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BAER-NUNZIATO TYPE MODELS FOR ISOTHERMAL AND ISENTROPIC
FLOWS

MAREN HANTKE!, SIEGFRIED MULLER?, ALEKSEY SIKSTEL® AND FERDINAND THEIN?

Abstract. Multi-component Baer-Nunziato-type models for isothermal and isentropic flows are in-
vestigated where each component is characterized by an equation of state for the pressure assuming
constant temperature and entropy, respectively. These models are given by balance equations for vol-
ume fractions, density and momentum for each component accounting for the relaxation to equilibrium
by means of relaxation terms. Mathematical properties of the models are derived for the larger class
of barotropic flows such as hyperbolicity and symmetrization. The fields are characterized and cor-
responding Riemann invariants are determined. Appropriate entropy-entropy flux pairs are derived
taking into account the phasic energy equations including the heat flux. Physically meaningful con-
straints on the interfacial velocity and the interfacial pressures are presented that ensure the entropy
inequality to hold.

INTRODUCTION

Compressible multi-component flows where the fluid is a mixture of several components all of which may
be present in different aggregate states have a wide range of applications, for instance a mixture of reacting
gases or a mixture of a liquid and a gas. They have been successfully modeled by Baer-Nunziato-type models.
Originally, these models have been introduced by Baer and Nunziato [1] proposing a two-fluid model for det-
onation waves in granular explosives. This model falls into the class of ensemble averaged models introduced
by Drew and Passman [6,7] to provide some gross features of the flow. In contrast to volume averaging, time
averaging or statistical averaging, the ensemble averaging allows the interpretation of flow phenomena in terms
of repeatability of multi-component flows.

Baer-Nunziato-type models are full non-equilibrium models where each component has its own pressure,
velocity and temperature and is governed by its own set of fluid equations. In contrast to other two-fluid models
separating the fluids, here the fluids are assumed to coexist in each location due to an averaging procedure.
The presence of more than one component in the mixture is modeled by the concept of volume fractions ay
describing the ratio of volume of component k to the total volume in a ball when the volume of the ball tends
to zero, see [7].

To model the relaxation process between the components relaxation terms have been introduced. For instance,
Saurel and Abgrall [51] included relaxation terms for the pressure and the velocities of the components. Further
relaxation procedures can be used to drive the temperatures and the Gibbs free energies into equilibrium, see
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Abgrall et al. [43,53] or Zein et al. [57]. By instantaneous relaxation equilibrium values for the pressure, the
velocity, the temperature and the chemical potentials can be found.

Since mechanical relaxation, thermal relaxation and relaxation of the chemical potentials proceed on different
time scales, cf. [40,52, 53], reduced models have been derived assuming zero relaxation times for some of the
non-equilibrium quantities relaxing much faster than the remaining quantities, see [21,31]. Thus, the stiffness
inherent in the non-equilibrium model is avoided that allows for a much faster numerical simulation of the
reduced model. Usually reduced models suffer from some short-comings. For instance, conservation of energy
might be violated, the system loses its hyperbolicity or the reduced model is not the correct asymptotic limit
of the nonlinear model. For more details we refer the interested reader to [56] and the references cited therein.

In [9,34] a hierarchy of two-fluid models derived from the Baer-Nunziato model [1] is investigated where
mechanical, thermal and chemical relaxation is assumed to proceed in different order. This hierarchy splits into
two branches of models distinguished by the assumption of dynamical velocity equilibrium and local velocity
equilibrium, where either both fluids have the same velocity or the fluids have different velocities that coincide
for a particular state.

Since Baer-Nunziato-type models are averaged models, the resulting balance laws are underdetermined. To
compensate for the loss of information closure conditions have to be imposed additionally. There exists a rich
literature on Baer-Nunziato-type models, see for instance [5,10,20,24,38,49] investigating their properties, in
particular, hyperbolicity and thermodynamical consistency. These properties are essential from an analytical,
numerical and physical point of view. For instance, hyperbolicity is needed in the analysis of the Riemann
problem and the construction of (approximate) Riemann solvers whereas a non-negative entropy production
ensures consistency with the 2nd law of thermodynamics and also might ensure well-posedness, although not
yet mathematically rigorously verified. The analysis helps to identify physically admissible closure conditions
for the interfacial pressure and the interfacial velocity that occur as model parameters and cannot be closed
due to the averaging procedure. However, a unique closure does not exist. Typically, the interfacial velocity
is modeled as a convex combination of the phasic velocities to ensure Galilean invariance. Then the interfacial
pressures can be uniquely determined assuming that the induced entropy production term due to interfacial
velocity and interfacial pressures vanishes, cf. [24,38].

In recent years, Baer-Nunziato-type models have been applied to different types of fluids. Originally, the
components of the fluids are assumed to be immiscible. In [27,30] hybrid mixtures consisting of both immiscible
and miscible components are investigated. A mixture of weakly compressible fluids is considered in [41]. Our
main interest in the present work is on isothermal and isentropic fluids characterized by a pressure law depending
on density and constant temperature or entropy, respectively. These fall in the larger class of barotropic fluids,
where the pressure law depends only on density. Note that in the literature sometimes barotropic fluids are
identified with isentropic fluids. For a one-dimensional model Herard [25] investigates some properties of a
K-component Baer-Nunziato-type model for barotropic fluids. Choosing the interfacial velocity as a convex
combination of the phasic velocities and assuming that the entropy production due to the interfacial pressures
and the interfacial velocity vanishes there uniquely exist interfacial pressures for K = 2,3 and 4. In case of
barotropic fluids a mathematical entropy inequality for multi-phase fluids is verified. For a special class of
pressure-velocity relaxation the induced entropy production is consistent with the entropy inequality. This also
holds when taking into account mass transfer. Also for a one-dimensional model Saleh and Seguin [50] have
proven weak hyperbolicity by determining eigenvalues and eigenvectors, the existence of a convex mathematical
entropy in case of barotropic fluids and the existence of a symmetric form. The analysis is confined to a
particular choice of the interfacial velocity and interfacial pressures. In contrast to [25,50] a multi-dimensional
three-component model is considered in [2]. A mathematical entropy inequality is proven. Moreover, the
corresponding quasi-1D model is verified to be weakly hyperbolic and Riemann invariants corresponding to the
linearly degenerated field associated with the interfacial velocity are given. Again, the results are subject to a
specific choice for the interfacial velocity and interfacial pressures. In a recent work a conservative compressible
two phase mixture model has been discussed analytically in [55] and numerically in [42]. This model is the
isothermal /isentropic version of a model studied in [46,47] and belongs to the class of Symmetric Hyperbolic
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and Thermodynamically Compatible (SHTC) systems. An overview on the theory of SHTC systems can be
found in [13-15, 39, 44, 45] and we refer to the aforementioned literature for further references. In [55] the
instantaneous relaxation to the Kapila model limit is studied. Further it is shown in [55] that for smooth solutions
the conservative isothermal/isentropic two fluid SHTC model is equivalent to the isothermal/isentropic Baer-
Nunziato system for a particular choice of interface quantities and numerical studies are provided. Therefore
these results necessitate a further thorough study of the isothermal/isentropic Baer-Nunziato system to provide
a sound basis for further comparative studies, also including isothermal sharp interface models studied in [18,23].
For further literature on symmetric hyperbolic systems for mixtures we also refer to [48].

The main objective of the current work is (i) to extend results in the literature to multi-component and
multi-dimensional flows with general interfacial velocity and interfacial pressures and (ii) to investigate the
special case of isothermal fluids where, in particular, we derive another entropy-entropy flux pair. In detail,
the issues we are addressing in our work are as follows: (i) eigenvalues and eigenvectors for the quasi-1D model
are determined, hyperbolicity away from resonance states is verified, the corresponding characteristic fields
are investigated and a complete set of linearly independent Riemann invariants is given for all fields; note
that the analysis is not restricted to isothermal and isentropic fluids but applies to general barotropic fluids;
(il)mathematical entropy inequalities according to Lax’ concept of entropy-entropy flux pair are verified based
on either thermodynamical energy or mathematical energy; (iii) unique interfacial pressures are determined
ensuring that the entropy production induced by the interfacial states is thermodynamically consistent; the
interfacial pressures depend on the interfacial velocity chosen as a convex combination of the phasic velocities;
(iv) the entropy production due to mechanical relaxation and relaxation of chemical potentials (K = 2 (liquid-
vapor), K = 3 (liquid-vapor-gas), isothermal fluids) is verified to be thermodynamically consistent; (v) the
quasi-1D model is symmetrized. We emphasize that all investigations are performed for mixtures with an
arbitrary number of components K except for the relaxation of the chemical potentials. Furthermore we want
to remark that the system is Galilean invariant and the proof is in complete analogy to the one for the full
system discussed in [38].

Thus, the paper is organized as follows: In Sect. 1 we present the model. Mathematical properties are
discussed in Sect. 2. An entropy-entropy-flux pair is derived in Sect. 3. In particular, we present a thermo-
dynamically consistent closure for the interfacial pressures and the interfacial velocity. Finally, in Sect. 4 we
summarize our findings and give an outlook on future work.

1. BAER-NUNZIATO-TYPE MODELS WITH BAROTROPIC EQUATION OF STATE

First of all, we summarize the balance laws for the multi-component Baer-Nunziato-type model where the
number of components is arbitrary. The phasic fluids are assumed to be barotropic, i.e., each of the single fluids
is governed by a pressure only depending on the density of the fluid, see Section 1.1. To close the model we have
to provide appropriate equations of state (EoS) for the phasic pressures. Starting from fundamental relations
of thermodynamics we provide the stiffened gas EoS for both isothermal fluids and isentropic fluids, see Section
1.2. Finally, in Section 1.3 we discuss appropriate relaxation models.

1.1. Evolution equations

It will be convenient to first recall the full Baer-Nunziato model, cf. [38]. This model is described by a
non-equilibrium model where all components are present in each point of the space-time continuum. Each
component k = 1,..., K has its own density pj, velocity vy and internal energy ex. Neglecting viscosity but
accounting for heat exchange the full model reads

Orap + V- Vag = Sak, (1.1a)
O(ag pr) + V- (ak p vK) = Sap,ks (1.1b)

K
O, pre o) + V- (g pr i vi + appi I) + Zz=1 ok P Vo = Sapv ks (1.1c)



ESAIM: PROCEEDINGS AND SURVEYS 101
K
O(ak pr Ex) + V - (au pr vk (B + pie/ i) + 21:1 Ly Pea Vi Vor ==V - (ak qi) + Sappk (1.1d)

with the heat flux g, and total Er = ep + v% /2 determined by the internal energy e, and kinetic energy
U = vi /2. The amount of each component is determined by its volume fraction ay. The volume fractions are

related by the saturation constraint
K

Zkfl ap=1, a;€(0,1). (1.2)
Due to the saturation condition (1.2) we only need K — 1 evolution equations (1.1a) for the volume fractions.
Without loss of generality we express ax by the other volume fractions, i.e.,

K-1 K-1 K-1

A = 1— Zk:l af, VO[K = — Zk:l Vak, SQ’K = — Zk:l Sa,k~ (13)

Typically, the fluid equations are supplemented by an equation of state for the phasic pressures pi depending
on two out of four other phasic thermodynamical quantities density py, internal energy ey, temperature T}, and
entropy si, see Section 1.2 for more details, i.e.,

Pr = Pr(pr,ex) or pr=pr(pr,Tk) or pr = pr(pk,sk). (1.4)

In the present work we are interested in isothermal and isentropic flows where we assume either isothermal
fluids with constant temperatures, i.e.,

Ty, =Treg =const. Vk=1,....K (1.5)
or isentropic fluids with constant entropies, i.e.,
sp=const. Vk=1,... K. (1.6)
In contrast to (1.4), the phasic pressures are now only a function of the phasic densities, i.e.,

Pk = pr(pr) resp.  pr = pr(pr) (1.7)

known as barotropic fluids. Then the evolution equations for the volume fractions (1.1a), the phasic mass (1.1b),
the phasic momentum (1.1c) decouples from the phasic evolution equations for the energy (1.1d). Thus, the
Baer-Nunziato-type model for barotropic flows reads

Ora, + V- Vag = Sak, (1.8a)

Or(ak pr) + V- (o pr V&) = Sap.ks (1.8b)
K

Or(ag prvk) + V- (g pr vk vz +arpeI) + Zl:l i Py Vo = Sapv k- (1.8¢)

We emphasize that in case of an isothermal fluid the energy equation (1.1d) becomes a conditional equation
for the heat flux, i.e.,

K
V- (arqy) = =0 (ou pr Bx) — V - (ak pr. vk (Ex + pr/pr)) — Z P, Vi-Va+ SapEk- (1.9)

1=1,#k
This is employed in the investigation of the entropy production, see Section 3.1. For isentropic single-component
flows the energy equation becomes redundant. Note that this is not the case for multi-component or multi-phase
flows. Nevertheless, energy balance equations typically are not taken into account when considering isentropic
systems.



102 ESAIM: PROCEEDINGS AND SURVEYS

The equations (1.8) and (1.9) need further closure. The gradient terms in (1.8a), (1.8¢) and (1.9) account
for the interaction between different components. In particular, the term Py ; accounts for different pressures
at the phase interface between phase k and [. The interfacial velocity is denoted by V';.

The source terms S i, Sapk, Sapv,k and Sa,pr on the right-hand sides of (1.8) and (1.9) describe the
interaction of the components corresponding to mass, momentum and energy transfer via different relaxation
types, e.g., due to velocity, pressure and chemical potentials € € {v,p, u}

— 3 — 3 — 3 — 3
Sa,k: T Z{ Sa,k’ Sapik T Zﬁ Sap,k’ Saﬂ")’k T Zﬁ Sapv,k’ SO‘PEJ‘? T Z& SapE,k'

These depend on the specific components at hand that will be discussed in Section 1.3.
Obviously, the evolution equations are not in conservative form. To respect the physical principles of conser-
vation of mass, momentum and energy we impose the following conservation constraints on the source terms

K K K K
§ 3 _ 3 _ 3 _
S Sha=0 > S5 =0, Y 85, =0 > S5, =0 (1.10)

for each relaxation type as well as the interfacial pressures

K-1 K K-1

ZkK:I Zlil,#k PraVor = Zl:l (Zk—l,#l Pri = Zk:l Pk’K) Vay =0. (1.11)

Since by the saturation constraint (1.2) the gradients Vay, | = 1,..., K — 1, are linearly independent, the
conservation constraint (1.11) is equivalent to

K K-1
Zkzl,;ﬁl Pkrl = Zk:l Pk,K = PI vl = 1, e ,K — 1. (112)

Then the evolution equations for the mixture quantities

K K
pi= Zk:l Qg Pk, PU = Zk:l Qg Pk Vk (1.13)

obtained by summation of the single-component fluid equations (1.8b), (1.8¢) and employing the saturation
constraint (1.2) as well as the conservation constraints (1.10) and (1.12) are in conservative form. See [38] for
details.

So far, the model is not yet closed. For this purpose, we have to find closing conditions for the interfacial
pressures Py ;, the interfacial velocity V'; and the relaxation terms Sk, Sap,ks Sapv,ks Sape,k- In the following
sections we will derive appropriate constraints. However, these will not specify a unique model but some options
are still remaining for the choice of the interfacial velocity and the relaxation terms.

Remark 1.1. For a given barotropic pressure law (1.7) we always can introduce an “internal energy” function
e, = ex(pr) as solution of the ODE €, (px) = pi/pi. Defining the “ total energy” Ey = € + vi/2 an “energy”
equation can be derived from (1.8)

— — K _
O(ar pr Ex) + V- (o pr v (Ex + pi/pr)) + lel o Pyyvi -V =pp(Vi— i) - Var + S, 5, (1.14)

This balance law is different to (1.1d). Ierarticular, gapf,k differs from Sapp k- In case of an isentropic fluid
the “internal and total energies” €y and E} coincide with the energies e, and Ey, respectively. In Section 3.2

for isentropic fluids we use Zszl arprEy for a mathematical entropy in Lax’ concept of entropy-entropy flux
pairs.
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1.2. Some remarks on thermodynamics

In order to investigate thermodynamical properties of the model (1.8), we assume that the equation of
state (1.7) is in agreement with thermodynamical principles. For this purpose, we recall from equilibrium
thermodynamics that for each component k the internal energy e is a function of the entropy and the volume
Tk, satisfying

dek = desk — pdek- (115)
Thus, the pressure and the temperature are the partial derivatives of e (7x, si) that are assumed to be positive,
ie.,

Oe
Pi(Thy ) = — 2 (7h, ) = 0, Thol7k, 5k)

> 0. 1.16
o, Ths Sk) > (1.16)

= T
Furthermore, to ensure thermodynamical stability we assume that the Hessian of e is a convex function with
respect to 7, and sy, i.e.,

62€k 626k 82€k 82€k
oo ) > 07 a0 ) > O’ a2 ’ 2.
asz (Tk Sk) 82Sk (Tk Sk) 82Tk <Tk Sk)82sk

(&, 51) >< Pe (Tk,sk)f. (1.17)

01,08}

Finally, in agreement with the third law of thermodynamics we assume

Alternatively, assuming that px and T}, are strictly positive, then e, becomes a monotone function in 7, and
s, and we may change variables, i.e., sy = s (7%, €x) satisfying

Tidsy, = dey + prdTy (1.18)
with partial derivatives
08k Pr(Tk, €x) Osi 1
—(mp,e) = 5—"=>0, —(1p,6p) = =——— > 0. 1.19
Ok (Tk k) Tk(TIm ek) der (Tk k) Tk('rk, ek) ( )

and
P (Th, er) = Pr(Thy Sk(Threr)),  Th(Tr, ex) := Ti(Th, sk (Tk, €x))-
It is well-known that si = sx (7%, ex) is a concave function, i.e., the Hessian is negative-definite

828k 828k 8251€ 825k 828k 2
=k Z ok 2ok Z ok 1.2
52 (Tksex) <0, Per (Tk,ex) <0, 7 (Tka@k)azek (Tks ex) > (87k86k (TIwek)) ) (1.20)

if and only if ey (7x, sx) is a convex function, i.e., thermodynamic stability holds.
Finally, following [54], p. 21 and 23, we introduce the speed of sound ¢ and the fundamental derivative of
thermodynamics Gy, defined by means of (1.16) as

2’p
6pk 87'2 (Tk,Sk;)

i (T, 81) = —T,f—aTk (Tkes Sk)s  Gr(Th, Sk) := 57’,?76;(% o) (1.21)

1\Tk>

or, equivalently,
Opx 1 3(0/«%)
2

) = ) ) ) = ) 5 1.22
ci(prs sk) oo (Prssk)s  Gr(pks Sk) P P R v (ks 81) (1.22)
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or, equivalently,

T,

_r Ipk ( Te) ’ Grlpw, Te) = 1 + Pk Jcy,
pzcuk aTk Pks Lk ’ Pk, Lk) =

P T 1.23
QCk(Pk,Tk) ap (pk k) ( )

0
(o Tr) = TZ(pk’Tk) +

Example 1.1 (Stiffened gas EoS). Let the constant material parameters cy i, Vi, T, and qx denoting the specific
heat capacity at constant volume, the adiabatic exponent, the minimal pressure and the heat of formation of
component k, respectively, chosen such that ¢, > 0, m, > 0, q and v, > 1. Let further po . be some reference
density at reference temperature Ty .. By means of these coefficients the internal energy, the pressure and the
entropy are determined by

ex = cok Tl + T/ pr + qi (1.24a)

Pk = pk(’}/k — I)CUJCTk — Tk, (124b)
T 1 Pk T 1

Sk=Cyk+tcCopln — 4 qp— r—1)cypln — — ———. 1.24¢

U O Tow To,k - Jeu pok  pok Lok ( )

(1.25)

For a derivation we refer to [19].

In the present work we are interested in isothermal and isentropic fluids where the pressure is only a function
of the density, i.e.,

Pk(pr) = Pr(pr, sk = const) or  pi(pr) = pr(pr, T = const) (1.26)

n (1.22) and (1.30). Thus, these fluids fall in the class of barotropic fluids. In the following we assume for
barotropic fluids that

Phpr) > 0, (1.27a)

%wrﬂ+%@ymm > 0. (1.27h)

This ensures positivity of the barotropic speed of sound

(k) = /i (px) > 0 (1.28)

and convexity of the isentropes or isotherms in the p-7-plane, in the special case of an isentropic or isothermal
fluid, respectively.

In case of an isothermal fluid the isothermal speed of sound and the fundamental derivative of thermodynamics
are defined as

3*p
~ 8pk = 1 (97' (Tka T’r‘ef)
Ci(Tk) = —T]gaiw(TkaTref)? g(Tk) 27—2W (129)
k s dre
or, equivalently,
Pk ocy,

Grlpr) = ai(plﬁTref)a Gr(me) =1+ o Tre]) Ope (ks Tref)- (1.30)
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Note that the barotropic speed of sound ¢, see (1.28), is identical to the thermodynamical speed of sound
¢k (pr, sk, = const), see (1.22), for an isentropic fluid.

Since we are interested in isothermal and isentropic fluids, we summarize the isothermal stiffened gas EoS
and the isentropic stiffened gas EoS which have been verified to be thermodynamically consistent, see [19].

Example 1.2 (Isothermal stiffened gas EoS). Starting from the fized temperature Ty.cz, i.e., Ty, = Tyey for all
k and the corresponding saturation pressures prey,i, we choose the ratio of specific heats vy, > 1, the minimal
pressure T > 0, the specific heat at constant volume c, , and the heat of formation g, for every component at
the reference state. By means of these coefficients the pressure and the entropy are determined by

pr(pr) = Epr — 7, (1.31)

sk(pr) = = (1 — 1)cor In ( > +Cop (1.32)

Tref

P+ Tk
Pref,k + Tk

In this particular case, the isothermal speed of sound and the isothermal fundamental derivative of gas dynamics
become constants that are determined by (1.30) as

e =\/Trefcor (v — 1), Gp = 1. (1.33)

We emphasize that the speed of sound ci and the isothermal speed of sound ¢ defined by (1.23) and (1.30),
respectively, are related by

cr = Yty (1.34)

The fundamental derivatives Gy, and Gy have the same sign. For later use we also give the internal energies and
the Gibbs free energies

Tk
er(pr) = copTref + o +eons eok=qr — (Y — L)cokTres, (1.35)

pr(pr) + 7Tk> .

1.36
Dref,k + Tk ( )

gk(pk) = ('yk - 1)Cv,kTref In <

Example 1.3 (Isentropic stiffened gas EoS). Again, starting from the uniform reference temperature Tyc; and
the corresponding saturation pressures prey,r, we choose the ratio of specific heats vy > 1, the minimal pressure
mr > 0, the specific heat at constant volume c,y, and the heat of formation gy for every component at the
reference state. By means of these coefficients the pressure and the temperature are determined by

pr(pr) = Axpp* — 7, (1.37)
Ti(pr) = Brpp" ™" (1.38)
with
T’Yk T'yk B
Ay = O (Coplme = 1), Br= ———— (con(m — 1) (1.39)

(po,k + )1 (po.k + mx) 71
For sake of completeness, we give the constant entropy at the reference state as well as the internal energy

qk
Tref

S0k = Cyk + (1.40)

Tk
er(pr) = co 1Tk (pr) + o + €0k ek :=aqr — (e — 1)copTres- (1.41)
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The speed of sound and the fundamental derivative of gas dynamics are determined by (1.22) as

_ +1
erlpe) =y Akpl ™ Ge= 20— (1.42)

So far we have discussed the individual components. However, since we are considering a mixture of K
components the specific internal energy e of the mixture is given by the Gibbs-Duhem-relation, cf. [37],

1 K
de =Tds — pd; + Zk:1 1iedNg (1.43)

where e, s, p denote the mixture quantities of the energy, the entropy and the pressure defined analogously to

(1.13) as
K

K K

pe = Zz’:l kprer, pS = Zi:l kPLSK, D= Zi:l kP (1.44)
We do not comment on the mixture temperature 7" here in detail, since we are considering an isothermal process.
However, in the case of different temperatures for each component we refer to [48, Def. 28.1] for a definition
of the mixture temperature. There are also cases when a single temperature for all components is considered.
In this case the temperature is obtained as usual as the derivative of the mixture energy with respect to the
mixture entropy. The quantity pj denotes the chemical potential of component k and Ny, is the mole number of
the respective component. The chemical potential u; quantifies the change of the kth component due to phase
change. For later use we want to specify the chemical potential for the mixture of ideal gases.

Example 1.4 (Chemical potential for a mixture of two isothermal ideal gases). Assume, components k and j
form a mizture of two isothermal ideal gases, then from (1.43) we obtain

(ks pry s p5) = gr(pr) + (e — 1)co kTrey In (
I vikSref axpr(pr) + a5p;i(p5)

In particular, if component j vanishes, then we have the pure substance k and puk(pr) = gk (pk)-

This example becomes relevant in Sect. 3.1.2 where we discuss the entropy production due to relaxation of
chemical potentials in the context of a 3-component mixture consisting of two isothermal ideal gases (water
vapor (k = 1) and some inert gas (k = 3)) and liquid water (k = 2) modeled by an isothermal stiffened gas.

1.3. Relaxation Model

The non-equilibrium model without relaxation terms allows for different values for velocities, pressures,
temperatures as well as chemical potentials at the same point. The relaxation mechanism described by the
source terms drives all these quantities into equilibrium. Typically it is distinguished between mechanical and
thermal relaxation processes that relax either pressures and velocities or temperatures and chemical potentials
to equilibrium. In the following we give the relaxation terms for the full Baer-Nunziato model (1.1) containing
the energy equations. The energy relaxation will be needed in case of isothermal fluids, see Section 3.1, whereas
it does not enter the relaxation process of the isentropic model.

Mechanical relazation. The pressure relaxation implies volume variations that induce energy variations due
to the interfacial pressure work. Following previous work in [38,51,56] we model the pressure relaxation in case
of barotropic fluids by

Sk =0par ok —p), Sk, =0, 8%, 1 =0, S 5, =0parp(p—Dpr). (1.46)

Here 6, is the pressure relaxation parameter and p the mixture pressure defined in Eqn. (1.44) Similarly we
apply for the velocity relaxation

ok =0, Sgp,k =0, ng,,k =0, ay pr (v —vg) ,Sgpm =0, arprv - (v —vy) (1.47)
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with the velocity relaxation parameter 6, and the mixture velocity v determined by the conserved mixture
quantities (1.13). Performing velocity and pressure relaxation the fluid mixture is in mechanical equilibrium,
ie, pr =p> and vy =v>°, k=1,..., K. Obviously, the mechanical relaxation terms satisfy the conservation
constraints (1.10) due to the definition of the mixture quantities (1.13) and (1.44).

We like to mention that in [25] for barotropic fluids a general class of models for mechanical relaxation is
considered:

L e ="0p Z dia(pe —p1), S8, =0, 8% . =0 (1.48a)
K
ok = Sapk =0, 860k =0y 21:1 ep1(vr —vg), (1.48D)
with state- dependent coefficients dr; > 0 and ex; > 0. In particular, choosing di; = aroy and ep; =

akpkalpl/z _, a;p; we note that the mechanical relaxation model (1.46) and (1.47) falls into the class of
models (1. 48)

Thermal relazation. According to (1.5) for isothermal fluids the temperatures are all in equilibrium. For
isentropic fluids the temperatures cannot be in equilibrium because all entropies are constant resulting in an
overdetermined system. Thus, there exists no thermal relaxation process.

Chemical potential relaxation. In the following we consider only isothermal fluids because there is already no
thermal relaxation for isentropic fluids. Mass transfer between different phases of the same substance occurs,
whenever these phases are not in chemical equilibrium, i.e., when their chemical potentials are not the same.
This physical fact is the key idea to model the mass transfer by relaxation of the chemical potentials. It is
obvious, that from now on it is necessary to identify the components. In particular, we are interested in the
two-phase model, i.e., K = 2, with water vapor (k = 1), liquid water (k = 2), and in the three-component
model, i.e., K = 3, with water vapor (k = 1), liquid water (k = 2) and inert gas (k = 3).

Two-component miztures. For a two-component mixture (K = 2) the relaxation of chemical potentials is
modeled according to [56] by

. )
m . . 0
Sk :eu? Ston = 0um, 84,1 =0,m0, SE gy =0,m <€—|— 2), (1.49a)
S5,2 = Sa 1 SIL S'up 1 Sozpv 2 = Sozpv 1 SZpE,Q = _Sng,l (149b)
with the relaxation parameter 6,. For the velocity © we choose a convex combination
K K
=)  Biue, BLel01], Y fi=1 (1.50)

in order to guarantee Galilean invariance. Formulas for the parameters g and € can be found in [56] where they
are determined such that pressure and thermal equilibrium is maintained during the relaxation. Obviously,
the conservation constraints (1.10) are satisfied. Note that due to these constraints we are not allowed to
introduce €, and gy, differently for each component & = 1,2. In [17] another choice for these parameters has
been introduced that ensures non-negativity of the entropy production due to chemical relaxation.

Since for a two-component mixture the Gibbs free energy coincides with the chemical potential, chemical
equilibrium is achieved, if the Gibbs free energies of the two components coincide, i.e., g1 = go.

Three-component mixtures. Here we consider three components, i.e., K = 3, with water vapor (k = 1), liquid
water (k = 2) and inert gas (k = 3), where the gas phase is assumed to be a mixture of water vapor and some
inert gas. The relaxation terms of chemical potentials for isothermal fluids are given by

~2
st =0, ,sgpl_em St o1 = 0., SE1—0m<61—|—UQ>, (1.51a)
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) 2
m . N . v
55,2 =40, = Sgpz = —0,m, Sgpv,Q =—0,m7, SZpE,Z =—0,m <62 + 2) , (1.51b)
. (1 1 .
Stz =—0um (Q1 + 92) s Shp3 =0, 80,55=0,50 p3="0,1m (e2—e€1) (1.51c)

with the relaxation parameter §,. Formulas for the parameters g1, 02 can be found in [56,58]. For details on
the physics see the book of Miiller and Miiller [36].

Chemical equilibrium is achieved, if the chemical potential of the water vapor phase equals the Gibbs free
energy of the liquid water phase. In the limit case of no inert gas the expression of the chemical potential of the
water vapor phase reduces to the Gibbs free energy. The mass flux iz between the liquid and the vapor phase is
driven by the difference of their chemical potentials, i.e., i = m(p; — p2). In particular, the mass flux vanishes
if the difference of the chemical potentials is zero, i.e., u; = o or if one of the phases is completely extinct.

Note that the relaxation terms (1.49) resp. (1.51) differ from the terms given in [17] due to the different form
of the chemical potentials in the isothermal case.

The relaxation terms (1.46), (1.47), (1.49), (1.51) are of major importance when dealing with interface
problems, see for instance Saurel and Abgrall [51] or Lallemand and Saurel [33] for mechanical relaxation
terms. Typically, it is assumed that pressure and velocity relax instantaneously, see [51], whereas the thermal
relaxation and the relaxation of chemical potentials are much slower, see Zein [56]. Note that at equilibrium the
equilibrium state does not depend on the order of relaxation, the relaxation parameters ¢, & € {p, v, u}, drop
out and have not to be known explicitly. The same is true for the parameters o, k = 1,2. At non-equilibrium
these parameters have a strong effect on the transient relaxation behavior, cf. [28,29].

Furthermore we point out, that our modeling of the mass transfer is physically correct because we take into
account chemical potentials instead of Gibbs free energies. In [56,58] the Gibbs free energy is relaxed, which
neglects the effect of mixture entropy in cases of impure substances.

We would like to mention that in [25] for barotropic fluids a general class of models for chemical relaxation
(mass transfer) is considered:

K K
She=0, 84 =0, ZZZL# Tis 8%y =0p lel’# Vil (1.52)
with interfacial mass transfer I'y; and interfacial velocities Vi = Bg vi + (1 — Bi,)v; with state-dependent
coefficients fi,; € [0,1]. To ensure the conservation constraint (1.10) it is assumed that I'y; = —I';; and

Vi1 = V. In particular, it is suggested to use S, = 1/2 and I'y; = fui ((pi/p1 + ei(p1)) — (Px/pr + ex(pr)))
for an entropy-consistent closure. Since in the relaxation models (1.49) and (1.51) the change of volume is
accounted for in the evolution equations of the volume fractions, i.e., ng x 7 0, these models do not fit into the
class (1.52). From a physical point of view, the volume will change when the mass of a component changes due
to evaporation or condensation. This has to be accounted for in the relaxation terms S(’; - Furthermore, in [25]
the existence of an equilibrium to (1.52) is not investigated.

Finally, we would like to mention that a physically meaningful relaxation model has to be Galilean invariant.
For the models (1.46), (1.47), (1.49) and (1.51) this was investigated in [38]. In case of barotropic fluids Hérard’s
relaxation model determined by (1.48) and (1.52) can also be verified to be Galilean invariant.

Remark 1.2. For the closure of the barotropic model (1.8a), (1.3) and(1.8) with barotropic pressure law (1.7)
there is no need to give the relazation terms waE’k, & € {p,v,u}. These relaxation terms are only needed in the
entropy investigation in the isothermal case in Sect. 3.1. Thus, Hérard’s relazation models (1.48) and (1.52)

cannot be considered in this context.
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2. MATHEMATICAL PROPERTIES

In this section we investigate some mathematical properties of the barotropic Baer-Nunziato model. First of
all, we derive in Sec. 2.1 the eigenvalues and eigenvectors for the transport part of the model and verify that it
is hyperbolic if the non-resonance condition holds. Then we consider the corresponding characteristic fields, see
Sec. 2.2, and derive for each field Riemann invariants, see Sec. 2.3. Finally, we derive a symmetrizer in Sec. 2.4.

2.1. Hyperbolicity: eigenvectors and eigenvalues

Neglecting the relaxation processes in the evolution equations (1.8) the model reduces to a homogeneous
first order system describing transport effects only. Therefore this system should be hyperbolic to ensure that
all wave speeds are finite and the system may be locally decoupled. From a mathematical point of view, this
property is helpful in the construction of Riemann solvers. Therefore we determine here the eigenvalues and
eigenvectors. Since the corresponding characteristic fields are essential in the construction of a Riemann solver
we investigate these fields in more detail. This will also provide a physically reasonable closure for the interfacial
velocity V';. Note that the following analysis holds for a general barotropic equation of state (1.7) satisfying
the constraints (1.27) and (1.28). In particular, it is applicable to both isothermal and isentropic fluids.

To investigate hyperbolicity we may consider the evolution equations for the primitive variables ay, v, pk
instead of the variables oy, axpr, arprvi. This is justified because the change of variables is a bijective mapping
under which the eigenvalues are invariant and the eigenvectors are related by the Jacobian of the transformation.
Using the equation of state (1.7) we derive from (1.2) and (1.8) the system in primitive variables.

d

Oray + Zi:l Vi,i Op, 0 = Sa (2.1a)
d K 1 1

oo + Zi:l Vk,i Oz, Vi + Zl:Ll;&k W(Pk,l — Pk) €d,i Oz, 00 + op Ei 02,k | = Sk, (2.1b)
d K Pk _ _

O+, <v,m Dol =Dy o O (00 = Vi) Or 1+ e 8 3%11;6724) = Sp.r, (2.1¢)

where e4; € R? denotes the unit vector in the ith spatial direction. The relaxation terms are determined by

[ 1
Sp,k = ;i(sap,k - kaa,k)v Sv,k = 7]@ (Sapv,k - UkSocp,k) . (22)

Neglecting the relaxation terms, we now consider the projection of the homogeneous transport system onto
normal direction ¢ := @ - m for arbitrary unit direction n € R

Remark 2.1. For a general barotropic fluid the speed of sound ¢y is determined by (1.28). We emphasize that
it may differ in general from the thermodynamical speed of sound (1.21). In case of the isothermal stiffened gas
it is identical to the isothermal speed of sound (1.29), see (1.31), (1.33) and (1.34).

Introducing the vector of primitive variables

w = (041,. .. ,aK_l,'wﬁ,. .. ,’wi()t, Wy = (’Uz,pk)t (23)

the projected system can be written in quasi-conservative form as

oyw + By (w) :w = 0. (2.4)
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The block matrix B, is given as

Vin Ik
d Aln Bln
B,:=>» Bin;= h ’ (2.5)
i=1 : :
AK,n BK,n

with the blocks defined as

1 t 1
—nﬁk Vk,n Id —n
Akm = ok ok . ; Bkm = o 4 Pr . (26)
& (ki — Vi) i, PETEM Vkn

Here I; and Ix_q are the unit matrices in R?*% and R<K—1)X<K—1)7 respectively, and 04 and 1x_1 are vectors
in RY and RX~1 with value 0 or 1, respectively. The vectors B, and ~, are defined by their components
l=1,..., K —1as

Bl = L ((Peg —pr)(1 = 6k1) — (Pe,x —pr)(1 — Ok.x)) , (2.7)

Vet = GOkt — Ok, i) (2.8)

with 6y the Kronecker symbol. The normal components of the velocities and the interfacial velocity are defined
as

Vg =V M, Vip:=Vi-n. (2.9)

Obviously, the eigenvalues of the matrix (2.5) can now be explicitly determined.

Theorem 2.1. (Eigenvalues) Let be n € R with |n|=1. Then the eigenvalues of the matriz B,, read

)\I,k:VI,n; k:L...,K—L (210&)
/\k,izvk,nv k=1,...,K, i:1,...,d—1, (210b)
)\kd: = Vk,n +e, k=1,..., K. (2100)

Proof. Employing the block structure the characteristic polynomial reads
K
det(B, —AI) =det(Vi, Ix 1 — ANk 1) HH det(Bg, — A 441) = 0. (2.11)
The eigenvalues of the matrices By, ,, are determined by
det(Bp,, — A ai1) = (Vg0 — N (v — N2 — ). (2.12)
O
Next we need to verify that the left and right eigenvectors corresponding to these eigenvalues are linearly
independent. The derivation of the eigenvectors is in complete analogy to the Baer-Nunziato model for general
fluids, see [38]. For this purpose, we introduce the notation

B =Ukn — Vin, O = (5,?)2 — Ei (2.13)

for k=1,..., K. Note that J; is referred to as drift velocity in the literature. Then we can prove the following
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Theorem 2.2. (Hyperbolicity) Let be n € RY with |n| = 1. Let the interfacial velocity V1 be chosen such that
the normal interfacial velocity Vi, does not coincide with the phasic acoustic wave speeds vy, * Ci, i.e., the
non-resonance condition

Vim #kn £, k=1,...,K, (2.14)

is satisfied. Then the homogeneous first order system (2.1) is hyperbolic, i.e., (i) the eigenvalues of the matriz
B, are all real but not necessarily distinct and (ii) there exist bases of corresponding left and right eigenvectors
that are orthonormal.

Proof. Motivated by the block structure of the matrix B, we make the following ansatz for computing the
corresponding left and right eigenvectors

Tg Tg o
R}, R, L, Li,

Rn = . . B Ln = . . (215)
RY¥, Ry, LY, Lin

with blocks R}, L}, € REAFUXE=D and Ry, Ly, € REFDX(E@+D " Here the matrices R, and L, are
composed of the right and left eigenvectors in their columns and rows, respectively. To determine the blocks
Ry, ,, we note that Ay ; and A, + are also eigenvalues of the matrix By, and the eigenvalue problem for B,
decouples into eigenvalue problems for the matrices By, ,, corresponding to a single component. In a first step,
we therefore compute the eigenvectors to these sub-problems where we first determine an orthonormal basis
{n,t1,...,tq—1} of R? such that t; -t; = &;; and ¢; - m = 0. Then the right and left eigenvectors to the

eigenvalues (2.10b) and (2.10c) are

rei = (t,0)", rpy = (£cp/prmt, ), (2.16)
Ui = (t,0)", lp+ = %EEQ(iékPkntv 1)f (2.17)

fori=1,...,d — 1. Thus, there exists an eigenvalue decomposition of the matrix By ,, i.e.,
Ly BinRyn=Agn, (2.18)

where Ly, , and Ry, ,, are defined by the left and right eigenvectors and Ay, ,, is a diagonal matrix with eigenvalues
on the diagonal

_(—C/pkm t1 ... tg_1 C/prm
R i= ( @ 0 ... 0 @) (2.19)
. 1 —CrpEM 26%131 . 25%1251,1 CLpEM ¢
Lim = 22 ( 1 0 ... 0 1) (220)
Vk,n — C, 02_1 0
Ak,n = Od,1 Uk:,nIdfl Odfl . (221)
0 0271 Vg, + Ck

To calculate the eigenvectors to the multiple eigenvalue A;; we employ the knowledge of the matrices Ry, .
According to the block structure of the matrices R,, and B,, the matrices of corresponding right eigenvectors
need to satisfy

(Bi,n — /\I7iId+1)RIIC7n =—Ap. R}, = —roArn, k=1,... K.
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Assuming that the eigenvalue A;; does not coincide with one of the eigenvalues A, ; and Ay 4+, then By, —
Ar,il 441 is regular and there exists a unique solution for R’},n. With (2.13) these matrices are given by

(@BL — (67)24%) o/ (o) (2.22)

Since ay, € (0,1) according to (1.2), the matrices By ,, — Ar;L4+1 are regular if and only if o4 # 0 and § # 0
for k=1,..., K. In particular, the inverse

_ n(v, — B1,)07 /(oo
Rl}:,n ::_(Bk;,n_‘/[’nIdJrl) 1Ak;,n: ( ( k k)) k/( ) )

t

on flId_FEQ 8o, ~1nnt —(pron 1,
(Bk?,n - ‘/IvnIdJ,-l)_l — <( k) k( k ) ( )

-2 -1 n _—1
—prCio, N opoy

exists. We emphasize that the right-hand side in (2.22) is well-defined also if V; ,, = vy p, i.€., 07 = 0. Thus,
le’n is well-defined also if the non-resonance condition (2.14) holds.

Thus, the corresponding left eigenvectors are determined by the rows of the inverse of R,,. Since L, R, = I,
the blocks turn out to be

Ly, = R, k=1,... K, (2.23)
L}, = —LyaRi, k=1 K, (2.24)

and we obtain for the right eigenvectors
, _ _ t
rro= (), @)t FR)Y) L l=1,.. K —1. (2.25)
where 70, = ex_1, and F’})l = (Y1, Zra)" is determined by the components

Yy =1 (Veg — Bri) 0 / (o), (2.26)
Zka = (G Bra — (07)* ) i/ (ko) (2.27)

Similar to (2.25) the columns of L,, are then given by

b= (@004 01 05)Y) 1= 1 K (2.28)
with on
l(f),l =e K1, ll;,z = %(a;p%_pail)t
and
aicy o= (67 Yk £ CrBry) (6F F ) - (2.29)

After having determined the eigenvalues and the corresponding linearly independent right and left eigenvec-
tors we finally end up with the eigenvalue decomposition of the matrix B,

L.,B,R, = A, (2.30)

with the block-diagonal matrix A,, = diag(Aon, A1, ..., Arn) and Ao, = Vi, Ix_1. To verify this decom-
position we make use of the identity Bka?n = R]fynonn — Agn.
O
For convenience we summarize the representation of the eigenvectors because we want to investigate the type
of the characteristic fields.
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Proposition 2.1. (Eigenvectors) Let be n € R? with |n| = 1 and let be t; € R?, | = 1,...,d — 1, such that

n,t,...,tq_1} is an orthonormal basis of R?, i.e., t;-t; = 6; ; and t; -m = 0.
j J
(1) (Transport waves) The right and left eigenvalues to the eigenvalues \g;, k=1,...,K,i=1,...,d—1,
are
Tki= lk,i = (Othla OZJrlv ) 0¢t1+17 (tﬁ, O)a 0§+17 ) 054»1)1‘/' (231)
— —
(k—1)—times (K—k)—times

(2) (Acoustic waves) The right and left eigenvalues to the eigenvalues A\, 1, k=1,..., K, are

Tt = (0% 1,05, 1,05, 1, Th 4,05, 1., 05, )" (2.32)
(k—1)—times (K—k)—times
—t —t
b+ = (ll,k,i» Ole, R Ole, lk,ﬁ:v 03+1, oo »Ofi+1)t (2.33)
(k—1)—times (K—k)—times
with
Tre = (£op, 0!, 3)', (2.34)
- 1__5, _ - 1 _
lk,:l: = §Ek2(:|:ckpknt, 1)t, ll,k,:l: = ikakQ(akUk) 104% (235)

and the components of the vector akj,E € RE=1 determined by (2.29).
(3) (Material waves) If the non-resonance condition (2.14) holds, then the right and left eigenvalues to the

eigenvalues A\r i, k=1,..., K =1, are
_ _ t
T?,k = (ei(—l,k,v (r},k)t’ LR (rfk)t) ) (236)
lrk = (ethl,kﬂ Ofi+1v ) OZ+1)t, (2'37)
—_———

K—times

where 7y ), = (] 1, Z1k)" is determined by the components (2.26) and (2.27). Here ex_1, is the k'™
unit vector in RE-1,
In particular, the left and right eigenvectors are orthonormal.
The eigenvectors are determined for the system (2.4) in primitive variables. Numerical simulations reported
in [22] revealed that the matrices of right and left eigenvectors R, (w) and L,,(w) may have very large condition

numbers. Therefore it is recommended to use the eigensystem for the original variables. For convenience of the
reader these systems are given in Appendix A.

2.2. Characteristic fields
By means of the eigenvalues and the right eigenvectors we can now characterize the characteristic fields.

Proposition 2.2. (Characteristic fields)

(1) The fields corresponding to the eigenvalue Ay, ; are linearly degenerated.
(2) If the assumptions (1.27) hold, then the acoustic waves are genuinely nonlinear.
(3) If the interfacial velocity is a convex combination of the velocities vy, i.e.,

Vi= Zszl Brvk, Br € [0,1], Zszl Br =1 (2.38)
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with coefficients
K

B = Vpowpr/p, P = Zk:l Yk Pk (2.39)

for some arbitrary but fixed constants 7, € [0,1], then the material waves are linearly degenerated.

Proof. The characteristic fields corresponding to the different waves are characterized by the directional deriv-
ative Ve A(w) - 7(w).
Obviously, the derivatives of the eigenvalues A\r; = vpn, k=1,...,K,1=1,...,d, are

0oy Akyi = 0, Oy, Akji = O i my, Op Ak =0,
and, thus, we conclude from the corresponding right eigenvectors (2.31)
VuwAgi(w) - ryi(w) =0,

i.e., these fields are linearly degenerated.
Next we consider the acoustic waves corresponding to the eigenvalues Ay + = vy, £ €. Obviously, it holds

8alvk,n = Oa 8'01,]' Ak,i = 6]@,[ ny, aplvk,n =0.

To determine the derivatives of the barotropic speed of sound ¢ we perform a change of variables pr = pr(pk)-
Note that py = pr(pr) is a monotone function according to the assumption (1.27a). Since it holds

0.3 (pr) = 26k (pr)0:Tr (pr) = DY (k) Dupi

the derivatives of ¢; with respect to the primitive variables w read

0o,k =0, Oy, ;T =0, Op T = 5k,z2 pr(pr)

(k)

and we obtain by the right eigenvectors (2.32)
Ck;
Vgt (w) - i 2 (w) = iggk

with Gy the fundamental derivative of gas dynamics for a pure barotropic fluid corresponding to component k.
According to the assumptions (1.27) both the barotropic speed of sound (1.28) and the fundamental derivative
(1.27b) do not vanish, i.e., the acoustic waves are genuinely nonlinear.

Finally, we consider the characteristic fields corresponding to the eigenvalues Ar; = V7. From the corre-
sponding right eigenvectors (2.36) we conclude

K — —
rri Vi = 00 Via + ) (ki Vo Vin +Z6i0p, Vi) - (2.40)
For the gradient of the interfacial velocity it holds

Bi cn  BK o Br 1
aaq;vl,n = 07151 - J(SKH v’UkVI,n = ﬂknv 8p;cVI,n = p:%

oy (2.41)
By a straightforward calculation incorporating the coefficients (2.26), (2.27) and using the convex combination
(2.38) with coefficients (2.39) we can verify that the right-hand side in (2.40) vanishes, i.e., the material waves
are linearly degenerated.

O
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Remark 2.2. If the material field is genuinely nonlinear field, then there is no way to cope with the non-
conservative products in the phasic momentum, see Eqn. (1.8¢). However, if fields associated to the non-
conservative products only occur in linearly degenerated fields, then Riemann invariants of the associated field can
be enforced and, thus, the exact solution of the Riemann problem exists as has been verified for Baer-Nunziato-
type models in [11]. Therefore, Gallouét et al. [10] and Hérard [24] for a two-phase and a three-phase model,
respectively, suggest to determine the interfacial velocity such that the fields associated with the eigenvalues Ar ;,
1 =1,...,K — 1, are linearly degenerated. There the interfacial velocity is chosen as a convex combination
of the velocities of the components, see Eqn. (2.38) with state-dependent coefficients By. Already in the thesis
of Guillemaud [16] several options are discussed for the choice of these coefficients. Also coefficients that do
not comply with a linearly degenerated characteristic field are investigated. For the coefficients 7, the ansatz of
Saleh [49], p. 195, Eqn. (4.3.40), in case of a two-phase mixture has been generalized providing (2.39). Finally,
it is worthwhile mentioning that there exist other suitable but more complex closure laws in the literature, e.g. [4].

2.3. Riemann invariants

In the following proposition we give for all characteristic fields a set of Riemann invariants whose gradients
are linearly independent.

Proposition 2.3. (Riemann invariants) The resonance condition (2.14) is assumed to hold. Introduce the
functions

Vpi=v;-t, j=1,....,K, l=1,...,d—1, (2.42a)
\I/IJ' = Qy, jZL...,K—L (242b)
lI/j,i =y n+ /(Ejpj)_ldpj, j = 1,. .. ,K. (2420)

(1) For the transport waves corresponding to the right eigenvectors vy, k=1,...,K,i=1,...,d — 1, the
functions W, j=1,... . K, j#k 1=1,...,d=1, Y, l=1,...,d=1,1#i ¥;;,j=1,... K-1
and U, 4, j=1,...,K form a system of K(d+ 2) —2 Riemann invariants whose gradients are linearly
independent. Other Riemann invariants are

U=, Nn="0n=A,, (2.43a)
U=uv,, l=1,.. K |4k j=1,....d (2.43b)
U=p,l=1,... K. (2.43¢)

(2) For the acoustic waves corresponding to the right eigenvectors vy, k = 1,..., K, x € {+,—}, the
functions Wy, j=1,...,K,l=1,...,d—1,V;;,j=1,...,. K -1, and ¥, 4+, j=1,..., K, (j,£) #
(k,*) form a system of K(d+2)—2 Riemann invariants whose gradients are linearly independent. Other
Riemann invariants are

UV=u, l=1...K l#k j=1,...,d, (2.44a)
U=p,l=1,....K, | #k. (2.44b)
(3) For the material waves corresponding to the right eigenvectors v, k=1,..., K —1, the functions ¥,

j=1... K, l=1,...,d=1,¥;;,i=1,.... K=1,j#kand ¥, 1, j=1,...,K form a system of
K(d+ 2) — 2 Riemann invariants whose gradients are linearly independent.

Additionally assuming that the interfacial velocity is a convex combination of the velocities vy according
to (2.88) with coefficients (2.39) other Riemann invariants are

U = Vl,n = >‘1J€7 (245&)
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U =0;pj(Vjn—Vin), j=1,.... K -1, (2.45D)
K
U= (aps + (i = Via)?) (2.45¢)
Additionally assuming that the interfacial velocity and the interfacial pressures are Vi = vk and

Py = Bpi +pe(1—Br), k,1=1,...,K, k #1, then for a general barotropic fluid (1.7) another family
of Riemann invariants is given by

1

5 Win = Vin) j =1, K~ 1, (2.45d)

qf:éj‘i‘&—f—
Pj

where €; is the “internal energy” according to Remark 1.1.

Proof. First of all, we determine the gradients of the functions defined in (2.42)

C; 1 K
Vw¥;; =1, Vw¥r; =11 VwV,+ == <2;lj,i - Zmzl afmll,m) ,
J

@;0;5Cj

where ¢; and afm are defined by (2.13) and (2.29). Since these gradients are linear combinations of the left
eigenvectors it follows by the construction of the left and right eigenvectors, see Proposition 2.1,

Tri V¥ =0, 7y - VwVr; =0, rrp- V¥, =0

for the functions specified in properties (1), (2) and (3), respectively. Therefore these functions are Riemann
invariants. The hyperbolicity, see Proposition 2.1, ensures that the left eigenvectors and, thus, the gradients,
are linearly independent.

Next we verify that (2.43) are also Riemann invariants for the material wave corresponding to the right eigen-
vector 7y, ;, i.e., the following needs to hold

Tk Vw\I/ = 8’qul . ti =0.

For the functions ¥ given in (2.43) this condition can be easily verified using that the vectors {n,t1,...,t4—1}
are orthonormal to each other.

To verify that (2.44) are also Riemann invariants for the acoustic wave corresponding to the right eigenvector
T, we need

Pt - V¥ = 60 00,V -1+ 520, ¥ = 0.
For the functions ¥ given in (2.44) this condition can be easily verified using similar arguments as before.

Finally, we verify that (2.45) are also Riemann invariants to the material wave corresponding to the right
eigenvector rr i, i.e.,

K
rrg - V¥l =0, + lel (T - Vo U + 21,0, 7) = 0.

For (2.45a) this holds true by construction of the coefficients (2.39).
For (2.45b) the gradient is determined by

O,V = 61,505 (Vjn = Vin) = PO, Vin,
vvl\I’ = oszjél,jn — Oéjijv,VI,na
O ¥ = a;p;(p;)01,5 (Vjn — Vin) = @jpjOp Vi
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Then we obtain
ik V¥ =050 (Vjn = Vin) + 085k -7+ @05 (p)Z5k (Vjn — Vin) = 50571k - VawVin.
The last term on the right-hand side vanishes because ¥ = V7 ,, is a Riemann invariant. The remaining terms

vanish when plugging in (2.26), (2.27), (2.13) and using p}(p;) = 1/pj(p;) = 1/6?.
For (2.45¢) the gradient is determined by

9 K

aal\:[l =PI — PK + Pl (Ul,n - Vl,n) -2 Z ajpj (Uj,n - VI,n) aal VI,n;

V’UZ\IJ = 206101 (Ul,n - w rL -2 Z a]p] UJ, - Vi n) Vvl VI,n7

6])1\11 = (1 + P;(pl) ('Ul,n Vi, n ) -2 Z aJPJ 'UJ n Vl,n) aPLVI,n'

This yields
TIk - Vw\I/ =
2 K — / 2\ —

P =P P Uk = Vin) D (QPj (Vjn = Vi) Yju -1+ (1 +05(15) (Vin = Vin) ) Zj,k)
- 22 3P (Vg0 = Vin)Trk - Vo Vi

The last term on the right-hand side vanishes because W = V; ,, is a Riemann invariant. Again, using p}(p;) =
1 /E? and employing (2.13), the remaining terms simplify to

K om 2
rrg -Vl = pp — pi + pr (00)° — E s (’Yj,k (C]) + 5j,k> .
- J

Plugging in (2.26) and (2.27) the right-hand side vanishes using (1.12).
Finally, we investigate (2.45d). Introducing the phasic specific enthalpies

hj(p;) = ;(p;j) + pi(ps)/p;
the gradient is determined by

8(1[@ - — ('Uj,n - ‘/[777,) 6(,![‘/1,717
V'UL\II = ('Uj7n - V],n) §j7ln - (’Uj7n - VI,n) V'ULVI,TH
Op ¥ = 1 ()P ()05 = (Vjn = Vin) Op Vin-

Then it holds
K — / / -
rri- VoV = Zz=1 ((Vjn = Vi) 65,805 -1+ W (0)05(05)050Z1k) — (Vi — Vi) T1k - Vo Vi

Again, the last term on the right-hand side vanishes because ¥; = V7, is a Riemann invariant. Using (2.26),
(2.27) and (2.13) the remaining terms on the right-hand side become

rra Vol = —— ((67) 25k (1= 0315 (0005 09)) + Brue (S0l 03) o) (03) = (67)7) ) -

@;j0;
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From (1.7) and (1.28) we deduce p}(p;) = 1/¢; implying E; (pj) = /p;. Then we obtain with (2.13)

rrg Vol = Bik <E2- - (5;)2) = —@

\"
Q;0j Qj

Due to the assumptions on the interfacial velocity and the interfacial pressures we obtain by definition (2.7) of
the coefficients 3; and the interfacial velocities (2.38) with coefficients (2.39)
5.

. — J . —
Bi.k ajﬁ(pg PK)

for j,k € {1,..., K — 1}. From the assumption V; = v we conclude 3;, =75, = 0,i=1,...,K — 1, and
Bk = 1. Thus, the right-hand side vanishes. This verifies the assertion.
O

Remark 2.3. Finally, we would like to comment on existing results in the literature. In [50] the eigenstructure
of the 1D homogeneous barotropic Baer-Nunziato model is investigated for the particular choice of the interfacial
velocity Vi = vy and the interfacial pressures

k=1:P1’l=pl, l=2,...,K
k>1:P17l:pl, lil,...,K,l%k,

specifying the eigenvalues and the corresponding right eigenvectors for non-resonance states. For this particular
setting the authors investigate the corresponding characteristic fields. In particular, they determine the Riemann
invariants for the linearly degenerated fields corresponding to the eigenvalues A1, k =1,..., K—1. Note that the
Riemann invariants (2.45) coincide with those given in [50]. In contrast to this, we give the full eigenstructure
and the corresponding characteristic fields for the quasi-1D model using a much larger class of interfacial velocity
and interfacial pressures.
For a three-component model, i.e., K = 3, the eigenvalues are also given in [2] for the quasi-1D model but
without the corresponding eigenvectors. There, in addition, the Riemann invariants are derived for the 1D
model.

We would like to point out that in [2, 50] the authors make explicit use of the “energies” €y introduced in
Remark 1.1 which coincide with ey, only for isentropic fluids.

2.4. Symmetrization

From Kato’s theorem [32] it follows that there exists a local-in-time smooth solution to the Cauchy problem
of the projected system (2.4), if the problem is symmetrizable, i.e., there exists a symmetric positive definite
matrix P, = P,(w) such that the matrix P,B,, is symmetric. It can be verified that the quasi-1D system
(2.4) can be symmetrized.

Theorem 2.3. (Symmetrization) If the non-resonance condition (2.14) holds, then the quasi-1D system (2.4)
s symmetrizable.

Proof. To construct a symmetrizer for B,, we first observe that the matrix

(TnDk,nT; 0 )
Pk,n =

o 1/
with T, := (n,t1,...,t4—1) an orthonormal matrix and Dy, ,, = diag(Anx, A1,...,A¢—1) a diagonal matrix
with entries Ay, := p2/(2¢2) and \; ;= 1,4 =1,...,d — 1 is a symmetrizer of the phasic problem

Orwy, + Bkm(wk) 8£wk =0,
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ie., Py, is a symmetric positive definite matrix and the matrix Py, , By, is symmetric. Then we make the
following ansatz for a symmetrizer of (2.4):

i
KPDAnIK*l Pl,a,n PKan
Pl,oz,n Pl,n
Pn = . 5
PK,a,n PKn

)

where Py o = L}, , (A — VipZar1) ™' Ry, PrAy, with Ay, Ry, Ly, and Ay, defined by (2.6), (2.19),
(2.20) and (2.21). Note that Py 4 p, is well-defined if the non-resonance condition (2.14) holds true. Obviously,
P,, is symmetric. It turns out that P, B,, is symmetric whenever wawAkm is symmetric. The latter holds
true provided that Py , Ry, = L};m. It remains to verify that P, is positive definite. For this purpose we have
to verify for any a = (a!,,al,...,ak)! # 0 with a, € RE~! a; € R4 k=1,... K that a'P,a is positive.
A straightforward calculus yields

a'P a—PanZk 121 . aaz—l—(Pkan )i/ Pan) +Z akQak

with Q = Py nPr — Pk,a,nP§g7a,n~ Since Py is symmetric positive definite, the Cholesky decomposition
P;, = CC}, exists. Furthermore, the matrix Ej := C;. 1Pk a wPr.anCl is symmetric and, thus, there exists
an orthogonal matrix Ty such that T;CE;CTZ = Dy, where Dj, is a diagonal matrix with the eigenvalues u¥ of
E,. as entries. Then we obtain

d+1
ajQai = by (Ponlary — Di)be =) b i (Pa — nif)

with by, = TZC};ak. Choosing P, , > max; j {\,uﬂ} > 0 the term aiQak is non-negative and is positive for
ag 75 0.
O
The idea of the proof is very similar to the proof in case of the quasi-1D full Baer-Nunziato model, see [38].
However, there the proof only works for the genuine 1D case, i.e., d = 1, because the symmetrizer for the
corresponding phasic matrices By, was chosen too specific. It is worthwhile mentioning that modifying the
symmetrizer P}, for the phasic model in [38], Section 4.3, replacing 0.5(px/¢x)? I4 by TnDkynT;, the proof also
works for the quasi-1D case. Furthermore, we would like to mention that Theorem 2.3 generalizes the result for
the genuinely 1D case in [50].

3. MATHEMATICAL ENTROPY

From a mathematical point of view, the concept of entropy-entropy flux pairs, cf. [12], has been introduced
to characterize a unique weak solution of an initial (boundary) value problem of (inhomogeneous) conservation
laws that in quasi-conservative form reads

d
dyu + Zl_ Ai(w)dpu=S(u) =Y Bi(u)dsu, Ai(u):=0uf(u) (3.1)
where u : Ry x Q@ - D CR™ with Q C R4, f, : D - R™, i=1,...,d and S : D — R™, denote the vector
of m conserved quantities, the fluxes in the ith coordinate direction, i = 1,...,d, and the source function,
respectively. Here the last term on the right-hand side contains the non-conservative products in the original
system (1.8). Motivated by thermodynamics, the entropy inequality

)+ Z 9p, Fi(u) <0 (3.2)
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has to hold in a weak sense for any convex function U : D — R and functions F; : D - R, i =1,...,d, referred
to as entropy and entropy flux, that satisfy the compatibility conditions

VU Aj(u) = Vo Fi(w)T, i=1,...,d (3.3)

Due to these conditions we infer for smooth solutions of (3.1) the entropy equation

U (u) + Zj:1 O, Fi(u) = Vo, U(u)” <S(u) - Bl(u)&ﬂqu) , (3.4)

i=1

Obviously, the entropy inequality (3.2) holds if and only if the entropy production is non-positive, i.e.,

d
VU (u)" (S(u) - Z'—1 Bi(u)(“)wiu> <0. (3.5)
A sufficient condition is given by

d
VouU(w)" S(u) <0 and V,U(uw)") ) B;(u)0;,u = 0. (3.6)
i=
In the following we derive two pairs of entropy-entropy flux pairs for isothermal fluids starting from a thermo-
dynamical point of view and mechanical point of view, see Sects. 3.1 and 3.2. Note that for general barotropic
fluids and, in particular, isentropic fluids only the latter will provide an entropy-entropy flux pair.

3.1. Entropy-entropy flux pair: thermodynamical approach

Here we confine ourselves on isothermal fluids and extend the analysis for the isothermal Euler equations,
cf. [54], to our model (1.8) where we have to account for heat exchange in the energy equation. We therefore
have to start from the full Baer-Nunziato system (1.1) to derive an appropriate entropy-entropy flux pair. From
(1.1) we derive equations for the density and internal energy

O + % (vk = V1) -Vap +vir - Vpp + ppV-vp = Sy, (3.7)
1 K Dk 1

Orey, - (Veg) — P -V-V —V.vyy=——"-V" Se.k 3.8

rer + vk - (Ver) onin Zl:#k ki (0 = Vi) Vay + PR (akqy) + Se.k (3.8)

with expected relaxation terms

1
Sp,k = (Sap,k - kaa,k) 5 (39)
o,
1
Se,k = (SapE,k — Vg - Sapv,k + Sap,k(uk - Bk)) . (310)
APk

In order to derive the evolution equation for the entropy si = sk(px) we rewrite (1.18) as
Trepdsy, = dey, — p—’;dpk = <e§C — p;;) dpy, (3.11)
Pk Pk

where due to (1.5) it holds Ty, = Tyey = const, k = 1,..., K. By means of the evolution equations (3.7) and
(3.8) for the density and the internal energy we then deduce the entropy law

1
08y, +vy, - Vs = (Hk —

" V- (Oék;(Ik)) + Ssk (3.12)

Tref
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with relaxation term

1
Ss k= ———— (akpkse,k - pisap,k +kaa,k> (3.13)
apprTres Pk
and production term
1 K
11, := Tref Zl:l,#k PkJ ('vk — V]) -V +pk(vk — V[) -Vag | . (314)

Finally, we obtain together with (1.1b) for the volume specific entropy

O(amprse) + V- (apprspvr) + V- (orqy) = MiSaps,k (3.15)

Tref

with relaxation term
Saps,k = akPkSs,k + SkSap,k' (316)
Next we determine from the energy equation (1.1d) the heat flux

K
V- (ak qi) = Sapek — Oclow pr Ex) — V- (g pr v (Ex + pi/pr)) — 21:1 Ly PeaVi-Var. (3.17)

Plugging the heat flux into the entropy equation (3.15) we obtain
O¢(ar pr (Trefse — Ex)) + V- (g pr Vi (Trefse — Ex — pi/pr)) = (3.18)

K
TrefHk + Zl:l 2k Pk,l Vi-Va + TrefSapE,k-

Summing these evolution equations over all components and using the conservation constraint (1.11) we obtain

K K
Oy ZkZl ok pr (B — Tregsi) | +V - Zkzl(ak Pk Vi (Exy — Trepsk +p/pk)) | =
K K
—dref Zk:l Saps,k: - Tref Zk:l Hk: (319)

Comparing (3.19) with (3.4) we may choose for the entropy-entropy flux pair

K K
Ulu) == Zkzl g pr (B — Treg k) = Zkzl or pr (fr +1/202), (3.20a)
K K 9
Fi(u):= (e v (B = Trepsi+pu/p)) = D, (e prvr (e +1/207)) (3.20b)
with the specific free energy fi and Gibbs free energy g
fe=ex —Trefsk, gk = fr +Pr/pr- (3.21)

The compatibility conditions (3.3) hold by derivation of (3.59), see also [38] in case of the full Baer-Nunziato
model.

Theorem 3.1. (Convezity of entropy function) Let ey be a convex function of 1, k = 1,..., K. Then the
Hessian of U given in (3.20a) is positive semi-definite, i.e., the entropy U is a convex function of w but not
necessarily strictly convez.
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Proof. To verify that

K K
U(u) = Zk:l arpr(er — Trepsk +v3/2) = Zk=1 Uk (ug) (3.22)
is a convex function of the quantities u = (a',qqul,..., axul)’ with a = (a1,...,ax_1)" and uy =

(pr, prvt)t we proceed in analogy to [38] for the full multi-component Baer-Nunziato model but using an
isothermal fluid.

For this purpose, we need to prove that the Hessian is positive semi-definite. First of all, we note that by
(1.2)

Oy, ouy, 1 Oouy, 1
PrY kil — Ok,K, Doy an ug (0,1 — Ok, k), o an kidd1
holds for k=1,...,K, I =1,..., K — 1. Then it follows for the gradient of U
ou U, Uk ou U,
v U U _ 77 : K . — = ) 3.23
Do (u) = Ui(w) — Uk (ux) 7 (i) - w + Dux (uk) - uk, dara ™ = 7a, (w) (3.23)
The Hessian of U is determined by the second order derivatives
0*U 1 ,0%U 1 Uk
= § g —ut=— —ul kl=1,....K
80lk80[l u k,l a u,; agul ('LL[)'LL[ + ax Up azuK (uK)uKa 3 ) B} )
02U 1 o%U;
— = —— (k1 —0Kki) =5 l=1,...,K, k=1,.... K—-1
aakaalul u o ( k,l K,l)azul (ul)ula 5 5 B 3 ) )
0*U 1 0*U;
—_— = —0ki=— k,l=1,... K.
8akuk8alul “ g k’l82ul (UZ)7 ’ ’ ’
For a compact representation of the Hessian we introduce the notation
02U )
U — w € RE-1x(K-1)
oo (‘90%6041( ) Lk=1,. K—1
02U
Ua R e R(d+1)x(d+1)
EUER, UK aakUkaakUk u)e 9
0%U 0*U
Usini o = — R(d+1)><(K—1).
ke, <8akuk8a1 (W), OopurOay_1 (u)) €
According to the above second order derivatives these are determined by
1 t 1 : 1 t 1
Usa = —urxUguglg | +diag| | —u Ujuy , (3.24)
aK Qk k=1,...K—1
1
Uakulmakuk: 7U;cl> (325)
Qg
1
Uojupa = ((5k,l - 5K,k)UZuk> =Uq oy (3.26)
Ak =1, ,K—1

where U}, denotes the Hessian of the entropy Uy, = Uy (uy) of component k. Then the Hessian can be represented
as block-matrix
Ua,a Ua,oqul e Uoz,ozluK

Ualul,a Ua1u1,041U1

U (u) = : . (3.27)

UOAK’MK@L Uoéluxﬁxux
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To verify positive semi-definiteness of the Hessian we introduce the vector = (a®,b},...,b%)" with a € RE~!
and by, € R¥! k=1,..., K. Then we obtain by the block-structure (3.27) of the Hessian

K K
2'U"x = a'Uq.na + Zk:l a'Uq.apu,br + ZkZl bt (U opur.a@ + Udyuopunbr) - (3.28)

By means of (3.24), (3.25) and (3.26) we determine

1 K-1 1 K—1
atUa,aa = E((ZUK)tUII/{(aUK) + Zk:l a—k(akuk)tUZ (akuk), a:= Z a,

=1
(ltU b, = — E
o,apu Yk

1 1
b U apun@ = — 0 kb U (aug) — — (1 = 0k 5 )bLUY, (apus),
oK af

k-11 t oyl
—_ @(5k’l — Ok, )b U (arug),

1
bi:Uakukaakukbk = ;kaUg by,.

Incorporating this into (3.28) we finally conclude with

K-1 1 1
:BtU”:I: = Zk:l ;k(bk — akuk)tUg (b[€ — akuk) + @(b[{ — auK)tU/I/( (bK — auK).

Finally, we check that the Hessians U, are positive semi-definite where U}, is introduced in (3.22). For
this purpose we consider the energy and the entropy to be given in terms of volume and temperature, i.e.
ér(tie, T) = ex(7k, Sk (7, T)). The first derivatives of the energy and the pressure with respect to the volume
are given by

oex  Oey aek% (1.16) sy,

Opr (1.29) 3
ok _ TR TR =) _ T. =0 _ Tk
aTk 87’k 8sk aTk Pk +

ef— d — . 3.29
" on, at Oy, T2 ( )

From this we conclude

2 ~2

0 Pk Ck,
—_— —Tre =ep — Tre —=, — —Tre =-=>0. 3.30
apn (o (ex 75K)) = €k Sk + pe’ 02 (o (ex 75k)) o ( )
For the Hessian we then determine
1 (& 4 v? —vt)
Uy=—|("* "F K 3.31
k Dk ( —vy, Id ( )

that can be easily verified to be positive definite. This implies z'U"”2 > 0. Note that for  # 0 we cannot
ensure z'U"x to be positive even if U7, is strictly convex because all the terms by — ajuy, k= 1,..., K — 1,
and bx — aux may vanish at the same time.
O
Furthermore, to ensure that the entropy inequality (3.2) holds we have to verify that the right-hand side of
(3.19) is not positive, see also [38] in case of the full Baer-Nunziato model.

3.1.1. Entropy production due to interfacial velocity and pressure

Since we cannot control the sign of II;, we determine the interfacial pressures Py ; and the interfacial velocity
V1 such that the sum II := Zszl I1j, vanishes with II; given in Eqn. (3.14) and the conservation constraints
(1.11) or, equivalently, (1.12) hold. Assuming that the interfacial velocity can be written as a linear combination
of the velocities of the components according to (2.38) there exists a unique closure for the interfacial pressures.
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Theorem 3.2. (Entropy production due to interfacial states) For the interfacial velocity V1 of the form (2.38)
there uniquely exist interfacial pressures

Py = Brpi + pi(1 — Br) (3.32)

such that the production term Il = T..f Zszl Iy vanishes and the conservation constraints (1.11) or, equiva-
lently, (1.12) hold. In particular, the interfacial pressures are all positive and

P = ZkK:lpk(l — Br)- (3.33)

Proof. The proof is in complete analogy to the proof of Theorem 6 in [38] for the full multi-component Baer-
Nunziato model assuming local thermal equilibrium where we have to replace the temperatures Ty by Tr.y.
This is due to the fact that the terms II; as well as the conservation constraints coincide. Thus, the resulting
interfacial pressures (3.32) are a special case of those presented in [38]. We emphasize that the resulting
interfacial states are the same for both isentropic and isothermal fluids, see Theorem 3.6.
O

We would like to mention that the above result is motivated by Gallouét et al. [10] and Hérard [24] for a two-
phase and a three-phase model, respectively, in case of the full Baer-Nunziato model. In [38] it was proven for
a multi-component fluid with an arbitrary number of components. More recently, Bussac [3] verified the result
in case of a non-equilibrium multi-component model with miscible conditions instead of immiscible conditions
as in the aforementioned references.

Using for the convex combination (2.38) the coefficients (2.39), then the interfacial pressure and the interfacial
velocity are given by

K K K
Pi= Y L= Taanpn/p) Vie S Tiews | T T (331)

This closure of the interfacial states ensures consistency with an entropy inequality and the fields corresponding
to the material waves are linearly degenerated.

For special choices of 7 € [0,1]% the interfacial values coincide with those in the literature in case of two
and three components. For instance, choosing 7 = e; for some i € {1,..., K} we obtain

K
P = Zk:l,;ﬁi pe, Vi=wi (3.35)

For ¢ = 1 these coincide with those given in [10] and [24] for K = 2 and K = 3, respectively. In case of uniform
coefficients 7, = 1/K, k= 1,..., K, the interfacial pressure and velocity are given by

K

K K K K
Pr=Y pe(l—awon/p)=) e ZFL# apilp, Vi=) az’pivi/ > ok =wv. (3.36)

where p and v are the density and the velocity of the mixture, see (1.13), respectively.
Obviously, in case of two components, i.e., K = 2, the Abgrall-Saurel closure [51]

« o
101,0 + 202

Pr=oa1p1 +asps, V= 1 Vo (3.37)

may violate the 2nd law of thermodynamics because the sum of the entropy production terms due to the
interfacial states does not vanish. Furthermore, the choice for the interfacial velocity in [51] is not motivated
by the linearly degeneration structure of the associated characteristic field, see Prop. 2.2.
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Remark 3.1. Finally, we would like to point out that for barotropic fluids another entropy-entropy flux pair
(EEP) has been derived in [2, 50] based on the “energies” €, see Remark 1.1. As these “energies” coincide
with the energies ey for isentropic fluids, we present this entropy law in Sect. 3.2. Since isothermal fluids are a
special case of a barotropic fluid, this EEP is also an EEP in the isothermal case. It is worthwhile mentioning
that the other EEP results in the same interfacial pressures as given in Thm. 3.2.

3.1.2. Entropy production due to relaxation

To be admissible with the entropy inequality (3.6) the production term

K
Sy i= —Tyes Zk:l Seps.k (3.38)
has to be non-positive. Here we use (3.16), (3.13) and (3.10) to determine the phasic terms

1

Saps,k - Tif
re

1
(SapE,k + (217i - gk) Sap,k +ka(x,k — Vg - Sap'u,k) . (339)

Note that in abuse of physical notation we call this term entropy production rather than energy production with
respect to the mathematical concept of entropy-entropy flux pairs because energy is known to be conserved. In
the following we consider one-by-one the contributions of mechanical relaxation and chemical relaxation. The
analysis is similar to [38] in case of the physical entropy production. Note that all the relaxation processes are
in agreement with the constraints due to conservation (1.10).

Theorem 3.3. (Entropy production due to mechanical relazation) Let the relazation parameters be non-negative,
i.e., Oy, 8, > 0. Then the entropy production due to mechanical relazation is non-positive, i.e.,

aps,k — 7°

K
SV = Tyof Zk:l SPY <) (3.40)

Proof. According to (3.39) and (1.46), (1.47) the phasic entropy production terms for velocity and pressure
relaxation are determined by

) (052
k p
aps, Tref

AL Pk 2
zps,lc = —0b, Tyer (v — ), SP

(p —p1)* (3.41)
This immediately implies the assertion.
O
For the relaxation of chemical potentials we discuss different scenarios for two-phase and three-phase models.
In case of the two-component mixture, the entropy production term due to relaxation of the chemical poten-
tials is determined by (3.39) and (1.49) as

Sgps,k = (_1)k9N m

Pk 1 ~\2
— — == — k=1,2. 3.42
(o B fmo2) . k=1, (342)

However choosing the parameters €, o and v appropriately the sum of the entropy production terms is non-
negative.

Theorem 3.4. (Entropy production due to relazation of Gibbs free energies) Let the relazation parameter 6,
be positive. The mass flux is chosen as the kinetic relation

m=a(g2 —g1), a > 0. (3.43)
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Choosing in (1.49) the parameters

1 1ps —p1
v __ RV _ — c<1 3.44
Bl 62 25 0 cgo— g1 ) = 4 ( )
then the entropy production is non-positive, i.e.,
2
St =—Trer ), Stpss <0. (3.45)

Proof. First of all, we note that by (3.44) the velocity v is the average of the phasic velocities and, thus, the
entropy production does not depend on the velocity because

1, . 1 N
3 (0 —v1)? = (@ —v2)?) = 5(1;2 —v1)- (20 —v; —v2) =0. (3.46)
Then the entropy production reduces to

Sty = 0, m (92 — g1+ p1;pz) =—0ua(g2 _91)2(1 —¢) <0.

Thus, the energy production Sy; is non-positive.
O

Note that the kinetic relation (3.43) is in agreement with the kinetic relation in [8]. Furthermore, choosing ©
as the average of the phasic velocities is reasonable because the entropy production (3.45) should be a product
of the relaxed mass flux 6, 7 and an interfacial entropy should not depend on any velocity.

Note that (3.34) and the mixture velocities (1.50) with coefficients (3.44) differ. In [26] it was recommended
to use different interfacial velocities for the convective system and the relaxation terms. This is admissible
because the conservation constraint (1.10) is satisfied for any convex combination (2.38). Moreover, the source
term cannot be derived from the ensemble averaging procedure, see [7], Chapter 11, but the averaged model
has to be closed by modeling these terms appropriately. Therefore, we are free to choose another velocity in
the chemical relaxation model. Note that in the Drew-Passman model different interfacial velocities have been
introduced in the evolution equations for volume fraction, momentum and energy, see [7], Eqns. (11.8), (11.39)
and (11.41).

In case of the three-component mixture, the entropy production terms due to the relaxation of chemical
potentials are determined by (3.39) and (1.51) as

1 po 1,
s =0 —p P oo 4
Sozps,l um Toos (61 g1+ o + 2(11 v1) ) ) (3.47a)
.1 p2 1 .
n = =0, —— — gy — = 4+ — (D — v9)? A7h
Saps,Q pnm Tref (62 g2 0 + 2(1} ’1)2) > ) (3 7 )
1 1 1
" =0,m— —€ — -+ = . 4
Saps,S i Tref <62 €1 p3 <Q1 + QQ)) (3 70)

The phasic relaxation terms may become negative also when 6, and m are positive. However, choosing the
parameters g1, g2 and ¥ appropriately the total production term is non-negative.

In particular, we are interested in the three-component model, i.e., K = 3, with water vapor (k = 1), liquid
water (k = 2) and inert gas (k = 3). The source terms describing the mass transfer depend on the chemical
potentials of the vapor and the liquid. In the model under consideration the gas is a mixture of water vapor
and some other constituent, where both components are modeled as an ideal gas. Accordingly the chemical
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potential of the vapor is given by

a
= —Dey1TrerIn | ———— . 3.48
p1 =91+ (m —eoaTres H<a1+ag> (3.48)

In the special case of vanishing third component, i.e., ag = 0, the chemical potential of the vapor reduces to
the vapor Gibbs free energy. The chemical potential po of the liquid equals its Gibbs free energy go, i.e.,

M2 = g2 .

In chemical equilibrium the chemical potentials of the vapor and the liquid equal each other. For details see the
book of Miiller and Miiller [36], Section 8.2.4.

In the following we consider a homogeneous mixture where velocity, pressure and temperature are in equi-
librium. In the total entropy we therefore additionally have to account for the mixture entropy given by

au,
Sy =— Zk:l,i’) appr (Ve — 1)ey i In () , (3.49)

Oél+043

see [35], p. 54, 298, 320. Again, the chemical potential of the vapor phase is given by (3.48) and the chemical
potential of the liquid phase equals its Gibbs free energy, i.e., us = go. In chemical equilibrium the chemical
potentials of the vapor and the liquid phase equal each other. Accordingly, the mass flux is now a function of
p2 — pa, Le.,

i = a(jiz — ) (3.50)
with @ > 0 that again is an agreement with the kinetic relation in [8].

Theorem 3.5. (Entropy production due to relazation of chemical potentials) For a homogeneous mizture, i.e.,
v = v = const, pp, = p = const and Ty, =T = const, the total entropy production is non-positive, i.e.,

St — TreySh <0, (3.51)

if the relazation parameter 0,, as well as the equilibrium temperature T' are positive.

Proof. For a homogeneous mixture the entropy production (3.38) reduces to

. 3 e
5= 0 02 ) = =0y (s =+ = VewaTrgn (5 ).

In analogy to the derivation of the entropy production, we determine the entropy production of the mixture
entropy Sy

" . aq
S, = —mb, (1 —1)cy1In (W&) . (3.52)
Then the total entropy production is given by
SZ - Tefsg]u = _m 9# (/‘L2 - /"Ll) N (3'53)
Thus, by (3.50) we conclude (3.51). O

3.2. Entropy-entropy flux pair: mechanical approach

The entropy-entropy flux pair derived in case of isothermal fluids in the previous section does not apply for
general barotropic fluids, but for isothermal fluids only. Instead of the mixture of total free energies typically
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the mixture of total energies is used for a mathematical entropy in the barotropic case. For the derivation of
an entropy-entropy flux pair we introduce the “energies” €; according to Remark 1.1

Pr(pr)
2
k

e.(pr) = or, equiv., €(1x) = —pk (k) (3.54)
Because of (1.15) this energy coincides with the thermodynamical energy ey, in case of isentropic fluids. For the
mathematical entropy function the total specific energy Ej = €x(px) + v2/2 is used. For smooth solutions of
the model (1.8) we obtain the evolution equations for the fractional total energies

at(ak Pk Ek) + V- (Ozk Pk Vg (Ek —l—pk/pk)) = gapfmk +ﬁk, (3.55)
with relaxation term ?a o and production term Il
gapf,k = (ék -l—pk/pk — ’U%/Q)Sap’k — kaa,k + vg - Sapv,k7 (3.56)

K
Pk’lvk . Val = — Z

— K
M = pr(Vi—vi) - Vg — 1k

=1,k (pk(V[ — 'Uk) + Pk,lvk ) - V. (357)

We emphasize that the relaxation term ?a JBk 1S different from the corresponding term determined by the
relaxation models (1.46), (1.47), (1.49) and (1.51). It is interesting to note that in contrast to the single-phase
case the energy equation is not redundant in the multi-component case due to the non-conservative products
and the relaxation terms. Similar to the isothermal case, see Eqn. (3.17), we determine the heat flux as

— K —
V- (Oék qk) = SapE,k — Sapf,k — Z Pk,l V] . VOL[ — Hk- (3.58)

1=1,#k

comparing the difference of (1.1d) and (3.55).
Summing these evolution equations over all components we obtain the evolution equation of the total energy

K — K . K _ K __
Oy <Zk_1 % P Ek> +V. (Zk_l(ak ox v (B erk/pk))) = Zkzl SopEx T ZkZl I, (3.59)

Comparing (3.59) with (3.4) we may choose for the entropy-entropy flux pair

K

Ulu) == Zk:l arpr By, (3.60a)
K .
Fi(u):=Y (wpevwi (B +pe/pr)), i=1,....d (3.60D)

The compatibility conditions (3.3) hold by derivation of (3.59). In the barotropic case non-strict convexity of
U has been proven in [50]. Alternatively, the proof of Theorem 3.1 for the isothermal case also applies in case
of isentropic fluids where

Ulu) = Zszl arpr(er +vj/2) = 25:1 Uk (ug) (3.61)

with ej, = ex(7x, sx) and sp = const. For the Hessian U} we again obtain (3.31). Then convexity of e; with
respect to 7 according to (1.17) ensures that the Hessian is positive semi-definite.

We emphasize that in case of an isothermal fluid the mixture total energy pE = Zszl arpr Ey is not an
admissible entropy function because (3.55) does not account for heat exchange. To ensure the entropy inequality
(3.6) we have to verify that the right-hand side of (3.59) is not positive. This will provide us with admissibility
criteria for the interfacial pressures as well as the relaxation terms.
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3.2.1. Entropy production due to interfacial velocity and pressure

Obviously, we cannot control the sign of II,. Therefore we determine the interfacial pressures P ; and the

interfacial velocity V7 such that the sum II := Zszl TI;, vanishes and the conservation constraints (1.11) or,
equivalently, (1.12) hold. Assuming that the interfacial velocity can be written as a linear combination of the
velocities of the components according to (2.38) there exists a unique closure for the interfacial pressures.

Theorem 3.6. (Entropy production due to interfacial states) For any convex combination (2.38) for the inter-
facial velocity V1 there uniquely exist interfacial pressures

Py = Brpr + pr(1 — Br) (3.62)

such that the production term II = Zszlﬁk vanishes and the conservation constraints (1.11) or, equivalently,
(1.12) hold. In particular, the interfacial pressures are all positive and

K
P] = Zk:l pk(l - Bk) (363)
Proof. First of all, we note that by the conservation constraint (1.11) and the definition (3.57) of I, it holds
— K _ K K
II = Zk:l I, = Zk:l leL;ék(Pk’l —pr)(Vi—wvi) - Va. (3.64)

Obviously, this term coincides with Th.cfII = T Zszl I1;, with II; determined by (3.14) in the isothermal
case. Since by the saturation constraint (1.2) we may substitute Vayg by the linearly independent gradients
Vag, k=1,...,K — 1, we may rewrite II in terms of the linearly independent gradients. Then II vanishes if
and only if the cofactors vanish, i.e.,

K-1
Zk:l k;él((Pk’l_pk)_(Pk’K_pk)) (Uk—V[)-i-(PK’l—pK)(’UK—V[) :07 l:17...,K—1. (365)

Next we use that the interfacial velocity V'; is a convex combination of the single component velocities vy,
i.e., (2.38) holds. Then we may rewrite the velocity differences vy, — V1 in terms of the differences v; — v;41,
i=1,...,K — 1. Rearranging (3.65) in terms of these yields (K — 1)? equations for the (K — 1)K unknowns
Py, k,l=1,...,K, k # [. Additional K — 1 equations are provided by the conservation constraints (1.12).
Altogether we obtain a linear system of equations for the interfacial pressures. This system is identical to the
linear system derived in [38], Eqns. (6.20) and (6.22), where the temperatures are formally replaced by 1. This
system has a unique solution. The proof is identical to the one of the analogue theorem in [38] in case of the
full Baer-Nunziato model.
O
We would like to mention that in [25] the interfacial pressures in case of barotropic fluids are given for
K = 2,3,4. The proof is shortly sketched without investigating the regularity of the resulting linear system.
Furthermore, as in the isothermal case the interfacial pressures (3.62) coincide with those presented in [38] for
the full multi-component Baer-Nunziato model at local thermal equilibrium.

Remark 3.2 (Interfacial pressures for isothermal fluids). We emphasize that in the isothermal case using for
the convex combination (2.38) with the coefficients (2.39), the interfacial pressures (3.62) coincide with the
interfacial pressures (3.32) although the production terms due to the interfacial states (3.14) and (3.57) differ.
Thus, for isothermal fluids the two admissible entropy-entropy flux pairs result in the same interfacial pressures.

3.2.2. Entropy production due to relaxation

To be admissible with the entropy inequality (3.6) the production Zszl §ap B,k has to be non-positive. Note
that in abuse of physical notation we call this term entropy production rather than energy production with
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respect to the mathematical concept of entropy-entropy flux pairs because energy is known to be conserved.
In the following we consider one-by-one the contributions of pressure and velocity relaxation. The analysis is
similar to [38] in case of the physical entropy production. Note that all the relaxation processes are in agreement
with the constraints due to conservation (1.10).

Theorem 3.7. (Entropy production due to pressure relazation) Let the relazation parameter be non-negative,
i.e., 0, > 0. Furthermore, let the coefficients dy; be positive and symmetric, i.e.

0<des=dip, Lk=1,... K, 1#Fk (3.66)

Then the entropy production due to pressure relazation (1.48a) is non-positive, i.e.,

K
St=2,  Stx<0 (3.67)

)

with entropy production of component k =1,..., K

_ K
S&k = Szpﬁ,k = —bppr 21:1 di.1(pr — p1)- (3.68)

In particular, this holds true for the model (1.46).

Proof. First of all, we note that by symmetry of arbitrary coefficients aj; = a; it holds

K1 <K K -1 K k-1
TED DD DI NED DHNS DN
Zk:l Zl:k-i-l el 1=2 Lap=1 *1 k=2 L= P

From this we conclude with ay; = pidk,z and ay,; = prdr,iD

RV ITED SAD DA CYED SHND DAL LD DAND BN SR 2L
Zf]f:Ll;ék prepidi,g = Zszz Z::ll pepidi, + Z::ll ZZHI pepidi, = 2 Zfﬂ Z;:ll Prpid -

Combining these results we obtain

K K k-1 K k—1
_ 2 2\ 2
E l7k=17l¢kpkdk,l(pk —p) = E - E -1 dii (i — 2pept +p7) = E - E 1 dii(pe —p1)*.

Obviously, this term is non-negative and vanishes only if all pressures coincide. Thus, by assumption the energy
production SQPE . 1s non-positive. In particular, this holds true for the special model (1.46) because dy; = ooy

satisfies the constraint (3.66)
O

Since the proof holds for an arbitrary number of components K the theorem generalizes the result in [25] for
K =4. For K = 2 the result is well-known.
For the velocity relaxation we obtain a similar result.

Theorem 3.8. (Entropy production due to velocity relaxation) Let the relaxation parameter be non-negative,
i.e., 0, > 0. Furthermore, let the coefficients e be non-negative and symmetric, i.e.

0<eri=er Lk=1... K [#Ek. (3.69)

Then the entropy production due to velocity relazation (1.48b) is non-positive, i.e.,

K
St=,  Stk<0 (3.70)
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with entropy production of component k=1,..., K

Stk = SapEk —by Z e, Vk - (Vi — v1). (3.71)

In particular, this holds true for the model (1.47).

Proof. The proof is in full analogy to the pressure relaxation where we replace dy;, pr and p; by e, vk, and
vy 4, respectively. Then we obtain

K

e v - (v — v E E E (v v E E (vg —vy)°.
Zl,k:l,l;ﬁk kP "\ Pk ) i=1 k=2 L£a]=1 ki — VL) k=2 £~i=1 k l)

Obviously, this term is non-negative and vanishes only if all velocities coincide. Thus, by assumption the

energy production Sa B,k 18 non-positive. In particular, this holds true for the special model (1.47) because

ekl = Progpr/ Z _, a;p; satisfies the constraint (3.69).
O
Since there is no temperature relaxation and no relaxation of chemical potentials, there is no corresponding
energy production.

4. CONCLUSION

In this work we have investigated Baer-Nunziato-type models for barotropic fluids with an arbitrary number
of components. In the literature frequently barotropic fluids are confined to isentropic fluids, cf. [2,25,50]
whereas here we also consider isothermal fluids.

First of all, we have determined eigenvalues and eigenvectors for the quasi-1D model in case of general
barotropic fluids, i.e., the phasic pressures only depend on the phasic densities. For non-resonance states a full
set of linearly independent eigenvectors has been derived. The different fields have been characterized as either
genuinely nonlinear or linearly degenerated assuming that the phasic fundamental derivatives of thermodynamics
are positive and choosing a particular convex combination for the interfacial velocity. For all fields we have
given a full set of Riemann invariants whose gradients are linearly independent. Furthermore we have verified
that the quasi-1D equations is symmetrizable away from non-resonance states constructing a symmetrizer.

Two entropy-entropy flux pairs have been derived. While both of them are admissible for isothermal fluids
there is only one of the two that is admissible for general barotropic fluids including isentropic fluids. For
these entropy-entropy flux pairs we have verified that (i) the (mathematical) entropy functions are convex but
not strictly convex even if the phasic entropy functions are strictly convex and (ii) the (mathematical) entropy
inequality holds, i.e., the sum of the entropy production due to the non-conservative products and the relaxation
processes is non-increasing. It is worthwhile mentioning that for isothermal fluids and isentropic fluids we have
used different entropy functions, namely, the mixture of the phasic free total energies and the mixture of phasic
total energies, respectively. In both cases we have to account for the heat flux in the balance laws for the phasic
total energies to render these equations to be redundant in case of barotropic fluids. From a physical point of
view this is mandatory. In the isothermal case heat production due to the work performed in the system has to
be removed from the system to keep the temperatures constant. On the other hand, for isentropic fluids there
is an energy production due to the relaxation processes. For both cases corresponding heat fluxes have been
identified. Furthermore, since we cannot control the sign of the energy production due to the non-conservative
products we have determined the interfacial velocity and the interfacial pressures such that this production
term vanishes. Starting from an interfacial velocity determined by a convex combination of phasic velocities a
unique set of interfacial pressures has been identified that coincides for both isothermal fluids and isentropic
fluids.
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APPENDIX A

Let denote the vector of conservative variables by
_ t t N\t _ tt 41
u—(041,...7O[K_1,’U,17...,'U/K) ’ uk—(akpk?akpkvk) . ( . )

Then the projected system in conservative variables can be written in quasi-conservative form as

ow+ A, (u)Ogu=0., A,(u) = J(w(u))B,(wu)) J(w(u)™?, (4.2)
where the Jacobian J(w) = g—%(w) of the variable transformation and its inverse J(w)™! = %—%’(u) are
determined by

IK—l IK—l
8u1 6'“11 6'l»Ul 8,u’l
o oW, o ou,
Jw)=1 , Jw) =] (4.3)
Uk OU i oW g oWk
Lo oW ¢ oa TUs
with
duy, Pe(pr) '\ ¢ dug pr(PK) Y\ 4t
Tk _ k=1, K1, 24K _ 14, 4.4
dax (Pk(pk)vk CK-1k dax px (pr)vr ) KT 44
Quy, 0 P (Pr) )
— =y ,k=1,... K, 4.5
ow, Ok <Plc<pk)1d P, (D) vk (45)
owy, 04 ¢ Owg 04 ¢
GOk _ k=1, K1, 28K _ [ 1t 4.6
o = (o) e 1s 6o~ \chloworfaxc) i (40
Owy. _ (—(owpr) o (akpk)_11d>
= . 3 k - ]., e ,K. 4'7
Duy ( i (pr)/a 07 (4.7)

Then the eigensystem for the matrices B,,(w) and A, (u) are related by

Ry (u) = J(w(u)) Ry(w(u)) D(u)™", Ly(u )—D(U)Ln(w(U))J(w(u))’l,Kn(U):An(’w(u)% (4.8)
Ly (u) Ap(u) Rn(u) = An(u), Ln(u) Ry (u) = (4.9)

with scaling matrices given by the block diagonal matrix
D(u) = diag(IK_l, Dl(ul), ey DK(UK)), Dk(uk) = akdiag(l,pkld_l, 1), k= 1, sy K. (410)

Finally, we obtain

I Ig
_ Rl,n R17n _ Ll,n Llﬂl

Ru(w)=| | )  Law) = § (4.11)

RIn ﬁKn f[n fK,n
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with blocks

— 1 0 ... 0 1
Ryen = <’U}€ —cgn tp ... tgo1 v —i—ckn) k=1, K, (4.12)
—k 1 _ B — & 2 (01)k
R;, = pi e . +o ! 2 yk=1,...,K -1, (4.13)
" v ) TR TR n(yd - BLOE + vi(Bh — 52 (07)2L)
RK ) 1 1t 4ol ﬂﬁ( - 6}2(5%)273( (4.14)
= K — _ L .
v ) ETNT TR (v = B0 + vk (Bl — T (03) )
— 1 Ci + Vkn —2¢,vp -ty ... —2Cpvp -ty_1 Cp — Vk,n K N
Lk7n E ( —-n 2Ekt1 o 2Ektd71 n 5 I{; — 17 “e . ,I(7 (415)
@ @B, — (67)%v1 + (Bl — 1) op
I, = f;f’; Oar | €hip+op’ 04—1 Jk=1,...,K —1, (4.16)
C = n = L n
F e B — (01)* vk — e (By — i )ox
@ By — (07)* 7% + ek (Bx — Vi )0k
Iy = —2’%( | 0ay |1k 4R 04—1 . (4.17)
' c = n = n
K 5%{ C%{ tK - (51()2’73( - CK(ﬂtK - ’73{)51(
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