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Abstract

The following thesis is dedicated to the mathematical analysis of a model governing the flow
of chemically reacting compressible mixtures. We investigate the existence of weak solutions to
the Navier-Stokes system supplemented by the reaction-diffusion equations for the species. We
put particular emphasis on the reversible reactions and the state equation which depends on the
chemical composition of the mixture. In the first approach, we consider the isothermal steady
flow with diagonal, linear diffusion. However, a direct attempt to generalize this result for the
case of heat-conducting fluids leads to inconsistency with the second law of thermodynamics.
To avoid this discrepancy, the more complex form of the species diffusion flux, the so called
multicomponent diffusion, has to be considered. As a result, a new type of degeneration in the
species mass balance equations arises, which cannot be handled using the standard renormal-
ization techniques. We solve this problem by introducing the entropy variables which make it
possible to derive the basic a-priori estimate. The next important aspect of the studied model is
vanishing viscosity at the vacuum states. Postulating particular form of the viscosity coefficients
enables to obtain higher regularity of the density, necessary to define the notion of the weak
solution. Under this assumption we show sequential stability of weak solutions to the flow of
two-component mixture with the multicomponent diffusion. Further, for an additional modifica-
tion of the barotropic pressure in the neighborhood of small densities, we present the complete
existence result and prove the sequential stability of weak variational entropy solutions to the
flow of heat-conducting mixture of arbitrary large number of reacting species.
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Streszczenie

Niniejsza rozprawa po$wiecona jest analizie matematycznej przeptywéw chemicznie reagujacych
mieszanin $cisliwych. Badamy istnienie stabych rozwigzan dla uktadu réwnan Naviera-Stokesa
uzupelionego réwnaniami reakcji-dyfuzji poszczegdlnych sktadnikéw. Skupiamy sie na opisie
reakcji odwracalnych i réwnaniu stanu uwzgledniajacym sktad chemiczny mieszaniny. W pier-
wszej kolejnosci rozwazamy izotermiczny przeplyw stacjonarny z diagonalna, liniows dyfuzja.
Jednak bezposrednia proba przeniesienia tego wyniku na przypadek pltynéw przewodzacych
ciepto prowadzi do sprzecznosci z druga zasada termodynamiki. Aby tego unikngé, konieczne jest
wprowadzenie bardziej ogdlnej postaci strumienia dyfuzji sktadnikéow, tzw. dyfuzji wielosktad-
nikowej. W rezultacie, mamy do czynienia z nowym rodzajem degeneracji w réwnaniach bilansu
masowego sktadnikéw, ktory nie pozwala na wykorzystanie standardowych technik renormal-
izacyjnych. Rozwigzujemy ten problem poprzez zastosowanie zmiennych entropijnych, dzieki
ktorym udaje sie uzyskaé¢ podstawowe oszacowanie a-priori. Kolejnym waznym aspektem anal-
izowanego modelu jest zerowanie si¢ lepkosci w obszarach prézni. Przyjecie, ze wspdlczynniki
lepkosci sg funkcjami gestosci spetniajagcymi odpowiednia relacje pozwala na uzyskanie wyzszej
regularnosci gestosci, koniecznej do zdefiniowania pojecia stabego rozwigzania. Przy tym zatoze-
niu pokazujemy ciggowa stabilno$é¢ stabych rozwiazan dla réwnan przeptywu dwuskladnikowe;j
mieszaniny z ogdlng, dyfuzja. Dla dodatkowej modyfikacji cisnienia barotropowego w okolicach
prézni przedstawiamy kompletny dowdd istnienia stabych rozwiazan oraz dowodzimy ciggowej
stabilno$ci stabych wariacyjnych rozwiazan entropijnych dla przewodzacej ciepto mieszaniny
dowolnie wielu chemicznie reagujacych gazow.

Stowa kluczowe

rownania Naviera-Stokesa-Fouriera, przeptyw $cisliwy, przewodnictwo ciepta, mieszaniny chemicznie
reagujace, wielosktadnikowa dyfuzja, ciggowa stabilnos$¢ rozwiazan, duze dane, stabe rozwiaza-
nia, stabe wariacyjne rozwiazania entropijne

Klasyfikacja tematyczna wedlug AMS

35B45, 35D05, 35Q30, 76N10, 80A32
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Chapter 1

Introduction

This dissertation develops the existence theory for the flows of chemically reacting gaseous mix-
tures. We analyze the model formulated by the full Navier-Stokes system supplemented by the
reaction-diffusion equations for the species. Our principal intention is to handle the reversible
reactions and the pressure which depends on concentration of the chemical species. As a conse-
quence, one has to deal with more complex balance law for the entropy. This is the main source
of the a-priori estimates, provided the model is consistent with the principles of continuum me-
chanics and thermodynamics. To ensure that, more general than usual forms of the transport
fluxes must be considered. The mathematical investigation of such systems encounters various
problems arising mostly due to a strong cross-diffusion in the species transport and the insuf-
ficient information about the density satisfying only the hyperbolic equation. Because of these
difficulties, for a long time, the effort of mathematicians focused on systems simplifying either
the reactive or dynamical aspects of the flow, or minimizing the coupling between them. They
still can be used to model particular phenomena, but most of nowadays applications require more
detailed description. For example, in modeling hydrogen-oxygen system included in a number of
chemical mechanisms, as many as 20 different reactions can be taken into account involving the
eight species:

Hz, 02, HQO, OH, O, H, H02 and HQOQ.

Moreover, depending upon the temperature, pressure, and extent of reaction, all the reverse
reactions can become important [104]. The main motivation of this thesis is to undertake a first
step in solving some fundamental mathematical problems for such type of systems. Our approach
charges from several fragmentary results that have been obtained for compressible Navier-Stokes
equations so far. Below we present a brief survey on current state of the art in this area.

1.1 Overview of the theory

The existence theory for the compressible Navier-Stokes type of systems started to develop
at the end of 70’s when the first local existence theorems for solutions with arbitrary norm
(Tani [100], Solonnikov [98]) and global existence theorems for initial data sufficiently close to
an equilibrium [65] were established. In [65] Matsumura and Nishida considered the full Navier-
Stokes system (coupled with heat equation) and proved the existence of global solution around
the constant steady state, for the Cauchy problem with no external force. It was then extended
in [66,67] to the case of bounded domains and a half-space for small external forces. Under similar
assumptions, the issue of asymptotic stability was addressed by Valli [106]. It was a starting
point to further studies devoted to existence of almost-periodic, periodic and stationary solutions
for barotropic flow in a bounded domain with zero Dirichlet boundary condition [106-108|. Later
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14 CHAPTER 1. INTRODUCTION

on, these results were generalized by Valli and Zajaczkowski [109] for the heat-conducting fluids
with the inflow and outflow through the boundary.

The earliest result for the case of large external potential forces is due to Matsumura and
Padula [68] who adopted the energy method to prove global in time existence of strong solutions
which tend to a nontrivial steady state. For the relevant existence result in the LP approach we
refer to the papers of Mucha and Zajaczkowski [70,75, 76].

Concerning compressible steady flow, until early 90’s, existence of strong solutions near the
equilibrium corresponding to small perturbations of zero external forces became well understood
due to results of Padula [87], Beirao da Veiga [6] and Farwig [31]. They applied the energy method
in the spirit of [66], so the existence was obtained in the Hilbert and the Sobolev spaces. The
same approach was used by Novotny and Padula in [80] to investigate the small perturbations of
large potential forces, however the proof was relatively long and could not be easily generalized
for more complicated boundary-value problems. An advance in this subject was a method of
decomposition of velocity introduced by the same authors in [81] and then adapted by Novotny
and Pileckas to treat the large potential forces [82].

At the same time, in parallel to the theory of strong solutions, there appeared the first results
concerning discontinuous (weak) global solutions (Hoff [46-49|, Serre [93,94], Shelukhin [96]). In
case of large data some new ideas were exposed already by Padula [86] for the 2-dimensional
case and by Kazhikhov [52] when convection in the momentum equation is neglected. It is
here also worth to mention the result of Vaigant and Kazhikhov [105], who established the
existence of global classical and weak solution to the initial-value problem on a square for the
density dependent viscosity coefficients satisfying additional growth conditions. But the real
breakthrough came with the pioneering works of Lions [60,61] and with his subsequent book [62]
from 1998, where he gave the global existence results for the steady as well as the non-steady
barotropic Navier-Stokes system and also for some compressible models with temperature. The
proofs were essentially using properties of quantity called the effective viscous flux or the effective
pressure. A compactness of this quantity was studied already by Novotny [79] using the method
of decomposition from [81|. Later on, this approach was improved by Feireisl [32] to handle the
case when density is not a-priori bounded in L?, by introducing the tool for studying density
oscillations, which was then adopted by Novo and Novotny [77] to treat the steady case. The
comparison of these methods together with complete approximation scheme can be found in the
book of Novotny and Straskraba [85], mostly for the Dirichlet boundary conditions. For the
steady problem with slip boundary conditions we refer to the papers of Mucha and Pokorny
[71,89], where also a new idea of construction of approximate solution has been introduced.

For the full Navier-Stokes system, the question of existence of the weak variational solutions
was addressed by Feireisl [33]. Later on, the concept of the weak variational entropy solutions
(i.e. a solution satisfying the balance of mass, momentum, the entropy inequality and the global
balance of total energy) was introduced by Feireisl and Novotny [35], who proved the sequential
stability of these solutions. Then, in the monograph [36], also the existence of the weak variational
entropy solutions was proven and several asymptotic limits were investigated. These remarkable
results and their later generalizations are the only ones for the temperature-dependent viscosity
coefficients with physically acceptable growth conditions. For the steady flows, the existence of
weak solutions was shown first by Mucha and Pokorny [72| for the adiabatic exponent v > 3.
Then, it has been observed by Novotny and Pokorny that considering temperature-dependent
viscosity coefficients helps to attain more realistic values of v, see [83,84|. Moreover, in [84], the
authors proved that if v > % then not only the entropy inequality but the weak formulation of
the total energy balance is fulfilled. More recently, a generalization of this result to the case of
slip boundary conditions has been proven in [50].
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Another important achievement in this theory is due to Feireisl and Novotny [37] who showed
the weak-strong uniqueness of weak variational entropy solutions, meaning that they coincide with
the strong ones, emanating from the same initial data, as long as the latter exists. Proving this
property provides a strong argument in favor to call the weak formulation based on the entropy
inequality the suitable one. It is, in a sense, a generalization of the classical result of Prodi [90]
and Serrin [95] to the case of heat-conducting compressible fluid flows.

Recently, many studies have been focused on the compressible flows with density dependent
viscosity. There is a sequel of papers devoted to sequential stability of weak solutions to the
barotropic Navier-Stokes system [14,69| and its generalization to the heat-conducting case [13].
These studies were originally developed for the Korteweg and shallow water models [10,15] and
all they relay on a new mathematical concept of entropy, that has been discovered by Bresch,
Desjardins and Lin [15]. Although the stability result is widely regarded as a most difficult step
in the complete proof of existence, the construction of sufficiently smooth approximate solutions
is still an open problem; some ideas can be found in [12].

Much less is known about the physically reasonable models that include the chemical re-
actions. In fact, we are aware of only one global-in time result applicable to a large number
of reversibly reacting gaseous species. The existence of solutions to the system based on the
Navier-Stokes equations equipped with physically relevant constitutive relations was established
by Giovangigli [45]. He assumed, however, that the initial conditions are sufficiently close to an
equilibrium state.

The serious difficulty in analysis of such models is the mixed hyperbolic-parabolic type of
associated PDEs and a strong coupling between the species mass balance equations and the rest
of the system. But the most troublesome is the form of diffusion flux which does not allow
to apply the standard tools for parabolic systems. For this reason, in majority of studies, the
diffusion fluxes are described by the Fick law. This approximation does not take into account the
cross-effects that are well-known to play an important role in many phenomena. Furthermore,
such an assumption leads to inconsistency with the second law of thermodynamics, when the
pressure depends on the chemical composition of the mixture. In that case, the sign of the
entropy production may fail to be non-negative, which contradicts physical admissibility of the
process. This in turn interferes with obtaining the fundamental a-priori estimates causing that
the methods from [13,36,62| break down.

A similar problem appeared in the works of Frehse, Goj and Malek [40,41] who proved
existence and uniqueness of solutions to the steady Stokes-like system for a mixture of two
(non-reactive) fluids (see also [42] for relevant result on quasi-stationary model). The authors
considered the model assigning densities and velocity fields to each species of the fluid (cf. [91]).
In their case, neglecting some nonlinear interaction terms in the source of momentum caused
that the basic energy equality was no longer preserved.

Regarding models with the Fick approximation, the literature is more exhaustive, especially
for one dimensional case [18,28,114] and for the multidimensional combustion models. As far as
the latter are concerned, the global existence of weak solutions was recently proven by Donatelli
and Trivisa [26] and then extended in [25] to treat the pressure dependence on the mass fraction of
fuel. Concerning multicomponent models, the issue of global-in-time existence of weak variational
entropy solutions was investigated by Feireisl, Petzeltova and Trivisa [38]. They generalized the
proof from [36] to the case of chemically reacting flows, when there is no interaction among the
species diffusion fluxes and the pressure does not depend on the chemical composition of the
mixture. Since the proof is based on the energy-entropy method, it is not clear if it can be
extended to cover more realistic state equation without including a general form of diffusion.
Nevertheless, it should be emphasized that it provides an exact mathematical complementation
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of the scale analysis and numerical experiments presented in the work of Klein et al. [54].

1.2 Main results

The thesis consists of four main parts. Each of them, as a separate chapter, is a distinct result
based on the series of articles [73,74,111-113].

The Fick approximation — adaptation of Lions’ approach, [111]. In this chapter we
examine the system of equations governing the steady flow of a polyatomic isothermal reactive
gaseous mixture. The model covers situation when the pressure depends on species concentra-
tions and when the diffusion fluxes are approximated by the Fick law with density-dependent
coefficients. It is shown that this problem admits a weak solution provided the adiabatic expo-
nent for the mixture ~y is greater than I. In the proof we follow the idea of Lions [62] based
on the DiPerna-Lions transport theory [24]. This approach requires the L? integrability of the
density in order to get the renormalized solution of the continuity equation which is later on
used to exploit the effective viscous flux equality. In the barotropic case it is possible to improve
the value of v be applying the oscillations defect measure introduced by Feireisl [32]. It seems,
however, that here this technique could not be used due to a presence of the molecular part of

the pressure.

The case of two species — vanishing viscosity coefficients, [73,113]. Here, we study
the Cauchy problem for the system of equations governing flow of isothermal reactive mixture of
compressible gases. The first part of this chapter is devoted to the proof of sequential stability
of weak solutions when the state equation essentially depends on the species concentration and
the viscosity vanish on vacuum. The main difficulty in comparison to the systems with viscosity
coefficients bounded from below by a constant [36, 62|, is lack of information about the velocity
vector field. On the other hand, a special relation among the viscosity coeflicients

v(0) = 201/ (0) — 2u(0) (1.1)

proposed by Bresch and Desjardins in [11] allows to show some better properties of the density.
But still, it is not enough to deduce compactness of the most restrictive convective term when no
additional term, like capillary or a drag force, is present. In the second part of the chapter, under
further assumption on the barotropic pressure, we give a detailed description of the approximate
scheme and prove the existence of weak solutions for arbitrary large initial data.

System of reaction-diffusion equations — the entropy variables, [74]. In this part of
the thesis we analyze the system of reaction-diffusion equations for the compressible mixture of
gases, taking rigorously into account the thermodynamical regime. It implies, in particular, that
the diffusion terms are non-symmetric, not positively defined and cross-diffusion effects must
be taken into account. In consequence one has to deal with a system of parabolic equations
with hyperbolic deviation. Our main achievement is the proof of existence of weak solutions for
arbitrary number of reacting species under the assumption that the total density is as regular
as it follows from the previous chapter. Here, in contrary to [40], the nonlinear diffusion terms
appear in all the species diffusion forces, while the matrix of diffusion coefficients C satisfies the
assumptions from [45], Chapter 7. We present our technique only for a particular form of C,
however, the entropy-like estimate we obtain in the course of proof seems to be of independent
interest as it indicates possible renormalization of the system.

Heat-conducting mixtures — a key role of the entropy estimate, [112]. The purpose
of the last chapter is to bring together and complement the results from [74,113] in order to treat
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the complete mathematical model governing the motion of n-component, heat-conducting and
chemically reacting gaseous mixture. We prove sequential stability of weak variational entropy
solutions when the state equation essentially depends on the species concentration and the species
diffusion fluxes depend on the gradients of partial pressures, analogously as in [74]. The complete
existence result, however important and interesting, seems to be very complex and technically
complicated task and is left for future study. Of crucial importance for our analysis is the
fact that viscosity coefficients are related by (1.1) and the source terms enjoy the admissibility
condition dictated by the second law of thermodynamics. Thanks to this, we are able to combine
the entropy inequality with the Bresch-Desjardins type of estimate [11]. The latter, similarly
as in [113|, compensates the missing information about the species densities, which is due to a
more general form of diffusion fluxes. However, the presence of the temperature causes that the
method scratched in [113] and [74] is now more intricate.

It is to be noticed that, unlike to [13], we perform the limit passage in the framework of weak
variational entropy formulation, similar in spirit to [38]. What is still lacking to end up with the
usual weak solution, is better regularity of the temperature required to pass to the limit in the
internal energy balance.

1.3 Presentation of the model

In the following section we first present the set of equations governing multicomponent reactive
flow. The derivation of such model from the kinetic theory of gases can be found in numerous
textbooks [17,45,110]. Next, we introduce some equivalent formulations that can be used in-
terchangeably depending on the context and purpose. Then, in Section 1.3.3, we supplement
the system of field equations by the set of constitutive relations characteristic for compressible,
viscous, heat-conductive and chemically-reacting mixtures.

1.3.1 Equations of motion

To describe the flow of n-component chemically reacting compressible mixture, we will use the
full Navier-Stokes-Fourier (NSF) system suplemented by the set of n reaction-diffusion equations
for the species:

Oro + div(pu) =0

Ot(ou) +div(ou ®@ u) —divS + V7 = of

Ot(oF) + div(pEu) + div(mu) + div Q — div(Su) = of - u
Oror, + div(gpu) + div(Fy) = 0w, ke {l,...,n}

in (0,7)xQ. (1.2

These equations express the physical laws of conservation of mass, momentum, total energy and
the balances of species mass, respectively.

Here, u : R? — R3 is the velocity field, o : R® — R denotes the total mass density being a sum
of species densities gy, k € {1,...,n}. The last unknown quantity is the temperature 9 : R> — R
which appears implicitly in all the equations of (1.2) except for the continuity equation. Next,
S denotes the viscous stress tensor, the internal pressure is denoted by , f is a given external
force, F is the total energy per unit mass, Q stands for the heat flux, Fy, k € {1,...,n} denote
the species diffusion fluxes and wy, k € {1,...,n} are the chemical source terms, also termed the
species production rates.

In (1.2), ¢t denotes time t € (0,7") and the length of the time interval 7" is usually assumed
to be arbitrary large, but finite. The space domain € is a bounded subset of R3 that will be
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different in different chapters. The vectors belonging to the physical space R3 as well as the
tensors are printed in the boldface style.

1.3.2 Alternative formulations

In what follows we give different formulations for the species mass balances and the energy
equation. The first of them is very convenient in case when the diffusion fluxes for species are
approximated by the Fick law; the second one allows to show several properties of function ¥ as
a solution to quasilinear parabolic equation.

The species mass conservation equations. They can be equivalently written in terms of
species mass fractions:
O (oY) + div(eYru) + div(Fy) = 00wy,

where Yy, k € {1,...,n} are defined by Y}, = % and they satisfy:

znjyk =1. (1.3)
k=1

We remark that we will freely switch from one notation to the other using the species unknowns
(0,01,...,0n) or equivalently (o,Y7,...,Y,). Note, however, that due to the law of mass con-
servation, system (1.2) is a priori linearly dependent. Indeed, assuming the following constraints
for diffusion fluxes and the production rates for species

ﬁéIH;:(L jéu%::o,
k=1 k=1

we sum the n species mass conservation equations and derive the continuity equation. Therefore,
to solve the system, one should eliminate one equation or constraint (1.3). In the subsequent
chapters we will follow one of two strategies: either we solve the n species equations with the
species unknowns (g1, ..., 0,) or we will look for a solution to the n species equations and the
continuity equation in parallel and then investigate compatibility with (1.3).

The internal energy equation. The total energy F per unit mass may be written in the form
1
E = §|u|2 +e,

where the first component is the kinetic energy whereas e = e(0,9,Y), Y = (Y1,...Y,,)? stands
for the specific internal energy. As mentioned above, it is sometimes more convenient to replace
the total energy by the internal energy balance. It can be derived by subtracting from the total
energy balance the balance of kinetic energy:

O¢(0e) + div(geu) +divQ = —wdivu+ S : Vu. (1.4)

It should be, however, underlined that these formulations have different physical meaning and
system (1.2) is equivalent to the one with the total energy equation replaced by the internal
energy equation, provided the motion is sufficiently smooth. In the next section we will transform
equation (1.4) into another form, based on the thermodynamical concept of entropy.
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1.3.3 Constitutive relations

The purpose of this section is to specify the constitutive relations of the gaseous mixture, i.e.
to supplement system (1.2) with a set of expressions determining the form of thermodynamical
functions and transport fluxes in terms of macroscopic variable gradients and transport coeffi-
cients in the spirit of [45], Chapter 2. Precise evaluation of the form of transport coefficients is
a very difficult task in the modeling, in fact, only some approximate expressions are available.
We will specify the structural properties to be imposed on them, separately in the subsequent
chapters.

Thermal equation of state. We consider the pressure @ = m(p,1,Y’), which can be decom-
posed into

T = T + e, (1.5)

where the latter component depends solely on the density and it corresponds to the barotropic
process of viscous gas. It is the only non-vanishing component of the pressure when temperature
goes to zero, thus will be termed a "cold pressure” or a barotropic correction. The first component
Tm = T™m(0,7,Y") is the classical molecular pressure of the mixture which is determined through
the Boyle law as a sum of partial pressures py:

m(0,9,Y) Zpk 0,9,Yk) = Z QﬂYk

with my the molar mass of the k-th species and R the perfect gas constant.
Likewise the pressure, the internal energy e = e(p,%,Y’) can be decomposed into

n n
e=e" temte, e(Y)= ZYkezt, em(0,Y) = ﬁchkYk, (1.6)

where €5’ = const. is the formation energy of the k-th species, at the standard temperature 9%,
while ¢, is the constant-volume specific heat of the k-th species. The ”cold” components of the
internal energy e, = e.(0) and pressure 7. are related through the following equation of state:

de.
92 d(Q)
0

= 7Tc(@)' (17)

The last relation is a consequence of the second law of thermodynamics which postulates the
existence of a state function called the entropy.

The entropy equation. The entropy of a thermodynamical system is defined (up to an additive
constant) by the differentials of energy, total density, and species mass fractions via the Gibbs
relation:

¥Ds = De + 7D < > ngDYk, (1.8)

where D denotes the total derivative with respect to the state variables {p, 1, Y }; whereas g are
the Gibbs functions

gk = hk — ﬁsk. (19)
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Here, hy = hi(9) denotes the specific enthalpy and s = s (¥, o) is the specific entropy of the
k-th species

hi(9) = eit + cpr?,
FStmk

9 R
4+ 1.10
9 T 08 (1.10)

sk(V, 0k) = s + ok log

where szt = const. denotes the formation entropy of k-th species and I'* = % is the standard
concentration (at the standard temperature 9! and the standard pressure p*').

The constant-volume (c,x) and constant-pressure (cp;) specific heats for the k-th species are
constants related by the following formula

R
= —. 1.11
Cpk Cyk + ma ( )

In accordance with (1.4), (1.6), (1.7) and (1.8), the specific entropy of the mixture, expressed as
a weighted sum of the species specific entropies

n
s=_ Yisk, (1.12)
k=1

is governed by the following equation

O¢(os) + div(psu) + div <§ - %Fk> = o, (1.13)
k=1
where o is the entropy production rate
S:Vu Q-VI Gk | Dhe1 GrOVwk
_ _ _ F.- ) - Eeh=lemE TR 1.14
7T 92 kzl kv ( 9 ) 9 (1.14)

By virtue of the second law of thermodynamics, the entropy production rate must be non-negative
for any admissible process.

The stress tensor. The viscous part of the stress tensor obeys the Newton rheological law,
namely:

S = 2uD(u) + vdivul, (1.15)

where D(u) = 3 (Vu+ (Vu)T) and p, v are the Lamé viscosity coefficients (dependent on tem-
perature and pressure) satisfying the following conditions

w>0, 2p+3v>0. (1.16)

These inequalities are the consequence of the second law of thermodynamics. It implies, in
particular, that the production of entropy associated with the flow of viscous fluid must not be
. . S(u):u
negative, i.e. that == > 0.
Rewriting relation (1.15) as a sum of two orthogonal components, we get the following expression

S(u) = 24 <D(u) _ %div u]I) + £ divul, (1.17)
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where p is the shear viscosity coefficient and & = %,u, + v is the bulk viscosity coefficient, thus
the dissipation is equal to

3 2
S(u): Vu= %,u, Z (Viuj + Vju; — %divu (51-]') + &(div u)2.
ij=1

So, it is nonnegative provided pu, & > 0.

The species diffusion fluxes. Following [45], Chapter 2, Section 2.5.1, we postulate that the
diffusion flux of the k-th species is given by

n
Fp=-Co» Cud, k=1,..n, (1.18)
=1
where Cjy, C}; are multicomponent flux diffusion coefficients and dj is the species k diffusion
force specified, in the absence of external forces, by the following relation

dp =V (pk’) + (p’“ - Q’“) V log . (1.19)

Tm Tm 0

The main properties of the flux diffusion matrix C' = (Ck,l)z,z:1 are the following (see [45]):
cy=YycT, N(C)=RY, R(C)=U", (1.20)

where Y = diag(Y1,...,Y},,) is the diagonal matrix of species mass fractions Yy, N(C) is the
nullspace of matrix C and by R(C) we denote its range; U = (1,...,1)" and U+~ is the orthogonal
complement of RU.

Another important condition on C', postulated for example by Waldmann [110], is that wherever
it can be defined, the matrix

Dy = CQ’]IZZ, k1 e {1, .. .,n}, (1.21)

is symmetric and positive definite over the physical hyperplane U, which corresponds to the
positivity of entropy production rate associated with the diffusive process. For more details on
evaluation of C' from the kinetic theory of gases as well as its mathematical properties, we refer
the reader to [45]|, Chapters 4, 7 and the references therein.

For the purposes of Chapter 2 we recall here some additional properties of diagonal diffusion
matrix C for n — 1 species, formulated as Lemma 7.5.10 in [45].

Lemma 1.1. Assume that there exist scalars ag,k € {1,...,n— 1}, n > 2 such that

VxGUl, Vk‘E{l,...,n—l}, (C$)k:ZCklxl:akxk'
=1

Then the matriz C is in the form

a1 —y1) —ay . —oy1
C = 1 , (1.22)
—a1Yn—1 .. o 1(1—Yp—1) —0p_1Yn—1
—a1 + o0 —Qp—1+0 o

where yi, = Y /(Y,U), k € {1,...,n}, and 0 = ZZ;% aryk- In addition, we have o; > 0, for
ie{l,...,n—1}, and whenever o; # o, we must have Y;Y; = 0.
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The heat flux. It is the sum of two components

Q=) hFy — KV, (1.23)
k=1

where the second term represents the Fourier law with the thermal conductivity coefficient k.
The first term describes transfer of energy due to the species molecular diffusion.

The species production rates. We already included in model (1.2) the linear dependence with
respect to ¥ and g in the right hand side of the species mass balance equations. In accordance
with the second law of thermodynamics, we additionally assume that wg, k = 1,...,n enjoy the
following condition

n
—/ > growy dz >0, (1.24)
Q=1

for any admissible thermodynamical process [45].



Chapter 2

The Fick approximation

The Fick law relates the diffusive flux to the gradients of concentrations
Fk = _QDZPVYIW

where D}? denotes the empirical diffusion coefficient of the k-th species of the mixture. This
is a very common approximation often used implicitly in the classical textbooks as well as in
various studies devoted to scale analysis and numerical experiments. From the point of view of
mathematical analysis such a simplification leads, on one hand, to the the system of elliptic (in
a steady case) or parabolic (in case of time-dependent flow) equations of species mass conserva-
tion, on the other hand, it is an obstacle to obtain series of a-priori estimates resulting from the
entropy balance.

2.1 Introduction and main result

We investigate the model of motion of four-component gaseous mixture undergoing an isothermal,
reversible chemical reaction constituted by

A+B=C (2.1)

and we assume that the reaction takes place in the presence of a dilutant D. For reversible
reactions, the postulate that the process occurs in a constant temperature is met when the
reaction is slow enough to enable the surroundings to continually compensate the difference in
heats between the substrates and products.

We will focus on the stationary flow that can be characterised by the state variables: the
total mass density o = o(x), the velocity vector field u = u(z) and the species mass fractions
Y. = Yi(z) for k € {A, B,C, D}, throughout the set of balance equations:

div(ou) =0

div(ou® u) — divS + Vr = of
div(eYau) + div(Fa) = owa } in Q, (2.2)
div(pYpu) + div(Fp) = owp
div(eYeu) + div(F¢) = owe

expressing the conservation of mass, momentum and the conservation of species mass, respec-
tively.

23
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In this chapter © is a bounded subset of R? and we supplement system (2.2) by the imperme-
ability conditions
u-nlpo = Fy -nlpgo =0, (2.3)

together with the no-slip boundary condition
u X n|39 =0. (2.4)

We assume that the total mass is given,

/de:M>0.
Q

The model is consistent with the principle of mass conservation, thus necessarily
d V=1, (2.5)

and

> wp =0, (2.6)

where by S we denote the set of all species {A, B,C, D}. Note that we consider only the first
three mass fractions as unknowns and use (2.5) to evaluate the mass fraction of the remaining
species Yp.

The internal pressure 7 is a function of density ¢ and mass fractions Y = {Yy, Y, Yo, Yp} and
it obeys the following equation of state

Y;
7(0,Y) = 0"+ Ro (Z mk> , > 1 (2.7)
kes

The viscous part of the stress tensor S is given by (1.15), where p,v are constant viscosity
coefficients satisfying
w>0, 2u+3v>0. (2.8)

The species mass fluxes Fy, k € {A, B,C}, are given by the Fick empirical law
Fk:—Dk(g)VYk, ke {A,B,C}, Fp=-F,—Fp—Fg, (2.9)

where Dy (o) stand for the diffusion coefficients and Dy (o) = cxD(p), ¢ € R. This approximation
corresponds to diffusion matrix C' which is diagonal only for the species A, B, C. For the moment
we assume, however, that it is diagonal with respect to all four species, so

Dy(9) = D(p) for ke{A B,C}, and Fp=—-D(p)VYp.

We shall come back to the general case (2.9) at the end of this chapter.
Furthermore, the common diffusion coefficient satisfies

w2

D() € C([0,50)).  D(1+ %) < D(g) < D(1 + o3), (2.10)

for some positive constants D, D.
The production rates wy are continuous function and for k € {A, B, C'} we have

—w <wp(Y)<w, forall 0<Y, <1, (2.11)
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wp = 0, moreover we suppose
wr(Y) >0 whenever Y =0. (2.12)

The main result of this chapter concerns the existence of weak solutions in the sense specified
by the following definition.

Definition 2.1. We say that a set of functions (o,u,Y) is a weak solution to the problem (2.2
2.4) provided o € LY(Q2), u € Wol’z(Q), Y € Wh2(Q), Fr -nlpg = 0, k € S, Y0 > 0,
Y okes Ye =1 a.e. in Q, and the following integral equalities are satisfied

/ ou-Védr =0 V¢eO®(Q), (2.13)
Q

/(—Q(u®u):V<p+S(u):Vgp) dx—/ﬁ(g,Y)divgp da::/gf-godw Vo € C§°(9),
Q Q Q

—/ ouY; - Vo dx + / D(o)VYy-V¢ dz = / owrd dz Vo € C°(Q),
Q Q Q
for all k € {A,B,C}.
We will also use the notion of the renormalized solution to the continuity equation

Definition 2.2. Let u € VV;?(RS) and o € L6/5(R3) solve

loc
div(pu) =0

in the sense of distributions on R3, then the pair (o,u) is called a renormalized solution to the
continuity equation, if

div(b(e)u) + (ob'(0) — b(0)) divu dz = 0, (2.14)

in the sense of distributions on R, for all b € W1H*(0,00) N C*([0,00)), such that sb'(s) €
L*>(0, 00).

The main result of this chapter is

Theorem 2.3. Let Q € C? be a bounded domain in R>, let u > 0, 2u+3v > 0, v > %, M=>0
and let £ € L>°(Q). Then there exists a weak solution to the problem (2.2-2.4) in the sense of
Definition 2.1. Moreover [, 0 dz = M, and if v > 3, then o € L?(Q), otherwise zf% <v<3
then o € L373(Q). Additionally, the pair (o,u), extended by O outside €2, is a renormalized
solution to the continuity equation in the sense of Definition 2.2.

The proof of this theorem is based on several ideas from the theory of weak solutions to
the steady Navier-Stokes equations, which originates from the pioneering work of Lions [62]. He
proved the existence of weak solutions for the steady as well as the non-steady Navier-Stokes
system for barotropic flow. This means that the internal pressure has a particular form (o) ~ o7,
where v > 1 is the adiabatic constant, which is determined by the number of degree of freedom
of a single gas molecule. From the mathematical point of view, the value of v indicates the
quality of a-priori estimates of 9. The proof proposed by Lions relies on the DiPerna-Lions
transport theory [24] requiring L? integrability of the density, which entails v > % The most
difficult part of the proof was to show the strong convergence of the density in order to pass to
the limit in the nonlinear term p7. Here, one essentially uses the compactness of quantity called
effective viscous flux or effective pressure. The compactness of this quantity was studied already
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in [79] using the method of decomposition proposed by Novotny and Padula in [81]. Later, these
ideas were extended by Feireisl [32] by introducing a tool for studying density oscilations in the
case of nonsteady equations. His method was then adapted to the steady system by Novo and
Novotny [77] and led to the proof existence of weak solutions for an optimal value of adiabatic
constant, v > % A modification of this approach in the case of steady flows with slip boundary
conditions has been introduced by Mucha and Pokorny in a two dimensional case in [71] and in 3D
in [89]. More recently, these ideas were also extended to treat the heat-conducting case |72,83,84],
as it was mentioned in the introduction.

From the point of view of existence theory for steady flows of chemically reacting mixtures, the
investigations devoted to stability and asymptotic analysis presented in [56, 58] are of particular
interest, since, to the best of our knowledge, the time-independent problems were not considered
so far. They seem to be worse than the nonsteady cases in the sense that the energy inequality
by itself does not give any information about the sequence of weak solutions. This is precisely
the reason why the value of v obtained in the course of our proof is far from being physically
relevant.

2.2 Existence of solutions

This section is devoted to the proof of Theorem 2.3. First we introduce the approximative system
following the approach from [38,62,85]. At this stage the classical theory for elliptic equations
together with the fixed point argument are sufficient to show the existence of regular solutions.
In this section we also show the basic energy estimate that is used, with some modifications,
throughout all the paper. Next, we let € — 0 in order to get rid of artificial diffusion in the
continuity equation. The requirement imposed on the adiabatic constant, v > % is necessary
to get the boundedness of velocity gradient in L?(2) and enables to apply Lions technique of

showing the strong convergence of density.

2.2.1 Approximative system

Combining the ideas from [85] and [38] we introduce the following approximative system. For
the constant parameters h,e,n > 0 we will look for a triple (o, uye, Yy ) (we will skip the
subscripts when no confusion can arise) satisfying:

e the approximate continuity equation

o+ div(pu) = eAp+¢h,

(2.15)
VQ . n‘aﬂ - 07
where h = %,
e the approximate momentum equation
tou-Vu+ 3 div(ou ® u) — divS(u) + Vr(9,Y) = of, (2.16)
u|8Q = Oa '
e the approximate species mass balance equations
eoYy, + div (ouYy) — div(D, VYy) — eA(oYy) = owi + ehK(Yy), ke {A,B,C} 2.17)

VY -nlon = 0,
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where we denoted

K(Yy) = ¢ 2iesJoYide for ¢ #0,
0 for o = 0.

Observe, that due to restriction (2.5) the approximate equation for species D writes as
EQYD + div (guYD) — diV(DnVYD) — EA(QYD) = Eh(l — K(YA) — K(YB) — K(Yc))

and its r.h.s. is equal to ehK(Yp) for p > 0 otherwise it is eh.
Further, D(p)y, is a standard regularization of function D(p) (extended by constant D(0) to the
negative real line) by means of mollifiers, i.e.

zanzD*wmm=ié¢Ag—@D@>%;

and the regularizing kernel satisfies the following properties

b€ C®(R), supp § C (~1,1), o(t) =w(~) >0, Aw@&:L %:;¢G).

For more properties of such convolutions we refer the reader to [30], Appendix C.4, in particular,
regularized diffusion coefficients conserve the property (2.10) uniformly with respect to 7.
The aim of this section is to prove the following theorem.

Theorem 2.4. Lete > 0, k € S, h = % Under assumptions of Theorem 2.3, there exists

a triple (0,0,Y) being a reqular solution to (2.15-2.17), such that o € W*P(Q), u € W?P(Q),
Y., € W2P(Q), k € S, for all p < oo. Moreover, o0 > 0 in Q, fQQ de = M, Y > 0 and

Yokes Ye =1
The proof of this theorem is based on several auxiliary lemmas and it is presented in the next

section.

2.2.2 Existence for fixed parameters
Step 1: We denote for p € [1, x0]:

MP ={w e WHP(Q): wlsa = 0},

and define the operator
S : M>® = W*P(Q),

1 < p < oo, S(u) = p, where p solves the approximate continuity equation (2.15) with the
Neumann boundary condition. We then claim that the following result holds true

Lemma 2.5. Let assumptions of Theorem 2.4 be satisfied. Then the operator S is well defined
for all p < co. Moreover, if S(u) = p, then o > 0 in Q and fQ odr = fQ h dz. Additionally, if
[ullpwro) < L, L >0, then

lollep < Cle,p, Q)1+ L)h, 1<p< 0. (2.18)
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The above lemma is an analogue of Proposition 4.29 from [85], so we omit the proof.

Step 2: Our next aim is to show the non-negativity of the species concentrations under assump-
tion that the solution to (2.15-2.17) is sufficiently smooth, i.e. g,u and Y}, € W2P(Q), for any
p<oo,keS, ) cgYr=1and o>0.

It will follow directly from the features of the species production terms provided we justify
that the set Q, = {z € Q: Yi(x) < 0} is sufficiently regular to integrate by parts. Assuming
for a moment that this is the case, we integrate each of equations of (2.17) over €, and by the
smoothness of Y}, we obtain

)

oYy, da +/ oYiu-n do — / (D, VY, +eV(0Y3)) -n do
o, oy

-,

The same can be done for the equation of species D, for which wp = 0 and we obtain ”>" instead
Of 77:77'
The second integral on the Lh.s. vanishes due to the boundary conditions on 9Q and on 9,
the third one is non-positive since dnY; > 0 on 99, , Oho = 0 on 92 and Fy - n = 0 on 9N.
Finally, the first integral on the r.h.s. is non-negative due to assumptions imposed on wy, (2.12),
thus we end up with

/

Since the r.h.s. is non-negative and the l.h.s is non-positive, the inequality may hold only in the
case when [, oY} dz = 0, thus oY} > 0, in particular Y3, >0, k € S for o > 0.
k

Let us now focus on the case when ¢ = 0, we denote

K
0wy, dx+5/ hK(Y;") dz. (2.19)
Q

k k

oYy dz > / hK(Y;") dz.

K &

QL ={z € Q: (o(x) =0)N (Y(x) < 0)}.

Observe that by the fact that fﬂ o dx =M > 0, provided Qg has sufficiently smooth boundary,
the set 900 \ 9 is nonempty, moreover, it has a non-zero measure.
Next, multiplying each of equations of (2.17) by Y and integrating by parts over ) we obtain

RY Dn(O)VYkHLz(Qg) =0, (2.20)

which suggests that Y}, is constant on Q?, but due to the zero boundary condition Y3 = 0 on Q%,
k € {A, B,C}. For the last species, similar reasoning leads to

1/ Do)V YDl 2y = b /Q Y de < 0, (2.21)
D

thus also Yp > 0 a.e. in €.

Let us now come back to the issue of regularity of 9€2, ; the proof for 892 will follow the same
way. What we actually claim is that the set 2,° may be approximated by sufficiently smooth
sets (5 = {x € Q: Yj(x) < 0y} for 6, > 0, such that all the integrations by parts from the
preceding step can be executed for €2 s and we obtain the final result by letting 6, — 0r.

The existence of such sets can be deduced from the following variant of the Sard theorem for
the maps which are differentiable in the Sobolev sense, whose prove can be found e.g. in [22],
see also [39)].
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Theorem 2.6. Let 2 be an open set in R™ and let u € W*P(Q) with values in R™, where n,m
are two integers such that n >m. If k =n—m+1 and p > n, then the set of critical values of
u, namely the image according to u of the critical set

S ={x e R": rank(Vu(z)) < m},
has zero m-measure.

The rough idea of the proof is first to choose sufficiently smooth representative of u that
coincides with u (together with all derivatives) on the set F., such that the measure of Q \ F
is less then g, then to apply the classical Sard theorem [92]|, and to let € to zero. Therefore,
similarly to the case of continuously differentiable functions, we may use the Implicit Function
Theorem to infer that for a.e. y € R™, the connected components of the level set £, = u(y)
are at most n — m dimensional and can be locally parametrized by a W*® function.

In our case, the structure of system (2.15)-(2.17) implies that, provided u € W2P(Q), the
regularity of o can be improved up to W3P(Q) and the same holds for Y. Hence, Theorem 2.6
can be used to prove that there exists a sequence 6, € R convergent to zero, such that these
parts of 8@,; 5, which do not adhere to 09 belong to the regularity class W2P. In particular,

Q,; 5, 1s a Lipschitz domain.

Step 3: We now prove the existence of solutions to the species mass balance equations for u,
o given. The main idea consists on applying the Leray-Schauder fixed point theorem to the
mapping

T WP o W2 T(YVy) — Yi,

where Y}, is a solution to the boundary-value problem

—div((D, +€0)VY3) = owi(Y) + ehK(Y+) — egY}, — div (gu}}k) + ediv(VoYs), (2.22)
VY, - nlog =0,

for k € {A, B,C}, where we denoted

Jo ¥ da for 0 if }N/k <0
N - 0#0 - - >
K(VF) ={ Yieslo¥i do and VP ={ Vif0<¥, <1,
0 for p=0 1 if 1<Y;

We have the following lemma.

Lemma 2.7. Let assumptions of Theorem 2.4 be fulfilled and let u € M and o be given by
Lemma 2.5. Then, the operator T is continuous and compact from W2P(Q) into itself, such that
the set

(Vi € W3P(Q) : Yy, = tTY) for some t € [0,1]}

1s bounded.

Proof. The existence and uniqueness of solution to the system (2.22) is a consequence of Lax-
Milgram theorem. Evidently, the mapping 7 is compact, since the r.h.s of (2.22) is sufficiently
smooth and of lower order, it is also continuous.

To conclude, we should show boundedness of possible fixed points to

tT(Yk) =Y, te€ [0, 1].
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The above equality rewrites as
—div((Dy, + €0)VY}) =t (ka + z-:hK(Y,:') —e0Y) — div (puYy) + sdiV(Vng)) ,

(2.23)
VY. - n’ag =0.

Multiplying the first equation by Yj integrating by parts and using the boundary conditions we
get

/(Dn +¢0)| VY3 |? da
)

= ts/ (hK(Y,j)Yk — QY,?) dx — t;/ Vo VY? dzx — ;/ div(ou)Y? dz + t/ owy Yy dz.
Q Q Q Q

By the approximate continuity equation we obtain

V2 Y2
/(D77 +£0)|VY3|? dz + ta/ <h2k + Q2k> dx = t/ owrYy dx + te/ hK (Y)Y dz.
Q Q Q Q

Thus, using the Cauchy inequality and boundedness of wy, we show
1Yellwiz@) < e (2.24)

with a costant ¢ independent of ¢. Finally, we may estimate the norm of second gradient of Yy
directly from (2.23), we have

— (D,7 + &IQ)AYV]C
= —t (owy, + ehK (Y1) — eoY) — div (ouYy) + e div(VoYy) — V(Dy, + €0) - VY.

Due to regularity of o, u and estimate (2.24), we first justify that Y, € W22(Q) — WhH6(Q) —
L>(Q). Then, by the bootstrap procedure, we arrive at ||Yx|lw2rq) < c. O

Step 4: Having prepared the necessary information we are ready to proceed with the proof of
existence of regular solutions to the approximate momentum equation. We will use the Leray-
Schauder fixed point theorem for the operator

T M™® — M™, (2.25)
such that v = 7 (u) is a solution of the problem

—divS(v) = —Jpu-Vu— 3 div(ou® u) — Vr(o,Y) + of,
0= S(u). (2.26)
v|ga = 0.

Again, the existence of unique solution to this system can be shown by the direct application
of the Lax-Milgram theorem. Regarding compactness and continuity of operator 7, the only
difference with respect to the situation studied in [85], Chapter 4.7, is the presence of additional
term in the pressure. But, by Lemma 2.7 one can see that the right hand side is still sufficiently
smooth and bounded in LP(Q2) for 1 < p < oo in order to estimate the norm of solution in
W2P(Q). The last information needed to verify the hypothesis of the Leray-Schauder fixed point
theorem is the boundedness of possible fixed points to

tT(w)=u, telo,1] (2.27)

which will be derived from the first a priori estimate.
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Lemma 2.8. Let assumptions of Theorem 2.4 be fulfilled. Lett € [0,1], u € M be a fized point
u = t7 (u). Then there exists a constant ¢ > 0 independent of t € [0,1], such that
[ulli,2 <e. (2.28)

Proof. Taking as a test function in (2.27) the solution u which satisfies S(u) = p one gets

/S(u):Vudx:—t/Vw(g,Y)~udac+t/gf-ud:c.
Q Q Q

Next, we use (2.15) to get

/ng-udx:z;"y/gv_2|VQ|2 dac—i—esfy/g7 dx—eﬁy/hgv_l dz,
Q Q v—1Ja v—1Ja

thus we have

/S(u):Vu dx+t57/97_2|VQ|2 dx + te i /97 dz
Q Q v—1Ja

S — /h@“’ldx—i-tR/
v—1Ja Q

We now want to show that the first term on the L.h.s. can be used to control the norm of u in
T/VO1 ’2(9), to this purpose we prove a simple generalization of the Korn inequality, which can be
of independent interest.

Y;
Z k) odivu dx +t/ of udze. (2.29)
mg

kes Q

Lemma 2.9. For u € WOI’Q(Q) and S satisfying (1.15) and (2.8), there exists a constant c
depending on ) and p such that

CH“H%VM(Q) < /QS(u) : Vu dz.

Proof. Rewriting the viscous part of the stress tensor in the form (1.17), we can estimate

téS@ﬂ:VudeMA;QVuP+(VmT:Vu—§MNuP>dx:ul;(vm2+;MWuf>d%

and we conclude by application of the Poincaré inequality. [
Comming back to (2.29), we infer

€
C|’UH%72+755’7/QQ72|VQ|2 dx+t7j1/ﬂgﬂ dz

h
< ¢ /97—1 d:r:+tR/
vy—1Jq Q

The first term on the r.h.s. can be absorbed by the corresponding one on the l.h.s. Next, the
Holder and Young inequalities yield

Y;
Z k) odivu dz —|—t/ of -udzx. (2.30)
My Q

kesS

Y. . t
t | —odivudzr+ t/ of -udz < —/lofl2llullr,2 + ¢l oll6/5/ul]1,2- (2.31)
Q Mg Q mg

In order to control the norm of g in L?(£2) we test the approximate momentum equation (2.27)

by the function
1
<I>:B<7r5— W’Bdl'),
€ Jo
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where 8 € (0,1] and B is the Bogovskii operator. Its definition and main properties are recalled
in Lemma 6.4, we know in particular that

Ve, < e, )7l

and due to the Sobolev imbedding

= if p< 3,
||(I)H]5§C(p,Q)H7TBHp, 1 <p < oo, p= € [1700) ifp:3,
o0 if p> 3.

This testing results in the following identity

1 1
t/vr”ﬁda::—t/Q(u®U):V<I>d$+t/Q(u'vu)“l’dx
Q 2 Jo 2Ja

5 (
1
+/S(u):V<I>dx—t/gf-<I>dx+t/ﬂdx/wﬁdx—g I;.
Q Q €2 Jo Q P

The "worst” estimate here is due to the convective term:

2.32)

I+ I < tlollarppllulZ 7o s0ns < ct®lellarsyllel3lml o (2.33)
2v(1+8)-3 2v(1+8)-3

where in the last inequality we used (2.30) and (2.31) to estimate the W12 norm of u by the L?

norm of p. Next, provided % < B 4+ 1 meaning that

3 if 4 <3
= v 2.34
’ { 1 ify>3, (2:34)
we can transform (2.33) ino the following form:
L+ 1o < et |lol| (24, 1115 41 (2.35)

where we additionally used the interpolation inequality |g]l2 < HQH%_aHQH?ﬂH)W, with a =
(B+1)y

2(B+1)y—2"
we have

Hence, from (2.32) we deduce in particular that independently of ¢t € [0,1] and ¢

lollatpyy < (2.36)

if only 1+ 2a + 8y < (1 + ). Therefore, by virtue of (2.34), one can see that the relevant
condition on vy is y > %
Estimate (2.36), along with (2.30), leads to the following conclusion

lul22 +t= (llolly + IVo¥ 3) < e, (2.37)

that finishes the proof of Lemma 2.8. [J
This information allows us to repeat the procedure described in Chapter 4.3 of [85] which together

with the Lemmas 2.5, 2.7 yields the existence of regular solutions, and hence completes the proof
of Theorem 2.4. [
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2.2.3 Limit passage 1n,¢ — 0

Although the construction from previous section corresponds only to regularized system, it is
clear that the final estimates are completely independent of €. In particular, taking ¢ = 1 in
(2.37) we get

X
luli3z + e (llol} + IVe*13) <.

in addition, the Bogovskii type of estimates gives

[7(e:Y)lles < ¢,

so, we can repeat the first a-priori estimate for VYj and since 0 <Y, <1, k € S, we have

1 Yellwr2) < e

independently of e. Moreover, taking o as a test function in the approximate continuity equation
one gets

VellVolz < e.

These estimates can be used to deduce that, at least for a suitable subsequence, we have

u. — u  weakly in W'%(Q), (2.38)
0 = 0 weakly in LUFA7(Q), (2.39)
eVo- — 0 strongly in L*(Q2), (2.40)
(Yi)e — Y weakly in Wh2(Q), (2.41)
(Yi)e = Y weakly™ in L°(Q). (2.42)

We are hence in a position to conclude that there exists a triple of functions (o,u,Y’) which
satisfy the integral equalities:

/ ou-Védr =0 VEeC™®(Q), (2.43)
Q

/(—Q(u®u):Vg0+S(u):V<p) dx—/ﬂ(g,Y)divgodx—/gf-godx Vo € C5°(Q),
Q Q Q

/ ouY,V - ¢ do = / D(0)VY}, - Vo dx — / owpd dz Yo € C(Q),
Q Q Q

for k € {A,B,C}. Here and in the sequel g(o,u,Y’) denotes the weak limit of a sequence

9(0e,us,Yz).
Accordingly, there left two problems that need to be solved, namely, is it true that 7(o,Y) =
(o, Y) and is D(p)VY, = D(0)VY:? As we already have an information about strong con-
vergence of Yy for k € S, the positive answer for the first question is, as will be seen in the
sequel, in fact equivalent to the strong convergence of the density. Moreover, having proved this,
it will be straightforward to see that the second hypothesis holds true as well. It is an easy
consequence of boundedness of D(p) in L?(2). The aim of the following reasoning is to derive
the weak compactness identity for the effective pressure, which is the key point of proving the
strong convergence of the density.

Since p.u. and V. possess zero normal traces, it is possible to extend the approximate
continuity equation to the whole R?

elgo: + div(lgoeus) = ediv(1qVo.) + elgh. (2.44)



34 CHAPTER 2. THE FICK APPROXIMATION

Next, we introduce the operators A = VA™!, R = V® VA~! specified by (6.2) and (6.3) in the
Appendix. We will use some general results on such operators as continuity but also some facts
about commutators, see Lemmas 6.5, 6.6 and 6.7.

First, we test the approximate momentum equation by the function

p(z) =((2)p, ¢ =(VAT)[lae:], ¢ € CF(Q),

observe that this operation “gains” one derivative thus using only the L1+ (Q) integrability of
0. we justify that this is an admissible test function. Evidently Z?:l Rii[v] = v, thus integrating
by parts we obtain from this testing the following equivalence:

/Q ¢ (7(0e, Yo)o- — S(u.) : R[lgos]) da
1
= —2/9481(9%')%&[19@5] dx—/ﬂ(@euinRz,j[lﬂge] dw—/QQsUinajCAiUQQs] dz (2.45)
+ / S,,0,C A 1ao.) do — / (00, Y2)0iCAiLaos] da — / 0-Cf Aillags] dr,
Q Q Q

where we used the Einstein summation convention. Now, adding and substracting the term
fQ Co:u;R; j[1ao-u;] dz we may rewrite the r.h.s. in the form which lets the commutator appear

rhs = /QCQEU]‘RZ‘JUQQsUi] dr — /QCQsUinRi,jDQQe] dx
- [ coauRisinpud do— 5 [ coj(onudling] do = | o0 CAling] ds
+ /Q Si;0;CAi[loo.] do — /QTF(QE,Ye)@CAi[lQQs] do — /Q 0-Cf' Aillaoe] da.
Using the fact that R; j[v] = 0;.4;[v], the basic properties of the Riesz operator:
Rijlv] = Rjilv], /]12{3 Rijlvju dz = /11@3 Rjivlude, ve LP(R3), u e LPI(R?’)

and the approximate continuity equaion, we transform (2.45) into

/Q ¢ (m(ge Vo) 0 — S(us) : R[1nge]) da
— /Q ¢ (ot - Rllgoon] — 0:(u. © w.) : Rlloos]) da

— / Co-u, - VAfl[div lgoeu.] dox + Z/ ((Vo: - V)ug - VA’l[lgge] dz
0 Q
(2.46)

+;/Q(Vge®us):V(CVA‘l[lsws]) d$+;/ﬂ((gg—h)ug-VA_l[lggs] d

—/ 0-(u: ®@u.) : VC® VA 1gp.] dz +/ S(u.) : V¢ ® VA 1gp.] dx
Q Q

9
- /Qﬂ(gg,Yg)VC ® VA 1qe.] dz — /Qf - 0:CVA  1qe.] dz = ZIZ-.
i=1
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Finally, Io may be expressed by means of approximate (extended) continuity equation (2.44) in
the following way

Iy = —e/ Co-u. - VAT div 1 V.| dz + 6/ Co-u. - VA 1g(0: — h)] da. (2.47)
Q Q

We will compare (2.46) with a similar expression obtained by testing the limit momentum equa-
tion with the function

p(z) =)o, &= (VA )[lad, ¢ € CF(Q),

more precisely

/ ¢ (ﬂ(g,Y)g —S(u): R[lgg]) dz = / ¢ (ou-R[lgou] — p(u®u) : R[lge]) dx
Q Q

—/Qgs(u@)u) V(® VA_l[lgg] dr + /Q S(u) : VCVA_IDQQ] dx (2.48)
5
- / 7(0,Y)V(® VA 1qo] dz — / fo(VA  1go] dz = Zli'
Q@ Q@ i=1

Now, observe that -
(VA D[lge:] = (VA [lag] in C(9), (2.49)

which is the consequence of Lemma 6.5. Recalling (2.38-2.41) we show that the e-dependent
integrals on the right hand side of (2.46) vanish, whence Ig, I7, I3, Iy converge to their counterparts
in (2.48).

In what follows we give some more details of these limit passages. Firstly, due to the compact
imbeddung W12(Q2) < LP(Q) for 1 < p < 6, we have

u. — u strongly in LP(Q2), 1<p <6, (2.50)

taking into account also (2.39) we therefore get

6(1
u.0. — up weakly in LP(Q), 1< (L+B)y

<P<graT o (2.51)

6(1%;_-5[-)3;7 > 2 for v > g and by virtue of (2.40) and Lemma 6.5, we check that the most

restrictive term of o (2.47) goes to 0, i.e.

Since

€ / Co-u. - VA div1gVo.] dz — 0.
Q

The second integral in (2.47) is evidently convergent to 0 on account of (2.51) and (2.49), the
same argument works also for Is.
Next, due to (2.38) and (2.40)

e(Vo. - V)u. — 0 weakly in L'(Q),

which, when coupled with (2.49), implies the zero limit of I3.
Similarly, observe, that (2.40) together with (2.50) yields

3
eVo: ®@u; — 0 strongly in LP(Q), 1<p< 7
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Moreover, using the second inequality from Lemma 6.5 and the fact that ¢ is smooth, we show
weak convergence of the second component of the integrant in Iy in the same space as (2.40),
thus Iy — 0.

In order to show convergence of Ig, I7, I to the corresponding integrals in the formula (2.48) it
suffices to justify the weak convergence of p-u. ® ue, S(u.), 7(0-, Yz) to pu®u, S(u), 7(o,Y)
respectively, in LP(Q2) for any p > 1; the passage to the limit in Iy is trivial. Observe, that due
to (2.38) and (2.51) we have

. 6(1+ B3)y
- Kly in LP(Q), 1<p< —=-27
0:U: @ u; — pu®u  weakly in LP(Q) <p 6+2(1+ 80

and p > 1 for v > % Next, in view of (2.38) we deduce that
D(u.) — D(u), divu. — diva weakly in L*(1),

thus also S(u.) — S(u) weakly in L*(Q). Finally, using (2.39), (2.41), or directly from the
Bogovskii estimate, we are able to extract the subsequence such that

(06, Y) = m(0,Y) weakly in L'TA(Q).

Summarizing, by letting € to 0 in (2.46) and substracting from it (2.48) we deduce

/ ¢ (m(0e, Yo)o- — S(u.) : R[1ao.]) da — / ¢ (0. - Rllgous] — oo(u. © ) : Rllge.]) da
Q Q
= [ ¢(me¥)e=S(): Ritngl) dr— [ ¢(on-Rilaou] = ol w: Rllag) do. (252)

Our next aim is to show that the last terms from both sides cancels. For this purpose we will
apply Lemma 6.6.

We take V. = p.u., r. = po. and check that they fulfill assumptions of Lemma 6.6 with

= % and ¢ = (1 + )y, where by o, u., 0,u we mean the functions extended by 0

outside 2 to the whole space. Thus there is enough room to choose s > 2 such that % + % =1

and so Lemma 6.6 yields
0:u: - R[lgo-ue] — 0s(u: ® ue) : R[1gee] — ou-R[lgou] — o(u®u) : Rlog],

weakly in L#(£2). Substituting this result into (2.52) we obtain

lim /Q ¢ (w02, Y2)o- — S(u.) : R[1go:]) da = / ¢(7(e.Y)o~S(): Rllg]) dz.  (2.53)

e—0 0

We would now like to express S(u;) : R[lqe:] and S(u) : R[lge] in terms of divergence of u.
and u, respectively. There is no problem with the second part of (1.15) as we have
3
vdivul: Rllge:| =v Z divu.R; i[1ao:] = vlg divucp..
i=1

To handle the first part, we integrate by parts and we check that

/ Cu (Vue + (Vuo)?) : Rloe] do = / R [Cp (Ve + (Va)")]oe da. (2.54)
0 Q
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Observe that R : [Vu€ + (VuE)T] =2 2?,]’:1 0;A;O0juc; =2 Zf’ 0; Z;’:l R ju; = 2divu,, thus,
the r.h.s. of (2.54) can be rewritten as

| R Do do
= / C2udivuc. dx —i—/ (R :[C2uD(us)] — CR : [2uD(u.)]) 0 dz. (2.55)
Q Q

Repeating the same procedure for the limit stress tensor S(u) we obtain from (2.53) the following
expression

/QC(M—@wu)divw) dm—/QC(W(&Y)Q—(?u+V)divu@) du

+lim [ (R [2uD(u)] - CR : 2uD(us)]) o- dar - /Q (R : [c2uD(w)] - CR : 2D (w))) o da.
(2.56)

In order to show that the two last integrals cancel we will apply Lemma 6.7 to each row of the
matrix D(u.), i.e. we take

w=¢, Vi=0uc;+0uc; j=1,2,3

and due to (2.37) V € L%(R3). Since ¢ extended by 0 outside € belongs in particular to W1 (R3)

we can take any s € (1,6) and o = &% for which

IR : (26D ()] — (R : (26D ()] gy < -

Next, we may use the fact that W*(R3) is continuously embedded into L*(R?) forany 1 < a < 6

L : 1_1 1
and the embedding is compact for a < 6. Moreover, since 7= ot ey < 1, thus

(R :[¢2uD(ue)] = (R : 2uD(ue)]) 0e = (R = [(2uD(u)] — (R : [2uD(u)]) o (2.57)

weakly in L(R3). Therefore, we may now reduce (2.56) to the following remarkable identity:
/ ¢ (7‘(’(@, Y)o— (2u+v)div ug) dz = / ¢ (77(@, Y)o— (2u+v)div ug) dz. (2.58)
Q Q

In what follows, we will exploit (2.58) by use of the renormalized continuity equation.

Applying Lemma 6.8 to the limit continuity equation we can verify that the pair of functions
(0,u) extended by zero outside of € is a solution to the renormalized continuity equation, as
specified in Definition 2.2. Moreover, taking b(p) = plogp and £ = 1 it can be deduced from

(2.43) that
/ divup dx = 0.
Q

Alternatively, one can derive the same relation applying Theorem 1.1 from [78], see also [72].
We now test the approximate continuity equation (2.15) with log(o- + 1), n > 0, note that
due to Lemma 2.5 this is an admissible test function

\%
5/ (Qz—: - h) log(Qs + 77) dz — / QeUg - g dr — 5/ Ap. IOg(Qz-: + 77) dz =0.
0 Q 0= + 1 Q
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Integrating by parts in the last integral, and using the boundary conditions we obtain the fol-
lowing expression

|V95\2
0 +1

Vv
5/(Qs_h)10g(95+77) dzv_/@s“s' £ d$+5/ dz =0,
Q Q 0c + 1] Q

€

but the last term is non-negative, so we have

Vo
—h)1 +n) do — : dz < 0.
E/Q(@a )log(o: +n) dz /Qgsue o z <

Next, let n — 0. Due to regularity of g, u., the only problematic term is — fQ hlog(o: +n) dz
for oo < 1 —n, but as the above inequality has the right sign, we can handle it by use of the
Lebesgue monotone convergence theorem. Integrating by parts once more, we end up with

6/ (0 — h)log o dx +/ divugp. dz <0. (2.59)
Q Q
Since z log x is a convex function it satisfies the following inequality

(1 +logo:) (0 — h) > o-log o — hlogh
and by the fact that [, 0. dz = [, h dz we derive from (2.59) that
6/ 0c log o dx —z-:/ hlogh dx—i—/ divugpo. dx <0,
Q Q Q
so, after letting ¢ — 0 we finally arrive at
/ divup dz <0.
Q
Because of this, identity (2.58) may be transformed into:
/W(@, Y)o dz > / m(0,Y)e dz,
Q Q

and by the definition of m we thus have

_ Y, _ Y,
Yo+ Ro —0o | dz > / o'l + Ro —o| d=z. 2.60
[(Fernes o) e [ y 5 200)

kes keS

This inequality can be used to show strong convergence of density as soon as one justifies

_ S Y. Y.

Yo < o+l o< — 0. 2.61

070 < o7t 0> mk@_QE il (2.61)
keS keS

To do this we will use a well known result about weak convergence of monotone functions
composed with weakly converging sequences, whose proof can be found e.g. in [36], Theorem
10.19.
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Lemma 2.10 (Weak convergence of monotone functions). Let Q be a domain in RN and (P,G) €
C(R) x C(R) be a couple of non-decreasing function. Assume that u, is a sequence of functions
from L'(Q) with values in R such that

P(un) = P(u),
G(up) — G(u), weakly in LY(S).
P(un)G(uy) = P(u)G(u)

(i) Then

P(u) G(u) < P(u)G(u) a.e. in Q.
(i) If, in addition
G(z) =2, PeC(R), P is non-decreasing

and

then

Applying this lemma to (2.61), we see that the first inequality is evidently true since P(o) =
02 and G(p:) = g. are increasing. Regarding the second inequality, by the strong convergence of
(Yi)e in LP(Q) for p < 6, we check that Yo = Y0, thus oYio = Y}, 0?, while the r.h.s. satisfies

oYiro = Y02 > Yip0?, where, we applied Lemma 2.10 with P(o.) = G(0:) = 0.. Hence, by
comparison of (2.60) with (2.61) we obtain, using the statement (ii) of Lemma 2.10, that

07 =07 ae. in Q.

This in turn implies the strong convergence of the density as L?(€2) is a uniformly convex Banach
space. The proof of Theorem 2.3 is now complete. [

2.3 A note on the non-diagonal diffusion

The Fick law is a relevant approximation for the diffusion flux of species, provided the molar
masses of species do not differ much from the average mass, i.e. 7’:—2 S %. Thus, the species
diffusion forces defined by (1.19) may be approximated by
dp ~ VI ~ vy, for ke {A,B,C).
Tm

Recall that we used this approximation to express the diffusion forces only for species taking
an active part in reaction (2.1), but since ), qdy = 0 we get the same for the dilutant, i.e.
dp = VYp. Such a case corresponds to the diffusion matrix C' that is diagonal for 3 species only,
see (1.18), and in general, there is no reason to assume that the diffusion coefficients D4, Dp, D¢
coincide.

However, in agreement with Lemma 1.1, page 21, the species diffusion coefficients for sub-
strates D4 and Dp must be the same, otherwise restriction Y4Ygp = 0 would exclude reaction
(2.1). This in turn implies that we may formally reduce system (2.2) to the following one

div(pu) =0
div(jou® u) —divS + Vr = of
. . in €, 2.62
div(eYapu) + div(Fap) = owap (2.62)

div(eYou) + div(F¢) = owe
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where we denoted Yap = YA + Y, wap = wa +wp, Faop = —DVYuypand D =Dy = Dp. If
in addition D # D¢, then
YABYC - 07

and so, in the absence of dilutant Yp = 0 we would have either Yo = 0, Yo = 1 or Yup =
1, Yo = 0. By this observation, the whole reasoning performed for a system with diagonal
diffusion matrix may be now repeated with merely several minor changes. In particular, a kind
of maximum principle, derived for the approximate system (2.17), does still hold for the last
species. More precisely, we may again start from the following equality

)

oYp dx + / oYpu-ndo + / (DaByVYaB + Dcy VYo —eV(0Yp)) -n do
5 o9 097,

=€ h(l1—K(Y, ) — K(Yd)) d.
Qp

Recall that Y4p and Yo are smooth and at the boundary of €1}, they are allowed to take only
one of two values 1 or 0. Because the boundary of 1}, is regular and Yap = 1 — Y at this part
of 92, which does not adhere to 02, we may assume, without loss of generality, that Y p = 1
and Yo = 0 at 9Q, \ 0. Since the smooth function does not permit the jumps and YapYc =0
in 2, Yo must remain equal to 0 in the small neighbourhood of 9Q, \ 9€2. In consequence

Dcy VYo - n|BQB\BQ =0,

moreover
DpVYap - n‘agg\ag =-DyVYp- n‘c’?QB\BQ <0,

which is sufficient to repeat the argument from the case of diagonal diffusion with equal diffusion
coefficients, and therefore Yp > 0.



Chapter 3

Two species kinetics

We investigate the system of equations describing flow of two-component compressible gaseous
mixture in the periodic domain = T3. The species A and B undergo an isothermal, reversible
chemical reaction

A S B. (3.1)

The above reaction can be formally obtained from (2.1) by assuming that the amounts of one of
reactants from the L.h.s. and of dilutant are much bigger than of the other species. Then, their
concentration may be assumed to be constant.

At first sight this situation seems to be simpler, than the one considered in the previous chapter,
however, now our main aim is to investigate the issue of the strong cross-diffusion phenomenon
occurring in majority of multicomponent fluids. A careful mathematical analysis of the simplest
model for binary mixture will be later on explored to describe more complex flows.

3.1 Introduction

To describe the dynamic of isothermally reacting binary mixture may we use system (1.2) with
decoupled energy equation. Thus, the set of state variables consists only of the total mass density
0= o(t,z), 0o = pa + 0B, the velocity vector field u = u(¢,z) and the species A mass fraction
Ya=Yy (t, x):
Oro + div(pu) =0
O (ou) +div(eu®u) —divS +Vr =0 % iy (0,7) x Q. (3.2)

O(0Ya) + div(eYau) + div(F4) = ow

Here, m = m(p,Y) is the internal pressure, w = w(p,Y) is the species A production rate, F4 =
F4(o,Y) denotes the diffusion flux of the species A and S = S(p, u) is the viscous part of stress
tensor.

We assume that the pressure m = 7(p,Y) obeys the following state equation

m(0,Y) = me(0) + mm(0,Y), (3.3)

where 7.(g) = 07, v > 1 is the barotropic part of the pressure also referred to as a "cold pressure”.
By m,, we denote the classical molecular pressure given by the constitutive equation

Wm(QaYU ::zi:pk::Q (2{:;21) ) (34)

kesS k=1

41
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where S = {A, B}, my, is the molar mass of the k-th species and we assume that m4 # mp.
Note that we take the perfect gas constant R = 1.

The species mass flux F 4 yields diffusion effects due to the mole fraction gradients and pressure
gradients and is given in a general form

— Z Ckldb ke S, (3.5)

les

with dj specified by (1.19). Supposing the following form of the matrix C' :

Yp —YA>

C= CO(Q: YA7YB) <_YB YA

(3.6)

we verify, by use of (3.5), that

C
_ Cpdy= S <<@B N 0A> Vou @Av@) 7
T, oma omp omp

C
Fp=—Codg=——2 (25 4 24 V\vop— 28 v,).
Tm, oma omp omA

Note that such form of matrix C' corresponds to the process in which both species play the
symmetric role and it satisfies all general properties listed in (1.20) and taken over from [45],
Chapter 7.

In addition, we assume that the diffusion coefficient Cy is proportional to the Boyle pressure
Co = 7, (we take CO =1).

An important consequence of (3.6) is that Fp +F 4 = 0, therefore we can consider only the first
mass fraction as unknown and use the relation

Yi+Yp=1, (3.7)

to evaluate the mass fraction of the remaining species.
The molar production rate w is a Lipschitz continuous function. We will additionally postulate
existence of constants w and @ such that

—w <w(Ya,Yp) <w, forall 0 <Yy, Yg <1, (3.8)

and we suppose
w(Ya,Yp) >0 whenever Y4 =0. (3.9)

The viscous stress tensor S is given by (1.15), where the viscosity coefficients (o), v(g) are
C?(0, 00) functions satisfying restriction (2.8) together with

v(0) = 204/ (0) — 2u(0)- (3.10)

Remark 3.1. The above condition is a necessary mathematical assumption, by which regularity
of the density can be improved. It was proposed by Bresch and Desjardins in [11] as an extension
of the particular case considered e.g. in [15], where p(p) = o, v(p) = 0.

Following Mellet and Vasseur [69], we stipulate that there exists positive constant &’ € (0,1]
such that

1(0) >0
,}/E( 0), (3.11)
3 <
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In addition, for arbitrary small € > 0 and v > 3 we suppose that

..o Mo
lim inf W(+)a > 0. (3.12)

0—00 03

The main difficulty concerning systems with viscosity coefficients vanishing when density
equals 0 is lack of information about the velocity vector field. It is no longer in L?((0,T) x )
as in the case for constant viscosity coefficients. In fact, it cannot even be defined on vacuum.
Although this degeneracy causes additional difficulties, it also contributes some benefits, if only
relation (3.10) is satisfied. It provides particular mathematical structure that yields global in time
integrability of V,/o. This property was observed for the first time by Bresch, Desjardins and
Lin [15] for the Korteweg equations and for the 2-dimensional viscous shallow water model [10].
Later on, Mellet and Vasseur coupled these ideas with the additional estimate for the norm of pu?
in L>°(0,T; Llog L(2)) and proved the sequential stability of weak solutions to the barotropic
compressible Navier-Stokes system with the viscosity coefficients satisfying conditions (3.10-
3.12). Concerning the stability result, it is possible to extend this approach to treat the case of
selfgravitating [29] gases, however existence of regular approximate solutions in this framework
is still elusive. The main difficulty is to preserve the logarithmic estimate for the velocity at the
level of construction of solution. To the best of our knowledge, when no additional drag terms
are present, this is still an open problem.

Nevertheless, some progress has been achieved in the case when further assumption on the
zero Kelvin isothermal curve of the equation of state in the neighbourhood of small densities
is enforced. This strategy was proposed in the work of Bresch and Desjardins [13] for the heat
conducting fluids as a way to get close to a solid state in tension. Their condition was designed
to recover the standard cold component of the pressure ¢7 far from vacuum and to encompass
plasticity and elasticity effects of solid materials, for which low densities may lead to negative
pressures. By this modification the compactness of velocity can be obtained without requiring
more a priori regularity than expected from the usual energy approach. In this framework
the globally well posed system can be constructed by parabolic regularization of the total and
partial masses conservation equations and by adding to the momentum equation the capillarity
force regularizing the density together with the hyperdiffusive term providing integrability of
higher derivatives of velocity. Then, the existence of solutions follows from the fixed point
argument applied to the momentum equation combined with the standard theory for the semi-
linear parabolic equations of species production.

This is, in a sense, opposite with respect to systems with constant viscosity coefficients,
for which there is not enough information about density [62]. As it was mentioned in the
introduction, the main difficulty for such systems is to prove the strong convergence of the
density, necessary to pass to the limit in the nonlinear term ¢”. However, this cannot be done
using only the a-priori estimates. In fact, one needs to replace the missing part of information by
compactness of quantity called the effective viscous flux. This in turn requires some knowledge
on the velocity field assured by the uniform ellipticity of the differential operator associated with
the viscous part of the stress tensor.

The objective of this chapter is to investigate the issue of large data existence of solutions
to system (3.2). Let us emphasize that the model we consider is consistent with principles of
continuum mechanics and does not violate the second law of thermodynamics when the heat
conductivity is taken into account. In contrast, the presence of the species concentration in the
state equation and approximation of the diffusion flux by the Fick law would result in the entropy
production rate which may fail to be non-negative, see (1.14). This, in turn, would contradict
thermodynamic admissibility of the process. In consequence, to be phisically consistent, one
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has to deal with more general form of diffusion (3.5) leading to a new type of degeneration in
the system (3.2) which involves the second space derivatives of p. Therefore, more regularity
for the density, than we can prove for the Navier-Stokes-type systems with constant viscosity
coefficients, is needed. Here, the theory developed in [15], [69] is applied as a possible way to
overcome this difficulty.

In the first part of this chapter we establish the sequential stability of weak solutions to
system (3.2) i.e. the closedness of the family of solutions bounded by a priori bounds in the
framework of weak formulation. Then, we complement this result by constructing regular enough
approximate solutions which preserve the mathematical structure of the system, but only when
further restriction on the pressure is postulated.

3.2 Sequential stability of solutions

In what follows we will prove that provided the sequence of sufficiently smooth solutions to system
(3.2) has been constructed, it converges to weak solution specified in the definition below. This
procedure consist of deriving several a-priori estimates from which a sufficient compactness can
be deduced in order to pass to the limit in the weak formulation of the problem. This procedure
is usually the last step of the proof of existence of solutions, regarded as a most difficult one and
it is a strong motivation to look for a suitable approximation of the original system.

3.2.1 Weak formulation and main result
We consider system (3.2) with the initial conditions

0(0,-) =¢% ou(0,") = (eu)’ =m",  o¥a(0,") = (e¥a)’ = c};,

(z) >0, and 0< g%(x) < o"(x) ae. on Q. (3.13)

The weak solutions to (3.2-3.12) and (3.13) are specified by the following definition.

Definition 3.2. A triple (p,u,Y4) is said to be a weak solution of (3.2-3.12) supplemented with
the initial data (3.13) if:

0€ L>®(0,T; L' N LY()), /o€ L>(0,T; H()),
Jou € L=(0,T; L2()),  /u(e)Vu € L2(0,T; L3 (1)),
0>0, 0<Yy<1, ae in(0,T)xQ,
VoVYy € L*(0,T; L*(9)),

and equations of system (3.2) hold in the following sense:

1. The continuity equation
{ Ao + div(y/oy/ou) = 0

Q(va) = Qo(x)
is satisfied in the sense of distributions.
2. The weak formulation of the momentum equation

T
/mo-gb((),x) dx—i—/ / (Vo(y/ou) - 86 + \/ou® \Jou : Vo) dx dt
Q 0 JQ

+ /OT/Qp(Q, Ya,Yp)dive de dt — /OT (2u(e)D(u), Vo) dt — /OT (v(o)divu,dive) dt =0



3.2. SEQUENTIAL STABILITY OF SOLUTIONS 45

holds for any smooth, compactly supported test function ¢(t,z) such that ¢(T,-) = 0. In this
formula, the last two terms should be understood as

<2u(g)D(u),V¢> = —/Q'u;(/%)\/@lljaii(ﬁj dx—Q/Q//(g)\/Eujai\/@aiqﬁj dx
o) o de / Wi /00: b da
-/ oo, dr 2 [ @vend, e, o

and

<l/(g) le u,div qb) = / @\@uﬁijqﬁj dl‘ — 2/ z/(g)\/éuiai\/éajqu d.’L’
IRVAY Q
3. The weak formulation of the mass balance equation for species A

T
/Qg-w(o,x) dx—l—/ / (voYay/ou - 0ph + /oYay/ou - Vo) dx dt
Q 0 JOQ

+/OT<FA,V¢> dt:/OT/Q@ww dz dt

is satisfied for any smooth, compactly supported test function 1(t, z) such that (T, ) = 0, where
the last term on the left hand side (l.h.s.) denotes

(Fa, Vip) — ﬂjA /Q OYaA do + an / NOANRL

1 1 1 1 1
+ | —-— YiV/o- V¢ d —(—)/ YiAy da.
(mA mB>/Q\/§A Ve Vo de 2\mag mp QQA Y dz

We can now formulate our main result.

Theorem 3.3. Let v > 1 and let (o), v(o) be two C?(0,00) functions satisfying (3.10-3.12).
Assume that {on, Un, YA n}neN 5 a sequence of smooth solutions to (3.2-3.12) satisfying weak
formulation in the sense of Definition 3.2 and the energy-entropy inequalities (3.18), (3.20) and
(8.26), with the initial data

QTL(07 ) == Qg,v Qnun(oa ) =0 = m?w QTLYA,n(Oa ) = Q?LYXJL = Q%,na
satisfying
infreq02(x) >0, 00— 0" in LY(Q), Ou’ — (ou)? in L),
0< ngn <1, YR, — (eYa)? in L'(Q),
together with the following bounds
2 2
Jo (300 [0 + 525 (60)" = Lo log o) du < o0, fy 4 [Vie () da < o0,

3.14)

2 (

Jo 1 <Y£7n> dz <oo, [q 2% (1 + ‘u%ﬁ) In (1 + ‘u?lf) dx < 0.

Then, up to a subsequence, {0n,+/0nUn,YAn} converges strongly to the weak solution of the
problem (3.2-8.12) in the sense of the above definition. More precisely, we have

On — 0 strongly in C°(0,T; L%(Q)),
Vo, — Jou  strongly in L*(0,T; L*(12)),
onu, — ou strongly in L*(0,T; L*(Q)),
Yan = Ya strongly in LP(0,T; LP(Q2)),
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for any p finite and any T > 0.

We have divided the proof into two parts that are presented separately in the following
subsections.

3.2.2 A priori estimates

In this section we present the a priori estimates, being derived for a sequence of smooth solutions
(on,un,Yan) to (3.2-3.12); we skip the subindex n when no confusion can arise.
We start with the conservation of mass. Integrating the continuity equation over 2 we deduce

that d
= [ odz=0,
at Jo ¢

i.e. knowing that [, 0°(z) dz = M, we deduce that [, o(t,z) dz = M for any t € [0, T].
Moreover, since o is smooth and ¢ > 0, we have the following estimate

olr.) > inf ¢z exp (— [ divunmmdt> , (3.15)
0

e

in particular ¢ > 0.
Correspondingly, the sum of masses of both species must be conserved, in particular we have
the following lemma (a kind of weak maximal principle).
Lemma 3.4. For any smooth solution of (3.2) we have
Y4,Yp >0 on Qx(0,7), (3.16)

and
Ya+Ys =1 (3.17)

Proof. Let ¢. be a sequence of smooth functions such that

supp ¢- C Qp, 0< ¢ <1, ¢(x)=1 for dist((¢t,z),007) > ¢,

where Q7 = {(t,z) € ((0,T) x Q) : Ya(t,z) < 0}.1
Multiplying the species mass balance equation by ¢. and integrating over (0,7") x 2 we obtain

I,
“,

Observe that when ¢ — 0T then the four-component vector (9;¢c, Vp.) approximates —n =
—(n¢, ng), which is the inter normal vector to the boundary of 2., so we get

oYadide dz dt — /

1
oYau- Vo, dr dt + / —YAVo -V, dx dt
O ma

T QT

1
——QVYa - Ve dr di - / YaVrm(0,Y) - Ve da dt = / ow(Y)o. dz dt.
A Q; —

T

T Qr

1
/ oY any dSt,:r + / oY u - ny, dSt,x - / —YaVo - n, dSt,z
o0 o0 o0, MA

1
—/ —oVYy-n, dS:, + YaVrn(0,Y) n, dS, = / ow(Y) dx dt.
o, MA o0, Qr

'Tf Q. is not a regular domain, we may use the Sard theorem [92] and the Implicit Function Theorem to find
a sequence of sets Qr. 5 = {(t,z) € ((0,7) x Q) : Ya(t,z) < dn} for , > 0, such that 9Q 5 is as smooth as Ya,
and pass with §,, — ot.
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Now, due to the fact that Y4] 00 = 0 all but the penultimate integral from the l.h.s. vanish and
we are left only with

1
—/ —0oVYy -0, A5, = / ow(Y) dx dt.
007 A o

Due to assumption (3.9), the r.h.s. of the above equality is nonnegative. On the other hand, we

know that 2Xa
o |50
bility is that the Lebesgue measure of the set {1, is equal 0. In particular, in view of smoothness

of Y4 we have (3.16) and then, the similar token applied to the continuity equation enables to
verify (3.17).0

is positive, hence the 1.h.s. must be nonpositive. Therefore, the only possi-

In the next step we present the usual energy approach to the second equation of system (3.2)
which leads to the following equality.

Lemma 3.5. The following equality holds for any smooth solution of (3.2)

d 1 o, 1 1 / )
— [z — —opl 21(0)|D
% Q(2QIU\ v { Aol 0g@> dz + A (0)[D(u)|” dz

1 1
+ [ violdivap do— [ vy ( - > diva dr = 0. (3.18)
Q Q

ma mp

Proof. We test the momentum equation by u and integrate by parts. [
Transforming the last term from the Lh.s. of (3.18), we can derive some useful bounds. First
observe that due to Lemma 3.2.2 we may apply the Cauchy inequality (with €) to estimate

1 1
/ oY s < — ) divu dz
Q ma mp

g/ 0 1u(g)%|divu|g% dazga/ L,u(g)|divu\2 dx+c(€)/ o dz.
 u(o)? a 1) Q

The last term is controlled since ¢ € Lo, (0, T; L*(£2)), while the first one is absorbed by the Lh.s.
of (3.18) provided that

N

p(o) = co™ for o>1, m=>1,
>co” for p<1, n<l1
and that € is sufficiently small.
Indeed, since 2u(0) + 3v(0) > p/'p(o) and (divu)? < 3|D(u)}? thus, taking e sufficiently small
we get

d 1 1 1
<g|u|2 TR S T . g> dr+ [ w@ID@) +v(o)aivu) do <
2 mp Q

a 0 Y — 1
Therefore, due to (3.19) and (3.11), we have the following estimate
Vol o220y + M7 (012 (c2y) + 1V @D 20 7120y < (3.19)

In order to proceed we need to find some better estimate of the norm of density than in
L>(0,75L7(Q2)). It will be a consequence of integrability of gradient of /o obtained by a
modification of entropy inequality proved for the first time by Bresch and Desjardins [10]. We
will roughly recall the most important steps from the original proof and focus on the new features
of the system. More details can be found in the last section, in the proof of Lemma 3.17.
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Lemma 3.6. Let u(0), v(o) be two C%(0,00) functions satisfying (3.10) and (3.11). Then, any
smooth solution of (3.2) satisfies

d 1 1
G [ (Gelus Vo + 50— L ologe) dot [ Volo)- Valoy) do
dt 0 2 -1 mp 9] (3 20)
1 1 1 ’
+ / 1(0)|Vu — VTul? dz —/ oY ( — ) divu dz =0
2 Ja Q ma  mp
for ¢ such that V(o) = 2@.
Proof. We start with the following observation
d
G | w00 do = [ To@aen) de+ [ (aiviow (o) da. (3.21)

where the first term on the r.h.s. may be evaluated by multiplying the momentum equation by
V¢(p) and integrating by parts

| atenvato) ar
= —2/QV¢(Q) - V(o) diva dz — /QVqﬁ(Q) V(oY) dz — /QVqﬁ(g) div(ou ® u) dz (3.22)

- / (24(0) + 1(2)) Ad(o) divu da + 2 / Vu: Vé(o) ® Va(e) dr.
Q Q

Next, multiplying continuity equation by |V¢(p)|? we get the following “renormalized” version

d 1
= | 5elvoo) d
Q

dt (3.23)
= [ evuiVolo) @ V(o) do+ [ Po(0)adle) divudo+ [ o(Vo(e) div d.
Q Q Q
From (3.21), (3.22) and (3.23) we therefore deduce
d
G [ (o0 9000+ Joiv0(0?) s+ [ Volo) Tate.v) as
(3.24)

= —/ V(o) div(pu ® u) dz +/(div(gu))2¢’(g) dz.
Q Q
Now, the r.h.s. may be transformed into the form

- / V(o) div(ou ® u) dz + / (div(ow))*¢/() dx
Q Q

= [ vioivar do+ [ 2u@DP o =5 [ p(o)vu—VTuf dr

and thus (3.18) summed up with (3.24) implies (3.20). O

To make use of this lemma we should verify that all the negative contributions from the L h.s.
and the whole r.h.s. are bounded. Note that, for instance, the pressure term is equal to

V(o) - Vr(o,Y)
Ys Yp 1 1

=1 (0)0"*|Vol* + ' (0) ( + ) o Vol? + 1/ (o) ( - ) Vo VY4 (3.25)

ma mp ma mp
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where the first two parts have a positive sign on the L.h.s. of (3.20), while to control the last
term we need the following result.

Lemma 3.7. For any smooth solution of (3.2) we have

d 1
Yide 4 —————
dt Q Adrt max{mA,mB}

1 1
< Y)[Ya dz + - - Vo- VY| dx.
_/Qg|w( J1¥a Ty (min{mA,mB} maX{mAamB})/Q’ ‘ A

Proof. Multiplying the species mass balance equation by Y4 and integrating over ) we deduce

d 1-Ys Y
QYA dw +/ < A4 A) 0| VY4 [? da
dt Q ma mp

/ o|VYa|? dz
(3.26)

_ (1—)/YA 1 - YA)Vo- VY4 dx+/gw( )Ya da.

mp

Now, since 0 < Y4 < 1 and we have = YA + Ya mB > W
To estimate the r.h.s. of (3.26) we use the Cauchy inequality

and YA(l —Yy) < i O

\V4 2
/ Vo VY4l dx < c(a)/ [Vol dx—i—a/ 0| VY |? dz
Q Q © Q

4min{ma,mp}
max{ma,mp}—min{ma,mpg}"

IVoYalZoeor.r20)) + IVOVYalZ2(0 120

with € <

And thus, we can integrate (3.26) with respect to time to get

(3.27)
< el[Yall oo o.myxen el Lo izt () + clma,me) [V v/ellr20 72 @) -
Hence, the assertion of Lemma 3.6 gives rise to the following inequality
d/ Lo+ V(o) + —— g7 — ——glogo) da +/ v (0)0" 2|V ol? dx
Y, Y 1
+ [ 4o ( Ay Yo ) o1V o5 [ o] Va - VTul da (3.28)
0 ma  mp 2 Ja

1 1 1 1
< ( — > / o/ divu| dz + < — ) / 1 (0)|Vol|VYy| da.
mag Mmp Q ma  mp Q

The first term from the r.h.s is bounded on account of Lemma 3.5. In order to estimate last
term we use the Cauchy inequality (with €) to show

! 2
/ 1 (0)Vo-VYy dz < c(e)/ (“(Q"))yvgyz dx —i—e/ o|VY|? d.
Q Q Q

So, the Gronwall-type argument applied to the first integral coupled with (3.27) applied to the
second one yields boundedness of the 1.h.s. of (3.28). In particular, since the initial data satisfy
(3.19), we can integrate (3.28) with respect to time to obtain

Vol 7o o220y + 11 (Q)Vv/ellf 0 ri2 () + Il oo 0.7 ()

+ IV (0 2V el 120 rirz(@y) + IV QAW 72120 < €

(3.29)
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where we denoted A(u) = 3 (Vu— V7).
Now, one can check that via the Sobolev imbedding theorem we have

X X ol
67”92 17207050 < 102 1220810y < IV 02 720,77, 12) + loll7o 0,727 (52)) (3.30)

s

where ¢s is the constant from the Sobolev inequality. Moreover, applying the interpolation
inequality we obtain

3
lon HLS (0,1)xQ) = <oy, ”LOO(OTLI ))HQ’TYLHZl(O,T;LS(Q)) <ec (3.31)

Our ultimate goal before the limit passage is dedicated to better integrability of velocity.
Lemma 3.8. Let assumptions (3.10), (3.11) be valid. Then for any 6 € (0,2) the smooth solution
of (3.2) satisfies

d

r (1+|uy YIn(1 + [ul?) dx—l—/ Y14+ 1In(1 +[u)?))D(u)? dz < c/Qu(Q)quF dx

2—9

+e A(W)Eé dz 2 </Qg(2+1n(1+|u|2))§ dx)g. (3.32)

Proof. We follow the same strategy as in the work of Mellet and Vasseur [69] (Lemma 3.2).
Multiplying the momentum equation by (1 + In(1 + |u|?))u and employing (3.11) we verify

| 501+ 1Py (1 + ) da+ [ Sou-T(1-+[aP) (1 + fuf) da

1(0)(1+1In(1 + [u?)|D(u)? dz (3.33)

:;\

/( +In(1+ [u*)u-Vr(o,Y) dx + c/ u(0)|Vul? d.
Q
Multiplying continuity equation by %(1 + |u|?) In(1 + |u|?) and integrating by parts
1 1
/ Oe(l + [u*) In(1 + |u)?) dz :/ gou-V(+ lul?) In(1 + |ul?) dz
Q Q

so the first two terms from the Lh.s. of (3.33) give & [, 20(1 + |u[?) In(1 + |u[?) d. To control
the r.h.s. of (3.33) we first integrate by parts

'/Q(l +In(1 + |u*))u-Va(p,Y) dz

2u;u
ol+uf

then using the Holder and Cauchy inequalities we show the following estimate

Oiugm(0,Y) dz

+ ‘/ (1+1n(1 + [u]?) divu 7(p,Y) dz|,
Q

/Q(l +in(1 + [uP)u- V(oY) do

< /Q (@)Ul dz + =4 /Q u(@)(1 +In(1 + [u?))D(w)? dz

2
(r(0,Y))?

(o) 4

2
+C/Q(2+ln(1—|—|u| ))



3.2. SEQUENTIAL STABILITY OF SOLUTIONS 51

Hence (3.32) is obtained by applying to the last term from above the Holder inequality with

P=3525¢=3(E+1i=1andse(0,2). O
Observe that due to (q3.29) the r.h.s. of (3.32) may be partially controlled, we know in particular

that

2—46

2
d [1 0
- ) dz +c. (3.34)

)
d ((0,Y))%0 >
dt Jo 2

o(1 + [u?) In(1 + [uf?) do < ¢ /Q< o

Next, since p(o) > p'p, thus o(1 + [u*)In(1 + [uf?) is bounded in L>(0,T;L'(Q)) if only

(m(o, Y))nglfg belongs to L'((0,T) x Q). By virtue of Lemma 3.2.2 and estimate (3.31) this
is true for v < 3, otherwise the boundedness of the r.h.s. of (3.34) follows from the additional
assumption (3.12).

3.2.3 Passage to the limit

In the previous section we showed uniform estimates for the sequence of of smooth solutions
{0n, un, Yy tnen under assumption that the initial data satisfy (3.19). For convenience of the
reader we list all of them once more

llonllLo0,r:1 (@uLr () < €

(3.35)

loall 5 o.7yxe) < © (3.36)
lveonunllL<o,r20)) < ¢ (3.37)

[lon | > (1 + [wp[?) || oo 0,701 (0)) < € (3.38)
1Yol zo(0.)x0) < € (3.39)
IVVenll L or;r20) < ¢ (3.40)
vVeonVunllr207;22(0)) < ¢ (3.41)
IvenVYallp2 01020 < ¢ (3.42)

In this section we present the proof of Theorem 3.3. It will be split into several steps.

1. Convergence of /o,
Lemma 3.9. If u(p) satisfies (3.11), then for a subsequence we have

Von — o ae. and L*((0,T) x Q) strongly.

Moreover o, — o strongly in C(0,T; L%(Q))

Proof. By (3.35) and (3.40) we see that \/o, € L>(0,T; H'(Q)). Next, from the renormal-
ized continuity equation coupled with (3.37) and (3.41) we also get that 0;,/0, is bounded in
L?(0,T; H-1(2)). Hence, the Aubin-Lions lemma implies strong convergence on every compact
subset in L2((0,T) x Q).

In order to proceed we observe that by the Sobolev imbedding theorem /0, € L*(0, T} L5(Q)).
Therefore, from the continuity equation 0,9, € L*(0, T} w-L3 (©)) which together with bound-
edness of Vo, in L*(0,T; L%(Q)) establishes compactness of {o,} in C%(0, T; L%(Q))

2. Convergence of the pressure
In view of (3.36) and by the fact that g,, converges almost everywhere to o7, we deduce that g,
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converges strongly to o” in L'((0,7) x Q).
Concerning the molecular pressure, since g, € L°(0,7T; L3(£2)), thus (3.39) implies
onYa is bounded in L*(0,T; LP(2))
for any p € [1,3]. Additionally, note that the space gradient of p,,Y4 ,, equals
V(onYan) = YanVon +vVonvonVYa,

and is bounded in L*(0,T; L9(Q)) for q € [1, 3], therefore 0,Ya, € L*(0,T; w3 (Q)).
Now, let us verify that the time derivative

Or(onYan) = — div(enYanty) — div(Fan) + onwn  is bounded in L2(0,T; W~ 12(Q)).
Indeed, as 0,1, YA = /0nUn+\/0nYa,n belongs to L°(0,T; L4(2)) and

YAn

Y
An V(QnYA,n) - m’B

1
Fan= 7V(QnYA,n) i
ma ma

V(en(1 - YAJL))

is bounded in L2(0,T; LY(Q2)) for ¢ € [1, 3] we have, by the Aubin-Lions lemma, compactness of
{onYan} in L*(0,T; LP(Q2)) for p € (1,3).

3. Strong convergence of Y,
As a consequence of the last result we have (up to a subsequence) that g,Y 4, converges a.e. to
some g4 and we define Y, = %‘ Moreover, since g, converges a.e. to g it can be easily deduced

that Y4, = Q"Z)/A ™ converges a.e. to Y4 whenever {o(¢,x) # 0}. As a matter of fact this is also
true in the set {o(t,z) = 0} on account of (3.39) and the Fatou lemma. In particular, we have a
strong convergence of Yy ,, in LP(0,T; LP(2)) for any p finite.

4. Convergence of the convective term

Having proved strong convergence of density and the additional estimate for velocity (3.38),
convergence in the convective and the viscosity terms can be shown identically as in the work of
Mellet & Vasseur [69]. Below we recall their final result.

Lemma 3.10. Let p € [1, %), then up to a subsequence we have

onu, —m a.e. in (0,T) x Q and strongly in L*(0,T; LP(Q)),
m
onu, — — strongly in L*((0,T) x Q).
N (0.7)x )

In particular, we have m(t,z) = 0 a.e. on {o(t,x) = 0} and there exists a function u(t,x) such
that m(t,z) = o(t, z)u(t,z) and

onu, — ou strongly in L*(0,T; LP (%)),
Vonu, — \Jou strongly in L*((0,T) x Q).

Moreover, we have

w(on)D(u,) — u(e)D(u) in D'((0,T) x Q),
v(on)divu, — v(g)diva in D'((0,T) x Q).
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3.3 First level of approximation-construction of solution

In this section we present a possible approach to the issue of solvability of system (3.2). As it
was already announced the strategy requires either to consider additional friction of the form
olulu or to modify the cold component of the pressure in the regime of small densities.

The second way seems more natural as ultimately we want to investigate the full system
describing the motion of chemically reacting and heat conducting fluids for which it is not so
evident that in the degenerated regimes (of low temperatures and densities) the medium behaves
as a fluid. For further discussion on this topic we refer to [13] and references therein.

From now on 7. denotes a continuous function such that

(3.43)

—4k—1
c foro<1, k>1,
(o) { 0 0

¢ ot foro>1, 4>1

for some constant ¢ > 0. By this modification, the compactness of velocity can be obtained with-
out Lemma 3.8, so to construct the approximate solution one should only care about preserving
the structure (3.20). The basic idea is contained already in the work [12] and consists of intro-
ducing the smoothing operator doV (u’ (o)A F! u(g)) with s sufficiently large, inspired from the
capillarity forces [15]. In the next step we improve regularity of velocity using the biharmonic
operator nA2u. Finally, to get the estimate for the norm of A**lg in L2((0,7) x Q) at the
level of Faedo-Galerkin approximation, we also need to regularize the the continuity equation by
adding eAp.

At the points when construction of approximate solution does not differ much from the case of
single-component barotropic flow we present only main arguments and give the reference where
all the details can be found. For the sake of simplicity we assume that u(o) = o, v(g) = 0.

For the constant parameters €,7, K1, k2,0 > 0 (we skip all the indexes when no confusion
can arise) we will be looking for a set of four functions (p,u, 04, 0p5) satisfying the following
regularization of the original system.

1. Approximate continuity equation:

0o + div(pu) — eAp =0, (3.44)
with the initial condition
0(0,z) = 0§(x), (3.45)
where
0 € C?HV(Q), inf o(x) > 0. (3.46)

2. The Faedo-Galerkin approximation for the weak formulation of the momentum balance:

/qu(T)¢da:—/Qm0¢dx—i—n/OT/QAu-Aq&dxdt—/OT/Q(guéz)u):V¢dxdt

T T
—I—/ / 20D(u) : V¢ dx dt —/ / Try (0,04, 08) dive dz dt (3.47)
0 JQ 0 JQ

T T
—5//QVA25+1Q-¢d:vdt+€//(V,Q-V)u-qu:vdt:O
0 JQ 0 JQ

satisfied for any test function ¢ € X,,, where X,, = span{@,}?" ; where {¢;}3, is an orthonormal
basis in L%(Q), such that ¢, € W?2(Q) for all i € N. The regularized internal pressure is equal
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to

0A OB
Two (0,04, 0B) = Tc(0) + + > Q-
oo on) = n0) + Tt ) v

3. The species mass balance equations with truncated and regularized coefficients:

oma emp omp

+ + +
atQA5AQA+div(gAu)div<<QB+9A) Voa — (@7/1) VQ> = oWy,
K1 K1

(3.48)
B,05 — eAop + diviopu) — div [ (2L + 22} Vo — (42) Vo) = —ow
t0B 9B 9B omp " oma ), 9B oma ), 0] = —0Wky;
we set
0 if g; <O,
of =< 0iif0<pg; <o, fories. (3.49)
o if o < i,
The initial conditions are
QAoax :QO z), QBO,.ZU :QO z),
(0.2) = & 5(x),  0n(0.2) = g 4() 550)

Q?ﬁl,é’ Q(J)S’,é e C*V(Q), ng + QOB,(; = @8-

Moreover, the restriction p(t,z) + op(t,z) = o(t, x) is satisfied for (¢,z) € [0,T] x Q.

The operators f — fi,, ki = (ki, k%), i = 1,2 are the standard smoothing operators that apply
to the variables x and t in the case of functions g, 04, 0. However, the regularization over time
in (3.48) means that instead of g, p4, 05 we consider their continuous extensions respectively in
the class Vg that will be specified later on. We also assume that the supports of these extensions

are contained in the time-space cylinder (—27',2T") x €. Hence we define

Fulss) = (£ G b = [ s =) [ Gulu=2)1(2) 2

1
G (4) = 3¢ (j)

where

and ((y) is a regularizing kernel

Ce ). swp (c (LI (W) =C-0=0. [ cway=1.

Similarly, we define a regularizing kernel for the time coordinate

Ve CE®), swp v C (L1, 6 = U920, [l ds=1 wnls) = v ()

We start with the proof of well posedness of our approximate system.

Theorem 3.11. Let ¢, k1, k2,7,0 be fized positive parameters. Approzimate problem (3.44-3.50)
admits a strong solution {p,u, 04,05} belonging to the regularity class

0 € CO.TEC™ (). do.€ C(O.TEC™(@).  inf 0>0, e C'(0.7].X,),
T

0i € L®(0,T; W'2(Q)),  0hoi, Ao € L*((0,T) x Q), i€ {A,B}, oa+op=o0
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Proof. The strategy of the proof is following:
1. We linearize system (3.48).

2. We set u € C(]0,T]; X,,) for which we find the mappings u — p(u) and u — (0a(u), op(u))
determining the unique solution to the continuity equation and the species mass balance
equations.

3. For sufficiently small time interval [0,7°] we find the unique solution to the momentum
equation applying the Banach fixed point theorem. Then we extend the existence result
for the maximal time interval.

4. We recover the semi-linear system (3.48) using a version of Leray-Schauder fixed point
theorem.

The proof will be given in the following subsections.

3.3.1 Continuity equation

Here we present the argument for existence of smooth, unique solution to problem (3.44-3.46) in
the situation when the vector field u(z,t) is given and belongs to C([0,T]; X,,).

The following result can be proven by the Galerkin approximation and the well known statements
about the regularity of linear parabolic systems (for the details of the proof see [36], Lemma 3.1).

Lemma 3.12. Let u € C([0,T); X,,) for n fizred and let o) € C*T(Q2), v € (0,1) be such that
0<0” <o’ <o <oo.
Then there exists the unique classical solution to (3.44-3.46), i.e. o € Vio,1), where
_ [ oeC(0,T;C*(Q),

Vior) = { o€ C ([O, T]; CO,V(Q)) . (3.51)
Moreover, the mapping u — o(u) maps bounded sets in C([0,T]; Xy,) into bounded sets in Vio 1
and is continuous with values in C ([O,T]; C'2+’/(Q)), 0<vV <v<l
Finally,

&06_ Jo 1divullocdt o(r,z) < Eefof Idivullodt  £or g1l 7 € [0,T], = € Q. (3.52)

3.3.2 Linearized species mass balance equations

In this subsection we shall prove the existence of solutions to the linearization of system (3.48).
For ga,0 € L*® (O,T; WLQ(Q)) fixed, u and p(u) satisfying the assumptions and assertion
of Lemma 3.12, we investigate the following system of linear parabolic equations with smooth
coefficients

10) A di di ;; ;)i \Y% gj Vo | = 0A
hoa — eAoa + div(oan) —div | | B+ 4 Yl o] =o(w(ea)),,
K1 K1

3 X 3 .
Orop — eAop + div(epu) — div <<;§;‘B + @%A> Vop — (Qii,) V@) =—o(w(ea))y, -
K1 K1

(3.53)
The existence of unique solution to system (3.53) with the initial conditions (3.50) is stated in
the following lemma.
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Lemma 3.13. Let k1 > 0 and assumptions of Lemma 3.12 be satisfied. Suppose that Q%’a, 9%75 €
C?**7(Q), then the problem (3.53) with the initial data (3.50) possesses the unique strong solution
(04, 0B) belonging to the regularity class (V[O’T])Q.

Moreover, the mapping u — (pa(u), op(u)) maps bounded sets in C([0,T]; X,,) into bounded sets
in (V[QT])Z and is continuous with values in (C’([O,T]; CQ+V/(Q))>2.

In addition

oA+ 0B = 0. (3.54)

Proof. Existence of unique classical solution can be shown using classical results about solvability
of the linear parabolic Cauchy problem with variable coefficients:
‘C(t>$7 %a %)U =
9?2 0 :
Opu — 37—y ai(t, x)Wééj + 2 ai(t, 2) gy +a(t,x)u= f(t,z) in (0,T) x R3,

u(0,-) = u°.

A relevant existence theory for such systems, not only within the framework of continuously
differentiable functions but also for the Sobolev spaces can be found in the book of LadyZenskaja,
Solonnikov and Uralceva [57|. Here, however, it is more convenient to apply the result from the
analytic semigroup theory taken over from the book of Lunardi [63], which requires merely
continuity of coefficients with respect to time.

Theorem 3.14 (Theorem 5.1.9 in [63]). Let all the coefficients of operator L and f be uniformly
continuous functions belonging to C%V ([0, T] xR3), with 0 < v < 1, and let u® € C*T*(R3). Then
the above problem has a unique solution from the class u € CH2T7([0,T] x R?) which satisfies the
inequality

||UHCL2+V([0,T]xR3) <c (”fHCOvV([O,T]xR3) + ||UOHC2+V(R3)) . (3.55)

Note, in particular, that the assertion of Lemma 3.12 guaranties uniform continuity in the time
interval [0,T] of the "worst” term proportional to Ap which plays the role of force in system (3.53).

Thus, the existence of regular, unique solution belonging to the class (V[O’T])z is straightforward.
The continuity of the mapping u — (p4(u), op(u)) follows from uniqueness of solution in the

class (1/[0,71)27 compact embeddings in the spaces of Holder continuous functions and the Arzela-
Ascoli theorem.

The proof of (3.54) follows by subtracting both equations of (3.48) from the approximate
continuity equation, we obtain

& — e A€ + div(€u) — div ((QQEA + an,};B) 5) =0,

5(0, 1‘) =0,

(3.56)

where we denoted € = 90— 04 — 0p. The unique solution of the resulting system must be, due to
the initial condition, equal to 0 for (¢, z) in [0,7] x €.
By this remark, the proof of Lemma 3.13 is complete. [J
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3.3.3 Momentum equation

Now we prove that there exists 7' = T'(n) and u € C([0,T7]; X,,) satisfying (3.47). To this purpose
we apply the fixed point argument to the mapping

T:C([0,T]; Xy,) = C([0,T]; Xyn),  Tul(t) = My [ano —l—/o Pn/\/(u)(s)ds] ,  (3.57)

where P, is the orthogonal projection of L?(Q) onto X,
N(u) = —div(ou ® u) + div(20D(n)) 4+ V., — 60VA* T o 4 nA%u+£(Veo - V)u

and

MQ[-]:Xn%Xn,/gMQ[W]¢dx:<w,¢>, w, ¢ € X,.
Q

First, observe that P, N (u)(t) is bounded in X, for ¢t € [0,7]. Using the equivalence of norms
on the finite dimensional space X,, we can easily check that

1PN (), < e [llullx, + ol (Ilal, +lullx,)

(3.58)
+ el o) + lellzee(e) + lloll o @) llollwasta.ce @]

To justify that the last term on the r.h.s. is bounded, one needs to know that the unique solution
o to the approximate continuity equation (3.44) is more regular than it was indicated in Lemma
3.12. More precisely, using the fact that u is actually smooth with respect to space, we can put
the term div(pu) to the r.h.s. of (3.44) and then bootstrap the procedure leading to regularity
(3.51), see e.g. [57], Chapter IV. By this argument, the term P, oVA2?$*1p in the approximate
momentum equation makes sense, i.e. it is bounded in L'(0,T; X,,).

Concerning the operator M,, it is easy to see that provided o(t,z) > ¢ > 0, one has

[Moll£x x0) < 071

Moreover, since M, — My = My (./\/l T /\/l;l) M, we verify that

Q/
Moty = Mool 2ixn,x0) < co (e — @)l

for ¢ € [0, T]. Thus, by virtue of continuity of mappings u — p(u) and u — (p4(u), op(u)) and
the estimates established in Lemmas 3.12 and 3.13 one can check that 7 [u] maps the ball

mO
Bpo = {u € C([0,7), Xn) + [ulleqor0,x,) < Rou(0,2) = Py <90>}
1)

into itself and it is a contraction, for sufficiently small 70 > 0. It therefore possesses the unique
fixed point satisfying (3.47) on the time interval [0, 7°]. In view of previous remarks, the proof
of this step can be done by a minor modification of the procedure described in [85], Section 7.7,
so we skip this part.

Additionally, the time regularity of u may be improved by differentiating (3.57) with respect to
time and estimating the norm of the resulting r.h.s. in X,,, so we get

u < C'([0,7%, X,,).

This is the crucial information that enables to extend this solution to the maximal time
interval [0,7]. Indeed, provided the system enjoys the estimates independent of 7°, we can
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iterate the local construction of solution described above to get the solution for any 7' > 0. The
existence of such a bound is based on the energy estimate and a bound from below for the density
(3.52). Both of them can be derived analogously to [85], so for the sake of consistency, we recall
here only the idea of the proof.

We first differentiate (3.47) with respect to t, then we observe that it is possible to use u as
a test function, we obtain

d 1 )
— [ (5eluf +5IV*ol* + oec0) ) dz+ / (20D + n|Auf* + 6e| A>T gl?) da
at Jo \ 2 2 0
QA 0B .
< + odivu dz, (3.59
/Q<x/§mA \/§mB>@f (3.59)
where o? degég) = m.(0).

Applying the Cauchy inequality (with A) we see that the r.h.s. may be bounded as follows

QA OB .
+ odivu dz
/Q ( Voma  \Jomp ) o ve

< )\/ ol divul? dz + ¢(\, ko)
Q

< 3>\/Q o|D(w)? dz + c(\, K2), (3.60)

where the last inequality in (3.60) follows by the following observation

3 3
(divu)® = > duidju; < Y % ((95u:)? + (95u5)%) < 3|D(u)[*.

1,j=1 1,j=1

Hence, for A sufficiently small, the r.h.s. of (3.59) can be absorbed by the Lh.s. and we get
several, uniform in time estimates, in particular

Jou € L0, T; L), /nAu € L*(0,T;L*(Q)). (3.61)

From these bounds, using the estimate for pm(p) and the Korn-Poincaré inequality we deduce
boundedness of the L2(0,T; W?2(Q)) norm of u. Next, by the equivalence of norms of u we
actually have that u € L?(0,7T;X,,) also u € L%(0,T; W*(Q)). Therefore the bounds from
below and above for ¢ can be derived exactly as in the proof of estimate (3.52) from Lemma
3.12. This in turn allows us to explore the uniform estimate on g|u|? following from (3.59) to
show the boundedness of u in C([0,7T]; L?(2)). Having this, we can again take advantage of
equivalence of norms, to deduce that we have uniformly in time

lalleqo,m;x,) < e

At this point we can return to the procedure of construction of local in time solution and repeat
it until we reach an approximate solution defined on [0,T] for arbitrary large, but finite 7' > 0,
exactly as in [85], Section 7.7.

From this we can deduce boundedness of the L?(0,T; W22(Q)) norm of u.

3.3.4 Nonlinear equations of species mass conservation

Completing the proof of Theorem 3.11 requires to check that the original system (3.48) can be
recovered. To this purpose we will need the following version of the fixed point theorem (for the
proof see e.g. [44], Theorem 11.3)
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Theorem 3.15. Let T : X — X be a continuous, compact mapping, X a Banach space. Let for
any A € [0,1] the fized points N\Tu = u, u € X be bounded. Then T possesses at least one fized
point in X.

We will apply it to the mapping
T Wior X Wior = Wio) X Wior, T(0a,08) = (04, 0B),

where (04, 05) is a unique, global in time solution to system (3.53) and Wy} denotes the
following class of functions

Wi = {L*(0, T; W*?(Q)) N L(0,T; W"*(Q))}. (3.62)

For k1 fixed we show the boundedness of 7 in the class (V[O,T])Q using Theorem 3.14, moreover,
the obtained solution is unique. Therefore, proving compactness and continuity of this mapping
in C([0,T]; C*t'()) follows exactly as in the proof of Lemma 3.13.

The only assumption of the theorem above that needs to be checked is that any fixed point to
AT (04, 08) = (04, 0B) is bounded for X\ € [0, 1]. This identity rewrites as

0% o4 0% oh
Oroa — s—|-< B +A> Aoa + u—v<B +A> Voa + divuoy
oma omp K1 oma omp K1

n
= Ao (w(04)),, — Adiv ((ﬁg) VQ) . (3.63)

and similarly for the species B. So, we first multiply the above equation by ¢4 and we get:

d 2 +
< QAd:ch/ 5+( % +QA> Voal* da
dt Jo 2 Q oma  omp/

+
:/QAu-VQA dx+/\/ (QA> Vo-Vogu dm—l—)\/gw,ﬂgA dz. (3.64)
Q Q\0MB /., Q

The right hand side can be estimated due to assumed regularity of g, u and by the definition of
w (04), we obtain

+
oau-Voyu dx+)\/ <QA> Vo-Vogu d:c+)\/ oWy, 04 dx
Q Q\OMmB /.,

< [[ullpoe (@ lloallz2 @) IV eall L2y + cllVeoall2 @) IVell L2(e) + @llell L@ lleall @), (3:65)

where the r.h.s. is absorbed by the Lh.s. after application of the Cauchy inequality. The same
holds for pp. Next, multiplying (3.63) by 0;04 we get

2 2 QE ij 2
[0 do+ 55 [ VoaP drt 5 [ (224 L) v de
K1

2dt omas  omp
+
= —/ (Voa-u0oa+ oadiva doa) da — )\/ div <<QA) Vg) Oroa dx
Q Q OmA K1

1 QE Qz 2
+/8t — 4+ —= Voal dx—i-/\/ 0wk, 0ro4 dx.
2Jq \ema omp),, Q
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By the properties of mollifiers, regularity of ¢ and u we can estimate the r.h.s., note, however,
that this cannot be done independently of .
Reassuming, we have shown that

T
ess sup HQAHI%VLQ(Q) +/ [0r0allr2(q) dt < c(k1) (3.66)
te(0,7) 0

and from this we may deduce that also

HVQQAHL?((O,T)XQ) < c(k1)- (3.67)

Moreover, the fixed point satisfies p4 + o = 0, so the proof of Theorem 3.11 is now complete.
O

3.4 Second level of approximation

In this section we first derive the estimates uniform with respect to k1 and then subtract subse-
quences in order to let k1 — 0 in the approximate system. Having this, we prove that the species
densities 04, op are nonnegative, which is necessary to remove truncations from the coefficients
of system (3.48). The last part of this section is devoted to the limit passage with the dimension
of the Faedo-Galerkin approximation. Observe that the final regularity of solutions does not
allow to test the momentum equation by u, it is, however, sufficient to use V log ¢ instead and
hence we end up with the Bresch-Desjardins estimate, as it was announced in the introduction.

3.4.1 Passage to the limit s,k — 0

From what was written in the previous section, we deduce that the first energy estimate holds
independently of k1, thus we have

v/ 01 Wy | oo (0,7522(0)) + 1V 0k VUi, I 200,122 (02)) + [IWV1AU, (| £2(0,7;12(02))
+ IVEs A o, [l 200, 752(52)) + VOV A® 0, [l o 0,75 22(0) + ITe(0m) o 075200y < € (3.68)

By this we see that the construction of gy, (u,,) performed in Lemma 3.12 can be repeated. In
particular, the sequence g, is uniformly separated from 0 as long as n is fixed.
In addition, repeating estimate (3.64) we verify that also

l04k15 0Bk oo (0,7522(0)) + 10 k1> 0861 | 2200, 712(0)) < (3.69)

Thus, the time derivatives of 04 x,, 08, can be estimated in L2(0,T; W~12(Q2)) directly from
(3.53).

Having n fixed, all the norms of u,, are equivalent and the limit function u € C([0,T]; X,,),
thus passage to the limit in the continuity equation is trivial and the limit ¢ € V}g 77 on account
of Lemma 3.12. Concerning the species mass balance equations, the Aubin-Lions argument can
be applied and we get compactness of g4 ., in L?(0,T; L9(2)) for ¢ < 6, in particular g4, — 04
a.e. on (0,7) x Q. By this and the bounds from (3.68) we easily check that the limit equation
of mass conservation of species A

95 | 0h ok
Oroa + div(pau) — eApy — div ((B + =4 ) Voa — <A ) VQ) = ow, (3.70)
oma  omp omp

is satisfied in the sense of distributions on (0,7) x 2, but the standard density argument enables
to extend the class of test functions to L2(0,T; W12(Q2)). Moreover, due to (3.69) the initial
condition is satisfied in the sense of distributions on ). Similarly for gp.

The passage to the limit in the momentum equation is straightforward.
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3.4.2 Non-negativity of partial densities

Our next goal is to deduce from the form of system (3.44-3.50) that for k = 0 the limit functions
04, op satisfy not only the mass constraint (3.54) but also they are nonnegative a.e. in (0,7") x Q.
We have

Lemma 3.16. Let §,e,m > 0, n be fized natural number and let (o,u, 04, 08) be a solution to
(8.44-3.50) with £ = 0 as specified above. Then

oa=0}, op=0} ae in(0,T)xQ.

Proof. In what follows, we focus only on the proof of nonnegativity of p4, the case of gg can be
shown analogously. By virtue of (3.69), we are allowed to test (3.70) with a function (04— +1)771,

[ >0, qe€ (1,2], where
—oa if pa <0,
°4==00  if0< o4,

and then pass to the limit [ — 0. Observe that QXQA_ =0 and QEQA_ = po4— in case when
04 <0 or QEQA_ =0 for p4 > 0, thus

e e B [ og?f ae - M) o
A
qdt Jo > maq?

=(1- q)/ u- VQA_Q?L dz +/ ow (i?) 9?411 dz. (3.71)
Q Q

Since 04— > 0 enforces w (ij‘) > 0, we can put the last term from the r.h.s. to the Lh.s., so

multiplying the above expression by —1 we get

1d 4 4(q _
g‘i‘_ dx + 8(/ )ngﬂ’ dzx + (/ ‘ngﬂ‘ da:—l—/ ow <QA> QZ‘_I dz
qdt ¢ ma Q 0

2q —1
- (qq)/Qu~Vg?4/29(X2 dz. (3.72)

Now, the r.h.s. may be bounded by use of the Cauchy inequality

/Q w- Vel da| < Jull o) (V21320 + eIz >)

2¢[lufloo

and the first of the resulting terms is absorbed by the Lh.s. of (3.72) provided - A g

while the other is bounded since g4 € L*(0,T; L?(f2)).
Further, as the three last terms from the Lh.s. of (3.72) are nonnegative we get that & fQ 0y dx <
c(q — 1)7 thus, passing to the limit ¢ — 17 and integrating by time we conclude that

/QQA—(t) dz < /QQA_(O) da.

Since the integrant from the r.h.s. is equal to 0 a.e. in Q, there must be g4 (t,2) = 0 a.e. in
(0, 7)x Q. O

Obviously, positiveness of species masses coupled with (3.54) leads to the following inequality
0<o4,08<p0, ae in(0,T)x.

This fact allows us to verify that the estimates uniform with respect to ki are in fact uniform
with respect to ky. Therefore passage to the limit k9 — 0 can be performed identically as the
previous one.
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3.4.3 Passage to the limit with dimension of the Galerkin approximation

Observe that the estimates derived in the previous section are independent of n. In particular,
due to bounds from (3.68) we deduce that

u, — u weakly in L?(0,T; W?%(Q)), (3.73)

and
on — 0 weakly in L2(0,T; W2t22(Q)), (3.74)

at least for a suitable subsequence. In addition the r.h.s. of the linear parabolic problem

Oron — Aoy = div(onun),
Qn(oam) = an

is uniformly bounded in L?*(0,T;L5(£2)) and the initial condition is sufficiently smooth, thus,
applying the LP — L7 theory to this problem we conclude that {00, }°2  is uniformly bounded
in L2(0,T; L5(9)). Thus, the standard compact embeddings imply o, — ¢ a.e. in (0,T) x Q and
therefore passage to the limit in the approximate continuity equation is straightforward. Having
that, we can also identify the limit for n — oo in all terms of the momentum equation, except
for the convective term, the additional capillarity force and the pressure.

To handle the first one observe that

onu, — pu weakly in L°°(0,T; L*(Q)),

due to the uniform estimates (3.68) and the strong convergence of the density. Next, one can
show that for any ¢ € U2 X, the family of functions fQ onuy(t)¢ dx is bounded and equi-
continuous in C([0,77), thus via the Arzela-Ascoli theorem and density of smooth functions in
L?(2) we get that

on, — ou in C([0,T); L2 .. (Q)). (3.75)

weak

Finally, by the compact embedding L?(Q2) ¢ W~52(Q2) and the weak convergence of u,, (3.73)
we verify that
on, @ U, — pu®u weakly in L2((0,T) x Q).

Concerning the capillarity term, we first rewrite it in the form
onVAETy 6 da = / A% div (p,0) A%, dz.
Q Q

Due to (3.74) and boundedness of the time derivative of g,, we infer that
on — o0 strongly in L2(0,T; W*T12(Q)), (3.76)
thus

/ A8 div (p,0) A%, dz — / A* div (o) A¥Tp du,
Q Q

for every ¢ € US ; X,,. Moreover, by the penultimate estimate of (3.68) and since the set U5 ; X,
is dense in W25+1(€)), this convergence holds for all ¢ € L?(0,T; W25+1(Q)).

Passage to the limit in the molecular part of the pressure is an easy task, since due to (3.69)
there exist the subsequences such that

Okm — 0k, weakly in L*(0,T; WH2(Q)), k € S.
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So the only uncertain part is the nonlinear barotropic pressure. Its strong convergence is a
consequence of pointwise convergence of the density, and the bounds from (3.68). Taking s
sufficiently large we can show that the density is separated from 0 uniformly with respect to all
approximation parameters except for . Indeed, since by the Sobolev embedding ||o~}|| L=@Q) <
clo~ lwsr(q for k> 1 and

V20 k) < (L+ V20l par(0) > (1 + lo™ I par(ey)*s
is bounded on account of (3.68), provided that 2s + 1 > 4, we have
HQ_1||L°°((O,T)><Q) S 0(5) a.e. in (O,T) x €. (377)

By this observation, passage to the limit n — oo in the species mass balance equations may be
performed identically as the passage k1 — 0 from the previous subsection.

Note that, due to the weak lower semicontinuity of convex functions we can pass to the limit
n (3.59). Indeed, by the strong convergence of density and velocity we check that

1 ) 1 )
/ <2Qn|un|2 + IV enl* + Qnec(gn)> dz — / (29|u!2 + IVl + 9%(@)) da
) Q
(3.78)
in the sense of distributions on (0,7") and for any smooth, nonnegative function ¢ € C*°([0,77)
we have

T T T
/ qp/ 20|D(u)|? dz dt+n/ ¢/ |Aul? dx dt+5s/ ¢/ |ASTLo|? da dt
0 Q 0 Q 0 Q

T T T
§liminf/ ¢/ 20,|D(u,)|? dz dt+77/ 1/}/ |Au,|? dz dt~|—55/ ¢/ |ASTL o2 dx dt.
n=oo Jo Q 0 Q 0 Q
(3.79)

Similar argument can be applied to the integral form of the energy inequality which i now satisfied
for a.a. 7 in (0,7

1 4] T
[ (Getu + 5124108 4 oce(o) ) () o+ [ [ 20D + gl + o2l o da
Q

1 )
< [ (3ep+ g R+ Pee)) aos [T (24 2 Y avuasar 350
Q

and the r.h.s. is bounded.
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3.5 Third level of approximation
As an outcome of Section 3.4 we obtain the weak solution to the following system

0o + div(pu) — eAp =0,
9i(ou) + div(pu ® u) — div(20D(u)) + V7 — §oVAZFl g+ (Vo - V)u + nA2u = 0,

Oroa —eApa + div(pau) — div ((9—]9 + Q—A) Voa — (9—“) Vg) = ow, (3.81)

oma omp omp

Oop — eApp + div(ppu) — div ((gﬁl—AB + Q‘;ﬂ—i) VoB — (;n—BA) VQ) = —ow,

where the first equation holds a.e. on (0,7") x 2, and the remaining ones are satisfied in the
sense of distributions. Moreover, it results from the construction that

0<op4,08<p, and pa+op=p¢ ae. in(0,7)x

and the energy inequality (3.59) is satisfied in the sense of distributions on (0, 7).

3.5.1 Estimates independent of ¢, and §

At this level of approximation, it is relatively easy to derive the Bresch-Desjardins inequality. In-
deed, as we know now that o € L2(0,T; W25+22(Q))NL>((0,T) x) and u € L2(0,T; W*2(Q2))N
L>(0,T; L*(9)) we can differentiate the approximate continuity equation with respect to  to
observe that Vo satisfies the following system

(Vo) —eA(Vo) = =V div (ou),

Vo(0,z) = V. (3:82)

Since the r.h.s. of (3.82) is bounded in L?((0,7T) x §), we can again apply the maximal LP — L4
theory for such problems to deduce that 9,V € L2((0,T) x §2). Hence, the function V¢ = 2%
belongs to W12(0, T; L2(2)) N L2(0, T; W2+t1.2(Q)), thus it is an admissible test function for the
approximate momentum equation (3.81)s.

Our next aim is to prove the following inequality:

Lemma 3.17. We have

d 1 0 s
i [ (Geus Tol0P + §IvA%R 4 ocu(o)) do+ [ Volo) V(e 0a) do
Q Q
1
- / o|Vu — VTu? dz +/ (26|A%Fg|? + de|AST o) da +n/ |Au|? dz
2 Ja Q Q
Vo (3.83)
< 5/(Vg-V)u'V¢ d:c+6/ Ao 5 dere/ oVé(0) -V (¢'(0)Ap) dx
Q Q Q
: / 0A OB .
— 5/ div(ou)¢'(0)Ap dz — 77/ Au-VA¢(p) dx +/ ( + ) divu dz
Q Q Q\ma mp
in D'(0,T), where ec(0) =[5y~ *mc(y) dy > 0.
Proof. The basic idea of the proof is to find the explicit form of the term:
a | | gelul” +ou-Vélo) +olVe(o)[” | da. (3.84)
Q
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\V¢( )

For this purpose we first multiply the approximate continuity equation by and we obtain

the following sequence of equalities

d
dt

y

_ /Q (qub(g) -V (¢/()ho) — W div(ou) +5W2(Q)|2AQ) dx
(

9|V<z5(9)|2 dz

2
eoVo(0) - V (¢'(0)Ao) — oVu : V(o) ® V(o) + €WAQ> da

2
a /Q (Wégﬂ div(ou) + pu ® Vo(p) : V2¢(Q) +0oVe(p) -V (gb/(g)gdiv u)> dz

(3.85)
2
= [ (e0v6(0) ¥ (01(0)80) - 5 Vo) 0 Tt + = VAP A ) o

2
+ [ (w60 voto) + T aiviou) - aiviou s Voo vole)) o

+/Q< @' (0)Ad(o )divu+Q\V¢(g)]2divu) dz
2
= [ (20¥60) ¥ (01(0)20) - 5 Vo) 0 V(o) + < VA ) o
—i—/g(ngb’(g)A(b( )divu + o|Vo(0)? dlvu) dz.

In the above series of equalities, each one holds pointwisely with respect to time due to the
regularity of p and V¢. This is not the case of the middle integrant of (3.84), for which one
should really think of weak in time formulation. Denote

V=w»t2Q), H=L*Q) and v=pu, h=V¢.

We know that v € L2(0,T;H) and its weak derivative with respect to time variable v/ €
L?(0,T;V*), where V* denotes the dual space to V. Moreover, h € L2(0,T; V), h' € L?(0,T; H*).
Now, let v,,,, h,,, denote the standard mollifications in time of v and h respectively. By the prop-
erties of mollifiers we know that

Vin, Vi, € C°(0,T; H), hy,,h, € C®0,T;V),

and
Vm — v in L2(0,T;H), h, —h in L?(0,T;V), (3.56)
vl —v in L?(0,T;V*), h!, —h' in L*(0,T;H"). .
For these regularized sequences we may write
d d , ,
— [ vip-hyde = —(vip, b))y = (v, b)) g + (Vi ) (3.87)
dt Jq dt

Using the Riesz representation theorem we verify that v/, € C°°(0,7T; H) uniquely determines
the functional ®y, € H* such that

(V;naw)H = <(I>V%1’¢>H*,H \V/Y,ZJ € H.
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Since H* C V* densely, this functional belongs to V* in the sense
@y = [ Vv do Wwev.
’ Q

Therefore, by identification of H and H*, the first term on the r.h.s. of (3.87) can be understood
as
(V;na hm)H = <V;n7 hm>H*,H = <me7 hm>V*,V'
For the second term from the r.h.s. of (3.87), we use the Riesz representation theorem to write
(Vm, h;ﬂ)H — <Vm, h;ﬂ>H,H*

and thus we obtain
T T T
~ [ @b @t = [t dt+ [ Bt dt 6 € DO.T).

Observe, that both integrants from the r.h.s. are uniformly bounded in L'(0,7T), thus, using
(3.86), we let m — oo to obtain

d .
g —(v,h)g = h)p.  +(v-W), o inD(0,T).
Coming back to our original notation, this means that the operation
T gu V(o) de = / Oi(pu) - Vo dx + / ou- Vo dx (3.88)

is well defined and is nothlng but equality between two scalar distributions. By the fact that
0V ¢ exists a.e. in (0,7) x £ we may use approximate continuity equation to write

/ ou-0Ve dz = / (div(ou))?¢’ (o) dz — 5/ div(ou)¢'(0)Ap dz, (3.89)
Q Q Q

whence the first term on the r.h.s. of (3.88) may be evaluated by testing the approximate
momentum equation by Ve(p)

(Or(ou), V) s s

= —/ 20A¢(0)divu dx + 2/ Vu:Vo¢(p) ® Vo dox — 2/ V(o) - Vodivu dz
Q Q Q 3.90)
= [ Vole)- Vnle.0a) do 5 [ oVATTIo-Vo(o) da @
Q Q
— / V(o) - div(pu ® u) do — 77/ A?u- V(o) do — 5/ (Vo-V)u-Vo(p) dz
Q Q Q

Recalling the form of ¢(p) it can be deduced that the combination of (3.85) with (3.88-3.90)
yields

5 [ (e vot0)+ 5aVo(0R ) dr+ [ Tn(o.00)- Volo) dot2s [ 12°710P o

—/ V(o) div(pu ® u) dz —|—/(div(gu)) ¢ (o) doz — 2)\/ A®V(pu) : A°V?p dx
@ « ¢ (3.91)

2
—5/Qdiv(gu)¢'(g)Ag dx—n/QAu~VA¢)(Q) dx+€/ﬂ|v¢ég)| Ap dx
~ [ (Vo Vyu-Vole) do e [ 0V6(0) -V (#(0)A0) do.
Q Q
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It is then easy to check that the first two terms from the r.h.s of (3.91) can be transformed into

/ [(diV(Qu))2¢,(Q) — V(o) div(pu® u)] dz = /
Q

1
[2Q|D<u>|2 ~ SolVu - VTP
Q

and thus, the assertion of Lemma 3.17 follows by adding (3.59) to (3.91). O

Our next aim is to derive uniform estimates from inequality (3.83). To this purpose we will
integrate it with respect to time. For any vy, € D(0,T), the first term from the Lh.s. of (3.83)
equals

[ 8 [ (Go+ Voo + 598 + gec0)) o v

—/ / <2Q\u +Vo(o)|* + g|VASQ\2 + Qec(Q)) U dz dt. (3.92)
0 JQ

Now, choosing a sequence of v, € D(0,7) such that ¢, — 1 pointwisely in (0,7), ¥y, — 0
pointwisely in [7,7), 0 < 7 < T we see that 1/, approximates the inner normal vector to the
boundary of the time interval [0, 7]. In other words, it generates two Dirac distributions at the
ends of [0, 7]. Thus, using the fact that

0 [ (Gelut VoloP + JIVAGE + oeclo)) do € C(0.7),

we let m — oo in (3.92) and from (3.83) we get

/Q ( olu+ V(o) + \mwmgec@)) (r) dz + /0 /Q V(o) - V(o 0a) de dt
+/ / (Q|vu_vTu\2+25|As+lg\2+5gAS+1Q|2+77|Au|2> dz dt

g/( olu+ Vo(o)|* + \v28+1g\2+m( )> (0) dl‘—i—e/ /Vg Vu-V¢ dz dt (3.93)

Ap \V¢|2 dr dt+¢ oVo(o dz dt
g J, feweo v o
- s/ / div(ou)¢'(p)Ap dz dt — /0 /QAu -VA¢(p) dx dt.

The only nonpositive contribution to the Lh.s. of (3.93) is contained in the second integral,
as we can not determine the sign of the part corresponding to molecular pressure. However, we

have )
2|V 1 1 Vo -V
[ 50 Fratoon ar= [ (AT (L L) WeVar)
Q o\ emp ma  mp 0
IMOTeoVer,
1 1 2
() [ (- ) [ (S v s oo
ma mp Q 0
and

2
v;) dx—i—s/ 0|VYa)? dz. (3.95)
Q

/ Vo VY, do
Q

< c(e) /Q
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To control the second term we proceed by the same lines as in the proof of Lemma 3.7. Mimicking
the steps leading to (3.27), we use Yy = £2 € L2(0,T; W12(Q)) as a test function in (3.70), we
obtain

1 1 T
—oY3(T) d _— VYal* do dt
[aimans (e b [ govap ao
1 T T
< / §QYX(O) da:+/ / olw(Y)|Ys dx dt—l—c/ / |Vo-VYy4| dx dt. (3.96)
Q 0 Ja 0 Jo

Hence, by the Cauchy inequality, we can justify that the L'(€2) norm of o|VY4|? is controlled by
the L'(Q) norm of @ independently of the approximation parameters, so we end up with
Vol
0

dx.

/ V¢ - Vrm(0, 04)] dz < C(mA,mB)/
Q Q

Finally, the Gronwall-type argument can be applied to absorb this term by the L.h.s. of (3.83).
Concerning terms from the r.h.s of (3.93), the first of them can be estimated as follows

: [ Vo-Vu- o da| < 2l Valsoyle” ol s oy

The Sobolev imbedding implies that for ¢(s)e < n and s sufficiently large we have

5/Vg-Vu~V¢>da:
Q

/’7 —
< gHAuH%z(Q) + c(e)]e 1||%oo(Q)HgH%I23+1(Q)

and the last term is bounded uniformly in time due to (3.80) provided € = £(¢§). For the second
term we may write

2
E/AQW dz
Q 2

and the same argument leads to boundedness uniformly in time provided ¢ is sufficiently small
with respect to 9.
The third term is even easier since

< 4€HQ||H2(Q)HQ71|’%00(Q)||QH%11(Q) < C(E)”QH?{%H(Q)Héfl”%oo(ﬂ)

Ap)? _
—te [ B do < cle) ol ol o

5/ oVoV(¢'Ag) dx
Q

By the definition of ¢ the fourth term equals
—6/ div(pu)¢'(0)Ap dx = —5/ (2divulAp +u-VeAp) duz,
Q Q
hence we have

< e ([lullwrso)lollrz) + llallslle™ lsolloll 1l 12)

\—e [ dantewe (@ da

and for e sufficiently small with respect to 7 the r.h.s. is bounded by

n _
SlAul3 + e (el @) + llo™ 170y lelaeny)
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Finally, we estimate the last term in (3.93)

‘n | 3w 920(0) ds| < VilAul o Vil VAGE) e

where

2VAp 2(Vo-V)Vo 2(Ve-V)Ve 2A0Vo 4|Vo|*Vo
- - 0 - 0 T2 + B
For s sufficiently large we may show that

VA¢(o)

IVAG(0)lIr2) < (1 + llollmzsr1(0))> (1 + [lo™ | 2o (@))°

and on account of (3.80) , (3.77) both terms from the r.h.s. are bounded for all time.

Summarizing, from the Bresch-Desjardins relation we can additionally deduce that
Vo € L®(0,T; L*(Q)) VoA g e L*(0,T; L*(Q))

uniformly withe respect to &,7,d. Moreover, in view of (3.43) we can write

3 o3IVl
/QWS(Q)-V%(Q) dév—?/QWc(é’) 0

= Sk/ 0 % V) dx + 27/ 0" ?|Vo|? dx
{zeN:p<1} {z€Q:p>1}

> / VE(0) 2P da + / V| da,
{ze:p<1} {x€Q:p>1}

dx

where ¢ is smooth and such that £(y) = y for y < 1/2 and {(y) = 0 for y > 1. So, by the entropy
equality (3.93) we obtain additionally that

VE(o) 2 € L2((0,T) x Q), Vo2 € L*((0,T) x ),

where Q9 = {x € Q: p > 1}. Moreover, via the Sobolev imbedding theorem we show that

1 X2 2912 202
2oz mre ) < 02120, @) < 1V 720712000 + lellZox (0,72 (22))

where ¢ is the constant from the Sobolev inequality.
Furthermore, by a simple interpolation one gets

2 3
el oy < N0t omasay < ¢

3.5.2 Passage to the limit ¢,n — 0

It turns out that the limit passages with € and 7 can be done in one step. Indeed, by the previous
estimates we can extract subsequences, such that

nAug,, €Vo., — 0 strongly in L2((0,T) x Q),
and assuming suitable relation between € and n also

eV 0enVue, — 0 strongly in L'((0,T) x Q).
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After remarks from the previous section, the only questionable limit passage at this level is due
to the convective term of momentum equation, since we need to justify the strong convergence
of the velocity. The argument for this is that the lower bound on the density depends only on §
and is uniform with respect to €,n. Therefore we have boundedness of Vue, in L2((0,T) x ).
To improve the time regularity observe that from the approximate continuity equation we can
bound the norm of 9;(0:yucy,) in LP(0, T; H=*(Q)) for some k = k(s) > 0 and p > 1. Then, using
the Aubin-Lions lemma we get that g.,u., — ms when £,7 — 0, strongly in L2((0,T) x ),
which, due to the convergence of g, to ¢ and of g;,%? to o' almost everywhere, implies the
strong convergence of ug, to u in L?(0,T; L1()), q < 6.

3.5.3 Passage to the limit 6 — 0

Here we lose the uniform bound from below for the density, so the strong convergence of velocity
can not be deduced by the procedure described above. Nevertheless, we can still use the Holder
inequality to verify

IVl zeo,1;L00)) < () (1 + ||V§(Q)72k”L2((07T)xQ)) veVullL2(o,m)x):

where 1% = % + 2,2113.2, % = % + 6.21,6.2. After applying the Sobolev imbedding we thus obtain
« 8k 24k

This in turn implies that for 0 < e < 1/2 we have the following estimate

1/2—¢ 2¢ 1—2¢
”\/Eu||LP’(07T;Lq’(Q)) < ||Q||LOO([)7T;LW(Q))H\/EUHLOO(O,T;LQ(Q))||u| L2(0,TL7* ()’

1—2 1 1/2—e 2 1-2
€ _ 1/ +76+ €

where p/, ¢ are given by z% =2, g =1 - Taking € > 1/10 we have p/, ¢’ > 2

and the argument for strong convergence of ,/gsus from previous section applies verbatim.

Remark 3.18. The final information about the velocity obtained from this procedure is (3.97).
Note that it could be improved by assuming faster growth of the barotropic pressure in the areas of
small densities than —o~**. However, this still would not be sufficient to repeat the logharithmic
estimate performed in the section dedicated to sequential stability of weak solutions.

The result achieved in this section can be stated as follows.

Theorem 3.19. Let 2 be a periodic box T3. Let us assume that the viscosity coefficients (o) = o,

v(0) = 0 and the structural properties (3.3-3.9), (3.43) be satisfied. The initial data o°,u®, 0%

satisfy (3.13) together with the following bounds
|2

1](ou)° Ve
/Q <2QO + Qoec (QO) dz < oo, /Q QO

Then there exists a global in time weak solution to (3.2) in the sense of Definition 3.2.
Moreover, the following reqularity properties hold:

o€ L>®(0,T; L' N L"()), Vo € L>(0,T; HY()), 0>0ae on (0,T)x Q,
Jou € L=(0,T; L2()), /oVu € L*(0,T;L*(Q)), wu € LP(0,T; L7 (Q)),
VoVYa € L2(0,T; L*(Q)), 0<Y4 <1 ae on(0,T)xQ,

dz < 0.

where p,q* are given by (3.97).



Chapter 4

Reaction-diffusion equations for n
species

In the following chapter we investigate only the reaction-diffusion equations of species
0o, + div(opu) + div(Fy) = owr, k=1,..n, (4.1)

keeping the thermodynamical framework originating from the general theory of mixtures. Our
main motivation is to show a possible extension of the procedure from Section 3.3 to treat more
complex system describing the motion of n-component chemically reacting mixture, where all
the reactions might be reversible.

4.1 Introduction

The basic property of system (4.1) is that the sum of equations gives the time evolution of the
total mass of the mixture, the so called continuity equation

Oro + div(pu) =0 (4.2)

which is hyperbolic. So, the mathematical description of the flow of n-component mixture leads
to a degenerate parabolic equations with hyperbolic deviation.

The main obstacle to apply the classical approach [2,23,57| for systems of parabolic equations,
is the structure of diffusion fluxes. They form an elliptic operator, however not diagonal, even
not symmetric. Thus any direct technique of renormalization of the system is not admissible as
it is the case for the scalar system [88]. The only possibility is to employ the information con-
cerning the entropy production (1.14); then we deal with the symmetric matrix Dy; (1.21) which
is positive definite over a subspace of co-dimension 1. It follows that the whole mathematical
analysis should be done in terms of log py instead of gi. This approach is effective, since it guar-
antees immediately that the densities of gas components will be nonnegative. Using a suitable
approximation we are allowed to obtain existence through the Galerkin approximation, and then
passing to subsequent limits we find the solution of the original problem. The compactness of
the approximate sequence is guaranteed due to uniform L log L bounds and an extra information
about the whole density p. The last fact allows to control the regularity of space derivatives of
solutions.

We discuss our model in terms of velocity, which in our case is given and is relatively smooth,
particularly we are guaranteed that the continuity equation admits unique solutions. The last
feature requires that divu € L?(0,7; L*(£2)). On the other hand, the density is assumed to be
regular; e.g. the final information derived from Section 3.4 would be enough.

71



72 CHAPTER 4. REACTION-DIFFUSION EQUATIONS FOR N SPECIES

Recall that for the Navier-Stokes-type of compressible fluids models, the thermodynamical
concept of entropy is of great importance [36,64,72,84| as it provides majority of all available
estimates. Following this path, one may expect the same for the multicomponent flows, still sub-
ject to a similar type of conservation laws [5,38]. Regrettably it turns out that the approximation
of the diffusion flux by the Fick law and the presence of the species concentrations in the state
equation leads to difficulties in determining the sign of production of entropy associated with
the diffusive process. Roughly speaking, one should be able to deduce directly from the form of
F}. that the part of entropy production (1.14) associated with species diffusion is nonnegative.
In particular, the following condition must be fulfilled

"\ F
—/Zk‘VIngk dz > 0. (4.3)
2 mg

In consequence, to be physically consistent, one has to deal with a more complicated form of
diffusion (1.18) leading to degeneration in system (4.1).

The systems of parabolic PDEs with strong cross-diffusion are also present in the population
or the chemotaxis models [19, 43|, for which the existence of certain Lyapunov functional often
allows to introduce the entropy variables. Rewriting the system in terms of these variables usually
leads to a symmetric and positive diffusion matrix, which may also help in proving nonnegativity
or even L> bounds. An overview of these methods can be found in [16].

To finish the introductory part, let us mention three possible interpretation of our result.

e If system (4.1) is a part of the large model, where p, g, u are determined each other like
in the previous chapter, then our result can be viewed as an auxiliary tool giving hints how
to proceed with the full system.

e For the simplest case u = 0 the density g is a given fixed function and the model takes into
account just diffusion, neglecting the effects of transport. A relevant local-in-time existence
result for such model has been obtained by Bothe [9].

e If the velocity field is given, the chemical reactions have no influence on the speed of
particles, they do not produce any internal force (pressure like force). Such model is
admissible for “cold” reactions, where we do not observe any rapid changes of energy.

4.2 Notation and Main Result.
We assume that € is a periodic box in R3, Q = T3 and we supplement system
oo, + div(gpu) + div(Fy) = owr, k=1,..n, (4.4)

with the initial conditions
n
ok(0,-) = op(-),  of >0, 2/992 da = /Q 0" dz = M. (4.5)
k=1

Remark 4.1. From the point of view of present chapter, there are no obstacles to assume the
Neumann boundary conditions Fy, - n|gq = 0 together with the impermeability of boundary OS2,
meaning u - nlgq = 0. However, the higher reqularity of the density that we assume here, has
been so far proven only for the periodic domains [113], so we stick to this restriction.
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We now detail our assumptions on the diffusion flux F}; and the species production terms wy,
k=1,...,n.

General conditions on Fy,
In case of isothermal chemical reactions and lack of external forces, the diffusion fluxes can be
written in the following form

Fp=-Co» Cud, k=1,..n, (4.6)
=1

where Cp, Cy are multicomponent flux diffusion coefficients satisfying (1.20) and dy, = (d},, d2, d3)
is the species k diffusion force

=V, (1&) + (pk - Qk) Vg, log . (4.7)
T T 0
In the above formula m = m,, denotes the internal pressure which now consist only of the
molecular part
n n Q
_ — £k
m(01,. - 0n) = ;pk(gk) ; e

Since the chemical reactions considered in this chapter may be completely reversible, the sym-
metric role is given to all of the species. Therefore, to fix the idea, we shall concentrate on the
following explicit form of C

Z1 Y1 ...—Y
=Yy Zy ... =Y,

C= : . ) , (4.8)
=Y, -Y, ... Z,

where Zj, = Y -1 Y;. For the sake of simplicity, we assume that Cy = .
ik

Remark 4.2. Note that the matriz C is singular since CY = 0 and is not symmetric in general.

Remark 4.3. It is easy to check that by the expressions for the diffusion forces (4.7) and the
properties of C' one can rewrite (4.6) into the following form

Fi =~ (Vpp = YiVr) == > CuVpi. (4.9)
=1

Species production rates

For the isothermal reactions, the species production rates are functions of the species mass
fractions only. We will additionally assume that they are Lipschitz continuous with respect to
01,...,0n and that there exist positive constants w and w such that

—w < wk(o1,...,0n) <O, forall 0<Y, <1, k=1,...,n; (4.10)

moreover, we suppose that

wr(Yi,...,Y,) >0 whenever Y, =0. (4.11)
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We also anticipate the mass constraint between the chemical source terms

> wp =0 (4.12)
k=1

Another restriction that we postulate for chemical sources is dictated by the second law of
thermodynamics, which asserts that the entropy production associated with any adimissible
chemical reaction is nonnegative. In particular, wy must enjoy condition (1.24). For fixed positive
¥ and equal constant-pressure specific heats for all the species, this condition may be translated

into the following one
1
/ Z 08 PRWEC 4 z<ec (4.13)
Q

k=1

which allows us to control the source term in the main estimate (4.26). Here and subsequently
c denotes a constant that may differ throughout the paper and, if it is not marked otherwise,
depends only on the data.

Remark 4.4. From (4.6) and (1.20) it follows that F = (F1,...,F,)T € R(C) = U+, therefore,
taking the scalar product between ¥ and U it can be deduced that

> Fp=0, (4.14)
k=1

which together with (4.12) leads to the continuity equation for o

dro + div(ou) =0, o° = Z Of- (4.15)
In particular, the total mass of the mizture is conserved

/ o(t) do = My, for a.a. t € (0,T).
Q

Main result
The main result of this paper is the following.

Theorem 4.5. Let ¢ be a sufficiently smooth solution of (4.15) such that o is bounded in
L0, T; W2(Q)). Moreover, let 0 < infg 0° < supg 0° < 0o. Let u € L>®((0,T) x Q) be fized
such that divu € L?((0,T); L>=(2)). Assuming (4.10-4.8) problem (4.4-4.5) admits a global in
time weak solution, such that

ok >0 ae in(0,T) xQ, Z/ or(t) dz = Mj.
— Ja

Furthermore, the following reqularity properties hold:
or € C([0,T); L1log Lyear* () and Vi/or € L*((0,T) xQ), k=1,...,n.

Remark 4.6. To maintain consistency with the existence results from the previous chapter one
should rather work with /o instead of o, since it is only possible to show integrability of V,/o.
Note that we actually need that \/o € L*(0,T; WH2(Q)) but due to assumptions on w and ¢° i
1s equivalent with the assumption in the theorem.
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Remark 4.7. Note that assuming u much more reqular, we would be able to recover the regularity
of the density o required in Theorem 4.5. Note, however, that in practical applications, except
for very special situations, such a regularity is not possible to obtain.

The rest of this chapter is devoted to the proof of this theorem. The strategy is to add the
standard regularization terms and then to employ the Galerkin method for the system rewritten
in terms of so-called entropy variables.

4.3 Existence of solutions

4.3.1 Galerkin approximation

Our aim is to construct the weak solution to the semi-linear parabolic problem

(8 + ")y + div(e™ u) — div (8 + ee™)Vry) + EFe — ok
ru(0,) = 1, o (4.16)

forevery k =1,...,n, (t,x) € [0,T] x Q, and for any given, smooth (as in Theorem 4.5) vector u.
To this purpose we will employ the Galerkin technique. We denote by N the (finite) dimension
of the approximation. The aim (achieved in the next section) will be to pass with N — co. More
precisely, we assume that r; x has the following structure

N

N = Y ah v (Dhi(), (4.17)

i=1

where the functions {h;};en form an orthogonal basis of the Hilbert space W12(Q), they are
smooth and orthonormal with respect to the scalar product (-,-) in L?(Q2). We look for the
coefficients a};’N(t), tel0,T],k=1,...,n,i=1,...,N such that

aZ,N(O) = (rp, hi) (4.18)

and the following equality is satisfied

/ at((STk,N + erk’N)hl dx
Q

F
= / div (er’“’Nu — (0 +ee"™N)Vrp N + k’N> hy dz + ON R hy dz, (4.19)
Q mg Q Mg

forany [ =1,..., N. Here,
N
oN = mye’tV (4.20)
k=1

and Fy, v is given in (4.23) below. We have

Theorem 4.8. For any N € N there exist uniquely determined functions ri n,...,rn N of the
form (4.17) satisfying (4.18) and (4.19). Moreover, there exists a constant ¢ depending only on
T and the initial data, such that

Vollren |l o o.1:220)) + €53 i n || oo 002 ) + VOIVTEN L2 (01 x9)

n (4.21)
+VelVVEEN L2 0,m)xa) + Z
P

| N

VmyerN

<ec.

L2((0,T) %)
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Proof. This task is equivalent with solving the set of N ODEs corresponding to each of n equations
of the system (4.19)

N

. .4 r w
(Mfk,N(t) =+ Z ak,N(e BN B ) = =X N (TeN, ) + <lekk , hl> , (4.22)
i=1

with the initial conditions given by (4.18). In the above formula gy is given by (4.20), a(t) is
time derivative of a(t), and
F
’“’N> By dz,
mp

Fk,N— (VerkN YkNZeJNVT N ZCkJNeJNVT (4.23)
Jj=1 Jj=1

Xk,N(T'k,N, hl) = / div (erk’Nu — (5 + EeT‘k,N>
Q

The matrix Cy is given by

ZiN —YiN ... YN

~Yon Zon ... —Yon
CN — . . . . 5

—In,N _Yn,N cee Zn,N

e"j,N
where Yj x = mJQN ,and Zg N = Z%i Yin.
Observe that since the matrix X;,  involves all n functions 74 n, we should solve the system
of N - n ODEs simultaneously. To this purpose, we rewrite system (4.22) using the vector

Apn(t) = (a,lc7N(t), e aﬁN(t))T into the following form
(6T + By, v (1)) Ap,n () = —Xp v (i n, V) + (Q;ka hN) k=1,...,n, (4.24)
k

where I is the identity matrix, By n),: = [ €™ hih; dz,

Xen(ren, hY) = (Xk,N(?"k,N, h)y e Xen(ren, b))t
and (QN‘:k hN) ((ervn:% hl) (Q%:)kahN))T-

It is easy to see that the matrlx Ol + By, n(t) is invertible for any 6 > 0; indeed €™V is a
nonnegative function, thus the time-dependent bilinear form

IBhN[hi,hj;t] = (Bk’N)ij = /Qerk’Nhihj dz

is symmetric and positive-semidefinite. Next, using the following property of the block diagonal
matrixes

Ay 0 .0\ Al‘}v 0 ... 0
0 Agy ... O 0 Ayy... O
0 0 ...AyN 0 0 ...A%

we invert the (n- N) x (n- N) matrix that stands in front of the time derivative of system (4.24)
and therefore, problem (4.22) can be replaced by the following one

Apn(t) = — (6T 4 By (1) Xpn (rpn, BY) + (01 + B(t)) (QN“’“ , hN) . (4.25)
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Before we apply the classical result on solvability of the ODE system we check whether the right
hand side of (4.25) is Lipschitz with respect to ay,(t) for all k =1,...,n, I =1,...,N. This
is true on account of the fact that a finite composition of the polynomials and the exponent
functions is a Lipschitz function, at least locally with respect to time. Therefore, for sufficiently
short time interval [0,7) there exists uniformly continuous (with respect to time) solution to
problem (4.22).

In order to obtain the global in time solution any a priori estimate on 4 y is needed, because
on a finite dimensional space all norms are equivalent. To this end we use in (4.19) the test
function r n (we multiply each of the equations by ai, y () first, and then we sum them with

respect to [ = 1,..., N). Integrating by parts we obtain the following equality
7"]“NT‘]CN—G ) dx—l—Z/(é%—aer’“NﬂV?ﬂkN]z ) dx

(o
B Y KT TYIES o) e

The only problematic term on the left hand side is the last one. However, since Y ;_; Fi v =0
—see (4.14) — we write

n

F
Z msz]ZN Ze INVrin | =0

k=1

and therefore the last term on the left hand side of (4.26) may be written as follows

n
Fr N Fin
- Z —VrN = — Z —— Ve kN
m mge’ kN

k=1 K k=1
n F n
k,N .
= — E m Verk*N - YkJ\/‘ E erJ’NV'I"j’N (427)
k=1 F j=1
n 2
-y R
m erk N
k=1 'k

Thus, to get the estimates one only needs to control the right hand side of (4.26). Substituting
in (4.13) pr = €™~ and p = pn we deduce that the last term on the right hand side of (4.26) is
bounded

Z/ oNe krk’N dx <c.

For the remaining one we have

n n
Z/ le"™N divu| doe < HdiquooZ/ e N dx.
k=19 k=19
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We are now at the position to deduce that (4.26) implies

n

d
Z T (1673 5 + €N v — €™V || 1)

n

+ Z <5||V7"k N||L2(Q) +el[Vver NHL2

1

) (4.28)

Because the term r?  is nonnegative and e+~ 7, y is bounded from below, divu € L?(0, T; L>=(Q)),
we get using the Gronwall argument estimate (4.21). As was already announced, this estimate
allows us to repeat the procedure described before in order to extend the solution to the whole
time interval [0,77]. O

Although the above construction corresponds only to particular projection of the original
problem it is clear that the final estimate is completely independent of N. This is the key
argument in the limit passage; derivation of the other uniform estimates is a purpose of the next
subsection.

H1/m eTkN

n

k=
< e (L[ divufpeeoylle™ [ 110))-
k=1

4.3.2 Passage to the limit N — oo.

Our next goal is to derive bounds uniform with respect to IV for fixed §,¢ > 0 and u as in Theorem
4.5. We have already mentioned that estimate (4.21) obtained in the previous subsection does
not depend on the dimension of Galerkin approximations. In particular, we have that

|Ve N | < 2|V Ve |y/eTkN (4.29)

is bounded in L?(0, T; L*(€)), thus, by the Sobolev imbedding, e"*~ is bounded in L?(0, T} L2 (2)).
Returning to (4.29) we get

[Vers|| <e (4.30)

L3 0TL5(Q)) -

using once more the Sobolev imbedding theorem and the bound in L°(0,T; L' (£2)) we end up
with

Tk,N
le H L3 (0.7)x0) < c(e). (4.31)
Having this, we can return to (4.29) to deduce
Tk,N
Ve HL4( 0T < c(e). (4.32)

Apart from that, the limit passage requires also some further estimates providing compactness
with respect to time.

Lemma 4.9. There exists a constant ¢ depending on the initial data, T, and the parameter €

such that
(5”815?”]C NHLZ; 0.TW (Q)) S C. (4.33)

Proof. We take any ¢ € W'(Q) ¢ W?(Q) such that ||¢[ly15) < 1 and decompose it into
¢ = ¢1+p2, where ¢ is an orthogonal projection of ¢ (with respect to the scalar product induced
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by the norm of the space L?(£2)) onto the subspace spanned by the vectors {h1,...,hx}. Using
¢1 as a test function in (4.19) we show that

/ 6t(6rk7N + erk*N)(bl dz
Q

F
= / (er’“\’u — (6 + ™) k’N> - Vo1 dx +/ ONe k¢1
Q mg Q

. , . (4.34)
< (HuHLoo(Q)He "M T OIVIRNI 5 ) TellVe ”||L4(Q)> [P1llw50)
k=1

n
Fka r Tk,N
;<HW iy IV N I g g [ lrlwnscay

Then we have

ore.n(t, - .5 = sup /8r d)da;‘
[0re,n ( )||W Li @) sew ool <1 e N ()

= sup /(%TkN )¢1d93 /|3t7“kN ‘101’(133
PEWL5(Q)s]18]I<1

for some ¢ € Wol’5(Q) N Lin{hi,...,hy}. Hence

1 .
1O, (Es 1.5 ) < sup 5‘ / (6 + "N DDy (¢, ')gbdx‘ (4.35)
PEW LS (Q)NLin{h...hy };||o)| <1

&)
and due to estimate (4.34) we end up with ||0;ry, NHLZ oTw-3@) <55 O
Our goal in the remaining part of this subsection is to examine the limit for N — oco. The
above lemma allows us to apply the Aubin-Lions lemma in order to extract the subsequences
which satisfy (4.16) in the limit. Indeed, for the sequence r;, ny we deduce from (4.21) that it is
possible to extract a subsequence such that

RN — Tk weakly* in L>(0,T; L?(R)),
Vrpn — Vr,  weakly in L?((0,T) x Q)
Oyrie,n — Ogry,  weakly in L%(O,T; w1t (Q)),

TRN = Tk strongly in L2(0,T; LP(9)), p < 6;

(4.36)

ot

in particular, there exists a subsequence 74 x which converges to r, a.e. on (0,7) x Q. This,
together with (4.33) and the boundedness of space gradient of "+~ implies

VersN — Vet weakly in L2(0,T; L*(Q2)) N %(( T) x Q),

4.37
"k N 3 @Tk strongly in LI((0,T") x ), ¢ ( )

<3
<3
at least for a chosen subsequence.

Next we recall basics facts from the theory of Orlicz spaces. For more details as well as proofs
of results below see e.g. [55], Chapter 3 or [1], Chapter 8.

For the following pair of complementary Young functions

<
<I>(t):et—1; \I/:{O for 0 <t <1,

t(logt —1)+1 for t > 1,
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we consider the Orlicz spaces Lg(€2), Ly () := Llog L(Q2) and the space E3(2), which is the
closure of bounded measurable functions on Q in Lg(€2). In particular, Eg(£2) is separable and
(Eg(Q))* = Ly (). Therefore, we can extract a subsequence such that

e N — ek weakly™ in L*(0,T; Llog L(2)),

where by weak* convergence we mean that (€'~ ¢) — (e"F, ¢) for each ¢ € L'(0,T; Es(Q)).
Moreover, by (4.21) we deduce that for all n € D(2) the functions t — [, 7z n(t)n dz form a
bounded equicontinuous sequence in C[0,T]. Hence, the weak® convergence of ry y, €'~ may
be improved, using the Arzela-Ascoli theorem and the density of D(€2) in LP for p € [1,00) and
in E3(£2), to the following

ren — e in C([0,T]; L2, (),

weak

N Sy e in C(0, T]; L10g Lyear: (), (4.38)

which gives sense to the initial conditions for r4 and e"*.
Finally, as e"*~ > 0 on [0,7] x , ijTJJV is bounded in L*°((0,7") x Q) and so, the pointwise

convergence of e"%N for any k= 1,...,n implies that
mje'sN mje's i
strongly in L”((0,T) x Q < 00.
o ST e gly ((0,7) x ), p

Therefore we get also the convergence of Fj, ;. Summarizing, the result achieved in this section
can be stated as follows.

Lemma 4.10. Let the assumptions of Theorem 4.5 be fulfilled and let op N, kK =1,...,n be the
unique solution to the approzimate problem (4.19) constructed in Theorem 4.8. Then there exists
a subsequence N — +00 such that the limit functions 1, = limy, o0 Tk N, Satisfy system (4.16)
in the sense of distributions.

4.3.3 Estimates independent of §, passage to the limit § — 0.

In what follows, we will denote by r; 5, kK = 1,...,n, the solution to the approximate problem
(4.16), constructed in the previous subsection. The next step of the proof is to let § — 0T in order
to eliminate the artificial time derivative as well as the d-dependent parabolic regularization in
(4.16). To this aim, we first need to derive some uniform bounds sufficient to deduce compactness
of the nonlinear terms, which is the subject of the present subsection. We start by proving the
energy inequality.

Lemma 4.11. Let 0,€ > 0, then the solution to (4.16) enjoys the following estimate

n
sup Z | (677 5 + €%0r5) (1)l 210
te(0,T) .

n T
DY { [ o1l + IOV T + H
=1

Frs
— dt » <e¢, (4.39
Vg e |12 (q) } o
for a constant c that depends only on the initial data and T.

Proof. Due to the pointwise convergence of 74, x and e+~ see (4.36),(4.37), we have

2 2
rk’N Tk,N Tk,N rk’é Tk,5 Tk,5
5T+e Nrpny —e'® dz — (57+e Srps —eme | da
Q Q
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in the sense of distributions on (0,7"). Moreover, we know that Vry y converges to Vry s weakly
in L2((0,T) x Q), thus, due to lower semicontinuity of convex functions we have

T T
/ / \Vry? da dt < liminf/ / Vg v|? de dt.
0 JO N—=oo Jo Ja

The same argument can be also applied for the nonlinear terms Vv/e™*N and ——td

mke"'k,N

Having obtained the uniform estimates, we can return to our original problem. We define
the solution to (4.4) in the following way

Oks =mpe™™  k=1,...n.

Hence, (4.39) gives rise to the following estimate

T
ess sup /(logpk,(;(t))2 dx—i—/ / |V log p. 5| dz dt < ¢(6),
te(0,T) JQ 0 JQ

which is equivalent to positivity of partial densities
oks >0 ae in (0,7)xQ, k=1,...,n

We may now repeat arguments leading to (4.33). More precisely, as we can now test by any
function from the space L?(0,7;W1°(€)), due to a similar argument as in (4.34) and (4.35)
we control 0;ry s and 0y (dry, + €™9); thus we also control its difference. Hence, uniformly with
respect to § we have

8|0¢ log pr.s | + 1|0 51| 3 <ec (4.40)

Liorw 1) Liomw 1)

From (4.39) it follows also that the sequence ,/pys is uniformly bounded in L2(0, T; WH2(Q)).
Therefore, using again the Aubin-Lions lemma, we show that g 5 = pi smy converges to g for
d — 0 pointwisely on (0,7") x Q. This together with the uniform estimates from (4.39) allows us
to deduce the following convergences when § — 0:

(5logg"—5 — 0 strongly in L®°(0,T; L?(f)),
0V log =22 SN strongly in L2((0,7T) x ),
gk,g — Ok strongly in LI((0,T) x Q),q < %, (4.41)

Vors — Vor,  weakly in L?(0,T; L10g Lyeai* (2)) N L%((O,T) x Q),
Ok,s — Ok in C([0, T]; Llog Lyear* (2)).

Moreover

95,8 Qj i p
ST s T ST o strongly in LP((0,T) x ), p < oo,

4.42
o, >0 ae in(0,7)xQ, k=1,...,n, (442)

and due to a similar argument as in the previous section we obtain that
Fis — F, weakly in LP((0,7T") x (Q2)),

for some p > 1, where Fy, depends on the limit functions g1, ..., 0, as specified in (4.6).

This is the last argument in favor to let 6 — 0 in the approximate system (4.16), we have
thus proved the following result.
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Lemma 4.12. The limit quantities o, k =1,...,n satisfy
Oror, + div(ogu) — eAg + div(Fg) = owg, k=1,...n, (4.43)
in the sense of distributions on (0,T) x .

In addition, denoting ¢ = > _;_, o, and summing (4.43) with respect to k = 1,...,n, the
properties (4.12), (4.14) lead to the following equation

Oro + div(pu) — eAp = 0. (4.44)

This equation is, due to the previous lemma, satisfied in the same sense as system (4.43), together
with the initial condition o(0,z) = ¢® = Y_}_; 0%(z) for a.a. z € Q.
On the other hand, provided u and the initial data are sufficiently smooth (as in Theorem 4.5 is
enough), we can identify ¢ with o, — the unique classical and positive solution to the initial-value
problem

Oro. + div(geu) —eAp. =0, 0.(0,z) = o,

constructed by means of the usual Galerkin approach within the standard L? theory, the boot-
strap argument and the maximal LP — L7 regularity applied to the problem (cf. [85], Sections
7.6.3-7.6.7)

010: —elge = f = — div(@su)a QE(O,I') = 90' (4'45)

In particular, we know that any solution of (4.43) satisfies

n
Z or = 0 a.e. in (0,T) x £
k=1

4.3.4 Estimates independent of ¢

This part of the proof is dedicated to derivation of estimates independent of € and to the last
limit passage € — 0. The departure point is an analogue of (4.39)

T 2
Fy
sup 3 [P 108 e ()11 + Z [ IVl do+ [ TR arg <
te(0,T) .= 0 Okellp2(q)
(4.46)
where the constant ¢ does not depend on ¢, and the fact that Y}, . = g’“ <. k=1,...,n satisfy

0<Vie <1, ) V=1

As we see, it is not so clear whether we have any additional space regularity of solutions. Indeed,
to repeat the arguments from the previous limit passage, one needs to show that the quantities
V{/0ke, k = 1,...,n are controllable independently of e. To this end, we investigate more
carefully the last term in (4.46). We have the following result.

Lemma 4.13. Let assumptions of Theorem 4.5 be fulfilled and let estimate (4.46) be valid. Then,
for any k =1,...,n the solution to the approximate problem (4.43) satisfies

IVV/0kellz2(0,m)x0) < ¢ (4.47)

where the constant ¢ does not depend on €.
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Proof. Using (4.9) we deduce from (4.46) that

Z//ngs dxdt_Z// (rede) de dt < c. (4.48)

To exploit this estimate we first recall the following property of the species diffusion forces

i,a Zl,e _Yl,a e _Yl,s Va;ipl,a

. db *ng ZQ’ e *ng \% P2,
ndi=n| = 7T T T | = GV, (4.49)

d;i],g _Yn,s _Yn,s o Zn,s vxipn,s

where p. denotes the n dimensional vector (pic,...,pne)? and Vp: = (Vpie, ..., Vone) L.
So, inserting it to (4.48) we obtain

/ / CeVPdie gy gt < e (4.50)
Q

Ok,

The matrix C; is degenerated as the vector Yz = (Y7, ... ,Yn’E)T belongs to its kernel, so estimate
(4.50) does not imply integrability of Vpy . for all k = 1,...,n, at the same time. However, as
we know that ) ;_; ok . coincides with the classical unique solution to (4.44) g., we can use the
assumption on higher regularity of o. to control the full gradient of p.. Indeed, note that the
matrix C: possesses n — 1 eigenvectors v = (v, ..., o™, m e {1,...,n—1}

—lforl=m
= 1 for [ =n,
0 for I #£ m,n,

corresponding to the eigenvalue 1. Therefore, denoting
Co(t,2)Va,pe(t,x) := (Vape(t,z))!, for (t,z) € [0,T) x Q,

we have, for every (k,i)-th coordinate of Vp.(t,x), (k,i) € {1,...,n} x {1,2,3}, the following
decomposition

(vxips(ta $))k = (vxipe(t7 "E))é + ai(ta x)Yk’ﬁ(tv $)? (4'51)
where a;(t, )Y}, (¢, z) is the k-th coordinate of the projection of vector V,p.(t, ) € R™ on the
nullspace of matrix C¢(¢,z), which is spanned by the vector Y.(¢,z). Next, multiplying (4.51)
by my and summing over k € {1,...,n} one gets

Va,; 0 _ > i1 (VP
D ket Mk Ve D ket MV

Combining this with (4.51) we can express each of the gradients of partial pressures in terms of
known quantities

oy =

Vg, 0e szl mk(vmps)é
VaiPe = (Vaipe)! +< — — k=L : Y. 4.52
e = o) Dol Mk Y e D e MY e © (4:52)

Next, due to the first equality in (4.9) we can write

2 2 2
Fk,s o ’ka,a‘Q B 2Yk,stk,s -V, T Ykz,s‘VW‘?‘

)

Ok,e Ok,e Ok,e Ok,e
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which is bounded L'((0,T) x Q) for every k = 1,...,n, on account of (4.48). Therefore, by the

Cauchy inequality,
Vi |2
/ bkl 4, dt<c(1+// ke V| dxdt). (4.53)
0 JQ Oke

Since Ve = >0 (Vpe)r and > ) (Yz)r = 1, we can use (4.52) and (4.50) to estimate the
right hand side of the above inequality. We have

//Yk25|V7rs|2 de df — //YkQE‘Zk (Vpe)i/? de dt
Ok,e

Vor 1T, me(Vpo)lP (4.54)
// Vps)£2+ B et L L I PR
Q ke 1 (D k=1 Mk Yke) (> p1 MiYre)

Next, denoting mynq, = max{mi,...,my} and My, = min{my, ..., my}, the first term from
the right hand side of (4.54) can be estimated as follows
I |2 ket mk(Vp€)£|2 de dt

//nga P 1 (Zzzl kak,s)2
T Y, £ %max TL_ \% € I
S/O/Q i, (Z’ Z;L_Qll( pe)i] ) de di (4.55)

Q¢ k=1 min

max = Ok, ‘(VPE) / / | Vpg
’ dz dt < d dt,
/ /Q Qe ( mmm> ; Ok,e ¢ Qp Z Ok,e v

which is bounded due to (4.50).
The second integral on the right hand side of (4.54) can be bounded since Yj . < 1 for any

k=1,...,n
2 T 2
// Ve dxdtﬁc//'vQE de dt.
QQka Zk 1kaks 0 JQ Q¢

Returning to (4.53), we have thus shown that

T 2 T 2
/ ’vp’“f‘dxdtgc<1+/ Ve d:cdt).
0JQ Oke 0JQ O
Using Lemma 4.14 below we control V. in L?((0,T) x €2) independently of &; due to the

properties of the initial value (strict positivity) we therefore also control V,/p: in the same
space. The proof of the lemma is finished. [

pa)é

Lemma 4.14. Under the assumptions of Theorem 4.5, there exists ¢ independent of € such that
for any e € (0,1]
lo — ocllL2(0,mw12(0)) < €

where o is the unique solution to (4.2) and ge is the unique solution to (4.44).

Proof. We have
0¢(0e — 0) +div(u(o: — 0)) — A0 — 0) = Ao,
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with (0:—0)(0, z) = 0. Testing equation above by g — g and recalling that ||| 2 (o, 7w 1.2(0)) < 00,
we get the result. OJ

This is the final argument that allows us to repeat the procedure described for the limit
passage § — 0 in order to eliminate the last regularizing term from (4.43). The proof of Theorem
4.5 is now complete. [
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Chapter 5

The heat-conducting mixture of n
species

The aim of this chapter is to prove sequential stability of the weak variational entropy solutions to
the general system described in the introduction to this thesis. The task is hence to generalize the
result from Chapter 3, Section 3.2 to the case of heat-conducting mixture of n gaseous species. As
we have seen, the proof of sequential stability of weak solutions is a last step in the complete proof
of existence of solutions and provides the first argument in favor of construction of an approximate
scheme. The key mathematical tool here is the entropy dissipation method combined with
another energy-inequality, found for the Navier-Stokes system with density-dependent viscosity
coefficients by Bresch and Desjardins [12].

5.1 Introduction

Recall that, to describe the flow of n-component chemically reacting compressible mixture, when
no external force is present, we use the following system of equations
Oro + div(pu) =0
O(ou) +div(ipu®@u) —divS +Vr =0
Oi(oF) + div(pEu) + div(mu) + div Q — div(Su) =0
0o + div(gpu) + div(Fy) = odwy, k€ {1,...,n}

in (0,7) x Q. (5.1)

Here, 2 = T3 and we supplement the above system by the constitutive relations (1.5-1.19) and
(1.23-1.24) taken over from Section 1.3.3. The only difference is the "cold” component of the
pressure .. Similarly to Section 3.3 we introduce particular modification in the neighborhood
of small densities. Namely, we assume that 7. is a continuous function satisfying the following
growth conditions

cro”? “lforp<i,
me) =4 L e (5.2)
20 for o > 1,

for positive constants c1,c2 and v~,y" > 1. It was proposed in [13] to encompass plasticity and
elasticity effects of solid materials, for which low densities may lead to negative pressures. By
this modification the compactness of velocity at the last level of approximation can be obtained
without requiring more a priori regularity than expected from the usual energy approach [69].

87
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The global-in-time existence and asymptotic stability of solutions to system (5.1), supple-
mented with physically relevant constitutive relations, was established by Giovangigli [45], Chap-
ter 9, Theorem 9.4.1. He considered, for instance, generic matrix Cy; relating the diffusion
deriving forces dy to the species diffusion fluxes

Fp=-— chzldl + Soret effect, k=1,...n, (5.3)
=1

which is singular CY = 0, Y = (Y1,...,Y,), ¥ = %’“, k =1,...,n, and is not symmetric
in general. His result holds provided the initial data are sufficiently close to an equilibrium
state. Our main motivation is to focus on the case of arbitrary large data. It should be however
emphasized that many simplifications are assumed in the present model, in comparison to [45]. In
particular, we will concentrate only on the diffusion effects due to the mole fractions and pressure
gradients and restrict to particular form of matrix C satisfying properties (1.20). Following [110]
we also suppose that the matrix Dy = %, k,l = 1,...,n is symmetric and coercive on the
hyperplanes which do not contain the vector Y. This assumption is consistent with the second
law of thermodynamics which postulates non-negativity of the entropy production rate associated
with diffusive process.

Due to our knowledge, so far there is no result concerning global-in-time existence of solutions
for systems with general diffusion (5.3). Here we present the first step in this direction — the proof
that, provided the sequence of sufficiently smooth approximate solutions has been constructed, we
are able to extract a subsequence, whose limit satisfies a suitable weak formulation of (5.1). Let us
emphasize that we use the framework of weak variational solutions, that is to say the total energy
balance is replaced by the entropy inequality and the global total energy balance. These solutions
were introduced by Feireisl and Novotny to study solvability and various asymptotic limits of
the Navier-Stokes-Fourier system [36]. Within this definition weak solutions may dissipate more
kinetic energy than, if there are any, the classical ones. However, it can be verified that this
“missing energy” is equal to 0 provided the weak solution is regular enough and satisfies the total
global energy balance. Moreover, in [37] the authors proved the weak-strong uniqueness of such
solution, meaning that it coincides with the strong solution, emanating from the same initial
data, as long as the latter exists.

The issue of existence of global weak solutions to the Navier-Stokes equations for heat con-
ducting compressible fluids was also addressed in [13]. Under additional assumption on the "cold”
component of the pressure, similar to (5.2), the authors proved sequential stability of weak solu-
tions. Unfortunately, obtainment of analogous result for the full system (5.1) seems to be much
more involved, mainly due to the strong coupling between the internal energy equation and the
degenerated equations for species. This is the main obstacle in preserving sufficient regularity of
the temperature required to perform the limit passage in the weak formulation of energy balance.

The outline of this chapter is the following. In the next section we specify the structural
properties for the transport coefficients and postulate several simplifications. In Section 5.3, we
define the notion of weak variational solutions and state the main result of the paper. The key a
priori estimates are derived in Section 5.4 together with some further estimates and positivity of
the absolute temperature. Finally, the last step of the proof of Theorem 5.5 — the limit passage
— is performed in Section 5.5.

5.2 Main hypotheses

In what follows we give a list of hypotheses and assumptions on the initial conditions and the
form of various coefficients appearing in the fluxes of system (5.1).
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Initial data

The choice of quantities describing the initial state of system (5.1) is dictated by the weak
formulation of the problem, which is specified in Definition 5.4 below. We take

0(0,) = @°, 0u(0,-) = (ou)’, 05(0,-) = (05)°, [, 0E(0,-) dz = [(0F)° dz,

. | (5.4)
0k(0,) =0y, fork=1,...,n, in Q.

In addition, we assume that ¢° is a nonnegative measurable function such that

/QQO dz = MY, /le()’v“ (90)’2 dz < oo, (5.5)

and the initial densities of species satisfy

0<(x), k=1,...,n, ov(z) = o°(z), a.e. in Q. (5.6)
k=1

Further, the initial temperature 9¥° is a measurable function such that
(z) > 0ae inQ, ¥ cWH>Q)
and the following compatibility condition is satisfied

(05)° = (0, 0f,. .., 00),  (09)° € L'(Q). (5.7)
Finally, we require that the initial distribution of the momentum is such that
012
0_ C 0 — | (o)’
(ou)’ =0ae. on{reQ:p'(r)=0} and /QQde<oo

and the global total energy at the initial time is bounded

(ou)|”
/Q(QE)O dr = /Q <‘2@0‘ +0%(" 0,0}, 0n) | da < oo (5.8)

Transport coefficients

(1) The viscosity coefficients v and v in the stress tensor S (1.15) are functions of the density
only. The density dependent viscosity appears when one derives the compressible Navier-Stokes
equations using the Chapman-Enskog expansion [4|. Starting from the classical Boltzmann
equation one obtains an expression for p which is proportional only to the square root of the
absolute temperature. If the flow is isentorpoic, this dependence may be translated into the
dependence on the density (o) = 007~1/2, see [51], [29].

Here, as in Chapter 3, we assume that the viscosity coefficients p = p(g), v = v(o) are
C1(0, o) functions related by

v(o) =201t (0) — 21(0), (5.9)
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which is strictly a mathematical constraint allowing to obtain better regularity of o, see [10].
In addition, they enjoy the following bounds

i (0); (5.10)

for some positive constant .

Remark 5.1. The assumption p' < /(o) is not optimal, but it makes the proof much eas-
ier, however the bound from above is essential in order to get integrability of several important
quantities. For further discussion on this topic we refer to [69].

(ii) The heat conductivity coefficient x = k(g,?) from definition of the heat flux Q (1.23) is
a C1([0,00) x [0,00)) function which satisfies

ro(1+ 0)(1+ 9%) < r(o,9) < Tl + 0)(1 + 0°). (5.11)

In the above formulas kg, kg, o are positive constants and a > 2.

(iii) As was announced in the introduction, in definition of the species diffusion fluxes Fy,
(1.18), we restrict to an exact form of the flux diffusion matrix C' compatible with the set of
mathematical assumptions postulated in [45]. The prototype example is the same as studied in
the previous chapter, namely

Z1 —-Y7...-Y
Yy, Zy ... =Y,
-Y, -Y,... Z,

where Zp = Y"1 Y;. Concerning the diffusion coefficient Cy from (1.18) we assume that it is

ik _
a continuously differentiable function of ¥ and p and that there exist positive constants Cp, Cp
such that

Coo(1+9) < Co < Coo(1+9). (5.13)
Remark 5.2. One of the main consequences of (5.12) is that
> Fyp=0. (5.14)
k=1

Remark 5.3. Note that (5.12) also implies that the vector of species diffusion forces d =

(dy,...,d,)7T is an eigenvector of the matriz C corresponding to the eigenvalue 1 and we re-
cast that
Fp=-Co Y Cudi=—Cody = ——= (Vpp — Yi V) = ——= Y CuVpr. (5.15)
=1 Trm Tm 924

The species production rates
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We assume that wy, are continuous functions of Y bounded from below and above by the
positive constants w and w

—w <wr(Y) <o, forall k =1,...,n; (5.16)

we also suppose that

n

Zwk =0, and wi(Y)>0 whenever Y; =0. (5.17)
k=1

From the second law of thermodynamics, the process is admissible only if the entropy pro-
duction rate (1.14) is nonnegative, thus necessarily one has

n

ZQkak <O0. (5.18)
k=1

Without loss of generality, we may also assume that
e The formation energies and entropies are constant ezt, s = const.

e The perfect gas constant R = 1, the constant-volume specific heats are constant equal for
all species
Cop=0¢, forallk=1,...,n. (5.19)

e The standard quantities: the temperature, pressure and concentration are rescaled and
equal one
’195t :pst — Fst =1
5.3 Weak formulation and main result

In this subsection we define a notion of weak variational entropy solutions to system (5.1) and
then we formulate our main result.

Definition 5.4. We will say {o,u,9, 01,...,0n} is a weak variational entropy solution provided
the following integral identities hold.
1. The continuity equation

/QQOQS(O,:::) da:+/0T/QQ&g¢> dz dt+/0T/QQu-V¢) de dt=0 (5.20)

is satisfied for any smooth function ¢(t,z) such that ¢(T,-) = 0.
2. The balance of momentum

T
/(gu)o-qb((),x) dx+//(gu-6t¢+gu®u:v¢) dx dt
Q 0Jo

T T
+//7r(g,19,Y)div¢dx dt—/ S:Vedt=0 (5.21)
0 JQ 0
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holds for any smooth test function ¢(t,x) such that ¢(T,-) = 0.
3. The entropy equation

T T
0 0 0 0 |
/Qgs(ﬁ 101+ 00)9(0, @) d33+/0 /Qgs&s(b dx dt—i—/O /Qgsu V¢ dz dt
T n
+/o/g<(§_kzﬁyj€]?k>'V¢d$dt+<0,¢>>=0 (5.22)

is satisfied for any smooth function ¢(t,x), such that ¢ > 0 and ¢(T,) = 0, where o €
MT([0,T] x Q) is a nonnegative measure such that

S:V Q- VY F -
o> ﬁu— 72 —kZlmZ‘V(gg>—ngka.

4. The global balance of total energy

/Q (¢E)° dz ¢(0 / / oF dx 0,9(t) (5.23)

holds for any smooth function ¢(t), such that ¢(T) =
5. The weak formulation of the mass balance equation for the k-th species

T T
/ 0% - $(0, ) da:—i—/ / (0kOrd + oru - Vo) dx dt—/ /Fk-V¢ dx dt
Q 0Jo 0 Ja
T
:/ / oVwip dx dt, (5.24)
0 Ja

k=1,...,n, is satisfied for any smooth test function ¢(t,x) such that ¢(T,-) = 0.
In addition we require that

0,00 >0, k=1,..., Z =0, and 9>0, ae on(0,T)x. (5.25)

In this definition the usual weak formulation of the energy equation (1.4) is replaced by the
weak formulation of the entropy inequality and the global total energy balance (5.22)+(5.23).
Note however that the entropy production rate has now only a meaning of non-negative measure
which is bounded from below by the classical value of . Nevertheless, a simple calculation
employing the Gibbs formula (1.8) shows that whenever the solution specified above is sufficiently
regular, both formulations are equivalent. In particular the entropy inequality (5.22) changes
into equality, see e.g. Section 2.5 in [34].

We are now in a position to formulate the main result of this chapter.

Theorem 5.5. Assume that the structural hypotheses (1.5-1.19), (1.23-1.24) and (5.9-5.19) are
satisfied. Suppose that {on,un,In, 0k N}—1, k=1,...,n is a sequence of smooth solutions to
(5.1) satisfying the weak formulation (5.20-5.25) with the initial data

on(0,-) = oy, (eu)n(0,-) = (eu)}y, (085)n(0,-) = (05)%s Jo(eBE)n(0,-) dz = [ (eB)} da,
ornN(0,-) = ,Q%N, fork=1,...,n, in Q
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satisfying (5.5-5.8), moreover

inf,cq Q?V(I') >0, infyeq ﬁ?v(m) > 0,

. 5.26
o = & (o)} = (ow)?, (05)% = (09)°, (eE)} — (¢B)°, o) v = o) in L}(Q). (5.26)

Then, up to a subsequence, {on,un,Vn, 0x N} converges to the weak solution of problem (5.1)
in the sense of Definition 5.4.

The proof of this theorem can be divided into two main steps. The first one is dedicated
to derivation of the energy-entropy estimates which are obtained under assumption that all the
quantities are sufficiently smooth. The next step is the limit passage, it consists of various
integrability Lemmas combined with condensed compactness arguments.

5.4 A priori estimates

In this section we present the a priori estimates for {on, un, 9, 0k,n }3_; Which is a sequence
of smooth functions solving (5.1). As mentioned above, assuming smoothness of solutions, we
expect that all the natural features of the system can be recovered. The following estimates are
valid for each N =1,2,... but we skip the subindex when it does not lead to any confusion.

5.4.1 Estimates based on the maximum principle

To begin, observe that the total mass of the fluid is a constant of motion, meaning

/ o(t,z) dz :/ o* dz = My for t € [0,T]. (5.27)
Q Q

Moreover if solution is sufficiently smooth, a classical maximum principle can be applied to the
continuity equation in order to show that on(t,x) > ¢(IN) > 0, exactly as in (3.15).
Next, by a very similar reasoning we can prove non-negativity of ¥ on [0, 7] x .

Lemma 5.6. Assume that 9 = Uy is a smooth solution of (5.1), then
I(t,z) > c(N) >0 for(t,x) €[0,T] x Q. (5.28)

Proof. Any solution to (5.1) which is sufficiently smooth is automatically a classical solution of
the system

Oro + div(pu) = 0,

O(ou) +div(pu ® u) —divS + V7 = 0,
(5.29)

O¢(0e) + div(geu) +divQ = —wdivu+ S : Vu,
Dro + div(ogu) + div(Fy) = odwp, k€ {1,...,n},
where we replaced the total energy balance by the internal energy balance, see (1.4). Let us hence

reformulate it in order to obtain the equation describing the temperature. Subtracting from the
third equation of (5.29) the component corresponding to the formation energy we obtain

O(o(ec + em)) + div(o(ec + em)u) + Z div(cppF ) — div(k (o, ¥) V1)
k=1

=—mdivu+S:Vu-— ov Z edtwr, (5.30)
k=1
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where we used the species mass balance equations. Next renormalizing the continuity equation
and employing the relation between e, and 7. (1.7) we get the temperature equation

Or(0em) + div(oemu) + Zdiv(cpkﬂFk) — div(k(p, V) V1Y)
k=1

= —Tpdivau+S:Vu— QQ?Z eftwg, (5.31)
k=1

where, in accordance with hypotheses (5.10), the second term on the r.h.s. is nonnegative. Con-
sequently, (5.28) is obtained by application of the maximum principle to the above equation,
recalling that inf,ecq 9% (z) > 0. O

An analogous result for partial masses is stated in the following lemma.

Lemma 5.7. For any smooth solution of (5.1) we have

or(t,z) >0 for (t,z) € [0,T) xQ, ke {l,...,n}. (5.32)

Moreover .
Z or(t,x) = o(t,x) for (t,x) € [0,T] x Q. (5.33)

k=1

Proof. We integrate each of equations of system (5.1) over the set {gr < 0}. Assuming that the
boundary i.e. {gr = 0} is a regular submanifold we obtain

g or dz —/ % dsS, —|—/ @% ds, = / ovwy dx.
dt Jip.<0y {ox=0} On {ox=0} € On {ox<0}

>0 and wk|{9k<0} > (0 we find

[ ama= [ fa-o,
{ox<0} {0k <0}

thus |[{ox < 0} = 0, for every k = 1,...,n. When {gr = 0} is not a regular submanifold we
construct a sequence {¢;}7°; such that & — 07 and {g; = &} is a regular submanifold and pass
with g; to zero.

The proof of (5.33) follows by subtracting the sum of species mass balances equations from the
continuity equation. The smooth solution of the resulting system must be, due to the initial
conditions (5.6), equal to 0 on [0,7] x . O

: Opk
Since o ‘{kao}

As a corollary from this Lemma we recover relation (1.3), moreover we have the following

estimate
IYillo(omyxy <1, k=1...,n. (5.34)

5.4.2 The energy-entropy estimates

The purpose of this subsection is to derive a priori estimates resulting from the energy and entropy
balance equations. The difference comparing to estimates obtained in the previous subsection is
that now we look for bounds which are uniform with respect to N. We start with the following
Lemma.
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Lemma 5.8. FEvery smooth solution of (5.1) satisfies

— —|u e] dz=0. 5.35
i fe(Ghe) (5.35)
Proof. Integrate the third equation of (5.1) with respect to the space variable and employ the
periodic boundary conditions. [

Assuming integrability of the initial conditions (5.8) the assertion of the above lemma entails
several a priori estimates:

lveull Lo o.r:L2()) < & (5.36)

l0ec(0)l Lo (0,101 () + 09| Loo (0,751 (22)) + 1@l Lo 0,121 () < e

It is well known that these natural bounds are not sufficient to prove the weak sequential stability
of solutions, not even for the barotropic flow. However, taking into account the form of viscosity
coefficients (5.9), (5.10), further estimates can be delivered.

Lemma 5.9. For any smooth solution of (5.1) we have

d

g]u\Q dz +/ S:Vudz = / m(0,9,Y) divu dx. (5.37)
dt Q Q

Proof. Multiply the momentum equation by u and integrate over ). [J

The above lemma can not be used to deduce the uniform bounds for the symmetric part of the
gradient of u immediately as it was done in Section 3.2.2. The reason for that is lack of sufficient
information for ¥, so far we only know (5.36). However, it is still possible to derive the following
analogue of (3.20).

Lemma 5.10. Any smooth solution of (5.1) satisfies the following identity

d

1
Solu+ Vo(o)? dot | / j(0)|Vu — VTuf? dz =
dt 2 Jo

- / V(o) - Vr(9,0,Y) do + / m(0,9,Y)divu dz, (5.38)
Q Q

for ¢ such that V(o) = 2@

Proof. The rough idea of the proof is the following. The terms from the Lh.s. of this equal-
ity can be evaluated by multiplication of the momentum equation by V¢(p) and the continuity
equation by |V¢(0)|?. Then one has to combine these equivalences with the balance of kinetic en-
ergy (5.37) and include (5.9) to see that some unpleasant terms cancel. For more details we refer
to the proof of Lemma 3.17 in Chapter 3 or to the original work of Bresch and Desjardins [10] . O

To control the r.h.s. of (5.37) and (5.38) one needs i.a. to estimate the gradient of J. To this
purpose we take advantage of the entropy balance (1.13), we have the following inequality

Lemma 5.11. For any smooth solution of (5.1) we have

2
//Sv“ddt//“‘w’ddw// LI
lecoﬁQk

—/ / nggwk dz dt <ec. (5.39)
0 JQ
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Proof. Combining the third equation of (5.1) with the Gibbs relation (1.8) we derive the entropy
equation

i - (Q %

: VI O -
_5 ﬁV“_QﬁQV —ZFk-V<g;)—;ngwk- (5.40)

Integrating it over space and time we obtain

//(S Vu Q V’l9 zn:Fk ( ) nggwk) dz dt—/QQs(T) dx—/g(gs)o da,

k=1

where the Lh.s. can be transformed using (1.9) and (1.23) into

2
//S VU g dt o+ //”W| dz dt—// 2k Vlogpy dz dt
Q

k= 1

/OT/flkZ:lngWk dz dt:/ﬂgs(T) dﬂ:/Q(QS)O dz. (5.41)

The first two terms on the Lh.s. of (5.41) have a good sign, the same holds for the last one due
o (5.18). Non-negativity of the third one follows from (5.14) and (5.15)

n n

Fy
E V Og pk E ﬁQY - ﬁQYk (Vpk VT )

Thus, it remains to control the positive part of gs(T) and the negative part of (0s)°. From
definition of the entropy (1.10) and assumption (5.19) we get

Ok
08 = Z oYysit 4 Z cvor log ¥ — Z m—kl o (5.42)

therefore

- Ok Ok
/Q[QS(T)]Jr dz < C/Q o(T) dz + C/Q o¥(T) dz — ,;1/9 p— log m—k(T) dz. (5.43)

The two first terms from the r.h.s. are bounded due to (5.36), whereas to estimate the positive
part of the last one we essentially use the assumption that € is a bounded domain. Thus, the
positive part of —zlogx is bounded by a constant, and thus integrable over Q. [J

In the rest of Section 5.4 we show how to use Lemmas 5.10 and 5.11 in order to derive uniform
estimates for the sequence of smooth solutions {on, un, 9N, 0k, N} 37— to system (5.1).
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5.4.3 Estimates of the temperature.

One of the main consequences of (5.39) is that for x(p, ) satisfying (5.11) we have the following
a priori estimates for the temperature

(1+/2)Vlogd, (1+0)V¥ € L*((0,T) x Q), (5.44)

where s € [0, %] and a > 2. To control the full norm of ¥ in L?(0,T; W2(Q)) we will apply the

following version on the Korn-Poincaré inequality (see e.g. Theorem 10.17 in [85]):

Theorem 5.12. Let  C R? be a bounded Lipschitz domain. Assume that r is a non-negative
function such that

0<M0§/rdx, /r”deK, for a certain v > 1.
Q Q

Then
1€l < Co. Mo, K)||VE] oey + /ﬂ rlé] de,

for any € € WHP(Q).

Recalling (1.7), (5.2), (5.36) and (5.44) one can check that the assumptions of the above
theorem are satisfied for &€ = 9, r = p and p = 2. Therefore, the Sobolev imbedding gives
the estimate of the norm of 9 in L2(0,T; L5(R2)), and so, due to the boundedness of V2 in
L?((0,T) x ), one gets

92 e L2(0,T; W12(Q)). (5.45)

5.4.4 Estimates following from the Bresch-Desjardin equality

The aim of this subsection is to derive estimates following from (5.37) and (5.38). Summing
these two expressions we obtain

d

1 1 1
— [ Zoluf* + Zolu+ Ve(o)|? dx +/ S:Vudz+ / w(o)|Vu — VTul? dz
dt Jo 2 2 0 0

2
= —/ V(o) Vr(d,0,Y) do + 2/ m(0,9,Y)divu dz. (5.46)
Q Q

We first need to justify that the terms from the r.h.s. are bounded or have a negative sign so
that they can be moved to the L.h.s. The main problem is to control the contribution from the
molecular pressure. It will require to couple the entropy estimate (5.39) with the analogue of
comparison principle whose mechanism of action was illustrated in Lemma 3.7 for the simplest
two-component mixture and then generalized to the case of n isothermally reacting species in
Chapter 4. We start with the proof of analogue of (4.52) from the previous chapter.
Denoting
CVap = (Vap)', (5.47)

where
P1 Vp1
p= : and Vp= : , (5.48)
Pn Vpn
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we obtain, for every k-th coordinate k € {1,...,n} and every i-th space coordinate i € {1,2,3},
the following decomposition

(Va,p)k = (V%p)i + ;Y. (5.49)
Next, multiplying the above expression by my and summing over k € {1,...,n} one gets

Va, (V) _ ZZ:I mk(vxip)i‘
> e MY D he1 MY

Returning (5.49) we can express the full gradients of partial pressures in terms of gradients of
temperature, density and the gradient of "known” part of the pressure

V(oY) D k=1 mkWP)i)
n PSS Y. 5.50
D ket Mi Yk D1 MYk (5:50)

As was announced, we will use the above expression in order to control the molecular part of the
pressure from the r.h.s. of (5.46).

oy =

Vp = (Vp)' + (

Estimate of Vr(p,9,Y) - V¢. Using definition of ¢ (see Lemma 5.10) and (1.5) we obtain

Vol? N V(o) - Vim

V(o) - Vr(o,9,Y) = pi'()m.(0) , .

(5.51)
The first term is non-negative due to (5.2), so it can be considered on the Lh.s. of (5.46) and we
only need to estimate the second one. Since Vm,, = > ;1 (Vp)r and Y p_;(Y)r = 1, we may
use (5.50) to write

/VM(Q)'VWm dx:/ o) - Yk (VP g o [ Vo) -Ved
Q

0 Q D opeq Ok
) (Vp)
N Vu()VQd / pu(0) - iy (V)i ZI (5.52)
Q Dh1 Ok 0 > h1 Ok,

Note that I is non-negative, so we can put it to the L.h.s. of (5.46).
Next, I; and I4 can be estimated in a similar way, we have

[ ITHONZE I o, [ ITHORD oy [ ITEATDUE

, 5.53
Q o (5.53)

so for € sufficiently small, the first term can be controlled by Is thanks to (5.10). Concerning
the second integral, from (5.39) we have

7I'm k!
dz dt < c. 5.54
/ /Q Covoy 0= (5.54)

k=1

Using (5.15), the integral may be transformed as follows

/ / C“ GolCVP 4, 4t < c, (5.55)
Q5 TV 0k

thus, due to (5.47) and (5.13), the integral over time of the r.h.s. of (5.53) is bounded.
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For I3 we verify that

IVOP | _e?” [Vu(o)l”
9? K(e,9) e
and the first term is bounded in view of (5.44) whereas boundedness of the second one follows

from the Gronwall inequality applied to (5.46). Indeed, note that, due to (5.11), ( ﬁ) is bounded
by some positive constant.

Y
V(o) - Vﬁm < c(e)k(o,9)

Estimate of 7(p,?,Y)divu. By virtue of (1.5) and (1.7) and the continuity equation
(0,9, Y)divu d _a (o) dz + ﬁznzﬁ divud
A (0, vudz=——- gec 0) dz ; 1% ~ ivu dz.
k=1
Furthermore, by the Cauchy inequality

2

" Y _ )
/ oV (Z ) divu dz| < ¢ Yillro | €l V(o) divull7z g + e(e) ‘ d
0  my, #@) | 12y
Since (o) > p' 0, we may write
oV 3
< clle??|71 e < CHQHQ, 191l 2o () (5.56)
V1) || 20 L2(9)

On account of (5.45), ¥ € L?(0,T; L%(Q)). Moreover, the Sobolev imbedding theorem implies
Vu Vu(o)
that llell o < e |42 o)

implies boundedness of (5.56), whence the term e||/u(0) div uHQLQ(Q) is then absorbed by [, S

Vu dz from the Lh.s. of (5.46).
Resuming, we have proven the following inequality:

for 1 < p < 6, hence the Gronwall inequality applied to (5.46)

ess sup /< olul* + oe.(o) + Q]u+V¢)( ) d:z:+// ‘ dz dt
te(0,T)
o INACRSE T 2)
© dx dt + S:Vu+ Vu—-Viu de dt <e.
// T L) |
(5.57)

Uniform estimates. Taking into account all the above considerations, we can complement the
so-far obtained estimates as follows

v ‘ H Ve : 5.58
H\/T ° L2((0,T)xQ) ((0,7)x2) s ( )
moreover v
H ulo) <c. (5.59)
\@ L>(0,T;L2(Q))
Concerning the velocity vector field, in addition to (5.36) we have
I/ 1(e) Vull 20,1 %) + Hv ‘ (0% <e. (5.60)
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5.4.5 Estimates of species densities

Finally, we can take advantage of the entropy estimate (5.39) which together with (5.59) may be
used to deduce boudedness of gradients of all species densities.

Lemma 5.13. For any smooth solution of (5.1) we have

H\/1+ V\ﬁ‘

<ec. (5.61)
L2((0,T) %)

Proof. First, using Remark 5.3 we may write

TmF _ ColVpl* o YCoVPE - Vm n V2G|Vl
CoVoy Tm 0k T 0KV Tm 0k

which is bounded in L'((0,T) x Q) on account of (5.54). Clearly,

2 Y2 m2
//C°|vpk’ da dt<c(1+// Y ColVm|” d:cdt). (5.62)
o TmokY Tm 0KV

The r.h.s. of above can be, due to (5.50), estimated as follows

2 T n 2
//YkCo!VWm\ dz dt:/ YiCol > ko1 (V)i de dt
0 Jo

T 0k T 00
< C/ / V(e9)? | > ks M (CVD)[?
Q Tmev (SChey maYa)? (Shey mYe)”

which is bounded thanks to (5.44), (5.55) and (5.58). In consequence, (5.62) is bounded. Re-
calling assumptions imposed on Cjy (5.13) and the form of molecular pressure m,,, we deduce

that
T r Co(1+9)|Vop|? 2
//0( +9)[Vor| dxdt§6< // 1+?9Qk|V19| dxdt)
Ok
and the r.h.s. is bounded, again by (5.34) and (5.44).

n

CVp)k
k=1

+ dz dt, (5.63)

5.4.6 Additional estimates.

In this subsection we present several additional estimates based on imbeddings of Sobolev spaces
and the simple interpolation inequalities.

Further estimates of p. From (5.2) and (5.58) we deduce that there exist functions &;(9) = o
for o < (1 —19), &(0) =0 for p > 1 and &3(0) = 0 for p < 1, &2(0) = o for o > (1 +6), 6 > 0,

such that
+

||V§1 ||L2( (0.7)x9)> ||V§2 z2((0,m)x0) < ¢
additionally in accordance to (5.36) we are allowed to use the Sobolev imbeddings, thus
4+

H51 HLZ o108 1167 20,05 < ¢ (5.64)

Remark 5.14. Note in particular that the first of these estimate implies that

o(t,x) >0 a.e. on (0,T) x Q. (5.65)
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Similarly, combination of (5.59) with (5.36) leads to

L V(o)
|02 | zs(n) < ,
Ve e
and therefore
0 € L™=(0,T; L3(Q)). (5.66)
Estimate of the velocity vector field. We use the Hélder inequality to write
IVullzeo,30(0)) < ¢ (1 + ||£1(Q)_1/2||L2'y_ (0.7 L57 () ) IveVullr2¢0,1)x); (5.67)
where p = WZ ;1, q = 37 o Therefore, Theorem 5.12 together with the Sobolev imbedding
imply
2y~ 6y
uec Ly +1(0,T; Lv+1(Q)). (5.68)
Next, by a similar argument
uuanl(o,T;Lq/(m) < (14160 o @) IVoUlLmorzzey,  (5.69)

with p/ = 2y~ By a simple interpolation between (5.68) and (5.69), we obtain

? q = 3'y +1°
10y 10y
uec L3 +3(0,T; L3 +3(Q)), (5.70)
and since v~ > 1, we see in particular that u € L%(O, T; L§(Q))

Strict positivity of the absolute temperature. We now give the proof of uniform with
respect to N positivity of ¥y.

Lemma 5.15. Let {9n}%_; be the sequence of smooth functions satisfying estimates (5.36) and
(5.44), then
In(t,x) >0 a.e. on (0,T) x Q. (5.71)

Proof. The above statement is a consequence of the following estimate

T
//(|10g19N|2+|V10g19N|2) dz dt < c, (5.72)
0 JQ

which can be obtained, again by application of Theorem 5.12 with £ = logdy and r = on. It
remains to check that we control the L!(Q) norm of g|logd|. By (5.22) we have

/(QNSN)O dr < / onsn(T) du,
Q Q

thus substituting the form of gs from (5.42) we obtain

/QNlogﬁN dx<Z/Qstk dx—Z/ QkN QkN( )dx—/Q(gNsN)O dr

and the r.h.s. is bounded on account of (5.34), (5.66) and the initial condition. On the other
hand, the positive part of the integrant on log ¥y is bounded from above by oxn®¥x which belongs
to L>(0,T; L' (Q2)) due to (5.36), so we end up with

ess sup /|QNlogﬁN( )| dz <e, (5.73)
te(0,T)

which was the missing information in order to apply Theorem 5.12. This completes the proof of
(5.72). O
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5.5 Passage to the limit

In this section we justify that it is possible to perform the limit passage in the weak formulation
of system (5.1). We remark that we focus only on the new features of the system, i.e. the molec-
ular pressure and multicomponent diffusion, leaving the rest of limit passages to be performed
analogously as in Chapter 3.

5.5.1  Strong convergence of the density and passage to the limit in the
continuity equation.

Exactly as in Section 3.2.3 Lemma 3.9 we have
Lemma 5.16. If u(o) satisfies (5.10), then for a subsequence we have

oN — /o a.e. and strongly in L*((0,T) x Q). (5.74)
Moreover oy — o strongly in C(]0,T]; LP(S2)), p < 3.

In addition, due to (5.70), one can extract a subsequence such that uy — u weakly in
L%((O, T) x Q). Thanks to this we can let N — oo in the continuity equation to obtain (5.20).

5.5.2 Strong convergence of the species densities.

Analogously we show the strong convergence of species densities. We have

Lemma 5.17. Up to a subsequence the partial densities o N, k = 1,...,n converge strongly in
LP(0,T;L9(Q)), 1 <p<oo,1 <q<3togg. In particular

okN — 0 a.e. in (0,T) x Q. (5.75)
Moreover op v — o in C([0,T); L, (Q)).

Proof. The estimate (5.61) together with (5.34) and (5.66) give the bound for the space gradients
Of@k,N7 k= 1,...,7’1,

Vorn = 2V\/0kn+/kn s bounded in L2(0,T; L2(9)). (5.76)

Moreover, directly from the equation of species mass conservation we obtain
2a _1 _6a_
A (ok.n) = — div(op nun) — div(Fp n) + onwg y € Lo+ (0, T; W™ 1 iat1(Q)). (5.77)

Indeed, the most restrictive term is the diffusion flux, which can be rewritten as

Co 0i,N Ok,N . In
F' = - Y * N
iN (Vﬁ + Vo zN iN E VﬁN i,N E V ok, N k) (5.78)

’ ﬂ-m,N m; k=1
Due to (5.34) we have that

Co

Tm,N

)

QiN Ok,N

my;

Vi

< c(|Viegin|+ |VIN|) on,
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which is bounded in L?(0, T L%) on account of(5.44) and (5.66). Similarly,

IN - IN
in,NE - Yi,N Z vgk’Nmik
k=1

T, N

s (2

<cy/(In+ 1)QNZ ‘\/ﬁN + 1V\/Qk,N‘ ;
k=1

thus, according to (5.61) it remains to control the norm of \/(9x + 1)on in LP((0,T) x Q) for
some p > 2. By (5.45) and (5.66) we deduce that pn9n € L*(0, T LC«%(Q)), so (5.77) is verified.

In this manner we actually proved that the sequence of functions

{t— /Q oend A2}y, b e CF ()

is uniformly bounded and equicontinuous in C([0,7]), hence, the Arzela-Ascoli theorem yields

/Qk7N¢ dx—)/gkgi) dz in C([0,T]).
Q Q

Since g,y is bounded in L>(0, T’ L3(2)) and due to density argument, this convergence extends
to each ¢ € L%(Q)

Finally, the Aubin-Lions argument implies the strong convergence of the sequence g n to g5 in
LP(0,T;L9(2)) for p = 2,q < 3, but due to (5.34) and (5.66) it can be extended to the case
p < oo.

5.5.3 Strong convergence of the temperature.

From estimate (5.45) we deduce existence of a subsequence such that
Iy — 0 weakly in L?(0,T; WH2(Q)), (5.79)

however, time-compactness cannot be proved directly from the internal energy equation (1.4).
The reason for this is lack of control over a part of the heat flux proportional to p9“V+. This
obstacle can be overcome by deducing analogous information from the entropy equation (5.40).

We will first show that all of the terms appearing in the entropy balance (5.40) are nonnegative
or belong to W=1P((0,T) x ), for some p > 1.
Indeed, first recall that due to (5.42)

n
lonsn| < ¢ (QN + on|log |+ ok n|log Qk,N|>
k=1

and

n
lonsnun| < ¢ <|QN11N! +|on log Onun| + D ok log Qk,NuN> ;
k=1

whence due to (5.36), (5.66) and (5.72) we deduce that
{onsn}X—; s bounded in L?((0,T) x Q), (5.80)

moreover

{onsnun}%_, is bounded in L2(0,T; L5 (). (5.81)
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The entropy flux is due to (1.9) and (1.23) equal to

Gk _ K@)V

3P
|
NE

b
Il

The first part can be estimated as follows

k(on,In)VIN
N

' < |Viogdn| +|onViegOn| + 9% VIN| + o9y VIN],

where the most restrictive term can be controlled as follows [on 9% ' VI y| < \\/QTVQ%% I \/QTVVﬁ]%\,
which is bounded on account of (5.44) provided pn¥%; is bounded in LP((0,7) x Q) for p > 1,
uniformly with respect to N. Note that for 0 < f < 1 we have oy9 = (QNﬁN)BQ}V_Bﬁ?V_B,
where (on9n)”, Q}V_B, 19?\,_6 are uniformly bounded in L>(0, T’; L%(Q)), L>(0,T; L%(Q)) and
La%/B(O,T; L%(Q)), respectively. Therefore

{H(QN,ﬂN)VﬁN }OO

3 is bounded in LP(0,T"; LY(2)), (5.82)
N

N=1

for p and ¢ satisfying % = afﬁ, % =06+ % + 0‘3;&5 In particular p, ¢ > 1 provided 0 < 8 < 5-%.

«

The remaining part of the entropy flux is equal to

n n

Fin - ““FiN,  OkN
E F.y= E d E logINFr N — E —" Jog =~
kflsk’N kN 2 + ¢ 2 OgUNE . N 2y 0g o

where the middle term vanishes due to (5.14). The worst term to estimate is thus the last one,
we rewrite it using (5.15) in the following way

F;n oin  CoVpin, oin 0N CoVTmN,  0iN
— log = log — log
m; m; T, N m; ON T, N m;
for i =1,...,n. Both parts have the same structure, so we focus only on the first one, we have
Co |VpinN, 0inN
log < cly\/(In +1)oinlog oi N||VIN + 1V /0i N
TN | M m;

+ cv/on (|ViogIn| + [VOIN]) |\/0in 1log 0i n|.
Using (5.44), (5.45), (5.61) and (5.66) we finally arrive at

oo

n
4
{Z Sk,NFk;,N} is bounded in LP((0,7T) x (2)), for 1 <p < 3 (5.83)
k=1 N=1

We are now ready to proceed with the proof of strong convergence of the temperature. To
this end we will need the following variant of the Aubin-Lions Lemma.

Lemma 5.18. Let gV converges weakly to g in LP1(0,T; LP2(Q)) and let hN converges weakly
to h in L9(0,T; L2 (QY)), where 1 < p1, ps < oo and
1 1 1 1
+

—t—=—4+—=1. (5.84)
p1 q1 p2 q2
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Let us assume in addition that

N
8(% is bounded in L*(0,T; W~"™1(Q)) for some m > 0 independent of N (5.85)

AN — hN (- + &Ly, (Lgy) — 0 as [§] = 0, uniformly in N. (5.86)
Then gN RN converges to gh in the sense of distributions on Q x (0,T).

For the proof see [62], Lemma 5.1.

Taking ¢"V = onsy and hY = 9 we verify, due to (5.80), (5.45) and (5.79) , that conditions
(5.84), (5.86) are satisfied with p1,p2,q1,q2 = 2. Moreover, for m sufficiently large L'(Q) is
imbedded into W~"-1((2), thus by the previous considerations, condition (5.85) is also fulfilled.
Therefore, passing to the subsequences we may deduce that

]\}51100 ons(on,VIn, YN)IN = 0s(0,9,Y)V.

On the other hand, gn converges to ¢ a.e. on (0,7) x £, hence ps(p,?,Y ) = 0s(0,9,Y)d, in
particular, we have that

Zﬁﬁﬂwlogﬁﬁ—z%ﬂ o

Z Qk19+cvglog1919 Z % Jog £y, (5.87)
k=1 "k k=1 'k 1 |k k=1

k mk

Combining Lemma 5.17 with (5.79) we identify

Ok 4 Qk: Qk: Qk Qk
Z 719 Z 19 Z mk Z mk mk

o (5.87) implies that plog¥d = plog¥¥. This in turn yields that log¥9 = logdd a.e. on
(0,T) x Q, since ¢ > 0 a.e. on (0,T) x €, which, due to convexity of function xlog z, gives rise
to

Iy =9 ae. on (0,T) x Q. (5.88)
5.5.4 Limit in the momentum equation, the species mass balance equations
and the global total energy balance

Having proven pointwise convergence of sequences {on}¥_1, {0~} and {In}F_; we are
ready to perform the limit passage in all the nonlinear terms appearing in the momentum equa-
tion, the species mass balance equations and the total global energy balance.

(i) Limit in the convective term. Estimate (5.68) implies that for 0 < e < 1/2 we have

1/2— 1-2
H\/EUHLP’(QT;Lq’(Q)) < HQHL/oo(oiT;LS H\[uHLOO(OTL2 Q))Hu” 257 6y~ ) (5~89)
Ly~ +1(0,T;L7 +1(9))
where p/, ¢ are given by ]% = 12236, % = 1/ 2oc z ﬁ we have
YT +1 el +1

p',q" > 2, provided v~ > 1, so the convective term converges weakly to ou ® u in LP((0,7T) x )
for some p > 1. To identify the limit, we prove the following lemma.
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Lemma 5.19. Let p > 1, then up to a subsequence we have

3
2

onuy — ou in C([0,T]; Lg,, (),
oNuy @ uy — ou®u  weakly in LP((0,T) x ).

Proof. We already know that oy converges to ¢ a.e. on (0,7) x Q. Moreover, due to (5.68),
up to extracting a subsequence, uy converges weakly to u in LP(0,7; L1(Q2)) for p > 1, ¢ > 3.

Therefore, the uniform boundedness of the sequence gyuy in L*(0, T’ L%(Q)) implies that
onNuy — pu  weakly™ in LOO(O,T;L%(Q)).

Now, we aim at improving the time compactness of this sequence. Using the momentum equation,
we show that the sequence of functions

{t— / onuny¢ dr}R_y
0

is uniformly bounded and equicontinuous in C([0,77]), where ¢ € C2°(£2). But since the smooth
functions are dense in L3(9), applying the Arzela-Ascoli theorem, we show (5.90).

On the other hand, uy is uniformly bounded in LP(0,T; W4(Q2)) for p > 1, ¢ > %, so it
converges to u weakly in this space. Since W4(Q), ¢ > % is compactly embedded into L3(€2),
by (5.90), we obtain (5.90). O

(ii) Limit in the stress tensor.

Lemma 5.20. If u(o), v(o) satisfy (5.10), then for a subsequence we have

n(on)D(un) — p(e)D(u)  weakly in LP((0,T) x )

v(on)divuy — v(p)divu  weakly in LP((0,T) x Q) forp>1. (5.90)

Proof. Due to (5.67), there exists a subsequence such that

Vuy — Vu weakly in LP(0,7"; LY(Q2)) for p > 1,q > g

Moreover u(on),v(on) are bounded in L>(0,T; L3(Q2)), on account of (5.10). Thus, (5.90) fol-
lows by application of Lemma 5.16. [J

(iii) Strong convergence of the cold pressure. It follows from estimates (5.36) combined
with (5.64) and the Sobolev imbedding theorem that

2 3
H’R—C(QN)HL%((O,T)XQ) < HWC(QN)HEOO([LT;LI(Q))HWC(QN)Hzl((LT;Lii(Q)) <ec (5.91)

Having this, strong convergence of g implies convergence of m.(9,,) to m.(0) strongly in LP((0,T") x
Q) for1<p< 3.

(iv) Convergence of the diffusion terms. In the proof of Lemma (5.17) it was shown in
particular that

{Fpn}3_, s bounded in L5((0,T) x ().
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By the weak convergence of Vo n, VUn to Vg, V1, respectively, deduced from (5.76) and
(5.79) together with (5.75), (5.88) and (5.65) we check that it is possible to let N — oo in all
terms of (5.78). In other words, we have

Filon,On, 0kn) — Fr(o,9,06) weakly in L3((0,T) x Q), k€ {1,...,n}.

The convergence results established above are sufficient to perform the limit passage in the
momentum, the total global energy balance and the species mass balance equations and to
validate, that the limit quantities satisfy the weak formulation (5.21),(5.23) and (5.24).

5.5.5 Limit in the entropy inequality

In view of (5.80-5.83) and the remarks from the previous subsection, it is easy to pass to the
limit N — oo in all terms appearing in (5.22), except the entropy production rate o.
However, in accordance with (5.39) we still have that

o0

e (VUN + (Vuy)' - %div uN) is bounded in L*((0,T) x Q).

N
N=1

Moreover, by virtue of (5.67), (5.74) and (5.88) we deduce

9 2
ulon) Vuy + (Vuy)” — S divuy | — 10 (g, +(Vw)’ - Zdivu
IN 3 9 3

weakly in L2((0,T) x Q). Evidently, we may treat all the remaining terms

2 o [o@) (0@
su(on) +vion) . x(on,UN) Tm(On, YN)
divuy , ——=Viy ) —F——Fin
\/ In IN N1 v/ Coor NUN N1

in the similar way using the fact that they are linear with respect to the weakly convergent
sequences of gradients of uy, Jn and g, n. Thus, preserving the sign of the entropy inequality
(5.22) in the limit N — oo follows by the lower semicontinuity of convex superposition of oper-
ators.

N=1

Our ultimate goal is to show that the limit entropy ps attains its initial value at least in the
weak sense. We have the following result

Lemma 5.21. Let o,u, 9,01, ..., 0, be a weak variational entropy solution to (5.1) in the sense
of Definition 5.4. Then the entropy ps satisfies

ess lim [ (ps)(7)¢ dx — /(gs)oqﬁ dx, V¢ e C®(Q). (5.92)
Q Q

T—0t

Proof. As a consequence of (5.22) we know that

/ (059, 0x)) () > / (059, 0x)) () dl,
Q Q

where ¢ € C*°(2), ¢ > 0 and (gs(?, 0x))(77) € MT(Q), 7 € [0,T), (es(?, 0x))(77) € MT(),
7 € (0,T] are the one sided limits of ps(7). Note that due to (5.73) os € L>(0,T;L'(Q)),
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thus for any Lebesgue point of 7 +— ps(7,-) these signed measures coincide with a function
0s(7,-) € LY(Q) which satisfies (after some manipulations, cf. [85], Theorem 3.2)

/ 05(1)¢ dz — {0, 6)
Q

= /(gs)oqb dz — / / osu-Vo¢ dr dt + / / Q_ g—ka -V¢ dz dt, (5.93)
Q o Ja o Ja\V 7V
for any test function ¢ € C*®(Q), ¢ > 0 where 0 € MT([0,T] x Q) is a nonnegative measure
such that
S:Vu Q -V - Fk gk -
> - -y Ry () - .
7= iz kzlmk v (%) ;9’“@‘*”“

In order to show (5.92) we thus need to justify that o is absolutely continuous with respect to
Lebesgue measure on [0, 7] x Q. To this end we use in (5.93) a test function ¢ = 99, we get

/ os(1)9° dx — (o,9") 2/(Q8)0190 dx—i—/ /H - vo° dz dt, (5.94)
Q Q 0 Q

where, on account of (5.81-5.83)

H—QS‘Hg—ZQkF € LP((0,T) x Q), for some p > 1. (5.95)

Now, testing (5.23) with ¢, € C*[0,T) such that ¢,, — 1 pointwisely in [0,7), ¢, — O
pointwisely in [7,7T), 0 < 7 < T and passing to the limit with m, we obtain

0|2 2
ou u
/Q (‘(29)0| +906(Q071907Q(1)7"'7991)> do = /Q <‘Q2Q‘ +Q€(Q>197@17'-'a9n)) (7—) dz. <596)

Combining (5.94) with (5.96), we thus get

ul? u)® 2
/Q ('g | (r) — }(QM)O | ) dach/Q [oe(r) — 0P 0s()] = [0"€" — 0°(0s)"] da + (0,0°)

20

-~

I*

—/ /H-wo dz dt. (5.97)
0 JQ

2 0|2
liminf/ m(’]’) - M dx >0,
=0t Jo 20 2@0

lim/ /H v? dx dt =0
T—0t

on account of (5.95). Moreover, recalling (1.6), (1.10) and (5.19), we recast I* as follows

By the Fatou lemma

in addition

n

* _ st 90 st _ 0 on@ Ok _Qk 0 0 0
I = (e =93 (or(T)— o) +0° Y | = log =~ (7) log & - Bt [oec(0) (1) — o%ec(e”)]

k=1 =t LT T Mk
4
+ ¢y [09(1) — 0"9° — plog ¥(7) + ¢ log ¥°] = Zl}. (5.98)

i=1
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Evidently fQ (I1 + Is + I3) dz — 0 in view of weak continuity of ¢ and g, k = 1,...,n. Con-
cerning the last term, we have

Iy = ¢y 0(T) [19(7) —log (1) — 9° + log 190] +ey(o(T) — 0°)(9° — log 190),

>0

therefore

lim Iy dx > 0.
=0t Jo

Since the entropy production rate is always nonnegative, (5.97) together with above remarks
yields esslim,_,q+ <a, 190> = 0, whence

ess lim o[[0,7] x Q] =0. O

70t
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Chapter 6

Appendix

In this chapter we give statements of nowadays classical lemmas and theorems, which were used
in proofs of the previous results.

The following two theorems are extensively used in whole the thesis:

Theorem 6.1 (Arzela-Ascoli). Let Q C RY be compact and X a compact topological metric
space endowed with a metric dx. Let {vn,}22, be a sequence of functions in C(§; X) which is
equi-continuous, that is, for any € > 0 there is 6 > 0 such that

dx[vn(y),vn(z)] < € provided |y — z| < 0 independently of n=1,2,....

Then {vn}22 is precompact in C(S; X), that is, there exists a subsequence (not relabeled)
and a function v € C(; X) such that

supdx [vn(y),v(y)] = 0 as n — 0.
yeN

For the proof see |53], Chapter 7, Theorem 17.
W now present a version of the celebrated Aubin-Lions lemma [27,59]. For more criteria of

relative compactness of sequence of functions in LP(0,T; B), where B is a Banach space we refer
to [97].

Theorem 6.2 (Aubin-Lions). Let X, B,Y be Banach spaces and X C B C Y with compact
imbedding X — B. Suppose also that X and Y are reflexive spaces. For 1 < p,q < oo let

W ={veLP0,T;X);0w € LU0, T;Y)},

where the time derivative is defined in the sense of distributions on (0,T).
Then the imbedding W C LP(0,T; B) is compact.

The Bogovskii operator. We first recall definition of spaces introduced by Temam in [102].

Definition 6.3. Let Q be a bounded domain in RY, N > 2 and 1 < p,q < oco. We set
EeP(Q) = {g e (LYY : divg e LP(Q)} :
lgllzar() = lIgllLa) + | divgllze(),
and

e ETP(Q)
Eg"(Q) = C5o(Q) ‘

111
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Next, let us consider a problem
divu= fin Q,

u=20 at 09, (6.1)

for a given function f, such that [, f dz = 0.
Solution to problem (6.1) in a bounded, Lipschitz domain is given by so called Bogovskii operator
introduced in [8]. In the following lemma we recall its main properties.

Lemma 6.4. Let Q € RN be a bounded Lipschitz domain.
Then there exists a linear operator Bo = (BY,, ..., BY) such that:

(i)
Bo : LP(Q) — (W(}’p(m)N, 1< p< oo,

where
Lr(Q) = {fELp(Q):/fdwzo};
Q
(ii) for f € Lr(Q)
divBa(f) = f a.e.in
(1) for f € Lr(Q)

IVBa(f)llze@) < clp DI fllr), 1 <p <o
(i) if f = divg, where g € EJ?(Q) with some 1 < g < oo, then

[1Ba(f)llLa) < c(g: D)I8llze), 1 <p<oo;
(v) if f € C(Q) and [, f dz =0, then Ba(f) € (C(Q)N.

For the proof of this lemma, we refer the reader to [85], Lemma 3.17. An extension of the
existence theory for (6.1) to the class of solutions which need not have a trace at the boundary
can be found in [21].

The double Riesz transform. In what follows we recall some of basic properties of the double
Riesz transform R = V ® VA~ and the inverse divergence operator A = VA™! defined as
follows

Ajlv] = (VA_l)j v=—F! (f&f(v)) , (6.2)
Ri,j [’U] = 81,4] [U} = (V &® VA_I)M. v = f_l <’€g|€§ ]:(U)> . (6.3)

Here, the inverse Laplacian is identified through the Fourier transform F and the inverse Fourier
transform F ! as

(—A) () = F! (|§1’2}"(v)> .

Lemma 6.5. The operator R is a continuous linear operator from LP(R3) into LP(R3) for any
1 < p < oo. In particular, the following estimate holds true:

IRl o(esy < cp)lvllioesy for all v e LP(R?).

The operator A is a continuous linear operator from L'(R®) N L?(R3) into L?(R3) + L>®°(R3),
3
and from LP(R3) into Lﬁ(R‘O’) for any 1 < p < 3. Moreover,

IVA[]ll, < Cp)llvll, 1 <p <o
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The proof of this lemma can be found e.g. in [36], Section 10.16. For more information about

the operators defined by means of Fourier multiplier we refer the reader to [99], Chapters III and
1V.

In what follows we present two important properties of commutators involving Riesz operator.
The first result is a straightforward consequence of the Div-Curl lemma (see [101]), its proof can
be found in [32], Lemma 5.1.

Lemma 6.6. Let
V. =~V weakly in LP(R?), 7. —r weakly in LY(R?),

where

Then
V.R(r.) = r:R(Ve) = VR(r) — R(V) weakly in L*(R?).

The next lemma can be deduced from the general results of B.Bajsanski and R.Coifman [3],
and R.Coifman and Y.Meyer |20].

Lemma 6.7. Let w € WY (R3) and V € LP(R3) be given, where 1 < r < 3, 1 < p < oo,

% % — % < % < 1. Then for all such s we have

[R[wV] = wR[V][lwe.sms) < cs,p,r)[wlwrr@s) |V o gs),
where « is given by%:%ngffff.

Here, W*(R?) for a € (0,00) \ N denotes the Sobolev-Slobodeckii space (see e.g. [103]).
For the proof of this fact see [36], Section 10.17 and the references therein.

Renormalized continuity equation. The following result is a consequence of technique in-
troduced and developed by DiPerna and Lions [24]. Applying it to the continuity equation
(extended by 0 outside 2) we obtain the following result

Lemma 6.8. Let o € LP(R?), p > 2, 0> 0, a. e. in§, uc WOI’2(IR{3) satisfy the continuity
equation
div(gou) =0

in the sense of distributions on R3, then the pair (0, 1) solves the renormalized continuity equation
(2.14) in the sense of distributions on R® where b(-) is specified as follows:

b € C([0,00) N CH((0,00)),
lim, 0 (b/(s) — b(s)) € B,
b'(s)| < Cs*, se(l,00), A<E-1

The best general reference here is [36], Section 10.18, see also [85].
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Maximal LP — L9 regularity of parabolic equations. Below we recall the well known result
about the Maximal Sobolev Regularity of parabolic problem in the whole space

{ Ou—Au=f in(0,T) xR, (6.4)

u(0,2) = u®(z) in (0,T) x RV,

The relevant results for systems with general boundary conditions can be found in the book of
Amann [2].
In the following, we put

Ey=L1(RY), Ey=W>(RY) and Ey_/ = (Eo, E1)1-1/pp

where the symbol (-,-);_1/,, denotes the corresponding (1 — 1/p,p)-interpolation space (=
Bg—Q/pp (RN), cf. [7], Corollary 4.13).

Theorem 6.9. Let 1 < p,q < co. Given any u’ € Ei_1p, [ € LP(0,T; Ep), the Cauchy problem
(6.4) has a unique solution u € LP(0,T; E1) N WYP(0,T; Ey), and

S0 (4Ol + 10l oisg + [1Aulrors < ¢ (Wloris + 0]z,
S k]

for some positive constant ¢ = ¢(p, q).

This theorem follows from Theorem 4.10.2, Theorem 4.10.7 and Remark 4.10.9 in Amann [2].
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