*. The map £ + ¢ is thus a C” global
diffeomorphism from O, onto an open set O, that is nonempty and connected since O, is nonempty
and connected. O

Under assumptions (Tg) and (T3), the map { +— & is a C” global diffeomorphism and it is
then possible to characterize the thermodynamic properties in terms of &, We now investigate
thermodynamic stability properties of fluid mixtures. From the second principle of thermodynamics,
an isolated system tends to maximize its entropy. The entropy of a stable isolated system should
thus be a concave function of its volume, composition variables, and internal energy. If it is not the
case, the system may split between two or more phases in order to reach equilibrium. The Hessian
matrix gggs should thus be negative semi-definite with a null space reduced to Ré¢ solely arising from
homogeneity. Thermodynamic stability properties naturally involve the vector of species mass fraction
y = (Y1,...,Y¥,)" and the matrix A = (Ay)iiec of size n is defined by

P P
Ay= 28 B8 (2.4)
T T

as well as the matrix A defined when (Ay,y) # O by

— AyQA
A=A DYBLY
(Ay,y)

We first establish a few useful properties of the stability matrix A.

(2.5)

AIMS Mathematics Volume 9, Issue 9, 25979-26034.



25986

Proposition 2.5. Assuming that (To-T1) are satisfied, for any { € O;, we have the relations

1%
y= 7(6yl p,....0, p), (2.6)

V2
(Ay,y) = —76%17- (2.7)

Proof. From Gibbs’ relation, we have Td,s = d,e, Td,s = d,e + p, T@Yks = (9yke — g, and this implies
the compatibility relations
(9 R4
(_ -

T( ) Tzv T2 s

The matrix A is first symmetric since awgk 6§ky1e T@iky,s and in order to establish (2.6) and (2.7),
we note that g;({) is 0-homogeneous in (v, yy,...,y,) since g; = 8yke - T@Yks, T is 0O-homogeneous, and
e and s are 1-homogeneous. This implies the relation e yi0,,8x = —vd,8x and, thus, e Anyr =
—v0,8,/T, and (2.6) is established by using (2.8). Upon multiplying (2.6) by y; and summing over k,
we next obtain that 7(Ay, y) = —v > icc V10,8« However, from the compatibility relation (2.8), we get
0,8k = —c')Yk p, and thanks to the 0-homogeneity of p({) with respect to (v, yy,...,y,), we conclude that

2ikee Yi0,8k = — Dres Yidy,p = vO,p and (2.7) is established. |

—0,8; = (9ykp. (2.8)

We may now characterize thermodynamic stability with the help of the matrix A and the positivity
of the speciﬁc heat at constant volume. Defining the free energy as /' = e—T's, we note that gy = 9, f as
well as Ay = y 5 /1T and A = 8 f/T. The energy, entropy, and free energy per unit volume are also
defined by & = pe, S = ps, and T of. The stability conditions obtained in the following proposition
may be split between thermal stability, mechanical stability, and chemical stability conditions.

Proposition 2.6. Assuming that (To-T1) are satisfied and that { — & is a C? local diffeomorphism, the
following statements are equivalent :

(i) gégs is negative semi-definite with null space N (5§$S) = R&.
(ii) 0re > 0 and A is positive definite.
(iii) 0, > 0,0,p <0, and A is positive semi-definite with null space Ry.
The proof, lengthy but technically not difficult, is presented in Appendix B. The property d,.e > 0 is
usually termed the thermal stability condition, the property d,p < 0 the mechanical stability COIldlthIl
and the condition that A is positive semi-definite with null space N A) = Ry is usually termed the

chemical stability condition [1,9]. In particular, the property that A is positive definite encompasses
both the mechanical and chemical stability conditions.

2.3. Other variables

We discuss in this section the pressure variable 7 = (T, p,y1, ..., y,)" as well as molar properties.
We denote by 0 the derivation operator with respect to the variable 7 = (T, p,y1,...,y,)".
Proposition 2.7. Assume that (To-T1) hold and that { — 7 is a local C” diffeomorphism from 02 c Oy

onto an open set Oy. Then, we have the differential relations g = 8, g, k € S, and Gibbs’ relation may
be written:

dg = —sdT +vdp + Z gidyy. (2.9)

keS
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Proof. For any smooth function y of { or 7, we have the following differential relations associated with
the variables 7 and ¢:

5TX =0y +0,x 5Tv, Orx = 5TX +5PX 0rp, (2.10)

5p)( =0,x 5pv, 0x = 5p)( o,p, (2.11)

gyfcx = 6yf\/+6v)(/<9\ v, Oy X :5%\/ +5p/\(8ykp. (2.12)

Letting g = e + pv = T's, we first obtain that 8Tg = 6 e+ pa V- Tg s, and from (2.10), we

obtain the relations 8 s =0p5+0,s c’) v and 8 e=0;e+0e c’)Tv The relations (2.10) then imply
that 9. e+p8 v — T8 s = 0since d,e —TO,s = 0and(8e+p To s)a Vv = 0from(T1) and we
have established that 5Tg = —s. Similarly, we have c’)pg = c') e+v+ p(? V- T@ s, and from (2.11),
6 e=20,e 8 v and 6 s =0, 8 v so that using again (T;), we have established that F) ,8 = V. Fmally,
wehave@kg = 6 e+p6 v—T@ s, and from (2.12), therelatlonsa e = 0ge+ e 6 v and
5Yks = OYks + 0,5 F) ,,v» and after some algebra we obtain so that 6Ykg = g using also (T1) In
conclusion, we have established that 6Tg = —s, (9pg =v, and aﬂ g = 8k, and (2.9) then follows. |

We may now give a new characterization of the matrix A associated with chemical stability.

Proposition 2.8. Assume that (Ty-T4) hold and that { — n is a local C” diffeomorphism from 02 c O,
onto an open set Q.. Then, for any { € Of , we have the matrix identity

Ay®Ay )
(Ay,y)”

Proof. From Proposition 2.7, Gibbs relation may be written in the form (2.9). We thus deduce that
0r8 = —s,0,8 =v,0, & = g and this implies the compatibility relations

Z')?,yg = T(A -

(2.13)

— — — — — —

0rv=-0,s, 0rgx = —0,, 5, Bpgk =0, v. (2.14)

Yk

Upon letting y = g; in (2.12), we obtain that 6yky, aYk g = (9 &k can be written (9 81 =0,8 —
apg,aﬂ p SO th/a\t from (2.8) and (2.11), Bykgl = 0,8+ avgkﬁvgla v. This implies the 1dent1ty (2.13)
thanks to 0, p apv =1, (2.6), and (2.7). O

Thermodynamic stability thus involves the matrix 5§(s, mechanical and chemical stability of the

matrix A = E)§y f, and chemical stability of the matrix 6§yg. We now investigate when the change of
variable { — n is a local diffeomorphism in such a way that the pressure variable 7 may be used. The
nonempty, open set O; is said to be increasing with volume if for any (7,v,yi,...,y,)" € O; and any
v <V, we have (T,V',y1,...,y,) € O,.

Proposition 2.9. Let 02 be an open subset of O that is increasing with volume. Assume also that the
mechanical stability condition 0,p < 0 holds on 02. Then, { — mis a C? diffeomorphism from 02 onto
an open set O,,.

Proof. The proof is similar to that of Lemma 2.4. m|
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The mechanical stability condition usually does not hold when evaporation or condensation is taking
place so that 7 is not a good variable when there are phase changes. We essentially investigate
thermodynamic properties per unit mass or per unit volume in this paper. The governing equations
of fluid mixtures are actually associated with mass, momentum, and energy conservation so that mass
based variables are natural. Thermodynamic properties may still be expressed equivalently per unit

mole using straightforward transformation rules. The species mole fractions xj, .. ., X, are defined by
xi= 12 ies, -éﬂﬁzijﬁ, (2.15)
m; m < m;

where m is the molar mass of the mixture. The factor } .z y; in the definition of the m guarantees
that m is O-homogeneous [8], that the mass/mole relations are invertible, and that }};.cy; = Djcc Xi
and (3 ;ce Xi)m = Ycc Xim;. As a typical example, the mixture Gibbs function per unit mole G and the
species Gibbs function per unit mole G;, i € S, may then be defined as

G = mg, G; = m;gi, ieC. (2.16)
From the relation g = ) ;cc y;gi, it is easily obtained that G = ).z X;G;. All thermodynamic properties
per unit mass may similarly be rewritten per unit mole and the molar variables (g, v, X,...,X,)’,
(T,v,%1,...,%,), or (T, p,Xq,...,X,)" may also be used, instead of &, £, or m, where E denotes the

energy per unit mole and v the volume per unit mole.

2.4. Ideal gas mixtures

For completeness we describe in this section the case of ideal gas mixtures. The corresponding
thermodynamic properties are denoted with the superscript ' and involved in Property (T5). In terms

of the variable £ = (T, v,y1,...,y,), the pressure of an ideal gas mixture is given by
: RT
pi= 2k (2.17)
v keS M
and the internal energy by
. . . T .
="y, &:ﬁifﬂ@w, (2.18)
~ TS[

where ¢! is the internal energy per unit mass of the kth species, ¢!, the specific heat per unit mass of the
k species, and ¢;' the formation energy of the kth species per unit mass at the standard temperature 7.
The entropy per unit mass reads

. . . Tcld () R
d _ 2 : id d _ st vk Yk
s = YiSk s S}c = SZ + f]jst 0 do — m—k lOg vmk’ySt’ (219)

keS

where s}' is the formation entropy of the kth species per unit mass at the standard temperature 7*' and
standard pressure p, and y** = p*'/RT* is the standard concentration. The enthalpy A = €!9 + pi¢/v,
Gibbs function g'¢ = ¢4 + p'd/v — T's'9, and free energy fi¢ = €' — T's'd are then easily evaluated. The
ideal gas specific heats, formation energies, and formation entropies satisfy the following assumptions.
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(ID) The formation energies €', i € S, and entropies s', i € S, are real constants. The species mass
per unit mole m;, i € S, and the gas constant R are positive constants. The species heat per
unit mass civ‘%, i € S, are C” functions over [0, 00), and there exist constants c, and ¢, such that
0<c <c9<CcforallT >0andic G

We assume throughout the paper that Property (ID) holds. The extension up to zero temperature
of specific heats, energies, and enthalpies is natural in thermodynamics. Note that the specific heats
remain bounded away from zero since ideal gas mixtures are governed by Boltzmann statistics [8].
In the following proposition, we investigate the mathematical properties of ideal gas mixture
thermodynamics and (T3) is trivial in this situation.

Proposition 2.10. The energy per unit mass €', the ideal gas mixture pressure p', and the entropy per
unit mass s are C” functions defined on the open set Of{d = (0, 00)**™" that satisfy (To-T3). Moreover,
we have O = (0, 00)**" and

OF = {6 = Eunbnbrn £ With,> 0,65 0,6, 0, £,> ) £el),

€S

. . Ts[ .
where € denotes the energy of the ith species at zero temperature eg =e) - fo c‘v‘}<(9) do, k e G.

Proof. The proof is straightforward [8]. O
3. Nonhomogeneous Gibbsian thermodynamics

Various thermodynamic formalisms describing multicomponent fluids in terms of intensive
variables may be found in the literature [1-9]. In nonuniform fluids, extensivity is indeed associated
with volume integration and state variables can only be intensive variables like volumetric or
mass densities [8]. Therefore, any set of n + 2 intensive state variables—that correspond to
independent extensive state variables after volume integration in spatially uniform flows—are now
a priori dependent variables. Considering the species mass fractions to be independent leads to the
homogeneous Gibbsian thermodynamics investigated in Section 2, and then the constraint (y, ) = 1
is not imposed a priori but results from the conservation equations and boundary conditions [8].

An alternative method is to reduce the number of intensive variables by eliminating one of
them. It only remains then a set of n + 1 independent intensive state variables, and this is the
formalism investigated in this section. Negative definite entropy Hessians may then be obtained

when thermodynamic stability holds. The variable Z = (T, py,...,p,)" is used for convenience where
o1, .. .,pn denote the species masses per unit volume, also termed species partial densities as well as
X =(&,p1,...,p,)". We also discuss the use of the thermodynamic—part of the—entropic variable

and of a normal variable 7/. The use of a normal variable 7/ may still be allowed when the matrix A
has at most a single negative eigenvalue, a situation generally met in practice, even though the use of
the entropic variable ¥ is then prohibited. We denote with calligraphic letters the properties per unit
volume, and, in particular, § is the entropy per unit volume and & the energy per unit volume. In order
to avoid confusion, we also denote in this section by P the pressure as function of Z. We denote by d
the derivation operator with respect to the variable Z and by b the derivation operator with respect to
the variable X. We remind that y € N, y > 2, is the regularity class of thermodynamic functions.
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3.1. From homogeneous to nonhomogeneous thermodynamics

We assume that a thermodynamics is available in terms of the natural variable = (T, v,yy,...,Vy,)
and investigate the definition and properties of thermodynamic functions in terms of the variable Z =
(T,p1,...,p,)" involving the species partial densities.

Theorem 3.1. Assume that e, p, and s satisfy Properties (To-T2). Let &, P, and S, be given by

1 P1 Pn
8(T?p "--’pl’l):( pl)eT7 ” 90 b (3'1)
1 ; ( icsPi 2iec Pi Diies Pi)
1 L1 Pn
P(T,p1s...,p0) = p\T, , s , 3.2)
] ( 2iecPi Qe Pi 2ies Pi
1 L1 Pn
S(T7p ,"-’pn):( p[)ST, ) 90y ’ (3‘3)
1 ; ( LiccPi Lice Pi Dies Pi)
and defined over the open set O C (0, 00)!*"
1 P1 Pn
O :{(T7pa~'-’pn)€(0’oo)l+n; Ta H R EO }~
? : ( 2iecPi 2ies Pi 2ics Pi) ¢
Then &, P, and S satisfy Properties (To-T ).
(To) The functions E, P, and S are C” over the nonempty, connected, open set O C (0, c0)!*",
(T1) Forany Z € Oy, defining g = 0,6 - T 0, S, k € S, we have Gibbs’ volumetric relation
TdS = o &T + ) (3,6 - go)dpy, (3.4)

ke
with the constraint Y . o8 = E+P —TS.

(72) Forany (T,yi,...,¥,) € (0,00)*" such that ¥ ,.c y; = 1, there exists a threshold density py, > 0
such that (T, pyy, .. .,py,) € Oz for0 < p < py, and

Lo oidy _ - Lp _ pidy _ o log_ Qidy _
Ei%p(a &9 =0, lljl_r,%p(?) P =0, l‘i%p(s S =0. (3.5)

Proof. We define p = Y ek, v = 1/p, and y; = pr/p, k € S, and all functions per unit mass are

evaluated at = (T, v,yy,...,y,)". The fact that O is a nonempty and connected open set is a direct
consequence of the continuity of Z — ¢, and the smoothness of S, &, and P is straightforward.
From (Ty) and the 1-homogeneity of energy with respect to (v,yy,...,y,), we obtain, after some
algebra, that
d& = pdredT + Z d e dpy, (3.6)
ke
and, similarly,
dS = pdpsdT + Z d,,s dpy. (3.7)
kec
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This implies, in particular, that & = pd,e, 1, E = GYke, oS = pd;s, and D, S = (9Yks in such a
way that gy = ,& - T, S = d, e —TJa,s fork € S. Then, thanks to (T1), since Td;s = e and
T(?Yks = ayke — &k we obtain To;S = & and Td, S = 0, E — g for k € S, and this now implies
Gibbs’ relation for volumetric densities (3.4). In addition, the relation ).z ox8x = E+P - TS is a
consequence of Lemma 2.2 and (77) is established.

Furthermore, (7>) is a simple rewriting of (T,) with e, p, and s evaluated at 7, v, yy, ..., y,, and the
proof is complete. O

The functions &, , and S are said to define a thermodynamics if Properties (7o-7>) hold. Note
that there are not anymore homogeneity properties in terms of the variable Z in (7). There is also a
constraint associated with Gibbs’ relation (3.4) in terms of S, &, and p, ..., p, since the variables are
per unit volume. This constraint essentially replaces the differential relation 70, s = d,e + p associated
with volume differentiation. The free energy per unit volume ¥ is the given by ¥ = & — T'S and the
Gibbs function per unit volume by G =F + p=E+p—-TS.

Noting that d;& = pde, we now investigate a sufficient conditions similar to Property (T3) and often
met in practice in such way that Z — X is a global diffeomorphism. In this situation, it is possible to
make the change of variable Z — X and to rewrite Gibbs relation with the X variable.

(73) Forany z € Oz dE(Z) > 0, Oy is increasing with temperature.

Proposition 3.2. Assuming that Properties (Tg) and (T3) hold, (To) and (73) also hold. In this
situation, the map Z v+ X is a C” diffeomorphism from Oz onto a nonempty, connected, open set
Oy and the volumetric Gibbs relation may be written.:

TdS =d&- ) gidp. (3.8)
keS
Proof. The proof is similar to that of the homogeneous case. O

We now investigate thermodynamic stability properties in the framework of the new thermodynamic
formalism and note that the matrix A may be rewritten as

_ P81 _ O, 8k
T T

since the Gibbs functions g;,({) are 0-homogeneous. We have the following equivalence result
concerning stability.

Au , (3.9)

Proposition 3.3. Assume that (To-T2) are satisfied and that the map Zz +— X is a C? local
diffeomorphism from an open set O, onto an open set O'.. Then, for any Z € O, the following
statements are equivalent:

(i) 02,8 is negative definite.
(i) o0& > 0 and A is positive definite.

Proof. From Gibbs relation (3.8) in the X variable, we obtain thatESS = %,Eka = —g—]’f = —g—T", and this
implies the compatibility relations dg(=) = b, (). Moreover, for any function y of z and X, we have
the differential relations

Dy = 0x 0T, Dy = Doy 08, (3.10)

AIMS Mathematics Volume 9, Issue 9, 25979-26034.



25992

Dy =0+ DT, QX =X + ey RS, (3.11)
We now evaluate the Hessian matrix of S. We first have géaS = Eg(%) so that EéSS = —0T/T2.
Similarly, we have d; S = b, (7) so that by S = —b, T/T?. Letting y = T in (3.11), we get 1, T =
—,T'9, &, and since b, & = 9, e, we have established that b(zgka =T 0Yke/T2. Moreover, with

»,S = —gpk(‘%) = —Epk(%) and (3.11), we deduce thatggkplS = -0, (%) - d,(%) B;kT SO thatgf,kplS =
—% - w, k,l € S. We have thus established that
—~ . T —~ EgT 0, e
2 _ & 2 _ Yk
DSSS = —F, bgka = T, ke 6, (312)
—~ 0,8 2.T0, ed,e
2 _ Yk & Yk yi
b oS = - oT - 72 , kleG. (3.13)
Letting ¢ = (1,-d,,e,...,—0, €)', we obtain that for any X = (Xg, X, ..., X,)' € R'*"
~ ~ (Fx)? 1
((0S8) % %) = —deT—— - (A%, x,), (3.14)
where Ay = aykg,/T, k,l € S and Xy = (X], ces Xn)t.
The equivalence between (i) et (i7) is then a consequence of the quadratic relation (3.14). O

Remark 3.4. The functions &, P, and S may also be defined by E(T,p1,...,p,) = e(T,1,p1,...,p,),
P(T,p1,....00) =p(T,1,p01,...,04), and S(T, p1,...,p,) = s(T, 1,p1,...,p,), and the open set O by
Oz ={(T,p1,...,pn) € (0,00)*"; (T, 1,p1,...,0.) € O } thanks to the homogeneity properties of e,
s, p, and Oy.

3.2. From nonhomogeneous to homogeneous thermodynamics

We assume that a thermodynamics is available in terms of the variable zZ = (T, py,...,p,)" and we
investigate the definition and properties of thermodynamic functions in terms of the natural variable

éd = (T9 V,YI, “e aYn)t-
Theorem 3.5. Assume that &, P, and S satisfy Properties (To-7>). Let e, p, and s be given by

eTv.yise. sy =v §(T, 2, 2), (3.15)

1% 1%
PTvy1y) = (T2, (3.16)

1% 1%
ST,y -y = v S(T, 2, 2, (3.17)

1% 1%

and defined over the open set

O = (T vyi,-ooyn) € (0,000 (T2, ) €0 ). (3.18)

Then e, p, and s are C” functions of the variable { = (T, v,yy,...,y,) over Oy C (0, 00)**" and satisfy
Properties (To-T2).
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Proof. The fact that O, is open, nonempty, and connected and that e, p, and s are smooth is
straightforward to establish. The homogeneity properties of O;, e, p, and s are also a direct
consequence of their definition (3.15)—(3.18).

In order to establish Gibbs relation (2.1), we note that

ds =vdySdT + (S - Zpkbka) dv + Z 0,,S dy,

keS keS
de = vorEAT +(E= ) pi, &) dv+ ), Edy,.
keS keS

However, from Gibbs’ relation in (73), we obtain that 70;S = d;&. From the definition of g; =
0,6 — T,S, k € S and from the natural constraint ) ;.s pxgx = & + P — TS, we obtain that

T(S- > P, S) = (€= > p, &) =P, TS -0,8 =g,

keS keS

so in forming 7'ds — de, we directly obtain (T).
Finally, (T,) is a simple transformation of (7>) and the proof is complete. O

When thermal stability holds with respect to the thermodynamic in the variable Z, it then holds with
respect to the variable £.

Proposition 3.6. Assuming Property (73), Property (T3) holds.
Proof. The proof is straightforward since ;& = pde. O

3.3. Entropic and normal variables

Entropic variables are naturally involved in symmetrization methods for systems of conservation
laws [10-19]. They naturally appear in the expression of entropy production rates as well as in
the definition of chemical equilibrium [35, 8,9]. Normal variables, that split between hyperbolic and
parabolic components are also involved in a priori estimates and existence theorems for hyperbolic-
parabolic systems of conservation laws [11,14-19].

The thermodynamic—part of the—entropic variable is defined by 7 = —(d,S)" and easily evaluated
to be

~ 1
V=—(0S) = T(—l,gl, N (3.19)

The mathematical entropy o is defined by o = —8 in such a way that it is a convex function around
stable states and this yields the minus sign in the definition of 9’ [10-16]. The entropic variable
V = (dyo)' is associated with symmetrization methods and

KO :FS_X{V :FS_%(XO-,

is notably symmetric positive definite around stable points. The mathematical entropy o is generally
compatible with convective, diffusive, and chemical sources for fluid systems [8,18]. Entropic variables
lead to symmetrized system of conservation laws that may be used to derive a priori estimates or to
establish local or global existence results [10—19].
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A major difficulty associated with the entropic variable, however, is that the map X +— 9/ cannot
generally be one-to-one—and, thus, a global diffeomorphism—in the presence of phase changes. The
equilibrium conditions [1] between two different phases X” # X* indeed implies that ” = 7 and the
map X — v thus cannot be one-to-one. In other words, using the entropic variables 7/ is not a good
idea for multiphase fluids. In addition, entropic variables are used in the study of hyperbolic-parabolic
systems modeling fluid mix hyperbolic and parabolic components. In order to solve these difficulties,
it is mandatory to use normal variables [8, 15].

We thus introduce the thermodynamic—part of a—normal variable in the form
82— &1 8n — 81 )’

A ,

and the following property is required in order to use this normal variable 7.

w = (T.p, (3.20)

(T4) The map Z+— W is a C*~" diffeomorphism from O onto an open set Q..

We first deduce important consequences of (74) and next investigate sufficient conditions that imply
the property (74).

Proposition 3.7. Assume that (To-T>2) and (74) hold. Then, the matrix A is positive definite on the
hyperplane T, and the following direct sum holds:

RI® A(IY) =R". (3.21)
Proof. Since the map Z — W is a C*~! diffeomorphism, the Jacobian matrix b, is invertible on the
open set O,. Keeping in mind that z = (T, py, . . ., p,)’, the Jacobian matrix d, 7 is of size n + 1 and in
the form
1 1 e 1
>l<n 1 j . : :
0p1(gn7_"gl) 0p2(gn;gl) . apn(gn_;gl)

where 0; ; denotes a zero block with i lines and j columns, *;; a nonzero block with i lines and j
columns, and where the J block is a square matrix of dimension #.

The lines 2 < j < n of J have their coeflicients ; ; given by ; ; = 8,)1.(&;;’”) in such a way that
pdij = Nij—Ayjfor2 <i <mnand1l < j < n. Subtracting now the first line of J multiplied by

0, (%) from the ith line of ', and denoting by e;, i € S, the canonical base vectors of R”, we have

o 1 I - 1
J - Z aﬁ”(%)ei@]lz[on . g’ ]’

2<i<n -

where the J” block is a square matrix of size n — 1 and, by construction, det(J) = det(J”’) in such a
way that J” remains invertible. The submatrix J” of size n — 1 has its coefficients given by pJ;; =
Aij— A —Ain + Ay, 2 <0, j < n, and remains invertible over O;. Letting then 7, = e; — e, for
2 < i < n, we note that the vectors v, for 2 < i < n, are spanning the hyperplane I and that

Av,vj) = Nij— Ay j— Ny + Aq g, 2<1i,j<n,
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since (Aw); = Ay — Ait = Ay — Ayi = Jii/ p- Therefore, the matrix J” of size n — 1 may be written

(A, ) -+ (Aw, )
J =p : ; :
<Avna 7}2> Tt <A7/n» 7}n>

and is thus a Gramm matrix up to the p scalar factor that remains invertible over O. This implies that
the quadratic form associated with A remains definite on II™ over the open set O. Since this quadratic
form is positive definite for small p, and since O is connected, we deduce that A remains positive
definite on the hyperplane " over O,. Since J remains nonsingular and since (Aw); = Ay — Ay =
Awi — A1 = pJri» we also directly obtain that the direct sum (3.21) holds. |

An important consequence of (74) is that the matrix A has at most one isolated negative eigenvalue.
That is, when (74) holds, however unstable the thermodynamic state of a mixture is, there is at most
one negative eigenvalue, and we also have the following corollary.

Corollary 3.8. Assume that Properties (7o-T4) hold. Then, thermodynamic stability holds if, and only
if, det A > 0.

The property that there is at most one negative eigenvalue for the matrix A has been verified
numerically for various mixtures associated with hydrogen combustion as well as for H,-N, mixtures,
0,-H,0 mixtures, and C,Hg-N, mixtures. For such binary mixtures, the property A, + A1 — Ao —
Aj1 > 0 has also been verified numerically. We are now interested in the converse property of (73),
assuming that the slices of O along I* are convex.

Proposition 3.9. Assume that (To-T>) hold, that the matrix A is positive definite on the hyperplane
II*, that for any Z € O the set Oz N (Z + V) is convex, and that the direct sum (3.21) holds. Then,
Property (T4) holds.

Proof. Since A is positive definite on the hyperplane ", and since we have the direct sum (3.21),
we conclude that the Jacobian matrix d;%/ is invertible. The map Z +— 9 is thus a local C*!
diffeomorphism by the local inversion theorem, and we only have to establish that this map is one-
to-one.

Assuming that 2z’ and Z* are such that " = W* we first deduce from (3.20) that 7° = T* and
P’ = p#so that Z# — 2’ € T*. Since O N (2’ + ) is convex, we further obtain that the whole segment
2 +a(2f - 2"),0<a <1, lies in Oy since 2’ € O and Z* — 2’ € I*. We may thus write that

1
wh— = f b W(Z + (2 - 2")) (ZF - 2)da =0,
0
and multiplying scalarly by z*# — Z°, we obtain that
1
f (2W(2 +a(Z - 2))(Z - Z)da, 2} - 2') = 0,
0

and this yields
: a 8
Z f %(zb + (2 - 2")da (0! —p?)(pﬁ- -0 =0. (3.22)
0

ijes
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Letting 0 = (01, . .,p,)", and using that 7° = T* and p” = p¥, we then deduce that

1
f (A2 +a(Z} - 2))da (" - "), - 0') = 0,
0

and this implies that o — o” = 0 since o# — 0" € II* and A is positive definite over I*, and the proof is
complete. O

3.4. Ideal gas mixtures

We discuss for completeness the case of ideal gas mixtures in terms of Z = (T, p1,...,p,)" [8]. The
pressure law is given by
= RT Z P (3.23)
keS
and the energy per unit volume reads
T
= Z ped,  ed=et+ fT leiV(}((H) de, (3.24)

keS

where 8‘d denotes the internal energy per unit mass of the kth spec:1es e;' the formation energy of the
kth species per unit mass at the standard temperature 7%, and c . the spemﬁc heat per unit mass of the
k species. Similarly, the entropy per unit volume is given by

Tldg RT
=X st si= k+f 9 4 §— — log L= (3.25)
T

m mpyst
ke o k kY

where s' is the formatlon entropy of the kth species per unit mass at the standard temperature 7*' and
standard pressure p%, and y* = p™/RT* is the standard concentration. The enthalpy H'¢ = ¢ + P4,
Gibbs function G4 = ¢ + P4 — TS, and free energy ¢ = & — TS are then easily evaluated. The
assumptions required for ideal gas mixtures in this volumetric framework are yet Property (ID).

4. Thermodynamics from equations of state

Thermodynamics should preferably be deduced from molecular theories like the kinetic theory of
dense gases or statistical mechanics [55, 56]. Various relevant expressions have been obtained for
mixtures of dense gases but are not of the most practical form. Molecular dynamics [58], Lattice
Boltzmann methods [59], and experimental measurements may also be used to study thermodynamic
properties of high pressure fluid mixtures. In order to bridge between experimental measurements
or molecular simulations and macroscopic fluid thermodynamics, it has been found appropriate to
introduce accurate approximate pressure law and to build the corresponding thermodynamics [62-75].

In this section we study when a pressure law may be used for constructing a Gibbsian
thermodynamics compatible with that of ideal gas mixtures at low density. To this purpose, natural
conditions are introduced on the pressure law p({) and on the open set O, where it is defined. These
conditions do not involve anymore stability-related properties associated with supercritical fluids as in
previous work [9]. The structural conditions are essentially 0-homogeneity of pressure as well as a

AIMS Mathematics Volume 9, Issue 9, 25979-26034.



25997

second order behavior p — p'd = O(p?) at low densities p, where p'® is the ideal gas pressure. We first
determine the energy and entropy per unit mass and then show that they constitute a thermodynamics.
The matching with ideal gases is due to Van der Waals and Gillespie [62] according to Beattie [64]. We
also study more closely rescaled versions of the stability matrix A that determine thermodynamically
unstable states.

4.1. Identifying the thermodynamic functions

We discuss in this section the energy, entropy, and species Gibbs functions corresponding to a given
pressure law and compatibility at small density with that of ideal gas mixtures. We consider a pressure
law p(¢) as function of { = (T, v,yy,...,y,)" defined on a connected open set O, C (0, 00)"™? and define
the pressure corrector ¢(£) = p() — p'd(¢) so that

p=p'+¢. (4.1)

The ideal gas pressure p'® has been introduced in Section 2 and discussed in Sections 2.4 and 3.4. The
open set O; is said to be increasing with volume if for any (7, v,yy,...,y,)' € O whenever v' > v, we
have (T,V',y1,...,ya)" € O;. We introduce the following properties concerning the pressure law (4.1).

(Po) The pressure p is a C**! function of { over the nonempty, connected, open set O; C (0, co)™*.

For any (4,¢) € (0,00) X O;, we have {, € Oy and p({y) = p({).
(P1) The open set O; C (0, 00)"** is increasing with volume.

(Po) There exists v > 0 such that for any (T, y1,...,y.) € (0,00)"" with ¥ ,ccy; = 1, and any v > v,
we have { = (T,v,yi,...,¥s)" € O;. The corrector ¢ and its partial derivatives (??gb of order
Bl < 1+ vy have a smooth extension to the set T > 0, v > v, y; >0, (y,I) = 1. There exist
positive continuous functions of temperature c(y, T) depending on vy, such that for any T > 0,
vzy,andy; 20,i€ S (y, I) =1, we have

c(y.T)
0l < —Fm  0<BIsT+y. 4.2)

We also introduce a sufficient condition that will ensure that the map { +— & is one-to-one.
(P3) Forany { € Oy, 324(0) < 0, Oy is increasing with temperature.

The 0-homogeneity property of pressure (Pp) is natural since we seek to obtain a thermodynamics
such that (Ty) holds. The structure of the open set O, with (Py) is also required in order to allow
integrations with respect to v and to write the compatibility with ideal gases. In (P2), we have used
the traditional notation & = & 835! - -- 8 where 8 = (Br, ., Bis - - -, ) € N**" is a multiindex. The
condition (P2) guarantees that the corrector ¢ and its partial derivatives of order lower or equal to 1 +y
decrease at least quadratically with respect to v as v — oo, insuring convergence of various integrals.
The second order estimates (4.2) are naturally obtained by expanding the pressure law p({) in a series
of density p = 1/v in the neighborhood of the ideal gas limit p — O since the linear term is associated
with the ideal gas contribution p'“. Property (P3) is often met in practice and will guarantee that the
thermal thermodynamic stability condition holds. We first obtain the energy and entropy associated
with a pressure law satisfying (Po-P2) and next establish that they constitute a thermodynamics as
in Definition 2.1.
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Theorem 4.1. Let p be a pressure law in the form (4.1) with ¢ satisfying (Po-P2) and assume that there
exists a corresponding Gibbsian thermodynamics as in Definition 2.1. Then, the energy e, entropy s,
and species Gibbs functions g;, k € S, are given by

_ id Soa (9§ , ,
e=¢ _ﬁTaT(?)(TJ}’yl’“-’yn)dV, 4.3)
g =g + faykfb(T, VoYY dv, ke (4.5)

The triplet function e, p, and s defined on Oy is then a thermodynamics in the sense of Definition 2.1,
and Properties (To-T2) hold. Moreover, if (P3) holds, then (T3) also holds.

Proof. We first obtain from the compatibility relations (2.8) that 8,e = T?,(%) so that 8,e = T?9,(%)
since 8,(p"/T) = 0 from (2.17). Integrating with respect to v’ over [v,v"], keeping in mind that O, in
increasing with respect to volume, we obtain

e(Ta v, YI, LRI Yn) - e(T9 V”, YI, cees Yn) = - f TzaT(g)(Tv V,, YI, s Yn) dV/.

Using the integrability properties (4.2) and lim, . e(T,V",y1,...,yn) = 9T, y1,...,y,) from (Ty),
we may pass to the limit v/ — oo and we obtain (4.3).

Similarly, from 0 (T's — €) = p and 8,(T s' — €'9) = p'%, we deduce 4,(T's — e) — 0 (Ts' — ') = ¢.
Integrating with respect to v’ over [v, V"] yields

(Ts—Ts—e+eNT,v,y1,....y0)
—(Ts=Ts—e+eNT V', y1,...,y,) = —f d(T,V,y1,. ..,y dV .

Passing to the limit v/ — oo, using (4.2) and (T»), and noting that (s — Ts' — e+ &) (T,v",y1,...,yn)
goes to zero as v/ — oo yields (4.4).

We now establish that (To-T,) hold using (4.3) and (4.4). Using the regularity of ¢ and the
estimates (4.2), we may differentiate (4.3) and (4.4) with respect to 7T, v, and y;, kK € S, and deduce
that e and s are C” functions over O;. Deriving with respect to the mass fraction y,, we may calculate
gk = 6Yke - T@Yks and obtain (4.5), and it is further established that g, k € &, are C”~! functions
over O;.

We also note that if { € O, and 4 > 0, then {; € O, from (Py). Taking into account the
homogeneity properties of €, 59, and g, k € &, and from (Py), we easily deduce that e and s
are 1-homogeneous over O, and that g, k € S are 0-homogeneous over O,. The corrector ¢ is
indeed 0-homogeneous, so that 0,.¢ and Td,.¢ — ¢ are 0-homogeneous, and the corresponding integrals
fv - 0;¢dv' and fv 00(T@qb — ¢)dv' are then 1-homogeneous. Similarly, d,, ¢ is (-1)-homogeneous so that
fv - d,,¢ dv" is 0-homogeneous and property (To) holds.

In order to establish the Gibbs relations (2.1), we obtain from (4.3), (4.4), and the estimates (4.2)
that

dre = 0 — Tf arpav, Ops = 0p8 — f arpdv,
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and since 0,9 = T0,s, we obtain that d,e = Td,s. Similarly, from (4.3), (4.4), and the
estimates (4.2), we have

d,e=0,"+Td¢p—¢,  0,5=0,58+0,¢.

Using now 8, = T4, s' — p'9, we deduce that d,¢ = Td,s' — p'* + T9,¢ — ¢, and thus d,e = Td, s — p
which implies (T+). Keeping in mind that g, = d, e — Td, s by definition, and we have established
properties (T+1).

The property (T,) is then guaranteed by construction of the thermodynamics (4.1), (4.3), and (4.4)
and from the estimates (4.2) since (T, v, yi, ..., Y,) belongs to O, for v large enough. The fact that (P3)
implies (T3) is finally a consequence of (4.3) since

dre = 0re =T f orpdv,

dre = Yies yic'S > 0 and 87.¢ < 0 from (P3), so that dre > 0 and (T3) is established. o

This construction of the thermodynamics appears to be more general and natural than that devoted
to supercritical states where it was mixed with stability properties [9]. The main tools are the fluid
equation of state, Gibbs’ relation that yields the partial derivatives d,e = T?d,.(p/T) and 0,(T s—e) = p,
and the ideal mixture low-density limit that then plays the role of a boundary condition as v — co. Note
that both differential relations d,e = T26T(p/ T)and 0 (Ts — e) = p are consequences of Td,s = 0,e
and 70, s = 0,e + p that are directly obtained from Gibbs relation.

4.2. Rescaled stability matrices

From Theorem 4.1 and Proposition 2.6, the thermodynamic stability domain where the mixture
is locally stable is the domain where d,e > 0 and A is positive definite. The condition d;e > 0
is the thermal stability condition whereas the positive definiteness of the matrix A includes both the
mechanical and chemical stability conditions. Using (2.4) and (4.5), the matrix A = 6§y f/T is easily
shown to be

R 1
Ay = ykmkékl + ? f }’k}’l¢ dV k,le G. (46)

In the low density limit v — oo, the specific heat 9, e = ¢, tends to ', which is positive from (ID), and
the matrix A goes to lim, ., A = R dlalg(mlyl ) —L) which is positive definite.

We now establish some results about the stability matrix A that are convenient in order to locate
the stability domain, especially as some mass fractions goes to zero. The spectrum of the matrix A
is related to that of matrices A Ar, and A|, that behave more regularly for zero mass fractions. For
any diagonalizable matrix A, we denote by d*(A), d’(A), and d™(A) the number of positive, zero and
negative eigenvalues of A, respectively.

Proposition 4.2. Assume that Properties (Po-Py) hold. For any { € Oy, let A be defined as in (2.4) and
11 be the diagonal matrix

1 = diag(\miy1, .. ., Vmiys)/ VR.
The matrices A, Ay, and A, defined by
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are then C*™! functions of { € O,. Furthermore, if we assume that v > v, then A admits a continuous
extension to nonnegative mass fractions whereas A, and A, admit C*~" extensions to nonnegative mass
fractions. Finally, for any { € O, we have d*(A) = d*(A), d°(A) = d*(A), d"(A) = d™(A), and the
matrices A, ', and K| have the same spectrum.

Proof. The proof is presented in [9]. O

We deduce from Proposition 4.2 that d*(A) = d*(A) = d*(A,) = d*(A)), d°(A) = d°(A) = d(A,) =
dO(K|), andd (A) =d(A) = d” (A )y=d" (A|) in such a way that any of the matrices A, A, Ar, or A|,
may be used over O, to determine the stability domain.

It is interesting to discuss the limiting situation where some mass fractions vanish. Assume for the
sake of simplicity that the positive mass fractions are the first n* components of y with 1 < n* < n.
The general case is easily reduced to this situation by introducing permutation matrices [8]. We then
have y; > 0 for 1 < k < n* andy; = 0 for n* + 1 < k < n. Let’s denote by n° = n — n* the number of
zero mass fractions, y* the vector of positive mass fractions, and y° the vector of zero mass fractions.
The indexing set of positive mass fractions is also denoted by G* and that of zero mass fractions by &°.
The decomposition R” = R x R induces a partitionning of vectors and any X € R” may be written in
the form x = (x*,x"), and we have, for instance, I* € R” and I* = (1,...,1)". This partitionning of
vectors induces a partitionning of matrices, and for any matrix A € R™", we denote by A**, A0, A0+,
A% the corresponding blocks so that (Ax)™ = A™*x* + A*'x? and (A x)° = A% x* + A%%°. From (4.6),
only the blocks A™, AJrO and A%, of the matrix A are defined for nonnegative mass fractions whereas
the matrices A, Ay, and A, are well-defined for nonnegative mass fractions. Naturally, the ++ blocks
are associated with the S* sub-mixture, that is, would be obtained by solely considering the species
subset indexed by S*.

Proposition 4.3. Assume that Properties (Po-P+1) hold. Assume that T > 0, v > v, and that the mass
fraction vector is in the formy = (y*,y°), where y* e R", y* € R, y* = (y1,...,yx), ¥ = (0, ..., 0,
y; >0, 1<i<n,and(y, ) =y*, ") = 1. Then, we have the block decompositions

S — —

_ . . AFT A+0

A = A 0 ’ Ar — AI — | | ,
0 I 0 I

where 1 denotes the identity matrix of size n° and the symbol O denotes various rectangular matrices
. . -0 .
with zero entries so that A = 0, =0, AJrO 0, and A0+ 0. Moreover, denoting by

= diag(ymiy1,. .., Viey.)/ VR,
the upper left block of the matrix I we have the relations AN = AT - K;” = AT,
A0 = AT, AT = (IT2AT, AP = (IT7)?A™. In particular, we have d*(A™) = d* (A ),
d(A*H) = dO(KH), d (A*") = d‘(K++), and the matrices KH, Xﬁ* and K|++ have the same spectrum.

A0
AT

Proof. These properties are easily obtained from (4.6) and the definition of the rescaled matrices using
block manipulations. O

A practical consequence of Proposition 4.3 is that the stability of multicomponent mixtures may
conveniently be investigated with the help of the matrices A, or A; which, behave smoothly for
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nonnegative mass fractions. The whole stability domain may then be obtained over the set y; > 0,
i € S (y, I) = 1, including automatically all mixture states with zero mass fractions. As a special
case, we may consider the limiting situation of pure species states. Denoting by e!, . .., e" the canonical
base vectors of R” and by ¢’ the state ' = (T, v, €)' for y = €', the following proposition discusses the
thermodynamic stability in the neighborhood of €.

Proposition 4.4. Assume that for { = ' we have d,e({") = ¢y > 0 and d,p({') < 0. Then,
thermodynamic stability holds in the neighborhood of {'.

Proof. We refer the reader to [9]. O

The modified matrices A, and A, may thus be conveniently used to build the whole stability diagram
depending on the mixture state (.

5. Thermodynamics from SRK

We first present in Section 5.1 the Soave-Redlich-Kwong equation of state and obtain in Section 5.2
the corresponding thermodynamics.

5.1. SRK pressure law
The Soave-Redlich-Kwong pressure law is in the form [65, 66]

_ Vi RT a

- P mv—>b v(v+b)’

S.1)

where p denotes the pressure, R the perfect gas constant, v the volume per unit mass, and a and b the
attractive and repulsive parameters per unit mass. These parameters a(7,yy,...,y,) and b(yy,...,y,)
may be evaluated by using the Van der Waals mixing rules:

a= Z Yiyjai; b= Z yibi, (5.2)

i,JES i€

where the species attractive parameters «; = «;(T), i € S, are functions of temperature and the
species repulsive parameters b;, i € S, are constants. The validity of this equation of state (5.1)
and of the mixing rules (5.2) have been thoroughly investigated by comparison with NIST data by
Congiunti et al. [72] and with results of Monte Carlo simulations by Colonna and Silva [73] and
Cafias-Marin et al. [74,75]. This pressure law has been used in high pressure combustion models by
Meng and Yang [77], Ribert et al. [79], and Giovangigli et al. [80, 81].

The following mathematical properties are assumed on the coefficients «;(T) = +a,(T) and b,
i€ S, wherey e Nandy > 2.

(SRK) Foranyi € S, a; € C°[0,00) N C'*(0, 00), a;(0) > 0, a; > 0, lim,, a; = 0, d0ra; < 0, and
8%709 > 0 over (0, ), and the parameters b;, i € S, are positive constants.

From physical considerations, the coefficient a; = +/a; should be positive for small temperature,
be a decreasing function of temperature [69, 70], and go to zero as T — oo since we must recover
the ideal gas limit, and all these properties are in (SRK). The following proposition is easily deduced
from (SRK).
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Proposition 5.1. Assume that (SRK) holds. Then, a = a(T,y) € C°([0,00)'*") N C*7((0, 00)'*"),
a(0,y) >0,a >0, limr_.a(T,y) =0, d,a <0, and 6§Ta 0 over (0, c0)X(0, c0)".

Proof. This is a consequence of (5.2) and (SRK). O

5.2. SRK thermodynamic properties

The thermodynamics associated with the SRK pressure law from Theorem 4.1 is discussed in
this section.

Proposition 5.2. The corrector ¢ corresponding to the pressure law (5.1) may be written as

_ RTy, b a
= (Z m; ) vw—>b) v(v+b) (5.3)

€S
Under assumptions (SRK), the corrector ¢ is such that (Po-P3) hold on Oy given by
O; = {{€(0,00*; v> b}, (5.4)

with notably v = 2 max;ez b;.
Proof. The proof is presented in [9]. i

From Properties (Po-P>) and Proposition 4.1, we may now identify the thermodynamic functions.
It is further possible to calculate the thermodynamic functions explicitly, and from (5.3), the mixture
internal energy e is found in the form

e= Z yield + (Tdra - a) log(1 + ) (5.5)
€S

where el = €!4(T) denotes the ideal gas specific energy of the ith species. The mixture entropy s is
similarly given by

1d* ,' leT HTa b
= psidx —1 + log(1 + -), 5.6
o Z T L o) * 0D 60
where s‘d* = sj.d*(T) denotes the ideal gas specific entropy of the ith species at pressure p™. Finally,

the matrix A has its coefficients given by

RS:; vi R 2 b
Ay =2 2 e B pp - 28 % 0001 + 2
T myy; v—b(mj m,) kemk(v—b)z 7T b g +v)
1
+—;yk(aakb +ajozkb)( log(1 + )— b(v+b))
1 2 b 2 1
—ab;b(——log(1 + — , ] € G. v
+ abib(~5 log( +v)+b2(v+b)+b(v+b)2)’ hJE 5.7)

We now establish that property (P3) holds under (SRK) so that thermal stability automatically holds.
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Proposition 5.3. Assuming (SRK), the corrector ¢ = p—p" is such that 83..¢ < 0 and O, is increasing
with respect to temperature T so that (P3) holds.

Proof. By deriving (5.1) with respect to temperature we obtain 62 T = (92TTa /v(v + b). On the other
hand, using (5.2) we have 87,4 = 3 jce yiy (@07, + 20,20, + aid7,;), and since a;07,a; > 0
and 0,;0,«; > 0, we obtain that 62Ta > 0 and 92 r® < 0 from (SRK). Moreover, the open set O,
defined by (5.4) is independent of 7" and (P3) is established. O

The attractive parameters «;, i € S involved in the SRK pressure law are taken in practice in a
special form [80] discussed in the following proposition.

Proposition 5.4. Assume that «; is in the form

Yo 1+ A1 = NT/T)), (5.8)

C,i

where a.;, s;, and T, are positive constants and A € C'*'(R). Further assume that A’ > 0, A” > 0,
A0) =0, -1 <A, andlim_., A = —1. Then, Property (SRK) holds.

Proof. Since A is C'*?(R), it is easily checked that, for any i € S, we have a; € C°[0, c0) N C'*7(0, o0)
and for 7 > 0 we have

0Ta/i S; ,
a;  2ATT. .)1/2A (si(1 = ‘/T/VTC,,-)),

A'(si(1 = NT /\/7))+ T —L_A"(si(1 = NT/T.)).

From the assumption on A, we deduce that 0,a;(T) < 0 and G%Ta,-(T) > 0 so that ¢; is nonincreasing
and convex. Moreover, we have @;(0) = a.;(1 + A(s;)) and A(s;) > 0 since A is nondecreasing and
A(0) = 0 so that @;(0) > 0. Finally, we also have limy_, ;. @;(T) = 0 since lim,_,_., A(x) = —1, and this
completes the proof. O

2
07, B

e 4T3/2T”2

The parameter a.; is the value of a; at the critical temperature 7.; and s; is associated with the
geometry of the molecule [113]. As an example of function A, one may use A(x) = x when x > 0,
and A(x) = x/(1 + x*)"/* when x < 0. It is then checked that A € C*[R), A’ > 0, A” > 0, A(0) = 0,

-1 < A, and lim_,A = —1, and the assumptions of Proposition 5.4 hold with y = 3. The Soave
coeflicients correspond to A(x) = |1 + x| — 1 and neither satisfy property (SRK) nor the assumptions of
Proposition 5.4. It is possible to truncate those coefficients by using A(x) = |1 + x|* — 1, where y© =
max(y, 0), but neither the Soave coeflicients nor their truncated version are smooth enough for mixtures
of gases since they introduce small jumps in the temperature derivative of the attractive factor @; = +/a;
and thereby of the attractive parameter a = 3, ¢ ¥y @;; at the crossing temperatures T ;(1 + 1/ si)%,
i € S. Numerical spurious behavior has been observed because of these small discontinuities of
temperature derivative of the attractive factor [80].

5.3. SRK mechanical stability
We address the mechanical stability condition for the SRK pressure law. For the sake of conciseness,
we introduce r = R }’;.z y;/m; so that the equation of state is written in the form

rT a
v—b v(v+b)

p= (5.9)
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Proposition 5.5. For any y € (0,00)" and v > b, there exists a unique temperature T*(v,y) > 0 such
that 0,p(T*,v,y) = 0. This temperature satisfies the nonlinear equation

i (v — b)*(2v + b)

T = , 5.10
r v3(v+b)? ( )
where a* = a(T*,y), T* is a C” function of v,yi, ..., Y. and we have the relations
0, p 0T +8,p=0,  d,pd,T*+0,,p=0, keGC (5.11)
Finally, for any fixed y (0, ©)", we have lim,_,, T* = 0 and lim,_,., T* = 0.
Proof. The proof is presented in [9]. O

For a frozen mixture y, the curve v — T*(v,y) is the mechanical stability curve. Inside the domain
defined by 7*, mechanical stability does not hold as established in the following corollary.

Corollary 5.6. We have the equivalence 0,p(T,v,y) > 0 & T < T*(v,y), and since the derivative
Opp at fixed v,yi,...,y, is always positive, defining p*(v,y) = p(T*(v,y),v,y), we also have the
equivalence 0,p(T,v,y) > 0 & p(T,v,y) < p*(v,y).

The mechanical stability condition d,p(T,v,y) < 0 may equivalently be written 7 > T*(v,y)
or p(T,v,y) > p*(v,y). We now discuss the maximum value of 7* when v is varying, and the
corresponding point is a critical point with frozen mass fractions [1].

Proposition 5.7. Foranyy € (0, )", there exists a unique maximum positive value of T* forv € (b, co)
reached for v = 6.b, where 6. = 1/ (\3/5 — 1). For any fixed y € (0, 00)", define the functions

T**(y) = T*(0:b,y), P(y) = p*(0cb,y) = p(T*(6:b,Y), 0.b,y), (5.12)

keeping in mind that b = ).z yib;. Then, T**(y) and p**(y) correspond to the critical temperature
and pressure of the frozen mixture with mass fractions y. Moreover, we have p*(v,y) < p**(y) so that
0,p > 0 implies p(T,v,y) < p**(y). Finally, since the set S = {y € [0, 00)"; (y, I) = 1} is compact and
p(T*(O.v,y),0.v,y) is a smooth function of y, there exists a maximum pressure max, s p**(y) above
which the fluid is mechanically stable for all mixtures.

Proof. We refer the reader to [9]. O

Critical points of mixtures have a more complex behavior than that of frozen mixtures. The complex
fluid phase diagrams have been classified by Van Konynenburg and Scott [112, 113].

6. Extended thermodynamics and cohesive fluids

We present the Van der Waals free energy, the extended thermodynamics, and the diffuse interface
fluid equations [20-51]. These equations model fluids with cohesive internal forces and include a
Korteweg type pressure tensor and a Dunn and Serrin type heat flux. The gradient squared terms in the
extended free energy are associated with long range molecular interactions, and the simplified diffuse
interface model is obtained by assuming that the capillary coeflicients of species pairs are identical,
as detailed in Appendix C. Cahn-Hilliard models with different capillarity coefficients [44], gradient
flows obtained in the absence of convection [129,130], and numerical issues [131], as well as boundary
condition issues lay out of the scope of the present work.
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6.1. Van der Waals gradient energy

The free energy per unit volume #°* is of Van der Waals type:
FX = F 4 %%lvplz’ (6.1)

where # denotes the classical or bulk free energy. The superscript ®* is used to denote extended
thermodynamic properties whereas classical bulk phase thermodynamic properties—that do not
involve gradients—are denoted without superscripts. The free energy ¥ only depends on the absolute
temperature 7" and on the species densities py,...,p,, wWhereas the gradient term %%|Vp|2 in £
represents an interfacial excess free energy. This gradient term may be interpreted from attractive
long range molecular interactions and the capillary coefficient x» related to the species interaction
potentials [25,44].

From the definition (6.1) and the classical relation df = —S8dT + } ;¢ g,dp;, it is obtained that
dFe = (S - %OT%Wplz)dT + Yic &dpi + % Vo-dVp where S denotes the bulk entropy per unit volume
and g, the bulk Gibbs function of the ith species per unit mass. From the thermodynamic relations
OrF® = -8% and 0, F* = g, i € S, where 8% denotes the extended entropy per unit volume and
g:* the Gibbs function per unit mass of the ith species, it is then obtained that S = § - %6T%|Vp|2 and
g =&

From the expression (6.1) of the free energy ¥ * and the identity ™ = S — %6T%|Vp|2, the Gibbs
function G** is found to be given by its standard value G** = G whereas the energy per unit volume &*
and the pressure p® are given by

EX =&+ L~ TomVpl,  p™ =p - LuVpl. (62)

Letting e, s, f*, and g** denote, respectively, the energy, entropy, free energy, and Gibbs function
per unit mass, by p = > ..z p; the mass density, and y; the mass fraction of the ith species, we have
EX = pe®, 8% = ps™, F* = pf, G= = pg®™, pi; = py;, i € S. The volumetric Gibbs relation for the
extended entropy S** finally reads

TdS™ = d&* - )" g,dp; — %Vp-d¥, (6.3)

€S

where d is the differentiation operator.

6.2. Cohesive fluids

The species mass, momentum, and energy conservation equations are in the form

8,0, + V-(oit) + V-J; = miw;, ieG={l,...,n), (6.4)
0,(pu) + V-(pudu) + V-P = 0, (6.5)
0,(E™ + Lplul’) + V-(u(&™ + Lpul»)) + V{(Q + P-u) = 0, (6.6)

where 0, denotes the time derivative operator, V the spatial differential operator, p; the partial density
of the ith species, w; the molar production rate of the ith species, u the fluid velocity, J; the mass flux
of the ith species, m; the molar mass of the ith species, w; the molar production rate of the ith species,
P the total pressure tensor, & the internal energy per unit volume, and Q the total heat flux.
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The diffusive fluxes ;, i € S, and the chemical source terms w;, i € S, satisfy the mass conservation
constraints ;. J; = 0 and }},.c m;w; = 0 so that by summing the species Eq (6.4), we recover the
total mass conservation equation

0,0+ V-(ou) =0. (6.7)

A conservation equation for the internal energy & may also be derived by subtracting the kinetic
energy balance equation as in standard fluids.
The transport fluxes obtained with identical capillarity coefficients are in the form

P = p™I + xVp&Vp — pV-(xVp)I + P, (6.8)
Q=xpV-uVp+gq, (6.9)

with the dissipative fluxes given by

P! =—oVaul—n(Vu +Vu' - 2Vu ), (6.10)

Ji=-> Li,-v(?) - Liev(_?l), icG, (6.11)
JjeS

9=-> Le,-V(‘%) - LeeV(_Tl), (6.12)

€S
where v denotes the volume viscosity, i the shear viscosity, and L;j, i, j € © U {e}, the mass and heat
transport coefficients as derived in Appendix C. The matrix of mass and heat transport coeflicients
L defined by L = (L;j); jesuie; 1S symmetric positive semi-definite with null space spanned by the
vector (1,...,1,0)" as for ordinary fluids [44, 60].

The dissipative fluxes ;, i € S, and ¢ are in their thermodynamic form in (6.11) and (6.12) and
expressed directly in terms of the gradients of the chemical potentials g;/T, j € S, keeping in mind
that gj.x = g;» and of the usual thermodynamic thermal variable —1/7'. In the pressure tensor ¥, the
new contributions from the Korteweg tensor [22] are —pV-(%¥Vp)I and xVp®Vp, and the pressure p*™
also differs from p. The extra capillary contribution in the total heat flux is the Dunn and Serrin heat
flux »xpV-u Vp [23]. These extra capillary terms do not produce entropy at variance with diffusion,
chemistry, and thermal conductivity.

6.3. Production rates

In this section, we describe for completeness the chemical production rates even though no chemical
reactions will be considered in the numerical simulations. We consider an arbitrary complex chemical
reaction mechanism in the form

Doz Y M, jew, (6.13)
i€ i€

where vfj and v}’j are the forward and backward stoichiometric coefficients of the ith species in the jth
reaction, I; the symbol of the ith molecule, R = {1, ..., n"} the indexing set of chemical reactions, and
n' the number of chemical reactions. The production rates are given by

w; = E V,‘jTj,

JER
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where v;; = v'f} v, , is the net stoichiometric coefficient of the ith species in the jth reaction and 7; is

the rate of progress of the jth reaction. We introduce the following notation for convenience

f b
Vij Vi Vi M
| . [ b_| - N
V= : s Vj - : ’ Vj - : ’ M= . ’
f b
Vnj an vnj Hn

where u; = m;g;/RT denotes the reduced bulk chemical potential of the ith species. The Marcelin’s
reaction rates of progress given by statistical thermodynamics [8,57, 80, 88-91] then read

Tj= 7(j(eXp<V§, IJ> - eXP<VlJ)', /’t>)9 .] € ER’ (614)

where % is the constant of the jth chemical reaction.
Using Gibbs relation and the conservation equations, the balance equation governing S* is then
obtained in the form

Q xpVoV-u i
0,8% + V-(uS™) + V(- % - gTJ;) =

1
- (P pI- (%Vp@Vp - pV-(%Vp)I)) : Vu

~ (@~ %pWoV-u)-v Zjvg’ - Z# (6.15)

€S €c

Using the expression of the transport fluxes and the production rates the balance of entropy is finally

eX eX q _ & -\ _ 2
0,8 + V-(uS )+V(T ZT (Vu) +2T|S|
81
+ 2 LiV(Z) V() + 30 RKG( ) = ) exp(v) ) = exp(h, ).
i,jeGU{e} JjeR
where we have let g. = —1 for convenience, S denotes the deviatoric part of the strain rate tensor

S = Vu + Vu' — $V-ul, and |A* the Frobenius norm |AP = A : A = Yiar; a? of a tensor A = (a;;), so that
entropy production appears as a sum of nonnegative terms.

6.4. Augmented formulation

The equations governing cohesive fluids (6.4)—(6.6) may also be reformulated by using an extra
unknown vector w representing locally the gradient of density [82—87]:

w = Vp. (6.16)

We may also consider that the spatial dimension d has eventually been reduced with 1 < d < 3. The
governing equation for w is obtained by applying the differential operator V to (6.7) and reads

dw + D0 wu; +pVu) = 0, (6.17)

€D
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where O = {1,...,d} denotes the indexing set of spatial directions, u; the velocity in the ith spatial
direction, and 0, the derivative in the ith spatial direction with uw = (uy,...,uy) and V = (9y,...,0,)
in d dimensions.

The augmented conservative u and natural z variables for multicomponent mixtures are then

u=(o1,....0nw,pu,&+ pluf), z=1....pnmw,u,T), (6.18)

and are vectors of R" with n = n +2d + 1. The vectors of R" are decomposed as R" = R" x R x RY x R
and the transposition operation is made by block for such column vectors for the sake of notational
simplicity. The equations governing the multicomponent augmented system are given by

du+ Y O (F+F+F)=Q (6.19)

i€D

where F; denotes the augmented convective flux in the ith direction, F; the augmented cohesive flux
in the ith direction, F¢ the augmented dissipative flux in the ith direction, and Q the chemistry source
term. These fluxes are identified by using the Legendre transform of entropy as in the single species
situation [87] and found to be

Fo = (o1t . pottis Wit pra; + (p + lwP)e, (82 + LpluP + p™ + wPs),  i€D  (6.20)
F = (0.....0.pVu;, —pV (xew;), prw-Vu; - pu-V(%w,-))t, 6.21)
t
Fl = (it s Tois Ouats P i+ ) Piuy) (6:22)
Jj€D
t
Q= (mw; ..., mw,,0,0,0), (6.23)

where P?j, i, j € D denote the components of the viscous tensor P (P?j)i, jeDs Pl i e D, the vectors
P = (7’?1, e ,P?d)t, e;, i € D, the base vectors in RY, w = (wy, ..., wy,)’, the spatial components of w,
q = (q1,-..,q4), the spatial components of the dissipative heat flux ¢, J; = (J1;, ... Ju)', the spatial
components of the mass flux J; of the ith species and Q the source term. The resulting augmented
system is easily found to be equivalent to the original system by using calculus identities in a similar
way as for single species fluids and the cohesive flux F? is similar to that of single species fluids [87].
It is interesting to note that the relavant pressure is then p*™ + x|w|* = p + %%lez.
As for single species fluids, the cohesive F¢ and dissipative F¢ fluxes are linear in the gradients, and
may thus be written:
Fl=->Blou  F=->Bju ieD, (6.24)

- -
JjED JjED

where B?j and Bj; are uniquely defined matrices. We may further introduce the Jacobian A; = d,F; of
the convective flux F; and the governing Eq (6.19) may finally be written as an augmented quasilinear
second order system of partial differential equations

du+ Y AWIU- Y dBLWIL) - > (B Wdu) = Qu). (6.25)

€D i,jeD i,jeD
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The coeflicient matrices A; = d,F;, B?j, and B - for i, j € D, have at least regularity C*~! over the open
set Q. As for single species fluids, the original systems (6.4)—(6.6), that involves third order derivatives
of density in the momentum equation, has been rewritten in the form of a quasilinear second order
system. This hyperbolic-parabolic second order structure has been found convenient in order to derive
a priori estimates, and to establish existence results as well as for numerical simulations [82—87]. The
corresponding symmetrized equations have symmetric dissipative terms issued from B?j, i,j€D,and
antisymmetric cohesive terms issued from B’If“j, i,je DI[87].

6.5. Extended thermodynamics
Using the local representation w of the density gradient, the thermodynamic functions are now local
functions in the form
E* =&+ 1 — Torn)wl’, p™ = p— 1wl
S*=8- %57%|w|2, gy = & ke G.

The matrix A closely associated with the thermodynamic stability of multicomponent mixtures [9] may
also be written as

A=(A A, = 8 pe 6.26
—( ij)i,jee, ij — T T ( . )
The extended thermodynamic functions depend on z = (o1, ..., 0., W, U, T)t over an open set O, C R".
The open set O, is said to be increasing with temperature if (o1, ...,0,, w,u,T) € O, implies that

©15-- oW, u, T") € O, for any T" > T. The thermodynamics functions &%, p**, and S** defined
over O, are said to define an extended thermodynamics if the following properties hold.

(Ho) &%, P, 8% are C” functions of z defined over O, C (0, 00)"xRIxR¥x(0, o). The open set O, is
nonempty and connected and x = »(T) is a C**! function of temperature T. If (T, py,...,p,) €
O;, then (p1,...,p,,0,0,T) € O,, and if (01, ...,p,w,u,T) € Q,, then (T,py,...,p,) € Oz

(H1) Letting g* = g = 0,6 — T0,, S, we have the extended volumetric Gibbs’ relation TdS™ =
dE™ = Yice &7dp; — xw-dw and the constraint E* + p™ — TS™ = 3 ..c pig™.

(Hy) For any (T,yi,...,y,) € (0,00)'"", such that Y,.cy; = 1, and any u € R, there exists a
threshold density py, > 0 such that (py1, . ..,py,,0,u,T) € O, for 0 < p < py, and
lim (&% -&Y) =0, lim (P - P1) =0, lim (8% -89 =0. (627)

p—0,w=0 p—0,w=0 p—0,w=0

Assumption (Hp) describes the regularity class of extended thermodynamic functions, (H;) is
associated with the extended Gibbs relation for volumetric quantities, (Hz) and with the compatibility
with ideal gases. These properties are natural extensions of those concerning the classical
thermodynamics (7,-72). We now introduce that Property (Hs3) associated with the thermal
stability condition.

(H3) The open set O, is increasing with temperature T, the specific heat is positive 07E* > 0, and
the capillarity coefficient is positive x(T) > over O,.
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The thermodynamic stability of the augmented model is now analyzed in the following proposition.

Proposition 6.1. Assuming that (Ho-Hs) hold, the Hessian matrix 63”8"”‘ is negative definite if, and
only if, A\ is positive definite, 07E™ > 0, and » > 0.

Proof. This is a consequence of the expression

1 2
(02,87 %, X) = — m(xg — (0,8 = LuP I, — ux, — (¢ = Tra)wexy )
% 2 1 2
— (A %0y = 7 x| = ﬁ|x,, —ux,|’, (6.28)
where 0 = (p1,...,p,), I =(1,...,1), and X = (Xp, Xw, Xu, Xg)" denotes an arbitrary vector of R" with
Xo = (Xi1,...,X,)". This expression then directly yields that stability is equivalent to ;& > 0, % > 0,
and A is positive definite, keeping in mind that 7 and p are positive. O

An important consequence of Proposition 6.1 is that the classical and extended thermodynamics
have the same unstable states solely determined by the spectrum of A = A® keeping in mind that
thermal stability holds with (73) and (Hz). Extra assumptions may also be introduced concerning the
normal variable in the following form:

82 — 81 8n — &1
T T

(Hy) The map (01,...,p,,T) — (p, , T)t is a C*~! diffeomorphism from O onto

an open set Q..

Assuming (Ho-H,4), we then deduce that the matrix A is positive definite if, and only if, det A > O.
Therefore, in this situation, keeping in mind that thermal stability also holds, 62,S is negative definite
if, and only if, det A > 0 and thermodynamic stability has been reduced to a scalar condition as for
single species fluids where it is reduced to the mechanical stability condition [87].

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, A = {1,...,n*} the set of atom indices, and n* > 1 the number of
atoms—or elements—in the mixture. The atomic vectors q;, [ € U, are defined by a; = (ay;, ..., ay)".
The assumptions for chemistry terms (CH) and transport coefficients (TRP) may also be written in the
following form.

(CH) The atom conservation relations (v;,a;) = 0 hold for j € R,l € W and m = Yo m;a.. The
rate constants Kj, j € R are C” positive functions of T > 0.

(TRP) The coefficients v, n, and the matrix L are C? functions over Q,. We have n > 0, v > 0,
v+n(l - %) > 0, L is symmetric positive semi-definite, and N(L) = R(1,...,1,0)".

Under the assumptions (Hp-H4) and (TRP), it is possible to introduce a normal form for the system
of equations with symmetric dissipative terms, antisymmetric capillary terms, and to obtain local
existence theorems [87].

7. Strained flows with diffuse interfaces

We investigate the low Mach number approximation of diffuse interface fluids and next present the
self-similar strained flow equations that will be solved in the next section.
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7.1. Small Mach number setting

We assume that the Mach number is small and consider the situation where the interface is planar.
We also assume that the capillarity coefficient » is independent of temperature so that it is a constant.
Proceeding as for classical fluids [8,29], we may expand the bulk pressure p in powers of the square
of the Mach number e:

p=Dp+€D, (7.1)

with p denoting the zeroth-order thermodynamic pressure and p the fluid perturbation. The classic
thermodynamic properties may then be evaluated at the zeroth-order pressure p. The zeroth order
pressure tensor is then in the form P = pI- %%lelzl +xVp®&Vp—xpApl, and substituting this expansion
in the momentum equation, it is found at zeroth-order that

V-(pI - 1%l T + x%p@Vp — %pApl) = 0. (7.2)

This low Mach number relation is also the slow flow limit obtained by neglecting both convective
and diffusive terms in the momentum equation. All other unknowns other than pressure are also
expanded in terms of the square of the Mach number and—in order to simplify notation—are denoted
as their zeroth-order value. The perturbed pressure p plays a role in the momentum equation, and
from p™ = p — 1x%|Vpl* it is obtained that p™ = p — 1x%|Vp|* + €*p. For standard fluids where x = 0,
we then recover that the ambiant pressure p is spatially uniform [8] since V-(pI) = Vp = 0. When
capillary effects are included, the small Mach number relation (7.2) is not practical without further
simplifying assumptions.

We assume that the interface is planar so that all quantities only depend on a normal coordinate y
and on time with p; = pi(t,y),i € S, p = p(t,y), p = p(t,y), and T = T(t,y). In this framework, the
zeroth order pressure tensor P is in the form P = (p - %%p’z — xpp” ) + xp’ *e,®e,, where e, denotes
the unit vector normal to the interface, p’ = d,p(t,y), and p” = éﬁyp = Ap(t,y). From the normal
component of the zeroth order momentum, we deduce that p + %%,o’2 — xpp” is a constant denoted by
p>X =p+ %%p’z — xpp”. This pressure p™ is simply the constant pressure of the bulk phases far from
the interface. The resulting zeroth-order pressure tensor is then given by

P = (p= —np' )1 - e,e,) + p~e,Re,,

so that normal to the interface, the effective pressure is constant given by p™ whereas there are attractive
forces tangential to the interface. The corresponding energy f_ o; %p’? dy may then be interpreted as
surface tension [25,27,28].

For planar interfaces, only the perturbed pressure p is playing a role in the tangential momentum
conservation equation and not the perturbed density p. The zeroth-order energy conservation equation
in terms of the bulk enthalpy A** = h also takes the simplified form

p0,h+ puV-h+V-q=0,p+uVp, (7.3)
with a term u-Vp that is not anymore a priori negligible as for standard fluids. Note incidentally that
there is a typographic error in reference [29] with Q instead of ¢ in the bulk enthalpy equation as noted

in [30].
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7.2. Strained flows

The geometry is considered to be either two-dimensional or axisymmetric and the spatial
coordinates are denoted by (x,y) where x is parallel to the interface and y is normal to it. The
corresponding components of the velocity vector # are denoted by u = (u, v)'. The solution is assumed
to have the following self-similar structure [8,29, 30,76,92,93]

T =T(,Yy), Jol

U = xu(t,y),

P, y), p =py),
V(ﬁ)’), Yi = Yi(t7y)’

p=-1Jx+p@,y),

where J is a reduced tangential pressure curvature. It is deduced then from (6.11) and (6.12) that the
heat and mass fluxes only have a normal component J; = Je,, i € S, and ¢ = ge, and Ji(t,y),
i € S, and ¢(t,y) are the normal flux components. Using such expressions in the equations in the
low number approximation, the normal momentum equation is found to uncouple and the tangential
momentum equation has its terms proportional to x. The resulting system forms a two-point boundary
value problem given by

0 + 2°pU + 0, (pv) = 0, (7.4)

poyyi + pvayy; +9,7; = 0, i€, (7.5)

P00 + pu” + pvo, U~ J +3d,(nd,v) =0, (7.6)
PO + pvd h —vd,p +d,q =0, (7.7)

where 6 = 0 in a two-dimensional geometry and 6 = 1 for axisymmetric flows. Incidentally there
is also a typographic error in the strained flow enthalpy equation of reference [29], but the correct
enthalpy Eq (7.7) has properly been used in the simulations [29,30]. The dissipative normal mass and
heat fluxes are given by (6.11) and (6.12) in their thermodynamic form

Ji= - Z Lijay,(‘%) - Lieay(_?l), ies, (7.8)
je . 3
q=- ; Lad,(3) = Leedy (=), (7.9)
and it has been established in Section 7.1 that
P =P~ = 5#(0,p)° +xp p, (7.10)

where p™ denotes the constant ambient pressure far from the interface. The boundary conditions are
in the form

T(—o0) =T, T(+00) = T, (7.11)
yi(=o0) =y;, yi(+o0) =y, (7.12)
u(—o0) = a+pt/p-, u(+o0) = «, (7.13)
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where the superscript + is associated with the fluid coming from the positive side on the right, the
superscript — to the fluid coming from the negative side on the left, and « is the strain rate related to
the pressure curvature with the relation

a = (J/pH'2. (7.14)
The stagnation plane is finally located at the origin with
v(0) = 0. (7.15)

In the situation where the flow is steady, the governing equations are then simplified in the form

2°pU + 8, (pv) = 0, (7.16)

pvayy[ + Gyji =0, e, (7.17)

pU” +pvd,TU — J +8,(nd,T) = 0, (7.18)
pvo,h —voyp +0,q =0, (7.19)

and form a steady two-point boundary value problem. Note that with the small Mach number
relation (7.10) we do not need the augmented formulation in order to obtain a set of equations only
involving only second order derivatives.

7.3. Dissipative transport fluxes

In order to evaluate the multicomponent fluxes, the reduced potential u; = m;g;/RT may be
decomposed in the form
i = log X; + ,Ll?m, (720)

so as to isolate the singular component log X; when the mole fraction x; goes to zero whereas the
component ;™ remains smooth. We may thus evaluate Vy; in the form VX;/x; + Vui™ and the smooth
part 4™ is given by

sm mig}d* RT Yy mib,- m,-ab,-
o oKy 5 Y b
RT v —>b)p¥m SEmjv- b RTb(v+b)
abl bay.a m; b
——1log(1l + — 7.21

where gi'* denotes the ideal gas Gibbs function of the ith species at the standard pressure p*.
The mass and heat transport coefficient matrix L of size n + 1 may be written [18, 80]:

D DA
L = , (7.22)
(DR)  AT? + (Dh, k)

where D is a matrix of size n, £ a vector of size n, A the thermal conductivity, and ( , ) the Euclidean
scalar product. When thermodynamic stability holds, the matrix coefficients D;;, i, j € S, and the
vector f;, i € S, are given by

m Xi
Dij = pYiy D hi=hit RTY, (7.23)

1
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where D;j, i, j € S, denote the multicomponent diffusion coefficients, &;, i € S, the species specific

enthalpies defined by h; = Ey,-h’ i € S, where the derivative is thus taken at constant pressure, and y;,
i € S, the reduced thermal diffusion ratios [18,80]. The multicomponent diffusion coeflicients D;; are
obtained with an approximate inversion [8, 105—-111] using

D = (A +y®y) - I,

where y denotes the mass fraction vector, I = (1,...,1)" the vector with unit components, A the
Stefan-Maxwell matrix
XX XX
Akk:Z#’ Akl:_#, k#1,
#k ki kl

X the mole fraction of the kth species, and Z)E}“, the binary coefficient for the species pair (k, ), k # 1.
The binary diffusion coefficients Z),'i}“, k,l € S, k # [, are calculated by using the kinetic theory of
dense hard sphere mixtures [80, 116] and read D" = DX/ Yy, k,1 € S, k # [, where D" denotes

the ideal gas binary diffusion coefficient and ;; the steric factor
T=1+ Z B (8( oyt O'Jk) 6(0',k + 0']k)0'11 3(0'1-2k - 0'?,()20';,1 + 0'?].).

We have denoted here by o; the collision diameter of the species pair (i, j), W = pN/my the
particle number density of the kth species, and by N the Avogadro number. The viscosity and thermal
conductivity may be calculated from the correlations of Ely and Hanley [114] or Chung et al. [80,115],
and the thermal diffusion ratios y;, i € © are evaluated as for ideal gases [80].

The properties of the matrix L are derived from the properties of the matrix D = (D;;); jec Which is
symmetric positive semi-definite with its null space N(D) = Ry [8, 107-111]. When thermodynamic
stability does not hold, the expression (7.22) is still used with the same binary multicomponent
diffusion coefficients, but some care must be taken in order to evaluate the species’ specific enthalpies
h; = ayl,h, i € S. We indeed have the identity

a)’kp
hk_ah Oy h - aha_, (7.24)

so that at a mechanical thermodynamic unstable point where d,p = 0, the species’ specific enthalpies
hi, k € S, are exploding and, thus, also some components of the matrix L. This is an expected behavior
since it is known that singularities in the transport coefficients may arise at critical points. It is therefore
necessary to control the size of the vector /. To this aim, the derivative d, p is rewritten in the form

_ m . _
0y,p = o P+ R, (7.25)

my

where the residual R; is given by

RT ma by Qg
Rk:{(v—b)z +v(v+b)2};yj(;j mk v(v+b) yJYI : _J__)'
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The interest of this formulation (7.25) is that R, vanishes for the pure spegies statey, = l and y; = 0,
l € S, 1 # k. The species enthalpies are then written in the modified form A, k € S, with

7 pm Ry
hy=0,h——0 h— 0 h,
O T i@,p)

where f is a smooth approximation of the function f(x) = max(m, x) for a positive constant m > 0 which
depends on the mixture upon consideration. Such revised enthalpies are such that Iy = Iy away from
the vaporizing zone, and when the kth species is the only species present, it remain always bounded.
The points where the matrix L is effectively changed only concern zones of the fluid where temperature
is essentially constant so that the stabilization of the matrix L does not modify the physics involved.
For similar reasons, we did not include in the model the complex behavior of transport coefficients near
critical points. Note finally that the traditional formulation of transport fluxes is not recommended and
the thermodynamical formulations (7.8) and (7.9) are to be preferred since they eliminate the many
exploding quantities at mechanical instability points.

7.4. Nonlinear solvers

Thermodynamic functions and chemical production rates may conveniently be evaluated by using
application independent libraries like CHEMKIN [94] or CANTERA [95] since this allows us, in
particular, to develop application independent software suites.

Nonlinear equations typically associated with multiphase equilibrium or critical points may
be solved by using Newton’s method or any of its variants [96]. Once a first solution is
obtained, continuation techniques may then be used to generate solution branches depending on
a parameter [97, 101]. Continuation techniques reparameterize the arc of solutions using pseudo-
arclength coordinates [97, 101]. These methods have notably been used in order to investigate
the location of nontrivial zero eigenvalues of entropy Hessian matrices or for the determination of
thermodynamic stability domains for binary mixtures.

7.5. Two-point boundary value problems

The two-point boundary value problem (7.4)—(7.15) associated with strained diffuse interfaces has
been discretized by using finite differences on staggered grids. The normal velocity is discretized at
midpoints whereas the other quantities are discretized at node points. The set of discretized equations
may be solved by using Newton’s method and self-adaptive grids [98, 99]. The grid points are
located by equidistributing a weight function associated with gradients or curvatures [97, 98]. The
Jacobian matrices have a block-tridiagonal structure and are solved by direct methods. Pseudo unsteady
iterations may also be used to bring the initial guess into the domain of convergence of steady Newton’s
iterations [98,99]. Continuation techniques may also be used to generate families of diffuse interface
strained flows [101].

Evaluating aero-thermochemistry quantities is computationally expensive since they involve
multiple sums and products. Highly optimized thermochemistry and transport routines have been used
and further extended to the high pressure domain [102-111].
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8. Validation of the formalism

In order to validate the thermodynamic formalism developed in the previous sections, numerical
simulations are compared with experimental measurements. We investigate, more specifically,
thermodynamic properties of ethane and nitrogen and thermodynamic stability of C,H¢-N, mixtures.
We also simulate numerically strained flows of ethane with diffuse interfaces in order to illustrate the
use of the extended formalism.

8.1. Parameters for the SRK equation and capillarity

The pure species attractive and repulsive parameters per unit mass @; = +/a; and b;, i € S, associated
with the SRK equation of state (5.1) and (5.2), can be evaluated from the critical data [80]. Assuming
that the ith species is chemically stable, the attractive parameter a.; at the critical temperature 7. ; of
Proposition 5.4 and the repulsive parameter b; are evaluated in the form

s 2TC2i RT.;
@2 = ag; = 0.42748—-L, by = 0.08664—", (8.1)
’ s Pe.i m;pe,i

where T.; and p.; are the critical temperature and pressure of the ith species. The attractive
and repulsive parameters of chemically stable species like C,Hg, O,, N, or H,O, or metastable
species like H,O,, may thus be determined from such critical state conditions. The quantity s; from
Proposition 5.4 may also be expressed in the form

s; = 0.48508 + 1.5517@; — 0.151613w7, (8.2)

where @; is the ith species acentric factor [113]. The attractive and repulsive parameters and the
acentric factors that have been used for ethane C,Hg and nitrogen N, are presented in Table 1.

Table 1. Critical state and acentric factor of ethane and nitrogen from NIST.

Species T.; (K) pc;(bar) (o
C,Hs 305.3 49.0 0.098
N, 126.1 3998  0.0372

This procedure, however, cannot be generalized to chemically unstable species like H, O, or OH
radicals since critical states do not exist for such species [80]. Assuming that the ith species is a
Lennard-Jones gas, however, it is possible to estimate [74,75] a pseudo-critical state and to deduce that

N0 o
st b= (0855 £0018)—~, (8.3)

1

a[(TC,,-) = (555 + 012)

m

1

where N is the Avogadro number, and o; and ¢; are the molecular diameter and Lennard-Jones potential
well depth of the ith species. Note that this procedure is less accurate for stable species [80]. Finally,
the thermodynamic properties of ideal gases may be evaluated from the SANDIA database, the
NIST/JANAF Thermochemical Tables, or from the NASA coefficients [113,117-119]. It is important
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to note that the required parameters for the SRK equation of state or the ideal gas mixtures are obtained
from independent physical measurements or quantum simulations of fundamental fluid properties in
such a way that there are no adjustable parameters in the thermodynamic model.

The capillarity coeflicient may be obtained from experimental measurements of surface tension but
also increased in order to artificially thicken the diffuse interfaces as done in this paper. Thickening an
interface may generally modify surface tension forces so that there is a trade-off between grid limitation
and the resulting artificially increased surface tension.

8.2. Thermodynamic properties of nitrogen

We investigate the specific heat at constant pressure c,(7, p) of pure nitrogen as a function of
temperature 7" at p = 10 MPa. For a given pressure p,s and temperature 7., for a given pure species
withn = 1, © = {1}, y; = 1, the corresponding specific volume(s) v may be obtained by solving
the cubic equation p(Trer,v,y1) = pr. Denoting by viy and v, the lowest and highest solutions,
the fluid is liquid with volume vins if g(Trer, Ving, Y1) < &(Tret, Voup> Y1), gaseous with volume vy,
if g(Trefa Vsups Y1) < g(Tref, Vinf, YI)’ and both states coexist when g(Tref, Vinf, YI) = g(Tref’ Vsups y1)
The constant pressure heat capacity is then taken to be the partial derivative with respect to Ty of
h(Tref, Vinf(Tref’ pref)a YI) or h(Tref’ Vsup(Tref’ pref)a YI) depending on the gasceous or hqlnd state of the
fluid with h = e + p/p.

The constant pressure heat capacity c,(T, p) of nitrogen N, is presented in Figure 1. The constant
pressure heat capacity of ideal gases is also presented and only agrees with the nonideal heat capacity
and sufficiently large temperature. There is also a very good agreement with the experimental data
from Youglove [121] and Youglove and Ely [122].

2.8x107

2.6x107 + B

2.4x107 B E

2.2x107 + =

2x107 + E

1.8x107 - J

¢p (ergs.gt.k1)

1.6x107 -

1.4x107 -

1.2x107 -

1x107

0 100 200 300 400 500 600 700 800
T (K)

Figure 1. Constant pressure specific heat of pure nitrogen; —_ SRK; ___ Ideal gas;
+ + + experimental measurements from Younglove [121] and Younglove and Ely [122].

The saturation pressure pg, of nitrogen as a function of temperature 7" is obtained by solving the
nonlinear equation g(Tret, Vint, Y1) = &(Tref, Vsup> Y1), Where vipe and vy, are the lowest and highest
solutions of the cubic equation p(Tyet, v, Y1) = Pret, and we then have ps = psa(Trer). The saturation
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pressure of nitrogen as a function of temperature is presented in Figure 2, and very good agreement
is obtained with the experimental data from Youglove [121]. The mechanical stability limits are also
presented on this plot and the saturation curve logically stays within the unstable zone. A similar curve
has been obtained for ethane with very good agreement with the experimental data from Youglove and
Ely [122], and these simulations validate the nonideal thermodynamics.

2.5 -

P (MPa)

1.5

130

T (K)

Figure 2. Saturation pressure of pure nitrogen; — SRK; ___ mechanical stability limits;
+ + + experimental measurements form Younglove and Ely [122].

8.3. Thermodynamic of ethane and nitrogen mixtures

We now consider a mixture of ethane and nitrogen and the species indexing set may be taken in
both forms S = {1,2} = {C,Hg, N,}. Thermal stability holds for the SRK thermodynamics and it has
been checked that the quantity A, + A;; — A2 — Ay remains positive for mixtures of ethane and
nitrogen in such a way that thermodynamic stability is equivalent to det A > 0 as in Corollary 3.8.
The thermodynamic stability domain of the mixture may thus be determined by solving the equation
det A(T,v,y) = 0 and the mechanical stability domain—of the mixture—by solving the equation
0,p(T,v,y) = 0. We have used a continuation in the variable v for solving the system

T = Trefa
det A(T,v,y), (8.4)
yi+y: =1,

that is, used nonlinear solvers and continuation methods [96, 98, 101] in order to generate the whole
stability domain. We also used in practice the rescaled matrix A of Proposition 4.2 that is more
convenient than A. The thermodynamic stability domain and the mechanical stability domain are
presented at temperature 7 = 200 K in the plane (yc,u,,v) on Figure 3. The unstable zones are
inside the curves and the mechanical unstable domain is naturally interior to the thermodynamic
stability domain.
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Figure 3.  Stability limit domains of ethane-nitrogen mixtures at 7 = 200 K;
— thermodynamic stability; -__ mechanical stability limits.

Multiphase equilibrium mixtures of ethane and nitrogen have also been investigated. For a given
T\ef, We have used a continuation in terms of the v* variable for solving the system of equations:

TH=T"= T,
p(TH AV yH) = p(T°,0',y"),
gu(TH VA yh = g (T, y"), (8.5)

o(TH VA yH) = g (T W, yP),

ViHvi=vi+vi=1.

The equilibrium curve between ethane and nitrogen at 7 = 220 K is presented in Figure 4 in
the (yc,n,, p) plane. The experimental measurements are taken from Youglove [121] and Youglove
and Ely [122] with an overall very good agreement with the simulations. The top of the numerical
equilibrium curve is a critical point of the binary mixture, i.e., a maximum of pressure with respect to
the relative concentration.

20
15 - N
+
= 10r 1
o
=
o
5| ]
0 1 1 + 1 1 t{}.
0 0.2 0.4 0.6 0.8 1
YC2Hg
Figure 4. Equilibrium between ethane and nitrogen at 7 = 220 K; _—_ numerical

simulation; + + + experimental measurements from Younglove [121] and Younglove and
Ely [122].
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We have also investigated the critical points of ethane-nitrogen mixtures. The critical points of pure
mixtures are solutions of 4,p = 0 and §%p = 0, but the situation of mixtures is more complex. Critical
points may be obtained by using a continuation in the v, of the system of equations [128]

6X|g(TC9 VC’ YC) = 09
05, G(Te, ve,ye) = 0, (8.6)
Ye1 + Y2 = 1.

Only the relevant branch starting from the critical point of pure ethane given by 7, = 305.3 K and the
pe = 4.9 bar is investigated [112]. The critical diagram in the plane (7', p) is presented in Figure 5 and
found to be of type III according to the classification of Konynenburg and Scott [112,113]. Binary O,-
H,O mixtures also have such a type III critical point diagram [29,127]. A very good agreement is found
with the experimental measurements of Eakin at al. [124], as well as those of Stryjek et al. [125]. In
the lower temperature part of the curve, the tendencies are well reproduced with a temperature shift of
30 K in comparison with the measurements of Wisotzki and Schneider [126], and all these simulations
validate the nonideal mixture thermodynamics. The critical diagram in the plane (yc,n,, p) 1s also
presented in Figure 6, and we notably observe a turning point with respect to the ethane mass fraction
ye,n, that is easily taken into account by using continuation methods.

50

40

20 -

p (MPa)

0 1 1 1 1 1
50 100 150 200 250 300 350

T (K)

Figure 5. Diagram of critical points for C;Hg-N, mixtures in the (7, p) plane; — numerical
simulation; s * % experimental measurements from Eakin et al. [124]; AAA experimental
measurements from Stryjek et al. [125]; + + + experimental measurements from Wisotzki
and Schneider [126].
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Figure 6. Diagram of critical points for C,Hs-N, mixtures in the (yc,n,, p) plane.

8.4. Strained flows of ethane

We investigate a steady strained flow of ethane governed by the system of Eqs (7.16)—(7.19) with
the boundary conditions (7.11)—(7.15). The flow parameters are taken to be

T~ =400 K,
a=100s"",

T" =250K,
p~ =3 MPa.

8.7)
(8.8)

The capillarity coeflicient is varied to be
x=5.10" 107, 1072, 107! cm’g's™.

For these pseudo-vaporizing interfaces, C,Hg is the only chemical species and no species equations are
solved. The mass density p(y) normal to the interface is presented as function of y in Figure 7 for the
various capillarity coefficients. The liquid-like phase is on the righthand side and the gaseous phase is
on the left side.
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Figure 7. Mass density of ethane fronts for p> = 3 MPa and various capillarity coefficients.
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The capillary parameter » has an important impact on the interface structure. The lower the value
of x, the sharper the interface, and when » — 0, the infinitely thin interface—discontinuous—solution
is recovered. The corresponding local pressure p curves, at subcritical ambient pressure p™, then
essentially follows an isotherm curve of the SRK pressure law at the interface as analyzed in [29, 30].
This would not be the case at supercritical pressure where the local pressure variation in the interfacial
region goes to zero with the capillary parameter x [29,30].

9. Conclusions

We have investigated the mathematical structure of multicomponent fluid thermodynamic allowing
instabilities. We have also investigated the construction of such thermodynamics from equations of
states with a special emphasis on the SRK state law. Numerical simulation of C,Hg-N, chemical
instabilities as well as strained fronts have shown the applicability of the resulting thermodynamics.
Overall, a very good agreement has been found with experimental data of thermodynamic properties
without any adjustable parameters.

The thermodynamic formalism presented in the paper could potentially be used in association with
any compressible mixture fluid model. It may be used, for instance, to investigate gradient flow
structures—valid in the absence of convection phenomena and numerical stability issues, as well
as Cahn-Hilliard models. The direct numerical simulation of multidimensional flows with diffuse
interfaces using an augmented formulation of the system of partial differential equations would also be
of high scientific interest.
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Appendix
A. The single species case

In this section, we discuss for completeness the situation where there is only one species with n = 1
and S = {1}. It is first possible to apply the general formalism to this special situation, but further
simplifications are usually introduced to abridge the model by eliminating formally y,. Since the mass
fractions are assumed to be independent, the mass fraction of the single species y; is indeed not a
priori unity and must be taken into account in the general Gibbsian homogeneous formalism. The
natural variable then reads ¢ = (T, v, y;)’, the thermodynamic is defined with e(), p(¢), and s({), and
Gibbs relation is in the form

Tds =de + pdv — gidy;,. (A.1)

We may, however, define for convenience the specific volume v; by setting
vV =YyVi. (A.2)
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From the 1-homogeneity of the thermodynamic functions e({) and s({) and the 0-homogeneity of p({),
we then obtain that e(7,v,y,) = yie(T,vy, 1), p(T,v,y;) = p(T,vy,1), and s(T,v,y;) = y15(T, vy, 1).
We may thus define the densities e(7,v,) = e(T,vy,1), p1(T,vi) = p(T,vi,1), and (T, vy) =
s(T, vy, 1), in such a way that

e(Q) = yiel(T, v), (A.3)
P = pi(T,v1), (A4)
$(§) = y151(T, v1). (A.5)

From the definition g, = ayle - Té)yls, we also deduce that

1%
g1= 0y, (Ve v/yr, D) = Tyis(T,v/yi, D) = er = T + yy%av(emvl, D = Tyis(T,v1, 1),
1
so that
g1 = e —Ts + Vip1. (A6)

We have g; = e; + vip; — T's1, and since g; is 0-homogeneous, we also have g;({) = g(T, vy, 1).
From Gibbs relation Tds = d e dT + (p + 0,e)dv + (6y1e — g1)dy;, we now deduce, after some
algebra, that
yi(Tds; —dey + pdvy) + (T's; — ey —vip1 + g1)dy; = 0,
and this yields the usual relation
Tds, = de; + pdvy, (A.7)

that is, the classical Gibbs relation without the homogeneous framework. In other words, the
thermodynamics functions generally used when n = 1 are ey, p, s; functions of (7,v,) that differ
formally from e, p, s that are functions of functions of (7, v, y), but the link is easily made.

B. Proof of Propostion 2.6

We present in this appendix the proof of Proposition 2.6 and denote by ¢, f*, f', ... * the natural
basis vector of R**".

Proof. We first calculate the coefficients of the Hessian matrix Eéfs when { — ¢ is a C? local
diffeomorphism. From d,s = 1/T, we get that T20%,s = —8,T and T29%,s = —d,T. Moreover, for
any function y of £ or &, we have the differential relations

dx = 0rx d,T, drx = d,x Ore, (B.1)
Oy =0x+0, x0T, 0Ox=0x+0yde, (B.2)
5}’){\/ = ale + 6T)( EykT’ ale = 5}’%\/ + 5&( ayke’ (B3)

and letting y = T in (B.2), we deduce that 3,T = —(9,T)d,e and, finally, T252,s = (8,T)d,e. Similarly,
we have T°07, s = =0, T, and using y = T in (B.3), we deduce 8, T = —(9,T)d,,e so that T°3,, s =

€Yk

(9,T)d,,e. Furthermore, we have 8;,5 = 9,(%), and using (B.2), we deduce that 4,(£) = 8,(%) +
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p 5 T. From the compatibility conditions (2.8) and 5 T = —(5 T)0,e, we thus obtain 52 =
0r p y
a,(% ) @, T)((9 9" Similarly, 82, 5 = 8 _(£), and thanks to (B.3), we have 6yk( ) =0, (5)+0,(% )6YkT

VY¥k

From the compatibility conditions (2. 8) and 9, I = (8 T)o,,e, we get

—~ (0,0)0,,e)
0oy, s ( ) (@0, )—
Since agm = Ey[(_Tg"), and using y = =% in (B.3), we also obtain that
(9y,0)(0y,€)
o y
By = 0,(0) = (0,12
Deﬁning’f\e = (1,-d,e, —6yle, e —(9yne)t, we have established that for any X = (X, X,, X{,...,X,)" €
R2+n _
a.T — a.p
(@smxx) = == (02 + 22 =23 0,5 xx = Y 6, (3. (B.4)
keS k,leS

We now prove that (i) implies (ii). Since & = ef® + vf" + Y ,cc y,f* and f° are not proportional
we deduce that ((~2 s)fe, ) < 0 so that §,T = T2<(6 s)f¢,f) > 0, and this yields d,e > 0 since
6 T O0;e = 1. Letting f = f + (0,e)f, we have (fe fy = 0and f = fV + (d,e)f, and since the mass
fractions are positive, £ cannot be proportional. Thus, d,p/T = «a,ffs)f’ f) < 0, and we have proved
that 9,p < 0. In the same vein, assume that Xy, ..., X, are arbitrary with (x;,...,x,) # (0,...,0),
consider f = 3 ..c x;f' + x.f¢, and select X, such that (fe f) = 0, thatis, X, = Xcc X;0,,e. Then, fand £
cannot be proportional since the volume per unit mass is positive, so that ((8§fs)f, f) < 0. This yields
that ¥y ez 0, (%) XX, = ((gégs)f, f) > 0 and the matrix A is positive definite.

We now prove that (ii) implies (i). From the identity (2.7), we deduce that 9,p < 0. Defining

= = (0,1, —aﬁ . 0”g”) and using (B.4), we easily deduce that for X = (X,, X,, X1, ..., X,)’
- _ (F',x)? gk, . 0,808
((Oge5)%, X) = 2 +0,p T —];(aw(?) + Tp)xkxl. (B.5)
e v

Thanks to (2.6) and (2.7), this identity is rewritten in the form

= (Fx? o (Fx)? Ay®Ay
(@i x) = =0T =+ d,p——~ ((A - Ay )Xy: X, ), (B.6)
where X, = (Xj,...,X,)". Since A is positive definite, we first note that A — AXQEAY is positive semi-
definite with null space Ry since for any X, = (X, ...,X,)’, we have
Ay®Ay (Axyy) (AXy.y)
{(a- Wy Xy) = (Alxy = GEFY): (% = Gy)- (B.7)

(Ay,y)

Since d;e > 0, d,p < O, and A — & <Ay>

from (B.6) that 62 s is negative semi-definite. Moreover, any vector X in the null space of 8§§s is

is positive semi-definite with null space Ry, it is obtained
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such that (f,x) = 0, (f',x) = 0, (A — ?{{?’;g)xy = 0. Since Xy, = (Xj,...,X,)" is in the null space of
A - ?X?’;? we first deduce that x, = Ay for some A € R. From the expression ofTV, we first obtain that

Xy = Dljec Xi0,8i/0,p so that X, = 4 ,.cy:0,8:/0,p. Using then the compatibility relations (2.8), we
have —0d,g; = d,,p so that X, = =4 Y;c y:0,,p/0,p and, finally, X, = Av because of the 0-homogeneity
of p. In addition, from the expression of/f\e, we get that X, = X,0,€ + Yjce xiayie,- so that x, = Avd, e +
A 2jez Yidy,ei, and X, = e because of the 1-homogeneity of e. We thus conclude that x is proportional
to & so that N(géfs) = Ré.

The proof that (ii) and (iii) are equivalent is a consequence of (2.7) and of the identity

1 —
(AXy, Xy) = m(z\xy, Y)Y + (AXy, Xy ),

where X, = (X, ...,X,)". This identity may be obtained from (B.7) or by decomposing X, in the form
Xy = ay +z with (Ay,z) = 0. O

C. The simplified multicomponent model

We derive in this appendix the multicomponent flow model investigated in previous sections from
a kinetic theory Cahn-Hilliard model [44]. The mixture fluid conservation Eqs (6.4)—(6.6) presented
in Section 6.2 are also valid for Cahn-Hilliard type fluids so that only the transport fluxes need to be
investigated. With the Cahn-Hilliard fluid model derived from the kinetic theory—indeed from the
BBGKY hierarchy—the pressure tensor # and the heat flux Q are found in the form [44]

P =p7l+ Z %;;Vpi®Vp; — Z piV-(ei;Vp)) + P,

i,je& i,je&

Q=) %%/ pVu+V-F) = > VeV Ti + q,

i,jeS i,jeS

where p* denotes the pressure, I the unit tensor, %;; = x%;;(T), i, j € S, the species pair capillary
coefficients that only depend on temperature, ¢ the viscous tensor, and ¢ the dissipative heat flux.
The species pair capillarity coefficients »;; may be related to the species pair interaction potentials [44].
The dissipative fluxes P9, J;, and q are given by

P! =—oVeul-n(Vu + Vu' - 2Vaul),

J=— ZLij(v(g%) B VV'(ZZ;S %jIVPl)) 3 Liev(%l)’

jeS

& VV-(Ties %ﬂVp’)) - L V(__l)

q=- Lei(V(T) T 7 )
i€

where v denotes the bulk viscosity, 1 the shear viscosity, and L = (L;;); jecuie; the mass and heat
diffusion matrix. These coefficients v, 7, and L are defined in the framework of the kinetic theory [44]

and are not phenomenological coefficients as in the theory of irreversible processes.
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The free energy ¥ = F(01,...,0nT) + %Zi,je@ %ijVpi*Vo; 1s of Van der Waals type, and the
corresponding thermodynamic properties are found in the form

& =86+ % Z(%ij — TOrx:))VpirVpj, pP=p- % Z %i;VpisVp,

i,jeS i,jeS
1 .
SV =81 ) 9rmyory. & =8, I€G,
i,jeS

where & is the energy per unit volume, p®* the pressure, S the entropy per unit volume, and g™
the Gibbs function per unit mass of the ith species. The extended properties are denoted with the
superscript whereas the corresponding classical properties that only depend on (o4, ..., p0,, T) do not
have any superscript. The extended Gibbs relation may further be written:

TdS™ = d&™ = )" ¢%dp; = Y #;VprdVp;. €D

€S i,jeG

In order to simplify the full Cahn-Hilliard model derived in the framework of the kinetic theory, we
assume that all the species pair capillarity coefficients are equal:

nij = %(T) l,] € .

The governing equations may then be simplified with the relations }’; i #;;Vo:®Vp; = %#Vp®Vp,
2 ez PiV(x;jVo;) = pV-(xVp), and }; jcc #ijpiVo;V-u = pVpV-u, as well as the thermodynamic
properties with 3, .. #;;Vo;-Vp; = %|Vp|>. Various terms may further be eliminated from the heat
flux with }; ez %;;Vp,; V-J; = 0 and }; jcc V-(x;;Vp;).J; = 0 since };cc J; = 0. The Cahn-Hilliard type
driving forces are also species independent, since };.c %; Vo, = #Vp, and are thus in the null space of
the mass and heat diffusion matrix L. The Cahn-Hilliard driving forces therefore disappear from the
multicomponent fluxes, and it is finally obtained that

P = p™I + xVp@Vp — pV-(x Vo)l + P, Q= xpVoV-u +gq, (C2)
, _1 ; _1
Ji=- jezs Lijv(g—T]) - LieV(T)’ q=- ; LeiV(g?) — LeeV(?). (C.3)

The thermodynamic properties also read

EX =815 pn T) + 20 = TOr2)| VoI, P = p(ors. o T) = 32 Vo, (C.4)
S* =81, ..o T) = 50r2%F, &~ = gilors-- o T), i€, (C.5)

and (C.1)—(C.5) is the multicomponent model investigated in the previous sections.
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